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Introduction and summary 

 

Fossil insular mammals often show remarkable and sometimes even bizarre 

adaptations, such as dwarfism and gigantism. Understanding the processes underlying these 

adaptations helps us to understand the patterns of evolution, not only those on islands, but also 

those on the mainland and in fragmented habitats. Our knowledge of island biogeography, 

ecology and evolution is limited because it is based mainly on present-day patterns of 

biodiversity on islands and in fragmented habitats. To analyse similar biogeographical patterns 

that developed over time spans of thousands or even millions of years, fossil data need to be 

part of our studies. By ignoring the fact that biodiversity on islands was much greater in the past 

than it is today and by only taking into account present-day biodiversity on islands, an 

impoverished, unbalanced view of island biogeography may come into being. For example, the 

megafauna of Madagascar contained large taxa, such as hippos and giant lemurs, which are all 

extinct now. This means that the average body mass of Malagasy taxa is lower now than during 

the Late Pleistocene. Furthermore, likely because of the effects of time, the resulting speciation 

differs much from what is seen today. Where present-day island taxa often are not smaller than 

roughly 80% of their mainland ancestor, fossil insular taxa sometimes reduced their body mass 

to a mere 2%, as in the case of the pygmy elephant of Sicily, Palaeoloxodon falconeri (Busk, 

1867). At the other end of the scale, where present-day island taxa at most roughly double their 

body mass, fossil insular taxa sometimes increased their body mass to 200 times that of their 

ancestor, as in the case of the giant moonrat of Gargano, Deinogalerix koenigswaldi Freudenthal, 

1972. As a result, islands of today provide a poor example of evolution on islands in general. 

The study of the Tertiary palaeo-island Gargano is an important contribution, because of the 

long-term isolation under less fluctuating climatic conditions, free from anthropogenic 

influences. Such a situation did not exist in the Quaternary period nor in the Holocene period. 

This makes the Gargano a unique case to study the effects of insularity. Here, an highly endemic, 

unbalanced vertebrate fauna evolved in isolation, including the five-horned deer Hoplitomeryx 

Leinders, 1984, which forms the focus of this thesis. 

Objectives 

The aim of this study is to elucidate the evolution of a particular Late Miocene deer-like 

artiodactyl, the five-horned cervoid Hoplitomeryx Leinders, 1984, in the light of what is 

currently known about evolution of mammals on islands, recent as well as extinct. 
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This thesis aims to answer the following questions: 1) what is the taxonomic and phylogenetic 

status of Hoplitomeryx, 2) what is the relation between the Gargano and other Late Miocene 

parts of the Apennine peninsula, 3) how does the evolution of this deer relate to that of other 

insular mammals and 4) do palaeo-mammals differ in this respect from extant mammals. 

The main setting of this thesis is the Gargano, a Late Miocene palaeo-island in the Central 

Mediterranean, where several lineages of strongly endemic mammals, of which Hoplitomeryx is 

just one, evolved in situ. The comparative material consists of insular mammals worldwide 

ranging from the Miocene to the Present.  

This thesis is divided into two main parts. The aim of Part I is to describe the genus 

Hoplitomeryx in detail, not only morphologically but also taxonomically. Part II provides an 

overview of the various processes that are known to take place within insular mammalian taxa 

worldwide, such as body size evolution, morphological changes and speciation. This part 

includes extant as well as fossil taxa and encompasses several mammalian orders. 

Study region 

The palaeo-island of Gargano is now part of mainland Italy and nothing more than a 

promontory at the southeast coast, province of Foggia, region of Apulia (Puglia in Italian). 

However, the Appenine peninsula has changed dramatically since the Late Miocene mainly as a 

result of tectonics including uplift and plate collision (Patacca et al., 2008, 2013). Today, the 

peninsula forms a large, elongated strip of land but during the Late Miocene its land mass was 

fragmentated and included at least three large palaeo-bioprovinces, referred to as the Apulo-

Abruzzi, the Tusco-Sardinian and the Calabro-Sicilian bioprovinces (Rook et al., 2000), of which 

the first two were islands or archipelagos and the latter connected to northern Africa. The 

Gargano, part of the first bioprovince, consists of a block of uplifted Jurassic and Cretaceous 

limestone and is separated from the Apennine mountain ridges by the Foggia Graben (Abbazzi 

et al., 1996). The Late Miocene fossils are retrieved from buried terra rossa fillings in the many 

fissures in this Mesozoic limestone block that are exposed in quarries situated between 

Apricena, San Nazario and Poggio Imperiale, province of Foggia. The fissures are overlain by 

Late-Pliocene-Early Pleistocene sediments of a subsequently marine, shallow water and 

terrigenous origin (Abbazzi et al., 1996). Most fissures from which the here examined material 

comes from are no more accessible due to progression of quarrying activities. 

The palaeo-island Gargano harboured a highly endemic fauna, including five-horned deer, giant 

insecteaters, giant hamsters, giant eagles and many more, referred to as the Mikrotia fauna after 

its most abundant element (Freudenthal et al., 2013; see for details below). Some taxa were part 
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of an impressive adaptive radiation. The Early Pliocene flooding of the area at the end of the 

Messinian salinity crisis marked the extinction of this peculiar fauna. After the area had 

emerged again due to uplifting which resulted in a continentalization of the area in the Early 

Pleistocene, it was colonised by a balanced mainland fauna (De Giuli et al., 1987), commonly 

referred to as the Pirro Nord faunal unit (Gliozzi et al., 1997). Fossil remains of typical 

Villafranchian species were found here, but also a small number of flint lithic artefacts ascribed 

to Homo erectus (Dubois, 1896) in association with the fauna (Arzarello et al., 2006), hence the 

scientific interest in this region. 

The other study site is Scontrone (l'Aquila), which site plays only a role in the chapter on the 

taxonomy of the family Hoplitomerycidae (Chapter 4). This site is considered part of the same 

Apulia Platform (Mazza & Rustioni, 2008; this Platform is regarded as an isolated shallow-water 

palaeogeographic domain during the Mesozoic and Tertiary; see Patacca et al., 2008). The 

Scontrone fossils were recovered from coastal and lagoonal calcarenites (Mazza & Rustioni, 

2008), and are considered to predate those from Gargano. 

Two sites were not taken into account here because of the lack of sufficient evidence for 

similarity. The first is a fissure filling in the province Barletta-Trani-Andria (Puglia), from where 

only fragmentary Mikrotia Freudenthal, 1976 material has been reported (Freudenthal, 1976), 

but no further excavations were ever carried out here. The second is Capo di Fiume (province 

Chieti, Abruzzo), where a complete skeleton was found of a pika similar to the smaller species of 

Gargano (Prolagus cf. P. apricenicus Mazza, 1987) but also resembling the mainland species P. 

oenigensis (Koenig, 1825) (Angelone, 2007). No firm attribution is possible yet, because 

diagnostic features are not available (Angelone, 2007). In addition, no other faunal remains 

were retrieved from Capo di Fiume. 

The Late Miocene fauna of Gargano is generally referred to as Mikrotia fauna, after its most 

abundant element (Freudenthal et al., 2013). The mammalian part of this fauna consists of 

several endemic genera, most of them represented by two or more species, a few endemic 

species, and perhaps a number of non-endemic species that have a wider distribution. The 

endemic genera are represented by murine rodents (Mikrotia Freudenthal, 1976), two 

galericine insectivores (Deinogalerix Freudenthal, 1972; Apulogalerix Masini and Fanfani, 2013), 

burrowing murines (Mikrotia), giant dormice (Stertomys Daams and Freudenthal, 1985), giant 

hamsters (Hattomys Freudenthal, 1985) and finally deer-like ruminants (Hoplitomeryx), which 

latter form the focus of this thesis. The endemic species are an otter (Paralutra garganensis 

Willemsen, 1983), a dormouse (Dryomys apulus Freudenthal and Martín-Suárez, 2006) and two 

giant pikas (Prolagus imperialis Mazza, 1987; P. apricenicus Mazza, 1987). The candidates for 
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being non-endemic are hamster species (Neocricetodon Schaub, 1934 and Apocricetus 

Freudenthal, Mein and Martín-Suárez, 1998), a shrew (Lartetium cf. dehmi Viret and Zapfe, 

1952), and perhaps a field mouse (Apodemus Kaup, 1829, earlier referred to as A. gorafensis 

Ruiz Bustos et al. 1984 but this appears to be unconfirmed (see Freudenthal et al., 2013). The 

avifauna of Gargano is relatively rich and is represented by 28 taxa including a large number of 

endemic species (Pavia, 2013). The exotherm vertebrates are represented by amphibians and 

reptiles including Crocodylus Laurenti, 1768 (Delfino, 2002). 

From Scontrone the following mammalian taxa were reported: Hoplitomeryx (see, however, for 

a discussion Chapter 4), Deinogalerix freudenthali Butler, 1980 (see, however, Chapter 4), and 

an indeterminate otter have been reported (Mazza & Rustioni, 2008), unrelated to Paralutra 

garganensis Willemsen, 1983, of Gargano (Rustioni et al., 1992). Non-mammalian vertebrates 

from Scontrone are restricted to cf. Crocodylus sp. (Delfino & Rossi, 2013), a pond turtle 

Mauremys Gray, 1869, indeterminate tortoise, and indeterminate birds (Patacca et al., 2013). 

The endemic taxa in detail 

The galericine insectivore Deinogalerix is best known by its giant form Deinogalerix 

koenigswaldi Butler, 1980. This species, with a skull length of approximately 20 cm and a body 

mass of almost 10 kg (Chapter 6 and Appendix B) is probably the largest insectivore ever found, 

being about ten times as heavy as the average extant European hedgehog Erinaceus europaeus 

Linnaeus, 1758 or four times as heavy as the average tailless tenrec Tenrec ecaudatus (Schreber, 

1778), another insular insecteater. Butler (1980) distinguished five species (D. koenigswaldi, D. 

freudenthali, D. minor, D. brevirostris, D. intermedius), to which Villier et al. (2013) added a sixth 

species, D. masinii. The largest form, D. koenigswaldi is present only in the youngest fissure (San 

Giovannino) in association with the most advanced form of the other lineage, D. brevirostris. The 

most primitive species, D. masinii, is present in the oldest fissure (M013), whereas the 

intermediate forms of both lineages are sporadically found in all but the oldest fissures and 

sometimes in association with each other. Butler (1980) recognized two lineages, one 

consisiting of, from oldest to youngest, Deinogalerix freudenthali – D. minor – D. brevirostris and 

the other of Deinogalerix freudenthali–D. intermedius – D. koenigswaldi. The position of D. 

masinii within this scheme is unclear, but as it represents a primitive form of Deinogalerix, it 

might be ancestral to (one of) the younger species (Villier et al., 2013). The various species 

overlap in size and morphology, which complicates the taxonomy and proposed evolutionary 

schedules (Villier, 2008). The most likely ancestor of the Gargano Deinogalerix, and of the 

closely related Apulogalerix as well, is a species of Parasorex von Meyer, 1865 (van den Hoek 

Ostende, 2001; Villier et al., 2013). A second galericine (Apulogalerix pusillus Massini & Fanfani, 
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2013) is endemic to the Gargano and is much smaller in size than Deinogalerix; unfortunately 

the authors do not give a differential diagnosis with Deinogalerix. The small galericine is derived 

from Parasorex as well (Massini & Fanfani, 2013) and occurs in the oldest as well as the 

youngest localities. 

The giant hamster is represented by a series of chronospecies with progressively increasing 

body size, as inferred from molar size. Three species are recognised: Hattomys beetsi, H. nazarii, 

and H. gargantua, with a transitional or intermediate form H. nazarii-gargantua (Freudenthal, 

1985). The smallest and oldest species Hattomys beetsi was about as large as the common 

hamster Cricetus cricetus Linnaeus, 1758, and its fossils occur in the three oldest localities 

(Biancone, Rinascita and Trefossi). The giant Hattomys gargantua was about five times as heavy 

as H. beetsi (Chapter 6 and Appendix B). The giant hamsters were the first endemic mammals 

that went extinct, as they are not reported from fissures younger than Fina H. 

Murid fossils are abundantly present in all fissures, equalled or outnumbered only by ochotonid 

fossils, a situation comparable to the Late Pleistocene deposits in Sardinia. The endemic genus 

Mikrotia—Mikrotia is published as a nomen novum for the homonym Microtia, see Freudenthal’s 

correction in 2006—evolved incisors that were adapted to burrowing, in parallel with those of 

voles (Parra et al., 1999). The genus is represented by several lineages and species 

(Freudenthal, 1976) of which the largest, M. magna (the type species) has a skull length of about 

10 cm and was almost ten times as heavy as the smallest form from one of the oldest fissures 

(Biancone 1) (Chapter 6 and Appendix B), whereas the small-sized lineage kept that size. 

Mikrotia maiuscola is of intermediate size. The largest species (Mikrotia magna) is restricted to 

the younger localities, more or less coinciding with the extinction of the endemic hamsters 

(Hattomys). The most likely ancestor of Mikrotia is Stephanomys Schaub, 1938, or Apodemus 

Kaup, 1829. 

The Gargano dormouse Stertomys was first described for its giant form, Stertomys laticrestatus 

Daams & Freudenthal, 1985 from the fissure San Giovannino, one of the youngest localities. In 

size it approaches the giant dormice of Malta (see for the latter’s body mass Appendix B). 

Additional species are the small Stertomys daamsi, S. aff. daamsi and Stertomys simplex and the 

medium-sized Stertomys daunicus and Stertomys lyrifer, three unnamed Stertomys species (sp. 1, 

2 and 3) from Rinascita (Freudenthal & Martín-Suárez 2006, Martín-Suárez & Freudenthal, 

2007), and the small S. degiulii Rinaldi & Masini, 2009, S. aff. degiulii and S. cf. degiulii. The 

dormouse taxonomy is complicated by the presence of several morphotypes within the species 

and the existence of size overlaps, indicating an adaptive radiation, which might be explained as 

a very fast evolutionary radiation. In most fissures two or more species or morphotypes are 
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found together, one of a smaller size with simpler molar pattern, and a medium-sized or giant 

one with complicated molar pattern. The continental mouse-tailed dormouse Myomimus dehmi 

(de Bruijn, 1966) or another Messinian Myomimus Ognev, 1924, is considered ancestral to 

Stertomys (Freudenthal & Martín-Suárez, 2006). 

The ochotonids are represented by two species of which the younger species (Prolagus 

imperialis Mazza, 1987) is not only much larger than the older species (Prolagus apricenicus 

Mazza, 1987), but larger than any other known Prolagus (Pomel, 1853) species known so far 

(Freudenthal,1971; see also Chapter 6 where we estimate that this species was seven times the 

size of its mainland ancestor; Appendix B). The smaller species underwent a gradual size 

increase and continues into the youngest localities. In the two youngest localities, it occurs 

together with the giant species. The ochotonids further show a progressive abundance: they are 

very rare in the oldest localities but constitute the dominant element in the younger localities. 

The older species most closely resembles the continental Prolagus oeningensis in dental 

morphology (Angelone, 2007). 

The Gargano otter (Paralutra garganensis Willemsen, 1983) was not only possibly larger than 

its most likely mainland ancestor Paralutra jaegeri (Fraas, 1862) but also included a larger 

portion of shellfish in its diet and had a higher degree of terrestriality (Willemsen,1983), as 

indicated by a large talon on the fourth premolar and the morphology of the calcaneum. A shift 

in diet is not uncommon for island otters (Chapter 8) and a shift towards a higher percentage of 

aquatic resources together with a body mass increase is a common trend in extant insular 

carnivores (Chapter 5). The otter remains are very scarce, limited to a left maxillary fragment 

with P4-M1, a calcaneum (Willemsen, 1983), an epistropheus, a canine and another fragment of 

a left maxillary with P4 and the alveoles of P3 and M1 (Villier et al., 2011). 

Apart from mammalian fossils, remains of Crocodylus have been found in Gargano (Delfino et al., 

2007), but whether this species shows endemic characters or not, is unknown. From Scontrone 

a perhaps similar species has been described (cf. Crocodylus sp. in Delfino & Rossi, 2013). Other 

Late Miocene Crocoylus remains have been reported from Monte Bamboli (Tuscany, Italy) (cf. 

Crocodylus sp. in Delfino & Rook, 2008 ), Fiume Santo (Sardinia) and Venta del Moro (Spain) 

(both unidentified; Delfino & Rossi, 2013). All these crocodyle remains are Tortonian or 

Messinian in age. This limited distribution and the fact that they are among the last crocodiles of 

Europe, might indicate a relict effect, the prolonged survival of a taxon on an island. 

The Gargano avifauna is rich and 28 taxa have been recognized so far (Pavia, 2013). Some of 

them are endemic, such as the pigeon Columba omnisanctorum Ballmann, 1976, the giant 

buteonine eagle Garganoaetus freudenthali Ballmann, 1973, the giant barn owl Tyto gigantea 
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Ballmann, 1973 and the giant waterfowl Garganornis ballmanni Meijer, 2013. The two giant 

raptors are known by a series of chronospecies which evolved in situ on the island from 

‘normal’-sized colonizers, just as is the case with the mammals. Other bird taxa have a wider 

distribution, such as the waterfowl Anas velox Milne-Edwards, 1867-1871, generally species 

with migratorial abilities. 

Focus taxon 

The taxon studied in detail here and put in the context of the island rule is Hoplitomeryx, 

a genus within the family Hoplitomerycidae. The phylogeny of this family is unresolved, because 

some diagnostic characters are parallelisms as a result of adaptation to the island environment. 

In addition, the phylogeny of many other cervoid taxa is equally poorly understood, due to the 

rarity of complete skeletons and lack of sufficient postcranial material. Theoretically, 

Hoplitomeryx might be a holdover of a primitive deer-like stock because phylogenetically less 

derived forms, or ‘relics’, tend to be preserved in island biota. In that case, the hoplitomerycids 

could have derived from an mainland ancestor decorated with horns and long canines such as 

the palaeomerycids in the broader sense. Palaeomerycids, including the dromomerycines, had 

supra-orbital bony outgrowths (except for Amphitragulus Pomel, 1846) that were probably 

skin-covered. The orbital position of cranial appendages is considered a plesiomorph feature 

and is typical for the earliest cervids. The palaeomerycids survived into the Late Miocene in 

Eurasia and the Pliocene in Asia. There is no need to trace back the ancestry of Hoplitomeryx 

back into the Oligocene (Van den Hoek Ostende et al., 2009 contra Mazza & Rustioni, 2008). 

Apart from the palaeomerycids, also the antilocaprids, including the merycodontines, developed 

supra-orbital horns like Hoplitomeryx, but these are keratin-covered. Five morphotypes have 

been recognised in the cranial material, based on the morphology of the horn cores and the ear 

regions (Leinders, 1984; Chapter 4) and four size classes in the postcranial material (Chapters 

1–4). 

Absolute and relative age 

The various Gargano sites do not have exactly identical geological ages but constitute a 

time series. The first biochronological scheme for Gargano (Freudenthal, 1976) was based upon 

gradual size increase of the middle-sized lineage of Mikrotia, the burrowing murid endemic to 

Gargano. Because body size in insular mammals may fluctuate in time (i.e., show reversals) 

under influence of changes in climate, competition and predation (Chapter 7), other factors 

apart from size are essential in establishing a reliable biochronology on islands. For Mikrotia, 

features of the enamel patttern are taken into account as well. The chronology was confirmed 

9



with some fine-tuning based on the occurrence and evolutionary stage of hamsters 

(Freudenthal, 1985) and birds of prey (Tyto and Garganoaetus; Ballman, 1973, 1976). The 

increase in size of the Accipitridae, the Tytonidae and the Strigidae is not synchronuous, and 

this was the reason to discern five different faunal zones (Ballmann, 1976:41). As far as 

identical fissures are concerned, these zones largely agree with the three phases as defined by 

Masini et al. (2008) based on the evolutionary stages of both Mikrotia and Prolagus. Basically, 

the biochronology of Gargano falls apart in two major faunal complexes, an older complex with 

hamsters and a younger one without hamsters. Further refinement of these two faunal 

complexes is based on the occurrence of non-endemics and large-sized species of endemic 

lineagues. The relative chronology of the fissures within one faunal complex is based on relative 

size and complexity of enamel patters of molars of endemic species. Size alone is a weak 

character because of the possibility of reversals (see above) and will therefore not be used here. 

Unit 1 (Phase 1 of Masini et al., 2008) is characterized by non-endemic genera or species (e.g. 

Apodemus gorafensis), the smallest endemic hamster (Hattomys beetsi) and the smallest owl 

(Tyto sanctialbani). The earliest fissure (Pirro 12) contains even smaller species of some 

endemic lineages (Deinogalerix masinii, a new species of Mikrotia), and perhaps lacks Prolagus 

and Apodemus. This unit represents the earliest stage of isolation. 

Unit 2 (Phase 2 of Masini et al., 2008) is characterized by lack of non-endemic species and the 

presence of the medium-sized owl (T. robusta) and the medium-sized hamster (H. nazarii); 

towards the end the small eagle (Garganoaetus murivorus) appears in the fossil record. This unit 

represents a more advanced stage of isolation when several unsuccesful colonizers are already 

extinct. 

Unit 3 is characterized by the presence of three Mikrotia lineages, including the largest species 

Mikrotia magna, a transitional hamster (H. transition nazarrii-gargantua), the largest owl (T. 

gigantea) in association with G. murivorus. In the youngest fissures of this unit, a very large 

hamster (H. gargantua) is found in a further unchanged faunal assemblage. This is the last 

biozone with hamsters. This unit represents an advanced stage of isolation with speciation 

events. 

Unit 4 (Phase 3 of Masini et al., 2008) is characterized by three Mikrotia lineages, the largest 

dormouse (Stertomys laticrestatus), the largest eagle (G. freudenthali) and the largest owl (T. 

gigantea). This unit is slightly more advanced than the previous unit but an extinction event has 

occurred in the meanwhile. 
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Unit 5 (Phase 4 of Rinaldi & Masini, 2009) is characterized by the small yet derived dormouse S. 

aff. deguilii, the largest individuals of the large pika (Prolagus imperialis), absence of giant-sized 

dormice (S. ex gr. laticrestatus) and of giant and medium-sized mice ( M. magna, middle-sized 

lineage), and presence of Apulogalerix and a large Apodemus; no information on the avifauna. 

This unit may represent a recovery phase after a partial collapse, characterized by replacement 

of now extinct large forms by other large forms. It is not represented in the Naturalis collection. 

Italian researchers apply a different naming system for the fissures, consisting of capital F 

followed by a number, except for San Giovannino which name coincides with that of 

Freudenthal (1976). Direct comparison between the two schemes is hampered by the different 

names and the different fissures that were sampled, in part due to the constantly changing 

geography of active quarries. A few comparisons are, however, possible. F15 is younger than 

Freudenthal’s three oldest fissures—Biancone, Rinascita 1, Trefossi 1—. The three fissures 

F21a, b and c coincide with the three fissures Trefossi 1, 2 and 3 respectively. Fissure F9 is the 

same as Cava Fina, and possibly comparable to Freudenthal’s Fina E, contemporaneous with 

Gervasio 1 of the youngest phase. F32 is younger than all Freudenthal’s fissures. 

Results and conclusion 

Part I: Morphology and Systematics of Hoplitomeryx 

Chapter 1 

In this chapter I analyse the morphological features of the metapodials of Hoplitomeryx. 

As already remarked by Leinders (1984), the postcranial material of Hoplitomeryx forms a 

heterogenous group. I found that four size groups can be recognised in the metacarpals and 

metatarsals, and that, independent of size, different morphotypes are present in the 

metacarpals. The different size groups of the metapodials are equally distributed over the 

excavated fissures, and are therefore not to be considered chronotypes. I demonstrate that the 

hypothesis of an archipelago consisting of different islands each with its own morphotype 

cannot be confirmed for the metapodials. The situation with several co-existing morphotypes on 

a single island is paralleled by the Pleistocene Cretan deer Candiacervus Kuss, 1975. As we 

found earlier, the morphotypes of Candiacervus differ in limb proportions. Here I found a similar 

case in Hoplitomeryx. In the case of Hoplitomeryx, it is unrealistic to assume a polyphyletic 

group, because in that case all ancestors must have shared the typical hoplitomerycid features 

(see for details Chapter 4). The morphosphere of Hoplitomeryx is too coherent to assume two or 

more different ancestors, and indicates a monophyletic origin of all morphotypes. The 

important message resulting from this chapter is that the discrete size classes of Hoplitomeryx 
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from Gargano are the outcome of a process of adaptive radiation. I hypothetise that this 

radiation is promoted by the existence of several ecological niches under a regime of absence of 

mammalian predators and, perhaps, resource limitation. 

Chapter 2 

This chapter is a continuation of the study of the morphological features of the 

postcranial of Hoplitomeryx. Here I demonstrate that the four size classes are also present in the 

humerus and the radius. The question that I address here is whether the morphotypes are 

chronomorphs or ecomorphs. I rule out sexual dimorphism as underlying principle of size 

separation for Hoplitomeryx, based upon body mass estimations and data from living deer. I 

remark that chronomorphs is the best explanation for the Pleistocene deer of Sardinia and the 

Plio-Pleistocene endemic bovid of Mallorca. Both lineages are represented by a number of 

species that follow each other in time and that decrease progressively in body size. Ecomorphs 

on the other hand are a better explanation for the size groups of Candiacervus (Late Pleistocene, 

Crete) and Cervus astylodon (Matsumoto, 1926) (Late Pleistocene, Ryukyu Islands). This is 

confirmed for Candiacervus by features of its dentition (ongoing research by Daniela Winkler 

and colleagues). I assume that the adaptive radiation into several trophic types took place 

promoted by the ecological meltdown of the ancestral niche. The drive behind this speciation in 

my view is increased interspecific competition. The main message resulting from this chapter is 

that for Hoplitomeryx, the hypothesis of ecomorphs is the most likely, based upon the 

coexistence of two or more size groups per fissure, and upon the presence of a huge 

morphotype, larger than mainland species, together with very small morphotypes in a number 

of fissures. 

Chapter 3 

The morphology of the astragalus of Hoplitomeryx forms the focus of this chapter. In 

contrast to what was found for the humerus, radius, metacarpus and metatarsus, the astragalus 

of Hoplitomeryx cannot be assigned to discrete size classes even though the size range exceeds 

that for mainland genera. I compare the astragalus of Hoplitomeryx with that of a number of 

recent and fossil ruminants. Basically, it has a cervoid morphology as shown by the morphology 

of the distal border. However, there is one remarkable deviation. In many astragali the axis 

through the cranial and the caudal half meet each other at an angle, yielding an oblique 

appearance as is typical for suids. This non-parallel sided astragalus resembles that of 

Myotragus balearicus Bate, 1909, the endemic fossil bovid of Mallorca. Here, I assume that this 

morphology is a result of a convergence of the upper legs, due to a relatively larger abdomen. 
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This type of astragalus excludes running and jumping abilities for Hoplitomeryx. In combination 

with the complete fusion between the metatarsus and the cubiconavicular tarsal bone it also 

excludes a high degree of manoevrability. 

Chapter 4 

This chapter forms the key chapter in this part. Based on the results of the previous 

chapters, I propose the erection of three new species of Hoplitomeryx, in agreement with the 

four size classes of which one is considered coinciding with the type species Hoplitomeryx 

matthei. However, before doing so, I first have to separate the material from Gargano and 

Scontrone, the two localities with remains of hoplitomerycids. Scontrone is considered part of 

the same palaeo-bioprovince as Gargano and yielded remains of Hoplitomeryx, Deinogalerix, an 

indeterminate otter, a crocodyle, turtles, tortoise, and indeterminate birds. For Scontrone five 

new species of Hoplitomeryx were erected and the type species was recognised in this locality as 

well. However, on morphological grounds, these five species cannot be extrapolated to the 

material from Gargano and vice versa, the species described for Gargano cannot be extrapolated 

to Scontrone. The Scontrone hoplitomerycids are somewhat more primitive, and most 

importantly, have a different dental formula. All Gargano Hoplitomeryx lack a second premolar, 

whereas Scontrone Hoplitomeryx preserve this element. Presence of the same six species in 

Scontrone as well as in Gargano would imply the loss of the second premolar simultaneously 

and independently in the six species, which is unlikely. In addition, the characteristic sabre-like 

upper canines and nasal (median) horn cores of Hoplitomeryx were not retrieved from 

Scontrone (see below). In addition to the morphological differences, there is also a difference in 

time between the localities, which explains the more basal morphology as seen in Scontrone 

hoplitomerycids. The age of the Scontrone fossiliferous layer is Vallesian (MN9/10) (Early 

Tortonian), whereas the most likely lower limit to the age of the Gargano fauna is Middle 

Turolian or perhaps Late Turolian (MN13). This implies that the time span between the two 

sites maybe up to at least three million years. In this chapter, I separate the material from both 

localities on the ground of morphological features alone. I hereby erect a new genus for the 

Scontrone material, retaining the original diagnostic features for its five species. To accomodate 

the material from Gargano, I erect three new species which are mainly based on the size classes 

as found in chapters 1 and 2. 
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Part II: Overview of evolutionary trends in extant, recently extinct and fossil insular mammals 

Chapter 5 

In this chapter the causal factors behind the island rule are explored. The island rule 

describes a graded trend towards dwarfism in large species and gigantism in small species in 

insular mammal taxa. Although the phenomenon has been observed on various islands, the 

working principles behind it are still a matter of speculation. Factors as ancestral body size, 

island size and area, resource limitation, latitude and others have been brought to the fore. In 

this chapter, a number of these factors are investigated and the hypothesis is tested that insular 

body size of mammals depends on various selective forces whose influence varies with 

characteristics of the focal islands and the focal species and with interactions among 

ecologically relevant species. Body size evolution of insular mammals worldwide  indeed 

appears to be contextual. Body mass of a particular insular population varies in a predictable 

manner with characteristics of the islands, the species and the ecological assemblage. This study 

also produced some unanticipated results, for example, patterns associated with Bergmann's 

rule are amplified on islands and body size of small mammals peaks at intermediate and not 

maximum values of island isolation. 

Chapter 6 

Here, data from the fossil record are for the first time integrated in a large-scale analysis 

of body size evolutionary trends on islands (439 species, including 63 fossil species). Until now, 

a number of isolated fossil taxa have been described in terms of the island rule but no 

comparative analysis was ever performed in this scale. In order to compare extant and fossil 

taxa, body mass of fossil insular and mainland taxa was estimated based on a number of taxon-

specific equations for postcranial and dental elements. Body mass indices were calculated for 

fossil insular species as mean body mass of the insular species divided by mean body mass of 

the mainland ancestor, or a species that is the closest to the ancestor. On islands with 

chronospecies and no available mainland ancestor, the index was calculated based on the oldest 

chronospecies, which results in an underestimation. Body mass index was found to be 

significantly and negatively related to the mass of the mainland population (for extant species) 

or the ancestal population (for fossil species) across all mammals and within all order of extant 

mammals analyed and across palaeo-insular mammals as well. Insular body mass was 

significantly smaller for bats and insectivores than for the other orders studied here, but 
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significantly larger for mammals that utilized aquatic prey than for those restricted to 

terrestrial prey. The results show that the island rule is a pervasive pattern, exhibited by 

mammals from a broad range of orders, functional groups and time periods. The scatter about 

the general trend is generally consistent with differences among species, islands and 

environmental characteristics as demonstrated in chapter 5. A particular interesting outcome of 

this chapter is that fossil insular mammals show a more pronounced gigantism and dwarfism 

than extant mammals. The difference is best attributed to time in isolation from mammalian 

predators and competitors, which is at least 0.1 Myr for the studied fossil taxa and in some cases 

more than 1 Myr, while it is on average less than 0.01 Myr for extant populations of insular 

mammals (isolation since last glacial).  

Chapter 7 

This chapter is a refinement of the findings of the previous two chapters where we 

found that body size of small mammals increases on islands but also that the degree thereof is 

highly dependent on ecological factors like the presence of competitors and predators. Here the 

causal factors behind fluctuations observed in body mass of small mammals through time are 

analysed. Data were assembled on temporal variation in body mass and associated variation in 

ecological characteristics (new arrival or extinction of mammalian competitors and predators) 

for 19 species of fossil mammals across 4 large (>3640 km2) islands ranging between the Late 

Miocene and Holocene in the Mediterranean area (Gargano, Sardinia, Crete and Mallorca). The 

studied taxa are Mikrotia, Prolagus, Kritimys, Mus, Crocidura, Nesiotites, and Hypnomys. 

Following colonisation (defined as first appearance in the fossil record) all taxa tended to 

increase in body size, in accordance with the findings of Chapters 5 and 6. These trends, 

however, ceased or were even reversed following colonisation by mammalian predators or 

competitors. The results show that the observed trends for any particular species, island and 

climatic regime may be strongly influenced by interactions among species. Ultimately, invasion 

of a competitor often leads to the extinction of the native, insular species.  

Chapter 8 

This chapter forms an addition to chapters 5 and 6, where body size evolution in several 

taxa was analysed. Part of the debate on the validity of the island rule focusses on insular 

carnivores. They may either show a decrease, an increase or no change at all in body mass 

irrespective of ancestral body mass and characteristics of the island. In this chapter the fossil 

insular carnivores are taken into account, which encompasses species that became smaller as 

well as species that became larger in time. The direction and degree of body size evolution 
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appears to be highly dependent on the type of resource. This conclusion is entirely in agreement 

with the findings for extant mammals in chapter 5, where causal factors influencing the 

direction of body size evolution were analysed. Carnivores grow larger when they feed 

substantially on aquatic prey, whereas they grow smaller when their typical prey is not 

available while smaller prey is sufficiently available. Said in a more popular way, terrestrial 

carnivore size reflects prey size. 

Chapter 9 

In this chapter I give a review of the various patterns that can be observed in insular 

taxa. During the last decades, the main focus of island studies, particularly those on extant taxa, 

is on body size evolution. However, this is certainly not the only morphological change that 

takes place. Other features, such as bone fusions, changes in body proportions and in relative 

brain size have been mentioned regularly as well. However, each island mammal species is 

unique and is adapted to a specific, local niche as part of an equally unique ecological setting. 

Comparing island species across taxa, islands and time is therefore inherently dangerous 

without understanding the adaptational value of the studied feature in the compared taxa and 

without taking the ecological setting of the taxa into account. Here I describe general and 

recurring patterns per taxon. I demonstrate that some features, like sturdy limbs are relatively 

general, whereas most features, like bone fusions and change of orbital axis occur only in a very 

few taxa. Some features are even contradictory, such as brain size and degree of hypsodonty 

with each taxon having its own particular design. A number of trends are observed in 

Hoplitomeryx. These are a high number of bone fusions, shortened and massive limb bones in 

the smallest species, loss of premolars and above all, an extreme variation in body mass and 

morphology, explained as adaptive radiation. 

Chapter 10 Epilogue 

This chapter builds on the results and conclusions from the previous chapters in order 

to address the evolutionary trends that are observed in Hoplitomeryx. 

The family Hoplitomerycidae is not restricted to the palaeo-island Gargano but also occurred in 

the region of Scontrone (l’Aquila). Dental characters between the two localities or palaeo-

islands differ as well as some other diagnostic features, on the ground of which the new genus is 

erected here to accomodate the six species of Scontrone. The type genus Hoplitomeryx is 

restricted to the palaeo-island Gargano and is the focus of this thesis. Hoplitomeryx contains four 

species that evolved cladogenetically in situ. These four species differ mainly in size, body 

proportions and robustness . I consider the four different size groups as an outcome of 

16



ecological displacement under relaxed selective pressures combined with an extremely long 

isolation of several millions of years.  

Insular mammals, extant as well as extinct, typically grow larger or smaller depending on a 

combination of factors like ancestral body mass, island area and isolation, latitude, type of 

resource and the presence or absence of ecologically relevant species. This is one of the reasons 

of the existence of much scatter around the trend and consequently of the ongoing debate of the 

validity and generality of the island rule. The trend appears to be not only valid for extant 

mammals but also for fossil mammals. In fact, the trend is much more pronounced for the latter, 

which we explain as due to a longer time in isolation.  

In Hoplitomeryx, however, both smaller (body size decrease) as well as larger (body size 

increase) species exist and one or two intermediate species, and not just one species that gets 

either smaller or larger. Obviously, there is another factor which plays a role in body size 

evolution, apart from the above mentioned factors. In exceptional cases, likely depending on 

several factors not the least that of time and island area and isolation, body size evolution goes 

either ways. The explanation behind unidirectional body size evolution in general is ecological 

release (due to the absence of predators and competitors) and character displacement (to enter 

vacant niches). Perhaps, but this is just an hypothesis at the moment and will be worked out 

more in detail in a further study, in cases of bidirectional body size evolution, the same takes 

place but now in the less favourable direction as well (niche partitioning). 

Apart from adaptive radiation, Hoplitomeryx also shows some characters in common with other 

insular mammals. Such shared characters are explained here as secondarily derived parallel 

characters without phylogenetic value. These are the fused metatarso-navico-cuboid, the non-

parallel-sided astragal, the loss of the second premolars and perhaps the elongated patella and 

the absence of the Palaeomeryx-fold in the lower molars should be added here as well.  

To conclude, the evolutionary history of Hoplitomeryx reminds of those of some other insular 

species. The pattern of its body size evolution (here referred to as adaptive radiation) is shared 

not only with some taxa co-occurring on the same island but also with several taxa elsewhere, 

such as the deer of Crete, the lemurs of Madagascar, the murids of the Philippines, the sloths of 

the West Indies, and many more. The evolution of a number of characteristic traits is not unique 

either and is shared as well, such as bone fusions, a suid type of astragalus and the loss of dental 

elements.

17



References 

Abbazzi, L., Benvenuti, M., Boschian, G., Dominici, S., Masini, F., Mezzabotta, C., Piccini, L., Rook, 

L., Valleri, G. & Torre, D. (1996) Revision of the Neogene and Pleistocene of the Gargano 

region (Apulia, Italy). The marine and continental successions and the mammal faunal 

assemblages in an area between Apricena and Poggio Imperiale (Foggia). Memorie della 

Società Geologica Italiana, 51, 383–402. 

Angelone, C. (2007) Messinian Prolagus (Ochotonidae, Lagomorpha) of Italy. Geobios, 40, 407–

21. 

Arzarello, M., Marcolini, F., Pavia, G., Pavia, M., Petronio, C., Petrucci, M., Rook, L. & Sardella, R. 

(2006) Evidence of earliest human occurrence in Europe: the site of Pirro Nord 

(Southern Italy). Naturwissenschaften, 94, 107–12. 

Ballmann, P. (1973) Fossile Vögel aus dem Neogen der Halbinsel Gargano (Italien). Scripta 

Geologica, 17, 1–75. 

Ballmann, P. (1976) Fossile Vögel aus dem Neogen der Halbinsel Gargano (Italien) zweiter Teil. 

Scripta Geologica, 38, 1–59. 

Bate, D.M.A. (1909) Preliminary note on a new artiodactyle from Mallorca Myotragus balearicus, 

gen. et sp. nov. Geological Magazine, 6, 385–389. 

de Bruijn, H. (1966) On the mammalian fauna of the Hipparion-Beds in the Calatayud-Teruel 

Basin (prov. Zaragoza, Spain). Part II. The Gliridae (Rodentia). Proceedings of  the 

Koninklijke Nederlandse Akademie van Wetenschappen, B, 69, 58–78. 

