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Abstract 
The giant deer Megaloceros giganteus (Blumenbach, 1799) is an icon of the Ice Age due to their famous antlers, and 

is commonly found in Pleistocene marl deposits throughout Ireland. While the topic of their migrational behaviour 

has been suggested, mainly due to this behaviour being common in deer species today, it has never been researched. 

Similarly little research on the isotopic composition of giant deer has been conducted. Therefore, migrational 

behaviour and seasonal movement are suggested to be analysed in three giant deer from Ireland dating back to the 

Pleistocene Late Glacial through isotopic analysis. Analysis through sequential intra-tooth sampling for 87Sr/86Sr 

ratios is suggested and should be acquired from TIMS and MC-ICPMS on the giant deer’s tooth enamel. Although 

issues are suggested for 87Sr/86Sr isotope research due to factors such as reservoir times of strontium in the body, 

studies on modern caribou suggest the validity of such analysis for the brachydont molars of cervids. 

Possible reasons for migrational behaviour are explored. As a deer species, giant deer required a high nutrient 

uptake for antler growth and were not as well adapted for the cold-dry steppe environments of the Pleistocene glacials. 

These stresses would have made migrational behaviour beneficial for maximising nutrient uptake during the warmer 

months, and for avoiding the harshest winter conditions of the glacials by moving to sheltered, low lying areas. Giant 

deer from interglacials of the Pleistocene would have not been under the same stresses, as the closed environments 

of that period allowed for the mix-feeding strategies they likely employed. Irish giant deer may have been pushed to 

migrational behaviour especially by the onset of the Younger Dryas cold stage as the preferred lime-rich grasses and 

forbs they depended on disappeared from the island.  Therefore, migrational behaviour and seasonal mobility 

strategies may have been paramount for giant deer during cold periods of the Pleistocene and should therefore be 

analysed through sequential sampling of enamel for 87Sr/86Sr ratios.  

 

 
1. Introduction 

The Giant Deer; Megaloceros giganteus 

One of the largest cervids to have ever lived, 

Megaloceros giganteus (Blumenbach, 1799) sported a 

shoulder height of approximately 2.1 meters, and an 

even more impressive antler span of 3.6 m 

(Vislobokova, 2012; Monaghan, 2017). While often 

referred to as the “Irish elk”, it is strictly neither Irish 

nor elk. The total range of this animal spanned much 

of Eurasia between 400,000 – 11,700 Before Present 

years ago (see Fig.  4) and is most genetically related 

to the extant fallow deer (Dama dama; Linnaeus, 

1758) as opposed to any elk species (Lister et al., 

2005; Lister & Stuart, 2019). Therefore, the term giant 

deer is more accurate.  

The popularity of the M. giganteus is evident, as 

their skulls were collected as trophies by nineteenth 

centuries fossil enthusiasts and an astonishing amount 

of research has been conducted on their morphology 

(Gould, 1974; Adelman, 2012; Monaghan, 2017). 

Their popularity was also thriving during the 

Pleistocene, as they occur frequently in cave paintings 

such as in the Lascaux and Cougnac caves, France 

(Leroi-Gourhan, 1982; Clottes, 1999; see Fig.  1. B.). 

These cave paintings have given insights on the 

physical appearance and coat of this animal, which is 

incredibly difficult to decipher from fossil remains 

alone. It appears that this animal had a dark band 

running down the anterior and posterior sides, and had 

a large hump at the shoulder that has been suggested 

to function as a fat storage mechanism (Guthrie, 2005; 

Monaghan, 2017; see Fig.  1. D.).This thesis will 

discuss the possibility of migrational behaviour in M. 

giganteus and will explore the methodologies through 

which to investigate this, as well as the implications 

of such research. While migrational behaviour in M. 

giganteus has been suggested before by Vislobokova 

(2012), no specific research on the topic has yet been 

conducted. Such research may help shed light on the 

effects of climate change on large animal’s migratory 

behaviour and as such help in understanding similar 

effects occurring in the present, such as in common 

wildebeest (Connochaetes taurinus; Burchell, 1823) 

and red deer (Cervus elaphus; Linnaeus, 1758) (Holdo 

et al., 2009; Moore, 2011; Seebacher & Post, 2015; 

Mysterud et al., 2016). As the Irish population of M. 

giganteus will be studied (dated between 14,700 –

11,700 BP; see Fig.  4), the possibility of land bridge 

connections between Ireland and Britain must also be 

explored as migration may have been possible 

between islands during the late glacial (Devoy, 1985; 

Brooks et al., 2011).



D. S. Douw. Investigating seasonal mobility of Irish Giant Deer Megaloceros giganteus (Blumenbach, 1799) (2020) 

 

 2 

 

Fig.  1. (A.) “Panel of the Megaloceros” cave painting from Chauvet Cave, France (Delluc & Delluc, 1991). (B.) 

Cave paintings tracings of M. giganteus from multiple cave sites (Lemozi  et al., 1969; Delluc & Delluc, 1991; Clottes 

& Courtin, 1995; Clottes, 1999). (C.) Mounted skeleton of M. giganteus (Millais, 1879; Gould, 1974). (D.) Coat 

reconstruction of M. giganteus based on the cave paintings in Fig.  1. B. (Geist, 1998; Guthrie, 2005). 
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1.1. Systematic Palaeontology 

Order ARTIODACTYLA (Owen, 1848) 

Family CERVIDAE (Gray, 1821) 

Subfamily CERVINAE (Gray, 1821) 

Tribe MEGACERINI (Viret, 1961) 

Subtribe MEGACERINA (Viret, 1961) 

Genus Megaloceros (Brookes, 1828) 

Species Megaloceros giganteus (Blumenbach, 1799) 

 

Systematic paleontological information obtained from 

Vislobokova (2013).  

All deer species are classified under the family 

Cervidae, commonly referred to as cervids in 

literature (Geist, 1998). Megaloceros giganteus is a 

member of the Cervinae subfamily which refers to 

“Old World Deer” and is characterised by the foot 

structure as opposed to their geographic origin (Lister, 

1994; Pitra et al., 2004). Other extant members in this 

subfamily include red deer and fallow deer (Brown & 

Chapman, 1991a,b; Lister et al., 2005).  

 

M. giganteus is commonly grouped with the tribe 

Megacerini, and this tribe is suggested to only be 

currently represented by the fallow deer (Lister, 1994; 

Pitra et al., 2004). Characteristics of this tribe include 

an increase in the thickness of the lower jaw and the 

skull (pachyostosis and pachygnathy) (Lister, 1994; 

Vislobokova, 2012). Megacerini members ranged in 

size from species as small as extant roe deer 

(Capreolus capreolus; Linnaeus, 1758) to those like 

M. giganteus that rivalled the largest moose (Alces 

alces; Linnaeus, 1758) in size (Vislobokova, 2012). 

The size range of antlers has also varied through time, 

with early taxa such as Praesinomegaceros 

(Vislobokova et al, 1983) from the late Miocene (11.6 

– 5.3 Million years ago) having relatively small antlers 

and Pleistocene taxa sporting their famously large 

antlers (Vislobokova, 2012).  

The earliest members of this tribe date back to the 

late Miocene with species such as Praesinomegaceros 

asiaticus (Vislobokova et al, 1983) and 

Neomegaloceros gracilis (Korotkevich, 1971) being 

found in Inner Asia (Vislobokova, 2012). This region 

is thought to be the centre of origin for Megacerini, 

and all Megacerina (the subtribe to which 

Megaloceros belongs) are believed to have evolved 

from the genus Cervavitus (Vislobokova, 1990; 

Vislobokova, 2012; Vislobokova, 2013).  

Moving into the Pliocene epoch (5.3 – 2.58 Ma), 

Megacerini become more common and widespread 

over much of Eurasia. Taxa such as Arvernoceros 

(Heintz, 1970), Orchonoceros (Vislobokova, 1979) 

and Sinomegaceros (Dietrich, 1933) are found in 

regions such as the Mediterranean, Inner Asia and 

Russia respectively, displaying the range and diversity 

of Megacerini during the Pliocene (Vislobokova, 

2012; Vislobokova, 2013).  

The Megaloceros genus itself arose during the 

early Pleistocene (2.58 – 0.7 Ma) and is believed to be 

a sister group of Praedama (Portis, 1920), sharing the 

common ancestor Arvernoceros (Heintz, 1970; Van 

der Made & Tong, 2008; Vislobokova, 2013; see Fig.  

2). It is distinguished from other members of the 

Megacerina subtribe by its large size and by the 

unique structure of the skull, antlers and dentition 

(Vislobokova, 2013). Early Pleistocene 

representatives of Megaloceros are only defined as 

Megaloceros sp. from the Taman Peninsula, although 

the morphology of the antler and antler base are 

similar to M. giganteus antecedens (Berckhemer, 

1941; Vislobokova, 2013).  

By the mid Pleistocene (770,000 – 126,000 BP) 

species such as M. giganteus antecedens are found in 

Asia and Europe (Lister, 1994; Vislobokova, 2013). 

M. g. antecedens is closely related to M. g. giganteus, 

even considered a paleosubspecies and may have been 

the forerunner of M. g. giganteus and M. g. ruffii 

(Nehring, 1891) (Vislobokova, 2013). The difference 

between the two being that M. g. antecedents has more 

compact antlers with larger more palmate basal tines 

compared to M. g. giganteus (Croitor et al., 2014; see 

Fig.  2).  
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Fig.  2. Megacerini phylogeny and comparison of antler morphology in Megaloceros giganteus subspecies. (A.) M. 

g. antecedens (Vislobokova, 2013). (B.) M. g. ruffii (Vislobokova, 2013). (C.) M. g. giganteus (Titov & Shvyreva, 

2016). Adapted from Vislobokova (2013) & Titov & Shvyreva (2016).  

 

From the mid Pleistocene onward, M. giganteus 

becomes the most dominant and widespread 

megacerine, represented by subspecies such as M. g. 

antecendens and M. g. ruffii, but mainly M. g. 

giganteus (Vislobokova, 2013; Lister & Stuart, 2019). 

M. g. giganteus is considered the true “Irish elk” and 

specimens from Ireland are typically referred to as the 

species standard, sometimes referred to as M. g. 

irlandicus in the literature (Van der Made & Tong, 

2008; Vislobokova, 2013). Throughout the remainder 

of this article, Megaloceros giganteus will refer to the 

true giant deer found throughout Europe, while Irish 

giant deer or Irish M. giganteus will specifically refer 

to the Late Glacial Irish population.  

 

1.2.  Isotope Analysis in Palaeontology 

The use of isotopic analysis for understanding extinct 

species is common place in palaeontology, as it can 

help in solving questions regarding an animals diet, 

mobility and body temperature (Chritz et al., 2009; 

Eagle et al., 2011; Britton, 2017). The two most 

commonly analysed stable isotope ratios are carbon 

(δ13C) and oxygen (δ18O); other isotopes such as 

nitrogen, sulphur, lead and strontium to name a few 

have also been investigated and are discussed in detail 

later (McKechnie, 2004; Britton, 2017). Enamel tissue 

δ13C or δ18O values are obtained from the analysis of 

the mineral hydroxyapatite (bioapatite), but it is also 

possible to obtain hydroxyapatite isotopic values from 

bone and dentine material (Chritz et al., 2009; Britton, 

2010; Kusaka, 2019). δ13C and δ18O can also be 

obtained from collagen, a protein present in bone and 

dentine, but not in enamel (Rucklidge et al., 1992; 

Jørkov et al., 2007; Salazar-Garcia et al., 2014). For 

the purposes of this thesis, the focus will be on enamel 

isotopic analysis. The isotopic composition of the 

carbonate substitutions within hydroxyapatite is 

determined by the lifestyle of the animal, essentially 

the philosophy of “you are what you eat” (Kohn, 1999; 

Schoeninger, 2010; Britton, 2010; Britton, 2017). 

Therefore, enamel or bone tissue can act as an archive 

of isotopic information on an animals diet and more. 

The values of isotopic ratios such as δ13C and δ18O are 

typically represented in parts per million (‰) due to 



D. S. Douw. Investigating seasonal mobility of Irish Giant Deer Megaloceros giganteus (Blumenbach, 1799) (2020) 

 6 

the low concentrations of the heavier stable isotopes. 

Fractionation is the partitioning of heavier and lighter 

isotopes of the same element in a natural system and 

occurs as two types, either equilibrium or kinetic 

fractionation. The fractionation that occurs through 

photosynthetic pathways or metabolic pathways are 

primarily kinetic fractionation (Krueger & Sullivan, 

1984; Lee-Thorp et al, 1989; Cerling & Harris, 1999). 

The δ13C of carbonate in the hydroxyapatite of 

herbivores is related to the vegetation  they consume, 

as certain types of plants (C3 or C4 plants) have distinct 

δ13C ranges due to their differing photosynthetic 

pathways (Tieszen & Boutton, 1989; Bocherens, 

2015). The δ13C is calculated by comparing the ratio 

of the stable isotopes of carbon (13C and 12C) of the 

sample to a laboratory standard (denoted by the “δ” 

for light stable isotopes; Britton, 2010). Although 

consistent fractionation occurs from plant to animal 

this can be relatively easily corrected for by adding -

14.1‰ hydroxyapatite δ13C values to obtain the plant 

δ13C (δ13Cdiet; Lee-Thorp et al, 1989; Cerling & Harris, 

1999).  

The δ18O of carbonate and phosphate in 

hydroxyapatite precipitates in equilibrium with body 

water, and δ18O is known to be directly correlated to 

the meteoric water temperature they ingest 

(Dansgaard, 1964). The δ18O is calculated by 

comparing the ratio of the stable isotopes of oxygen 

(18O and 16O) of the sample to a laboratory standard 

(Britton, 2010).  

Sequential intra-tooth sampling of tissue such as 

enamel or dentine can be used to see relative changes 

in stable isotopes over time (see Fig.  8; Chritz et al., 

2009). The relative chronological changes in δ18O 

typically illustrates seasonality at mid to high 

latitudes, as higher δ18O values correlate with summer 

temperatures and lower δ18O values with winter 

(Dansgaard, 1964; see Fig.  8). In the same fashion, 

δ13C relative variations can be used to see changes in 

diet of the animal through time, and δ13C and δ18O can 

be combined to see if these dietary shifts co-occur 

with different seasons (Zazzo et al., 2002; Zazzo et al., 

2006; Chritz et al., 2009). Such analysis has been 

conducted by Chritz et al. (2009) on Megaloceros 

giganteus from Ireland. 

 

1.3.  Diet Preferences 

The exact dietary preferences of Megaloceros 

giganteus have been debated in the literature, with 

different populations yielding seemingly contrasting 

results. Microwear analysis of the molars can give 

contrasting results depending on the population 

studied, with Scandinavian giant deer believed to be 

primarily browsers while the Irish population being 

more dependent on grasses (Hayden, 2000; Aaris‐

Sørensen & Liljegren, 2004). Aaris‐ Sørensen & 

Liljegren (2004) further note that the similarities in the 

dentition between M. giganteus and Alces alces 

strengthens the case for browsing preferences. Rivals 

& Lister (2016) noting that M. giganteus specimens 

from Britain during the mid and late Pleistocene show 

an equal amount of browsing and grazing in their diet. 

Given these alternative suggestions for their diet, 

Stuart et al., (2004) suggests a generalist diet given 

their molar morphology.  

Isotopic analysis of Irish M. giganteus specimens 

revealed that the δ13Cdiet was in the range of −21.9 to 

−24.6‰, suggesting a diet consisting of grasses and 

forbs, supplemented by browsing the leaves of trees 

and shrubs (Chritz et al., 2009). This type of generalist 

feeding is common amongst cervids as it allows them 

to obtain enough nutrients for their annual antler 

growth. Accumulating all of the δ13C as well as 

nitrogen isotope ratio (δ15N, another commonly used 

isotope for diet reconstruction; Bocherens, 2015) of 

M. giganteus from multiple sites in Eurasia from 

Marine Isotope Stage 3 to the Holocene (57,000 – 

7,600 BP) demonstrate the variability of this animal’s 

diet through space and time (see Fig.  3). Collagen 

δ13C and δ15N were converted to their dietary isotopic 

values (δ13Cdiet & δ15Ndiet) through the fractionation 

corrections suggested by Lee-Thorp et al. (1989) and 

Bocherens (2015). 
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Fig.  3. All δ13Cdiet and δ15Ndiet data from Megaloceros giganteus remains across Eurasia from MIS 3 to the Holocene 

(57,000 – 7,600 BP; n=22; see Appendix Table 1).  
 

Van Geel et al. (2018) discovered botanical 

remains imbedded in the deep molar folds of a M. 

giganteus specimen dated to 42,800 – 42,370 

calibrated (1σ) 14C a BP from the Zandmotor, the 

Netherlands. The botanical remains were 

predominantly comprised of Artemisia and other 

Asteraceae. Van Geel et al. (2018) further suggests 

that this preference for Artemisia in the diet of M. 

giganteus was due to the selective diet of the animal, 

as it may have prioritized plants with a high nutrient 

content to fuel antler growth. Artemisia species, 

specifically A. norvegica have a high calcium content, 

calcium and phosphorus being the key nutrients 

required for antler growth (Moen et al., 1999). It has 

been observed in other cervids that they will eat 

certain types or certain parts of plants during 

particular times of the year in order to meet the 

nutritional requirements at a specific point in time, as 

well as gnaw on bone and antler remains (Wika, 1982; 

Halls, 1984; Barrette, 1985). It is likely that M. 

giganteus shared this feeding behaviour in order to 

grow their impressive set of antlers. Geist (1998) 

calculated that to grow 45 kg antlers each year a M. 

giganteus stag would require a diet containing at least 

3.45% protein, 0.44% CaO (0.32% Ca) and 0.37% 

P2O5 (0.15% P). This concentration of nutrients can be 

obtained if selective feeding strategies are employed, 

Geist (1998) suggested that eating specific parts of 

-3

-2

-1

0

1

2

3

-26 -25.5 -25 -24.5 -24 -23.5

δ1
5
N

di
et

δ13Cdiet

MIS 3

MIS 2

Holocene

G
ra

m
in

o
id

s 
&

 F
o

rb
s

Tr
e

es
, D

e
ci

d
u

o
u

s 
&

 
Ev

e
rg

re
en

 S
h

ru
b

s

Denser
Vegetation Open Vegetation

C3 Plants



D. S. Douw. Investigating seasonal mobility of Irish Giant Deer Megaloceros giganteus (Blumenbach, 1799) (2020) 

 8 

Betula would have sufficed for stags. Species of 

Artemisia are also known to have nutrient contents 

exceeding the requirements suggested by Geist (1998) 

(Klein, 1965; Ashraf et al., 2010; Van Geel et al., 

2018).  

 

1.4.  Range & Habitat Preferences  

Megaloceros giganteus remains can be found within 

Eurasia both in glacial and interglacial deposits 

(Bradshaw et al., 2003), therefore ascribing these 

animals to a particular biome is difficult. Lister & 

Stuart (2019) state that this animal cannot be 

described as a typical member of the mammoth steppe 

biome, the cold and dry high productivity grasslands 

that were widespread during the last glacial maximum 

(Zimov et al., 2012). M. giganteus is completely 

absent in the Siberian and northern Asian mammoth 

steppe, as opposed to the commonly found woolly 

mammoth (Mammuthus primigenius; Blumenbach, 

1799), woolly rhinoceros (Coelodonta antiquitatis; 

Blumenbach, 1799) and steppe bison (Bison priscus; 

Bojanus, 1827). These animals being typically 

associated with the mammoth steppe (Kahlke, 1999). 

Instead, M. giganteus likely preferred what Lister & 

Stuart (2019) calls a “boreal parkland”, habitats where 

steppic-tundra conditions were present to the north 

and desert to semi-desert conditions to the south. Such 

conditions were present throughout the last glaciation 

and consisted of scattered Pinus or Picea (also 

possibly some boreal summergreen trees) in a 

relatively open environments supporting grasses, 

sedges, Artemisia, Ephedra and Chenopodiaceae 

(Allen et al., 2010). This type of habitat would have 

allowed for their generalist diet and would also allow 

for the selective feeding habits that is required for 

antler growth (Lister & Stuart, 2019).  

In contrast, M. giganteus from interglacials such as 

the Eemian or Holstein, would have been surrounded 

by more closed environments that would allow for 

generalist feeding strategies (Brewer et al., 2008; 

Allen et al., 2010). M. giganteus from the Eemian 

interglacial (130,000 – 115,00 BP; MIS 5e) are also 

known to have had stouter limb bones and possibly 

more vertical antlers (Lister, 1994; Van der Made, 

2006). This may have been an adaptation for coping 

with more closed forest conditions of the last 

Interglacial. Those of the Late Glacial had 

comparatively longer and slender limb bones and the 

more horizontal antlers that the species is famous for 

(Lister, 1994; Van der Made, 2006).  

The evidence for the more vertical orientation of 

antlers in connection to more forested environments is 

limited by the lack of comparable specimens, as the 

different subspecies M. g. giganteus and M. g. ruffii 

have been suggested to be subspecies that inhabited 

more open and closed environments respectively 

(Lister, 1994; Vislobokova, 2013). M. g. ruffii 

specimens, while mainly found in Eemian interglacial 

deposits has also been observed in sediments 

alongside cold adapted species such as woolly 

mammoth and woolly rhinoceros (Lister, 1994; 

Vislobokova, 2013). Therefore, it is difficult to simply 

suggest one subspecies is associated with glacial or 

interglacial conditions, however such variation of 

antler morphology in response to vegetation density 

has been observed in Alces alces and Rangifer 

tarandus suggesting this response to environmental 

change is possible (Lister, 1994). It could also be 

possible that the extent of palmation was a response to 

warmer or colder climates as increased palmation 

would create wider surface area for heat loss for M. g. 

ruffii and less palmation in M. g. giganteus allowing 

for less heat to be loss, especially during velvet. While 

this relationship is observed between modern bovid 

horn morphology and temperature, Picard et al. (1996) 

finds this unlikely for cervids as they shed their antlers 

coming up to the coldest months of the year and thus 

are not affected by increased heat loss and with 

increased palmation. 

Generally throughout the mid and late Pleistocene, 

M. giganteus would typically have been exposed to 

open or semi-open environments, judging by their 

molar microwear patterns (Saarinen et al., 2016). 

  

1.5.  Irish population 

As mentioned previously, the “standard” for 

Megaloceros giganteus is the Irish population. 

Typically Irish M. giganteus specimens date back to 

the Late Glacial, specifically the late Allerød 

interstadial and onset of the Younger Dryas 

(approximately 13,600 - 12,600 BP) and are 

commonly preserved in marl deposits overlain by peat 

(Monaghan, 2017; Lister & Stuart, 2019; seeFig.  4).  

It is unclear exactly how Ireland became populated 

with giant deer, one of the oldest M. giganteus 

specimens found in Ireland dates back to 41,859 
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(+5,099, -3,633) cal BP from Castlespook cave, Co. 

Cork (Woodman et al., 1997; Monaghan, 2017; Lister 

& Stuart, 2019) and suggests that Irish population was 

already present from the MIS 3 (57,000 - 29,000 BP) 

onwards. However, During the Last Glacial 

Maximum (23,300 – 17,500 BP) Ireland was probably 

completely covered by ice, thus this older Irish 

population surviving until the Late Glacial seems 

unlikely (Lister & Stuart, 2019). Therefore, it is 

suggested that the Late Glacial population recolonised 

Ireland as opposed to having persisted there. British 

M. giganteus date back to the Bølling (14,700 – 

14,100 BP), and specimens found on the Isle of Man 

date to both the Bølling and Allerød (Lister & Stuart, 

2019). Thus, it is suggested that the Irish M. giganteus 

population likely re-entered during the Allerød 

(13,900 – 12,900 BP) through Britain. 

The dietary preferences of this population are 

noticeably different from that of other populations as 

mentioned previously. Saarinen et al. (2016) 

compared this Irish population to those from other 

parts of Europe, and noted that grazing was a far larger 

part of their diet. This is also suggested by the isotopic 

study by Chritz et al. (2009) with grazing being the 

primary diet, supplemented by browsing. This diet 

corresponds to the vegetation cover present in much 

of Ireland during the late Allerød, with Betula stands 

and Helianthemum being present in scattered 

assemblages with a predominance of open grasslands 

and herbs, corresponding to the  “Gramineae 

Assemblage” (Watts, 1977; Van Asch & Hoek, 2012; 

see Fig.  4). This resembles the boreal parkland habitat 

discussed earlier where much of European M. 

giganteus specimens have been found, but with a 

higher dominance of open grasslands (Allen et al., 

2010). However, as mentioned by Watts (1977) there 

is little evidence to suggest that Betula woodland 

established itself during the Late Glacial in Ireland. 

This may be due to M. giganteus being so common 

that they stripped establishing woodlands on the 

island, likely to eat specific parts of the plant for 

concentrated nutrient uptake. Watts (1977) also 

suggests that this may be due to the windy conditions 

present in Ireland, due to its exposure to the Atlantic 

Ocean. This may explain why although tree birch was 

present in Ireland during the Bølling and Allerød, 

there is still a predominance of grazing in the diet of 

Irish M. giganteus specimens.  

During the subsequent cold period; the Younger 

Dryas (12,900 – 11,700 BP; see Fig.  4), the 

deterioration of vegetation cover over much of 

Western Europe lead to a peak of Cruciferae in 

Ireland, signalling the degradation of grasslands. The 

climate cooled towards arctic-alpine conditions, 

observed as an Artemisia phase (Watts, 1977; 

Barnosky, 1986). Juniperus and Empetrum disappear 

from the Irish pollen record, Betula and grasses 

become less abundance and dwarf Salix becomes 

dominant. 
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Fig.  4. Marine Isotope Stages (MIS) and benthic carbonate oxygen isotope data (Lisiecki & Raymo, 2005) and 

Greenland ice core chronology (Rasmussen et al., 2014) of the Pleistocene late-glacial with vegetation assemblages 

and environments described by Watts (1977) and Barnosky (1986). Shaded areas reflect interstadials and the 

Holocene defined by Rasmussen et al. (2014).  
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1.6.  Extinction 

The latest known Megaloceros giganteus found in 

Ireland dates back to the Younger Dryas, and the 

species as a whole is believed to have gone extinct in 

the Holocene about 7,600 cal BP in the Urals (Lister 

& Stuart, 2019). The expiration of the Irish population 

is likely caused by the climatic turndown of the 

Younger Dryas, where their preferred vegetation was 

no longer available. The generalist diets of M. 

giganteus would have made them particularly 

vulnerable to the onset of this cold phase, as the 

variety of palatable plants they required were not 

available to them (Chritz et al., 2009; Van Geel et al., 

2018; Lister & Stuart, 2019). The semi-open mixed 

grasslands that M. giganteus thrived in during the 

Allerød were then replaced by arctic tundra 

environments in the Younger Dryas (Watts, 1977; 

Barnosky, 1986), which were not productive enough 

to support their high nutrient requirements (Chritz et 

al., 2009; Van Geel et al., 2018).  

This lack of palatable plants would have made it 

difficult for M. giganteus stags to replenish the 

calcium and phosphorus needed for antler growth, and 

thus the large size that had been sexually selected for 

would have been a disadvantage (Moen et al., 1999). 

This contrast between smaller size selection and 

sexual selection may have caused the extinction of the 

Irish population. However, Worman & Kimbrell 

(2008) suggest that the situation may have been more 

dire for M. giganteus does, as the lower productivity 

and shorter growing season would have lowered 

fecundity by 50%, below the threshold of population 

survival. Barnosky (1985) compared M. giganteus 

specimens from Ballybetagh, Co. Dublin to giant deer 

from other Irish localities and noted a statistically 

significant size reduction of 2% in the Ballybetagh 

specimens. Barnosky (1986) suggests that this may 

represented the necessary downsizing of M. giganteus 

during the Younger Dryas. Lister & Stuart (2019) note 

that the dating of these specimens is not very accurate 

so ascribing them to the Younger Dryas specifically is 

difficult.  

Under these lower nutrient conditions, downsizing 

would be the natural direction in order to cope. 

However, this natural selection of smaller individuals 

would have not been totally advantageous, as Worman 

& Kimbrell (2008) explain that the predators of 

Ireland during this time would have made it 

unfavourable to become smaller and therefore an 

easier target. Some of the predators that are known 

from Ireland during this time are wolves (Canis lupus; 

Linnaeus, 1758) and brown bears (Ursus arctos; 

Linnaeus, 1758) (Monaghan, 2017). Competition 

from other cervids such as reindeer (Rangifer 

tarandus; Linnaeus, 1758) would have also selected 

against downsizing (Monaghan, 2017).  

Human hunting has also been suggested as a 

possible extinction cause, as it was until recently 

believed that humans did not arrive in Ireland until the 

10,290 – 9790 cal BP (Bayliss & Woodman, 2009). 

However, the discovery of an brown bear patella with 

seemingly anthropogenic cut marks made by humans 

dating to 12,800 – 12,600 cal BP in Alice Cave, Co. 

Claire may suggest otherwise (Dowd & Carden, 

2016). Dowd & Carden (2016) suggest that this group 

of humans was likely just “visitors” and represents a 

small scale human population event in Ireland. As 

well as this, no M. giganteus bones in the Natural 

Museum of Ireland demonstrate any signs of butchery, 

bar one worked antler dating to the Allerød which has 

been determined to have been found and altered by 

humans well after the Irish M. giganteus extinction 

(Barnosky, 1986; Tierney et al., 2010). Therefore, the 

influence of human activity on the Irish giant deer was 

likely insignificant to their extinction.  

 

2. Evidence for Migrational Behaviour in 

Megaloceros giganteus 

Migrational behaviour has been suggested previously 

by Vislobokova (2012), suggesting that during 

glacials, Megaloceros giganteus may have migrated 

north into periglacial tundra–steppe in the summer 

from southern boreal forests or forest-steppes and 

migrated to the southern part of their range in the 

winter. This migrational behaviour may have been 

sparked due to the preferred temperature range of this 

animal and more specifically, their dietary 

requirements of antler growth, female pregnancy and 

growth in general.  

Regarding Irish specimens specifically, Barnosky 

(1985) notes that the low land topography of the 

Ballybetagh site would have been sought after by 

overwintering males after they separated from the 

females after the rutting season. This is because 

Ballybetagh was a sheltered lowland that also had 

accessibility to water at the time the M. giganteus were 
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present, and during the winter months this may have 

been more suitable for them as opposed to other, more 

open and exposed areas elsewhere.  

Studies on the morphology of M. giganteus 

metapodia suggest that even the longer limbed M. 

giganteus from Ireland had relatively short limbs 

compared to other ungulates of a similar body size 

(Lister, 1994). Similar limb proportions can be 

observed in Rangifer tarandus, suggesting that M. 

giganteus may have been adapted for a cursorial 

lifestyle similar to R. tarandus (Geist, 1986; 

Vislobokova, 2012). The similarities in cursorial limb 

proportions may suggest that it was possible for M. 

giganteus to migrate considerable distances, as 

Grant’s caribou (R. tarandus granti; Allen, 1902) are 

known to undertake the longest terrestrial migration of 

>4000km (Geist, 1986; Gunn et al., 2009).  

 

2.1.  Temperature Stress 

Noted by Lister & Stuart (2019), judging by the range 

and faunal assemblages to which Megaloceros 

giganteus are discovered, it cannot be considered part 

of the typical “mammoth steppe” fauna. M. giganteus 

was not adapted for the cold conditions present during 

the coldest parts of the glacials compared to mammoth 

or woolly rhinoceros and was likely restricted to the 

semi-open boreal parklands found south of the steppe. 

In contrast to this, M. giganteus is more commonly 

found in interglacial deposits throughout Eurasia and 

typically found with interglacial fauna such as 

straight-tusked elephant (Elephas/Paleoloxodon 

antiquus; Falconer & Cauntley, 1847), hippopotamus 

(Hippopotamus amphibius; Linnaeus, 1758) and wild 

boar (Sus scrofa; Linnaeus, 1758); Vislobokova, 

2012).  

Migrational behaviour during the cold periods of 

the last glacial would have been a means for M. 

giganteus to avoid extreme winter temperatures by 

moving towards the southern extent of its range. 

Migrational behaviour during interglacials on the 

other hand may not have been as necessary. This 

temperature induced migration may be similar to what 

Barnosky (1985) mentions with low-land sheltered 

areas being sought after by M. giganteus.  

 

2.2.  Dietary Stress 

As mentioned previously, the diet of M. giganteus 

varies depending on the population studied (see Fig.  

3). The overarching conditions are a high nutrient diet 

that prioritises certain plants and/or certain parts of 

them (Geist, 1986; Van Geel et al., 2018). This highly 

selective diet may have caused M. giganteus to have 

to travel considerable distances to obtain enough of 

these high nutrient foods.  