Busk, G. (1867) Description of the remains of three extinct species of elephant, collected by 

Capt. Spratt, C.B.R.N., in the ossiferous cavern of Zebbug, in the island of Malta. 

Transactions of the Zoological Society of London, 6, 227–306. 

Butler, P.M. (1980) The giant erinaceid insectivore Deinogalerix Freudenthal from the Upper 

Miocene of the Gargano, Italy. Scripta Geologica, 57, 1–72. 

Daams, R. & Freudenthal, M. (1985) Stertomys laticrestatus, a new glirid (dormice, Rodentia) 

from the insular fauna of Gargano (Prov. of Foggia, Italy). Scripta Geologica, 77, 21–27. 

De Giuli, C., Masini, F., Torre, D. & Boddi, V. (1987) Endemism and biochronological 

reconstructions: the Gargano case history. Bolletino della Società Paleontologica Italiana, 

25, 267–76. 

Delfino, M. (2002) Erpetofaune italiane del Neogene e del Quaternario. Unpublished PhD thesis. 

Modena University, Italy. 

Delfino, M, Böhme, M. & Rook, L. (2007) First European evidence for transcontinental dispersal 

of Crocodylus (late Neogene of southern Italy) Zoological Journal of the Linnean Society, 

149, 293–307. 

18



Delfino, M. & Rook, L. (2008) African crocodylians in the late Neogene of Europe. A revision of 

Crocodylus bambolii Ristori, 1890. Journal of Paleontology, 82, 336–343. 

Delfino, M. & Rossi, M.A. (2013) Fossil crocodylid remains from Scontrone (Tortonian, Southern 

Italy) and the Late Neogene Mediterranean biogeography of crocodylians. Geobios, 46, 

25–31. 

Dubois, E. (1896) On Pithecanthropus erectus: A transitional form between man and the apes. 

Scientific Transactions of the Royal Dublin Society, Series 2, 6, 1–18. 

Fraas, O. (1862) Die tertiären Hirsche von Steinheim. Württembergische Naturwissenschaftliche 

Jahrhefte, 18, 113–131. 

Freudenthal, M. (1971) Neogene vertebrates from the Gargano Peninsula, Italy. Scripta 

Geologica, 14, 1–10. 

Freudenthal, M. (1972) Deinogalerix koenigswaldi nov. gen., nov. sp., a giant insectivore from the 

Neogene of Italy. Scripta Geologica, 14, 1–19. 

Freudenthal, M. (1976) Rodent stratigraphy of some Miocene fissure fillings in Gargano (prov. 

Foggia, Italy). Scripta Geologica, 37, 1–23. 

Freudenthal, M. (1985) Cricetidae (Rodentia) from the Neogene of Gargano (Prov. of Foggia, 

Italy). Scripta Geologica, 77, 29–76. 

Freudenthal, M. (2006) Mikrotia nomen novum for Microtia Freudenthal 1976 (Mammalia, 

Rodentia). Journal of Vertebrate Paleontology, 26, 784. 

Freudenthal, M., van den Hoek Ostende, L.W. & Martín-Suárez, E. (2013) When and how did the 

Mikrotia fauna reach Gargano (Apulia, Italy)? Geobios, 46, 105–109. 

Freudenthal, M. & Martín-Suárez, E. (2006) Gliridae (Rodentia, Mammalia) from the Late 

Miocene fissure filling Biancone 1 (Gargano, Province of Foggia, Italy). Palaeontologia 

Electronica 9 (2), 1–23. 

Freudenthal, M., Mein, P. & Martín-Suárez, E. (1998) Revision of Late Miocene and Pliocene 

Cricetinae from Spain and France. Treballs del Museu de Geologia de Barcelona, 7, 11–93. 

Gliozzi, E., Abbazzi, L., Azzaroli, A., Caloi, L., Capasso Barbato, L., Di Stefano, G., Esu, D., Ficcarelli, 

G., Girotti, O., Kotsakis, T., Masini, F., Mazza, P., Mezzabotta, C., Palombo, M.R., Petronio, 

C., Rook, L., Sala, B., Sardella, R., Zanalda, E. & Torre, D. (1997) Biochronology of selected 

mammals, molluscs and ostracods from the Middle Pliocene to the Late Pleistocene in 

Italy. The state of the art. Rivista Italiana Paleontologia e Stratigrafia, 90, 369–388. 

Gray, J.E. (1869) Notes on the families and genera of tortoises (Testudinata), and on the 

characters afforded by the study of their skulls. Proceedings of the Zoological Society of 

London, 165–22. 

19



van den Hoek Ostende, L.W. (2001) A revised generic classification of the Galericini (Insectivora, 

Mammalia) with some remarks on their palaeobiogeography and phylogeny. Geobios, 

34, 681–695. 

van den Hoek Ostende, L.W., Meijer, H.J.M. & van der Geer, A.A.E. (2009) A bridge too far, reply 

to ‘Processes of island colonization by Oligo–Miocene land mammals in the central 

Mediterranean: New data from Scontrone (Abruzzo, Central Italy) and Gargano (Apulia, 

Southern Italy)’ by Mazza P. P.A. and Rustioni M. 2008, Palaeogeography, 

Palaeoclimatology, Palaeoecology 267, 208–215. Palaeogeography, Palaeoclimatology, 

Palaeoecology, 279, 128–130. 

Kaup, J. (1829) Skizzierte Entwicklungs-Geschichte und Natürliches System der Europäischen 

Thierwelt. Vol. 1. C.W. Leske, Darmstadt/Leipzig. 

Koenig, C.D.E. (1825) Icones fossilium sectiles: centuria prima. Sowerby, London. 

Kuss, S.E. (1975) Die pleistozänen Hirsche der ostmediterranen Inseln Kreta, Kasos, Karpatos 

und Rhodos (Griechenland). Berichte der Naturforschenden Gesellschaft zu Freiburg im 

Breisgau, 65, 25-79. 

Laurenti, J.N. (= J.N. Lorenz) (1768) Specimen medicum, exhibens synopsin reptilium emendatam 

cum experimentis circa venena et antidota reptilium austriacorum. J.T. Trattnern, Vienna. 

Leinders, J. (1984) Hoplitomerycidae fam. nov. (Ruminantia, Mammalia) from Neogene fissure 

fillings in Gargano (Italy). Scripta Geologica, 70, 1–68. 

Linnaeus, C. (1758) Systema naturae per regna tria naturae, secundum classes, ordines, genera, 

species, cum characteribus, differentiis, synonymis, locis. Tomus I. Editio decima, 

reformata. Laurence Salvius, Holmiae (= Stockholm). 

Martín-Suárez, E. & Freudenthal, M. (2007) Gliridae (Rodentia, Mammalia) from the late 

Miocene fissure filling Rinascita 1 (Gargano, prov., Foggia, Italy). Treballs del Museu de 

Geologia de Barcelona 14, 37–59. 

Masini, F., Petruso, D., Bonfiglio, L. & Mangano, G. (2008) Origin and extinction patterns of 

mammals in three central Western Mediterranean islands from the Late Miocene to 

Quaternary. Quaternary International, 182, 63–79. 

Masini, F. & Fanfani, F. (2013) Apulogalerix pusillus nov. gen., nov. sp., the small-sized 

Galericinae (Erinaceidae, Mammalia) from the ‘‘Terre Rosse’’ fissure filling of the 

Gargano (Foggia, South-Eastern Italy). Geobios, 46, 89–104. 

Matsumoto, H. (1926) On some new fossil Cervicorns from Kazusa and Liukiu. Scientific Report 

of Tohoku Imperial University, Series 2 (Geology), 10, 21–23. 

Mazza, P. (1987) Prolagus apricenicus and Prolagus imperialis: two new 

Ochotonids(Lagomorpha, Mammalia) of the Gargano (Southern Italy). Bollettino della 

Società Geolologica Italiana, 26, 233–243. 

20



Mazza, P. & Rustioni, M. (2008) Processes of island colonization by Oligo-Miocene land 

mammals in the central Mediterranean: New data from Scontrone (Abruzzi, Central 

Italy) and Gargano (Apulia, Southern Italy). Palaeogeography Palaeoclimatology 

Palaeoecology, 267, 208–215. 

Meijer, H. (2013) A peculiar anseriform (Aves: Anseriformes) from the Miocene of Gargano 

(Italy). Comptes Rendus Palevol, article in press. Accessed November 5 2013 at 

http://dx.doi.org/10.1016/j.crpv.2013.08.001. 

von Meyer, H. (1865) Mittheilungen an Professor H.B. Geinitz über Säugethier Reste aus den 

Schichten von Steinheim bei Ulm. Neues Jahrbuch für Mineralogie, Geologie und 

Paläontologie 1865, 843–845. 

Milne-Edwards, A. (1867–1871). Recherches anatomiques et paléontologiques pour servir à 

l’histoire des oiseaux fossiles de la France. Éditions Masson, Paris. 

Ognev, S.I. (1924) Nature and sport in Ukraine, p. 1. Kharkov. 

Parra, V., Jaeger, J.-J. & Bocherens, H. (1999) The skull of Microtia (Freudenthal, 1976), an 

extinct burrowing murine rodent genus of the late Neogene of Gargano, South Italy. 

Lethaia, 32, 89–100. 

Patacca, E., Scandone, P. & Mazza, P. (2008) Oligocene migration path for Apulia 

macromammals: the Central-Adriatic bridge. Bollettino della Società Geologica Italiana, 

127, 337–355. 

Patacca, E., Scandone, P. & Carnevale, G. (2013) The Miocene vertebrate-bearing deposits of 

Scontrone (Abruzzo, Central Italy). Stratigraphic and paleoenvironmental analysis. 

Geobios, 46, 5–23. 

Pavia, M. (2013) The Anatidae and Scolopacidae (Aves: Anseriformes, Charadiiformes) from the 

late Neogene of Gargano, Italy. Geobios, 46, 43–48. 

Pomel, N.-A. (1846) Mémoire pour servir à la géologie paléontologique des terrains tertiarires 

du département de l'Allier. Bulletin de la Société Géologique de France, 2eme Serie, 3, 

353–373. 

Pomel, N.-A. (1853) Catalogue méthodique et descriptif des vertébrés fossiles découverts dans 

le bassin hydrographique supérieur de la Loire, et surtout dans la vallée de son affluent 

principal l'Allier. Cataluge des vertébrés fossiles (suite et fin). Annales scientifiques, 

littéraires et industrielles de l'Auvergne, 24, 81–229. 

Rinaldi, P.M. & Masini, F. (2009) New data on the taxonomy of the endemic Myomiminae 

(Gliridae, Rodentia) from the Late Miocene-Early Pliocene of Gargano (southern Italy) 

with the description of the new species Stertomys degiulii. Bollettino della Società 

Paleontologica Italiana, 48, 189–233. 

21



Rook, L., Mazza, P., Rustioni, M. & Torre, D. (2000) Lands and endemic mammals in the Late 

Miocene of Italy: paleogeographic outlines of Tyrrhenian and Adriatic areas between 

11–9 and 7–4 Ma. ‘State of the Art’ Workshop, Lyon, France, 16–18 November 2000. 

Environments and Ecosystem Dynamics of the Eurasian Neogene (EEDEN). 

http://www.esf.org. 

Ruiz Bustos, A., Sesé, C., Dabrio, C., Peña, J.A. & Padial, J. (1984) Geología y Fauna de 

micromamíferos del nuevo yacimiento del Plioceno inferior de Gorafe-A (Depresión de 

Guadix-Baza, Granada). Estudios Geologicos, 40, 231–241. 

Rustioni, M., Mazza, P., Azzaroli, A., Boscagli, G., Cozzini, F., Di Vito, E., Masseti, M. & Pisanò, A. 

(1992) Miocene Vertebrate remains from Scontrone, National Park of Abruzzi, Central 

Italy. Rendiconti della Classe Scienze Fisiche, Matematiche e Naturali dell’Accademia dei 

Lincei, 9, 227–237. 

Schaub, S. (1938) Tertiäre und Quartäre Murinae. Abhandlungen des Schweizerischen 

Paläontologischen Gesellschaft, 61, 1–39. 

Schaub, S. (1934) Über einige fossile Simplicidentaten aus China und der Mongolei. 

Abhandlungen des Schweizerischen Palaeontologischen Gesselschaft, 54, 1–40. 

Schreber, J.C.D. (1778) Die Säugethiere in Abbildungen nach der Natur mit Beschreibungen. 

Walther, Erlangen. 

Villier, B. (2008) Les faunes endemiques miocènes de Gargano (Italie). Nouvelles découvertes 

attribues au genre Deinogalerix. Unpublished M.Sc. Thesis, Muséum national d'Histoire 

naturelle, Paris. 

Villier, B., Pavia, M. & Rook, L. (2011) New remains of Paralutra garganensis Willemsen, 1983 

(Mustelidae, Lutrinae) from the Late Miocene “Terre Rosse” of Gargano (Apulia, Italy). 

Bollettino della Società Paleontologica Italiana, 50, 135–143. 

Villier, B., van den Hoek Ostende, L.W., De Vos, J. & Pavia, M. (2013). New discoveries on the 

giant hedgehog Deinogalerix from the Miocene of Gargano (Apulia, Italy). Geobios, 46, 

63–75. 

Viret, J. & Zapfe, H. (1952) Sur quelques Soricidés miocènes. Eclogae geologicae Helvetiae, 44, 

411–426. 

Willemsen, G.F. (1983) Paralutra garganensis sp. nov. (Mustelidae, Lutrinae), a new otter from 

the Miocene of Gargano, Italy. Scripta Geologica, 72, 1–8. 

 

22



Part I - Morphology and Systematics of Hoplitomeryx 

Chapter 1 

 
 The postcranial of the deer Hoplitomeryx (Mio-Pliocene; Italy): 
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Resum
Durant el Pliocè, a l’illa de Gargano (costa sudest d’Itàlia) va evolucionar una fauna vertebrada altament endèmica.

Aquesta fauna comprenia, entre d’altres, el eriçó gegant Deinogalerix, l’òliba gegant Tyto gigantea, el hàmster gegant Hatto-
mys, i el cèrvol Hoplitomeryx amb cinc banyes i canins superiors en forma de sabre (tipus mòsquid). Els materials esquelètics
d’Hoplitomeryx formen un grup heterogeni, amb quatre classes de talla; dintre de les classes de talla poden estar presents
diferents morfotipus. Totes les classes de talla comparteixen els mateixos trets típics d’Hoplitomeryx. Aquests són: una banya
nasal central i un parell de banyes orbitals en punxa, canines sortints, fusió completa del navicocuboide amb el metatarsià,
acanaladura metatarsiana distalment tancada, astràgal sense costats paral·lels, i una ròtula allargada. Les dife-rents classes
de talla es troben repartides de forma igual a les fissures excavades, i a llavors no es poden considerar cronotipus. La hipòte-
si d’un arxipèlag consistent en diferents illes on a cada una d’elles hi hagués un morfotipus no s’ha pogut confirmar.

La situació de diferents morfotipus coexistint a una illa té un paral·lel amb Candiacervus (Pleistocè, Creta, Gràcia). Les
opinions sobre la seva taxonomia són diverses, i actualment prevaleixen dos models: un gènere per a vuit morfotipus o, alter-
nativament, dos gèneres per a cinc espècies. El segon model només es basa en les proporcions dels membres, però aquestes
són característiques taxonòmiques invàlides per als endemismes insulars, ja que canvien sota la influència de factors ambien-
tals diferents dels continentals. També a Hoplitomeryx els morfotipus difereixen en les proporcions dels membres, però en
aquest cas resulta improbable que provinguin de diferents ancestres, ja que en aquest cas els ancestres haurien d’haver com-
partit els trets hoplitomeríciids típics. La morfoesfera d’Hoplitomeryx és massa coherent com per suposar dos o més ances-
tres, i indica un origen monofilètic de tots els morfotipus.

En lloc d’això, la gran variació s’explica com a un exemple de radiació adaptativa, que va començar quan l’ancestre
miocènic va colonitzar l’illa. L’espectre de nínxols buits degué promoure la seva radiació en diferents tipus tròfics, conduint
a una diferenciació d’Hoplitomeryx. La manca compartida de mamífers depredadors grans i l’oferta limitada d’aliment a tots
els nínxols degué promoure el desenvolupament de trets derivats secundaris a totes les classes de talla.
Paraules clau: Gargano, endemisme, Candiacervus, Cervus astylodon, fauna de Microtia.

Summary
During the Pliocene a highly endemic vertebrate fauna evolved on Gargano Island (south-east coast of Italy), compri-

sing amongst others the giant hedgehog Deinogalerix, the giant barn owl Tyto gigantea, the giant hamster Hattomys, and the
prongdeer Hoplitomeryx with five horns and sabrelike (‘moschid’ type) upper canines. The Hoplitomeryx skeletal material
forms a he-terogenous group, containing four size groups; within the size groups different morphotypes may be present. All
size groups share the same typical Hoplitomeryx features. These are: one central nasal horn and a pair of pronged orbital
horns, protruding canines, complete fusion of the navicocuboid with the metatarsal, distally closed metatarsal gully, a non-
parallel-sided astragalus, and an elongated patella. The different size groups are equally distributed over the excavated fis-
sures, and are therefore not to be considered chronotypes. The hypothesis of an archipelago consisting of different islands
each with its own morphotype cannot be confirmed.

The situation with several co-existing morphotypes on an island is paralleled by Candiacervus (Pleistocene, Crete,
Greece). Opinions about its taxonomy differ, and at present two models prevail: one genus for eight morphotypes, or alter-
natively, two genera for five species. The second model is based upon limb proportions only, but these are invalid taxonomic
features for island endemics, as they change under influence of environmental factors that differ from the mainland. Also in
Hoplitomeryx the morphotypes differ in limb proportions, but here different ancestors are unlikely, because in that case they
all ancestors must have shared the typical hoplitomerycid features. The morphosphere of Hoplitomeryx is too coherent to
assume two or more different ancestors, and indicates a monophyletic origin of all morphotypes.

The large variation is instead explained as an example of adaptive radiation, starting when the Miocene ancestor colo-
nized the island. The range of empty niches promoted its radiation into several trophic types, yielding a differentiation in
Hoplitomeryx. The shared lack of large mammalian predators and the limited amount of food in all niches promoted the
development of secondary features in all size groups (apomorphies).
Keywords: Gargano, endemism, Candiacervus, Cervus astylodon, Microtia fauna.
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INTRODUCTION

The Gargano fauna

Once upon a time, the five-horned deer Hoplito-
meryx matthei Leinders, 1984 (Fig. 1) lived on the
Gargano Island, now part of the east coast of South Italy.
Its fossilized remains were retrieved in the late sixties and
subsequent years (Freudenthal, 1971) from reworked red-
dish, massive or crudely stratified silty-sandy clays (terre
rosse), which partially fill the paleo-karstic fissures in the
Mesozoic limestone substrate and that are on their turn
overlain by Late-Pliocene-Early Pleistocene sediments of
a subsequently marine, shallow water and terrigenous
origin (Abbazzi et al., 1996). In this way a buried paleo-
karst (sensu Bosak et al., 1989) originated. The fauna from
the paleokarst fillings is known as Microtia fauna after the
endemic murid of the region. Later, after the regression
and continentalization of the area, a second karstic cycle
started in de late Early Pleistocene, the neokarst, which
removed part of the paleokarst fill (Abazzi et al., 1996). In
this paper, I focus only on the Microtia fauna from the
Early Pliocene paleokarst fillings.

Hoplitomeryx was not the only inhabitant of the
Early Pliocene palaeoisland; many remains of other ver-
tebrates have been found in the paleokarst fills as well.
The other mammals that have been identified and
described can be divided into genera and species that are

truly endemic to the Gargano only, and species that are
more wide-spread. The true endemic genera are the sori-
cid Deinogalerix Freudenthal, 1972 with five species,
amongst which the giant D. koeningswaldi with a skull
length of approximately 20 cm (Freudenthal, 1972; But-
ler, 1980), the murid Microtia Freudenthal, 1976, which
appears to be the only burrowing murine genus known
till now (Parra et al., 1999), and which radiated into at
least three lineages of different size, and of which the
largest, M. magna, has a skull length of about 10 cm
(Freudenthal, 1976), the huge glirid Stertomys laticresta-
tus Daams & Freudenthal, 1985, and the hamster Hatto-
mys Freudenthal, 1985, with three species. True endemic
species, belonging to wider spread genera, are the otter
Paralutra garganensis (Willemsen, 1983) and the
ochotonids Prolagus imperialis (Mazza, 1987) and P.
apricenicus (Mazza, 1987), of which the largest, P. impe-
rialis, is larger than any other known Prolagus species
(Mazza, 1987). The mammals that are also found in other
regions are the arvicolid Apodemus gorafensis (Ruiz Bus-
tos et al., 1984), and the three hamsters Cricetulodon,
Megacricetodon, Cricetus (Freudenthal, 1985). 

Also the sky above the Gargano was not empty, and
was filled with at least the following birds (Ballmann,
1973, 1976): the endemic eagle Garganoaetus Ballmann,
1973 with three species, the barn owl Tyto with three
species, of which the largest, the endemic T. gigantea
(Ballmann, 1973), was about twice as large as the living
Bubu bubo, a true owl possibly of the genus Strix, and the
Eurasian pigeon Columba omnisanctorum and gull Apus
wetmorei.

The age of the Gargano

The age of these fossiliferous sediments is still under
discussion (Abbazzi et al., 1996; Zafonte & Masini, 1992;
De Giuli et al., 1986). The first datation of the terrae rossae
was based upon a combination of stratigraphy and
microfauna. In these studies, the calcarenite overlying
the karst system is considered to have been deposited
during the Tortonian, or Vallesian - early Turolian Mam-
mal Age (Freudenthal, 1971, 1976; D’ Alessandro et al.,
1979), and therefore the fissure deposits were supposed
to range from late Vallesian (MN 10) to early Turolian
(MN 11), which was confirmed by the microfaunal evo-
lutionary stage in the view of Freudenthal (1971, 1972,
1976). A younger age than in first instance is assumed by
De Giuli & Torre (1984a, 1984b) and De Giuli et al. (1985,
1986, 1987), who propose the Late Turolian (Messinian,
MN 13), or early Ruscinian (MN 14) as period during
which the endemic fauna evolved. Freudenthal (1985)
also adjusts his earlier estimation to the Messinian, on
the basis of the cricetids. Other studies are based exclu-
sively on faunal elements, such as Ballmann (1973), who
gives a post-quem age of Late Aragonian, MN 7/8 on the
basis of avifauna. De Giuli et al. (1986) give a post-quem
date of latest Turolian (MN 13) on the basis of the occur-
rence of a true Apodemus (A. gorafensis), a widely distri-
buted taxon in the Early Pliocene onwards (Martín
Suarez & Mein, 1998); the first Apodemus occurs in the
Eastern Mediterranean at the beginning of the Late
Miocene (Koufos, 2001). De Guili et al. (1985) consider
Monte Gargano as part of a larger structural unit, the so-
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Fig. 1. The deer Hoplitomeryx matthei Leinders, 1984 is characterised by
its five horns (one nasal horn and two pronghorns on each orbit).
Its fossils are found in the terre rosse of the paleokarst fissures of
the Gargano (South Italy), associated with other faunal elements,
known as the Microtia fauna.

Fig. 1. El cèrvol Hoplitomeryx matthei Leinders, 1984 es caracteritza per
tenir cinc banyes (una banya nasal i dues punxes sobre cada òrbi-
ta). Els seus fòssils es troben a bretxes paleocàrstiques vermelloses de
Gargano (Sud d’Itàlia), associats amb altres elements faunístics,
coneguts com a la fauna de Microtia.
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called Apulo Dalmatic Realm, which gradually got dis-
rupted and submerged from the earliest Miocene to the
Early Pleistocene, with a temporary major regression in
the earliest Pliocene or Messinian, and a smaller, local
regression in the Middle Pliocene  (Globorotalia gr. cras-
saformis zone; Valleri, 1984), documented by field geo-
logical data, which resulted in the almost complete sub-
mersion of the foreland in the Late Pliocene - Early Pleis-
tocene (De Giuli & Torre, 1984a; De Giuli et al., 1985; Val-
leri, 1984). During the Pleistocene, the regional uplift
caused the emergence and continentalization of the
foreland (Ricchetti et al., 1992). The Messinian-earliest
Pliocene regression is considered probably the time of
the last large fauna immigration (Torre, 1986). A detailed
biogeostratigraphic study is made by Abbazzi et al.
(1996), who define eight units, ranging from late
Miocene to Middle Pleistocene. The oldest unit (1) is a
facies of residual red silty clays, terre rosse, which are the
fillings of the paleokarst. The next five units are breccia
facies, with successive Globorotalia punticulata and G.
inflata, of which the second is rich in mollusks, including
marine taxa. The next unit is terrigenous, and consists of
sands and pelites with marine mollusks. The last, eight
unit is again a filling, now of the neokarst, represented by
alternating finely stratified sands and pelites. Unit 1, con-
taining the Microtia fauna with endemic taxa, is assigned
a Late Miocene - Early Pliocene age, whereas Unit 7 coin-
cides with the Plio-Pleistocene boundary; Unit 8 con-
tains a late Villafranchian fauna, and is therefore
assigned a late Early Pleistocene age. During the neokarst
cycle, most of the fillings of the Paleokarst were washed
out and/or reworked (Abbazzi et al., 1996), which makes
proper stratigraphic and evolutionary approaches
extremely risky. Unit 1 is found in many sites spread over
the region, whereas Unit 8 is constricted to Pirro Nord
and Cava Dell’ Erba (community of Apricena), the area
where F16 and F17 are assigned to the Unit 1 finds. It is
not completely clear if the marine Tortonian sediments
effectively overlie the fossiliferous horizon, and further-
more, the study is local (quarries between Apricena and
Poggio Imperiale), and Abbazzi et al. (1996) strongly
advise not to extrapolate the stratigraphic data to a lar-
ger scale, for example the entire Gargano area, due to the
complexity of the stratigraphic relationships in the
Gargano, in which extremely dynamic paleogeographic
conditions were governed by structural activity. In other
words, the only observation that remains valid is that the
Unit 1 endemic Microtia fauna predates the Unit 8 latest
Villafranchian fauna, but the absolute age is still unclear.

Diagnosis of Hoplitomeryx

Leinders (1984) described the cranial and dental
material of the Gargano artiodactyls, and established a
new cervid family Hoplitomerycidae, a new genus
Hoplitomeryx, and a new species matthei. The most
striking characteristic of the Hoplitomerycidae is the
presence of five horns (Fig. 1), of which one projects
between the eyes on the caudal part of the nasals. The
other four arise in pairs above the orbit, and can be con-
sidered pronged horns, hence the name prongdeer was
suggested (Van der Geer, in press). Other characters are a
large bulla tympanica, a non-pneumatized skull roof, the

large, flaring and sabre-like upper canines, lack of P1 and
P2 inf., a non-molarized P4 inf., a variable degree of hyp-
sodonty, and an M3 inf. with large, bicuspid third lobe.
Hoplitomeryx had a short, massive snout, more anterior-
ly positioned orbits, and a double lacrimal orifice on the
rim of the orbit. Some artiodactyl material (amongst
others, an orbital horncore, a fused metatarso-cubonavi-
cular, and some molars) discovered in the Turolian (Late
Miocene) Scontrone fauna (Maiella, Abruzzo National
Park, Central Italy) has also been attributed to Hoplito-
meryx (Mazza & Rustioni, 1996; Rustioni et al., 1992).

The postcranial elements of Hoplitomeryx have not
been described yet in full detail, but they are remarkably
homogenuous in their morphology. They show many
typical endemic features, such as the fusion of the navi-
co-cuboid with the metatarsus, described as a functio-
nal adaptation by Leinders & Sondaar (1974), shortening
of some metapodials as described for Myotragus (Son-
daar, 1977) and in one case the fusion of both malleoli
with the tibia, which has till now been reported only for
one other species: Myotragus (Bover, 2003; Bover et al.,
this volume). Other diagnostic features are the non-par-
allel sided astragalus (Van der Geer, 1999) and the
extremely elongated patella (Van der Geer, in press);
these are explained as a return to a less derived condi-
tion, favored by the absence of predators and the lack of
abundant food (Van der Geer, in press).

The size of the Hoplitomeryx postcranial material is
on the contrary less homogenuous, and seems to form a
heterogenous group, containing at least four size classes.
The sizes are not restricted to specific fissures, and an
equally distribution over the fissures instead seems to be
more the case. In most fissures, more than one size is
represented. Due to the often fragmentary character of
the material, and the relative scarcity of the material, it is
at the moment not possible to recognize all size classes
in each limb element, in particular the largest sizes.
Large specimens are always incomplete, and as a
remarkable detail, the largest size is represented by juve-
niles only. The total number of size groups is therefore a
combination of the groups defined per limb element,

In this article only the metapodals are described in
more detail, as an illustration of the process of adaptive
radiation, which is supposed to be the underlying drive
behind the speciation of Hoplitomeryx. The other limb
bones follow the same pattern, and will be dealt with in a
future paper.

Explanation of increased size range

The increased size range with separate size groups
as observed in endemic insular taxa is usually explained
in terms of allopatric speciation, which implies the exis-
tence of an archipelago, e.g. the famous Darwin’s Finch-
es on the Galápagos Islands. The Pliocene island Monte
Gargano (Italy) has been considered part of a larger
archipelago (Apulo-Dalmatic Realm) in relation to the
micromammals (De Giuli & Torre, 1984; De Giuli et al.,
1985, 1987) and the ochotonid Prolagus (Mazza, 1987) to
explain the presence of several sister taxa that evolved in
a relatively short time. Another explanation is the occur-
rence of more than one invasions, e.g. as suggested for
the deer Candiacervus on Crete (Kuss, 1975; De Vos, 1984,
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however cf. De Vos, 1996, 2000; Capasso Barbato, 1992;
Caloi & Palombo, 1996) and the rodents on the Monte
Gargano (Freudenthal, 1976).

In the archipelago hypothesis, it does not explain
sufficiently why sister taxa are found together on one and
the same island. In the multiple invasion hypothesis, it is
no explanation as to where and why this new sister taxon
evolved. In both cases it is not clear why the sister taxa
wait with migration untill full speciation has taken place. 

What we see is only the end result, consisting of a
range of taxa, closely related; when the variety is large
and the genetic distance small, the term flock is used (e.g.
Greenwood, 1974; Echelle & Kornfield, 1984, and refer-
ences therein). The radiation into morphotypes can be
compared to the medium scale, medium term radiations
(e.g. the radiation of the antlered deer in Eurasia), and on
its turn with the large scale, long term radiations (e.g. the
radiation of the marsupials in South America and Aus-
tralia; Woodburne & Case, 1996). The main driving force

in all cases is the urge to occupy free ecological niches.
The resulting speciation can be explained best in terms
of sympatric speciation (De Vos & Van der Geer, 2002).

MATERIAL

Hoplitomeryx

For the description are used: 47 adult metatarsals, 6
juvenile metatarsals, 55 adult metacarpals, all RGM
numbers; stored at Naturalis, Nationaal Natuurhis-
torisch Museum, Leiden, The Netherlands; 3 unnum-
berd metatarsals (field numbers P77/4, F8 and 25.9.83
Fina F9), and 1 unnumbered metacarpal (field number
P77/4), all four stored at Museum of Geology and Pa-
leontology, University of Florence, Italy)
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Fig. 2. The four different massivity diagrams of
adult metacarpals of Hoplitomeryx show
three (massivity proximal end) or two (mas-
sivity distal end) size groups. DTp = proxi-
mal width; DAPp = proximal depth; DTd =
distal width; DAPd = distal depth.

Fig. 2. Els quatre diagrames de massivitat diferent
de metacarpians adults d’Hoplitomeryx
mostren tres (extrem proximal de massivitat)
o dues (extrem distal de massivitat) classes de
talla. DTp = amplària proximal; DAPp =
fondària proximal; DTd = amplària distal;
DAPd = fondària distal.
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Comparison material

The following species have been used for compari-
son, in alphabetical order:

Alces alces (Fairbanks, Alaska, Rancholabrean; F:AM
BX276 and 2 others, drawer with F:AM 8309-1933, n=6);
Antilocapra americana (North America, recent; FMNH
14239, FMNH 57217, FMNH 74239); Axis axis (Pleis-
tocene, Java; Coll. Dubois, nos. 5376, 5593, 6089, 6258,
9853, 9861); Blastomeryx (Trinity River; F:AM CRO 60-
1752); Candiacervus size 2 (Liko Cave, Crete, Pleistocene;
LiB n=20, LiC n=20, Li-C n.n. complete leg); Cervalces
(Rancholabrean, Alaska; F:AM 527); Cervus elaphus
(Rancholabrean, Alaska; drawer with F:AM 34672, n=5);
Cervus kendengis (Pleistocene, Java; Coll. Dubois nos.
6459 and 6471); Cranioceras granti (Clarendonian,
Nebraska; F:AM 31716, n=7); Eumeryx culminis (Mongo-
lia, Middle Rupelian; AMNH 19147, cast of type); Ovis
aries (n=5, own collection); Rangifer tarandus (Fair-
banks, Alaska, Rancholabran; F:AM A 591 (complete
postcranial skeleton), drawer with A 473 (n-12), drawer
with F:AM 120-6244 (n=8), and F:AM 2204-1951).

THE HOPLITOMERYX METACARPUS

Introduction

Metacarpals of Hoplitomeryx have been recovered
from the following fissures in the Gargano, in alphabeti-
cal order: Chiro 1, Chiro 2, Chiro 4, Chiro 10B, Chiro 12,
Chiro 14b, Chiro 27, Chiro 29, Chiro D1, Chiro D3, Fal-
cone 2A, Fina D, Fina H, Fina K, Fina N, Gervasio 1,
Nazario 4, Pizzicolli 4, Pizzicolli 12, S. Giovannino, S. Gio-
vannino Low, Trefossi 2A, Trefossi F26.

To determine full-grown stage, the pattern as
described for Dama dama (after Pöhlmeyer, 1985) is fol-
lowed. At birth the distal epiphysis is unfused, and con-
sists of two separate condyles. At the end of the sixth
month the two condyles are fused. At 20 months the dis-

tal epiphysis starts to fuse with the diaphysis, and at the
end of the second year this fusion is complete. Megalo-
ceros cazioti (=”Megaceroides” cazioti, Dama cazioti) fol-
lows the same pattern (Klein-Hofmeijer, 1996), and the
same appears to be true for Candiacervus size 1 (= Can-
diacervus ropalophorus) (Biskop, 1978). It is therefore
reasonable to accept the same pattern for Hoplitomeryx,
but not necessarily with the same growth speed. Speci-
mens without distal end cannot be determined on onto-
genetic stage, and are therefore discarded from the size
estimations.

Metacarpal size

Measured are maximal length, proximal width and
depth, and distal width and depth. Length is measured
from the most proximal end of the proximal articulation
till the distalmost end of the trochlea. Proximal depth
(DAPp) and proximal width (DTp) are both the maxi-
mum values as measured on the articulation area. Distal
depth (DAPd) and distal width (DTd) are both the maxi-
mum values as measured on the distal epiphysial fusion
line. Measurements on the distal articulation itself, the
trochlea, are found to be too subjective, and in many
cases impossible due to fragmentation.

Length of the adult Hoplitomeryx metacarpals
appears to vary between about 74,4 mm and 259 mm
(average 118,7 mm). Proximal depth varies between 9
mm and 22 mm (average 13,8 mm); proximal width
(DTp) between 12 mm and 34 mm (average 22,3 mm).
Distal depth (DAPd) varies between 9,2 mm and 18,2
mm (average 11,8 mm); distal width (DTd) between 18
mm and 31,5 mm (average 21,8 mm).

In the massivity diagrams of the adult specimens,
three groups can be discerned (Fig. 2; Fig. 3). The low
number of larger, complete specimens may lead to artifi-
cial groups, which as a consequence would disappear if
more specimens could be measured. A fourth group is
not represented by an adult specimen, but by a juvenile
trochlea, which is significantly larger than any of the
adult specimens, with a DAPd 22,2 mm and a DTd 36,6
mm (for the adult range, see above).
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Fig.. 3. Proximal massivity (transversal
diameter against length) clearly
shows three size groups. The
smallest specimens are laterally
compressed at midshaft, while the
larger specimens are straight.

Fig. 3. La massivitat proximal (diàmetre
transvers respecte la llargària)
mostra clarament tres classes de
talla. Els espècimens més petits
estan clarament comprimits enmig
de la canya, mentre que els espèci-
mens més grans són rectes.
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The massivity indexes (DT/L) gradually increases
from large to small specimens, as is also observed in
Candiacervus (after De Vos, 1979), but run a bit ahead, in
other words, the smaller specimens are relatively more
massive. Another observation is that in the diagram with
DAPp/L plotted against DTp/L, two clouds can be dis-
cerned, which shows that the smaller specimens are
more square than the larger specimens, which are clear-
ly more broad (DT) than deep (DAP). The smallest spe-
cimens are therefore not only shortened, but also more
square in cross-section.

Four sizes groups can be discerned within the avai-
lable material, based upon the maximum length. These
groups are the following, from small to large:

Size 1. Length varies between 74,4 mm and 95 mm
with an average of 85,5 mm (N=14). Proximal depth
(DAPp) varies between 11 mm and 14,6 (average 12,1
mm), proximal width (DTp) between 17,6 mm and 23,2
mm (average 19,9 mm). Distal depth (DAPd) varies

between 10 mm and 12 mm (average 10,9 mm), distal
width (DTd) between 18,3 mm and 23,4 mm (average
20,2 mm). The average distal massivity DTd/L is 0,24.

The length of this size group corresponds to that of
Cervus astylodon size G3 (range 80-89 mm) of Kume
(Ryukyu Islands, Japan; after Matsumoto & Otsuka,
2000), and to Candiacervus size 1 (range 88,4-114,1 mm;
after De Vos, 1979). The distal massivity corresponds to
that of Candiacervus sizes 1 and 2 (range 0,21-0,24).

Size 2. Length varies between 139 mm and 177 mm
with an average of 158,9 mm (N=8). Proximal depth
(DAPp) varies between 14,6 mm and 17,5 mm (average
16,0 mm), proximal width (DTp) between 23,5 mm and
30,1 mm (average 26,4 mm). Distal depth (DAPd) varies
between 10,3 mm and 14,4 mm (average 12,7 mm), dis-
tal width (DTd) between 23,0 mm and 28,0 mm (average
25,0 mm). The average distal massivity DTd/L is 0,16.

The length of this size group corresponds to that of
Candiacervus size 3 (range 131,0-144,2 mm; after De Vos,
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Fig. 4. The four different massivity diagrams
of adult metatarsals of Hoplitomeryx
show three (massivity proximal end)
or two (massivity distal end) size
groups. DTp = proximal width; DAPp
= proximal depth; DTd = distal width;
DAPd = distal depth.

Fig. 4. Els quatre diagrames de massivitat
diferent de metatarsians adults d’Ho-
plitomeryx mostren tres (massivitat
de l’ extrem proximal) o dues (massi-
vitat de l’extrem distal) classes de talla.
DTp = amplària proximal; DAPp =
fondària proximal; DTd = amplària
distal; DAPd = fondària distal.
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1979), to that of Cervus astylodon size G1 (140 mm; after
Matsumoto & Otsuka, 2000) from Ryukyu Islands, Japan,
and to that of the living Japanese deer Cervus nippon
keramae (range 140-155 mm; after Matsumoto & Otsuka,
2000). The distal massivity corresponds to that of Can-
diacervus sizes 4 and 5 combined (range 0,14-0,17), to
Cervus elaphus (0,15-0,17), and Rusa unicolor (0,16).