The seasonal loss of broad leaf forest vegetation 

would have likely forced M. giganteus to search for 

alternative sources of food, such as herbaceous plants 

like Artemisia (Vislobokova, 2012; Van Geel et al., 

2018; Lister & Stuart, 2019). During the warmer 

months when productivity was highest, M. giganteus 

may have prioritised the budding parts of certain 

plants, which contain some of the highest 

concentrations of nutrients both from the boreal forest 

environments as well as in the more open border of the 

steppe (Vislobokova, 2012; Van Geel et al., 2018). 

This plasticity of diet would have allowed M. 

giganteus to more consistently obtain enough 

nutrients throughout the year. Similar strategies are 

seen in Rangifer tarandus and require a somewhat 

mobile lifestyle so that they can be there when the 

new, high nutrient food sources are available 

(Bjørkvoll et al., 2009; Vislobokova, 2012). Similar to 

R. tarandus, this mobility would allow them to 

infiltrate adjacent biomes and thus collect the dietary 

variety they require, from southern boreal forests to 

periglacial tundra–steppe (Vislobokova, 2012).   

In the late Allerød and Younger Dryas onset, shifts 

in seasonality were more extreme then preceding 

interstadial conditions (Watts, 1977; Van Asch et al., 

2012; see Fig.  4). This may have also forced M. 

giganteus to adopt a migratory behaviour, as the 

phenology of plants were likely more pronounced and 

thus be more spatially and temporally restricted 

(Martin et al., 2018).  

 

2.3.  Isotope Research 

Intra-tooth isotopic research on Megaloceros 

giganteus tooth enamel sequential samples conducted 

by Chritz et al. (2009) displays sinuosity in the oxygen 

isotope ratio (δ18O) signal, likely reflecting seasonal 

changes the meteoric water temperature over time (see 

Fig.  8). It is noted that the sinuosity of specimen 

NMING:F7913 and NMING:F20514 is not as 

pronounced in comparison to the other specimen 

studied that displays a relatively stronger sinuosity in 

its δ18O signal (between -5.4‰ and -1.8‰). This less 
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pronounced signal may be an effect of what Britton et 

al. (2009) describes as a “dampening” effect on the 

δ18O signal. This occurs as the animal’s rapid 

migration into different oxygen zones overprints the 

local seasonal δ18O signal which is likely trending in 

the opposite direction, creating a smaller δ18O range 

(Pilaar Birch et al., 2016). This may suggest that this 

particular specimen was migrating far enough to be in 

noticeably different  δ18O zones seasonally in Ireland, 

which are currently present across Ireland as δ18O 

values become more depleted in a north easterly 

direction (Darling et al., 2003; Britton et al., 2009; 

Pellegrini et al., 2016). The less pronounced seasonal 

variation in certain specimens is also strange 

considering that the difference in seasonal 

temperatures during the late Allerød and Younger 

Dryas onset would have been quite large, perhaps 

more similar to the δ18O produced by NMING:F21647 

(Watts, 1977; Denton et al., 2005; Van Asch et al., 

2012).  

Analysis of δ18O variations in individual molars of 

red deer and caprids from late Pleistocene deposits in 

Croatia demonstrate that migrational red deer display 

a δ18O variation as low as 1-2‰, compared to non-

migrational caprids with variation in the range of 3-

4‰ (Pilaar Birch et al., 2016). Studies on non-

migratory red deer from Scotland display a variation 

of around 3-4‰, while migrational caribou display 

variation as low as 1‰ (Britton et al., 2009; Stevens 

et al., 2011). Specimen NMING:F7913 δ18O variation 

is 1.1‰ for M2 and 1.6‰ for M3, such low variation 

may suggest this particular individual’s seasonal 

mobility. Specimen NMING:F20514 M2 range is only 

0.8‰, but has a M3 range of 2.6‰ and makes it 

difficult to suggest this specimen underwent long 

distance migration. Such specimens would therefore 

be interesting to analyse further as they show a 

possible line of evidence for migrational behaviour.  

 

The δ13Cdiet of these specimens was also researched by 

Chritz et al. (2009). The range of δ13Cdiet details a 

mainly C3 plant diet. However, variations in the C3 

plant δ13Cdiet range may detail changes in the diet of 

these M. giganteus specimens through time. Typically 

woody C3 vegetation contains lower δ13C values than 

herbaceous C3 vegetation in open environments 

(Tieszen & Boutton, 1989; see Fig.  3).  

The case could be made that variations in the δ13C 

may display a shift in diet seasonally, as more closed 

woody environments (with lower δ13C values) may 

have been sought after during colder seasons of the 

year. Conversely, during the warmer seasons, the 

higher δ13C values indicate a preference for open 

herbaceous environments, similar to the suggestion by 

Vislobokova (2012). This correspondence of δ13C and 

δ18O values can be observed in specimen 

NMING:F21647 and F7913 but not so expressively. It 

should be noted however that variations in δ13C in C3 

plants can also be created through other means, such 

as C3 plants growing in a water stressed environment 

which results in them having more positive δ13C 

values (Farquhar et al., 1989) or lower temperatures 

causing less isotopic discrimination (Körner et al., 

1991).  

Nevertheless, the variation within the molar 

samples of specimens may still suggest a seasonal 

variation in the diet of 2 of the individuals studied by 

Chritz et al. (2009). This shift in diet may be linked to 

certain environments that they inhabit at certain times 

of the year, such as more closed and open habitats. 

Similar strategies are adopted by extant cervids such 

as red deer which move from woodlands to open areas 

seasonally (Bützler, 2001; Vislobokova, 2012; Trepet 

& Eskina, 2017). However, it should be noted that 

during the late Allerød and Younger Dryas onset 

Ireland likely did not have large forested areas, but 

rather sparse stands of Betula as opposed to woodland 

(Watts, 1977). Likely with minimum δ13C values 

around -24.6‰, this movement was probably towards 

more shrubland or semi-open environments as 

opposed to unlikely closed forest environments as 

dense forest vegetation can have much lower values of 

-27‰ and lower (Tieszen & Boutton, 1989; 

Bocherens, 2015).  

 

Due to the above mentioned stresses and isotopic 

evidence, the study of specimens from Irish localities 

is suggested. Specifically, the 3 specimens from 

Ireland (Table 1) from the Late Glacial population that 

were previously studied by Chritz et al. (2009) for 

δ13C and δ18O should be analysed further through 

different isotope systems in order to further uncover 

evidence of seasonal migrational behaviour. The base 

of knowledge built up by Chritz et al. (2009) on these 
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specific specimens would allow for more conclusions 

to be drawn on analytical results.  

 

3. Materials & Methods  

3.1.  Specimens and Localities 

All three Megaloceros giganteus specimens that are 

suggested to be analysed come from the National 

Museum of Ireland Natural History collection. These 

specimens have been previously analysed for both the 

δ18O and δ13C isotopic composition through sequential 

enamel samples by Chritz et al. (2009). The collection 

numbers of these specimens are NMING:F21647, 

NMING:F7913 and NMING:F20514. The use of 

these specimens will allow for the direct correlation 

between the previously analysed δ18O signal and any 

new isotopic signal from this study. These specimens 

were selected by Chritz et al. (2009) based on factors 

such as their age, quality of their enamel preservation 

and for minimal tooth wear although post eruption 

wear led to some tooth height loss. Upper molars were 

selected by the researchers as this research was 

interested in the annual cycle of antler shedding in 

males, thus upper molars were utilised to have a 

concrete connection between the molar’s oxygen 

cycle, cementum accretion and antler cycle. Based on 

the analysis by Chritz et al. (2009), information such 

as the supposed age of death of the specimens can be 

given. Details on the specimens can be found in Table 

1 and images in Fig.  5.  

 

 

Table 1. 

Information on the Megaloceros giganteus specimens previously analysed by Chritz et al. (2009) that are suggested 

for analysis. Age, season of first accretion and season of death interpreted from the M2 as the M2 is seen as more 

reliable compared to the M3 due to its formation at birth (Reimers & Nordby, 1968; Chritz et al., 2009; Klevezal, 

2017). Images of the skulls Fig.  5 and locations in Fig.  6. 

 

 

As mentioned previously, most specimens from 

Ireland date to the late Allerød and beginning of the 

Younger Dryas and this age range is suspected for 

these specimens as well (Chritz et al., 2009; 

Monaghan, 2017; Lister & Stuart, 2019). This can be 

confidently said thanks to the environments in which 

they were found. As the older specimens (dating back 

to MIS 3) have only been found in cave deposits with 

other Pleistocene megafauna such as woolly 

mammoth and cave hyena (Crocuta crocuta 

(Erxleben, 1777); Woodman et al., 1997; Monaghan, 

2017; Lister & Stuart, 2019). Considering all these 

specimens were found in marl deposits under peat, it 

is therefore assumed that all of these specimens range 

from the late Allerød to beginning of the Younger 

Dryas. However, no carbon dating has been conducted 

on these specimens thus making concrete conclusions 

is impossible. While the debate about whether these 

specimens are from the late Allerød and start of the 

Younger Dryas is somewhat futile, exactly where 

within this time range is difficult to establish. The 

analysis of δ18O conducted by Chritz et al. (2009) 

notes unusually high values compared to modern Irish 

fallow deer and red deer from the same study. Chritz 

et al. (2009) suggests this may be due to the meteoric 

water δ18O signal being affected by longer residence 

times of lake water due to the particularly dry Younger 

Dryas conditions. Similar signals have been 

documented in soil sequences dating to the Younger 

Dryas in Ireland as well (O’Connell et al., 1999). δ13C 

data from these specimens suggest a water stressed 

degrading environment which could further suggest 

an allocation to the colder Younger Dryas stadial 

(Farquhar et al., 1989; Chritz et al., 2009). 

 

Specimen 
(NMING:) 

County 
Location 

No. 
Locality Antler Cycle 

Age 
(months) 

Season of first 
accretion 

Season of Death 

F7913 Dublin 1 Ballybetagh 
Shed one antler, 

one partially shed 
96-100 Summer Early Summer 

F20514 Wicklow 2 
Castleruddery Lower 

Townland 
Both antlers intact 126 

Partial 
Summer 

Late 
Summer/Autumn 

F21647 Donegal 3 
Mountcharles 

Townsland 
Both antlers intact 84 Summer Late Winter 
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Fig.  5. All Megaloceros giganteus skulls used for analysis anterior view (left) and dorsal view (right). First row is NMING:F21647, 

second row NMING:F20514 and last row NMING:F7913. 
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Fig.  6. Mean Bioavailable Strontium isotope ratio map (BASR map) of Ireland and Britain generated through 

ArcMap 10.8 including the locations of the three analysed specimens from Table 1. Location 1 is Ballybetagh, a 

famous location where more than 100 skulls have been excavated (Barnosky, 1985). Adapted from Evans et al. 

(2010), Snoeck et al. (2018) and Snoek et al (2020). British map based upon BGS Geology 625k, with the permission 

of the British Geological Survey. 
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3.2.  Methodologies 

3.2.1. Strontium Isotope Analysis 

In order to observe possible migrational behaviour, 

the analysis of the strontium isotope ratio (87Sr/86Sr) is 

recommended. 87Sr/86Sr analysis has been 

implemented previously in order to study past 

migrational behaviour in Pleistocene megafauna such 

as woolly mammoths as well as Pleistocene and 

modern reindeer populations (Hoppe et al., 1999; 

Hoppe & Koch, 2007; Britton et al., 2009; Britton et 

al., 2011; Price et al., 2017; Gigleux et al., 2019). 

Strontium is taken up into the animal’s body through 

the vegetation that they ingest, and the ratio between 

the two different isotopes does not fractionate as it 

moves through the food chain (Hurst & Davis, 1981; 

Slovak & Paytan, 2012). The 87Sr/86Sr ratio of the 

plant is mainly determined by the underlying geology, 

with the 87Sr in rocks forming over time due to the 

radioactive decay of rubidium (87Rb). This makes the 

relative content of 87Sr to 86Sr determined by both the 

age of the rock and how much Rb was originally 

present in the underlying bedrock (Faure, 1977). Thus, 

generally older geological structures will have a 

higher 87Sr/86Sr value. The Sr readily substitutes for 

calcium and is deposited in hydroxyapatite crystal in 

animal tooth enamel and bones when ingested (Comar 

et al., 1957; Slovak & Paytan, 2012; see Fig.  7). 

In tooth enamel, the 87Sr/86Sr values are those that 

have been taken up during the infancy of the animal, 

as this is when the enamel forms. Once the enamel has 

been completely mineralised, the 87Sr/86Sr ratio is not 

altered (Hillson, 1996; Slovak & Paytan, 2012). In 

contrast, bone collagen is constantly remodelled 

through the lifetime of the animal, and the 87Sr/86Sr 

ratio from bone largely reflects the location that the 

animal lived at the final point of its life (Sealy et al. 

1991).   

 

 
Fig.  7. Summary of bioavailable strontium uptake in Megaloceros giganteus. 
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Once a 87Sr/86Sr ratio is obtained from the M. 

giganteus enamel, this ratio can then be compared 

with the bioavailable 87Sr/86Sr map (BASr map) for 

Ireland. As mentioned previously the bioavailable 
87Sr/86Sr values are a function of the underlying 

geology, and this can be seen in Fig.  6 however, 

rainfall, dust, and to a lesser extent surficial 

sedimentary deposits also likely affect these ratios 

(Snoeck et al., 2020). The bedrock of the island is 

mainly composed of Palaeozoic rock with some rare 

Mesozoic outcrops and with large lava flow basalt 

outcrops from the Tertiary in Co. Antrim (Holland & 

Sanders, 2009) where very low 87Sr/86Sr are found 

0.7061-0.7070. Carboniferous limestones cover much 

of the island leading to large areas with a 87Sr/86Sr 

value between 0.7071-0.7080, while at the southern 

margins of Ireland Devonian “Old Red” Sandstone 

ranges between 0.7101-0.7110 (Holland & Sanders, 

2009; Snoeck et al., 2020). All three specimens are 

found in locations with 87Sr/86Sr values in the range of 

0.7071-0.7110, the famous Ballybetagh locality 

having a local signal of between 0.70906-0.710135 

(lower range detected in grasses and higher range 

detected in shrubs), based on the 87Sr/86Sr signal from 

the closest locality being 2.58 kilometres away 

(53.22545oN, -6.24517oE; Snoeck et al., 2020 

additional information). 

Due to the availability of an Irish and British BASr 

maps, the possibility to analyse both enamel and 

collagen and the previously applicability of 87Sr/86Sr 

isotopes in enamel to record migratory behaviour in 

mammals, it is suggested that 87Sr/86Sr isotope analyse 

is conducted on these specimens. The current isotopic 

data of these specimens can be confidently correlated 

with the new 87Sr/86Sr isotope data created from the 

same sampling lines made by Chritz et al. (2009) (see 

Fig.  8).  

 

3.2.2. Sulphur Isotope Analysis 

Also suggested in the literature to study seasonal 

migrational movements isotopically is the study of the 

sulphur isotope (δ34S). While not as commonly 

employed for this type of analysis as the 87Sr/86Sr 

isotope ratio, it has been applied in a number of studies 

for archaeological material (Richards et al., 2001; 

Fornander et al., 2008; Drucker et al., 2011; Nehlich 

et al., 2014). Similarly to strontium isotopes, sulphur 

isotopes are taken up into the animals body through 

the vegetation they ingest and the vegetation gets its 

sulphur through groundwater and the atmosphere 

(Newton & Bottrell, 2007; Nehlich, 2015). Plants are 

able to convert the inorganic sulphur from the 

environment into organic compounds which can then 

be taken up by herbivores. There is little to no 

fractionation of the isotopic composition between 

plant and herbivore (Britton, 2010; Nehlich, 2015). 

The sulphur is taking into an animal’s body for the 

building of certain amino acids such as cysteine and 

methionine (Brosnan & Brosnan, 2006). 

Sulphur isotopic variation is a function of the local 

hydrology, as the main positive values for δ34S 

originate from oceanic soluble sulphate, sulphate in 

evaporites and sulphides in the form of reduced 

pyrites FeS2. The marine sources of sulphur can 

influence the terrestrial isotopic composition through 

sea-spray, coastal precipitation and aerosols (Böttcher 

et al., 2007; Britton, 2010; Nehlich, 2015). These 

marine influences can effect terrestrial signals many 

kilometres inland (O'Dowd et al., 1997; Britton, 

2010). Similarly with strontium, sulphur isotopic 

composition is also controlled by the region’s 

underlying geology, although in terms of bioavailable 

sulphur it is not as significant a factor as 

precipitation/ground water and atmospheric sources 

(Newton & Bottrell, 2007; Britton, 2010; Nehlich, 

2015). The concentration of sulphur bearing minerals 

such as pyrite in the underlying regional geology is a 

controlling factor on the local δ34S signal, as well as 

the presence of oceanic sulphate evaporites (Böttcher, 

2001; Britton, 2010; Nehlich, 2015).  

For the research of the Megaloceros giganteus 

specimens mentioned previously, this methodology is 

not as applicable as 87Sr/86Sr isotope ratio analysis. 

Firstly, δ34S analysis can only be conducted on 

collagen, either from dentine or bone material 

(Britton, 2010; Drucker et al., 2011; Nehlich, 2015). 

While this does not mean that any M. giganteus 

specimen could not be analysed in this way, it would 

mean that the δ13C and δ18O data collected by Chritz 

et al. (2009) could not be correlated with δ34S collagen 

data. Secondly, while there is a 87Sr/86Sr isoscape map 

available for Ireland and Britain (Evans et al., 2010; 

Snoeck et al., 2018; Snoek et al., 2020; see Fig.  6), 

there does not appear to be any δ34S map available for 

the Republic of Ireland, only a Northern Ireland δ34S 

isoscape map is currently available (Stack & Rock, 
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2011). The use of the δ34S isotope for mobility could 

be utilised on bone/dentine material, in conjunction 

with other isotopes such as δ13C and δ18O to see if 

there are distinct differences between the area where 

the specimen was exhumed and the isotopic data, 

similar to some archaeological studies (Richards et al., 

2001; Fornander et al., 2008; Drucker et al., 2011; 

Nehlich et al., 2014). However, in the case of the 

specimens in question, the use of the δ34S isotope to 

investigates seasonal mobility is not suggested.   

 

3.2.3. Nitrogen Isotope Analysis 

The δ15N has been used in paleoecological 

reconstructions in order to make interpretations on 

food web dynamics and dietary preferences (Balasse 

et al., 2001; Bocherens et al., 1997; Bocherens, 2015). 

δ15N values have been retrieved for Megaloceros 

giganteus before, typically from specimens found in 

cave deposits as they have excellent preservation 

(Bocherens et al., 1997; Bocherens, 2015; see 

Appendix Table 1). An accumulation of δ15N and δ13C 

has been generated for M. giganteus specimens 

throughout Eurasia from MIS 3 to the Holocene (see 

Fig.  3) in order to show the variability of M. giganteus 

diet. However, no δ15N values have yet been published 

concerning the Irish Late Glacial population.  

Nitrogen is taken up by the herbivore through their 

dietary intake, and the plants they ingest obtain their 

nitrogen through the soil. Certain plants take up 

atmospheric nitrogen through symbiotic relationships 

with fungi that grow on their roots (mycorrhizae), and 

these plants have consistently lower δ15N values 

compared to plants that do not have such a symbiotic 

relationship that obtain their nitrogen directly from the 

soil (Kohl & Shearer, 1980; Hobbie et al., 2009). 

Plants with lower δ15N values include trees and 

deciduous and evergreen shrubs, while higher δ15N 

values correspond with grasses, sedges and forbs 

(Bocherens et al, 2015). This fractionation between 

different plant functional groups can therefore be used 

to help reconstruct the dietary intake of an animal in 

conjunction with δ13C data and has been conducted for 

many different species found in the Pleistocene 

mammoth steppe (Bocherens et al., 1997; Bocherens, 

2015). Irish Late Glacial M. giganteus being likely 

predominantly grazers may have high δ15N values and 

lower δ13C values (Bocherens et al, 2015; Bocherens, 

2015).  

Nitrate (NO-
3) is the largest reservoir of nitrogen in 

soils, followed by nitrite (NO-
2) and ammonia (NH3) 

and are then assimilated into amino acids in the 

organism’s body (Yoneyama, 1995). The actual δ15N 

analysis looks at the nitrogen composition in the 

collagen protein of the fossil remains, and thus 

requires a high post-mortem preservation quality (Van 

Doorn et al., 2012; Bocherens, 2015).   

This isotopic data could perhaps be used in 

conjunction with δ13C obtained from the specimens 

studied by Chritz et al. (2009) to better understand 

seasonal shifts in diet, which may be linked to 

seasonal mobility. However, δ15N analysis cannot be 

conducted on tooth enamel, similar to δ34S analysis, 

and therefore could not be directly compared to the 

δ13C and δ18O data (DeNiro & Epstein, 1981; Balasse 

et al., 2001). δ15N is restricted to collagen and 

therefore could be done on the bone or dentine 

material of the specimens, however the question 

becomes what information would this analysis yield? 

As bone is constantly remodelled throughout the 

lifetime of the animal, it may help in determining the 

diet of the animals near the time of their death. The 

δ15N values can then be compared season of death 

based on the cementum accretion analysis conducted 

by Chritz et al. (2009) (see Table 1). This δ15N value 

could in theory be compared to dentine collagen, 

which is deposited early in the animal’s life and is 

thought not to remodel once deposited (Balasse et al., 

2001; Reynard & Tuross, 2015; Zazzo et al., 2006). It 

should be noted that this would be heavily affected 

based on which molar dentine is analysed. A suckling 

signal may be detected which would have cause an 

enrichment in δ15N due to the higher protein milk 

compared to the normal herbivorous diet of the 

animal. With M. giganteus’s brachydont molars 

(typical for cervids) the window of time that is 

preserved in dentine is smaller compared to a 

hyposodont molar, thus a longer suckling signal may 

be expected in the dentine of brachydont herbivores 

(Balasse et al., 2001). This may create complications 

for the comparison between the δ15N values of bone 

collagen. Nevertheless, for the analysis of these 

particular molars, the applicability of the δ15N isotope 

is limited and not suggested.  
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3.3. Analysis Procedures and Techniques 

 3.3.1. Sampling technique 

Enamel is sequentially mineralised from the apex to 

the dentine-root junction (also known as the cervix), 

and once the enamel has been mineralised there is 

little or no remodelling (Gadbury et al., 2000; Balasse 

et al., 2003). By taking multiple samples through the 

enamel cusp of a tooth sequentially, short term 

isotopic variations can be seen throughout the tooth 

that reflect shifts in isotopic composition through time 

(Gadbury et al., 2000; Balasse et al., 2003; Britton et 

al., 2009; Chritz et al., 2009). This may be used in 

conjunction with the oxygen isotope (δ18O), allowing 

for the spatial variation demonstrated by the 87Sr/86Sr 

to be correlated with the summer/winter variation in 

the δ18O values. Although it should be noted that 

phosphate group oxygen is less prone to diagenetic 

alteration than carbonate oxygen, but the carbonate 

group was utilised by Chritz et al. (2009) (Iacumin et 

al., 1996; Kohn et al., 1999). This combination has 

been utilised before for the study of reindeer 

migrations from the late Holocene and modern 

populations (Britton et al., 2009; Gigleux et al., 2019). 

Both δ18O and δ13C isotope values are given as permil 

(‰) and expressed as ratios of the heavier isotope to 

the lighter isotope, relative to Vienna Pee Dee 

Belemnite (V-PDB) for both carbon and oxygen by 

Chritz et al. (2009) 

 

Fig.  8. Schematic diagram of the δ18O (V-PBD) δ13Cdiet and record of a lingual view of the upper dextral M2 and 

M3 of Megaloceros giganteus specimen NMING:F21647 and where on the teeth samples were taken (left). δ18O and 

δ13Cdiet of all specimens analysed by Chritz et al. (2009) (right). 

Therefore, for this research, intra-tooth sequential 

sampling is suggested to observe the variations within 

the 87Sr/86Sr and δ18O values within the growth period 

of Megaloceros giganteus molars. The second and 

third permanent molars (M2 and M3) should be 

utilised as they are formed during the first year or so 

of the animal’s life, while the first permanent molar 

(M1) forms while the animal is in utero (Rees et al., 

1966; Carter, 1998). The M1 thus will be affected by 

the maternal inputs and thus is problematic for δ18O as 

it would contain a “weaning signal” (Wright & 

Schwarcz, 1998; Dupras & Tocheri, 2007). The 
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formation of the M2 takes place before the M3. By 

analysing both the M2 and M3 sequentially a longer 

life history isotopic signal can be extracted (Britton et 

al., 2009; Chritz et al., 2009). The timing of crown 

formation and the amount of time that an unworn 

molar represents is based on mandibular radiography 

studies of deer species like fallow deer and red deer by 

Brown & Chapman (1991a,b) as well as the isotopic 

data from Chritz et al. (2009) to be between 6 and 9 

months.  

For each specimen, both the second and third molar 

would be sampled for analysis, and these molars 

would be the same molars that were previously 

sampled by Chritz et al. (2009) which were already 

removed from the skulls. The sampling lines that were 

previously made by Chritz et al. (2009) would be 

sampled further, while making sure that samples are 

not drilled too extensively as to avoid dentine 

contamination (see Fig.  8). Chritz et al. (2009) states 

that the enamel surfaces were abraded using a dental 

drill with a diamond-tipped drill bit to clean the 

enamel surface and bands perpendicular to the growth 

axis were drilled sequentially from apex to cervix 

(occlusional surface to root), following the direction 

of mineralization. For sampling lines with insufficient 

enamel, new drilling transects will be created at 

similar intervals from cervix to apex while following 

the pattern of the previous sample lines. These areas 

would be abraded first with a diamond drill bit to 

remove any superficial enamel to expose a dull white 

enamel, as to minimize the collection of enamel that 

was possibly diagenetically altered. Between 5 and 7 

milligrams of enamel powder will be collected using 

a handheld drill first onto weighing paper, then 

transferred into acid-cleaned polyethylene Eppendorf 

centrifuge tubes and weighed. The diamond drill bit 

would be cleaned between each sample using Milli-

Q® ultrapure water, hydrochloric acid (HCl), Milli-Q® 

ultrapure water again and then ethanol (C2H5OH) and 

left to dry. Given the high costs associated with 
87Sr/86Sr, only certain points of the oxygen curve 

should be analysed (Price et al., 2017), likely points at 

both the lowest and highest points of the δ18O curve.  

 

 3.3.2. Analysis 

In order to obtain results from the enamel samples, 

mass spectrometry is required to differentiate between 

the heavier and lighter isotopes of strontium. 

However, multiple options for what type of mass 

spectrometry procedure are available and come with 

their own strengths and weaknesses (Slovak & Paytan, 

2012). Thus for generating sound results from the 

enamel samples, the decision will need to be made as 

to which technique should be utilised.  

Thermal Ionizing Mass Spectrometry (TIMS) 

procedure has been more commonly and routinely 

used for 87Sr/86Sr in academia, this is likely due to its 

high reproducibility and precision (Slovak & Paytan, 

2012). However, the main pitfall with this procedure 

being the time it takes to run analysis, which can be 1-

2 hours per analysis (Montgomery et al., 2010; Slovak 

& Paytan, 2012). 

 Multi Collector Inductively Coupled Plasma Mass 

Spectrometry (MC-ICPMS) has also been discussed 

as an option for 87Sr/86Sr isotope ratio analysis in tooth 

enamel (Britton et al., 2009; Britton, 2010; Britton et 

al., 2011). Results can be almost as accurate from 

those analysed by TIMS and can be conducted in less 

time (approximately four samples per hour; Slovak & 

Paytan, 2012). However, more strontium is required 

compared to TIMS and backgrounds should be 

measured to correct for possible interferences on 84 

and 86 masses, which come from the minute 

concentrations of krypton in the argon supply of the 

plasma (Slovak & Paytan, 2012; Ma et al., 2013).  

Some authors have suggested the use of Laser 

Ablation MC-ICPMS (LA-MC-ICPMS) for 87Sr/86Sr 

isotope analysis (Copeland et al., 2008; Copeland et 

al., 2010; Scharlotta et al., 2012). However, some 

have observed major problems with this methodology, 

as significant deviations in the radiogenic 87Sr/86Sr 

ratio from values obtained by analysis of strontium 

chemically separated from the sample matrix have 

been observed by Vroon et al. (2008), and some 

authors have made suggestions against the 

methodology for migrational research (Simonetti et 

al., 2008; Neff & Lee, 2012). The exact reason for this 

is unclear, although isobaric interference as well as 

disruption in mass bias effects due to differential 

loading of the plasma have been suggested (Simonetti 

et al., 2008; Slovak & Paytan, 2012). However, this 

type of analysis only requires an incredibly small 

amount of sample to conduct analysis (Slovak & 

Paytan, 2012).  

 Typically for 87Sr/86Sr isotope analysis that is 

conducted in the Netherlands in specific universities 
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such as the Vrije Universiteit Amsterdam (VU), the 

use of thermal ionising mass spectrometry is utilised 

on the Thermo Finnigan MAT 262 RPQ TIMS at their 

Faculty of Earth and Life Sciences (Font et al., 2015; 

Laffoon et al., 2015; Kootker et al., 2016; Brusgaard 

et al., 2019). In the methodologies of such research 

conducted at the VU, strontium would then be 

extracted from the sample matrix through a Sr-specific 

crown ether resin (Eichrom©), which are loaded onto 

quartz cation exchange columns. This procedure is 

conducted in a class 100 clean lab under a laminar 

flowhood before being analysed. All measurements 

are referenced to the NBS987 standard which 

standardizes the mass spectrometer to 0.710240 

(Brusgaard et al., 2019). Samples would be run to an 

internal precision of ± 0.000006 (1SE) or better at the 

VU (Kootker et al., 2016).  

However, other mass spectrometry facilities are 

also available at the VU, specifically the Thermo 

Finnigan Triton TIMS and the Thermo Finnigan 

Neptune ICP MS. The Thermo Finnigan™ Triton 

TIMS was utilised in conjunction with the Thermo 

Finnigan MAT 262 RPQ TIMS at the VU in the study 

of Bronze Age livestock by Brusgaard et al. (2019), 

giving comparable results. Therefore, it is suggested 

that the use of either the Thermo Finnigan MAT 262 

RPQ TIM, the Thermo Finnigan Triton TIMS or the 

Thermo Finnigan Neptune ICP should be utilised for 

this analysis. The uncertainties associated with LA-

MC-ICPMS give enough concern to avoid this 

methodology unless used in a comparative manner.  

  

4. Results and Discussion 

If migrational behaviour was to be observed in these 

Megaloceros giganteus specimens, certain 87Sr/86Sr 

values would be expected at certain points of the δ18O 

curve. For example, if the δ18O curve is at its highest 

points, which would be associated with summer 

months, it would be expected that 87Sr/86Sr values 

from more northern parts of the country would be 

observed, such as those in Co. Antrim Tertiary flow 

basalts with distinctively low values (Snoeck et al., 

2020; see Fig.  9).  

At the low point of the δ18O curve, which would 

insinuate winter months, it may be expected that 

specimens would migrate to southern parts of the 

country. 87Sr/86Sr values in the range of 0.7100 to 

0.7120 may be expected, as they correlate with mid 

Devonian and lower Carboniferous Old Red 

Sandstones found in the south of the country (Holland 

& Sanders, 2009; Snoeck et al., 2020). Alternatively, 

signals from the Ballybetagh area (0.70906-0.710135; 

Snoeck et al., 2020 additional information) may be 

expected, given the suggestion that overwintering 

males would accumulate there to seek protection in 

the low land topography, as suggested by Barnosky 

(1985).  

Other interesting 87Sr/86Sr signals are those that are 

extremely high, in the range of 0.7140 to 0.7200. 

Caledonian granites can be found as intrusive 

structures around Ireland such as in Co. Carlow, 

Wicklow and Donegal and have 87Sr/86Sr values in the 

range of 0.7140 – 0.7150 (Holland & Sanders, 2009). 

Even higher values up to 0.7222 can be found in areas 

of Britain, specifically in Proterozoic rocks found 

mainly in northern Scotland (Evans et al., 2010; 

Snoeck et al., 2018). If such high values were to be 

observed in the studied specimens, this may suggest 

that longer migrations crossing the Irish Sea and or the 

Northern Channel may have been possible for these 

animals. The highest 87Sr/86Sr values that have been 

observed by Snoeck et al. (2020) was 0.7164, thus 

values over this should be given special attention as 

being possibly British in origin.  
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Fig.  9.  Hypothetical variation in 87Sr/86Sr in a possible migrational specimen NMING:F7913 while migrating 

northeast to south west during summer and winter respectively. Grey line represents actual 87Sr/86Sr variation through 

the migration pathway. Orange points represents averaging and sampling effects on the 87Sr/86Sr. Migration speed 

based on caribou migration speeds (approx. 80 km/week; Tape & Gustine, 2014) and residence time calculated based 

on Spaargaren (1983) and Britton et al. (2011) based on average giant deer stag body weight calculated by Geist 

(1998).