Size 3. The length of specimens of this size group may
be about 259 mm (only one specimen), with a proximal
depth (DAPp) of 19,5-22 mm (two specimens), and a pro-
ximal width (DTp) of about 33,4-34 mm (two specimens).
Distal depth is about 18,2 mm, and distal width about
DTd 31,5 mm, but there is only one specimen available.
The distal massivity DTd/L would then be about 0,12,
which corresponds to Capreolus capreolus (0,12-0,13).

The length of this size group seems to correspond to
the size of Candiacervus size 5 (range 262 mm-284 mm;
after Kotsakis et al., 1976), but the proximal and distal
diameters are lower, for example the proximal DT is
about 38 mm (after Capasso Barbato, 1988, table 7)

Size 4. This size group is not represented by measur-
able adult specimens, but its existence is without doubt,
as the largest juvenile trochlea epiphysis is already clear-
ly larger than any adult trochlea. The specimen in ques-
tion has already at this stage (no fusion started yet) a dis-
tal depth (DAPd) of 22,2 mm, and a distal width (DTd) of
36,6 mm. This size corresponds probably to that Candia-
cervus size 6, but no metacarpals were found. However,
the increase in DTd of the metatarsal between size 5 and
6 is about 20% (calculated with data from Kotsakis et al.,
1976); it is logic to assume that the same takes place in the
DTd of the metacarpal, too. In Hoplitomeryx an increase
of 20% can be observed in the metacarpal DTd from size
3 to size 4. For the moment I therefore compare Hoplito-
meryx metacarpals of size 4 to Candiacervus size 6.

Morphology of the metacarpal

The morphology of the metacarpus shows some
uniform features, shared by all Hoplitomeryx specimens,
but also some differences. The shared characters are the
following. The groove on the dorsal surface for the
interosseus muscle covers the proximal one third of the
shaft or the proximal two third. The trochlea of Hoplito-
meryx is inclined as in deer, with the lateral trochlea
extending further than the medial one, or straight as in
bovids, with the lateral and medial trochlea extending
equally far.

The Hoplitomeryx specimens are, however, not
homogeneous in the configuration of the proximal arti-
culation, and four morphotypes can be discerned if we
take the features into account with which cervids are dis-
tinguished from bovids (sensu Heintz, 1970). These mor-
photypes are irrespective of size, and are the following:

Morphotype 1. The crest ends in the central fossa,
and makes an angle of about 30 degrees with the dorso-
palmar axis. The fossa lies more or less central, and makes
no contact with the palmar surface. This pattern is not
only typical for Cervus (Heintz, 1970), but is also found in
the other modern cervoids Antilocapra americana and
Rangifer tarandus, and even in the very distantly related
Cranioceras granti. The crest may be continued palmar of
the fossa, as in some Axis axis (Coll. Dub. no. 5593).

Morphotype 2. The separating crest ends in central
fossa, and runs more or less dorso-palmar following the
DAP-axis; the fossa lies central, and the contact area
between the lateral and medial articulation is minimal.
The difference with morphotype 1 is the angle of the
crest compared to the DAP-axis; it may be thus nothing
more than a variety of the typical cervoid pattern, in
which the lateral component increased in importance (=
weight bearing). This configuration is typical for the
Tokunoshima-type of Cervus astylodon from Ryukyu
Islands, Japan (Matsumoto & Otsuka, 2000), and is also
seen in Alces alces and Cervalces. The crest may be con-
tinued palmar of the fossa, as in Cervalces. In some spe-
cimens, the fossa borders the palmar surface.

Morphotype 3. The crest runs parallel to the border of
the fossa, and ends somewhere within the lateral facet.
The crest runs more or less dorso-palmar along the DAP-
axis, and the fossa borders the palmar surface. This pat-
tern is seen in the Kume-type of Cervus astylodon.

Morphotype 4. The crest runs parallel to the border of
the fossa, along the DAP-axis, and ends at the palmar
surface, as in bovids. In a way this morphotype is an ela-
boration of the former type. This pattern is seen in the
Okinawa-type of Cervus astylodon, and is typical for
bovids, e.g. Gazellospira torticornis (Heintz 1970: 33,
fig.26), Ovis aries and Myotragus balearicus.

THE HOPLITOMERYX METATARSUS

Introduction

Metatarsals of Hoplitomeryx have been recovered
from the following fissures in the Gargano, in alphabeti-
cal order: Chiro 10c, Chiro 23, Chiro 28, Chiro 28a, Chiro
29, Chiro 30, Chiro D1, Chiro D3, F8, Fina F9, Fina N,
Gervasio 1, Nazario 1, Nazario 3, Nazario 4, Pizzicoli 1,
Pizzicoli 4, Pizzicoli 12, Posticchia 1B, Posticchia 5, S.
Giovannino, S. Giovannino Low, Trefossi 1.

To determine the ontogenetic stage of the
metatarsals, the fusion pattern as described for Dama
dama (after Pöhlmeyer, 1985) are followed. At time of
birth the distal epiphysis is unfused, and consists of two
separated condyles. At the beginning of the fourth
month they become fused, and at month 22 the distal
epiphysis fuses with the diaphysis. The pattern of fusion
is confirmed by the data for Megaloceros cazioti (Klein-
Hofmeijer, 1996), and by Candiacervus cretensis from
Gerani layer 4: there are specimens with two separated
condyles, larger specimens with a single distal epiphysis,
and again larger specimens with a visible fusion line.

For the time of fusion of the navicocuboid with the
metatarsal, no data for other insular species are avai-
lable. It appears that in Hoplitomeryx this fusion takes
place already before the fusion of the distal epiphysis
with the shaft. This is evidenced by RGM 178.258 (Chiro
3) and RGM 178.534 (Nazario 3), where the distal epi-
physis is still unfused, and the fusion line between navic-
ocuboid and metatarsal already hardly visible, to the
degree as seen in adult specimens. The earliest develop-
mental stage is represented by RGM 178.261 (Chiro 3)
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and RGM 178.659 (Fina K), where the condyles are sepa-
rated and no fusion has yet taken place with the
cubonavicoid. At this stage the proximal articulation is
developed as in Dama dama, which means that the la-
teral and medial facet are developed,whereas the other
two facets are not.

Metatarsal size

Measured are maximal length, proximal width and
depth, and distal width and depth. Length is measured
from the top of the internal point of the cubonavicular
element (which is in all cases firmly fused to the cannon
bone, with no trace of a fusion line in adults), till the dis-
talmost end of the trochlea. Proximal depth (DAPp) and
proximal width (DTp) are both the maximum values as
measured on the cubonavicular part. Distal depth
(DAPd) and distal width (DTd) are both the maximum
values as measured on the distal epiphysial fusion line.
Measurements on the distal articulation itself, the
trochlea, are found to be too subjective, and in many
cases impossible due to fragmentation.

The length of the Hoplitomeryx metatarsal varies
between about 420 and 102 mm (average 174 mm). Pro-
ximal depth varies between 13,1 mm and 29,1 mm (ave-
rage 16,4 mm); proximal width (DTp) between 16,5 mm
and 32,3 mm (average 20,6 mm). Distal depth (DAPd)
varies between 9,9 mm and 17,1 mm (average 12,2 mm);
distal width (DTd) between 16,9 mm and 26,0 mm (ave-
rage 20,2 mm).

All measurements fall within a large range, espe-
cially those of the smaller half of the collection, but with
some discontinuities; three or two groups can be dis-
cerned in the scatter diagrams (Fig. 4). The low number
of complete specimens may lead to artificial groups,
which as a consequence would disappear if more speci-
mens could be measured.

The massivity indexes (DT/L) gradually increase
from large to small specimens, as is also observed in
Candiacervus (after De Vos, 1979).

The shapes (DAP/DT) of the distal and proximal
ends show a gradual change along the size scale. The
smaller the specimens, the more square they become; in
other words, the ends remain more or less the same
while the length decreases. If we divide the shape by
maximal length, it appears that this allometric ratio runs
a bit behind along the length scale: the smallest speci-
mens have a relatively slightly larger DAPp than the
largest specimens, and at the same time a relatively
smaller DAPd.

The size groups are the following, from small to
large:

Size 1. Length varies between 102 mm and 125 mm,
with an average of 112,2 mm (N=8). The massivity proxi-
mal varies between 0,16 and 0,18 (average 0,17), and dis-
tal between 0,16 and 0,19 (average 0,17). The length of
this group corresponds to that of Candiacervus size 1
(range 110 mm-131 mm, without the cubonavicular
bone; after De Vos, 1979), but also includes smaller spe-
cimens than ever found in Candiacervus. Such small
specimens, and even smaller ones, occur in Cervus asty-
lodon from Ryukyu Islands, Japan, where the smallest
length is 76 mm (after Matsumoto & Otsuka, 2000). A dis-

tal massivity of 0,16-0,19 is also found in Rangifer taran-
dus and Candiacervus sizes 1 to 3 (after De Vos, 1979).

Size 2. Length varies between 180 mm and 210 mm,
with an average of 199,6 (N=5). The massivity proximal
varies between 0,12 and 0,13 (average 0,13), and distal
between 0,11 and 0,12 (average 0,12). This size class is
comparable to Candiacervus size 3 of De Vos (1979),
which has a metatarsal length (without cubonavicular)
of 180 mm. It is also comparable to Megaloceros cazioti,
which has a metatarsal length between 185 mm and 217
mm, without the cubonavicular (after Klein Hofmeijer,
1996). A distal massivity of 0,11-0,12 is also found in
Capreolus capreolus, Moschus and Candiacervus size 6
(after De Vos, 1979).

Size 3. This size class is not represented by a com-
plete specimen, but is likely to be present, seen the pre-
sence of a large proximal part of about one and a half
times that of the former size (rgm 178.553). The estima-
ted length would than be about 300 mm., but this is only
true in case this proximal part belongs to a full grown
individual. The massivity proximal is 0,11, distal it is
unknown. This size is, tentatively, comparable to that of
Candiacervus size 5 of De Vos (1979), which has a
metatarsal length (excl. cubonavicular) of about 304 mm
(after Kotsakis et al., 1976).

Size 4. This size class is not represented by an adult
specimen, but the juvenile shaft rgm 425.055 exceeds the
largest available specimen, and is already its unfused stage
twice as large. The estimated full grown length therefore is
at least 420 mm. The massivity proximal is unknown, dis-
tal it is about 0,08. This size is comparable to that of Can-
diacervus size 6, which has a length (excl. cubonavicular)
of about 406 mm (after Kotsakis et al., 1976).

Morphology of the cannon bone

All Hoplitomeryx full-grown metatarsals, without
exception, show a complete fusion with the navicocubo-
cuneiform, elongated specimens as well as shortened
specimens. As such, complete fusion can be considered
a synapomorphic character of all morphotypes of
Hoplitomeryx. This is unique, as in other described
island artiodactyls this is not the case. The percentage of
total fusion is 0% in Megaloceros cazioti from Sardegna,
Italy (after Klein-Hofmeijer, 1996), 0% in Cervus asty-
lodon from the Ryukyu Islands, Japan (after Matsumoto
& Otsuka, 2000), both species Late Pleistocene, 6% in
Candiacervus ropalophorus (= C. size 1) from Gerani 4
Cave, Crete (De Vos, 1979). In Myotragus balearicus this
percentage differs according to locality and age: 40% in
Cova de Son Maiol, 50% in Cova de Llenaire, which are
both late Late Pleistocene, 60% in Cova des Moro and
80% in Cova de Moleta, which are both Holocene (Moyá-
Solá, 1979:89).

In proximal view, there is a difference between the
Hoplitomeryx specimens as regards the configuration of
the fossae. Three configurations seem to be present. Two
fossae can be present, where the fossae are located in the
non-articulatory surface, interno-dorsal of both facets.
One single fossa can be present, located within the late-
ral facet. No fossae can be present. The first configuration
is seen in some bovids, e.g. Ovis; the third configuration is
observed in deer (e.g. Candiacervus size 2 from Liko,
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Crete; Rangifer tarandus), dromomerycids (Cranioceras
granti), but also in Myotragus balearicus. The second con-
figuration is new, and maybe a variation of the first type.

In general, the morphology of the distal articulation
is strikingly similar in all Hoplitomeryx specimens, irres-
pective of size. In all specimens the trochlea is complete,
whereby the condyls extend slightly further on plantar
side than on dorsal side. In almost all specimens the la-
teral condyl extends clearly further distal than medial
condyl; as an exception they extend equally far. In almost
all specimens the condyls are parallel to each other; in
exceptional cases they diverge or converge. The lateral
surface of the distal epiphysis is always diverging.

The same distal articulation is seen in Axis axis. In
Rangifer the extension varies from clearly further to not
at all. In Alces alces there is hardly an extension or not at
all. In Cervus kendengis (Pleistocene, Java) the lateral
condyl extends further than the medial condyl (Coll.
Dubois nos. 5406, 6501, 6502), or they extend both equa-
lly far (Coll. Dubois no. 6982). Hoplitomeryx follows a
Cervus pattern, including the rare exceptions.

All Hoplitomeryx specimens have a square cross-
section, laterally compressed, and most specimens miss
a clear volar sulcus. The smallest specimens have a con-
vex plantar surface. The same shape can be observed in
Cervus kendengis, Axis axis, Candiacervus.

As to the development of the muscular groove at the
plantar surface, there is a gradual range from moderate
robust with a weak or even indistinct muscular groove till
robust with a pronounced muscular groove. The majori-
ty of specimens is moderate robust, and only about one
third of the specimens shows the pronounced groove.
There is no relation between development of the groove
and length. 

In all Hoplitomeryx specimens the medial ridge
along the sulcus interosseus is higher than the lateral
border, ranging from only slightly higher to clearly higher.
In rare cases the development is so strong that the medi-
al border is even convex at about one third from the
proximal end.

In Axis axis from Java and Candiacervus size 2 from
Liko Cave, Crete, the medial border is only slightly higher
than the lateral border. In Rangifer tarandus the medial
border is clearly higher than the lateral border.

The gully on the dorsal surface of the shaft of the
metatarsal bone is distally closed in all Hoplitomeryx
specimens, as typical for deer (Heintz, 1963). This is not
only true for the genus Cervus, but already for the very
early relative Eumeryx, which otherwise differs a great
deal from eucervoids. The closed gully is also found in
Antilocapra, and in the telemetacarpal cervoids (Blas-
tomeryx, Rangifer, Alces).

In all Hoplitomeryx specimens the dorsal gully is
pronounced, and extends proximally till somewhere in
the cubonavicular, in any case at a point proximally of
the fusion between metatarsal and the cubo-navicular
bone. In cervids as a rule, the gully ends in the fossa just
proximal of the distal epiphysis in cervids, whereas the
gully continues till the end in bovids (Heintz, 1963). This
is confirmed by Rangifer tarandus, but not by Candia-
cervus size 2 from Liko Cave, Crete; in the latter the gully
also extends till the proximal articulation. In Antilocapra
americana the gully also extends till the proximal end.

Size groups

To summarize, in both the metacarpals and the
metatarsals of Hoplitomeryx four size groups are dis-
cerned, which are comparable in size, from small to
large, to the Cretan deer Candiacervus size 1, size 3, size
5 and size 6, as we saw above.

Remarks on the chronology

The four size groups and the different morphotypes
are equally distributed over the excavated fissures, and
are therefore not considered chronotypes. The hypothe-
sis of an archipelago consisting of different islands each
with its own morphotype, cannot be confirmed on the
basis of Hoplitomeryx. For example, shortened
metatarsals are found in Posticchia 5 and Nazario 4,
whereas normal sized metatarsals are found in S. Gio-
vannino (both upper and low) and Fina N. The former
two fissures are supposed to be of an older age than the
latter (Freudenthal, 1976; De Giuli, 1986; Abbazzi et al.,
1993). Metacarpals, too, cannot consolidate the idea of
chronology, as the shortened specimens are from Gerva-
sio, and the normal specimens from S. Giovannino (both
upper and lower) and Nazario 4. Gervasio is supposed to
be older than the latter two fissures. Normal-sized
metacarpals and shortened metatarsals are found
together in Nazario 4. Also the astragalus contradicts the
given chronology (Van der Geer, 1999). If we take the fit-
ting bones into consideration, we see that a Chiro D1
tibia fits a Gervasio astragalus, a Gervasio tibia fits a Fina
N astragalus, and finally that a Gervasio astragalus, a
Chiro D1 tibia, a S. Giovannino metatarsal but also a
Chiro 28 metatarsal fit perfectly well. Their time distance
cannot have been very large. The only way to accept the
rodent-based chronology is a fully developed radiation
in Hoplitomeryx already in an early stage.

Other examples

The situation with several co-existing morphotypes
on an island finds already a perfect parallel in the
Gargano itself: all mammalian and avian taxa appear to
be represented by three to five species, different in size
and/or morpology. If all fissures would have contained
only one species at the time, a morphological change
during the ages would be the most parsimonous solu-
tion. That is, however, not the case, as the majority of fis-
sures yields more than one species of each genus.

Is the situation with co-existing size groups unique
for the Gargano? No, it is not unique at all, but appears to
be just another example of what happens on islands of
all times. Where the mainlands host a range of genera
and species, the islands host a range of species and mor-
photypes. A good example is provided by the Pleistocene
deer Candiacervus of Crete. A huge amount of fossils
have been recovered, so that statistics are useful. It
appears that Candiacervus bones show a statistically sig-
nificant large variation, so that six size groups can be re-
liably distinguished (De Vos, 1979). The taxonomical
phramework (for a complete overview, see Dermitzakis &
De Vos, 1987 and De Vos, 2000), is still under discussion,
and two theories prevail concerning its phylogenetic sta-
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tus: one monophyletic genus Candiacervus (De Vos,
2000), or two paraphyletic genera Megaloceros and
Cervus (Capasso Barbato, 1988; 1992) or Megaceroides
and ?Pseudodama (Caloi & Palombo, 1996). Irrespective
of the taxonomical problems, the eight Cretan deer types
in any case differ clearly too much to assume a similar
ecological niche; more likely is the hypothesis of different
niches. On the ground of body proportions, molar mor-
phology and wear pattern, the specialist trophic niches
occupied by the eight taxa might, tentatively, be summa-
rized as follows: grassy food or prickly bushes on a rocky
hill (Candiacervus sizes 1 and 2), grasses on a steppe-like
plain (Candiacervus size 3), leaves and branches in a fo-
rest, like red deer (Candiacervus size 4), leaf-like food and
soft bushes in a forested terrain with many obstacles
(Candiacervus sizes 5 and 6) (De Vos & Van der Geer, 2002).

It is strange that theories based on radiation instead
of on linear evolution are only reluctantly accepted for
mammals. A factor may be the absence of a good testing
facility. For fishes for example this is much easier: experi-
ments not only in vitro but also in vivo can be done, and
the process behind changes can be followed step by step.
A lot of research has been done on the haplochromine
cichlid fishes of the East African Great Lakes. These fishes
can be compared to colonizers of a new island, as they
entered a new and still unoccupied lake. Lake Victoria
was filled about 14,000 years ago, due to the creation of
the Rif Valley, which started to arise from 750,000 years
ago. Immediately after the formation of the lake, a host of
adaptive zones became available. The entering of a zone
with free niches gave the cichlids the possibility to radiate
beyond the degree seen in related cichlids. The ha-
plochromine species flock of Lake Victoria is a good
example of recent speciation, which took place in less
than 200.000 years (Meyer et al., 1990). The rapid adaptive
radiation resulted in a wide range of trophotypes (Fryer &
Iles, 1972; Greenwood, 1974; Barel et al., 1977; Witte, 1981;
Keenleyside, 1991). Initially they differed little from their
immediate reverine ancestors, and there is no evidence of
significant new morphological changes that facilitated
their differentiation into many trophic levels; rather they
capitalised on a biological versatility already present
(Liem & Osse, 1975). The cichlids were obviously capable
of a much higher rate of speciation than were other fish in
the East African Great Lakes, and were able to differen-
tiate into many different trophic levels with a minimum
of morphological change (Carroll, 1997). It resulted main-
ly in differences in the mouth, which gradually became
adapted to different types of food: detritus, fishes, shells,
crabs, insects, phytoplankton, zooplankton.

For taxonomy, such radiations as seen in the cichlids
are a disaster, as taxonomy deals with fixed, clearly
defined subunits of the observable world, whereas in
reality such a species flock approaches a continuum. The
taxonomical problems become evident through the
many revisions and reconsiderations of the classification
of the haplochromine cichlids (e.g. Greenwood, 1981;
Witte & Witte-Maas, 1981; Hoogerhoud, 1984; Van Oijen,
1991). This reminds us of the taxonomical problems with
Candiacervus, with Darwin’s finches, and maybe soon
with Hoplitomeryx, as soon as more material has been
described in full and scholars start to fit it into a phyloge-
netic scheme.

DISCUSSION AND CONCLUSION

In Hoplitomeryx the four size groups differ in limb
proportions, as is the case in Candiacervus from Crete
and Cervus astylodon from Ryukyu Islands, Japan. In the
case of Hoplitomeryx the assumption of different ances-
tral genera is unlikely, because in that case the separate
ancestors must have shared the typical hoplitomerycid
features. The morposphere of Hoplitomeryx is too cohe-
rent to assume two or more different ancestors.

The large variation could be explained through adap-
tive radiation (as in Darwin’s finches on the Galápagos),
that gradually evolved after the Miocene pre-antler stage
cervoid entered the island. The range of empty niches pro-
moted the radiation into several trophic types, and caused
the differentiation in Hoplitomeryx. The lack of large
mammalian predators and the limited amount of food in
all niches promoted the fast development into morpho-
types. This is demonstrated by Darwin’s finches, which are
limited in numbers primarily by their food supply in the
absence of predators; in such a case, adaptations in fee-
ding methods are likely to be of special importance in
determining the survival of the species, and the absence
of predators may well have accelerated their adaptive
radiation (Lack, 1947: 114). An alternative hypothesis
explaining the occurrence of several sympatric species is
that of multiple speciation on an archipelago of relatively
close islands, with a later island merging. This can be
excluded on geological grounds (Abbazzi et al., 1996).

Interspecific competition for food and area is there-
fore at the present stage of knowledge the only reaso-
nable hypothesis to explain the different size groups
observed for the Hoplitomeryx groups. This appears also
to be true for some mainland rodent communities
(Dayan & Simberloff, 1994; Parra et al., 1999), so why not
for larger mammals, such as cervoids. As a matter of fact,
different species of Cervidae occurring in the same
mainland habitat under natural conditions are, as a rule,
of considerable different size. In the case of exception to
this rule, for instance Rucervus duvauceli and Rusa uni-
color in some parts of India, the species occupy different
ecological niches or in some cases a slightly different
habitat (Van Bemmel, 1973: 295).

If we explain the different size groups of Hoplitomeryx
and Candiacervus as the outcome of an adaptive radiation
in an area with originally empty ecological niches, we
automatically assume a narrow genetic base for the whole
genus, in contrast to a mainland genus like Cervus.
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The effect of insularity on the Eastern Mediterranean early cervoid 
Hoplitomeryx: the study of the forelimb 
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Abstract

Island studies increase our understanding of the effects of habitat fragmentation. The study of the Tertiary paleo-island Gargano is an

important contribution, because of the long-term isolation under less fluctuating climatic conditions, free from anthropogenic influences;

such a situation does not exist in the Quaternary period nor in the Holocene period. This makes the Gargano a unique case to study the

effects of insularity in isolation. Here, a highly endemic, unbalanced vertebrate fauna evolved including the five-horned deer

Hoplitomeryx. Its post-cranial material contains four size groups, based on the metapodals. In this study, the humerus and radius are

described. The question whether the morphotypes are chronomorphs or ecomorphs is addressed. Sexual dimorphism is ruled out as the

underlying principle of size separation in this case, based upon body mass estimations and data from living deer. Chronomorphs is the

best explanation for the Megaloceros cazioti lineage (Pleistocene, Sardinia) and the Myotragus balearicus lineage (Pliocene–Holocene,

Mallorca). Ecomorphs are a better explanation for the size groups of Candiacervus (Pleistocene, Crete) and Cervus astylodon (Pleistocene,

Ryukyu Islands). An adaptive radiation into several trophic types took place, promoted by the ecological meltdown of the ancestral

niche. The drive behind this speciation is increased interspecific competition. For Hoplitomeryx, although the hypothesis of

chronomorphs cannot be discarded, that of ecomorphs seems most likely, based upon the coexistence of two or more size groups per

fissure, and upon the presence of a huge morphotype, larger than mainland species, in the younger fissures.

r 2007 Elsevier Ltd and INQUA. All rights reserved.
1. Introduction

1.1. The island rule

Fossil island faunas provide a special case of the effects
of evolution on a taxon. For new colonizers on an empty
island, isolated from the rest of the world, otherwise
unexplored possibilities in adaptation to a new environ-
ment are suddenly open. But the picture is not honey and
milk, at least not for the large herbivores such as deer. The
initial lack of large predators and food competitors leads to
a population explosion, and that on its turn inevitably
results in overgrazing and the loss of vegetation—an
ecological meltdown. In order to escape certain death,
the herbivores have no other option than to start eating
something else, in other words, to explore new ecological
e front matter r 2007 Elsevier Ltd and INQUA. All rights re
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niches, apart from a general advancement in more
economic energy and nutrient strategies. Those who are
able to do so, will survive, and eventually, their offspring
may gradually develop adaptations to the new niche in
order to compete better.
The general pattern or trend on islands according to

which the larger mammal species, such as proboscideans
and artiodactyls, gradually develop towards a dwarf size,
and the smaller mammal species, such as rodents and
hares, towards a giant size is already well-known for half a
century (e.g. Foster, 1964; Hooijer, 1967; Van Valen, 1973;
Carlquist, 1974; Sondaar, 1977; Heaney, 1978; Lomolino,
1985), and has recently been reviewed (for living taxa,
Lomolino, 2005; Lomolino et al., 2005; for extinct taxa,
Palombo, 2005 and references therein). This graded trend is
supposed to be related to characteristics of the taxon itself:
morphological, physiological and behavioral traits influen-
cing resource requirements, interspecific interactions and
immigration abilities—and of the island—primary produc-
tivity, available resources, isolation (Lomolino, 2005). The
served.
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emerging body size patterns are, however, not always
straightforward (see, e.g. Raia et al., 2003; Meiri et al.,
2006; Raia and Meiri, 2006), due to the many factors
involved, and the different approaches. Continuing re-
search of island vertebrates is therefore indeed needed
(Lomolino, 2005, p. 1684), and the study of extinct island
faunas could provide additional information. The fact that
in most cases the ancestral taxon of an extinct species is not
known is not as problematic as it seems at first sight, since
the studies of Case (1978) and Lawlor (1982) indicate that
size evolution is more dependent on biological attributes of
the taxon itself than on ancestral body size. Interestingly,
this implies that a large deer only has to ‘travel’ a longer
distance along the regression line to reach dwarf size, but
that eventually, he ends up at the same point as any other
deer.

For the paleo-island Gargano, now a promontory at
South Italy’s east coast but an island during the Late
Miocene and Early Pliocene, the only larger species to test
the island rule, is the five-horned deer Hoplitomeryx

Leinders, 1984. The effect of insularity on the Gargano
fauna is remarkable, and unique in its extent. The study of
this fauna can contribute to our knowledge of similar
effects seen in Quaternary species. The two advantages of
using a Tertiary species to test patterns seen in Quaternary
species is that, firstly, any anthropogenic interference can
be excluded, and secondly, that effects of Ice Ages—
resulting in more frequent sea level rises and falls—are
non-existent as well, which implies a possibly much longer
isolation and evolution under more constant influences.
Indeed, it has been shown that regions with a smaller
amplitude of climatic change harbor a larger number of
endemic species (Jansson, 2003); the Gargano case
confirms this pattern. The effects of insularity can thus be
studied here separated from the effects of changing
paleoclimate, paleogeography and anthropogenic impact.

1.2 The spectacular Gargano fauna

Practically all mammals of the Gargano show extra-
ordinary morphological signs of insularity. Most of the
genera are restricted to the Gargano. These are the soricid
Deinogalerix Freudenthal, 1972 with five species, amongst
which the giant species D. koeningswaldi with its skull
length of approximately 20 cm (Freudenthal, 1972; Butler,
1980) is probably the largest insectivore ever found; the
murid Mikrotia Freudenthal, 1976 (Mikrotia is nomen
novum for Microtia; see Freudenthal, 2006) which appears
to be the only burrowing murine genus known till now
(Parra et al., 1999), and of which the largest, M. magna, has
a skull length of about 10 cm (Freudenthal, 1976); the giant
glirid Stertomys Daams and Freudenthal, 1985 with three
species (Freudenthal & Martı́n-Suárez, 2006) and
finally, the giant hamster Hattomys Freudenthal, 1985,
with several species, which cannot be delimited sharply
(Freudenthal, 1985, p. 46). Other genera have a much wider
distribution, and are only restricted to the Gargano on a
species level. These are the otter Paralutra garganensis
40
Willemsen, 1983, which is larger than the mainland species
P. jaegeri (Willemsen, 1983); the ochotonids Prolagus

imperialis Mazza, 1987 and P. apricenicus Mazza, 1987,
of which the first species is larger than any other known
Prolagus species (Freudenthal, 1971; Mazza, 1987) and the
glirid Dryomys apulus Freudenthal and Martı́n-Suárez,
2006. Again, others are found even on species level
elsewhere. These non-endemic species are the arvicolid
Apodemus gorafensis Ruiz Bustos et al., 1984 and the
three hamsters Cricetulodon, Megacricetodon and Cricetus

(Freudenthal, 1985).
Also, the avifauna contained endemic elements such as

the giant eagle Garganoaetus Ballmann, 1973 with three
species, and the barn owl Tyto Billberg, 1828 with thee
species, of which the largest, T. gigantea Ballmann, 1973,
was about twice as large as the living Bubu bubo Linnaeus,
1758 (Ballmann, 1973). Large endemic owls are also
recorded, with possibly two species, Strix perpasta and a
Strigidarum (Ballmann, 1973). Also a vulture may have
been present (Ballmann, 1976, p. 39). Other birds, e.g. the
pigeon Columba omnisanctorum and the swift Apus

wetmorei, are not endemic. The reptilians are represented
by a crocodile of African origin, Crocodilus sp. (Kotsakis,
Delfino & Piras, 2004), but whether this species shows
endemic characters or not, is unknown.

1.3 The case of Hoplitomeryx

The drive behind the dwarfism (nanism) and the
gigantism is explained differently by different authors, for
example, decreased predation (Heaney, 1978), physiologi-
cal optimal body size (Brown et al., 1993; Damuth, 1993),
resource limitation and decreased interspecific competition
(Lomolino, 1985). It seems likely that the situation differs
from island to island, and from taxon to taxon. In this
paper, I focus on the Gargano and on Hoplitomeryx, and
the possible drives behind its evolution.
For the Gargano, part of the paleo-island Apulia-

Abruzzi during the Late Miocene–Early Pliocene, the
hypothesis of decreased predation can be seriously
doubted, because for the deer Hoplitomeryx, the giant
eagle Garganoaetus and the crocodiles Crocodylus sp. must
have constituted a severe danger, either in the open zones
or at drinking places, respectively. For the micromammals,
there were the giant owls of the genus Tyto and the
insectivore Deinogalerix, which included micromammals
into its diet (Freudenthal, 1972).
In case the hypothesis of optimal body size is valid for

Hoplitomeryx, I expect its eventual body size to be roughly
similar to that of other extinct island artiodactyls, which
evolved long enough under isolation. In this hypothesis,
different sizes represent chronospecies, in which the largest
specimens are the oldest, and the smallest the youngest (in
geological age).
The hypothesis of resource limitation will not be

addressed here, but taken for granted.
The observation that most Pleistocene insular genera not

only contain dwarf (or giant in the case of micromammals)
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species, but also normal-sized or even giant (or small in the
case of micromammals) species is sometimes explained as
adaptive radiation, an attempt to occupy more and new
ecological niches (Dermitzakis and De Vos, 1987; De Vos
and Van der Geer, 2002). In the case of the murid Mikrotia,
the drive behind this radiation is interspecific competition,
as on the mainland (Millien-Parra, 2000). Difference with
the mainland is that competition is now between different
species of one and the same genus, whereas on the
mainland it is between different genera. For the murid
Mikrotia, this resulted in three different lineages, present in
the fissures of the age of Chiro 27 or younger (Freudenthal,
1976, Fig. 4; Millien and Jaeger, 2001, Fig. 3). Such a
situation might be valid for the ruminant Hoplitomeryx as
well. The initial overgrazing and the resulting resource
limitation pushed the survivors to enter new niches, but
since this is valid for all survivors, a competition must have
been unavoidable. The intragenetic competition eventually
led to a radiation into different size classes and morpho-
types, each adapted to its own ecological niche. This
hypothesis implies that different sizes are contemporaneous
with each other.

In this paper, I focus on the long bones of the forelimb.
Data on the metacarpals were taken from a previous study
(Van der Geer, 2005a); data on the humerus and radius are
presented here for the first time.

2. Regional setting

The Gargano region is a promontory on the southeast
coast of Italy, province of Apulia, Puglia, and consists of a
block of uplifted Jurassic and Cretaceous limestones; this
carbonate block descends into the Foggia Graben in the
west, which graben separates the Gargano from the main
Italian mountain ridges (Freudenthal, 1971), is part of the
slightly deformed foreland of the southern Apennine thrust
belt (Bosellini et al., 1999) and is part of the Adriatic Plate
(Delle Rose et al., 2004). During the Late Miocene and
Early Pliocene, however, the Gargano was an island. This
was concluded from findings of fossil remains of an
endemic, unbalanced fauna (Freudenthal, 1971), the so-
called Mikrotia fauna. The fossils were found in buried
paleo-karstic fissures in the Mesozoic limestone substrate,
which are overlain by Late Pliocene–Early Pleistocene
sediments of a subsequently marine, shallow water and
terrigenous origin (Abbazzi et al., 1996). From the Early
Pleistocene, the region was interested by a general uplifting
(Doglioni et al., 1994), resulting in the regression and
continentalization of the area, after which a second karstic
cycle (neokarst) started in the late Early Pleistocene, which
removed part of the paleokarst fill (Abbazzi et al., 1996).
The fossiliferous fissures are for the greater part situated in
the area between the villages of Poggio Imperiale, Apricena
and San Nazario (province of Foggia).

Late Miocene land mammal faunas of Italy indicate the
presence of three separate paleobioprovinces. Between 11
and 9ma, the Gargano belongs to the Apulia portion of the
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Apulia-Abruzzi paleobioprovince (also Apulo-Abruzzi, in
Kotsakis et al., 2004), which was located on the Adriatic
side of the Apennines (Rook et al., 2000). This province
formed either one large island, or alternatively, a series of
islands. Vertebrate remains found at Scontrone, which is
part of the Abruzzi portion, are ascribed to the same
endemic fossil assemblage as those from the Gargano
(Rustioni et al., 1992; Mazza and Rustioni, 1996; Rook et
al., 1999). Between 7 and 4ma, the Gargano portion got
isolated from the Abruzzi portion, and kept emerged until
the early Pliocene (Mazza et al., 1995; Rook et al., 2000).
The subsequent Pliocene flooding of the Mediterranean
around 5Ma ago greatly reduced the emerged areas, and
most likely led to the extinction of the endemic fauna of the
Gargano.

3. Phylogenetic position of Hoplitomeryx

3.1. Diagnosis of Hoplitomeryx

Leinders (1984) described the cranial and dental material
of the Gargano artiodactyls, and established a new cervid
family Hoplitomerycidae, a new genus Hoplitomeryx and a
new species matthei. The most striking characteristic of the
Hoplitomerycidae is the presence of five horns, of which
one projects between the eyes on the caudal part of the
nasals (Fig. 1). The other four arise in pairs above the orbit
and can be considered pronged horns, hence the name
prongdeer was suggested (Van der Geer, 2005b). Hoplito-
merycidae are further characterized by the presence of
large, flaring and sabre-like canines in the upper jaw
(Fig. 2).
The other diagnostic features of Hoplitomeryx are a large

and smooth-surfaced auditory bulla; a non-pneumatized
skull roof; absence of lower p1 and p2; a non-molarized
lower p4; a variable degree of hypsodonty; absence of pli-
Palaeomeryx on the lower molars; a lower m3 with large,
bicuspid third lobe; a short, massive snout; more anteriorly
positioned orbits and a double lacrimal orifice on the rim
of the orbit (Leinders, 1984). Post-cranial characters are
complete distal metapodal keels, complete fusion of the
navicocuboid with the metatarsus, distally closed metatar-
sal gully, shortening of some metapodals (Leinders, 1984),
a non-parallel sided astragal (Van der Geer, 1999) and an
extremely elongated patella (Van der Geer, 2005b).
Five morphotypes seem to be present in the cranial

material, based on the horncore and the ear region, but
their sizes differ not so much, except for ear region type III,
which is much larger, while still juvenile (Leinders, 1984).
Differences in size of the dental elements are larger than
those observed in the cranial fragments (Leinders, 1984).
Six morphotypes might be present in the dental material
(personal communication; Paul Mazza to author; July 2,
2003).
The size of the Hoplitomeryx post-cranial material is not

homogeneous, but ranges from pygmy size to extremely
large. Four size classes can be discerned to date, based
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Fig. 1. Skull and horn materials of Hoplitomeryx are highly endemic, and seem more or less similar in all size classes, with only some minor differences:

(A) nasal horncore type II, rgm 260.902 from San Giovannino, lateral view; (B) same, ventral view; the nasal septum continues into the horn; (C) orbital

pronged horncore type II, rgm 260.945 from San Giovannino, lateral view; (D) same, posterior view; (E) type skull with orbital horncores, rgm 260.965

from Pirro 11a, dorsal view; (F) same, lateral view (left side); (G) skull roof and nasalia with orbital and nasal horncores, rgm 260.944 from San

Giovannino, lateral view (right side) and (H) same, dorsal view. Scale bar ¼ 10 cm.
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upon length and proximal diameters of the metacarpals
and metatarsals (Van der Geer, 2005a) (Fig. 3). Interest-
ingly, the largest size class is represented by juvenile
material only, and it may be that the largest cranial
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fragment (ear region type III; juvenile) can be associated
with it. The metacarpal length (LMc) and the metatarsal
length (LMt) of the four size groups are as follows
(from small to large): size 1, LMc ¼ 74.4–95mm
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Fig. 2. Artist impression of the head of Hoplitomeryx, characterized by its pairs of orbital horns, a nasal horn and protruding upper canines. Drawing by

Van der Geer.
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(average 85.5mm), LMt ¼ 102–125mm (average 112.2mm);
size 2, LMc ¼ 139–177mm (average 158.9mm),
LMt ¼ 180–210mm (average 199.6mm); size 3, LMc ¼ c.
259mm, LMt ¼ c. 300mm and size 4 is represented by
juvenile fragments only. LMt may exceed 420mm; LMc
cannot be estimated.