There has been discussion on the presence of land 

bridges in the Late Glacial between Ireland and 

Britain, with some authors claiming possible 

connections may have existed between Northern 

Ireland and Scotland or from southeast Ireland to 

southern Wales (Devoy, 1985; Lambeck & Purcell, 

2001; see Fig.  10), while others claim any land 

connections during the Late Glacial were very 

unlikely (Brooks et al., 2011). Both Devoy (1985) and 

Lambeck & Purcell (2001) suggest that even if such 

connections were present, they were likely unreliable 

and unfriendly to migrating flora and fauna. However, 

even if such land connections were not so hospitable, 

M. giganteus specimens may have swam short 

distances of this land connection in order to find the 

right type of vegetation. Swimming behaviour has 

been observed in deer before, with red deer observed 

swimming distances of 7 km in marine waters and 

white-tailed deer (Odocoileus virginianus; 

Zimmermann, 1780) traveling up to 25 km between 

islands within the North American Great Lakes 

(Serjeantson, 1990; Reimchen et al., 2008; Mulville, 

2010). Quigley & Moffatt (2014) states that given the 

lower sea level present during the last glacial 

maximum, this swimming behaviour may have 

implications on the introduction of deer species to 

Ireland. Perhaps the same could be said for 

introductions and transfers of M. giganteus 

individuals between Ireland and England during the 

Late Glacial, or further seasonal movement from one 

island to another. While there are inconsistencies in 

the exact shift in sea level that can be observed during 

the Late Glacial, relative sea-level drops as low as -70 

m have been modelled for the Wexford area from 

between 14,000 and 12,000 C14 years ago (Lambeck 

& Purcell, 2001), making swimming a possibility.  

 
Fig.  10. Bathymetry map of the Irish and Celtic Sea, 

adapted from Bush et al. (2015). 
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If these specimens would not show any signs of 

migrational behaviour, it would be expected that the 
87Sr/86Sr values throughout all of the molars would be 

at the same or similar values. If the values that were 

found in the molars is identical to the signature of the 

area, then it could be suspected that these specimens 

were diagenetically altered, taking in the 87Sr/86Sr 

signature of the surrounding area (Slovak & Paytan, 

2012). However, diagenetic interference would be 

unlikely, given that these specimens were previously 

analysed and displayed δ13C and δ18O values that are 

to be expected from these animals.  

If the 87Sr/86Sr values indicate no mobility in these 

specimens, it may suggest that M. giganteus did not 

adopt migrational behaviour. There could have been a 

number of reasons as to why the studied specimens do 

not display migratory behaviour. As suggested by Van 

Geel et al. (2018), due to the higher rate of 

evapotranspiration in the drier conditions of the late 

Pleistocene, water soluble minerals such as calcium 

were more concentrated in plants, as opposed to plants 

in moist conditions (Guthrie, 1990). This may have 

made it possible for M. giganteus to collect enough 

nutrients for antler growth in the dry late Pleistocene 

conditions without migrating long distances. This may 

be further suggested given that while it is common to 

find chewed antler and bone fragments in the Alaskan 

wilderness today as animals chew on the bone to 

ingest calcium, such chew marks are seldomly seen in 

late Pleistocene remains. Guthrie (1990) therefore 

suggests that the intake of essential nutrients was not 

an issue during the late Pleistocene. However, bone 

mastication by herbivores itself is a somewhat rare 

phenomenon as it can damage their teeth (Wika, 1982; 

Barrette, 1985; Cáceres et al., 2013). Furthermore, this 

lack of evidence may also be due to preservation 

potential, one could speculate that bone or antler 

material masticated by herbivores is not preserved 

well, as herbivores do not transport material to caves 

unlike some carnivores where preservation is high.  

This line of reasoning can be extended to Late 

Glacial Ireland as well, especially given the 

dominance of Carboniferous limestone bedrock found 

across much of central Ireland. This calcium rich 

limestone would have helped make the vegetation in 

these areas particularly suited to a giant deer with high 

nutrient demands (Monaghan, 2017). Perhaps this 

abundance of lime rich vegetation would have made 

migrational behaviour unnecessary for M. giganteus, 

as nutrient demands were adequately met by the Late 

Glacial Irish vegetation. However, the presence of 

lime rich soils would suggest a low phosphorus 

concentration in plants, as the calcium reduces the 

availability of phosphorus in plants (Zohlen & Tyler, 

2004; Reumer & Robert, 2005). Phosphorus being 

another key mineral for antler growth, perhaps this 

mineral would then be the driving factor for 

migrational behaviour.  

 

It can be the case that some individuals display 

migrational behaviour, but some do not. This may be 

explained based on the lack of exact dating conducted 

on said specimens. It is unclear where exactly in the 

late Allerød and Younger Dryas onset these specimens 

come from, and migrational behaviour may only be a 

necessary behavioural adaptation during the colder 

conditions of the Younger Dryas (Van Asch et al., 

2012; Vislobokova, 2012). Thus, the mix of studied 

specimens which may come from any point within this 

time period may create a mix of specimens that 

display migrational behaviour and those that do not.   

Another possibility is that different individuals 

within the Late Glacial M. giganteus population 

conducted seasonal migrations and others did not. 

This can be seen with extant cervids such as reindeer 

and red deer, where populations can have co-occuring 

migrational and residence tactics (Chapman et al., 

2011; Martin et al., 2018). This can be caused by a few 

reasons, being differences in topography in a region, 

density of individuals in a region or intraspecific 

competition (Chapman et al., 2011; Mysterud et al., 

2011; Martin et al., 2018). Thus it could be suggested 

that the difference in individual’s migration behaviour 

could be within a population itself and suggests that 

similar to many extant cervids (Ball et al., 2001; 

Cagnacci et al., 2011; Martin et al., 2018), seasonal 

migrational is expressed in some but not all 

individuals of the Irish giant deer population.  

 

5. Pitfalls & Considerations 

5.1.  Isotopic Metabolism 

Difficulties can arise in interpretation, as the 

relationship between the residence time of strontium 

in the body and its effects on enamel strontium is 

poorly understood (Montgomery et al., 2010). Studies 

on rats, monkeys and humans demonstrate that 
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strontium has a long residence time in the body in the 

range of 26 months (Dahl et al., 2001; Bärenholdt et 

al., 2009; Montgomery et al., 2010). This can naturally 

affect the strontium values of sequential samples, as it 

may be the case that strontium values between the 

molars studied may simply be from the same reservoir 

over the duration of formation, creating an averaging 

effect (Montgomery et al., 2010; Bower, 2017). 

However, the brachydont nature of the molars of 

Megaloceros giganteus mean that the molars are 

formed over a shorter amount of time as opposed to 

hypsodont molars (Brown & Chapman, 1991a,b; 

Britton et al., 2011). Thus mineralisation of the molars 

is finished sooner which suggests that mineralisation 

likely takes place in growing chemically-active bodies 

of young individuals, when averaging of the strontium 

signal is less pronounced due to quicker 

biomineralization causing body fluids to be flushed 

out quicker than in older animals (Montgomery et al., 

2010). Britton et al. (2011) suggests that the problem 

of strontium residence times may be reduced in the 

study of brachydont herbivores for this reason. The 

successful application of sequential strontium isotope 

analysis may further suggest that residence times of 

strontium in the body during molar formation in 

brachydont herbivores is similar to that of oxygen, 

suggesting that it is not as grave an issue but should 

still be taken into account (Britton et al., 2009; Britton 

et al., 2011; Bower, 2017).  

The association of the seasonality deduced by the 

δ18O curve and the location implied by the 87Sr/86Sr 

values are core to understanding migratory patterns in 

M. giganteus. However, there is little understanding 

about the correspondence between the two signals, as 

the residence times of the two elements are extremely 

different and thus are likely not synchronous 

(Montgomery et al., 2010). However, the study of 

modern caribou 87Sr/86Sr and δ18O data seems to 

suggest otherwise, that the two isotopic signatures co-

vary as the summer and winter ranges’ 87Sr/86Sr values 

corresponded with the summer and winter  δ18O 

variation (Britton et al., 2009; Britton et al., 2011). 

This again may be a similar situation with the 

averaging of 87Sr/86Sr values, as the molars form while 

the giant deer are young and have chemically active 

bodies and this drastically shortens the residence time 

of strontium in the animal (Britton et al., 2011). 

Therefore, similar residence times were utilised for 

strontium in the hypothetical strontium variation in 

specimen NMING:F7913 enamel seen in Fig.  9. 

 

5.2.  Sampling  

Fig.  8 displays the sample lines created by Chritz et 

al. (2009), these sampling lines were made with a 

dental hand drill and are thus not perfectly in a straight 

line. This may have implications for the accuracy to 

which one line represents the shortest period of time 

(Balasse, 2003). It should be noted however that when 

even taking perfectly linear sequential samples, it is 

very unlikely that one sample will only be 

representative of one sequential enamel layer, but 

rather of multiple (Balasse, 2003; Blumenthal et al., 

2014; Bower, 2017). Therefore, it must be taken into 

account that these samples will likely represent 

strontium uptake from the animal’s diet over an 

unprecise amount of time. However, although the 

sampling in this manner may not be perfectly 

representative of discrete time intervals, they are still 

chronological and are enough to obtain a relative 

change in an isotopic signature in response to 

environmental change (Balasse, 2003; Chritz et al., 

2009; Britton, 2017).  

Due to the brachydont nature of the molars being 

studied, less molar material can be sampled compared 

to hypsodont molars and thus a shorter window of 

time is available to be interpreted. The initial obstacle 

is that less seasonal fluctuations can be observed in a 

single specimen compared to a hypsodont herbivore 

(Brown & Chapman, 1991a,b; Balasse et al., 2001; 

Britton et al., 2011). Based on δ18O data from the 

studied specimens it suggests that a span of 

approximately a year is recorded between both 

molars. While the δ18O low points typically appear to 

be observed twice with the summer peak being present 

at only one point (Chritz et al., 2009; see Fig.  8), it 

suggests that the summer 87Sr/86Sr values would only 

be possibly recorded once with the winter 87Sr/86Sr 

values being recorder perhaps twice. This would allow 

for interpretations to be made about the return of 

specimens to certain locations in the winter, but not 

for the summer periods.  

 

5.3  87Sr/86Sr Value Interpretation 

Problems can arise when attempting to assign 

seasonal movement to 87Sr/86Sr values, as much of 

Ireland contains similar 87Sr/86Sr values due to the 
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large stretches of Carboniferous limestone (Holland & 

Sanders, 2009; Snoeck et al., 2020). The problem that 

similar values are found could imply that these 

animals did not seasonally migrate or that they simply 

travelled along geologically similar locations causing 

little to no change in 87Sr/86Sr values across the molars 

(Rogers et al., 2018). However, if there is truly a large 

difference between the summer and winter 

migrational ranges it would still be expected that some 

variation in the 87Sr/86Sr values would be found. If 

little 87Sr/86Sr variation is found with specimens with 

a particularly dampened δ18O signal such as specimen 

NMING:F7913, it may suggest migration through 

similar geologic areas or that there may be issues with 

the sampling strategy employed (Hoppe et al., 2004; 

Zazzo et al., 2005; Zazzo et al., 2006).  

As stated previously, the characteristic low or high 
87Sr/86Sr values would allow us to suggest areas that 

may have been within the migratory range of the 

animal. However, if M. giganteus behaved similarly 

to reindeer and passed through areas quickly in the 

migration (Geist, 1986; Britton et al., 2009; Gunn et 

al., 2009), there may be a dilution effect of specific 

lithology’s 87Sr/86Sr values and would make them 

difficult to distinguish. This effect has been observed 

by Britton et al. (2009) as the zones between summer 

and winter ranges were not preserved in the molar 

enamel of modern caribou. This is because the rapid 

movement of the caribou over the migration route’s 

lithologies and the phasing of molar mineralisation. 

However, areas such as the northeast of Ireland where 

Tertiary lava flow basalts are present may possibly be 

near the final point of a migrational route, seeing as it 

is close to the coast. Therefore, these low 87Sr/86Sr 

values may still be preserved in the molar enamel. 

This may be more difficult is distinguishing possible 

British 87Sr/86Sr values such as those above 0.7164 

(Evans et al., 2010, Snoeck et al., 2018), as these areas 

are relatively small and thus may be passed over 

quickly by giant deer during their migration.  

 

Conclusion  

This literature review concludes that the study of 

migrational behaviour in Irish giant deer Megaloceros 

giganteus should be conducted, as the results of such 

research would expand our understanding of these 

animals and may have implications for current large 

migratory mammals. The Irish Late Glacial 

population would be an ideal choice as they are 

abundantly found which lends itself to such 

destructive analysis and inhabited a presumably 

isolated island which limits the possibilities of 

migration. Specifically, three specimens should be 

further analysed as both carbon and oxygen isotopic 

data is already available for them and one particular 

specimen displays the oxygen dampening effects 

which may also suggest migration over large areas. 

However, specimens across Europe should ideally be 

analysed in the future in order to suggest that 

migrational behaviour was indeed common behaviour 

for these animals.  

Based on the literature surrounding the 

reconstruction of migrational behaviour in mammals, 

the use of the strontium isotope ratio is suggested 

based on the availability of a BASr map for Ireland 

and Britain, the variation of lithologies present in 

Ireland and the fact that 87Sr/86Sr values can be 

extracted from the same enamel samples for carbon 

and oxygen data. Use of either the Thermal Ionizing 

or the Multi Collector Inductively Coupled Plasma 

(MC-ICP) Mass spectrometers is advised, as Laser 

Ablation MC-ICP has been suggested to interfere with 

the 87Sr/86Sr results.  

The use of 87Sr/86Sr analysis brings complications, 

specifically to do with the residence times expected 

for strontium in the body as well as defining seasonal 

migrational behaviour through 87Sr/86Sr results. While 
87Sr/86Sr results from modern caribou studies suggest 

that strontium analysis on brachydont herbivores such 

as giant deer would garner valid results, 

morphological and physiological differences between 

the two may have implications on this assumption. 

Nevertheless, the study of giant deer strontium 

signatures is suggested as it may help answer 

questions about the applicability of 87Sr/86Sr analysis 

in palaeontology and the paleoecology of giant deer. 

The study of large mammal’s migratory behaviour 

during periods of abrupt climate change in the fossil 

record can and should be used to assess what 

implications there may be for modern large migratory 

mammals experiencing similar climatic changes. 

 

Acknowledgments 

The author thanks Tom Giltaij for his assistance 

surrounding isotope analysis methodology 

interpretation and guidance as well as helping make 



D. S. Douw. Investigating seasonal mobility of Irish Giant Deer Megaloceros giganteus (Blumenbach, 1799) (2020) 

 27 

this research project possible as a fellow MSc project 

member. Special thanks to Dr. Lisette Kootker (Vrij 

Universeteit Amsetrdam) and Bas van der Wagt 

(Royal Netherlands Institute for Sea Research) for 

assisting in methodology understanding and 

facilitating our research project at their respective 

institutes. The project would not have been possible 

without the hospitality and generosity of Nigel 

Monaghan and the National Museum of Ireland for 

allowing us to conduct destructive analysis on their 

museum specimens.  Finally thank you especially to 

Dr. Jelle Reumer and Dr. Anne Schulp for their 

comments on early drafts and for their support in this 

research project. Funding provided by the Olaf 

Schuiling and the Hans de Bruin fund was greatly 

appreciated and will allow us to continue with the 

suggested analyses.  

 

References 

Aaris‐ Sørensen, K. I. M., & Liljegren, R. (2004). 

Late Pleistocene remains of giant deer 

(Megaloceros giganteus Blumenbach) in 

Scandinavia: chronology and environment. 

Boreas, 33(1), 61-73. 

Adelman, J. (2012). An insight into commercial 

natural history: Richard Glennon, William Hinchy 

and the nineteenth-century trade in giant Irish 

deer remains. Archives of natural history, 39(1), 

16-26. 

Allen, J. R., Hickler, T., Singarayer, J. S., Sykes, M. 

T., Valdes, P. J., & Huntley, B. (2010). Last 

glacial vegetation of northern Eurasia. 

Quaternary Science Reviews, 29(19-20), 2604-

2618. 

Ashraf, M., Hayat, M. Q., & Mumtaz, A. S. (2010). 

A study on elemental contents of medicinally 

important species of Artemisia L.(Asteraceae) 

found in Pakistan. Journal of Medicinal Plants 

Research, 4(21), 2256-2263. 

Balasse, M., Bocherens, H., Mariotti, A., & 

Ambrose, S. H. (2001). Detection of dietary 

changes by intra-tooth carbon and nitrogen 

isotopic analysis: an experimental study of 

dentine collagen of cattle (Bos taurus). Journal of 

Archaeological Science, 28(3), 235-245. 

Balasse, M. (2003). Potential biases in sampling 

design and interpretation of intra‐ tooth isotope 

analysis. International Journal of 

Osteoarchaeology, 13(1‐ 2), 3-10. 

Balasse, M., Smith, A. B., Ambrose, S. H., & Leigh, 

S. R. (2003). Determining sheep birth seasonality 

by analysis of tooth enamel oxygen isotope ratios: 

the Late Stone Age site of Kasteelberg (South 

Africa). Journal of Archaeological Science, 30(2), 

205-215. 

Ball, J. P., Nordengren, C., & Wallin, K. (2001). 

Partial migration by large ungulates: 

characteristics of seasonal moose Alces alces 

ranges in northern Sweden. Wildlife Biology, 7(3), 

39-47. 

Bärenholdt, O., Kolthoff, N., & Nielsen, S. P. (2009). 

Effect of long-term treatment with strontium 

ranelate on bone strontium content. Bone, 45(2), 

200-206. 

Barnosky, A. D. (1985). Taphonomy and herd 

structure of the extinct Irish elk, Megaloceros 

giganteus. Science, 228(4697), 340-344. 

Barnosky, A. D. (1986). “Big game” extinction 

caused by late Pleistocene climatic change: Irish 

elk (Megaloceros giganteus) in Ireland. 

Quaternary Research, 25(1), 128-135. 

Barrette, C. (1985). Antler eating and antler growth 

in wild Axis deer. Mammalia, 49(4), 491-500. 

Bayliss, A., & Woodman, P. (2009). A new bayesian 

chronology for mesolithic occupation at mount 

sandel, northern ireland. In Proceedings of the 

Prehistoric Society (Vol. 75, pp. 101-123). 

Cambridge University Press. 

Berckhemer, F. (1941). Über die Riesenhirschfunde 

von Steinheim an der Murr. Jahrb. Ver. Vaterl. 

Natur. Württemberg, 96, 63-88. 

Bjørkvoll, E., Pedersen, B., Hytteborn, H., Jónsdóttir, 

I. S., & Langvatn, R. (2009). Seasonal and 

interannual dietary variation during winter in 

female Svalbard reindeer (Rangifer tarandus 

platyrhynchus). Arctic, Antarctic, and Alpine 

Research, 41(1), 88-96. 

Blumenthal, S. A., Cerling, T. E., Chritz, K. L., 

Bromage, T. G., Kozdon, R., & Valley, J. W. 

(2014). Stable isotope time-series in mammalian 

teeth: In situ δ18O from the innermost enamel 

layer. Geochimica et Cosmochimica Acta, 124, 

223-236. 

Bocherens, H., Billiou, D., Patou-Mathis, M., 

Bonjean, D., Otte, M., & Mariotti, A. (1997). 



D. S. Douw. Investigating seasonal mobility of Irish Giant Deer Megaloceros giganteus (Blumenbach, 1799) (2020) 

 28 

Paleobiological implications of the isotopic 

signatures (13C, 15N) of fossil mammal collagen in 

Scladina Cave (Sclayn, Belgium). Quaternary 

research, 48(3), 370-380. 

Bocherens, H., Hofman-Kamińska, E., Drucker, D. 

G., Schmölcke, U., & Kowalczyk, R. (2015). 

European bison as a refugee species? Evidence 

from isotopic data on Early Holocene bison and 

other large herbivores in northern Europe. PloS 

one, 10(2), e0115090. 

Bocherens, H. (2015). Isotopic tracking of large 

carnivore palaeoecology in the mammoth steppe. 

Quaternary Science Reviews, 117, 42-71. 

Böttcher, M. E. (2001). Sulfur isotope fractionation 

in the biogeochemical sulfur cycle of marine 

sediments. Isotopes in environmental and health 

studies, 37(2), 97-99. 

Böttcher, M. E., Brumsack, H. J., & Dürselen, C. D. 

(2007). The isotopic composition of modern 

seawater sulfate: I. Coastal waters with special 

regard to the North Sea. Journal of Marine 

Systems, 67(1-2), 73-82. 

Bower, M. A. (2017). Exploring the potential of 

strontium isotope analysis to detect 

archaeological migration events in Southern 

Ontario, Canada (Doctoral dissertation, 

Memorial University of Newfoundland). 

Bradshaw, R. H., Hannon, G. E., & Lister, A. M. 

(2003). A long-term perspective on ungulate–

vegetation interactions. Forest Ecology and 

Management, 181(1-2), 267-280. 

Brewer, S., Guiot, J., Sánchez-Goñi, M. F., & Klotz, 

S. (2008). The climate in Europe during the 

Eemian: a multi-method approach using pollen 

data. Quaternary Science Reviews, 27(25-26), 

2303-2315. 

Britton, K. (2010). Multi-isotope analysis and the 

reconstruction of prey species palaeomigrations 

and palaeoecology (Doctoral dissertation, 

Durham University). 

Britton, K. (2017). A stable relationship: isotopes 

and bioarchaeology are in it for the long haul. 

Antiquity, 91(358), 853-864. 

Britton, K., Grimes, V., Dau, J., & Richards, M. P. 

(2009). Reconstructing faunal migrations using 

intra-tooth sampling and strontium and oxygen 

isotope analyses: a case study of modern caribou 

(Rangifer tarandus granti). Journal of 

Archaeological Science, 36(5), 1163-1172. 

Britton, K., Grimes, V., Niven, L., Steele, T.E., 

McPherron, S., Soressi, M., Kelly, T.E., Jaubert, 

J., Hublin, J.J. and Richards, M.P. (2011). 

Strontium isotope evidence for migration in late 

Pleistocene Rangifer: Implications for 

Neanderthal hunting strategies at the Middle 

Palaeolithic site of Jonzac, France. Journal of 

human evolution, 61(2), 176-185. 

Brooks, A. J., Bradley, S. L., Edwards, R. J., & 

Goodwyn, N. (2011). The palaeogeography of 

Northwest Europe during the last 20,000 years. 

Journal of Maps, 7(1), 573-587. 

Brosnan, J. T., & Brosnan, M. E. (2006). The sulfur-

containing amino acids: an overview. The Journal 

of nutrition, 136(6), 1636S-1640S. 

Brown, W. A. B., & Chapman, N. G. (1991a). Age 

assessment of red deer (Cervus elaphus): from a 

scoring scheme based on radiographs of 

developing permanent molariform teeth. Journal 

of Zoology, 225(1), 85-97. 

Brown, W. A. B., & Chapman, N. G. (1991b). Age 

assessment of fallow deer (Dama dama): from a 

scoring scheme based on radiographs of 

developing permanent molariform teeth. Journal 

of zoology, 224(3), 367-379. 

Brusgaard, N. Ø., Fokkens, H., & Kootker, L. M. 

(2019). An isotopic perspective on the socio-

economic significance of livestock in Bronze Age 

West-Frisia, the Netherlands (2000–800 BCE). 

Journal of Archaeological Science: Reports, 27, 

101944. 

Bush, L.E., Balestrini, S.J., Robins, P.E., Davies, 

A.J. (2015). The reproduction and connectivity of 

Sabellaria alveolata reefs in Wales. NRW 

Evidence Report, 49. 119.  

Bützler, W. (2001). Rotwild: Biologie, Verhalten. 

Umwelt, Hege. BLV München. 

Cáceres, I., Esteban-Nadal, M., Bennàsar, M., 

Monfort, M. D. M., Pesquero, M. D., & 

Fernández-Jalvo, Y. (2013). Osteophagia and 

dental wear in herbivores: actualistic data and 

archaeological evidence. Journal of 

archaeological science, 40(8), 3105-3116. 

Cagnacci, F., Focardi, S., Heurich, M., Stache, A., 

Hewison, A.M., Morellet, N., Kjellander, P., 

Linnell, J.D., Mysterud, A., Neteler, M. and 



D. S. Douw. Investigating seasonal mobility of Irish Giant Deer Megaloceros giganteus (Blumenbach, 1799) (2020) 

 29 

Delucchi, L., (2011). Partial migration in roe deer: 

migratory and resident tactics are end points of a 

behavioural gradient determined by ecological 

factors. Oikos, 120(12), 1790-1802. 

Carter, R. J. (1998). Reassessment of seasonality at 

the Early Mesolithic site of Star Carr, Yorkshire 

based on radiographs of mandibular tooth 

development in red deer (Cervus elaphus). 

Journal of Archaeological Science, 25(9), 851-

856. 

Cerling, T. E., & Harris, J. M. (1999). Carbon 

isotope fractionation between diet and bioapatite 

in ungulate mammals and implications for 

ecological and paleoecological studies. 

Oecologia, 120(3), 347-363. 

Chapman, B. B., Brönmark, C., Nilsson, J. Å., & 

Hansson, L. A. (2011). The ecology and evolution 

of partial migration. Oikos, 120(12), 1764-1775. 

 Chritz, K. L., Dyke, G. J., Zazzo, A., Lister, A. M., 

Monaghan, N. T., & Sigwart, J. D. (2009). 

Palaeobiology of an extinct Ice Age mammal: 

stable isotope and cementum analysis of giant 

deer teeth. Palaeogeography, Palaeoclimatology, 

Palaeoecology, 282(1-4), 133-144. 

Clottes, J. (1999). Twenty thousand years of 

Palaeolithic cave art in Southern France. In 

Proceedings-British Academy (Vol. 99, pp. 161-

176). Oxford University Press Inc..  

Clottes, J., & Courtin, J. (1995). Grotte Cosquer bei 

Marseille: eine im Meer versunkene Bilderhöhle. 

Thorbecke. 

Comar CL, Russell RS., & Wasserman RH (1957) 

Strontium calcium movement from soil to man. 

Science 126:485–492 

Copeland, S. R., Sponheimer, M., le Roux, P. J., 

Grimes, V., Lee‐ Thorp, J. A., de Ruiter, D. J., & 

Richards, M. P. (2008). Strontium isotope ratios 

(87Sr/86Sr) of tooth enamel: a comparison of 

solution and laser ablation multicollector 

inductively coupled plasma mass spectrometry 

methods. Rapid Communications in Mass 

Spectrometry: An International Journal Devoted 

to the Rapid Dissemination of Up‐ to‐ the‐

Minute Research in Mass Spectrometry, 22(20), 

3187-3194. 

Copeland, S. R., Sponheimer, M., Lee-Thorp, J. A., 

le Roux, P. J., de Ruiter, D. J., & Richards, M. P. 

(2010). Strontium isotope ratios in fossil teeth 

from South Africa: assessing laser ablation MC-

ICP-MS analysis and the extent of diagenesis. 

Journal of Archaeological Science, 37(7), 1437-

1446. 

Croitor, R., Stefaniak, K., Pawłowska, K., Ridush, 

B., Wojtal, P., & Stach, M. (2014). Giant deer 

Megaloceros giganteus Blumenbach, 1799 

(Cervidae, Mammalia) from Palaeolithic of 

Eastern Europe. Quaternary International, 326, 

91-104. 

Dahl, S.G., Allain, P., Marie, P.J., Mauras, Y., 

Boivin, G., Ammann, P., Tsouderos, Y., Delmas, 

P.D. and Christiansen, C., (2001). Incorporation 

and distribution of strontium in bone. Bone, 28(4), 

446-453. 

Dansgaard, W. (1964). Stable isotopes in 

precipitation. Tellus 16, 436–468 

Darling, W. G., Bath, A. H., & Talbot, J. C. (2003). 

The O and H stable isotope composition of 

freshwaters in the British Isles. 2, surface waters 

and groundwater. Hydrology and Earth System 

Sciences, 7, 183-195. 

Daujeard, C., Vettese, D., Britton, K., Béarez, P., 

Boulbes, N., Crégut-Bonnoure, E., Desclaux, E., 

Lateur, N., Pike-Tay, A., Rivals, F. and Allué, E., 

(2019). Neanderthal selective hunting of reindeer? 

The case study of Abri du Maras (south-eastern 

France). Archaeological and Anthropological 

Sciences, 11(3), 985-1011. 

Delluc, B., & Delluc, G. (1991). L’art pariétal 

archaıque en Aquitaine. Gallia Préhistoire 

Supplément XXVIII, CNRS, Paris. 

DeNiro, M. J., & Epstein, S. (1981). Influence of diet 

on the distribution of nitrogen isotopes in animals. 

Geochimica et cosmochimica acta, 45(3), 341-

351. 

Denton, G. H., Alley, R. B., Comer, G. C., & 

Broecker, W. S. (2005). The role of seasonality in 

abrupt climate change. Quaternary Science 

Reviews, 24(10-11), 1159-1182. 

Devoy, R. J. (1985). The problem of a late 

Quaternary landbridge between Britain and 

Ireland. Quaternary Science Reviews, 4(1), 43-58. 

Dietrich, W. O. (1933). On the Artiodactyla from the 

Sinanthropus Site at Choukoutien. Palaeont. 

Sinica Ser. C, Vol. 8, Fasc. 2. 

Dowd, M., & Carden, R. F. (2016). First evidence of 

a Late Upper Palaeolithic human presence in 



D. S. Douw. Investigating seasonal mobility of Irish Giant Deer Megaloceros giganteus (Blumenbach, 1799) (2020) 

 30 

Ireland. Quaternary science reviews, 139, 158-

163. 

Drucker, D. G., Bridault, A., Cupillard, C., Hujic, A., 

& Bocherens, H. (2011). Evolution of habitat and 

environment of red deer (Cervus elaphus) during 

the Late-glacial and early Holocene in eastern 

France (French Jura and the western Alps) using 

multi-isotope analysis (δ13C, δ15N, δ18O, δ34S) of 

archaeological remains. Quaternary International, 

245(2), 268-278. 

Dupras, T. L., & Tocheri, M. W. (2007). 

Reconstructing infant weaning histories at Roman 

period Kellis, Egypt using stable isotope analysis 

of dentition. American Journal of Physical 

Anthropology: The Official Publication of the 

American Association of Physical 

Anthropologists, 134(1), 63-74. 

Dusseldorp, G. L. (2011). Studying Pleistocene 

Neanderthal and cave hyena dietary habits: 

combining isotopic and archaeozoological 

analyses. Journal of Archaeological Method and 

Theory, 18(3), 224-255. 

Eagle, R. A., Tütken, T., Martin, T. S., Tripati, A. K., 

Fricke, H. C., Connely, M., ... & Eiler, J. M. 

(2011). Dinosaur body temperatures determined 

from isotopic (13C-18O) ordering in fossil 

biominerals. Science, 333(6041), 443-445. 

Evans, J. A., Montgomery, J., Wildman, G., & 

Boulton, N. (2010). Spatial variations in 

biosphere 87Sr/86Sr in Britain. Journal of the 

Geological Society, 167(1), 1-4. 

Farquhar, G. D., Ehleringer, J. R., & Hubick, K. T. 

(1989). Carbon isotope discrimination and 

photosynthesis. Annual review of plant biology, 

40(1), 503-537. 

Faure, G. (1977). Principles of isotope geology. 

Wiley, New York 

Font, L., van der Peijl, G., van Leuwen, C., van 

Wetten, I., & Davies, G. R. (2015). Identification 

of the geographical place of origin of an 

unidentified individual by multi-isotope analysis. 

Science & Justice, 55(1), 34-42. 

Fornander, E., Eriksson, G., & Lidén, K. (2008). 

Wild at heart: Approaching Pitted Ware identity, 

economy and cosmology through stable isotopes 

in skeletal material from the Neolithic site 

Korsnäs in Eastern Central Sweden. Journal of 

Anthropological Archaeology, 27(3), 281-297. 

Gadbury, C., Todd, L., Jahren, A. H., & Amundson, 

R. (2000). Spatial and temporal variations in the 

isotopic composition of bison tooth enamel from 

the Early Holocene Hudson–Meng Bone Bed, 

Nebraska. Palaeogeography, Palaeoclimatology, 

Palaeoecology, 157(1-2), 79-93. 

Geist, V. (1986). The paradox of the great Irish stags. 

Natural History, 95(3), 54-65. 

Geist, V. (1998). Deer of the world: their evolution, 

behaviour, and ecology. Stackpole books. 