3.2 Differential diagnosis

Within the infraorder Pecora, Hoplitomerycidae differ
from Cervidae and Moschidae (sensu Janis and Scott,
1987, p. 78) by the presence of non-deciduous horncore-
like cranial appendages, from Bovidae and Giraffidae by
the presence of two lacrimal orifices on the orbital rim and
the closed dorsal metatarsal gully, from Bovidae by the
presence of upper canines, and from Giraffidae by the non-
bilobed lower canine, a sabre-like upper canine and the
presence of a non-pneumatized skull roof.

Nasal horncores are unique to date in artiodactyls. Only
members of the non-Pecoran family Protoceratidae bear
43
them, but their nasal horn shows a clear twist; this
morphology has nothing to do with that which is present
in Hoplitomeryx. The dromomerycid Sinclairomeryx

(Frick, 1937) has paired nasal bosses, again unlike the
horn of Hoplitomeryx. Supra-orbital horncores are much
less rare, and are shared with Dromomerycidae and
Antilocapridae (including Merycodontinae).
Within the Eucervoidea (sensu Janis and Scott, 1987),

Hoplitomerycidae further differ from Antilocaprinae by
the presence of upper canines, more brachyodont dentition,
the lack of a lower p2 and by bifurcation of the orbital
horncore directly at the basis instead of more distally; from
most Merycodontinae by bifurcation of the orbital
horncore directly at the basis (shared, however, with
Stockoceros Skinner, 1942 and Hayoceros Skinner, 1942
instead of more distally; from Palaeomerycidae by a non-
molarized lower p4; from Palaeomeryx Von Meyer (1851)
by the absence of a lower p2 and the absence of pli-
Palaeomeryx in lower molars and from Dromomerycinae
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Fig. 3. Bivariate diagrams of the adult metacarpus and metatarsus of Hoplitomeryx. If length (y-axes) is plotted against proximal transverse diameter

(DTP) and anterio-posterior diameter (DAPP) (x-axes), we see three separate groups. The fourth and largest size group is represented by juvenile

specimens only, and is therefore not represented in the diagrams.
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by the smaller angle between the basicranial and palatal
plane. In this angle, Hoplitomeryx is only similar to
Capreolus capreolus Linnaeus, 1758; Tragulus Pallas, 1779
and possibly Micromeryx Lartet, 1851. Finally, Hoplito-

meryx differs from Amphimoschus Bourgeois, 1873—
suggested as its closest relative by Leinders (1984)—by
the presence of cranial appendages, loss of lower p2, a non-
bifurcated protocone, weakly developed entostyle and
ectostylid (Leinders, 1984) and from Micromeryx—sug-
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gested as its close relative by Moyà-Solà et al. (1999)—by
the presence of cranial appendages, a non-molarized lower
p4, and double lacrimal orifices.

3.3. Potential parallel characters

A number of diagnostic characters of Hoplitomeryx may
represent parallel evolved characters. These are, apart from
the cranial appendages and the flaring upper canines, the
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dorsally closed metatarsal gully, the fused navicocuboid,
the non-parallel sided astragal, the elongated patella and
possibly also the absence of the pli-Palaeomeryx in the
lower molars.

The closed metatarsal gully is observed in Cervidae and in
Antilocapridae, but also in tragulids like Hyemoschus. The
combination of closed dorsal metatarsal gully and the
presence of two orbits on the lacrimal rim validates the
transfer of Antilocapridae from Bovoidea to Cervoidea
(Leinders and Heintz, 1980; Ginsburg, 1985; Janis and Scott,
1987; Gentry, 2000; see, however, Hernández Fernández and
Vrba (2005), according to whom Antilocapridae and
Giraffidae form together the superfamily Giraffoidea). The
closed gully may thus have developed more than once.

The fused metatarso-navicocuboid is a condition shared
with other island ruminants (Leinders and Sondaar, 1974;
Leinders, 1984; Van der Geer, 2005b), in deer (Candia-

cervus Kuss, 1975) as well as in bovids (Myotragus Bate,
1909). This indicates a secondary derived parallel char-
acter, which cannot inform about phylogeny.

The non-parallel sided astragal is seen in living tragulids,
in extinct hypertragulids, leptomerycids, protoceratids, but
also in suids, which indicates a reversal to the primitive
condition (Van der Geer, 2005b), possibly evolved in
parallel with other insular ruminants. This is confirmed by
Myotragus balearicus Bate, 1909, in which insular species
the astragal is slightly non-parallel sided, although not to
the degree as seen in Hoplitomeryx (Van der Geer, 1999).

The elongated patella is shared with tragulids; this, too, is
best explained as due to endemic insular adaptations, and not
necessarily of phylogenetic importance (Van der Geer, 2005b).

The absence of the pli-Palaeomeryx, finally, seems more
related to the higher degree of hypsodonty than to
phylogeny, since this fold is typically only expressed on
brachyodont molars (Janis and Scott, 1987). A higher degree
of hypsodonty is no exception for endemic insular herbivore
species (Van der Geer, 2005b), and in that case, the lack of
the Palaeomeryx-fold indirectly, too. The same is valid for
the loss of premolars; this may be a parallelism as well.

3.4. Remarks on phylogeny

The phylogeny of Hoplitomerycidae cannot be solved at
the present stage of knowledge, because some diagnostic
characters are parallelisms, based on adaptation. The
phylogeny of many other cervid taxa are poorly under-
stood as well, due to the rarity of complete skeletons or rich
post-cranial material, and there is not even a clear
consensus of the interfamiliar relationships of the living
Pecora (Hernández Fernández and Vrba, 2005, and
references therein). In this paper, I do not intend to solve
the phylogenetic position of Hoplitomeryx, and I assume
for the present that Hoplitomerycidae indeed constitute a
family on its own, as an early member of the Cervoidea.
This is, however, by no means certain, and also a lower
phylogenetic position, as holdover of a primitive ruminant
stock is possible (Mazza and Rustioni, 1996). There is no
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strong evidence for including Micromeryx and Amphi-

moschus as sister taxa in Hoplitomerycidae.

4. Materials and method

4.1. Hoplitomeryx material

The studied materials of Hoplitomeryx are stored in
Nationaal Natuurhistorisch Museum Naturalis, Leiden,
the Netherlands, and have as acronym ‘rgm’, followed by a
number of six digits. An additional radius (n.n., ‘F1’) has
been measured at Dipartimento di Scienze della Terra,
Università di Firenze, Florence, Italy. All studied materials
come from fissure fillings at the Gargano promontory
(province of Foggia, Pulia, Italy).
Remains of the humeri of Hoplitomeryx have been found

in the following fissures (in alphabetical order): Chiro 2S,
Chiro 5a, Chiro 10a, Chiro 20a, Chiro 20e, Chiro 28A,
Chiro 30, Chiro D3, Fina H, Fina N, Gervasio 1, Pizzicoli
1, Pizzicoli 4, Pizzicoli 12, Posticchia 1B, Rinascita 1, San
Giovannino, San Giovannino Low, and San Nazario 4.
Complete humeri are not present within the collection,

due to the rather fragile nature of this element; the most
complete specimen is rgm 260.950 (San Giovannino); only
the condyle and distal-most part of the shaft are missing.
Two other relatively complete specimens (rgm 260.953 and
rgm 261.761, both from San Giovannino) are heavily
damaged; the first is flattened by pressure, the second lacks
the complete medial surface. The most resistant part of the
humerus is the condyle and indeed much more distal parts
have been preserved than proximal parts. Complete
proximal parts, including head and greater tubercle, are
extremely rare, as in most fossil collections.
Remains of radii of Hoplitomeryx come from the

following fissures (in alphabetical order): Aucelli 2,
Biancone 2, Chiro 2, Chiro 2N, Chiro 3, Chiro 5A, Chiro
5B, Chiro 10A, Chiro 10C, Chiro 12, Chiro 14B, Chiro
20A, Chiro 21, Chiro 26, Chiro 27, Chiro 28A, Chiro 29,
Chiro 30, Chiro 30B, Chiro D1, Chiro D2, Falcone 2A,
Fina H, Fina N, Gervasio 1, San Nazario 1, San Nazario 4,
Pizzicoli 1, Pizzicoli 12, Posticchia 1B, San Giovannino,
San Giovannino Low.
Three complete radii (rgm 260.916, rgm 178.499 and rgm

260.860, all from San Giovannino) and one almost
complete radius (rgm 261.803 from Chiro 28a) are present
among the material.

4.2. Estimation of ontogenetic age

Related to the problems of bone fragmentation is the
estimation of the ontogenetic age of the specimens. Only
complete specimens with fused epiphyses can be called
adult, but since these are missing, we have to work with
incomplete specimens. When we know the sequence of
fusions of a skeletal element, we can estimate its
ontogenetic stage. For the present, I follow the ontogenetic
stages as they are described for Dama dama Linnaeus, 1758
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by Pöhlmeyer (1985), by lack of ontogenetic data for
extinct cervoids. The pattern of Hoplitomeryx is, however,
not expected to differ much from Dama, if at all. This is
inferred from the order of fusion of the distal centers of the
humerus, which follows different patterns among cervids.
For example, in Megaloceros cazioti (Depéret, 1897) the
condyle is already firmly fused to the shaft before the
epicondyles fuse (Klein Hofmeijer, 1996). In Candiacervus

ropalophorus De Vos, 1984 (e.g. G4–915 from Gerani Cave,
Crete, Greece) on the other hand, the pattern of Dama is
followed, as is also the case in Hoplitomeryx specimen rgm
178.236 (Chiro 3; unfused condyle with both epicondyles
fused). Also, the order of fusions in the radius is not likely
to deviate, as in both C. ropalophorus (own observation)
and M. cazioti (Klein Hofmeijer, 1996) the order is that as
in D. dama; for Hoplitomeryx, I expect no difference.

4.2.1. The humerus

The fusion of the six ossification centers takes place at
approximately the following ages in D. dama: the lateral
epicondyle fuses with the condyle after 4 months, the
medial epicondyle fuses with the condyle after 10 months,
the condyle fuses with the shaft 18 months, the great
tubercle fuses with the shaft at 2 years of age and the head
finally fuses with the shaft at 3 years of age in females and
at 6 years of age in males.

The fusion sequence unfortunately implies that the distal
halves, of which there are so many, cannot be assigned
properly an age older than 18 months, the age of the
complete fusion of the condyle with the shaft. Yet, I
include these parts into this research, because it appears
that further length growth of the humeral shaft after the
complete fusion of the condyle seems to be at the most one-
sixth more, estimated from the data on M. cazioti (as given
by Klein Hofmeijer, 1996), which implies that the error of
including specimens of this subadult stage is acceptable.

Taking this into account, the following ontogenetic
groups are represented by the humeri. Adult stage: six
proximal parts, and the three almost complete specimens;
adult or subadult: 29 distal parts, six distal fragments, a
distal half associated with a separated partial head and
many fragments; juvenile: a proximal shaft ending in
unfused epiphyseal line, combined with a distal shaft with
fused condyle, two complete, unfused heads, two proximal
shaft parts with unfused epiphyseal line; ontogenetic stage
unknown: 24 distal fragments, 18 shaft fragments, 11
proximal fragments.

4.2.2. The radius

At birth, radius and ulna are not connected, and have
unfused proximal and distal epiphyses. At the age of 5
months in D. dama, the proximal epiphysis of the radius
starts fusing to its diaphysis and by the age of 7 months, the
suture has disappeared. At the age of 22 months, the
proximal apophysis of the ulna (tuber olecrani) fuses with
the olecranon. At the age of 2 years, the distal epiphysis of
the radius and that of the ulna start to fuse with the
46
respective shafts. Early in the third year, the distal radius
and distal ulna shafts start to connect in males, and half a
year later in females. In the fourth year, this radius–ulna
connection is firm, without noticeable difference between
males and females. Length growth stops at the age of 2
years, before the distal connection between radius and
ulna.
Since length growth stops when the distal epiphyses start

to fuse, all distal fragments with complete fused epiphyses
are considered adult. The same is true for proximal
fragments with traces of fusion between radius and ulna,
because this fusion starts only after the distal epiphyses are
fused. Distal shafts that show no trace of the ulna cannot
be aged properly, because they may represent juveniles at a
stage before the connection between radius and ulna, or
(sub)adults of a group that does not develop such firm
connections anyway.
Taking this into account, the following ontogenetic

groups are represented by the radii. Adult: 25 proximal
parts, 19 distal parts, two shaft fragments, the three
complete radii, and the almost complete radius; juvenile:
five proximal parts, four distal parts, and four complete
shafts; ontogenetic stage unknown: four proximal parts,
seven proximal fragments, three distal fragments, and 11
shaft parts.

4.3. Comparison material

Hoplitomeryx is here compared to three Pleistocene
island deer: Candiacervus Kuss, 1975 from Crete (Greece);
Cervus astylodon (Matsumoto, 1926) from the Ryukyu
Islands (Japan), and Megaloceros Brookes, 1828 from
Sardinia–Corsica (Italy–France).
Materials of Candiacervus (C. ropalophorus De Vos,

1984, spp. II, C. cretensis Simonelli (1907); C. rethymnensis

Kuss, 1975; C. dorothensis; C. major Capasso Barbato and
Petronio, 1986, are stored at the Museum of Geology and
Palaeontology, National and Kapodistrian University of
Athens, Greece. Additional data for C. ropalophorus and
C. cretensis were taken from De Vos (1979); additional
data for C. dorothensis and C. major come from Kotsakis
et al. (1976), who refers to these species as ‘Cervo taglia
media’ and ‘Cervo taglia grande’, respectively. For
C. astylodon, data were taken from Matsumoto and
Otsuka (2000) and from (De Vos (2006) appendices 1 and
2); for M. cazioti, data were taken from Klein Hofmeijer
(1996) and for Megaloceros sardus, data were taken from
Van der Made and Palombo (2006).

4.4. Measurements

The following measurements are taken, following Heintz
(1970): DAPP, antero-posterior diameter of proximal
articulation; DTP, transverse (medio-lateral) diameter of
proximal articulation; DAPD, antero-posterior diameter of
distal articulation; DTD, transverse (medio-lateral) dia-
meter of distal articulation; L, length. All measurements
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are the maximum values. For the distal humerus, this
implies that DTD is measured from the lateral side of the
lateral epicondyle to the medial side of the medial
epicondyle, and that L is measured from the proximal
end of the greater tubercle to the distalmost extension of
the condyle.

Measurements are in 0.1mm, and were taken with a
Mitutoyo digital caliper (Absolute Digimatic, model CD-
15DC).
5. Results

The massivity index of the distal part (DAPD/DTD) of
the humerus shows, practically speaking, a continuous
range from 0.61 (San Nazario 4, Pizzicolli 1, Pizzicolli 12)
to 1.04 (Pizzicoli 1). No clear size groups can be discerned.
The relation between broadness (DTD) and massivity is
not clear, since the broadest specimen (DTD 49.0mm) has
an index of 0.76, while the next one in the range (DTD
45.3mm) has an index of 1.04, and, respectively. Vice
versa, two of the narrowest specimens (DTD 25.5mm and
27.8mm) have indices of 0.94 and 0.73, respectively.
Fig. 4. Diagram of the distal transverse diameter (DTD) of the adult

humerus and the proximal transverse diameter (DTP) of the adult radius

of Hoplitomeryx. The distribution shows three and two size groups,

respectively. The largest class is represented by juvenile fragments only,

indicated with an open rhomboid; this situation is similar to that with the

metapodals (Van der Geer, 2005a). In the case of the humerus, the juvenile

fragments cannot be measured, but seem to be slightly larger in DT than

size 4 of the radius. The smaller size class (1 and 2) overlap in DT in radius

as well as in humerus (see also Fig. 5).
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Based upon the distal transverse diameter (DTD) of
the humerus, combined with the proximal transverse
diameter (DTP) of the radius (Fig. 4), two size
groups can be discerned in the adult specimens of
humerus as well as of radius. Large juvenile proximal
humerus fragments are, however, also present, and they
are to be assigned to a larger size class. The DTP/L
scatter for the proximal radius (Fig. 5) indicates that
the first size group, at least as far as the radius is concerned,
in actual fact consists of two size groups, and that
the second size group in the DTD diagram is thus the
third size group. Apart from the adult specimens, there
are a large juvenile distal epiphysis of the radius and a
juvenile olecranon, possibly of the same ontogenetic
age, which are both clearly larger than the largest
adult specimen. They are to be assigned to a fourth size
class.
Since it is not logic that there are four size classes for the

proximal radius and only three for the distal humerus, I
assume that the largest size class of the humerus coincides
with the fourth size class of the radius, based upon
comparable size and the fact that they both are represented
by juvenile material, as is the case for the metapodals (see
Section 3.1). I further assume that the first size group of the
humerus corresponds to the first two size groups of the
radius, based upon DTD of the humerus and DTP of the
radius, which are expected to be similar; needless to say
that DTD of the humerus is always somewhat larger than
DTP of the radius, due to the additional width of the
humeral epicondyles.
The resulting size classes of the humerus are then as

follows (from small to large):
�
 Sizes 1 and 2 (Fig. 6A). Length of the combined
and inseparable cluster of sizes 1 and 2 varies between
89 and 140mm; DTD ¼ 25.5–39.2mm. This size
group includes the complete, but heavily damaged
specimen from San Giovannino (L ¼ 125mm,
DTD ¼ 34.2mm), which falls in the upper part of the
cluster. The specimens come from the following fissures
(in alphabetical order): Chiro 10a, Chiro 20a, Chiro 28a,
Chiro D3, Fina H, Fina N, Gervasio 1, Pizzicoli 4,
Pizzicoli 12, Posticchia 1B, San Giovannino and San
Nazario 4.

�
 Size 3 (Fig. 6B). Length of the second size group in the

diagram varies between 158 and 175mm;
DTD ¼ 44.4–49mm. Three distal parts and one prox-
imal part can be assigned this size group; they come
from the following fissures (in alphabetical order): Chiro
E, Pizzicoli 1 and San Giovannino.

�
 Size 4. The largest specimens are represented by

fragments only: a medial epicondyle from Pizzicoli 1,
and a greater tubercle from S. Giovannino, which
seem similar in size. The size cannot be more than
a rough estimation, but seems to be about twice that
of size 3 (L ¼ c. 310–350mm). The fact that the
largest metacarpals, metatarsals, radii and cranial
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Fig. 5. Bivariate diagram of the proximal transverse diameter (DTP) of the radius against maximal length. The distribution shows three adult size classes,

which indicates that the two smaller size classes of Fig. 4 actually consist of two size classes. The fourth class consists of a juvenile specimen; its DTP and

length can only be estimated, based on its DTD, and is not meant to represent the actual size of class four when adult.

Fig. 6. Examples of two size classes of the humerus. To the left, size 1, 2

(rgm 425.323 from San Giovannino) and to the right, size 3 (rgm 178.487

from Chiro 20E). Scale bar ¼ 2 cm.
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fragments are represented by juvenile fragments strongly
indicates that these two fragments, too, belonged to
juveniles.
48
The resulting size classes of the radius are as follows
(from small to large) (Fig. 4):
�
 Size 1. L ¼ 107.6–127.1mm. The minimal DAPP is
11.6mm, and the minimal DTP is 22.5mm. The maximal
diameters are impossible to specify with the present data,
because they gradually merge with those of the next size
group, and the amount of overlap, if any, is not known (see
also the large cluster for the DTD of the humerus). For
DAPP, the upper limit may be c. 16.3mm and that for DTP
29.5mm. DAPD ¼ 12.3–18.2mm, DTD ¼ 22.5–29.1mm.
The specimens come from the following fissures (in
alphabetical order): Aucelli 2, Biancone 2, Chiro 28a, Chiro
D1, F1, Gervasio, San Nazario 4, Pizzicoli 1, Posticchia 1B,
Posticchia 4 and San Giovannino.

�
 Size 2. L ¼ 180–192.7mm. The maximal DAPP is

17.6mm, and the maximal DTP is 32.4mm. The lower
limits cannot be separated from the upper limits of size
class 1, but may, respectively, be 12.7 and 25.9mm.
DAPD ¼ 18.8–21.8mm, DTD ¼ 26.4–30.4mm, with
overlap with size 1. The specimens come from the
following fissures (in alphabetical order): Gervasio, San
Giovannino and San Giovannino Low.

�
 Size 3. L ¼ c. 280mm, DAPP ¼ 21.1–21.7mm,

DTP ¼ 41.2–43.6mm. No measurable distal parts are
available. The specimens come from the following
fissures (in alphabetical order): Fina N, Gervasio, San
Giovannino and San Nazario 4.

�
 Size 4. The largest size class is represented by a juvenile

specimen only: a distal epiphysis from San Nazario 4.
DTD ¼ 51.7mm, DAPD ¼ 33.7mm. A rough estima-
tion of its DTP ¼ 52.5mm, since DTP is only slightly
larger than DTD in Hoplitomeryx size classes 1 and 2.
The size may be twice that of size 2, which would imply
L ¼ c. 360–386mm. Of comparable size is a juvenile
olecranon from Chiro D1.
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6. Discussion
6.1. Size classes

In Hoplitomeryx, two adult smaller size groups and one
large juvenile size group can be recognized in the humerus,
whereas one additional adult size group is present in the
radius. This implies that there are three (humerus) or four
(radius) size groups. For the metacarpal and metatarsal
material, three adult sizes and one larger juvenile size were
earlier distinguished, which makes four size groups in total.
The conclusion seems, therefore, warranted that in the
post-cranial material of Hoplitomeryx, four size classes are
present. There are three ways to explain these size
variations: they are the result of either ecological or
temporal differences between the fissures, or they are
based upon sexual dimorphism acting on two size groups.

This situation is comparable to what is the case in three
other extinct island deer: Candiacervus from Crete,
C. astylodon from Ryukyu Islands, Japan and Megaloceros

from Corsica–Sardinia; all three of Late Pleistocene age. In
material of these three deer, different size classes are
present. In the case of the first two species, the material
seems to come from localities of the same age and come
from the same levels, which indicates ecological differences
between the localities (De Vos, 1979, 2006; Dermitzakis
and De Vos, 1987). In the case of the Sardinian M. cazioti,
on the other hand, the material belongs to localities of
different ages. The material from the geologically older
localities is significantly larger (25–40%) than that of the
younger localities, and has recently been ascribed to a
different species, M. sardus Van der Made et Palombo,
2006; an even larger species has been reported from a still
older locality (Palombo et al., 2003; Palombo and Melis,
2005). The three species form a lineage with a clear trend
towards size decrease (Palombo and Melis, 2005; Van der
Made and Palombo, 2006, p. 174).

An interesting parallel between Hoplitomeryx and
Candiacervus is the presence in these two genera of an
extremely large morphotype, more or less of the same
gigantic size. The Cretan C. major had extremely elongated
metapodals, relatively and absolutely much longer than
any contemporaneous mainland deer, including Megalo-

ceros giganteus (Capasso Barbato and Petronio, 1986).
Now it appears that Hoplitomeryx presents a second
example of such ‘giraffid/camelid’ legs.

6.2. Temporal differences

In the case that the various Hoplitomeryx morphotypes
reflect temporal differences between the fissures, two
scenarios can be thought of.

Firstly, the morphotypes are the result of successive
invasions from the mainland, e.g. as suggested for
Candiacervus on Crete (Kuss, 1975; De Vos, 1984, however
cf. Capasso Barbato, 1992; Caloi and Palombo, 1996; De
Vos, 1996, 2000), and the rodents on the Gargano (De
49
Giuli et al., 1987), or of successive faunal exchanges
between neighboring islands (Freudenthal, 1976, 1985,
p. 46; Freudenthal and Martı́n-Suárez, 2006, p. 21). The
Gargano has been considered part of a larger archipelago
(Apulo-Dalmatic Realm) to explain the variation and
trends observed in the micromammals (De Giuli and Torre,
1984; De Giuli et al., 1985, 1987) and in the ochotonid
Prolagus (Mazza, 1986). Such an archipelago cannot be
confirmed on geological grounds (Abbazzi et al., 1996), but
instead a larger, insular paleobioprovince, including the
Abruzzo region, is indicated by the presence of a similar
fauna at Scontrone. This implies that the Gargano was just
part of a very large island, and not a smaller island within
an archipelago. For Hoplitomeryx, the multiple invasion/
faunal exchange option can be excluded for another
reason—the high degree of similarity between the different
size classes. They all (except maybe for the largest size)
share the unique Hoplitomeryx features, and since this
family has a restricted distribution, it is not likely to
assume multiple invasions with a similar bizarre morphol-
ogy with five horns and sabre-like canines. Scenario one
can thus be abandoned.
Secondly, the morphotypes represent a cross-section

through history, and the various types (chronomorphs)
represent stages in the process of insular evolution, in this
case following a trend towards dwarfism. This then implies
that the smaller specimens are, geologically speaking, the
younger ones, and, vice versa, that the larger specimens are
more close to the ancestral species, as is the case with the
M. sardus–M. cazioti lineage. The abundance of remains of
the two smaller size groups and the scarcity of those of the
two larger size groups seem to confirm the view of
chronomorphs. On the other hand, the observation that
the different sizes are not neatly distributed over the
different fissures, and the fact that the oldest fissure
(biostratigraphically dated based on the evolutionary stage
of the Mikrotia lineages, see Freudenthal, 1976) ‘already’
contain the smallest Hoplitomeryx, contradict this option,
as well as the coexistence of more than one size group in
some fissures, see for example radius size class 1 and 4 in
San Nazario 4. The coexistence of two or more size groups
per fissure group might also be explained by a mixture of
early and later, reworked infillings of the fissures. In that
case, the different size groups are chronomorphs as well.
The hypothesis of chronomorphs, subject to a trend
towards dwarfism, therefore remains open.

6.3. Ecological differences

In the case that the various Hoplitomeryx morphotypes
reflect ecological differences between the fissures, I can
think of only one explanation—that of adaptive intraspe-
cific radiation, in which the various morphotypes are
contemporaneous ecomorphs. The main driving force in
this case is the urge to occupy new ecological niches,
caused by interspecific competition for food and area.
Such processes are described for some mainland rodent
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communities (Dayan and Simberloff, 1994; Parra et al.,
1999), but also for a highly endemic rodent, the murid
Mikrotia of the same Gargano island (Millien-Parra, 2000),
and are suggested for the bovid Myotragus of Mallorca
(Palombo et al., 2006, p. 160). As a matter of fact, different
species of Cervidae occurring in the same mainland habitat
under natural conditions are, as a rule, of considerably
different size. In the case of exception to this rule, for
instance Rucervus duvauceli (Cuvier, 1823) and Rusa

unicolor Kerr, 1792 in some parts of India, the species
occupy different ecological niches or in some cases a
slightly different habitat (Van Bemmel, 1973, p. 295).
A similar situation seems to exist in Candiacervus, because
the morphology of its dentition varies between the various
size classes (De Vos, 1984), which strongly indicates
adaptations to different diets; this is also confirmed by its
post-cranials (Van der Geer et al., 2006). Back to the
Gargano, a clear example is shown by Mikrotia, because in
this genus, three lineages are present in fissures Chiro 27
and younger, two lineages in the slightly older Chiro 7 and
only one in fissures Fina D and older (Freudenthal, 1976;
Millien and Jaeger, 2001). The three Mikrotia lineages can
be considered ecological variants. They are each subject to
gradual size increase (large and medium lineage) or
decrease (small lineage) (Freudenthal (1976), based on
molars; Millien and Jaeger (2001), based on incisors).

As for Hoplitomeryx, different morphologies are in fact
seen in the astragalus (Van der Geer, 1999), and in the
articulation areas of the distal radius and the proximal
metacarpals (unpublished data); the explanation of which
is still unclear.

6.4. Sexual dimorphism

Theoretically, the four size groups could alternatively be
explained as two size groups displaying a clear sexual
dimorphism without overlap between the sexes. The role of
sexual dimorphism is not known for Hoplitomeryx. The
fact that there are many, many isolated horncores and
canines indicates that horns were borne by both sexes, but
whether they had a different size and/or morphology is not
known. Generally, sexual dimorphism does not separate
limb bones nicely into two separate clusters, but rather
‘elongates’ the cloud in bivariate plots. In the case of
Hoplitomeryx, the plots for all post-cranial elements
(unpublished data), all show marginally elongated clusters,
nicely separated into size groups. Furthermore, there is no
way to explain the incredible size difference between the
huge juvenile specimens and the medium-sized adult
specimens in terms of sexual dimorphism. Lastly, sexual
dimorphism in ruminants decreases with decreasing body
weight (Loison et al., 1999). It appears that no ungulate
species under 20–30 kg is dimorphic. Precise estimation of
body size of the Hoplitomeryx groups is beyond the scope
of this paper, but an estimation of body mass, based only
upon humerus length, yields the following results (based
upon Scott, 1990). Size 3 has an estimated body mass
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between c. 50 and c. 36 kg. Here, dimorphism might play a
modest role, but in any case not in relation to the huge,
juvenile size 4. A comparable sized deer is Axis porcinus, in
which the males weigh c. 40 kg and the females 30 kg
(Geist, 1998, table A5). Size dimorphism then is in the
magnitude of 25%, not more. The range in size 3 is not in
conflict with this, and size 3 thus may very well include
males at the right side and females at the left side, but both
within one and the same cluster. The largest size 2 specimen
has an estimated body mass of c. 23 kg. This is the size of
C. capreolus, in which males weigh c. 23 kg and females c.
20.6 kg (data from Geist, 1998). The smallest size 1
specimen had a body mass of only c. 5–6 kg. This is the
size of Pudu mephistopheles, which shows no dimorphism
(data from Geist, 1998). The two smallest Hoplitomeryx

size groups can therefore not be explained by sexual
dimorphism.

6.5. Concluding remarks

At present, it seems impossible to exclude either of the
two options (chronomorphs versus ecomorphs). In fact, a
combination is even possible, more or less comparable to
Mikrotia, in which several lineages coexist, each subject to
gradual change in body size. In all cases, however, the
genus Hoplitomeryx as found on the Apulia-Abruzzi paleo-
island is monophyletic, because the option of successive
invasions/faunal exchanges cannot be confirmed. The
smallest Hoplitomeryx is therefore either the geographically
speaking youngest form (chronomorph), or an extreme
adaptation (ecomorph); vice versa for the largest Hoplito-

meryx. The fact that none of the tenths of fissures contains
one morphotype only, and the fact that none of the four
morphotypes is restricted to one fissure only, highly
complicates the matter. The comparable cases of Hoplito-

meryx, Candiacervus and C. astylodon remain unsolved to
date. It may be that these species provide exceptions to the
general rule, in contrast to other Pleistocene insular
artiodactyls, e.g. the Myotragus lineage (Mallorca; Bover
Arbós, 2004; Bover and Alcover, 2005), and the Mega-

loceros lineage (Sardinia–Corsica; Van der Made and
Palombo, 2006), which progressively decrease in size.
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383–402.
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K. (Eds.), The Miocene Land Mammals of Europe. Pfeil Verlag,

München, pp. 435–442.

Pallas, P.S., 1779. Spicilegia zoologica quibus novae imprimis et obscurae

animalium species iconibus, descriptionibus atque commentariis

illustrantur. Fasciculus decimus tertius. Voss, Berolini, pp. 27–28.

Palombo, M.R., 2005. How can endemic elephants help us understanding

the ‘‘island rule’’? In: Agenbroad, L.D., Symington, R.L. (Eds.), 2nd

World of Elephants Congress: Short Papers and Abstracts. Mammoth

Site Scientific Papers 4.

Palombo, M.R., Melis, R., 2005. Su Fossu de Cannas Cave (Sadali,

central-eastern Sardinia, Italy): the oldest deposit holding megalocer-

ine remains in the Pleistocene of Sardinia. Monografies de la Societat
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This report compares the astragalus of the endemic deer H o p l i t o m e ry x ( G a rgano, Miocene) with that of
a number of recent and fossil ruminants. It appears that the profile of the dorsal border deviates from
the expected situation. In addition, in many astragali the axis through the cranial and the caudal half
meet each other at an angle, yielding an oblique appearance. This situation resembles that of M y o t r a g u s
b a l e a r i c u s, another endemic ruminant from the Mediterranean. A probable explanation is the decrease
of muscular power needed, and the increase of stability, in relation to the convergence of the upper legs,
due to a larger abdomen. H o p l i t o m e ry x certainly was neither a runner nor a jumper.
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I N T RO D U C T I O N
Once upon a time, a five-horned deer lived
on the Gargano Island, now part of South
I t a l y. Its fossils were discovered in the
Mio/Pliocene sediments in karstic fissure fil-
lings in the late sixties and subsequent years
(Freudenthal 1971). After collecting and pre-
servation, Leinders (1984) described the cra-
nial fragments as belonging to a new cervid
family Hoplitomerycidae, a new genus
H o p l i t o m e ry x, and a new species H. matthei.
The postcranial elements have not been
described yet. They show many typical ende-
mic features, such as the functional fusion of
the navico-cuboid with the metatarsus of the
type as described by Leinders & Sondaar
(1974), shortening of a number of metapodia
(Alcover 1976) and in one case the fusion of
both malleoli with the tibia. These characte-
ristics could help to understand the evolutio-
nary processes that took place on islands in
general (s e n s u Sondaar 1977) and the
Miocene Mediterranean islands in particular.

In this paper the astragali of H o p l i t o m e ry x
are described. As there are clear mutual 
d i fferences, it is very likely that they belong
to more than one type or species, maybe
chrono-types, each probably with a diff e r e n t
habitat and/or diet, and consequently with a
d i fferent locomotion, which then should be
indicated by morphological differences. In
the present study the focus is on similarities,
as dissimilarities will be part of a later study,
that includes all postcranial elements.

M AT E R I A L
There is a number of determining characters
with the help of which Boesneck et al. ( 1 9 6 4 )
and Heintz (1970) were able to distinguish
taxa from each other, respectively goat from
sheep, and cervids from bovids. These char-
acters are taken as a starting point for the
present study. The studied material and the
material used for comparison are stored in the
National Museum of Natural History, Leiden
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(The Netherlands). They include the 
following species: 
H o p l i t o m e ry x sp., Axis axis, Duboisia santeng, Bison
priscus, Bos primigenus, Megaloceros giganteus, A l c e s
alces, Candiacervus ro p a l o p h o rus, Cervus elaphus,
E u c l a d o c e ros tegulensis, Cervus rhenanus, Capre o l u s
c a p reolus, Rangifer tarandus, Ovis aries, Capra hirc u s,
and Sus scro f a.
The last three species have also been studied
from private collections. Myotragus baleari -
cus BAT E, 1909 is stored in the ‘Institut
Mediterran d’Estudis Avançats’, Palma de
Mallorca (Balearics, Spain). T h e
H o p l i t o m e ry x material consists of 72 astraga-
li, from twenty different localities within the
G a rgano region.

B I O M E T RY

O b s e rv a t i o n
The massivety index 100 x DT- d i s t a l / L
appears to be a rather good discriminator
between sheep and goat, with some overlap

and no sex dimorphism at all (Boesneck
1964: 101). The DT-distal is the width of the
caput, or lower trochlea, of the astragalus.
The length is the maximum length of the
lateral, or external side. DT-distal is indicated
with a by Boesneck (1964, in fig. 58: 102),
and with GG’ by Hue (1907, plate 14, fig.
3);  length is resp. b and LL’, same figures.
If we compare Boesneck's figures with ours,
we get the result as given in Table 1. Data
from M y o t r a g u s are provided by P. Bover
(Institut Mediterrani d’Estudis Av a n c a t s ,
Palma de Mallorca, Spain); data from
C a n d i a c e rvus ro p a l o p h o ru s were calculated
on the basis of data from John de Vo s
(Naturalis, Leiden, The Netherlands).

From the scatter diagram (Fig. 1) it becomes
clear that the individual H o p l i t o m e ry x l o c a l i-
ties each contain a range of variation of the
massivety index, in other words, there is no
such thing as locality specificity of the massi-
vety index. Based on this, a division into
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Table 1  Massivety index of some ruminants. Island endemics are indicated with an asterisk *.
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several types is impossible. All taxa show a
rather wide range, probably due to the fact
that it is impossible to determine age with
astragali, as there is no epiphysis. Conse-
q u e n t l y, large juveniles and small adults 
cannot be discriminated; the same is true for
young males and full-grown females (Klein
Hofmeijer 1996: 195), although Boesneck e t
a l . (1964) couldn't find a sexual dimorphism.
With fossils, it may prove possible to assign
the light and porous specimen to juvenile 
animals. If this is done with C a n d i a c e rv u s
ro p a l o p h o ru s size group 2, the massivety
index is 64,4 (N=8, range 61,1-70,3).
H o w e v e r, also taphonomic factors might
result in light and porous specimens.
The mean for H o p l i t o m e ry x lies at 65, which
indicates that the modal H o p l i t o m e ry x has a
more massive astragalus than Capra hirc u s,
the endemic C a n d i a c e rvus ro p a l o p h o ru s a n d
Myotragus balearicus; is equally massive as
Ovis aries, but less massive than Bison priscus.

D i s c u s s i o n
It is remarkable that the continuous
H o p l i t o m e ry x range is larger than most other
taxa. This may be due to the fact that the 
collection consists of more than one type, as
in the case of C a p r a and O v i s (Boesneck e t
a l . 1964, took 18 different goat races and 33
sheep races from all over the world).
However, the range of dwarf Capra falls with-
in the normal C a p r a range, so one would
expect the dwarfed endemic H o p l i t o m e ry x
also fall within the colonisers range. A n o t h e r
conclusion might be that we deal with several
species, not with several types. We get the
same picture as we lump Ovis aries a n d
C a p r a h i rc u s together; in that case we get a
range of 15,5.  In doing so, we disregard the
fact that islands and continents might show a
d i fferent type of evolution.

A comparable island situation is provided by
Myotragus balearicus from Cova Estreta.

Figure 1  Massivety index of the H o p l i t o m e ry x a s t ra g a l u s .
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Myotragus balearicus from the Pleistocene is
further evolved than Myotragus kopperi f r o m
the Late Pliocene/Early Pleistocene. The last
species is, in its turn, a descendant of
Myotragus antiquus from the early Late
Pliocene, regarding the trend to monophyo-
donty and ever-growing incisiform series
(Bover & Alcover in press, Alcover et al.
1981). Myotragus balearicus from Cova de
son Maiol (Late Pleistocene) is older than
those from Cova des Moro (Holocene; Moyá-
Solá 1979: 89) and Cova Estreta (Bover &
Alcover in press). As we can notice, there is
an increase of massivety in M y o t r a g u s, 
although Myotragus kopperi somewhat dis-
turbs the picture. At the same time the varia-
bility in the most recent Myotragus baleari -
c u s has increased considerably. Only the 
l a rgest continental artiodactyle species,
M e g a l o c e ros giganteus and Bison priscus,
have a similarly wide range. An explanation
for this fact on the continent may be the
increase in sex and age differences in larg e
species. Another explanation may be the
composition of the populations: whereas the
species with a smaller range appear to be
found in well-defined, small localities, the
others are not. They might consist of speci-
mens originating from different herds or,
even worse, from different times.
The increase in massivety is also seen in
C a n d i a c e rv u s, where size 1 is smaller than
size 2. Both have shortened metapodals.
H o w e v e r, the restricted variation within size
1 is striking, see also its metatarsals (De Vo s
1979: 70). The larger range is found in size 2,
which is found at the site of Liko, where also
size groups 3, 4 and 6 were found. This fact
might explain part of the variation in the 
astragali, as ontogenetic age cannot be deter-
mined (Klein Hofmeijer 1996: 195), which
might result in a confusion of young indivi-
duals of size 3 with adult individuals of size 2.