Gigleux, C., Grimes, V., Tütken, T., Knecht, R., & 

Britton, K. (2019). Reconstructing caribou 

seasonal biogeography in Little Ice Age (late 

Holocene) Western Alaska using intra-tooth 

strontium and oxygen isotope analysis. Journal of 

archaeological science: Reports, 23, 1043-1054. 

Gould, S. J. (1974). The origin and function of 

'bizarre' structures: antler size and skull size in 

the' Irish Elk', Megaloceros giganteus. Evolution, 

191-220. 

Gunn, A., Russell, D., White, R. G., & Kofinas, G. 

(2009). Facing a future of change: wild migratory 

caribou and reindeer. Arctic, 62(3), iii-vi. 

Guthrie, R. D. (1990). Frozen fauna of the mammoth 

steppe: the story of Blue Babe. University of 

Chicago Press. 

Guthrie, R. D. (2005). The nature of Paleolithic art. 

University of Chicago Press. 

Halls, L. K. (1984). What do deer eat and why. In: 

White, Larry D.; Guynn, Dwight, eds. Holistic 

ranch management--putting it all together: 

Proceedings of the 1984 international ranchers 

roundup; 1984 July 30-August 3; San Angelo, 

TX. Uvalde, TX: Texas Agricultural Research 

and Extension Center, Texas A&M University: 

266-276., 1984, 266-276. 

Hayden, T. (2000). Megaloceros…on the trail of the 

‘giant Irish deer’. Wild Ireland, 1(2) 14-17 

Heintz, E. (1970). Les Cervidés villafranchiens de 

France et d'Espagne. Memoires du Museum 

National D'Histoire Naturelle Nouvelle Serie, 

Serie C, Sciences de la Terre. 

Hillson S. (1996) Dental anthropology. Cambridge 

University Press, Cambridge 

Hobbie, J. E., Hobbie, E. A., Drossman, H., Conte, 

M., Weber, J. C., Shamhart, J., & Weinrobe, M. 

(2009). Mycorrhizal fungi supply nitrogen to host 

plants in Arctic tundra and boreal forests: 15N is 



D. S. Douw. Investigating seasonal mobility of Irish Giant Deer Megaloceros giganteus (Blumenbach, 1799) (2020) 

 31 

the key signal. Canadian journal of microbiology, 

55(1), 84-94. 

Holdo, R. M., Holt, R. D., & Fryxell, J. M. (2009). 

Opposing rainfall and plant nutritional gradients 

best explain the wildebeest migration in the 

Serengeti. The American Naturalist, 173(4), 431-

445. 

Holland C.H. & Sanders I. (2009). The geology of 

Ireland. Dunedin Academic 

Hoppe, K. A., & Koch, P. L. (2007). Reconstructing 

the migration patterns of late Pleistocene 

mammals from northern Florida, USA. 

Quaternary Research, 68(3), 347-352. 

Hoppe, K. A., Koch, P. L., Carlson, R. W., & Webb, 

S. D. (1999). Tracking mammoths and 

mastodons: reconstruction of migratory behavior 

using strontium isotope ratios. Geology, 27(5), 

439-442. 

Hoppe, K. A., Stover, S. M., Pascoe, J. R., & 

Amundson, R. (2004). Tooth enamel 

biomineralization in extant horses: implications 

for isotopic microsampling. Palaeogeography, 

Palaeoclimatology, Palaeoecology, 206(3-4), 

355-365. 

Hurst, R. W., & Davis, T. E. (1981). Strontium 

isotopes as tracers of airborne fly ash from coal-

fired power plants. Environmental Geology, 3(6), 

363-367. 

Iacumin, P., Bocherens, H., Mariotti, A., & 

Longinelli, A. (1996). Oxygen isotope analyses of 

co-existing carbonate and phosphate in biogenic 

apatite: a way to monitor diagenetic alteration of 

bone phosphate?. Earth and Planetary Science 

Letters, 142(1-2), 1-6. 

Immel, A., Drucker, D.G., Bonazzi, M., Jahnke, 

T.K., Münzel, S.C., Schuenemann, V.J., Herbig, 

A., Kind, C.J. and Krause, J., (2015). 

Mitochondrial genomes of giant deers suggest 

their late survival in Central Europe. Scientific 

reports, 5(1), 1-9. 

Jørkov, M. L. S., Heinemeier, J., & Lynnerup, N. 

(2007). Evaluating bone collagen extraction 

methods for stable isotope analysis in dietary 

studies. Journal of Archaeological Science, 

34(11), 1824-1829. 

Kahlke, R. D. (1999). The History of the Origin, 

Evolution and Dispersal of the Late Pleistocene 

Mammuthus–Coelodonta Faunal Complex in 

Eurasia (Large Mammals). Fenske Companies, 

Rapid City. 

Klein, D. R. (1965). Ecology of deer range in Alaska. 

Ecological Monographs, 35(3), 259-284. 

Klevezal, G. (2017). Recording structures of 

mammals. Routledge.  

Kohl, D. H., & Shearer, G. (1980). Isotopic 

fractionation associated with symbiotic N2 

fixation and uptake of NO3− by plants. Plant 

Physiology, 66(1), 51-56. 

Kohn, M. J. (1999). You are what you eat. Science, 

283(5400), 335-336. 

Kohn, M. J., Schoeninger, M. J., & Barker, W. W. 

(1999). Altered states: effects of diagenesis on 

fossil tooth chemistry. Geochimica et 

cosmochimica acta, 63(18), 2737-2747. 

Kohn, M. J., Schoeninger, M. J., & Valley, J. W. 

(1998). Variability in oxygen isotope 

compositions of herbivore teeth: reflections of 

seasonality or developmental physiology?. 

Chemical Geology, 152(1-2), 97-112. 

Kootker, L. M., Mbeki, L., Morris, A. G., Kars, H., 

& Davies, G. R. (2016). Dynamics of Indian 

Ocean slavery revealed through isotopic data 

from the Colonial era Cobern Street burial site, 

Cape Town, South Africa (1750-1827). PloS one, 

11(6). 

Körner, C., Farquhar, G. D., & Wong, S. C. (1991). 

Carbon isotope discrimination by plants follows 

latitudinal and altitudinal trends. Oecologia, 

88(1), 30-40. 

Korotkevich, E. L. (1971). A New Deer from 

Neogene Deposits of the Southern Ukraine. Vestn. 

Zool, (1), 59-63. 

Krajcarz, M., Pacher, M., Krajcarz, M.T., Laughlan, 

L., Rabeder, G., Sabol, M., Wojtal, P. and 

Bocherens, H., (2016). Isotopic variability of cave 

bears (δ15N, δ13C) across Europe during MIS 3. 

Quaternary Science Reviews, 131, 51-72. 

Krueger, H. W., & Sullivan, C. H. (1984). Models 

for carbon isotope fractionation between diet and 

bone. Stable Isotopes in Nutrition. ACS 

Publications. 205-220.  

Kusaka, S. (2019). Stable isotope analysis of human 

bone hydroxyapatite and collagen for the 

reconstruction of dietary patterns of hunter‐

gatherers from Jomon populations. International 

Journal of Osteoarchaeology, 29(1), 36-47. 



D. S. Douw. Investigating seasonal mobility of Irish Giant Deer Megaloceros giganteus (Blumenbach, 1799) (2020) 

 32 

Laffoon, J. E., Plomp, E., Davies, G. R., Hoogland, 

M. L., & Hofman, C. L. (2015). The movement 

and exchange of dogs in the prehistoric 

Caribbean: An isotopic investigation. 

International Journal of Osteoarchaeology, 25(4), 

454-465. 

Lambeck, K., & Purcell, A. P. (2001). Sea‐ level 

change in the Irish Sea since the Last Glacial 

Maximum: constraints from isostatic modelling. 

Journal of Quaternary Science: Published for the 

Quaternary Research Association, 16(5), 497-

506. 

Lee-Thorp, J. A., Sealy, J. C., & Van Der Merwe, N. 

J. (1989). Stable carbon isotope ratio differences 

between bone collagen and bone apatite, and their 

relationship to diet. Journal of archaeological 

science, 16(6), 585-599. 

Lemozi, A., Lemozi, A., Renault, P., & David, A. 

(1969). Pech Merle-Le Combel-Marcenac. 

Akademische Druck-u. Verlagsanstalt. 

Leroi-Gourhan, A. (1982). The archaeology of 

Lascaux cave. Scientific American, 246(6), 104-

113. 

Lisiecki, L. E., & Raymo, M. E. (2005). A Pliocene-

Pleistocene stack of globally distributed benthic 

δ18O records, Paleoceanogr., 20, PA1003. 

Lister, A. M. (1994). The evolution of the giant deer, 

Megaloceros giganteus (Blumenbach). Zoological 

Journal of the Linnean Society, 112(1-2), 65-100. 

Lister, A.M., Edwards, C.J., Nock, D.A.W., Bunce, 

M., Van Pijlen, I.A., Bradley, D.G., Thomas, 

M.G. & Barnes, I.,. (2005). The phylogenetic 

position of the ‘giant deer’ Megaloceros 

giganteus. Nature, 438(7069), 850-853. 

Lister, A. M., & Stuart, A. J. (2019). The extinction 

of the giant deer Megaloceros giganteus 

(Blumenbach): New radiocarbon evidence. 

Quaternary International, 500, 185-203. 

Ma, J., Wei, G., Liu, Y., Ren, Z., Xu, Y., & Yang, Y. 

(2013). Precise measurement of stable (δ88/86Sr) 

and radiogenic (87Sr/86Sr) strontium isotope ratios 

in geological standard reference materials using 

MC-ICP-MS. Chinese Science Bulletin, 58(25), 

3111-3118. 

Martin, J., Tolon, V., Morellet, N., Santin-Janin, H., 

Licoppe, A., Fischer, C., Bombois, J., Patthey, P., 

Pesenti, E., Chenesseau, D. & Saïd, S. (2018). 

Common drivers of seasonal movements on the 

migration–residency behavior continuum in a 

large herbivore. Scientific reports, 8(1), 1-14. 

McKechnie, A. E. (2004). Stable isotopes: powerful 

new tools for animal ecologists: news & views. 

South African Journal of Science, 100(3), 131-

134. 

Millais, J. G. (1897). British Deer and Their Horns. 

London, Henry Sotheran and Co.  

Moen, R. A., Pastor, J., & Cohen, Y. (1999). Antler 

growth and extinction of Irish elk. Evolutionary 

Ecology Research, 1(2), 235-249. 

Monaghan, N. T. (2017). Irish Quaternary 

vertebrates. In Advances in Irish Quaternary 

Studies (pp. 255-291). Atlantis Press, Paris. 

Montgomery, J., Evans, J. A., & Horstwood, M. S. 

(2010). Evidence for long-term averaging of 

strontium in bovine enamel using TIMS and LA-

MC-ICP-MS strontium isotope intra-molar 

profiles. Environmental Archaeology, 15(1), 32-

42. 

Moore, T. T. (2011). Climate change and animal 

migration. Envtl. L., 41, 393. 

Mulville, J. (2010). Red deer on Scottish islands. 

Extinctions and Invasions: A Social History of 

British Fauna, 43-50. 

Mysterud, A., Loe, L. E., Zimmermann, B., Bischof, 

R., Veiberg, V., & Meisingset, E. (2011). Partial 

migration in expanding red deer populations at 

northern latitudes–a role for density dependence?. 

Oikos, 120(12), 1817-1825. 

Mysterud, A., Qviller, L., Meisingset, E. L., & 

Viljugrein, H. (2016). Parasite load and seasonal 

migration in red deer. Oecologia, 180(2), 401-

407. 

Neff, H., & Lee, M. S. (2012). Laser ablation ICP-

MS in archaeology. Mass spectrometry handbook. 

New Jersey: Wiley, 829-843. 

Nehlich, O. (2015). The application of sulphur 

isotope analyses in archaeological research: a 

review. Earth-Science Reviews, 142, 1-17. 

Nehlich, O., Oelze, V. M., Jay, M., Conrad, M., 

Stäuble, H., Teegen, W. R., & Richards, M. P. 

(2014). Sulphur isotope ratios of multi-period 

archaeological skeletal remains from Central 

Germany: A dietary and mobility study. 

Anthropologie (1962), 52(1), 15-34. 

Newton, R., & Bottrell, S. (2007). Stable isotopes of 

carbon and sulphur as indicators of environmental 

change: past and present. Journal of the 

Geological Society, 164(4), 691-708. 

O'Connell, M., Huang, C. C., & Eicher, U. (1999). 

Multidisciplinary investigations, including stable-

isotope studies, of thick Late-glacial sediments 



D. S. Douw. Investigating seasonal mobility of Irish Giant Deer Megaloceros giganteus (Blumenbach, 1799) (2020) 

 33 

from Tory Hill, Co. Limerick, western Ireland. 

Palaeogeography, Palaeoclimatology, 

Palaeoecology, 147(3-4), 169-208. 

O'Dowd, C. D., Smith, M. H., Consterdine, I. E., & 

Lowe, J. A. (1997). Marine aerosol, sea-salt, and 

the marine sulphur cycle: A short review. 

Atmospheric Environment, 31(1), 73-80. 

Pellegrini, M., Pouncett, J., Jay, M., Pearson, M. P., 

& Richards, M. P. (2016). Tooth enamel oxygen 

“isoscapes” show a high degree of human 

mobility in prehistoric Britain. Scientific reports, 

6(1), 1-9. 

Picard, K., Festa-Bianchet, M., & Thomas, D. 

(1996). The cost of horniness: heat loss may 

counter sexual selection for large horns in 

temperate bovids. Ecoscience, 3(3), 280-284. 

Pilaar Birch, S. E., Miracle, P., Stevens, R. E., & 

O'Connell, T. (2016). Late Pleistocene/Early 

Holocene Migratory Behavior of Ungulates Using 

Isotopic Analysis of Tooth Enamel and Its Effects 

on Forager Mobility. PLoS ONE 11(6). 

Pitra, C., Fickel, J., Meijaard, E., & Groves, C. 

(2004). Evolution and phylogeny of old world 

deer. Molecular phylogenetics and evolution, 

33(3), 880-895. 

Price, T. D., Meiggs, D., Weber, M. J., & Pike-Tay, 

A. (2017). The migration of Late Pleistocene 

reindeer: isotopic evidence from northern Europe. 

Archaeological and Anthropological Sciences, 

9(3), 371-394. 

Quigley, D. T., & Moffatt, S. (2014). Sika-like deer 

Cervus nippon (Temminck, 1838) observed 

swimming out to sea at Greystones, Co. Wicklow: 

Increasing deer population pressure?. Bulletin of 

the Irish Biogeographical Society, 38, 251-261. 

Rasmussen, S.O., Bigler, M., Blockley, S.P., Blunier, 

T., Buchardt, S.L., Clausen, H.B., Cvijanovic, I., 

Dahl-Jensen, D., Johnsen, S.J., Fischer, H. and 

Gkinis, V., (2014). A stratigraphic framework for 

abrupt climatic changes during the Last Glacial 

period based on three synchronized Greenland 

ice-core records: refining and extending the 

INTIMATE event stratigraphy. Quaternary 

Science Reviews, 106, 14-28. 

Rees, J. W., Kainer, R. A., & Davis, R. W. (1966). 

Histology, embryology and gross morphology of 

the mandibular dentition in mule deer. Journal of 

Mammalogy, 47(4), 640-654. 

Reimchen, T. E., Nelson, R. J., & Smith, C. T. 

(2008). Estimating deer colonization rates to 

offshore islands of Haida Gwaii using 

microsatellite markers. Lessons from the Islands-

Introduced species and what they tell us about 

how ecosystems work. Canadian Wildlife 

Service-Environment Canada, Ottawa, 117-120. 

Reimers, E., & Nordby, Ø. (1968). Relationship 

between age and tooth cementum layers in 

Norwegian reindeer. The Journal of Wildlife 

Management, 957-961. 

Reumer, J., & Robert , I. (2005): Two interesting 

taphonomical phenomena in remains of 

Artiodactyla (Mammalia: Cervidae, Bovidae). 

Kaupia - Darmstädter Beiträge zur 

Naturgeschichte. 14, 53-57. 

Reynard, L. M., & Tuross, N. (2015). The known, 

the unknown and the unknowable: weaning times 

from archaeological bones using nitrogen isotope 

ratios. Journal of Archaeological Science, 53, 

618-625. 

Richards, M. P., Fuller, B. T., & Hedges, R. E. 

(2001). Sulphur isotopic variation in ancient bone 

collagen from Europe: implications for human 

palaeodiet, residence mobility, and modern 

pollutant studies. Earth and Planetary Science 

Letters, 191(3-4), 185-190. 