The high variability in H o p l i t o m e ry x is of the
same order as the most recent M. balearicus
and C a n d i a c e rvus ro p a l o p h o ru s size 2, indi-
cating the co-existence of several types. T h e

massivety is large compared to other cervids,
so their locomotion must have been powerful,
probably characterised by endurance, but not
very swift; the 'low gear locomotion' s e n s u
Sondaar (1977). The massivety, however,
doesn't tell us much about stability, a factor
that accompanies the low gear type of loco-
m o t i o n .

MORPHOLOGY OF THE DISTA L
B O R D E R

S t a rting point
The morphological differences between 
cervids and bovids as shown by Heintz
(1970) might be used as a factor in the 
classification of H o p l i t o m e ry x. Heintz (1970)
chose Gazellospira tort i c o r n i s and C e rv u s
p a rd i n e n s i s as examples for, respectively,
bovids and cervids. Heintz himself already
was aware of the problem of discriminating
these two families, as he wrote not to have
found any evidence for a good criterion to
distinguish the astragalus of cervids from that
of bovids (Heintz 1970: 49). The only diff e-
rential criteria that can be applied more or
less to the Villafranchian ruminants are to be
found at the level of the lower trochlea. T h e
cervid transverse profile of the distal part of 
the lower trochlea has the following characte-
ristics (Heintz 1970: 49-50): (1) the horizon-
tal part of the external condyle suddenly
ascends to the median gorge; (2) the position
of the median gorge is shifted a bit medially;
(3) the internal condyle is smaller than the
external one, and ascends progressively to the
median gorg e .

C o n t r a r i l y, the bovid astragalus has a more
symmetrical profile, with equally large con-
dyles, that both ascend progressively and
regularly to the median gorge, which occu-
pies a median position.

O b s e rv a t i o n
When we look at the undamaged
H o p l i t o m e ry x astragali (n=50), we see that 16
specimens have a convex external condyle,
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whereas 18 specimens have only a very small
flat area on the external condyle; 16 speci-
mens could not be discriminated properly.
The differences are, however, marg i n a l l y.
Specimens with a convex condyle are from
San Giovannino (n=3), Gervasio (2), Nazario
2 A (1), Chiro D2 (1), Chiro D3 (2), Chiro
2 8 A (1), Falcone 2B (1), Fina N (2), and
G a rgano (3). Specimens with a horizontal
area are from Gervasio (2), Posticchia (1),
Nazario 4 (4), Chiro D3 (1), Chiro D1 (1),
Chiro 29 (1), Posticchia 5 (1), Nazario 2B
(1), Nazario 3 (1), Pizzicoli 12 (2), and
G a rgano (3). The internal condyles are round
or end horizontally, and do not ascend
medially; they are cut off abruptly. The round
external condyle is unique for cervids, but is
found in bovids like Gazellospira tort i c o r n i s
and the endemic M y o t r a g u s. Another ende-
mic deer, C a n d i a c e rvus ro p a l o p h o ru s, has a
flat area on the external condyle. C e rv u s
p a rd i n e n s i s and C e rvus philisi philisi are the
most comparable cervids in this respect, with
their slightly convex external condyles. T h e
non-ascending internal condyle is of the
C e rv u s t y p e .

D i s c u s s i o n
As we have seen above, the differences often
are not as obvious as Heintz (1970) shows, so
the navico-cuboid, or the basitarsale is useful
as additional discriminator. In comparing the
various astragali, it appeared that most 
astragali show a mixture of bovid and cervid
characteristics. In none of the bovid species a
sharp median gorge could be found as 
depicted by Heinz (1970) for G a z e l l o s p i r a
t o rt i c o r n i s, except for some Myotragus 
b a l e a r i c u s specimens (Cova Estreta). T h e
median gorge is always placed asymmetrical-
l y, except in Bos tauru s and Gazellospira 
t o rt i c o r n i s, where we find a symmetry.

Almost all external condyles appear to have a
flat area that has a latero-distal orientation as
in some Bos primigenius and Ovis aries, or
that is horizontal, as in other B o s
p r i m i g e n i u s, Bos tauru s and most cervids, or

that has a latero-proximal orientation as in
C e rv u s c u s a n u s, C e rv u s p e rr i e r i and some
Myotragus balearicus specimens (Cova
Estreta, Cova de Son Maiol). The only round,
or convex external condyle seems to be found
in some Myotragus balearicus (Cova Estreta,
Cova de Son Maiol) and in some
H o p l i t o m e ry x. The flat area on the external
condyle ascends abruptly to the median gorg e
in most cervids and in O v i s, whereas it
ascends gradually in Bison priscus, Bos 
p r i m i g e n i u s, Bos tauru s, C e rv u s p a rd i n e n s i s
and C e rv u s philisi philisi. The interior 
condyle ascends medially, reaching almost or
exactly the same level as the median gorg e ,
with a corresponding broadening of the
medial part of the basitarsale, in the bovids,
in Alces alces and Rangifer tarandus. It
seems to be cut off, without reaching the
level of the median gorge, or ends horizontally
in most cervids. In C e rv u s ramosus ramosus
an O v i s-like interior ascending condyle is
found, however, not with a corresponding
broadening in the basitarsale. The interior
condyle is round in Bison priscus, Bos primi -
g e n i u s, Bos tauru s, Myotragus balearicus ( i n
some specimens even ascending beyond the
level of the median gorg e ) , R a n g i f e r
t a r a n d u s, Alces alces, and M e g a l o c e ro s
g i g a n t e u s. It is elliptical in Ovis aries,
C e rv u s ramosus ramosus, and C e rv u s p e r -
r i e r i, and with a flat area in C e rv u s e l a p h u s,
E u c l a d o c e ros ctenoides, C e rv u s rh e n a n u s,
C e rvcus pard i n e n s i s, C e rv u s c u s a n u s, C e rv u s
phisili phisili and E u c l a d o c e ros senezensis
s e n e z e n s i s. In short, it seems that diff e r e n c e s
in the morphology of the distal border might
tell us more about the functional aspects than
about the taxonomy. 

MORPHOLOGY OF THE MEDIAN
A X I S

O b s e rv a t i o n
What strikes most is the fact that the median
axis of the proximal and the distal condyles
are in line in all ruminants available in
Leiden. Whereas the very same median axes
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in the H o p l i t o m e ry x specimens cross each
other somewhere lateral of the median, and
meet each other at an angle. These astragali
therefore have a rather distorted appearance,
seen from dorsal. This appears to be a speci-
fic H o p l i t o m e ry x characteristic. In
M y o t r a g u s, a comparable situation is found,
but to a lesser degree as regards the proximal
part (Fig. 2). The obliqueness is not the same
in all specimens and attracts attention, parti-
cularly when the specimens are aligned in a
r o w. There are 26 specimens clearly oblique,
8 specimens that are only slightly oblique.
Three types can be distinguished:

type 1 is clearly oblique, and has no flat area
on the external condyle; it is found in S.
Giovannino (3), Gervasio (2), Nazario 2A ( 1 ) ,
Chiro D3 (2), Chiro D2 (1), Chiro 28A ( 1 ) ,
Falcone 2B (1), Fina N (2), and unknown
localities (3);

type 2 is slightly oblique, and has a flat area
on the external condyle; it is found in
Nazario 4 (3), Chiro D1 (1), Posticchia 5 (1),
Nazario 3 (1), Pizzicoli 12 (1), and an un-
known locality (1);

type 3 is clearly oblique, and has a flat area
on the external condyle; it is found in
Gervasio (2), Posticchia (1), Nazario 4 (1),
Chiro D3 (1), Chiro 29 (1), Nazario 2B (1),
Pizzicoli 12 (1), and unknown localities (2).

The most clearly oblique specimens are, for
example, the left astragalus RGM 425.331
(Gervasio), the right astragalus RGM 425.421
(Fina N), and the left astragalus RGM
425.424 (Fina N) (all type 1). The oblique-
ness of especially the first two goes in the
direction of recent S u s s c ro f a and the extinct
Protoceratidae (see Patton & Taylor 1973:
385). 

D i s c u s s i o n
If the proximal trochlea is oblique, then the
distal one has to be oblique as well, although
mirrored in the dorso-volar plane, to guaran-
tee the vector of the stress line. But which
advantage has this obliqueness? Some obli-
que specimens have a flat area on the distal
external condyle, where others have not. T h e
d i fference between the two Fina N speci-
mens, which have almost exactly the same
dimension, lies in the profile of the distal
b o r d e r. In the one the median gorge is much

Figure 2  The astragalus of (left) M y o t ragus baleari c u s (from Cova Estreta, number CES 51369), and (right) H o p l i t o m e ry x

(from Fina N, number RGM 425.421).
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d e e p e r, and the external condyle is round,
while the border is more flat in the other,
with the external condyle more gradually des-
cending than round. This is an important
observation, because the form and properties
of the distal border seem to have nothing to
do with the obliqueness. The result of the
obliqueness is that the lower leg converges to
the median, in other words, the animal was
O-legged at the level of the ankle, in
H o p l i t o m e ry x even more than in M y o t r a g u s.
It can be seen as a correction of the diverg i n g
femur and tibia, so that the axis through the
phalanxes is vertical again. This decreases
s t a b i l i t y, increases speed, and, very impor-
tant, reduces the muscular power needed. In
S u s, this form makes quick and sharp turns
possible, without spraining of the ankle. In
H o p l i t o m e ry x and M y o t r a g u s turning is high-
ly improbable, as the fusion of the grand
cuneiform with the navico-cuboid in
M y o t r a g u s and the further fusion of this com-
plex with the metatarsus in H o p l i t o m e ry x
result in gain of stability, but loss of zig-zag
movements (Leinders & Sondaar, 1974). T h e
zig-zag movements are further prevented in
at least one H o p l i t o m e ry x specimen by the
fusion of the os malleolare with the tibia
(RGM 261.517, S. Giovannino). A l c o v e r
(1976) and Sondaar (1977) relate the 
morphology of the tarsus of M. balearicus
with the adaptation to an environment where
the lack of carnivores and the presence of a
mountainous area favour the development of
this special type of locomotion. The greater
strength, stability and stiffness of the tarsal
joint is more advantageous than speed and
allows more possibilities of movements (see
also Moyá-Solá 1979: 90).

D i v e rgence of femur-tibia is seen in dwarfed
herbivores, due to the relatively large abdo-
men. Further enlargement of the abdomen is
necessary in cases where food is scarce and
d i fficult to digest, a situation not improbable
on a karstic island (see also the situation in
M y o t r a g u s, which even ate the toxic B u x u s
(Alcover et al. in press). The very muscular

aspect of the lateral side of the astragalus in
both H o p l i t o m e ry x and M y o t r a g u s indicates a
significant muscular action, in other words,
climbing and maybe also jumping, in a
mountainous region, carrying a relatively
l a rge body mass.

R E L ATION TO OTHER SKELETA L
E L E M E N T S

T i b i a
The small tibia RGM 425.144 (Chiro D1),
which resembles Axis axis as to the S-curved
shape but which measures only about two-
third of this deer, only fits to the clearly obli-
que astragali of type 3, the best with RGM
261.746 (Gervasio). The distal articulatory
facets are deeper in Axis axis than in RGM
425.144, which means less pronounced 
proximal condyles of the astragalus, and 
consequently less dorsal-plantar flexibility
than in Axis axis. The muscle M. tibialis c r a -
n i a l i s must have been well-developed: the
proximal fossa on the dorsal side, lateral
from the crista tibiae is deeper than in A x i s
a x i s. The action of this muscle is extension of
digit II, and rotation of the foot in a lateral
direction. Development of this muscle indica-
tes a powerful thrust, which is contradicted
by less pronounced astragalus condyles, or a
d i v e rgence of the tibia. The distal tibia RGM
261.756 (Gervasio) differs from RGM
425.144: no clear muscular fossa, wider and
shallower middle part between both trochlea-
fossae, dorsal plain not concave but simply
straight, even more straight than in O v i s
a r i e s. Still, an oblique astragalus likes RGM
425.421 (type 1, Fina N) fits very well. T h i s
means that here both flexibility and strength
are restricted. The distal tibiae that fit the
type 2 astragali also fit the type 1 astragali, as
could be expected regarding the distal articu-
lation which resembles that of tibia RGM
261.756. Their distal part are all rather broad
(medio-lateral), have a rather broad middle
part between the fossae for the trochleae (in
the larger specimens relatively broader), that
are not markedly deep. Fitting tibiae are from
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S. Giovannino (where astragalus type 1 is
found), Chiro D3 (where astragalus types 1
and 3 are found), and Stazione Poggio (no
astragali). Here, too, flexibility is clearly res-
t r i c t e d .

There is one unique distal tibia, RGM
261.517 (S. Giovannino), where the lateral
and medial malleoli are equally strong deve-
loped (both ossae malleolare here fused to
tibia), and bent slightly inward, so that the
articulation area is surrounded at all sides by
a high wall. It will be difficult to squeeze in
an astragalus. The only possibility is from the
plantar side. It is clearly not an ankylotic
joint, as the articulation areas are well deve-
loped and undamaged. The fossae for the
trochleae are deep, the bridge in the middle is
small, and has an oblique orientation. A s
regards the fossae, the medial proximal con-
dyle of the astragalus must be higher than the
lateral, but not much. A rather well-fitting
specimen is RGM 261.746 (Gervasio).
Flexion is possible to the same degree, or
even a bit further, than in Ovis aries, howe-
v e r, with a much greater stability. Extension
is possible as far as about 10 or 15 degrees
beyond the vertical position. Luxation to
medial or lateral is excluded definitely.
Extension in Ovis aries beyond the vertical
position is impossible. There are two solu-
tions to explain this adaptation: this
H o p l i t o m e ry x is either more plantigrade than
recent sheep, in which case phalanxes may
provide the solution, or is an excellent good
j u m p e r, in which case the knee may provide
the solution. Both aspects will be dealt with
in the near future.

M e t a t a r s o - n av i c o - c u b o i d
The possible flexion turns out to be quite nor-
mal, as can be concluded from the combina-
tion of the oblique RGM 177.933 (type 3)
and the even more oblique RGM 425.029
(type 1) with the fitting metatarsal RGM
261.215 (Posticchia 5). Another ad-hoc 
combination is the clearly oblique astragalus
RGM 425.331 (Gervasio) with the relatively

muscular metatarsal RGM 425.334
(Gervasio). What strikes furthermore is that
on this medium sized metatarsal the longitu-
dinal sulcus on the proximal part of the volar
diaphyse proceeds in proximal direction 
beyond the foramen nutricium, and thus on
the navico-cuboid part, till almost the 
proximal border. This phenomenon is hardly
detectable on RGM 261.101 (Nazario 4), and
a bit more clearly on RGM 261.215
(Posticchia 5). The oblique left astragalus
RGM 425.424 (type 1; Fina N) fits very well
to the fairly deviant, quite well-muscled left
metatarsus RGM 260.917 from S.
Giovannino Low. The type 1 oblique astragali
RGM 425.424 (Fina N) and RGM 425.331
(Gervasio) fit very well to the well-muscled
metatarsal RGM 260.917 (S.Giov. Low) and
RGM 425.334 (Gervasio) respectively.

The type of metatarsal that fits on RGM
261.746 (Gervasio) [this astragalus also fits
to the S-shaped, muscular tibia RGM 425.144
(Chiro D1)] is, for example, the complete and
not well-muscled, shortened RGM 261.101
(S.Giovannino). Other fitting specimen are
RGM 425.102 (Chiro 28), and RGM 177.930
( G a rgano), that both have approximately the
same appearance as RGM 261.101. Specimen
RGM 178.518 (S. Giov.) fits astragalus RGM
425.424 (type 1; Fina N) very well. To sum
up, flexibility of the lower part of the ankle
joint is normal, in contrast to that of the
upper part of the ankle. Lower parts of the
legs have a muscular aspect, indicating
flexion and extension of the toes.

Remarks on the chro n o l ogy
Freudenthal (1976) established a chronologi-
cal order between the different fissures on the
basis of evolutionary changes in molars of
M i c ro t i a. Ballman (1976) and De Giuli et al.
(1985) added some more fissures to the sche-
me on the basis of, respectively, birds and
micromammals. Unfortunately there are
many fissures that were not taken into
account. If other factors played a role in the
t a p h o n o m y, such as predators, and type and
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location of the fissure, then an order that fits
for a certain genus may prove to be false for
a n o t h e r. This can already be seen in the
Cricetidae line in Freudenthal (1976: 12-13).
Taking the massivety of the astragalus into
account, we see that there is no increase
between the localities. This is in conflict with
the thesis of a chronology between the locali-
ties, unless we accept the idea that
H o p l i t o m e ry x was already in a final adapt-
ational stage, as regards the massivety of the
a s t r a g a l u s .

Considering the profile of the distal border, it
might be that there is a certain diff e r e n c e
between the localities or 'layers' in this
respect, as only Gervasio and Chiro D3 con-
tain both types, and Nazario 2A d i ffers from
Nazario 2B. This should be in line with other
characteristics. The combination of this featu-
re with the degree of obliqueness results in
the three different types. If we accept the
evolution of a normal cervid type with a flat
area on the external condyle (types 2 and 3)
to a new type with a convex, M y o t r a g u s- l i k e
external condyle (type 1), and at the same
time the evolution of only slight obliqueness
(type 2) to notorious obliqueness (type 1),
with clear obliqueness as intermediary stage
(type 3), then the chronology would be as 
f o l l o w s :

L a t e : S. Giovannino, Nazario 2A, Chiro D2,
Chiro 28A, Falcone 2B, Fina N
Middle to Late: Gervasio, Chiro D3
M i d d l e : Posticchia, Chiro 29, Nazario 2B
Early to Middle: Nazario 4, Pizzicoli 12
E a r l y : Chiro D1, Posticchia 5, Nazario 3

H o w e v e r, there is also the possibility of co-
existing herds, each with a different habitat.
This is indicated if we consider the other
post-cranial elements as well. For example,
the shortened metatarsals are found in
Posticchia 5 and Nazario 4, whereas normal
metatarsals are found in S. Giovannino (both
upper and low) and Fina N. Metacarpals, too,
cannot consolidate the idea of chronology, as

the shortened specimens are from Gervasio,
and the normal specimens from S.
Giovannino (both upper and lower) and
Nazario 4. So, normal metacarpals and shor-
tened metatarsals are found together in
Nazario 4, and oblique astragali with a con-
vex external condyle are found together with
metatarsals of normal length. If Nazario 2A
and 2B are of approximately the same age as
Nazario 2 in Freudenthal (1976), then the two
types coexisted at already an early stage. 

If we take the fitting bones into considera-
tion, we see that a Chiro D1 tibia fits a
Gervasio astragalus, a Gervasio tibia fits a
Fina N astragalus, and finally that a Gervasio
astragalus, a Chiro D1 tibia, a S. Giovannino
metatarsal and a Chiro 28 metatarsal fit per-
fectly well. Their time distance cannot have
been very large, if we accept the above 
c h r o n o l o g y.

GENERAL DISCUSSION AND 
C O N C L U S I O N
Concerning the massivety index, the average
H o p l i t o m e ry x has a more massive astragalus
than C a p r a h i rc u s, C a n d i a c e rvus 
ro p a l o p h o ru s and Myotragus balearicus, 
equally massive as Ovis aries, but less massi-
ve than Bison priscus. Concerning the morph-
ology of the distal border, the H o p l i t o m e ry x
astragalus belongs to the cervids, as none of
the specimens show a clearly ascending
internal condyle. Only bovids show this latter
phenomenon, in addition to Alces alces a n d
Rangifer tarandus, which also have a bovid-
like internal astragalus condyle and corres-
ponding basitarsale. This can be explained by
the functionality of this construction, as it
gives more support medially and consequent-
ly more stability in a muddy environment
(Alces alces), during running on frozen or
otherwise very firm plains with many irregu-
larities (Rangifer tarandus and some bovids,
like Gazellospira tort i c o r n i s), or climbing
(other bovids, like Ovis aries and M y o t r a g u s
b a l e a r i c u s). In such environments, ankles are
very easily sprained. H o p l i t o m e ry x o b v i o u s l y

65



didn't have such problems, which is a bit
surprising as the avifauna indicates a karstic
landscape: a dry, rather open area with low,
bushlike flora and a limited growth of trees
(Ballmann 1976). The walking level in such
an environment is not horizontal, and full of
holes and sharp fissures. Maybe the stability
was ensured by the other characteristic: the
lack of the horizontal plane in half the speci-
mens, just as in the runner Gazellospira 
t o rt i c o r n i s and the climber Myotragus bale -
a r i c u s, and to a lesser degree in C e rv u s
p a rd i n e n s i s and C e rvus philisi philisi. One
reasonable functional explanation of this
feature at the moment is the increase of 
s t a b i l i t y, as a round condyle can hardly move
t r a n s v e r s a l l y. Such an articulation can only
make movements in dorso-plantar direction.
Zigzag movements are unlikely then, but
spraining during running, climbing and jum-
ping will hardly occur, if ever. Speed is lost,
but stability is gained. Another functional
explanation lies in the direction of the vectors
through the bone. In the case of a clear 
horizontal plane, like in E u c l a d o c e ro s
s e n e z e n s i s, the gravity vector goes vertical
through the bone, and acts on the horizontal
plane. A convex area means extra bone sub-
stance at the median, thus there must have
been more stress on the external condyle, as
bone grows only under pressure or tension.
This stress can be a result of convergence of
the feet, of landing after jumping, of a larg e r
body mass or a combination of factors. In M .
b a l e a r i c u s, the increased body mass, caused
by a larger rumen volume due to the 
digestion of B u x u s (Alcover et al. in press),
may be the most probable factor. In
H o p l i t o m e ry x the jumping would have been
the main factor, if only the elongated patella
and the muscular aspect of the lateral side of
the astragalus and the tibiae were taken into
account, as both indicate a heavy stress on
the extensors. The obliqueness of the 
astragalus, which is a clear characteristic of
H o p l i t o m e ry x and of many M y o t r a g u s, 
reveals the true reason for the extensor
action: convergence of the lower leg to 

compensate for the divergence of the upper
leg due to a larger abdomen. This 
c o n v e rgence avoids further muscular strength
needed, and increases stability. In M. 
b a l e a r i c u s there is even more stability, 
resulting from the round internal condyle; in
H o p l i t o m e ry x this is not the case, although
here the convergence is more pronounced.

Considering the differences and agreements
between the localities, we cannot find a proof
for a clear chronology for H o p l i t o m e ry x. If
there is a certain chronology, then it is for
H o p l i t o m e ry x not as clear as it is for M i c ro t i a
(Freudenthal 1976). The several types are 
distributed between the localities, without a
clear preference for one type per locality, as
in the case of C a n d i a c e rvus ro p a l o p h o ru s
from Crete and M y o t r a g u s from Mallorca.
Assuming the localities to be filled in a rela-
tively short time with a mixture of materials
contradicts the findings of Freudenthal
(1976). Thus, H o p l i t o m e ry x must have been
fully developed into several types already in
an early stage, and these types seem to have
co-existed, providing an example of adaptive
radiation. For convenience, these types can
be described as different species, but in that
case we have to realise that these species
have a completely different evolution and ori-
gin than continental, or ‘real’ s p e c i e s .
According to Van Bemmel (1973: 295), these
d i fferent species can have lived in the same
region and time, as different species of
Cervidae occurring in the same habitat under
natural conditions are, as a rule, of considera-
bly different size. In the case of exception to
this rule, for instance R u c e rvus duvauceli a n d
Rusa unicolor in some parts of India, the spe-
cies occupy different ecological niches or in
some cases a slightly different habitat (Va n
Bemmel 1973: 295). The H o p l i t o m e ry x t y p e s
d i ffer in size (normal situation) and/or in
morphology (Indian situation).
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Chapter 4 

 
 Systematic revision of the family Hoplitomerycidae 

(Cervoidea, Ruminantia, Mammalia) 
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Systematic revision of the family †Hoplitomerycidae (Artiodactyla: 
Cervoidea) 

 

ALEXANDRA A. E. VAN DER GEER 

Department of Geology, Naturalis Biodiversity Center, Leiden, the Netherlands. Email: 
alexandra.vandergeer@naturalis.nl, geeraae@gmail.com 

 

The analysis of postcranial, dental and cranial material of ruminant material from 
Gargano and Scontrone (Italy, Late Miocene) results in a reinterpretation of the 
poorly understood family †Hoplitomerycidae. Previously the two localities were 
considered part of the same bioprovince but with different geological age and 
inhabited by six anagenetic lineages of the genus †Hoplitomeryx. This is in 
contrast to the new analysis. Two distinct genera can be distinguished. The genus 
†Scontromeryx nov. gen. (Early Tortonian) is restricted to Scontrone and is the 
more primitive of the two judged by the presence of second premolars and the 
absence of a nasal (median) horn. The genus †Hoplitomeryx (Middle and/or Late 
Tortonian) is restricted to Gargano and is more derived than †Scontromeryx nov. 
gen. with the loss of the second premolar and the autapomorphic feature of a nasal 
horn. Both genera are characterized by orbital appendages in some species, but the 
morphology of these appendages differs between the genera. †Scontromeryx nov. 
gen. is represented by the six species †S. minutus (type species), †S. falcidens, †S. 
apulicus, †S. apruthiensis, †S. magnus and †S. mazzai nov. sp. †Hoplitomeryx is 
represented by the four species †H. matthei (type species), †H. devosi nov. sp., 
†H. macpheei nov. sp. and †H. kriegsmani nov. sp. These two multispecies 
assemblages are best explained as independent adaptive radiations with the two 
genera as sister taxa. The two localities need not have been connected at any time 
in geological history. 

Keywords Gargano, †Hoplitomeryx, insularity, Late Miocene, Scontrone 

71



 

Introduction 

The palaeo-island Gargano (Apulia, southern Italy; Fig. 1) was inhabited by a strongly 
endemic, disharmonic and depauperate fauna during the Late Miocene. Although the 
composition of this remarkable fauna shows similarities with patterns recorded for the 
Pleistocene on other islands (e.g. De Vos 2006; De Vos et al. 2007), this fauna predates the 
latter faunas by at least a few million years and, presumably as a result of this long-term 
isolation, shows an extraordinary degree of endemism. The fauna is referred to as the 
†Mikrotia fauna after its most abundant element (Freudenthal et al. 2013). A geologically 
younger, Late Villafranchian fauna found in the same area is known as the Pirro Nord fauna. 

 

Figure 1. Schematic map of present-day southern Italy showing the areas of Gargano and 
Scontrone with fossiliferous sites. Inset gives an overview of Italy and the position of the 
referred region. 1=Poggio Imperiale, 2, San Nazario; 3, Apricena; 4, San Severo; 5, Foggia. 
The majority of fossiliferous fissure fillings is located between 1, 2 and 3. Foggia yielded no 
fossils but is the capital of the province Foggia. Bari is the capital of the region Apulia. 
Scontrone is a village in the region Abruzze, province L'Aquila. The Foggia Graben or 
Tavoliere delle Puglie (about sea-level) separates Gargano from the mountain ridges in the 
West and includes Foggia and San Severo. 

The rich †Mikrotia fauna of Gargano encompasses mammals, birds, reptiles, amphibians, and 
some invertebrates. The mammal fauna comprises six endemic genera, about thirty endemic 
species, plus perhaps a few species with a wider distribution. The endemic genera are 
represented by deer-like ruminants (†Hoplitomeryx Leinders, 1984), which form the focus of 
this revision, burrowing murine rodents (†Mikrotia (Freudenthal, 1976), nomen novum for 
†Microtia, see Freudenthal 2006), two galericine insectivores (†Deinogalerix Freudenthal, 
1972; Apulogalerix Masini and Fanfani, 2013; referred to as †Galerix sp. or †Parasorex sp. 
before 2013), giant dormice (†Stertomys Daams and Freudenthal, 1985), and giant hamsters 
(†Hattomys Freudenthal, 1985). The endemic species are an otter (†Paralutra garganensis 
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Willemsen, 1983), a dormouse (†Dryomys apulus Freudenthal and Martín-Suárez, 2006) and 
two giant pikas (†Prolagus imperialis Mazza, 1987; †P. apricenicus Mazza, 1987). Perhaps 
not restricted to the Gargano are two hamster species (Neocricetodon Schaub, 1934 and 
Apocricetus Freudenthal, Mein and Martín-Suárez, 1998), a shrew (†Lartetium cf. dehmi 
Viret and Zapfe, 1952), and perhaps a mouse (Apodemus Kaup, 1829, earlier referred to as 
†A. gorafensis Ruiz Bustos et al. 1984 but this appears to be unconfirmed, see Freudenthal et 
al., 2013). The avifauna of Gargano is relatively rich (Ballmann 1973, 1976; Göhlich & Pavia 
2008) and is represented by at least 26 taxa of which a large number consists of endemic 
species (Pavia 2013), including giant birds of prey (Ballmann 1973, 1976) and giant water 
fowl (Meijer 2013). The exotherm vertebrates are represented by amphibians and reptiles 
including Crocodylus Laurenti 1768 (Delfino 2002; Delfino et al. 2007). The invertebrates 
were only briefly mentioned (Freudenthal 1971). 

Two of these endemic genera (†Hoplitomeryx and †Deinogalerix) were reported also from 
Scontrone (l'Aquila; Fig. 1), considered part of the same Apulia Platform (Mazza & Rustioni 
2008; this Platform is regarded as an isolated shallow-water palaeogeographic domain during 
the Mesozoic and Tertiary; see Patacca et al. 2008). Other remains from Scontrone are an 
unidentified otter (Mazza & Rustioni 1996, 2008), a crocodile cf. Crocodylus sp. (see Delfino 
& Rossi 2013), a pond turtle Mauremys Gray, 1869, a tortoise and birds (Patacca et al. 2013). 

In 2011, Mazza & Rustioni recognized the species †Hoplitomeryx matthei Leinders, 1984 in 
the Scontrone material and erected five new species of †Hoplitomeryx to which they referred 
specimens from both Gargano and Scontrone.  However, the dental formula is distinctly 
different between the two localities: all specimens from Gargano of all six †Hoplitomeryx 
species lack a second premolar, whereas specimens from Scontrone of the same species 
always preserve this element (Mazza & Rustioni 2011). This would imply the loss of the 
second premolar simultaneously and independently in the six sister species. In addition, the 
characteristic sabre-like upper canines of †Hoplitomeryx were not retrieved from Scontrone 
material.  

There is no geological evidence to support contemporanity of both sites during the Late 
Miocene (see Patacca et al. 2008); the last land connection likely coincided with the mid-
Oligocene sea level lowering (Patacca et al. 2008). Besides, the depositional circumstances 
differ between the two localities which further hampers direct detailed correlations. The 
Scontrone fossils were recovered from coastal and lagoonal calcarenites (Mazza & Rustioni 
2008), whereas the Gargano fossils were recovered from continental deposits (“terre rosse”) 
in palaeo-karstic fissures in Mesozoic limestone substrate (Abbazzi et al. 1996).The age of the 
Scontrone fossiliferous layer is Vallesian (MN9/10) (Early Tortonian in Mazza & Rustioni 
2008; dated to about 10 Ma in Patacca et al. 2008). The most likely lower limit to the age of 
the Gargano fauna (i.e., time of colonization) has been estimated by Freudenthal & Martín-
Suárez (2010) to be Middle Turolian (MN12), based on the occurrence of Apodemus, or 
perhaps Late Turolian (MN13) based on the morphologically fairly advanced stage of 
Apodemus. An entrance age of MN12/13 also fits the glirids, the lagomorphs, the insectivores 
(Freudenthal & Martín-Suárez 2010). This implies that the endemic fauna of Gargano likely is 
of a Late Turolian (Messinian) age. A younger age (post-Messinian, De Giuli et al. 1987) is 
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not very plausible considering the absence of arvicolids (de Vos et al. 2007). The unresolved 
age estimation implies that the time span between the two sites maybe up to at least three 
million years–or at least four million years in Mazza & Rustioni 1996-, which exceeds the 
generally accepted maximal lifespan of 2.8 myr of a chronospecies (Stanley 1978:30 for late 
Cainozoic European mammals; mean species longevity about 1 myr).  

Further, also faunal elements point to a difference between Gargano and Scontrone. The 
lutrine carnivore from Scontrone seems to exclude any relationship to the one from Gargano, 
†Paralutra garganensis Willemsen, 1983 (Rustioni et al. 1992). A maxillary fragment with 
M2 and M3 from Scontrone was ascribed to †Deinogalerix freudenthali (Mazza & Rustioni 
2008). Neither the original diagnosis of Freudenthal (1972) nor the revised diagnosis by 
Butler (1980) mention diagnostic features of the upper last two molars. The emended 
diagnosis by Villier et al. (2013) includes the following characters of M2-M3: connection 
protocone-metaconule usually absent on M2; on M2 the postcrista of the metaconule reaches 
the bucco-distal corner of the tooth, distal cingulum bipartitionated; mesostyle of M2 round 
and not divided; metastylar crest of M3 well developed and inflated. Since none of these 
characters are mentioned in the description of SCT 232 by Mazza & Rustioni (2008), the 
specific attribution of SCT 232 needs to be reconsidered. Pending its validation, I consider 
SCT 232 to be aff. †Deinogalerix sp. 

In order to solve the current taxonomic problem, I separate the material from both localities 
on the ground of morphological features alone. I hereby erect a new genus for the Scontrone 
material, retaining the original diagnostic features for the species of Mazza & Rustioni (2011). 
To accommodate the material from Gargano, I describe three new species which are mainly 
based on the size classes as found earlier by Van der Geer (2005, 2008). The material from 
Scontrone that was assigned to †H. matthei will be moved to a new species within the new 
genus. 

Materials and Methods 

Material 

Specimens from Gargano described here were retrieved from Late Miocene karstic fissure 
fillings in quarries between Apricena and Poggio Imperiale, province of Foggia, Gargano 
promontory, southern Italy (41°48’12’’N, 15°23’04’’E). The Neogene fossiliferous fillings 
were discovered by a Dutch team in the early 1970s (Freudenthal 1971) and were 
subsequently excavated by them. Sampling was continued later by the University of Florence 
(De Giuli & Torre 1984) and the University of Turin (Villier 2012), but the material described 
here all stems from the Dutch excavations. 

The Gargano material bears the acronym RGM and is stored at Naturalis Biodiversity Center, 
Leiden (formerly Rijksmuseum van Geologie en Mineralogie, hence the acronym). The names 
of the fissures are based on family names of quarry owners, except in the case of San 
Giovannino which is named after nearby ruins as the quarry was already abandoned in the 
1970s. 
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Comparative specimens with acronym SCT are from Tortonian fossiliferous layers near 
Scontrone, National Park of Abruzzi, province of L’Aquila, central Italy (41° 45’ 15.54’’ N, 
14° 2’ 13.14’’ E), and are preserved in the nearby Centro di Documentazione Paleontologico 
‘Hoplitomeryx’ at Scontrone, Italy. Comparative specimens of other insular deer are from 
Museum of Palaeontology, University of Rome La Sapienza, Italy (†Praemegaceros cazioti, 
Late Pleistocene, Sardinia; †Dama carburangelensis, Late Pleistocene, Sicily), Natural 
History Museum, Basel, Switzerland (†Praemegaceros cazioti, Late Pleistocene, Sardinia ), 
Naturalis Biodiversity Center, Leiden, the Netherlands (†Axis lydekkeri, Late Pleistocene, 
Java), and Institut de Paléontologie Humaine, Paris, France (Cervus elaphus corsicanus, 
extant, Corsica). 

Linear measurements 

The following measurements of the postcranial are given, based on Heintz (1970) and Hue 
(1907), with a vernier caliper (Mitutoyo digital caliper: Absolute Digimatic, model CD-
15DC). Standard measurements (in mm): L=length, DAPP=anterio-posterior diameter at the 
proximal end, DTP=transverse (medio-lateral) diameter at the proximal end, DAPD=anterio-
posterior diameter at the distal end, DTD=transverse (medio-lateral) diameter at the distal 
end. All measurements are maximal. For the humerus this implies that DTD is measured from 
the lateral side of the lateral epicondyle to the medial side of the medial epicondyle, and that 
L is measured from the proximal end of the greater tubercle to the distalmost extension of the 
condyle. For the metacarpal, DAPD and DTD are both the maximum values as measured on 
the distal epiphysial fusion line. Measurements taken on the trochlea are found to be too 
subjective, and in many cases impossible due to fragmentation. This thus increases the 
number of specimens. Specific measurements (in mm) are as follows. Humerus: 
TL=trochanter length (SS' in Hue, 1907), CW=maximal width of the caput (CC' in Hue, 
1907). Ulna: SLD=semilunar notch depth, which is DAP measured midway the semilunar 
notch (CC' in Hue, 1907). Femur: TT=distance between the top of the greater trochanter and 
the lesser trochanter (AA' in Hue, 1907), CL=length of the head (CC' in Hue, 1907), 
TW=width of the trochlea at its distal point on the dorsal surface (HH' in Hue, 1907). Patella: 
W=maximum width (RR' in Hue, 1907). Acetabulum of pelvis: MAXD=maximum diameter, 
MIND=minimal diameter. Glenoid of the scapula: DDV=dorso-ventral diameter, 
DLM=latero-medial diameter. Calcaneum: LC=length of corpus, SL=sustentaculum length, 
SW=sustentaculum width. Third phalanx: LD=dorsal length, LS=sole length, H=maximal 
heigth. Vertebrae: L=length of corpus. 

Linear cranial measurements include CW=condyl width, FMW=width of the foramen 
magnum, FMH=height of the foramen magnum, PSL=posterior skull length (distance 
between occiput and distal border of the upper third molar. All measurements in mm. Linear 
dental measurements are L=length, W=width. Measurements (in mm) are taken at the longest 
respectively widest point of the crown. 

Body mass estimations 

Body mass is estimated with equations based on limb bone measurements (Scott, 1990), 
astragalus area (Martinez & Sudre, 1995), on cranial measurements (Martin, 1980; Janis, 
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1990; Giovinazzo et al., 2006), on occlusal dental measurements (Janis, 1990 for cervids) and 
on molar row length (Damuth, 1990 for selenodont browsers; Janis, 1990 for cervids) (see 
below for details and relevant equations). Dental terminology follows Janis & Scott (1987). 

To estimate body mass all postcranial elements except for the humerus were used and 
considered equal. The humerus was excluded because of the lack of sufficiently complete and 
undamaged specimens of which ontogenetic age can be estimated. The equations of Scott 
(1990) for cervids were used (see below for details) for the long limb bones, and that of 
Martinez & Sudre (1995) for the astragal. Only adult specimens were taken into account and 
subadult specimens in which the expected further length growth was minimal. 

The following measurements were taken into consideration (terminology from Scott, 1985). 
Radius R2–R5, ulna U2, metacarpal MC2–MC5, femur F2–F5, tibia T2, T4–T5, metatarsal 
MT2–MT5, astragal area (length x width). T3 for the tibia was omitted as the results did not 
agree with those based on T2, T4, T5. Body mass estimated with T3 was systematically 
underestimated. Length measurements (R1, U1, MC1, F1, T1, MT1) are excluded because 
insular ruminants tend to have relatively shorter distal limb elements respective to mainland 
ruminants. 

The following equations are from Scott (1990; linear measurements in cm, BM in kg): 

Humerus: logBM=2.708logH3+0.2432, logBM= 2.5568logH4+0.4084, logBM= 
2.6389logH5+0.2582. Radius: logBM= 2.515logR2+0.4304, logBM=2.5588logR3+1.0498, 
logBM=2.4301R4+0.3842, logBM=2.4956logR5+0.4581. Ulna: logBM=2.6396logU2-
0.0525. Metacarpus: logBM=2.6568logMC2+0.607, logBM=2.804logMC3+1.0687, 
logBM=2.330logMC4+0.7466, logBM=2.6352logMC5+1.2473. Femur: 
logBM=2.6928logF2-0.267, logBM=2.950logF3-0.103, logBM=2.9714logF4+0.7268, 
logBM=2.910logF5-0.0883. Tibia: logBM=2.8861logT2-0.2841, logBM=2.8486logT4+0.3, 
logBM=2.9628logT5+0.6159. Metatarsus: logBM=2.9334logMT2+0.6132, 
logBM=2.8848logMT3+0.6369, logBM=2.7521logMT4+0.5397, 
logBM=2.9391logMT5+1.1375. 

The following equation is from Martinez & Sudre (1995): W= 3.16 A1.48, with W=body mass 
in g, A=area of the astragal in mm2,where A is defined as L (length) x I (width). 

Measurements (in mm) of dental elements were taken at the occlusal surface and are the 
following: length, width and area of the lower second and third molar, and total upper and 
lower molar row length. Equations are from Janis (1990) for cervids and Damuth (1990) for 
selenodont browsers. 

Janis (1990) used the following equations, based on linear measurements of the lower 
dentition: logBM=3.106logLm2+1.110, logBM=3.279logWm2+1.865, 
logBM=1.638logAm2+1.474, logBM=3.209logLTR-0.524, logBM=3.209logLm3-0.524, 
logBM=2.875logWm3+1.877, logBM=2.875logAm3+1.877. 

Damuth (1990) used the following equation, based on length of the upper tooth rowlower 
dentition: logBM=3.32logUTR-0.76. 
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To estimate body mass of the holotype of the type species Hoplitomeryx matthei (RGM 
260.965), several equations were used, depending on the skull measurement used. The 
following equations are from Janis (1990): LogW=2.718 log(PSL) -0.893 (for cervids; body 
mass W in kg, posterior skull length PSL in cm), logW=3.137logBCL –1.062 (for ungulates; 
basicranial length BCL in cm, weight W in kg), logW=3.403logBCL –1.308 (for cervids; 
same variables), logW=2.873logOCH – 0.457 (for ungulates without suines; occipital height 
OCH in cm, weight W in kg), logW=3.093logOCH -0.578 (for cervids; same variables). 
Three additional skull-based equations are the following: W= 4.0 x 10-5 C3.7 (Martin, 1980; 
for mammals heavier than 100g; greatest condylar width C in mm, weight W in kg), logW =  
2.975logC – 3.364 (Köhler & Moyà-Solà, 2004; for bovids; width of the occipital condyls C 
in mm, weight W in kg), and logW =  3.219821logC – 0.437131 (Giovinazzo et al., 2006; for 
cervids; width of the occipital condyls C in cm, weight W in kg). 

Results 

†Hoplitomerycidae from Scontrone (Central Italy) 

The material from Scontrone and Gargano is morphologically too different to combine. First 
of all, the dental formula differs between the two localities. The artiodactyls from Scontrone 
have three premolars (P2/p2-P4/p4), as opposed to those from Gargano which have only two 
(P3/p3-P4/p4) (Mazza & Rustioni 2011). Secondly, no sabre-like upper canines, characteristic 
for the genus Hoplitomeryx as given by Leinders (1984) have been reported sofar from 
Scontrone. The only specimens with an upper canine originate from Gargano. Thirdly, the 
horn cores differ between Scontrone and Gargano. The 'nasal' horn cores from Scontrone 
(type I: SCT 10, SCT 28; type II: SCT 4, SCT 213) lack the typical continuation of the 
septum nasi in the basal part of the horn as shown in Mazza & Rustioni (2011, fig. 6I–K) and 
can therefore not reliably diagnosed as being nasal horn cores. Mazza & Rustioni (2011) thus 
correctly assigned a nasal (median) horn core to any of their Scontrone-based species. For a 
depiction of a typical nasal horn with septum nasi intact, see Van der Geer (2008: fig. 1B). 
The orbital horn of skull SCT 17 shows a combination of characters of Leinders’ (1984) horn 
core types 1 and 2 (Mazza & Rustioni 2011), which is unknown for Gargano. The isolated 
orbital horn cores from Scontrone (type V: SCT 11 and an uncatalogued specimen) may 
indeed remind of Leinders’ (1984) horn core type V but both the Gargano and Scontrone horn 
cores are incomplete which hampers direct comparison. 

The postcranial material might morphologically differ between the localities, but the 
Scontrone material is too scanty for taxonomical purposes. Typical postcranial features of 
†Hoplitomeryx as seen in Gargano material (e.g. a patella with markedly elongated distal 
apophyse; Van der Geer 2008) were not reported from Scontrone whereas atypical features (a 
fused cubonavico-metatarsus, cervoid phalanges, closed metatarsal dorsal gully) were taken 
as evidence for similarity. Although a fused cubonavico-metatarsus may have a high 
prevalence in insular ruminants it is not restricted to this group (Van der Geer 2013) and it has 
no taxonomical value. Van der Geer (1999) found that all astragals of †Hoplitomeryx from 
Gargano are short with non-parallel sides, except for some of the smaller specimens. Mazza 
(2013) recognizes this character in Scontrone as well, but the depicted specimen (Mazza 

77



2013: fig. 3A, B) do not show this in the sense of Van der Geer (1999). In Gargano astragals, 
the internal proximal border is very robust and extends much further relative to the external 
border. The dorsal notch is deep and pronounced. In Scontrone astragals, the internal and 
external borders are approximately similar in robustness and proximal extension. The dorsal 
notch may be moderately pronounced, but this is difficult to judge due to erosion. Non-
parallel sides in the astragal are typical for ruminants below the level of Pecora (Janis & Scott 
1987) and this character was taken, amongst others, by Mazza (2013) as evidence for a basal 
position of the †Hoplitomerycidae. However, as it was also observed in the insular ruminant 
†Myotragus, this feature may develop in parallel in insular ruminants in which case it looses 
its taxonomic value. In further contrast with a basal position are the complete distal 
metapodial keels as found in †Hoplitomeryx and the short length of the astragal. 

To complicate matters further, Mazza & Rustioni (2011: 1305) stated that: “Owing to these 
supposed [bold and italics mine] connections, and for the sake of simplicity [ bold and italics 
mine], we deliberately assigned the representatives from the two localities to single 
evolutionary species, avoiding the introduction of a plethora of new taxonomic categories. 
Holotypes were deliberately chosen from Scontrone specimens, because of their older and 
better defined stratigraphical age, compared to the specimens from Gargano. The latter, being 
end members of their evolutionary lineages, contribute as paratypes to a more comprehensive 
description of the new species”.  Such a taxonomy would necessarily imply that all six 
evolutionary lineages start with the presence of a second premolar (as represented by the level 
of Scontrone) and lose this element simultaneously and independently in parallel (as 
represented by the level of Gargano). The differential dental formula is easier explained by 
the presence of two distinct genera,  one primitive group from Scontrone with second 
premolars and a more advanced group from Gargano without second premolars. This 
explanation also fits the difference in geological age between the two localities. Based on this, 
I consider the material from Scontrone as belonging to another genus within the family 
†Hoplitomerycidae (see below). 

In addition, although a paratype may originate from a different locality than the holotype, in 
this case the species erected by Mazza & Rustioni (2011), show a mixture of characters based 
on material from Scontrone and on material from the Gargano. As a result, some of these 
characters are shown by Gargano material but are not present in the Scontrone material, and 
vice versa. Also, the diagnostic characters for dental material as defined for Scontrone (Mazza 
& Rustioni 2011) are not easily extrapolated to dental material from Gargano as the latter is 
remarkably uniform apart from size (pers. comm. Jan van der Made, Lars van den Hoek 
Ostende, Jesse Hennekam and own observation). I consider it necessary to remove diagnostic 
dental characters that are restricted to Gargano specimens from the species descriptions for 
Scontrone and vice versa. 
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†Hoplitomerycidae from Gargano (South Italy) 

Size classes 

The earlier noted presence of four discrete size classes in the metacarpal, the metatarsal, the 
humerus and the radius of †Hoplitomeryx (Van der Geer 2005, 2008) is also observed for the 
phalanges, the tibia (Fig. 2), the patella and likely also for the femur (Fig. 2), where the 
largest size class is either missing or was not recognized among the fragments. Size classes 
for the tibia and patella are only partly based on length versus width because the length of the 
majority of specimens cannot be estimated reliably. These specimens are classified according 
to linear measurements other than length. The astragalus displays a more continuous range 
from small to very large (Van der Geer 1999), yet three or four size classes can be discerned 
(Fig. 2), which is confirmed when fitting the astragals to either the distal tibiae or proximal 
metatarsals of known size class. The relatively weak discriminative powers of the astragal is 
likely partly due to unknown ontogenetic stage (only very young specimens have a porous 
nature). Interestingly, an analysis of a mixture of antilocaprid astragali belonging to three 
species also showed a continuous distribution of astragalar dimensions which made 
assignement of individual astragali to species level not possible (Davis & Calède 2012). 

 

Figure 2. Scatter diagrams of linear measurements of the second anterior phalanx, the femur, 
the tibia and the astragal. Abbreviations: DAPp=antero-posterior diameter at proximal end, 
DTD=transverse diameter at distal end, F2=distance between top of greater trochanter to 
highest point of minor trochanter (after Scott 1985). 

The two smallest size classes of †Hoplitomeryx is by far the most abundant and is found in 
practically all fissures where †Hoplitomeryx forms part of the fauna. The largest size class on 
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the other hand is very rare and often juvenile. The four size classes are present from the level 
of (and including) Nazario 4 and upward (in biostratigraphy), with generally two or three 
sizes present per fissure. Fissures older than Nazario 4 contain only the smallest sizes. The 
largest size class is also recorded from the presumably older fissures Falcone 2B and Nazario 
2B, which sheds doubt on the exact relative chronological position of these two fissures. 
Further study on especially the rodent fauna is needed to clarify this issue but has no impact 
on the present study.  

When proximal width of the metacarpals is plotted against total length for †Hoplitomeryx 
from Gargano as well as for other fossil island deer and extant red deer, it becomes clear that 
the range in metacarpal size for †Hoplitomeryx exceeds that observed in all other deer (Fig. 
3). The Karpathos deer (earlier referred to as †Candiacervus but currently under revision), 
Lydekker's spotted deer (Axis †lydekkeri), Sicilian fallow deer (Dama †carburangelensis) and 
Sardinian megacerine deer (†Megaloceros cazioti (=†Praemegaceros cazioti)) are single 
species and endemic to respectively Karpathos, Java, Sicily and Sardinia. The Cretan deer 
†Candiacervus is represented by six to eight sister species and accordingly shows a very 
broad range. In comparison, extant red deer (Cervus elaphus) has a range larger than the four 
single-species island deer but smaller than that of the multi-species assemblages. Red deer is 
known for its broad range as it occupies a broad geographical range across different latitudes 
and altitudes. 

 

Figure 3. A double-logarithmic scatter of length and proximal transversal diameter (mm) of 
the metacarpal of several deer taxa shows that †Hoplitomeryx shows an unusual large range 
for one species, also if we include the living red deer Cervus elaphus. The deer from 
Karpathos is in the literature mentioned as †Candiacervus but its morphology differs 
significantly from that of †Candiacervus proper, which is confined to the boundaries of Crete. 
†Axis lydekkeri is a Pleistocene deer of Java. †Megaloceros (=Praemegaceros) cazioti is the 
terminal species of the lineage of Pleistocene deer of Sardinia. †Dama carburangelensis is a 
Late Pleistocene deer from Sicily. Data are my own measurements, except for for 
†Candiacervus (De Vos 1979) and the largest extant Cervus elaphus subspecies (Szaniawski 
1966). The smallest extant subspecies of Cervus elaphus is from Corsica, the largest from the 
Carpathians. 
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†Hoplitomeryx is comparable or perhaps slightly exceeds, the range observed in 
†Candiacervus, a genus for which eight species, distributed over six size classes, are 
recognized (De Vos 2000; van der Geer et al. 2006). In this endemic genus, the largest 
metatarsal is about four times the length of the smallest, and its body size ranges between 
about 22 kg for †C. ropalophorus and about 316 kg for †C. major (Van der Geer et al. 2013). 
Something similar appears to be the case with †Hoplitomeryx, where the largest metatarsal is 
about three times the length of the smallest (RGM 425.055, L=308.5 mm; RGM 261.422, 
L=102 mm), and body mass as estimated from the astragals ranges between 15.1 kg (RGM 
178.272) and 113.4 kg (RGM 425.385). This broad range, in combination with the distinction 
in four discrete size classes of most postcranial elements justifies the recognition of four 
species based on size (body mass). The fact that †Candiacervus has a broader range is 
reflected by its two additional size classes relative to †Hoplitomeryx. 

One crucial issue remains: to which size class does the type species †H. matthei belong? 
Postcranials that can be accomodated in the same size class as †H. matthei can then be 
referred to that species, whereas all other material should be excluded from that species. 

The body mass estimation of the holotype skull (RGM 260.965) ranges between 23.1 and 40.8 
kg with an average of 30.8 kg (see below). Janis (1990) suggests the posterior part of the skull 
as the best cranial indicator, however, due the absence of M3 from the type specimen I could 
not use this variable. Studies on carnivores (Radinsky 1984), and primates (Shea 1983; 
Ravosa & Ross 1994) on the other hand suggest that basicranial length is a better indicator for 
skull size. For reasons unknown, estimations based on basicranial length give the lowest body 
mass estimations here. The result from Martin's (1980) equation for greatest condylar width 
(40.8 kg) is close to the body mass estimation (35.7 kg) based on posterior skull length as 
inferred from the skull reconstruction (unnumbered), which is based on a combination of the 
holotype, the paratypes and some fragments. 

Body mass estimations (W) for RGM 260.965 (C=40.8 mm, BCL=6.1 cm, OCH=4.7 cm) 
yield the following results: 40.8 kg (equation of Martin, 1980), 25.2 kg and 23.1 kg (equations 
of Janis, 1990 for ungulates and cervids respectively, based on BCL), 29.7 kg and 36.1 kg 
(equations of Janis, 1990 for ungulates without suines and for cervids respectively, based on 
OCH), 26.8 kg (equation of Köhler & Moyà-Solà, 2004) and 33.8 kg (equation of Giovinazzo 
et al., 2006). Note, BCL was here estimated due to incompleteness of the holotype, but could 
be confirmed by using a latex endocast of the type specimen. 

Based on linear measurements, overall massivity and macroscopical observations the 
following ten mandibles are considered fitting the holotype skull as to size and general aspect: 
RGM 178.376, RGM 215.000, RGM 260.943, RGM 260.952, RGM 261.100, RGM 261.110, 
RGM 261.134, RGM 261.140, RGM 425.330, RGM 425.476. One mandible (RGM 261.110) 
is from the same fissure infilling as the holotype skull. The body mass estimation based on 
these mandibles (= the average of individual body mass estimations based on m2 length, 
width and area, m3 length, width and area and tooth row length following Janis, 1990) ranges 
between 34.8 kg and 59.8 kg, with an average of 44.3 kg (Table 1). Interestingly, this estimate 
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Table 1. Body mass estimations (BM, in kg) of mandibular and maxillar specimens for three Hoplitomeryx size 

classes. Size classes of dental material is based on linear measurements of the complete toothrow in relation 

to skull length of the holotype in combination with overall massivity and macroscopical compatibility. No 

dental material can be reliably referred to the largest size group as isolated elements do not contain sufficient 

information about size class as premolar/molar size ratio is unknown. *=maxilla fragments are not included in 

the average. 

 Locality  Element  RGM number  BM average
Size group 1          
Chiro 14B  mandible  178.445 30
Fina H  mandible  178.656 32.1
San Giovannino  mandible  260.940 25.7
San Giovannino  maxilla fragment  260.941 (18.0)
Chiro 2N  mandible  260.966 24.3
Nazario 4  mandible  261.132 21.3
Nazario 4  mandible  261.133 26.3
Chiro 29  mandible  261.147 20.5
Chiro 28A  maxilla fragment  261.447 (16.9)
San Giovannino  maxilla fragment  425.201 (18.5)
Posticchia 1B  mandible  425.234 28.5
  BM average  n=8* 26.1
Size group 2 
Chiro 10C  mandible  178.376 34.8
San Giovannino  mandible  215.000 39.2
San Giovannino  mandible  260.943 59.8
San Giovannino  mandible  260.952 40.7
Chiro D4  mandible  261.100 49.3
Pirro 11A  mandible  261.110 39.2
Nazario 4  mandible  261.134 42.5
San Giovannino  mandible  261.140 46.9
San Giovannino Low  mandible  425.330 46.9
Chiro 10B  mandible  425.476 43.5
  BM average  n=10 44.3
Size group 3          
San Giovannino  mandible (part 1)  260.951 66.2
San Giovannino  mandible (part 2)  260.951 70.1
Nazario 4  mandible  261.135 74.4
  BM average  n=3 70.2
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corresponds well with the estimations based on greatest condylar width and posterior skull 
length and not with the estimation based on basicranial length. 

The relatively complete mandibles can be grouped in size classes as well, based on tooth row 
length, in relation to the mandibles that are assigned here to †H. matthei. Maxilla fragments 
cannot be classified reliably because they are too incomplete and the size of individual 
elements can be misleading. Size proportions between premolars and molars are unknown, 
only tooth row length is here considered a reliable feature. Subsequently, only the three 
smallest partial maxilla's are assigned here to a size class, i.e., the smallest. Two additional 
size classes are present within the dental material, one smaller and one larger relative to the 
size of †H. matthei. Average body mass estimations for the mandibles of these two size 
classes, based on the average of individual body mass estimations based on m2, m3 and tooth 
row length) are 27.9 kg (20.5–32.1 kg) for the smallest size group and 70.2 kg (66.2–74.4 kg) 
for the larger size group (Table 1). I exclude here the three maxilla fragments from the 
average because they may bias the average towards a lower body mass as they were selected 
for their exceptionally small size. In addition, maxilla fragments were not included in the 
body mass estimations for the other size classes and in order to be compatible, only similar 
elements should be included. 

The next step is to assign the four size classes that can be distinguished in the postcranial 
material (Van der Geer 2005, 2008) to the dental size classes. The postcranial size classes are 
basically based on maximum length of the individual elements. Body size of the postcranial 
skeleton should correspond to body size of the cranium and mandible, so body mass 
estimations are taken here as the basis for assigning postcranial to cranial elements. 

Average body mass estimations taking all elements per size group together yields a rather 
consistent picture with four different body mass classes (Table 2) of 21.0 kg, 44.3 kg, 78.0 kg 
and 103.4 kg respectively. Body mass estimations of individual elements within a size group, 
however, may vary greatly, and body mass estimations per element may overlap between size 
groups in some cases. This is particularly the case for the radius-ulna of the first two size 
groups, which was already noted by Van der Geer (2008). However, body mass in 
combination with total length makes it possible to distinguish between the size groups. The 
radius of size groups 1 and 2 has identical body mass (31.7 kg for size 1 and 31.8 kg for size 
2), yet very different lengths (123.5 mm for size 1, 184.4 mm for size 2). From the data 
available, the impression arises that the large specimens are not only more gracile compared 
to the small specimens but also compared to mainland ruminants of similar shoulder height. 
Further study is needed to address this point, which falls outside the scope of this work. In 
other cases, length is identical but body mass is very different. This is observed in two tibia's 
of the first size group, both with a length of practically 156 mm, but one with a body mass of 
31 kg (RGM 260.921) and the other with a body mass of 15.3 kg. Probably, the difference in 
mass is due to sexual dimorphism with the males being heavier and more massively built. The 
difference in body mass between the two specimens is caused by a broader distal width of the 
heavy individual. 
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Table 2. Average body mass estimations (BM, in kg) inferred from postcranial elements for four Hoplitomeryx 

size classes based on length; for equations, see Material and Methods. 

Locality   Element   RGM number  Average BM 
Size group 1     
Chiro 18  femur  178.476 23.5
Fina D  femur  178.623 8.9
San Giovannino  femur  425.314 23.6
Chiro D1  tibia  425.144 15.3
San Giovannino  tibia  425.285 28.2
Fina N  tibia  425.412 16
Chiro 3  astragal  178.271 16.1
Chiro 3  astragal  178.272 15.1
Chiro 5a  astragal  178.328 20.4
Chiro 10A  astragal  178.363 22.6
Chiro 14b  astragal  178.454 27.2
Nazario 2A  astragal  178.525 24.9
Nazario 3  astragal  178.535 22.1
Posticchia 1B  astragal  178.576 19.5
Posticchia 1B  astragal  178.578 17.1
San Giovannino  astragal  215.234 18.9
Chiro D1  astragal  261.162 24.3
Nazario 4  astragal  261.567 17.4
Nazario 4  astragal  261.569 21.1
Chiro 28A  astragal  261.851 16.4
Nazario 4  astragal  425.204 21.9
Gervasio 1  astragal  425.332 21.5

Gervasio 1  astragal  425.333 18

Fina N  astragal  425.456 15.8

San Giovannino  metatarsal  261.101 20.3

Nazario 4  metatarsal  261.528 13.5

San Giovannino  radius‐ulna  260.860 35.8

Nazario 4  radius  261.515 27.5

San Giovannino  metacarpal  178.517 34.6

Gervasio 1  metacarpal  425.351 24

Gervasio 1  metacarpal  425.350 20.6

Fina H  metacarpal  178.652 21.2
BM average for size 1  21.0

Size group 2          
Nazario 4  femur  425.207 49.8
San Giovannino  tibia  260.859 29.3
San Giovannino  metatarsal  178.518 45.1
San Giovannino  metatarsal  261.220 35.1
Chiro 9  astragal  215.092 66.9
San Giovannino  astragal  260.912 38.7
Nazario 4  astragal  261.568 67.5
Chiro D3  astragal  261.910 48.2
Posticchia 1B  astragal  425.243 37.5
Gervasio  astragal  425.331 52.7
Fina N  astragal  425.421 56.1
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Fina N  astragal  425.424 54

Chiro 14B  radius  178.499 31.4

San Giovannino  radius‐ulna  260.916 38.6

San Giovannino  radius  260.921 25.5

San Giovannino  metacarpal  261.219 43.4

San Giovannino  metacarpal  425.279 38.5

San Giovannino  metacarpal  425.300 47.7

Nazario 4  metacarpal  425.383 35.1
BM average for size 2  44.3

Size group 3          
S. Giovannino  femur  425.245 76.1

S. Giovannino  astragal  260.890 85.3

S. Giovannino  astragal  260.863 89.8

Pizzicoli 4  metatarsal  178.553 79.3

S. Giov. X4  radius‐ulna  425.282 87.1

Fina N  radius  425.423 72.1

Gargano  metacarpal  195.904 85.2

San Giovannino  metacarpal  260.918 62.7

Nazario 4  metacarpal  261.530 62.5
BM average for size 3  78.0

Size group 4          
San Giovannino  ulna  260.866 121
San Giovannino  metacarpal  178.516 105.7
San Giovannino  metacarpal  425.322 106.7
S. Giovannino  tibia  335.882+425.328 85.3
Pizzicoli 4  metatarsal  178.553 86.8

Nazario 2B  astragal  178.529 105.2

Falcone 2B  astragal  425.385 113.4
BM average for size 4  103.4
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Taken all evidence together, the holotype RGM 260.965 (†Hoplitomeryx matthei) 
corresponds best to the second smallest size class. This implies the remaining three size 
classes cannot be referred to the type species and will be assigned here to three new species 
within the genus †Hoplitomeryx, of which one is smaller and two are larger. 

Morphological characters 

Diagnostic morphological characters already mentioned by Leinders (1984) throughout his 
text are confirmed and repeated here for convenience: a non-molarized lower fourth premolar, 
loss of the first two lower premolars, low-crowned cheek teeth, a large, bicuspid third lobe on 
the lower third molar (figured in Mazza & Rustioni 2011), large, sabre-like upper canines, a 
non-bilobed lower canine, lack of Palaeomyerx-fold and Dorcatherium fold in lower molars, 
oblique position of paracone and metacone in the upper third molar, presence of an untwisted, 
large, conical and unbranched non-deciduous nasal horn in the sagittal plane, a pair of non-
deciduous orbital horn cores, longitudinal grooves on all horns with at most a slight 
constriction at the transition between the grooved part and the smooth base of the horns, 
nuchal crest is very prominent, auditory bullae are smooth, hollow and inflated, the nasal 
septum is ossified below and anterior of the insertion point of the nasal horn core, the nasal 
septum continues into the nasal horn core. In addition, none of the available cranial parts and 
fragments nor the type skull shows any sign of pneumatisation of the skull roof. This was 
already observed by Leinders (1984; contrary to Mazza & Rustioni 2011: “always 
pneumatised” for the genus). As in all Pecora, †Hoplitomeryx has three lower incisors and a 
incisiform lower canine. The metacarpals are always shorter than the metatarsals (an 
elaboration on Leinders' (1984) observation on the difference in length between metatarsals 
and metacarpals). Leinders (1984) further mentioned the lack of an anterior cingulum, which 
is confirmed here. A few lower and upper molars have a very faint trace of the anterior 
cingulum. In addition, all cheek have rugose enamel shared with the other cervoids. The 
bilophed posterior lobe of the lower third molar (Leinders 1984) is distally open in unworn 
molars but closed in worn molars with considerable individual variation. The dentition will be 
described in full detail in a separate publication. Size is the only morphological feature in 
which the available specimens differ amongst each other. 

The postcranial material is, apart from size, quite homogeneous in morphology and does not 
allow for the separation into distinct morphological groups. Basically, the morphology is 
cervid-like and shows the typical cervid features as described and depicted by Heintz (1970) 
in his work on the difference between Villafranchian cervids and bovids. Some features 
though are known to be variable within cervoids and are likely linked to differences in habitat 
and ecology, apart from intraspecific individual variation. One such feaure is the rim of the 
glenoid cavity of the scapula. In †Hoplitomeryx, as far as this feature can be observed due to 
the fragmentary character of the preserved specimens, the rim has a subcircular shape. This is 
typical for closed-habitat ruminants, in contrast to the more elliptical shape seen in open-
habitat adapted ruminants. Also the humerus material is heavily fragmentated and no 
complete specimen has been recovered. The vast majority consists of distal parts and isolated 
trochleas. The few available proximal specimens show that the greater tuberosity always 
extends above the head as typical for ruminants. The degree of this extension varies within 
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Plate 1. Postcranial elements of †Hoplitomeryx. A, right distal humerus (RGM 178.487; Chiro 20E) 
showing conical aspect of the trochlea: anterior view; B, distal left humerus (RGM 425.409; Fina N) 
without a supracondylar foramen: posterior view; C, distal right humerus (RGM 178.483; Chiro 20A) 
with a small foramen: posterior view; D, right radius-ulna (RGM 260.916; San Giovannino) with high 
degree of synostotic fusion: lateral view; E, right radius-ulna (RGM 425.282; San Giovannino) with no 
fusion: medial view. Variations observed in the distal (left) radius: F, typical cervid pattern with the 
radial facet extending further than the intermedial facet; both facets are elongated (after Heintz 1970); 
G, both facets are tear-shaped and equally developed (after Zeder & Lapham 2010); H, the intermedial 
facet is much smaller than the radial facet  and is almost round (after Heintz 1970). I, left metacarpal 
(RGM 425.350; Gervasio): anterior view; J, right metacarpal (RGM 425.351; Gervasio): posterior 
view; K, right metacarpal (RGM 425.300; San Giovannino): anterior view; L, right metacarpal (RGM 
425.300; San Giovannino): posterior view.  Schematic drawings of proximal metacarpals showing the 
variation; proximal view: M, pattern seen in RGM 260.919 (San Giovannino), the typically cervid 
pattern; N, pattern seen in RGM 425.322 (San Giovannino); O, pattern seen in RGM 262.000 
(Gargano, unknown fissure); P, pattern seen in RGM 425.350 (Gervasio). 
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cervids, and †Hoplitomeryx is more like Cervus elaphus in this respect than like Rangifer 
tarandus (compare Castaños et al. 2013: fig. 7), indicating a more closed habit in agreement 
with the scapula articular surface. The distal epiphysis of the humerus is always conical, 
tapering laterally (Van der Geer 2008: fig. 6; Plate 1A). A supracondylar foramen may or may 
not be present (perforate olecranon fossa; Plate 1 B (present), C (absent); but if present, it is 
small or very small as in pigs. Perforation of the fossa though seems not to have any bearing 
on phylogeny (O'Leary & Gatesy 2008: appendix 3) and can thus not be used to classify 
†Hoplitomeryx specimens. 

The ulna is loosely or more firmly fused to the radius with a spatium interosseum of varying 
size, unrelated to size. RGM 260.916 (Plate 1D) is a typical example of a radius-ulna with a 
high degree of fusion, proximally as well as distally, with a small spatium interosseum and 
traces of the ulna on the radius. Many specimens are incomplete and the absence or presence 
of traces of the ulna on the radius are the only clue as to the degree of fusion.The spatium 
interosseum lies (very) proximal. Weak fusion with no ulnar traces on the radius is seen, for 
example, in RGM 425.282 (Plate 1E) . However, the rate of fusion between ulna and radius 
likely has minimal taxonomical value if any as it also depends on developmental age (fusion 
increases with advancing age; see e.g. Zeder 2006). RGM 260.916 and RGM 425.282 could 
simply represent a very old animal and a young adult respectively. Diagnostic for 
†Hoplitomeryx is presence of fusion of radius and ulna (in varying degree) proximally and 
distally but never in between. 

Concerning the articulation facets on the distal radius for the intermedial carpal bone (semi-
lunar bone) and the radial carpal bone (scaphoid bone), the configuration is as typical for 
Cervidae and Bovinae (as depicted in Heintz, 1970). That is, the radial facet extends further 
palmar than the intermedial facet, and is deeper and broader than the intermedial facet (Plate 
1F). In one case, RGM 425.293, the two facets are both tear-shaped and equally developed 
(Plate 1G), although also here the radial facet extends (minimally) further. In just four 
specimens, the intermedial facet is unipartite with the sloping part practically missing and 
with only the concave part being present (Plate 1H). Specimens with this configuration are 
RGM 178.499, RGM 425.073, RGM 425.375, and RGM 425.379. The different 
configurations seem independent of size and not to have any bearing on phylogeny as no such 
character is listed by O'Leary & Gatesy (2008), and might be more related to type of habitat 
or simply reflect individual variation.  

The metacarpals increase somewhat in slenderness with increasing size (Plate 1I, J versus K, 
L).Scars for the lateral metapodials are present on the proximal end of the metacarpals as in 
extant deer. The proximal articulation of the metacarpal varies in morphology, independently 
of size class, giving the impression that this morphology has no bearing on taxonomy of 
hoplitomerycids. In the majority of specimens, the separating crest between the medial and 
lateral facet makes an angle of about 20 to 30 degrees with the dorso-palmar axis and ends in 
the central fossa, which makes no contact with the palmar surface, and may continue palmar 
of the fossa (Plate 1M). This pattern is typical for Cervus as depicted in Heintz (1970). As a 
variation on this pattern, the crest runs practically parasagitally, and the fossa may border the 
palmar surface and ranges between very large (Plate 1N) and extremely small or even lacking. 
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Plate 2. Postcranial elements of †Hoplitomeryx. A, first posterior phalanx (RGM 425.269; San 
Giovannino) showing a deer-like morphology: abaxial view; B, same specimen, showing triangular 
sesamoid facets but no ligament attachment areas: volar view; C, first anterior phalanx (RGM 178.503; 
San Giovannino): abaxial view; D, same specimen, showing pronounced ligament attachments in the 
form of ridges but no sesamoid facet: volar view; E, posterior second phalanx (RGM 261.251; San 
Giovannino): abaxial view; F, anterior second phalanx (RGM 260.937; San Giovannino): axial view; 
G, third phalanx (RGM 178.683; Trefossi 2A): abaxial view; H, third phalanx (RGM 260.877; San 
Giovannino): axial view; I, third phalanx (RGM 261.531; Nazario 4): abaxial view; J, third phalanx 
(RGM 425.386; Falcone 2B); K, right femur (RGM 425.314; San Giovannino): anterior view; L, left 
femur (RGM 425.207; Nazario 4): anterior view; M, right femur (RGM 425.245; San Giovannino): 
anterior view; N, left patella (RGM 425.246; San Giovannino): anterior (dorsal) view; O, same 
specimen: lateral view; P, same specimen, showing the hook-like extension at the medial side: inner or 
volar view. 

89



The crest may run parallel to the border of the central fossa (Plate 1O), or may end 
somewhere in the lateral facet without reaching the fossa (Plate 1P). All intermediate values 
regarding angle, distance to the central fossa, size and position of the fossa are found making 
any clear classification arbitrarily. The issue is further complicated by a large intraspecific 
variation of this feature in extant ruminants as well. 

The first phalanges are deer-like and robust and may have pronounced ligament attachment 
areas, independent of size class (Plate 2A–D).The facets for the sesamoids at the volar part of 
the proximal articulation are either not distinghuishable or distinguishable but very small. 
Intermediate values in combination with erosion hamper any distinct classification. The 
second phalanges are characterised by a post-articular volar platform as typical for in cervids 
(Plate 2E, F). 

The third phalanges have a cervid mophology characterised by an articulation area that is 
sloping without a horizontal part, a rather flat sole and the lack of a prominent thickening 
below the lower end of the articulation area (Plate 2G–J). A few specimens have a minimally 
developed extensor process (Plate 2H) but unlike the prominent eminence seen in bovids. The 
dorsal border is slightly convex, straight or sigmoid. The observed variation is partly due to a 
mixture of anterior and posterior phalanges, variation in ontogenetic age and sexual 
dimorphism and as long as their influence is unknown, any classification based on the 
phalanges is invalid. 

The femur is robust with a cylindrical or subspherical head (Plate 2 KLM), which may bear a 
slight concavity just before the transition to the saddle (Plate 2M). The overall-shape and 
appearance of the head resemble Kappelman's (1988) class C of intermediate-habitat 
ruminants most. The femoral medial trochlear ridge is enlarged relative to the lateral trochlear 
ridge, runs parallel to it and may have a proximal extensive widening or thickening. The 
lateral condyl of the femur extends clearly further distally than the medial condyl, more than 
in bovids. The fossa intercondylaris is deep and narrow. The lesser trochanter is pronounced 
(Plate 2K) as in bovids. Even though the femur is perhaps the element that departs most from 
a general cervid morphology, it cannot be used to distinghuish between classes as the 
morphology is independent of size. 

The distal apophysis of the patella ranges from slightly elongated (Plate 2N) to extremely 
elongated (Plate 2O),  independent of size but possibly related to ontogenetic stage. The 
medial half of the articular surface of the patella is twice as large as the lateral half and forms 
in many cases a hook-like extension (Plate 2N, P ). 

The tibia is S-shaped (Plate 3B); only the largest specimen (Plate 3A) is straight, likely in 
relation to its large size. The cross-section is always triangular as in other ruminants. The 
tibial crest is high and long as in cervids. In only one specimen the distal fibula (os 
malleolare) is firmly fused to the distal tibia without any trace of a fusion line (Van der Geer 
2005). The frequency of bone fusions is in general higher in ruminants on remote islands than 
on the mainland (Van der Geer 2014) and fusion on itself cannot be used as a character in 
taxonomy. The astragal is compact and has a cervid morphology (Van der Geer 1999) with a 
slightly asymetrically positioned median gorge and a smaller internal condyl than external 
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Plate 3. Postcranial elements of †Hoplitomeryx. A, left tibia (RGM 335.882+425.328; San 
Giovannino): medial view; B, right tibia (RGM 425.144; Chiro D1): dorsal or anterior view. Astragals 
of different size in anterior (dorsal) view: C, left astragal (RGM 425.385; Falcone 2B); D, left astragal 
(RGM 260.863; San Giovannino); E, right astragal (RGM 425.421; Fina N). F, left astragal (RGM 
263.951; Gargano, unknown fissure): lateral view; G, left calcaneum (RGM 260.901; San 
Giovannino): anterior view;  H, same specimen: posterior view; I, same specimen: medial view; J, 
right metatarsal (RGM 178.518; San Giovannino); K, same specimen: detail of proximal end showing 
the proximal extension of the dorsal gully into the (fused) cubonavicular.  
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condyl (Plate 3C–E). The transversal bar at the lateral side is continuous and separates the 
proximal from the distal part (Plate 3F). Different from typical cervids is the trochlea, which 
in †Hoplitomeryx is non-parallel (non-aligned) as typical for suids and early ruminants (Van 
der Geer 1999; Plate 3C–E), with the exception of some of the smallest specimens where the 
trochlea is almost parallel as typical for small deer. As in the case of the bone fusions, this 
character (i.e., a non-parellel sided trochlea) seems to have evolved under conditions of 
insularity (also observed in the caprine †Myotragus balearicus) and has thus little or no 
taxonomical or phylogenetic value. 

The calcaneum has a typically ruminant morphology with a sustentaculum that extends 
beyond the articular surface, a corpus that terminates in a head  (Plate 3G) and an inwardly 
pointing distal end of the cubo-navicular facet (Plate 3H). The articular facet for the os 
malleolare is longer than wide and has a rectangular shape (Plate 3G) as in most cervids. The 
sustentaculum does, however, not project until the rear margin (Plate 3I). The tuber calcanei is 
slender and midway compressed in anterior view as in other deer, though the head is 
relatively more massive as in large bovids, and bears a pronounced tendon groove on top of 
the head (Plate 3H). 

All metatarsals have a distally closed dorsal longitudinal gulley as diagnostic for cervids 
(Leinders 1984; Plate 3J), although this character may have evolved in parallel (Janis & Scott 
1987). The dorsal gully extends proximally till somewhere within the cubonavicular, thus 
proximally of the fusion line between the metatarsus and the tarsal bone (Plate 3K). As in 
extant deer, scars for the lateral metapodials are not present on the proximal end of the 
metatarsals.The metatarsals are always shorter than the metacarpals in all four size groups but 
there seems to be a scaling difference between hind and forelimb. Where the metatarsal of the 
largest size class is about 2.7 times as long as that of the smallest size class, the metacarpal of 
the largest size class is about 3.1 times as long as that of the smallest size class. In other 
words, with increasing body mass, the forelimbs become proportionally longer, likely 
resulting in either a more flexed forelimb in larger sizes or a straighter hind limb in the larger 
sizes. This confirms the observations of Lilje et al. (2003) for ruminants. 

The vertebral remains are extremely fragmentated and only a very few of the smallest 
specimens have been preserved relatively intact. Considering the fragmentation and size-
based bias, the vertebrae cannot be used for classification. Apart from specific individual 
morphology of the vertebras, the tail of †Hoplitomeryx likely has at least nine vertebras 
(based on similarity in morphology with Cervus), the 12th thoracic vertebra appears to be the 
anticlinal (dorsal spine placed vertically) and the synsacrum includes three sacral vertebras. 