Richards, M.P., Taylor, G., Steele, T., McPherron, 

S.P., Soressi, M., Jaubert, J., Orschiedt, J., 

Mallye, J.B., Rendu, W. and Hublin, J.J., 2008. 

Isotopic dietary analysis of a Neanderthal and 

associated fauna from the site of Jonzac 

(Charente-Maritime), France. Journal of Human 

Evolution, 55(1), pp.179-185. 

Rivals, F., & Lister, A. M. (2016). Dietary flexibility 

and niche partitioning of large herbivores through 

the Pleistocene of Britain. Quaternary Science 

Reviews, 146, 116-133. 

Rogers, B. and Gron, K. and Montgomery, J. and 

Gröcke, D.R. and Rowley-Conwy, P. (2018) 

'Aurochs hunters : the large animal bones from 

Blick Mead.', in Blick mead : exploring the 'first 

place' in the Stonehenge landscape. 

Archaeological excavations at Blick Mead, 

Amesbury, Wiltshire 2005-2016. Oxford: Peter 

Lang.127-152. Studies in the British Mesolithic 

and Neolithic. (1). 127-152. 

Rucklidge, G. J., Milne, G., McGaw, B. A., Milne, 

E., & Robins, S. P. (1992). Turnover rates of 

different collagen types measured by isotope ratio 

mass spectrometry. Biochimica et Biophysica 

Acta (BBA)-General Subjects, 1156(1), 57-61.  

Saarinen, J., Eronen, J., Fortelius, M., Seppä, H., & 

Lister, A. M. (2016). Patterns of diet and body 

mass of large ungulates from the Pleistocene of 

Western Europe, and their relation to vegetation. 

Palaeontologia Electronica, 19(3.32), 1-58. 

Salazar-Garcia, D. C., Richards, M. P., Nehlich, O., 

& Henry, A. G. (2014). Dental calculus is not 

equivalent to bone collagen for isotope analysis: a 

comparison between carbon and nitrogen stable 

isotope analysis of bulk dental calculus, bone and 



D. S. Douw. Investigating seasonal mobility of Irish Giant Deer Megaloceros giganteus (Blumenbach, 1799) (2020) 

 34 

dentine collagen from same individuals from the 

Medieval site of El Raval (Alicante, Spain). 

Journal of Archaeological Science, 47, 70-77. 

Scharlotta, I., Weber, A., & Goriunova, O. I. (2012). 

Assessing hunter-gatherer mobility in Cis-Baikal, 

Siberia using LA-ICP-MS: Methodological 

correction for laser interactions with calcium 

phosphate matrices and the potential for 

integrated LA-ICP-MS sampling of 

archaeological skeletal materials1. Studying 

Hunter-Gatherer Mobility Using Isotopic And 

Trace Elemental Analysis, 98. 

Schoeninger, M. J. (2010). Diet reconstruction and 

ecology using stable isotope ratios. A companion 

to biological anthropology, 445-464. 

Sealy, JC, van der Merwe NJ, Sillen, A., Kruger, F. 

J., & Krueger, H. W. (1991) 87Sr/86Sr as a dietary 

indicator in modern and archaeological bone. J 

Archaeol Sci 18: 399–416 

Seebacher, F., & Post, E. (2015). Climate change 

impacts on animal migration. Climate Change 

Responses, 2(1), 5. 

Serjeantson, D. (1990). The introduction of mammals 

to the Outer Hebrides and the role of boats in 

stock management. Anthropozoologica, 13, 7-18. 

Simonetti, A., Buzon, M. R., & Creaser, R. A. 

(2008). In‐ situ elemental and Sr isotope 

investigation of human tooth enamel by laser 

ablation‐ (MC)‐ ICP‐ MS: Successes and 

pitfalls. Archaeometry, 50(2), 371-385. 

Slovak, N. M., & Paytan, A. (2012). Applications of 

Sr isotopes in archaeology. In Handbook of 

environmental isotope geochemistry (pp. 743-

768). Springer, Berlin, Heidelberg. 

Snoeck, C., Pouncett, J., Claeys, P., Goderis, S., 

Mattielli, N., Pearson, M. P., Willis, C., Zazzo, 

A., Lee-Thorp, J.A. & Schulting, R. J. (2018). 

Strontium isotope analysis on cremated human 

remains from Stonehenge support links with west 

Wales. Scientific reports, 8(1), 10790. 

Snoeck, C., Ryan, S., Pouncett, J., Pellegrini, M., 

Claeys, P., Wainwright, A.N., Mattielli, N., Lee-

Thorp, J.A. and Schulting, R.J., (2020). Towards 

a biologically available strontium isotope baseline 

for Ireland. Science of The Total Environment, 

712, 136248. 

Spaargaren, D. H. (1983). Some aspects of element 

turnover in living organisms. Acta 

biotheoretica, 32(1), 13-28. 

Stack, P., & Rock, L. (2011). A δ34S isoscape of total 

sulphur in soils across Northern Ireland. Applied 

geochemistry, 26(8), 1478-1487. 

Stevens, R. E., Balasse, M., & O'Connell, T. C. 

(2011). Intra-tooth oxygen isotope variation in a 

known population of red deer: implications for 

past climate and seasonality reconstructions. 

Palaeogeography, Palaeoclimatology, 

Palaeoecology, 301(1-4), 64-74. 

Stuart, A. J., Kosintsev, P. A., Higham, T. F. G., & 

Lister, A. M. (2004). Pleistocene to Holocene 

extinction dynamics in giant deer and woolly 

mammoth. Nature, 431(7009), 684-689. 

Tape, K. D., & Gustine, D. D. (2014). Capturing 

migration phenology of terrestrial wildlife using 

camera traps. BioScience, 64(2), 117-124. 

Tierney, J., Johnston, P., & Kelly, B. (2010). Final 

excavation report of a brushwood 

trackway/platform and the nearby discovery of 

Giant Irish Deer at Ballyoran Bog. Co. Cork. 

Eachtra, 6. 

Tieszen, L. L., & Boutton, T. W. (1989). Stable 

carbon isotopes in terrestrial ecosystem research. 

In Stable isotopes in ecological research (pp. 

167-195). Springer, New York, NY. 

Titov, V. V., & Shvyreva, A. K. (2016). Deer of the 

genus Megaloceros (Mammalia, Cervidae) from 

the Early Pleistocene of Ciscaucasia. 

Paleontological Journal, 50(1), 87-95.  

Trepet, S. A., & Eskina, T. G. (2017). Modern 

Dynamics of the Red Deer (Сervus elaphus 

maral) Population in the Caucasian State Nature 

Reserve. Biology Bulletin, 44(8), 875-881. 

Van Asch, N., & Hoek, W. Z. (2012). The impact of 

summer temperature changes on vegetation 

development in Ireland during the Weichselian 

Lateglacial Interstadial. Journal of Quaternary 

Science, 27(5), 441-450. 

Van Asch, N., Lutz, A. F., Duijkers, M. C., Heiri, O., 

Brooks, S. J., & Hoek, W. Z. (2012). Rapid 

climate change during the Weichselian 

Lateglacial in Ireland: Chironomid-inferred 

summer temperatures from Fiddaun, Co. Galway. 

Palaeogeography, Palaeoclimatology, 

Palaeoecology, 315, 1-11. 

Van der Made, J. (2006). The evolution and 

biogeography of the Pleistocene giant deer 

Megaloceros giganteus (Cervidae, Mammalia). In 

Late Neogene and quaternary biodiversity and 

evolution (regional developments and 

interregional correlations: proceedings of the 

18th International Senckenberg Conference. 

(volume I) (Vol. 256, pp. 117-129). 

Van der Made, J. (2012). The latest Early Pleistocene 

giant deer Megaloceros novocarthaginiensis n. sp. 

and the fallow deer" Dama df. vallonnetensis" 

from Cueva Victoria (Murcia, Spain). Mastia: 

Revista del Museo Arqueológico Municipal de 

Cartagena, (11), 269-323. 

Van der Made, J., & Tong, H. W. (2008). Phylogeny 

of the giant deer with palmate brow tines 



D. S. Douw. Investigating seasonal mobility of Irish Giant Deer Megaloceros giganteus (Blumenbach, 1799) (2020) 

 35 

Megaloceros from west and Sinomegaceros from 

east Eurasia. Quaternary International, 179(1), 

135-162. 

Van der Plicht, J., Molodin, V. I., Kuzmin, Y. V., 

Vasiliev, S. K., Postnov, A. V., & Slavinsky, V. 

S. (2015). New Holocene refugia of giant deer 

(Megaloceros giganteus Blum.) in Siberia: 

updated extinction patterns. Quaternary Science 

Reviews, 114, 182-188. 

Van Doorn, N. L., Wilson, J., Hollund, H., Soressi, 

M., & Collins, M. J. (2012). Site‐ specific 

deamidation of glutamine: a new marker of bone 

collagen deterioration. Rapid communications in 

mass spectrometry, 26(19), 2319-2327. 

Van Geel, B., J. Sevink, D. Mol, B. W. Langeveld, 

R. W. J. M. Van Der Ham, C. J. M. Van Der 

Kraan, J. Van Der Plicht, J. S. Haile, A. Rey‐
Iglesia, & E. D. Lorenzen. (2018). Giant deer 

(Megaloceros giganteus) diet from Mid‐
Weichselian deposits under the present North Sea 

inferred from molar‐ embedded botanical 

remains. Journal of Quaternary Science, 33(8), 

924-933. 

Vislobokova, I.A. (1979). A New Deer from the 

Pliocene of Mongolia. Tr. Sovm. Sovet.–Mongol. 

Paleontol. Eksped, (8), 31–38.  

Vislobokova, I.A. (1990). Iskopaemye oleni Evrazii 

(Extinct Deer of Eurasia). Moscow: Nauka. 

Vislobokova, I. A. (2012). Giant deer: origin, 

evolution, role in the biosphere. Paleontological 

Journal, 46(7), 643-775. 

Vislobokova, I. A. (2013). Morphology, taxonomy, 

and phylogeny of megacerines (Megacerini, 

Cervidae, Artiodactyla). Paleontological Journal, 

47(8), 833-950. 

Vislobokova, I. A., Barsbold, R., & Trofimov, B. A. 

(1983). Iskopaemye oleni Mongolii. (Extinct Deer 

of Mongolia). Nauka. 

Vroon, P. Z., Van Der Wagt, B., Koornneef, J. M., & 

Davies, G. R. (2008). Problems in obtaining 

precise and accurate Sr isotope analysis from 

geological materials using laser ablation MC-

ICPMS. Analytical and Bioanalytical Chemistry, 

390(2), 465-476. 

Watts, W. A. (1977). The late Devensian vegetation 

of Ireland. Philosophical Transactions of the 

Royal Society of London. Biological Sciences, 

280(972), 273-293. 

Wika, M. (1982). Antlers—a mineral source in 

Rangifer. Acta Zoologica, 63(1), 7-10. 

Wißing, C., Matzerath, S., Turner, E., & Bocherens, 

H. (2015). Paleoecological and climatic 

implications of stable isotope results from late 

Pleistocene bone collagen, Ziegeleigrube Coenen, 

Germany. Quaternary Research, 84(1), 96-105. 

Woodman, P., McCarthy, M., & Monaghan, N. 

(1997). The Irish quaternary fauna project. 

Quaternary Science Reviews, 16(2), 129-159. 

Worman, C, O, D. & Kimbrell, T. (2008). Getting to 

the hart of the matter: did antlers truly cause the 

extinction of the Irish elk?. Oikos, 117(9), 1397-

1405. 

Wright, L. E., & Schwarcz, H. P. (1998). Stable 

carbon and oxygen isotopes in human tooth 

enamel: identifying breastfeeding and weaning in 

prehistory. American Journal of Physical 

Anthropology: The Official Publication of the 

American Association of Physical 

Anthropologists, 106(1), 1-18. 

Xue, X. (1982). Notes on Megaloceros 

luochuanensis (sp. nov.) from Hei Mugou, 

Luochuan, Shaanxi province, Vertebr. 

Yoneyama, T. (1995) Nitrogen Metabolism and 

Fractionation of Nitrogen Isotopes in Plants. In: 

E. Wada, T. Yoneyama, M. Minagawa, T. Ando & 

B.D. Fry (Eds.) Stable Isotopes in the Biosphere. 

Japan, Kyoto University Press,  92- 102.  

Zazzo, A., Balasse, M., & Patterson, W. P. (2005). 

High-resolution δ13C intratooth profiles in bovine 

enamel: implications for mineralization pattern 

and isotopic attenuation. Geochimica et 

Cosmochimica Acta, 69(14), 3631-3642. 

Zazzo, A., Balasse, M., & Patterson, W. P. (2006). 

The reconstruction of mammal individual history: 

refining high-resolution isotope record in bovine 

tooth dentine. Journal of Archaeological Science, 

33(8), 1177-1187. 

Zazzo, A., Mariotti, A., Lécuyer, C., & Heintz, E. 

(2002). Intra-tooth isotope variations in late 

Miocene bovid enamel from Afghanistan: 

paleobiological, taphonomic, and climatic 

implications. Palaeogeography, 

Palaeoclimatology, Palaeoecology, 186(1-2), 

145-161. 

Zimov, S. A., Zimov, N. S., Tikhonov, A. N., & 

Chapin Iii, F. S. (2012). Mammoth steppe: a high-

productivity phenomenon. Quaternary Science 

Reviews, 57, 26-45  

Zohlen, A., & Tyler, G. (2004). Soluble inorganic 

tissue phosphorus and calcicole–calcifuge 

behaviour of plants. Annals of Botany, 94(3), 427-

432. 
 



D. S. Douw. Investigating seasonal mobility of Irish Giant Deer Megaloceros giganteus (Blumenbach, 1799) (2020) 

 36 

Appendix Table 1. 

All δ13C and δ15N data from Megaloceros giganteus (Blumenbach, 1799) across Eurasia from Marine 

Isotope Stage 3 to MIS 1 (Holocene) used in Fig.  3. All isotopic data was extracted from collagen, (D) 

refers to tooth dentine. 

 

Country Location Sample δ13C δ15N Age C14 Date σ Reference 

Russia Preobrazhenk maxilla -18.9 5.75 MIS 1 7889 38 Van der Plicht et al., 2015 

Russia Sopka antler -19.04 5.24 MIS 1 7925 40 Van der Plicht et al., 2015 

Russia Ust-Talaya axis -19.72 6.02 MIS 1 9235 45 Van der Plicht et al., 2015 

Russia Ust-Talaya radius -19.65 7.04 MIS 1 9235 45 Van der Plicht et al., 2015 

Russia Sosnovy Tushamsky tibia -19.925 5.825 MIS 1 9425 34 Van der Plicht et al., 2015 

Russia Ust-Tushama axis -20.3 3.56 MIS 1 10320 45 Van der Plicht et al., 2015 

Germany Hohlenstein Stadel cave - -20.7 2.2 MIS 2 12175 50 Immel et al., 2015 

Germany Hohle Fels - -20.1 2.9 MIS 2 12370 30 Immel et al., 2015 

Germany Ziegeleigrube Coenen pelvis -20.8 3.8 MIS 3 - - Wißing et al., 2015 

Germany Ziegeleigrube Coenen mandibula -20.6 4.7 MIS 3 - - Wißing et al., 2015 

Germany Ziegeleigrube Coenen mandibula -20.5 4.6 MIS 3 43190 510 Wißing et al., 2015 

France Jonzac; Charente-Maritime - -20 4.5 MIS 3 - - Richards et al., 2008 

France Jonzac; Charente-Maritime - -20.1 5 MIS 3 - - Richards et al., 2008 

France Saint-Césaire maxillary -20.5 5 MIS 3 - - Dusseldorp, 2011 

France Camiac femur -20 6.4 MIS 3 - - Dusseldorp, 2011 

France Camiac long bone -20.1 7.7 MIS 3 - - Dusseldorp, 2011 

Poland Perspektywiczna cave metacarpal -19.9 4.2 MIS 3 - - Krajcarz et al., 2016 

Belgium Scladina Cave ectocuneiform -20.2 4 MIS 3 - - Bocherens et al., 1997 

Belgium Scladina Cave upper tooth (D) -20.2 5 MIS 3 - - Bocherens et al., 1997 

Belgium Scladina Cave premolar -19.7 5.9 MIS 3 - - Bocherens, 2015 

France Abri du Maras mandibula -19.3 5.5 MIS 3 - - Daujeard et al., 2019 

France Abri du Maras maxilla -19.4 5.4 MIS 3 - - Daujeard et al., 2019 