To conclude, the morphology of the postcranial of †Hoplitomeryx from Gargano is cervid in 
character with some differences of which the taxonomical value is not clear at the moment. 
The intra-specific differences are not related to size. Size alone is the basis for differentiation 
in †Hoplitomeryx, and four size classes can be discerned. Based on the dental formula, the 
material from Scontrone is attributed to a new genus. Species originally described for 
Scontrone (Mazza & Rustioni 2011) are retained here. 
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Systematic Palaeontology 

Order Artiodactyla Owen, 1848 
Suborder Ruminantia Scopoli, 1777 

Infraorder Pecora Linnaeus, 1758 
Superfamily Cervoidea Simpson, 1931 

Family †Hoplitomerycidae Leinders, 1984 
Genus †Scontromeryx nov. 

 
1992 Hoplitomeryx Leinders, 1984 in Rustioni et al.: 229, 235, figs. 3–5. 
1992  cf. Amphimoschus Gray, 1852 in Rustioni et al.: 230, 236, figs. 4–5. 
1996 Hoplitomeryx Leinders, 1984 in Mazza & Rustioni: 93–95, fig. 1. 
1996 cf. Amphimoschus Gray, 1852 in Mazza & Rustioni: 94, 96. 
1996 large-sized artiodactyl (present-day fallow deer sized) in Mazza & Rustioni: 94, fig. 1. 
1999 Hoplitomeryx sp. Leinders, 1984 in Mazza & Rustioni: 300, 305, fig. 1. 
1999 cf. Amphimoschus Gray, 1852 in Mazza & Rustioni: 300, 304, fig. 1. 
1999 Taxon A in Mazza & Rustioni: 306, figs. 1–2. 
1999 Taxon B in Mazza & Rustioni: 307, fig. 2. 
1999 Taxon C in Mazza & Rustioni: 307. 
2008 Hoplitomeryx Leinders, 1984 (partem) in Mazza & Rustioni: 208, 212, 214. 
2011 Hoplitomeryx Leinders, 1984 in Mazza & Rustioni: 1304–1308, 1310, 1312–1316, 
1318, 1322, 1324, 1330, figs. 1–5. 
2013 Hoplitomeryx Leinders, 1984 in Patacca et al.: 5. 
 
Type species.  †Scontromeryx minutus (Mazza & Rustioni, 2011). 
 
Diagnosis. Hoplitomerycid with cheek teeth formula 3–3 / 3–3 and no upper canines. Orbital 
horn cores may be present. 
 
Differential diagnosis. Differs from †Hoplitomeryx by a more plesiomorphic dental formula 
(presence of the lower and upper second premolar) and the absence of a nasal horn core and 
sabre-like upper canines. 

Derivation of name. Named after the village Scontrone,  National Park of Abruzzi, L’Aquila, 
central Italy, where fossil remains of this ruminant were discovered in Tortonian fossiliferous 
layers.  
 
Remark. The five species as defined by Mazza & Rustioni (2011) will be left intact but 
moved to the new genus †Scontromeryx. This implies some minor revisions (mainly cheek 
teeth formula) because the material from Gargano (paratypes in Mazza & Rustioni 2011) is 
now removed and with it part of the diagnosis. 

 
†Scontromeryx minutus (Mazza et Rustioni, 2011) 

 
1999 Taxon A (partim) in Mazza & Rustioni: 306, figs 1–2 (SCT 60, SCT 73, SCT 77, SCT 
155). 
2011 Hoplitomeryx minutus Mazza & Rustioni, 2011 (partim) in Mazza & Rustioni: 1304, 
1306, 1330, figs 1, 5, tables 1, 2 (SCT 60, SCT 73, SCT 77, SCT 78, SCT 155). 
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Holotype. Right hemimandible SCT 77 (figure 1, A, B, C, in Mazza & Rustioni , 2011). 
 
Paratypes. Mandible fragments SCT 60, SCT 73, SCT 78, SCT 155. 
 
Original diagnosis. See Mazza & Rustioni (2011) 
 
Revised diagnosis. Small species with brachyodont dentition. Mandible with a slender and 
sinuous horizontal ramus and uniformly convex ventral profile; cheek teeth formula 3–3; 
lower premolars very small with rudimentary paraconid, robust and high metaconid and 
strong entoconid; lower molars with widely spaced, triangular labial conids, flattened mesial 
enamel walls, isolated hypoconid, even in heavily worn teeth, strong metastylids, 
postentocristids, and ectostylids; distal margin of hypoconulid separated from entoconulid 
towards the occlusal edge of the crown and fused with it towards the collar; lingual enamel 
wall smooth, labial enamel wall moderately rugose; molars with cingulum on the mesiolabial 
base of protoconids. 

Derivation of name. The name refers to the small dimensions of the species (Mazza & 
Rustioni 2011). 
 
Preservation and deposition.  Soprintendenza Archeologica dell’Abruzzo (Chieti, central 
Italy). 
 
Type locality and horizon. Tortonian Scontrone Member of the Lithothamnium Limestone 
(Patacca et al. 2008; 41°45’15.54”N, 14°2’1’3.14”E), outskirts of Scontrone, southern border 
of the National Park of Abruzzi, L’Aquila, central Italy. 
 
Description. See Mazza & Rustioni (2011). 
 
Additional characters shown by paratypes revised after Mazza & Rustioni (2011). The 
paratypes consist of fragmentary mandibles, preserving various elements or their alveoles: 
SCT 73 (p4, m1 fragment, alveoles p2-p3), SCT 60 (p3–m3), SCT 78 (unknown) and SCT 
155 (p2–m3). Horizontal ramus tapers gradually rostrally. Lower premolar to molar ratio p2–
p4/m1–m3 = 0.48. Very thin film of cementum-like veneer occasionally present in labial 
valleys of lower molars. p3–p4. Parastylid well developed, paraconid rudimentary and present 
only in barely worn teeth, otherwise totally absent; metaconid robust, very salient, exceeding 
in height the cupsids of all lower premolars, and in contact with protoconid. Entoconid well 
developed and protruding lingually. Entostylid also well developed. Lingual enamel wall 
smooth. m1. Tooth tightly in contact with fourth premolar. External rib of metaconid and 
entoconid strong, metastylid and postentocristid also quite robust. Robust ectostylid. 
Mesiolabial cingulum variously developed and at times supporting tiny cuspule. m2. Labial 
cuspids widely separated from one another with low, blunt ectostylid in between. m3. Low, 
pillar-like enamel structure sometimes present where distal margins of hypo- and entoconulid 
meet. 
 
Measurements.  See Table 3. 
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Table 3. Dental measurements (mm) of the mandibular (above) and maxillar fragments (below) from 

Scontrone, mandibular premolar/molar ratio and body mass estimation (BM in kg) based on lower molar row 

length after Damuth (1990) for selenodont browsers. * alveolar measurements. The specimens are sorted 

according to increasing size. Dental measurements after Mazza & Rustioni (2011, 1996, 1999). 

Mandible 
fragments 

species  Lp2‐m3  Lm1‐m3 Lm1 Lm2 Lm3  p/m 
ratio 

BM

SCT 88  †S. apulicus 53.9  35 10.2 11.6 14.7  0.54*  18.2
SCT 77  †S. minutus  ‐  36.7 10.3 11.8 16.1  ‐  21.3
SCT 76  †S. apulicus ‐  36.9 10.6 11.3 14.3  ‐  21.7
SCT 177  †S. falcidens 56.8  38.4 10.1 8.3* 13.8*  0.48  24.8
SCT 60  †S. minutus  ‐  38.9 10.4 11.7 16.3  ‐ 
SCT 155  †S. minutus  58  39 10.2 11.9 17.2  0.48  26.2
SCT 72  †S. mazzai  ‐  ‐ ‐ ‐ 17.6  ‐ 
SCT 50  †S. apruthiensis  ‐  40.3 (40.8) 10.2 12.5 18.1  ‐  29.2 

(30.5) 
SCT 51  †S. apruthiensis  ‐  ‐ 10.9 ‐ ‐  ‐ 
SCT 16  †S. apruthiensis  ‐  41.5 11.5 12 (12.9) 18 

(18.3) 
‐  32.3

SCT 81  †S. apruthiensis  ‐  41.9 11.7 12.3 18.7  ‐  33.3
SCT 102  †S. apruthiensis  ‐  42.7 10.5 12.7 19.5  ‐  35.6
SCT 29  †S. apruthiensis  ‐  43.4 (44.0) 10.8 13.1 19  ‐  37.6 

(39.3) 
SCT 71  †S. apruthiensis  ‐  ‐ ‐ ‐ 19.6  ‐  ‐
SCT 
58+SCT 67 

†S. apruthiensis  ‐  ‐ ‐ 14.0 ‐  ‐ 

SCT 89  †S. apruthiensis  ‐  ‐ 12.2 14.1  
SCT 20  †S. magnus  ‐  47.8 15 15.5 20  ‐  52.1
SCT 80  †S. mazzai  ‐  ‐ ‐ ‐ 20.1  ‐ 
Maxilla 
fragments 

  LM1  LM2 LM3  

SCT 70  †S. falcidens ‐  9.3 (10.3) 11.2 
(11.9) 

 

SCT 59  †S. apruthiensis  10.3 (‐)  13 (13.9) ‐ (15.8)  
SCT 86  †S. magnus  15.2 

(14.9) 
‐ ‐  

SCT 18  †S. magnus  16.1  13.3 (18.3) ‐  
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†Scontromeryx falcidens  (Mazza et Rustioni, 2011) 
 
1999 Taxon A (partim) in Mazza & Rustioni: 306 (SCT 70, SCT 103, 177). 
2011 Hoplitomeryx falcidens Mazza & Rustioni, 2011 (partim) in Mazza & Rustioni: 1304, 
1312, 1330, figs 1, 2, 5, tables 1, 2 (SCT 70, SCT 82, SCT 103, SCT 177). 
 
Holotype. Left hemimandible SCT 177 (Figure 1, D, E, F, in Mazza & Rustioni 2011).  
 
 Paratypes.  Maxillary SCT 70, mandible fragments SCT 103, SCT 82. 
 
Revised diagnosis.  Small-sized, mesodont species. Lingual cusps tightly spaced in M2 and 
M3; metacone sometimes with small pillars on labial face of upper molars; entostyle absent; 
mandible slender, with moderately sinuous horizontal ramus and convex ventral profile under 
cheek teeth corpus; paraconid absent or present only in unworn lower premolars; in p2 
protoconid and metaconid of same height; p4 compressed mesiodistally, with enlarged and 
fairly complicated mesial trigonid and relatively small talonid; in lower molars labial cuspids 
triangular, widely spaced and somewhat backward-verging; metastylids and postentocristids 
well developed and protruding lingually in m1; postentocristid hardly developed in m3; 
ectostylid low and robust in m1, low and blunt in m3; hypoconulid and entoconulid with 
distal margins separated to halfway along the crown height; enamel smooth; weak cingulum 
at the base of the protoconid in m1. 

Differential diagnosis. Differs from †Scontromeryx minutus by being more mesodont, having 
a compressed lower p4, lacking a paraconid in lower premolars, and having smooth enamel 
on labial side of cheek teeth. 

Derivation of name. According to Mazza & Rustioni (2011), the species is characterized by 
sabre-like upper canines (falx, gen. falcis, Latin, sickle, scythe; dens, Latin, masculine, tooth). 
However, maxillary SCT 177 lacks canines and the presence of a canine was based on 
material from the Gargano. 

Preservation and deposition.  Soprintendenza Archeologica dell’Abruzzo (Chieti, central 
Italy). 
 
Type locality and horizon. Tortonian Scontrone Member of the Lithothamnium Limestone 
(Patacca et al. 2008; 41°45’15.54”N, 14°2’1’3.14”E), outskirts of Scontrone, southern border 
of the National Park of Abruzzi, L’Aquila, central Italy. 

Description. See Mazza & Rustioni (2011). 
 
Additional characters shown by paratypes revised after Mazza & Rustioni (2011). SCT 70 
(M2-3) is a maxillary fragment, SCT 82 (m3) and SCT 103 (p2–m1) are mandible fragments. 
m3. (shown by SCT 82). The two mesial cuspids are not preserved. Hypoconid markedly 
triangular and very inclined backwards. Entoconid fairly swollen at base of crown but 
postentocristid barely developed. Low, blunt ectostylid. Hypoconulid and entoconulid both 
tear-shaped and about the same size. Distal margins of these two conulids keep separated until 
about halfway the height of the crown. M2–3. Small enamel pillars at the base of the 
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metacone. Styles and ribs very strong. Metaconule with well-develop spur. Lingual cusps in 
tight contact with one another. No entostyle. M3 with large metaconule. 

Measurements. See Table 3. 
 

†Scontromeryx apulicus  (Mazza et Rustioni, 2011) 
 
1999 Taxon A (partim) in Mazza & Rustioni: 306, fig. 1 (SCT 76, SCT 88). 
2011 Hoplitomeryx apulicus Mazza & Rustioni, 2011 (partim) in Mazza & Rustioni: 1304, 
1318, 1330, figs 2, 3, 5, tables 1, 2  (SCT 76, SCT 88). 
  
Holotype. Right hemimandible SCT 88 (Figure 2, D,E,F, in Mazza & Rustioni 2011). 
 
Paratypes. Hemimandibles SCT 76, SCT 88, (SCT 88 is indicated by Mazza & Rustioni  
(2011) as well as holotype as paratype). 
 
Revised diagnosis. Small species with brachyodont dentition. Mandible with slender and 
slightly sinuous ramus, with clearly convex ventral profile. In p3 protoconid larger than 
metaconid, opposite in p4; parastylid, hypoconid and entoconid well developed in lower 
premolars, paraconid present in unworn premolars; lower molars with swollen lingual enamel 
walls and with cuspids that remain isolated even in worn teeth; cheek teeth with occlusal 
surfaces markedly inclined outwards because of strong differential wear between inner and 
outer cuspids; labial conids markedly triangular and closely spaced, with flattened mesial 
walls; ectostylid very small in m1, absent in m2 and m3; metastylids and postentocristids well 
developed but not protruding lingually; distal margin of hypoconulid fused, or not, to the 
entoconulid; enamel smooth; cingulum absent. 

Differential diagnosis. Larger than †Scontromeryx falcidens according to Mazza & Rustioni  
(2011), but with Gargano specimens removed it is the smallest species. Differs from †S. 
falcidens by a more brachyodont dentition, a more elongated lower p4 and having metastylids 
that are not lingually protruding. Differs from †S. falcidens and †S. minutus by having closely 
spaced labial conids of the lower molars and the very small ectostylid in m1 and absence of an 
ectostylid in m2 and m3 and of a cingulum in lower molars. Differs from †S. minutus by 
having a smooth labial enamel wall on its lower molars. 

Derivation of name. Not given by Mazza & Rustioni (2011). Likely after the Latin name for 
the present-day province of Puglia (southern Italy). 

Preservation and deposition. Soprintendenza Archeologica dell’Abruzzo (Chieti, central 
Italy). 
 
Type locality and horizon. Tortonian Scontrone Member of the Lithothamnium Limestone 
(Patacca et al. 2008; 41°45’15.54”N, 14°2’1’3.14”E), outskirts of Scontrone, southern border 
of the National Park of Abruzzi, L’Aquila, central Italy. 
 
Description. See Mazza & Rustioni (2011). 
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Additional characters shown by paratype revised after Mazza & Rustioni (2011). SCT 76 is a 
fragmentary right hemimandible with three molars (Mazza & Rustioni 1999, not mentioned in 
Mazza & Rustioni 2011). m1–m2. occlusal surfaces considerably inclined outwards; inner 
cuspids maintain sharp and pointed for long, outer cuspids affected by relatively higher 
degrees of wear.  m3. distal margins of both hypoconulid and entoconulid either separated or 
fused towards the collar of the tooth. 

 
Measurements. See Table 3. 
 
Remark. An additional differential character was the long diastema in †S. apulicus, but this 
diastema cannot be confirmed for the Scontrone specimens. 

 
†Scontromeryx mazzai nov. sp. 

 
(Fig. 6H in Mazza & Rustioni, 2011) 

 
1992 Hoplitomeryx sp. Leinders, 1984 in Rustioni et al.: fig. 3 (uncatalogued skull fragment). 
1996 Hoplitomeryx sp. Leinders, 1984 in Mazza & Rustioni: fig. 1 (SCT 17, redrawn after 
Rustioni et al., 1992: fig. 1). 
1999 Taxon C (partim) in Mazza & Rustioni: 307 (STC 72, STC 83). 
1999 Hoplitomeryx Leinders, 1984 (partim) in Mazza & Rustioni: 305 (SCT 80). 
2011 Hoplitomeryx matthei Leinders, 1984 (partim) in Mazza & Rustioni: 1320, 1321, 1330, 
fig. 6, tables 1, 2 (SCT 17, SCT 72, SC T 80, SCT 83). 

Holotype. Skull fragment SCT 17. 
 
Paratypes. Mandible fragments SC T 80, SCT 83, SCT 72. 
 
Diagnosis. A hoplitomerycid with two pairs of orbital horns. Mandible markedly pachyostotic 
with brachyodont dentition. The lower m2 and m3 lack ectostylids, a cingulum and cementum 
and have rugose enamel. 

Differential diagnosis. Differs from †S. minutus, †S. falcidens and †S. apulicus by 
pachyostosis of mandibular ramus and presence of orbital horns, differs from †S. falcidens 
and †S. apulicus by rugose enamel on its molars, differs from †S. falcidens by absence of 
ectostylid in m2 and m3 and by having brachyodont teeth. Differs from †S. minutus by 
absence of a cingulum and by rugose lingual enamel wall. 

Derivation of name. Named in honour of Paul Mazza for his research on the artiodactyls 
from Scontrone. 
 
Preservation and deposition. Soprintendenza Archeologica dell’Abruzzo (Chieti, central 
Italy). 
 
Type locality and horizon. Tortonian Scontrone Member of the Lithothamnium Limestone 
(Patacca et al., 2008; 41°45’15.54”N, 14°2’1’3.14”E), outskirts of Scontrone, southern border 
of the National Park of Abruzzi, L’Aquila, central Italy. 
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Description. See Mazza & Rustioni (2011). 
 
Additional characters shown by paratypes revised after Mazza & Rustioni (1999). The 
paratypes SCT 80 (m3), SCT 83 (incomplete m2, badly preserved m3) and SCT 72 
(incomplete m2, m3, alveoles p2–m1) are fragmentary mandibles. The description here is 
after Mazza & Rustioni (1999) for SCT 72 and SCT 83. Horizontal ramus with marked  
pachyostosis. m2-m3. Brachyodont without ectostylids. The ribs and the styles are slightly 
prominent on the lingual enamel walls. The rear alae of the protoconids are fused to the 
anterior alae of the entoconids. The labial crescents are obliquely arranged backwards and 
have a V-shaped outline in occlusal view. The posterior lobe is bicuspid with the labial lobe 
exceeding the lingual lobe in size. No cingula, no cementum. The enamel is rugose. 

Measurements. See Table 3. 
 
Remarks. Mazza & Rustioni (2011) attributed skull fragment SCT 17 and three mandible 
fragments (SCT80, SCT 83, SCT 72) from Scontrone to †Hoplitomeryx matthei. However, 
these specimens cannot be attributed to this species. According to Mazza & Rustioni  (2011) 
there is no evidence of the possible presence of the nasal horn core in skull fragment SCT 17, 
yet a nasal horn core is diagnostic for  †Hoplitomeryx matthei (Leinders 1984). Furthermore, 
the orbital horn cores of SCT 17 show a combination of characters of Leinders’ (1984) horn 
core types I and II and constitutes thus a new horn core type, unlike any of Leinders’ (1984) 
types. As far as the mandibles are concerned, there is no evidence for the loss of the second 
premolar. This means that the presence of †Hoplitomeryx matthei cannot be confirmed among 
the material from Scontrone. In order to avoid confusion, the four Scontrone specimens which 
are excluded here from the †H. matthei material are attributed here to a new species as they 
cannot be attributed to any of the other Scontrone species (Mazza & Rustioni 2011). 
 

†Scontromeryx apruthiensis  (Mazza et Rustioni, 2011) 
 
1996 Hoplitomeryx Leinders, 1984 in Mazza & Rustioni: 95 (SCT 16, SCT 29, SCT 50). 
1999 Hoplitomeryx sp. Leinders, 1984 in Mazza & Rustioni: 305, fig. 1 (SCT 16, SCT 29, 
SCT 50, SCT  58, SCT 59, SCT 71, SCT 81, SCT 89, SCT 102, SCT 125, SCT 195. 
1999 Taxon B in Mazza & Rustioni: 307, fig. 2 (SCT 51, SCT 67, SCT 79). 
2011 Hoplitomeryx apruthiensis Mazza & Rustioni, 2011 (partim) in Mazza & Rustioni: 
1304, 1322, 1330, figs 4, 5, tables 1, 2 (SCT 16, SCT 29, SCT 50, SCT 51, SCT 58 + SCT 67, 
SCT 59, SCT 71, SCT 79, SCT 81, SCT 89, SCT 102, SCT 125, SCT 195). 
 
Holotype. Right hemimandible SCT 29 (Figure 4, D, E, F in Mazza & Rustioni 2011). 
 
Paratypes. Maxillaries SCT 59, SCT 125; mandible fragments SCT 16, SCT 50, SCT 51, 
SCT 58 + SCT 67, SCT 79, SCT 71, SCT 81, SCT 89, SCT 102, SCT 195. 

Original diagnosis. See Mazza & Rustioni (2011). 
 
Revised diagnosis. Parastyle and mesostyle very robust and paracone supported by prominent 
median rib. Weak external rib of metacone and weak metastyle. Upper molars very similar to 
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one another, with trapezoidal, closely packed lingual crescents. Protocone somewhat smaller 
than metacone. Tiny entostyle on second molars. Lingual walls somewhat more corrugated 
than labial walls in upper check teeth, opposite in lower ones. Mandible with slightly sinuous 
horizontal ramus; marked mandibular scissure; premolars compressed mesiodistally and 
enlarged labiolingually; molars elongated mesiodistally and somewhat compressed 
labiolingually; paraconid absent or rudimentary; lingually open mesial fossette; metastylid 
and postentocristid strong; small ectostylid on each lower molar; third lower molars with 
wide, mesiolingually open mesial fossette; distal margin of hypoconulid separated from 
entoconulid occlusalward, and fused to it towards the collar; cementum occasionally present; 
cingula absent in lower cheek teeth; rugose enamel on lower molars. 

Differential diagnosis. Differs from †S. minutus, †S. falcidens and †S. apulicus by its larger 
size and the presence of rugose lingual enamel on lower molars. Differs from †S. falcidens 
and †S. apulicus by rugose labial enamel on lower molars. Differs from †S. minutus, †S. 
apulicus and †S. mazzai by mesodonty. Differs from †S. minutus and †S. falcidens by absence 
of a cingulum on lower molars. Differs from †S. falcidens by the presence of a tiny entostyle 
on M2. Differs from †S. mazzai by non-pachyostotic mandible, the presence of an ectostylid 
on lower molars and strong metastylids. 

Derivation of name. From the Latin name of the region Abruzzo (central Italy). 
 
Preservation and deposition of type specimens. Soprintendenza Archeologica dell’Abruzzo 
(Chieti, central Italy). 

Type locality and horizon. Tortonian Scontrone Member of the Lithothamnium Limestone 
(Patacca et al. 2008; 41°45’15.54”N, 14°2’1’3.14”E), outskirts of Scontrone, southern border 
of the National Park of Abruzzi, L’Aquila, central Italy. 

Description.  For original description of the holotype, see Mazza & Rustioni (2011) ). 
Morphological description of upper molars are erroneous, because the holotype is a mandible. 
Revised description: Mandible tapers abruptly rostrally. Fairly long diastema in front of p2. 
Ventral profile markedly convex under the lateral dentition. Marked mandibular scissure. p3 
and p4 short, somewhat compressed mesiodistally and enlarged labiolingually. Parastylid well 
developed, paraconid absent; weak, backward verging metaconid. Entoconid well developed 
and backward verging like metaconid. Entostylid very small. Vertical groove on the 
posterolingual region of p4. Labial enamel wall rugose, lingual wall smooth. m1–m2 
elongated mesiodistally and somewhat compressed labiolingually. Labial conids markedly 
triangular. m1 tightly in contact with p4, mesial wall flattened, preprotocristid bent abruptly in 
lingual direction with marked angle. Premetacristid very sharp and prominent lingually. 
Metastylid and postentocristid also very sharp and prominent. Preprotocristid fused to 
premetaconid crista, and postprotocristid to pre-entocristid. Hypoconid isolated. Small 
ectostylids. Enamel rugose. Residual cementum. m3 with tetraconid similar to that of m2. 
Premetacristid bent lingually, and preprotocristid separated from it, mesial fossette thus wide 
and opened mesiolingually. Distal margins of hypoconulid and entoconulid separated 
occlusalwards and rapidly fused towards collar. 
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Additional characters shown by paratypes, revised after Mazza & Rustioni (2011). SCT 59 
and SCT 125 are both fragmentary right maxillaries preserving only M2-M3. All other 
paratypes are mandible fragments preserving various elements or their alveoles: SCT 16 (p4–
m3), SCT 50 (p4-m3), SCT 51 (p4, part of m1), SCT 58 + SCT 67 (m2), SCT 81 (m1–m3), 
SCT 89 (m1, m2), SCT 102 (m1–m3, alveoles of p4 and (partial) p3) and SCT 79, SCT 71, 
SCT 195 with unknown preservation (not described, not figured; likely small fragments). 
Wear stage not given in Mazza & Rustioni (2011). Occlusal surfaces of lower cheek teeth 
quite inclined outwards; inner cuspids sharp and pointed, whereas outer cuspids are affected 
by relatively higher degrees of wear; mesodont. M2–M3. Molars very similar to one another. 
Both bear robust parastyles, even stronger mesostyles, as well as considerably developed 
labial rib of the paracone. Much weaker external rib of metacone and metastyles. Lingual 
crescents trapezoidal, and postprotocristae and postmetaconule cristae robust. M3 with large 
metaconule. Cingula and cementum not present. Lingual crescents very closely spaced. Tiny 
entostyle in M2. p3–p4. Paraconid rudimentary in poorly worn specimens, obliterating as 
wear progresses (see, however, remark on wear stage above). m1–m2. In unworn or 
moderately worn first lower molars, preprotocristid extended to contact premetaconid crista, 
and postprotocristid to contact preentocristid. As wear progresses, these structures normally 
fuse together, so that protoconid connects mesially with premetaconid crista, as well as 
distally with pre-entocristid. Hypoconid isolated from the other conids at most levels of wear; 
only in considerably worn specimens posthypocristid fused to postentocristid. Prehypocristid 
fused mesially to postprotocristid only in heavily worn teeth. Residual cementum on some 
specimens. 

Measurements. See Table 3. 
 

†Scontromeryx magnus  (Mazza et Rustioni, 2011) 
 
1996 cf. Amphimoschus Gray, 1852 in Mazza & Rustioni: 96, fig. 6 (SCT 20) 
1996 large-sized artiodactyl (present-day fallow deer sized) in Mazza & Rustioni: 94, fig. 1 
(SCT 18). 
2011 Hoplitomeryx magnus Mazza & Rustioni, 2011 (partim) in Mazza & Rustioni: 1304, 
1324, 1325, 1328, 1330, figs 4, 5, tables 1, 2 (SCT 18, SCT 20, SCT 86). 
 
Holotype. Left hemimandible SCT 20 (Figure 4, J, K, L, in Mazza & Rustioni 2011). 
 
Paratypes. Maxillaries SCT 18 (juvenile), SCT 86. 
 
Original diagnosis. See Mazza & Rustioni (2011). 
 
Revised diagnosis. Large species with brachyodont cheek teeth. M1 with very reduced 
entostyle; paracone supported by robust and prominent median rib; external rib of metacone 
absent; well-developed and lingually protruding parastyle and mesostyle; metastyle very 
weak; cementum absent and smooth enamel in upper cheek teeth. Mandible with horizontal 
ramus massive lateromedially, ventral profile moderately convex under cheek teeth corpus. 
Lower molars with widely spaced, triangular, backwardverging labial cuspids and with 
flattened mesial enamel walls; protoconid and hypoconid isolated in unworn molars; in worn 
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molars protoconid connected mesially with metaconid and distally with entoconid, and 
hypoconid connected with postprotocristid and postentocristid; lower molars with lingual 
cuspids relatively less worn than labial cuspids; metastylid and postentocristid prominent, but 
blunt; ectostylids blunt and robust; third lower molars with tear-shaped hypoconulid and 
entoconulid not fused distally; labial enamel wall rugose, lingual wall smooth in lower cheek 
teeth; protoconids with faint traces of cingulum at their base. 

 
Differential diagnosis.  Larger than all other †Scontromeryx species. Differs from †S. 
minutus, †S. falcidens, †S. apulicus and †S. apruthiensis by pachyostosis of the mandible. 
Differs from †S. mazzai, †S. apulicus and †S. apruthiensis by the presence of robust 
ectostylids in lower molars. Differs from †S. falcidens and †S. apulicus by rugose labial 
enamel in lower molars. Differs from †S. mazzai and †S. apruthiensis by smooth lingual 
enamel in lower molars. 

Derivation of name. Refers to the particularly large dimensions of the individuals of the 
species. 
 
Preservation and deposition. Soprintendenza Archeologica dell’Abruzzo (Chieti, central 
Italy). 
 
Type locality and horizon. Tortonian Scontrone Member of the Lithothamnium Limestone 
(Patacca et al. 2008; 41°45’15.54”N, 14°2’1’3.14”E), outskirts of Scontrone, southern border 
of the National Park of Abruzzi, L’Aquila, central Italy. 

Description. See Mazza & Rustioni (2011). 
 
Additional characters shown by paratypes revised after Mazza & Rustioni (2001). This is the 
largest of the species represented in the sample from Scontrone. SCT 18 is a very fragmental 
maxillary of a young specimen with DP4 in substitution, P3 and P4 (both erupting), M1 and 
M2. SCT 86 is a left fragmentary maxillary with P4-M1. DP4 is molariform, with very robust 
paracone labial rib; no metacone rib; well-developed parastyle and metastyle; very strong 
mesostyle. Protocone larger than metacone. Postprotocrista bent forward. As wear progresses, 
postparacrista and postprotocrista fuse to premetaconule crista. Small entostyle. P3. Strong 
styles and external rib of paracone. Protocone fairly small, centrally situated, lingually 
directed and fused to robust metaconule. Metacone relatively small. Two strong spurs issue 
from lateral enamel walls of lingual cusp, one from preprotocrista, the other from 
postmetaconule crista. Lingual enamel wall rougher than labial one. No entostyles. M1–M2. 
Robust parastyle and even stronger mesostyle. Strong external rib of paracone, metacone with 
no labial rib. Postprotocrista and postmetaconule crista fairly robust, and lingual crescents 
closely spaced. Lingual enamel wall more rugose than labial one. No entostyle. 

Measurements. See Table 3. 
 

†Scontromeryx sp. indet  (Mazza et Rustioni, 2011) 
 
2011 Hoplitomeryx sp. Leinders, 1984 in Mazza & Rustioni: 1326. 
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Material. Horn cores SCT 10, SCT 28, SCT 4, SCT 213, SCT 11 and an uncatalogued 
specimen. 
 
Preservation and deposition. Soprintendenza Archeologica dell’Abruzzo (Chieti, central 
Italy). 
 
Locality and horizon. Tortonian Scontrone Member of the Lithothamnium Limestone 
(Patacca et al., 2008; 41°45’15.54”N, 14°2’1’3.14”E), outskirts of Scontrone, southern border 
of the National Park of Abruzzi, L’Aquila, central Italy. 

Description. SCT 10 and SCT 28 are described (Mazza & Rustioni 2011) as type I nasal horn 
cores, SCT 4 and SCT 213 as type II nasal horn cores and SCT 11 and a not-catalogued 
specimen as type V orbital horn cores. Only SCT 213 and SCT 28 are figured (Fig. 6, I–K). 
The nasal horn cores lack the typical continuation of the septum nasi in the basal part of the 
horn as can be seen in their fig. 6 and can therefore not reliably diagnosed as being nasal horn 
cores. The isolated orbital horn cores (type V: SCT 11 and an uncatalogued specimen) do not 
fit Leinders’ (1984) description either. One of them has been depicted in Rustioni et al. (1992) 
and is too large to fit Leinders’ (1984) horn core type V and differs morphologically from the 
other horn core types. The isolated orbital horn cores also differ from those in skull SCT 17 
(†S. mazzai). The isolated horn cores cannot be associated to any of the described species and 
could be distal parts of either horn cores, antlers or proto-antlers. 

 
Family †Hoplitomerycidae Leinders, 1984 

Genus †Hoplitomeryx Leinders, 1984 
 

Type species. †Hoplitomeryx matthei Leinders, 1984. 

Original diagnosis. †Hoplitomeryx has two horn cores above each orbit and one horn core in 
the sagittal plane on the posterior part of the nasalia. The rest of the diagnosis corresponds to 
that of the family (Leinders 1984: 6). 

Emended diagnosis. Cheek teeth are low crowned and have rugose enamel (shared with all 
other cervoids except for Antilocapra), lacking the Palaeomeryx-fold in lower molars, lacking 
the Dorcatherium-fold in lower molars, bifurcated posterior wing of the protocone 
(=postprotocrista) (uniting advanced cervoids) and of the metaconule (derived pecoran 
condition), bilophed posterior lobe of lower m3 that is distally open in unworn molars and 
closed in worn molars, at most faint traces of the anterior cingulum on the molars, p4 is not 
molarized, three lower incisors are present and the lower canine is incisiform. Additional 
diagnosis of the postcranial of †Hoplitomeryx. The glenoid of the scapula is round or 
subcircular. The humerus has a greater trochanter that clearly extends above the level of the 
head, and a conical distal epiphysis that may have a small supracondylar foramen. The ulna is 
loosely or more firmly fused to the radius with a proximally situated spatium interosseum of 
varying size. The radial facet on the distal radius extends further palmar than the intermedial 
facet, and is deeper and broader than the intermedial facet.  The facets for the lateral 
metapodials are very pronounced on the proximal metacarpals but indistinguishable on the 
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metatarsals. The first phalanges are robust with often pronounced ligament attachment areas 
and small or very small facets for the sesamoids at the volar part of the proximal articulation. 
The second phalanges have a post-articular volar platform. The third phalanges have a more 
or less flat sole and lack the prominent thickening below the lower end of the articulation area 
as seen in bovids. The articulation area lacks a horizontal part. A very small extensor process 
may be present. The femur is robust with a cylindrical or subspherical head, which may bear a 
slight concavity just before the transition to the saddle. The medial trochlear ridge is enlarged 
relative to the lateral trochlear ridge, runs parallel to it and may have a proximal extension or 
thickening. The lateral condyl extends clearly further distally than the medial condyl. The 
fossa intercondylaris is deep and narrow. The lesser trochanter is pronounced. The patella has 
an elongated or even extremely elongated distal apophysis independent of size. The medial 
half of the articular surface is twice as large as the lateral half and may form a hook-like 
extension. The tibia is generally S-shaped with a triangular cross-section and a high and long 
tibial crest; only in the largest specimens the tibia is straight. The astragal is compact and has 
a slightly asymetrically placed median gorge, an internal condyl that is smaller than the 
external condyl and generally a non-parellel sided trochlea. The calcaneum has a 
sustentaculum that extends beyond the articular surface, a corpus that terminates in a head and 
an inwardly pointing distal end of the cubo-navicular facet. The articular facet for the os 
malleolare is longer than wide and has a rectangular shape. The sustentaculum does not 
project until the rear margin. The tuber calcanei is slender and midway compressed in anterior 
view and bears a massive head with a pronounced tendon groove on its top. The metatarsals 
have a dorsal longitudinal gully that is distally closed, pronounced, and extends proximally 
into the cubonavicular. The metatarsals are always shorter than the metacarpals. 

Remarks. Material, including holotypes and paratypes, of the newly described species below 
are taken only from chronological levels with a proven existence of a full radiation of 
†Hoplitomeryx. The type species †Hoplitomeryx matthei meets this criterion. †Hoplitomeryx 
from the oldest fissures are all small but need not necessarily be equivalent to one of the two 
small sizes of †Hoplitomeryx from the younger fissures. In other words, even if the size of the 
oldest specimens equals that of the smallest size of the younger specimens, this is no 
guarantee that the latter is an unchanged continuation of the former after cladogenesis has 
taken place. Theoretically, a different, new species might be needed for this first, ancestral 
stage. At present there is insufficient material and support to do so and the lack of the other 
morphotypes from the older fissures could in principal also be just a sampling bias. 

 

†Hoplitomeryx matthei Leinders, 1984 
  
1984 Hoplitomeryx Leinders, 1984, ear region type I, horn core type I (= Hoplitomeryx   
matthei) in Leinders: 15, 35, Plates 1, 2. 
2005 Hoplitomeryx Leinders, 1984, size 2 in Van der Geer: 330, 331, 333. 
2008 Hoplitomeryx Leinders, 1984, sizes 1 and 2 (partim) in Van der Geer: 153, figs 4, 6. 
2008 Hoplitomeryx Leinders, 1984, size 2 in Van der Geer: 154, figs 5, 6. 
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2011 Hoplitomeryx  falcidens Mazza & Rustioni, 2011 (partim) in Mazza & Rustioni: 1312, 
fig. 2 (RGM  215.000). 
 
Holotype. Adult partial skull RGM 260.965 (figured in Leinders, 1984, Plates 1 and 2). 
 
Paratypes. Skull fragments RGM 260.944, RGM 260.945 (Type II). Nasal horn cores RGM 
260.898 (Type II?), RGM 260.922 (Type I), RGM 260.923 (Type I), RGM 261.098 (Type 
III). Orbital horn cores RGM 261.097 (Type III), RGM 261.099 (Type IV), RGM 178.286 
(Type?). 

Referred specimens. See Table A2 of Appendix A, and Plate 1D, K, L, Plate 2F, L, Plate 3E. 

Original diagnosis. The skull size of H. matthei is about the same as that of the roe deer 
Capreolus capreolus. The rest of the diagnosis fits in with that of the genus (cited from 
Leinders 1984: 6). 

Emended diagnosis. Postcranial material is robust in comparison to mainland deer with 
similar limb bone lengths. Estimated body mass 44.3 kg. The trochlea of the astragalus is non-
parallel sided. The tibia is spirally winded. 

Preservation and deposition. Naturalis Biodiversity Center, Leiden, the Netherlands 
(formerly Rijksmuseum van Geologie en Mineralogie (RGM)). 
 
Type locality and horizon. Late Miocene (Middle or Late Turolian, MN12-13) fissure filling 
with code Pirro 11A in the limestone quarry Dell’ Erba (formerly Pirro) along the provincial 
road between Poggio Imperiale and Apricena (Province of Foggia, Apulia, Italy).  
 
Studied localities. Fissure fillings with codes Chirò 3, 9, 10B, 27 and D3, Fina N and K, 
Gervasio 1, Nazario 4, Pirro 11A, Pizzicoli 12, Posticchia 1B, San Giovannino. All localities 
are located in the north-western portion of the Gargano Peninsula, Apulia, south-eastern Italy. 
Probable other locality. Fissure filling with code Gervasio 2 in the limestone quarry Gervasio 
near San Severo (Province of Foggia, Apulia, Italy). 
 
Measurements. See Table A2 of Appendix A (linear measurements) and Tables 1 and 2 (size 
group 2; body mass estimations). 
 
Remarks. Type locality Pirro 11A falls within the younger faunal complex (no hamsters; see 
Introduction) and is one of the youngest localities, perhaps  younger than San Giovannino. 
The proximal radius and distal humerus of the two smallest size classes were inseparable in 
Van der Geer (2008). This is, however, not the case when (approximate) length is taken into 
account and for the radius also the distal radius. During dwarfism, width and breadth of the 
elbow joint is maintained more or less unchanged in first instance and that is the reason why 
the distinction between the smallest sizes is unreliable without using length as well. Only 
relatively complete specimens are taken into account here for these small sizes. The isolated 
horn cores that were assigned to other types than type 1 by Leinders (1984) in his original 
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description of the species and that were not assigned here to a new species are here included 
as paratypes. 

†Hoplitomeryx devosi  nov. sp. 
 

(Plate 4A–E) 
 
1984 Hoplitomeryx matthei Leinders, 1984, (partim) in Leinders: 3, fig. 1 (RGM 261.101). 
1984 Hoplitomeryx Leinders, 1984, ear region type V in Leinders: 34, 35, plate 7 (RGM 
261.102). 
1984 Hoplitomeryx Leinders, 1984, ear region type IV in Leinders: 31, 35, plate 6 (RGM 
261.096). 
2005 Hoplitomeryx Leinders, 1984, size 1 in Van der Geer: 330, 333. 
2008 Hoplitomeryx Leinders, 1984, sizes 1 and 2 (partim) in Van der Geer: 153, fig. 4. 
2008 Hoplitomeryx Leinders, 1984, size 1 in Van der Geer: 154, fig. 5. 
2011 Hoplitomeryx matthei Leinders, 1984, (partim) in Mazza & Rustioni: 1320 (RGM 
261.102). 
2011 Hoplitomeryx apulicus Mazza & Rustioni, 2011, (partim) in  Mazza & Rustioni: 1318, 
fig. 3, table  2 (RGM 178.445, RGM 178.656, RGM 260.940, RGM 260.966, RGM 
425.234). 
2011 Hoplitomeryx falcidens Mazza & Rustioni, 2011, (partim) in  Mazza & Rustioni: 1312, 
fig. 1,  table 2 (RGM 260.941, RGM 261.132, RGM 261.133, RGM 261.447, RGM 425.201). 
2011 Hoplitomeryx minutus Mazza & Rustioni, 2011, (partim) in  Mazza & Rustioni: 1306 
(RGM  261.147) 
 
Holotype. Left metacarpal RGM 178.517. 

Paratypes.  Distal humerus fragment RGM 443.118, radius RGM 260.860, femur RGM 
425.314 (Plate 2K), tibia RGM 425.285, astragal RGM 215.234, calcaneum RGM 425.253, 
posterior second phalanges RGM 261.251 (Plate 2E) and RGM 261.254, pelvis fragment 
(acetabulum) RGM 261.221, scapula fragment (glenoid) RGM 179.317, mandible RGM 
260.940, maxilla fragments RGM 260.941 and RGM 425.201, orbital horn core RGM 
260.926. 

Referred specimens. See Table A1 of Appendix A, Plate 1I, J and Plate 2I. 

Diagnosis. A small-sized, very robust hoplitomerycid. Estimated body mass 21.0 kg. The 
trochlea of the astragalus is either non-parallel sided or almost parallel. The tibia is spirally 
winded. The fusion between ulna and radius is extensive and includes the part distally of the 
spatium interosseum. The ulna leaves a trace on the radius in the form of a ridge. The radial 
facet on the distal radius extends further palmar than the intermedial facet and is deeper and 
broader than the intermedial facet. 

Differential diagnosis. About half the body size of †Hoplitomeryx matthei and much more 
robust. 
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Plate 4. Holotypes of three new Hoplitomeryx species from Gargano, South Italy (Late Miocene; 
Middle or Late Turolian, MN12-13). A–E Hoplitomeryx devosi nov. sp., left metacarpal RGM 178.517; 
F–I Hoplitomeryx macpheei nov. sp., left metacarpus RGM 260.918; J–M Hoplitomeryx kriegsmani 
nov. sp., left metacarpus RGM 178.516. A, F, J proximal view. B, G, K dorsal view. C, H, L palmar 
view. D, I, M medial view. E distal view. Note that the sideward and backward bending of RGM 
178.516 is a post-mortem defect. 
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Derivation of name. Named after John de Vos, former curator of the Dubois collection, 
Naturalis Biodiversity Center, Leiden for his contribution to the knowledge of fossil insular 
mammals, in particular insular deer from the Mediterranean islands. 

Preservation and deposition. Naturalis Biodiversity Center, Leiden, the Netherlands 
(formerly Rijksmuseum van Geologie en Mineralogie (RGM)). 

Type locality and horizon. Late Miocene (Middle or Late Turolian, MN12-13) fissure filling 
with code San Giovannino in an abandoned limestone quarry near the farm of San 
Giovannino south of the provincial road between Poggio Imperiale and Apricena (Province of 
Foggia, Apulia, Italy). 

Studied localities. Fissure fillings with codes Biancone 2, Chirò 2, 2N, 2S, 3, 5, 5A, 7, 10A, 
10B, 13, 14, 14B, 18, 26, 27, 28A, 29, 30, D1 and D3, Fina D, H, K and N, Gervasio, Nazario 
2A, 3 and 4, Pizzicoli 12, Posticchia 1B, San Giovannino and Trefossi 2A. All localities are 
located in the north-western portion of the Gargano Peninsula, Apulia, south-eastern Italy. 
Probable other locality. Fissure filling with code Chirò 24 in the limestone quarry Chirò along 
the provincial road between Poggio Imperiale and Lessina (Province of Foggia, Apulia, Italy). 

Description of the holotype. RGM 178.517 is a complete, left metacarpus with some 
splinters of the dorsal surface missing. Basically, it corresponds in morphology with that of 
Cervus and accordingly, the medial facet is larger than the lateral facet on the proximal 
articulation. It is extremely massive and robust.  The crest separating the medial and lateral 
proximal facet ends in the central fossa and runs more or less parasagitally. The crest forms a 
pronounced ridge between the two facets. The fossa is situated centrally and the contact area 
between the lateral and medial facet is minimal. The central fossa is in contact with the 
palmar surface at which point it is wide.  The proximal tubercle for attachment of the carpal 
ligaments on the dorsal surface is pronounced. The scars for the lateral metacarpals are very 
pronounced. The palmar groove for the M. interosseus palmaris is clearly present till about 
one-third above the distal end of the shaft. The distal end of the metacarpus is straight with 
the lateral and medial trochlea extending equally far. The dorsal profile of both epicondyls in 
distal view is cone-shaped.  

Measurements. Holotype: maximal length = 94.5 mm, proximal depth (DAPP) = 14.6 mm, 
proximal width (DTP) = 23.2 mm, distal depth (DAPD) = 12.0 mm, distal width (DTD) = 
21.8 mm. For measurements of referred specimens, see Table A1 of Appendix A (linear 
measurements) and Tables 1 and 2 (size group 1; body mass estimations). 

Remarks. San Giovannino falls within the younger faunal complex (no hamsters; see 
Introduction) and is one of the youngest localities. Skull fragment RGM 261.102 (ear region 
type V in Leinders (1984) from the quarry Gervasio) is smaller than the type skull and differs 
from it by a circular foramen magnum and larger bullae. Based on occipital width, this skull 
fragment belongs to the smallest species. The configuration of the proximal articulation of the 
holotype metacarpal was earlier described as morphotype 2 (Van der Geer 2005) and is also 
observed in the Tokunoshima-type of †Cervus astylodon (Matsumoto, 1926) (Matsumoto & 
Otsuka 2000), Alces alces (Linnaeus, 1758) and †Cervalces Scott, 1885. Maxillaries RGM 

108



260.941 and RGM 425.201 do not belong to the same individual (contra Mazza & Rustioni 
2011), based on their different eruption patterns (this is confirmed by their different 
hypsodonty index, see above). 

 

†Hoplitomeryx macpheei nov. sp. 
 

(Plate 4F–I) 
 
1984 Hoplitomeryx Leinders, 1984, horn core type II (partem) in Leinders: 21–22, Plate 5B 
(RGM  260.902). 
2005 Hoplitomeryx Leinders, 1984, size 3 (partem) in Van der Geer: 331, 332. 
2008 Hoplitomeryx Leinders, 1984, size 3 in Van der Geer: 153, 154, figs 4, 6. 
2011 Hoplitomeryx  matthei Leinders, 1984 (partem) in Mazza & Rustioni (2011): 1320, figs 
3, 6 (RGM 261.141). 
2011 Hoplitomeryx  magnus Mazza et Rustioni, 2011 (partem) in Mazza & Rustioni: 1324, 
1325, fig. 4 (RGM 260.951, RGM 261.135). 
 
Holotype. Left metacarpus RGM 260.918. 
 
Paratypes. Proximal humerus RGM 260.950, distal humerus RGM 425.278, radius-ulna 
RGM 425.282 (Plate 1E), radius RGM 260.866, unciform RGM 425.264, anterior first 
phalanx RGM 260.861, anterior second phalanges RGM 260.886 and RGM 261.143, femur 
RGM 425.245 (Plate 2M), patella RGM 425.246 (Plate 2N–P), tibia RGM 260.854, astragals 
RGM 260.863 (Plate 3D) and RGM 260.890, calcanei RGM 260.883 and RGM 425.313, first 
phalanges RGM 260.913 and RGM 260.909, seventh cervical vertebra RGM 425.307, nasal 
horn core RGM 260.902, associated left and right hemimandibles and maxilla RGM 260.951. 
 
Referred specimens. See Table A3 of Appendix A, and Plate 1A. 
 
Diagnosis.  A large-sized hoplitomerycid. Estimated body mass 78.0 kg. The fusion between 
radius and ulna is weak and the ulna leaves no trace on the radius. The shaft of the tibia is 
almost straight. The astragal is non-parallel sided. 
 
Differential diagnosis. About twice the body size of †H. matthei. The lateral horn core is 
compressed antero-posteriorly unlike the circular cross section seen in †H. matthei (horn core 
type I).  
 
Derivation of name. Named after Ross D.E. MacPhee, curator of mammals at the American 
Museum of Natural History in New York, in honour of his contributions to the knowledge of 
the evolution and extinction of insular mammals.  
 
Preservation and deposition.  Naturalis Biodiversity Center, Leiden, the Netherlands 
(formerly Rijksmuseum van Geologie en Mineralogie (RGM)). 
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Type locality and horizon.  Late Miocene (Middle or Late Turolian, MN12-13) fissure 
filling with code San Giovannino in an abandoned limestone quarry near the farm of San 
Giovannino south of the provincial road between Poggio Imperiale and Apricena (Province of 
Foggia, Apulia, Italy). 

Studied localities. Fissure fillings with codes Biancone 2, Chirò 2, 3, 5A, 13, 20A and E, 28 
and D3, Fina H and N, Gervasio, Pizzicoli 1, 4 and 12, San Giovannino. All localities are 
located in the north-western portion of the Gargano Peninsula, Apulia, south-eastern Italy. 

Description of holotype. RGM 260.918 is an almost complete metacarpus of which only the 
distal trochlea is missing distalward of the (fused) epiphyseal line. Its general morphology 
corresponds to that of Cervus but more slender. The crest that separates the medial and lateral 
articulation is broken but seems to have ended in the central fossa, making an angle of about 
twenty degrees with the parasagittal plane. The central fossa is large, situated more or less 
centrally and makes only minimal contact with the palmar surface. The attachment area for 
the carpal ligaments on the dorsal surface is weakly developed. The palmar groove for the M. 
interosseus palmaris is only proximally expressed. The scars for the lateral metacarpals are 
pronounced. 

Measurements. Holotype: maximal length = 190 mm, proximal depth (DAPP) = 17.5 mm, 
proximal width (DTP) = 30.1 mm, distal depth (DAPD; estimated at epiphyseal line) = 13.1 
mm, distal width (DTD; estimated at epiphyseal line) = 27 mm. The distal diameters are 
confirmed by referred distal metacarpus RGM 261.530: DAPD = 14.7 mm, DTD = 28.2 mm. 
For other measurements of referred specimens, see Table A3 of Appendix A (linear 
measurements) and Tables 1 and 2 (size group 3; body mass estimations). 

Remarks. Skull fragment RGM 261.099 (horn core type IV in Leinders 1984; Pizzicoli 5) 
represents an animal larger than the type species (†H. matthei) but seems not large enough for 
the largest size group and is here attributed to †H. macpheei. RGM 261.099 might further be 
an indication that the configuration and morphology of the horn cores may differ between the 
species in addition to between the sexes. The lack of associated posterior skull parts and / or 
maxillae with horn cores hampers a more precise diagnosis based on horn core types. The 
holotype is more slender than the referred proximal metacarpus RGM 425.322 from the same 
fissure filling. They likely represent a female and a male individual respectively. The 
morphology of the proximal articulation of both specimens was earlier described as 
morphotype 1 (Van der Geer 2005), but RGM 425.322 has a more pronounced crest than the 
holotype. Patella RGM 425.246 fits perfectly well on the distal femur RGM 425.245. 

†Hoplitomeryx kriegsmani  nov. sp. 
 

(Plate 4J–M) 
 
2005 Hoplitomeryx Leinders, 1984, size 4 in Van der Geer: 331, 332. 
2005 Hoplitomeryx Leinders, 1984, size 3 (partim) in Van der Geer: 331 (RGM 178.516). 
2008 Hoplitomeryx Leinders, 1984, size 4 in Van der Geer: 153, 154, figs 4, 5. 
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Holotype. Left metacarpus RGM 178.516. 

Paratypes. Humerus fragment (trochanter major) RGM 425.254, anterior first phalanx RGM 
178.503 (Plate 2C, D), anterior second phalanges RGM 260.876, RGM 425.259, RGM 
260.875 and RGM 260.862, metacarpal fragment RGM 425.322,  tibia RGM 
335.882+425.328 (Plate 3A), third cervical vertebra RGM 425.311. 

Referred specimens. See Table A4 of Appendix A, and Plate 3C. 

Diagnosis. A very large-sized, very slender hoplitomerycid. Estimated body mass is 103.4 kg. 
The tibia has a straight shaft. The trochlea of the astragalus is non-parallel sided. 

Differential diagnosis. Larger and more slender than all other hoplitomerycid species. About 
five times the body mass of the smallest species, †Hoplitomeryx devosi. The tibia has a 
straight shaft, unlike the other hoplitomerycid species. Metacarpal length is three times the 
metacarpal length of †H. devosi and one and half times that of †H. macpheei. 

Derivation of name. Named after Leo Kriegsman of Naturalis Biodiversity Center, head of 
the Department of Geology, for his support of and interest in the study of the evolution of 
vertebrates on islands. 

Preservation and deposition. Naturalis Biodiversity Center, Leiden (the Netherlands) 
(formerly Rijksmuseum van Geologie en Mineralogie (RGM)). 
 
Type locality and horizon. Late Miocene (Middle or Late Turolian, MN12-13) fissure filling 
with code San Giovannino in an abandoned limestone quarry near the farm of San 
Giovannino south of the provincial road between Poggio Imperiale and Apricena (Province of 
Foggia, Apulia, Italy). 

Studied localities. Fissure fillings with codes Chirò 2, 2N, 7a, 4, 32 and D1, Falcone 2B, 
Nazario 2B and 4, Pizzicoli 1, 2 and 12, San Giovannino. All localities are located in the 
north-western portion of the Gargano Peninsula, Apulia, south-eastern Italy. Probable other 
locality: fissure filling with code Chirò 31 in the limestone quarry Chirò along the provincial 
road between Poggio Imperiale and Lessina (Province of Foggia, Apulia, Italy). 

Description of holotype. RGM 178.516 is an incomplete ruminant metacarpus. It lacks the 
lower distal part and the proximal articulation above the point where the internal and external 
tubercle on the mid-palmar groove meet. The distal end includes the complete distal 
nutritional foramen within the palmar groove. The palmar groove for the M. interosseus 
palmaris is only present proximally. The sideward and backward bending of the specimen is a 
post-mortem defect. 

Measurements. Holotype: maximal length = 190 mm, proximal depth (DAPP) = 17.5 mm, 
proximal width (DTP) = 30.1 mm. Distal depth (DAPD) and distal width (DTD) cannot be 
estimated for the holotype, but are available from referred specimen RGM 263.945: DAPD = 
22,1 mm, DTD = 36.6 mm. For measurements of all referred specimens, see Table A4 of 
Appendix A (linear measurements) and Table 2 (size group 4; body mass estimations). 
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Remarks. The holotype might be subadult. A couple of very large juvenile referred 
specimens (see Table A4 of Appendix A) have a similar size and likely represent subadult 
stages of this species as well. There is not sufficient information available on the ontogeny of 
†Hoplitomeryx, especially the extend of its growing period, to assign these juveniles to an 
even larger species. Leinders (1984) already indicated the presence of (very) large, juvenile 
skull fragments (e.g. RGM 260.933, ear region type III). These skull fragments can, however, 
not be properly assigned to either this size or to †H. macpheei due to the very fragmentated 
nature of the cranial material. Tibia RGM 335.882+425.328 might belong to the same 
individual as astragal RGM 260.863. The largest specimens of †Hoplitomeryx have about 
twice the body mass of the largest †Scontromeryx. 

†Hoplitomeryx sp. indet. 
 

1984 Hoplitomeryx ear region type II in Leinders: 26–28, pl. 6 (RGM 261.092). 
1984 Hoplitomeryx ear region type II in Leinders: 29 (RGM 261.093). 
1984 Hoplitomeryx ear region type III in Leinders: 29–30 (RGM 260.933). 
2011 Hoplitomeryx apulicus Mazza et Rustioni, 2011 in Mazza & Rustioni: 1318, table 2 
(RGM  178.446, RGM 261.150, RGM 425.091). 
2011 Hoplitomeryx falcidens Mazza et Rustioni, 2011 in Mazza & Rustioni: 1312 ( RGM 
178.568, RGM 178.630). 
2011 Hoplitomeryx minutus Mazza et Rustioni, 2011 in Mazza & Rustioni: 1306 (RGM 
261.136). 
2011 Hoplitomeryx matthei Mazza et Rustioni, 2011 in Mazza & Rustioni: 1320, fig. 3, table 
2 (RGM 178.566, RGM 178.474, RGM 261.141, RGM 261.142). 
2011 Hoplitomeryx apruthiensis Mazza et Rustioni, 2011 in Mazza & Rustioni: 1322 (RGM 
425.473, RGM 178.547). 
2011 Hoplitomeryx magnus Mazza et Rustioni, 2011 in Mazza & Rustioni: 1324, 1325 (RGM 
261.144). 
 

Material. Skull fragment RGM 261.092 (ear region type II; Nazario 4) has about the same 
size as RGM 261.102 (†H. devosi). The most important difference with the type skull of †H. 
matthei is the extremely dorsal position of the occipital condyls, not observed in any other 
ruminant, living or fossil. Leinders (1984) regards this as an indication that RGM 261.092 
represents a more specialized hoplitomerycid than †H. matthei. However, due to the high 
degree of fragmentation of the cranial parts it is at the moment impossible to estimate the 
nature of the observed variation and its use for taxonomy. Skull fragment RGM 216.093 (ear 
region type II) from the same fissure might belong to the same individual (Leinders, 1984). 
Skull fragment 261.100 (Gar 4) has the same size as the latter two fragments but differs 
slightly in morphology. This specimen may belong either to the same species or the †H. 
devosi. 

Skull fragment RGM 260.933 (ear region type III; San Giovannino) is much larger than the 
corresponding part of the holotype skull of †H. matthei  and seems to represent a relatively 
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young animal (Leinders 1984). This specimen could therefore either belong to †H. macpheei 
or to †H. kriegsmani. 

A number of specimens from Gargano mentioned by Mazza & Rustioni (2011) as paratypes 
of one of his species cannot be assigned properly to any described species. These specimens 
are either too fragmentary (generally mandible fragments with two or three elements and no 
complete molar row) or juvenile. Indeterminate mandible fragments are the following: 

RGM 178.446 (small-sized, p3–m2), RGM 261.150 (small-sized, p4–m2), RGM 425.091 
(small-sized, p3–m1), RGM 178.568 and RGM 178.630 (juvenile), RGM 261.136 (small-
sized, p3–p4), RGM 178.474 (alveole for m2), RGM 261.141 (juvenile, medium-sized, m1–
m2, m3 unerupted; could be †H. macpheei or larger), RGM 261.142 (juvenile, small-sized, 
dp4–m1), RGM 178.547 (juvenile, small-sized, m1-m2, m3 is erupting; could be †H. matthei 
or larger), RGM 261.144 (juvenile, medium-sized, dp4–m1, erupting m2; could be †H. 
macpheei or larger). 

Other indeterminate specimens are RGM 425.473 (a scapula fragment, mentioned as 
mandible fragment in Mazza & Rustioni, 2011: 1322) and RGM 178.566 (a juvenile medium-
sized maxilla fragment, DP4–M2, erupting M3; could be †H. macpheei or larger). 

Conclusion 

Based on morphological characters of the postcranial, dental and cranial material of 
†Hoplitomerycidae from the Late Miocene palaeo-island(s) Gargano and Scontrone two 
distinct genera are distinguished. The genus †Scontromeryx (Early Tortonian) is restricted to 
Scontrone. The genus †Hoplitomeryx (Middle and/or Late Tortonian) is restricted to Gargano 
and is more derived than †Scontromeryx by the loss of the second premolar and the 
autapomorphic feature of a nasal horn. Both genera have orbital appendages, but the 
morphology of these appendages differs between the genera. The exact relation between the 
two sites and thus between the two hoplitomerycid genera remains unsolved. Further 
systematic comparison of the insectivore remains and the dental characters of the 
hoplitomerycids from the two localities might shed further light on this issue. Most likely 
however, †Scontromeryx precedes †Hoplitomeryx in geological time. 

The two hoplitomerycid genera are both represented by a number of species, that is, six 
species of †Scontromeryx and four of †Hoplitomeryx. The smallest †Hoplitomeryx individuals 
attained a size similar to that of the largest †Deinogalerix, the giant Gargano erinaceid 
insectivore, both reaching a body mass of almost 10 kg (for †Deinogalerix, see Lomolino et 
al. 2013; for the smallest †Hoplitomeryx, see Table 2). The largest †Hoplitomeryx individuals 
on the other hand likely reached body masses in excess of 100 kg and were about twice as 
heavy as the largest †Scontromeryx (Tables 2 and 3 respectively). These two (independent) 
multispecies assemblages are best explained as adaptive radiations (cladogenesis) as a result 
of ecological release and character displacement. The only known case of such a radiation in a 
ruminant taxon is the deer †Candiacervus of the Late Pleistocene of Crete with several antler 
types and six different sizes of which the largest species was comparable to or slightly larger 
than †H. kriegsmani and the smallest species slightly larger than †H. devosi. 
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ABSTRACT

Aim We investigated the hypothesis that the insular body size of mammals

results from selective forces whose influence varies with characteristics of the focal

islands and the focal species, and with interactions among species (ecological

displacement and release).

Location Islands world-wide.

Methods We assembled data on the geographic characteristics (area, isolation,

maximum elevation, latitude) and climate (annual averages and seasonality of

temperature and precipitation) of islands, and on the ecological and

morphological characteristics of focal species (number of mammalian

competitors and predators, diet, body size of mainland reference populations)

that were most relevant to our hypothesis (385 insular populations from 98

species of extant, non-volant mammals across 248 islands). We used regression

tree analyses to examine the hypothesized contextual importance of these factors

in explaining variation in the insular body size of mammals.

Results The results of regression tree analyses were consistent with predictions

based on hypotheses of ecological release (more pronounced changes in body size

on islands lacking mammalian competitors or predators), immigrant selection

(more pronounced gigantism in small species inhabiting more isolated islands),

thermoregulation and endurance during periods of climatic or environmental

stress (more pronounced gigantism of small mammals on islands of higher

latitudes or on those with colder and more seasonal climates), and resource

subsidies (larger body size for mammals that utilize aquatic prey). The results,

however, were not consistent with a prediction based on resource limitation and

island area; that is, the insular body size of large mammals was not positively

correlated with island area.

Main conclusions These results support the hypothesis that the body size

evolution of insular mammals is influenced by a combination of selective forces

whose relative importance and nature of influence are contextual. While there

may exist a theoretical optimal body size for mammals in general, the optimum

for a particular insular population varies in a predictable manner with

characteristics of the islands and the species, and with interactions among

species. This study did, however, produce some unanticipated results that merit

further study – patterns associated with Bergmann’s rule are amplified on islands,

and the body size of small mammals appears to peak at intermediate and not

maximum values of latitude and island isolation.

Keywords

Area, body size, climate, evolution, island rule, islands, isolation, latitude,

mammals, regression trees.
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INTRODUCTION

Among the most spectacular phenomena in nature are the

evolutionary anomalies of island life – herbaceous plants that

are elsewhere small becoming woody and reaching the stature

of trees, many species of insects and birds losing the power of

flight, and evolutionary marvels among mammals that include

proboscideans dwarfing to the size of ponies, and shrew-like

insectivores reaching the size of small dogs (see Lomolino

et al., 2010). These seemingly incredible bouts of body size

evolution in insular mammals constitute bookends of a pattern

that seemed so general that Van Valen (1973) labelled it the

island rule, and is now described as a graded trend from

gigantism in small species to dwarfism in large species of

mammals (Heaney, 1978; Lomolino, 1985, 2005). The pattern

is referred to as ‘graded’ because the degree of body size change

decreases as we move from considering species of extreme,

ancestral (mainland) size, which change most dramatically, to

those of intermediate ancestral size, which change more subtly

or not at all (Fig. 1). Because the body size of extant mammals

on isolated islands converges on a relatively narrow range of

intermediate sizes (from c. 100 to 500 g), this size range is

sometimes hypothesized to be optimal for mammals, although

the particular optimum is predicted to vary with the bauplan

and trophic strategy of the species considered (e.g. quadrupe-

dal ruminant herbivore or volant insectivore; Maurer et al.,

1992; Lomolino, 2005).

Beside their intrinsic and sometimes compelling attraction,

insular anomalies such as those associated with the island rule

offer perhaps unrivalled insights into the fundamental forces

driving biodiversity in general; in this case, those influencing

body size evolution in mainland as well as in insular

communities. Thus, research on the body size of insular

mammals has explored not only the generality and variants of

the pattern, but also causal explanations for body size

evolution in general. Whether or not there exist optimal sizes

for particular bauplans and trophic strategies, ecological

interactions are likely to play a central role in body size

evolution – possibly driving diversification in the body size of

lineages on the mainland over evolutionary time (consistent

with Cope’s rule; Alroy, 1998; Kingsolver & Pfennig, 2004;

MacFadden, 2005; Hone et al., 2008), and rapid reversals in

this trend in ecologically simple systems such as islands (see

Millien, 2006). That is, the fundamental distinction of insular

biotas may not be their isolation or limited area per se, but the

resultant depauperate and disharmonic nature of their com-

munities, in particular their paucity of non-volant mammals,

whose dispersal abilities typically are more limited than those

of birds. If this hypothesis is correct, the body size evolution of

mammals of isolated islands should be influenced both by

ecological character displacement (from conspecifics and from

other resident vertebrates, namely birds and reptiles, which

tend to be small) and by character release (from mammalian

competitors and predators) (see Simberloff et al., 2000; Grant

& Grant, 2006; Meiri et al., 2011).

This ecological hypothesis for body size evolution on islands

provides some useful predictions for investigating the causality

of the island rule, and for identifying forces influencing body

size evolution in general. In particular, rather than predicting

just the graded trend and body size convergence, this

hypothesis predicts that the direction and magnitude of body

size evolution, and the underlying selection forces should be

contextual, that is, dependent on the size and trophic strategies

of both the focal species and those species with which they
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Figure 1 The island rule describes a graded trend of insular body size from gigantism in mice and other small mammals to dwarfism in

elephants, mammoths and other large mammals. Each symbol represents the average insular body size for populations of a particular species.

Si is the mass of the insular population divided by that of its closest mainland population; the x-axis shows the body mass of mainland

reference populations, in log10 scale (modified from Lomolino, 1985).

Body size evolution in insular mammals

Journal of Biogeography 39, 842–854 843
ª 2011 Blackwell Publishing Ltd 124



interact [see, e.g. Palombo’s (2009) review of fossil mammals

of the Mediterranean islands, which indicates that intra-guild

competition was a major driver of body size evolution in these

species].

Alternative, but possibly complementary, hypotheses for the

insular evolution of body size also generate predictions that are

contextual in nature. The immigrant selection–thrifty genotype

hypothesis (Neel, 1962; Lomolino, 1984, 1985, 1989; Bindon &

Baker, 1997) asserts that, because larger individuals should

have greater physiological endurance and dispersal capacities,

more isolated islands should be colonized by a subset of source

populations biased in favour of the larger individuals and

larger species. The resultant prediction is that the body size of

insular populations of a particular species should increase with

island isolation. Immigrant selection should be most influen-

tial in smaller species (those most likely to be limited by

dispersal distances), but may also influence body size evolution

in larger mammals if they inhabit very remote islands (e.g.

humans of Polynesia). Similarly, the resource-limitation

hypothesis also generates a contextual prediction. Because

resource requirements tend to increase with body size, the

limited area and total productivity of islands, as well as the

supra-normal densities exhibited by many insular populations,

should select for smaller individuals, but this selection should

be most intense for larger species (those whose resource

requirements are more likely to approach the carrying

capacities of insular environments). A corollary prediction of

the resource-limitation hypothesis is that the degree of

dwarfism and gigantism exhibited by a particular species

should be influenced by their diet and habitat (smaller sizes in

terrestrial carnivores than in herbivores; larger sizes in species

such as mink, otter and bears that feed on aquatic prey, which

are more abundant in marine and insular systems than in

continental ones).

Similarly, because climate influences both resource require-

ments and primary productivity, body size evolution should

also be influenced by climatic conditions on both islands and

mainland systems. Bergmann’s rule (Bergmann, 1847) is

perhaps the most familiar of ecogeographic rules, stating that

the body size of many mammals and other vertebrates

increases with latitude. Explanations for patterns consistent

with Bergmann’s rule include those based on thermoregula-

tion, physiological endurance during winter conditions, and

ecological interactions. Briefly, larger mammals have more

insulation (lower conductance) and greater energy stores

relative to the energy needs for thermoregulation and survival

under winter, or otherwise inclement, conditions (Calder,

1974; McNab, 2002). Therefore, larger mammals should have
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Figure 2 Conceptual model illustrating the contextual nature of selective forces hypothesized to influence the body size evolution of insular

mammals. These selective forces are proposed to be contextual because their relative importance and the nature of their effects on body size

(promoting gigantism or dwarfism) vary in a predictable manner with characteristics of the species – in particular, the body size of their

mainland ancestors. Here we have illustrated the causal nature of body size variation as dichotomous splits, so that the form of these

predictions is consistent with the statistical approach we utilize to assess the empirical patterns of body size variation among islands and

species, namely regression tree analysis. Selective forces hypothesized to influence the evolution of insular body size are enclosed in

rectangles; variables associated with these selective forces are listed below in the branching symbols; and predicted effects (gigantism,

dwarfism, normal size, more-pronounced change, and less-pronounced change in body size) of particular states or levels of those variables

are indicated below the arrows. (Image of deer mouse courtesy of US Center for Disease Control; images of elephant courtesy of Sinauer

Associates.)
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an advantage in regions with colder and more seasonal

climates. In an alternative, ecological explanation for latitudi-

nal gradients in body size, McNab (1971) reasoned that larger

mammals can also exploit a broader range of foods (larger

granivores can process large as well as small seeds; larger

predators can take large as well as small prey), but smaller size

may be an adaptation to avoid competition by feeding more

efficiently on smaller prey in species-rich systems. Because

species diversity declines with latitude, gradients of increasing

body size may represent ecological character release in high-

latitude environments, with small species increasing in size in

systems lacking their larger competitors. Again, we expect this

pattern to be contextual; that is, based on McNab’s reasoning,

latitudinal gradients in body size consistent with Bergmann’s

rule should be most prevalent in smaller species, namely those

most likely to be the smaller members of a guild of competing

mammals.

Our purpose here is to investigate the causality of body size

evolution on islands by testing predictions consistent with the

above hypotheses, namely that the optimal body size of insular

populations of mammals should vary in a predictable manner

with characteristics of the focal islands and focal species, and

with ecological interactions among species (ecological

release and displacement within disharmonic biotas). The

predictions illustrated in Fig. 2 emphasize the contextual

nature of selective forces influencing body size; that is, that the

importance of these forces and their effects on insular

populations depend on the body size of the ancestral

populations.

MATERIALS AND METHODS

Database of body size evolution in extant mammals

The data are an update of those developed by the senior author

in his earlier analyses of body size evolution in extant, insular

mammals, which can be found in Lomolino (1985, 2005). The

sources for these data are reported in those papers and are

available on the resources website of the International Bioge-

ography Society (http://biogeography.org/html/Resources/

databases.html). In addition to the data from the original

version of this database, we have added the environmental

(predictor) variables described below. This expanded database,

which now includes information on the body size of 385

insular populations (98 species) and 15 predictor variables

describing geographic, ecological and climatic conditions of

the species or the 248 focal islands, will be made available on

the International Biogeography Society website for database

resources (above).

Description of variables

We calculated the response variable as the mass of the focal,

insular population divided by that of its apparent mainland

relative, the latter based on geographic proximity and

taxonomic designation. Measurements given in linear dimen-

sions were first cubed to express relative insular body size (Si)

in mass equivalence. For simplicity of discussion, we use the

terms ‘gigantism’ and ‘dwarfism’ to refer to insular popula-

tions with Si values greater or less than 1.0, respectively.

Predictor variables included the body mass of mainland

relatives (which serves to set the contextual nature of other

variables) and variables most closely associated with alternative

hypotheses for body size evolution in mammals. Island area

was taken from databases of islands of the world, including the

UN Island database (http://islands.unep.ch/Iindex.htm;

accessed 15 July 2010) and the Atlas of Canadian Sea

Islands (http://atlas.nrcan.gc.ca/site/english/learningresources/

facts/islands.html; accessed 15 July 2010), and from source

papers (those used in Lomolino, 1985, 2005) reporting body

size of the focal, insular population, when island area was

given. Island isolation was measured using Google Earth’s

distance tool to calculate the straight-line distance to the

nearest mainland area with the reference mainland population.

We acknowledge that other, more complex, measures of

isolation could have been considered, but we chose this one for

its simplicity and comparability, and because other measures

require a more intimate knowledge of the particular focal

species, archipelago and regional conditions (e.g. swimming

ability, the ability to travel by rafting or crossing ice during

winter, prevailing winds and ocean currents). We calculated

the maximum elevation using Google Earth’s 3-D terrain

function.

Climatic conditions were calculated using diva-gis 7.30

(Hijmans et al., 2001), which includes the 19 WORLDCLIM

bioclimatic variables (for a description of these variables see

Hijmans et al., 2005; http://www.worldclim.org/). Of the 19

climatic variables available, we selected the five that we deemed

most closely associated with climate-based explanations for

Bergmann’s rule: mean annual temperature, annual precipita-

tion, isothermality (an inverse measure of variability in

temperature), and seasonality of temperature and precipitation

(see Smith et al., 1995; Yom-Tov & Yom-Tov, 2004, 2005;

Millien et al., 2006). Our analyses assume that the recording

period for these bioclimatic variables (1950–2000), while post-

dating the actual time period of body size evolution in the

focal, insular populations, is characteristic of or at least

strongly correlated with climatic conditions during that

period.

We used two variables to describe the trophic characteristics

of these species, namely whether they depended primarily on

terrestrial or aquatic prey, and whether they were herbivores,

carnivores, insectivores or omnivores (based on descriptions of

diets provided by the University of Michigan’s Animal

Diversity Web, http://animaldiversity.ummz.umich.edu/site/

index.html; accessed 15 June 2010). Variables describing

ecological conditions of the focal insular communities

included the species richness (number of species) of the

mammalian predators or competitors most likely to interact

directly with the focal insular population. Although body size

evolution may also be influenced by ecological interactions

with non-mammalian predators and competitors (e.g. raptors
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Journal of Biogeography 39, 842–854 845
ª 2011 Blackwell Publishing Ltd 126



and avian competitors), the high dispersal abilities of these

species relative to non-volant mammals suggest that ecological

pressures from these taxa are less variable and, therefore, less

likely to account for inferred evolutionary changes in body size

of the focal, mammalian populations. We also assume here

that, although the focal species may have interacted with a

diverse assemblage of mammals and other vertebrates through

diffuse competition, its body size evolution was most strongly

influenced by direct (two-species) interactions. The numbers

of mammalian predators and competitors of the focal species

were estimated by first developing a list of all other mammals

co-occurring on the focal island, and then consulting general

references on the diet and habitats of those species to

determine which ones were likely to be significant predators

or competitors of the focal insular population. Sources we

consulted to develop the list of co-occurring predators and

competitors included the original sources for body size

measurements of the focal species (see Lomolino, 1985, 2005;

and the databases available at the International Biogeography

Society Resources website), the database on insular Carnivora

developed by Meiri (2005), and general works on regional

mammals (for mammals of North America, Wilson & Ruff,

1999; British Isles, Arnold, 1984; Harris & Yalden, 2008; north-

eastern United States, Werner, 1956; Lomolino, 1983; Adler &

Wilson, 1985; British Columbia, Nagorsen, 2005; Mediterra-

nean Sea, Sarà, 1998; M. Sarà, Universita di Palermo, Italy,

pers. comm. 2009; Indonesia, Meijaard, 2003; Sea of Cortes,

Case et al., 2002, B. R. Riddle, University of Nevada, Las Vegas,

NV, USA, pers. comm. 2009). We also included species of

exotic mammals as potential competitors and predators.

Because exotics are, by definition, more recent and therefore

less likely to have influenced the body size evolution of the

focal mammal than native mammals, the potential influence of

exotic mammalian competitors was analysed separately from

that of native competitors and predators.

Statistical analyses

We used regression tree analysis (RTA) to investigate the

factors influencing the body size evolution of extant insular

mammals. RTA is a recursive, binary machine-learning

method that has some key advantages over traditional

regression methods. As summarized in Olden et al. (2008),

these include that RTA is nonparametric and distribution-free

and thus does not require transformations. RTA is capable of

handling categorical, interval and continuous variables, is able

to deal efficiently with missing variables and with high

dimensionality, and is not affected by outliers. It is, however,

capable of providing readily interpretable descriptions of the

relationships between predictor and response variables even

when complex, contextual relationships exist (i.e. when the

relationships between these variables varies among subgroups

of the data – in this case, larger versus small mammals). In

contrast, traditional linear methods can only uncover rela-

tionships that are globally significant (i.e. consistent across the

entire data set). As Davidson et al. (2009) also point out, one

especially important advantage of machine-learning methods

in ecological and evolutionary applications is that they do not

assume data independence, thus alleviating the need for

phylogenetic controls of such data (see also Westoby et al.,

1995; Melo et al., 2009).

The principal product of RTA is a recursively branching tree

that describes the direct, interactive and contextual relation-

ships between the response variable (here Si) and a subset of

the predictor variables (geographic, ecological and climatic

variables). The first split, or branch, is determined by first

sorting the entire data set by the values of each predictor

variable and then determining which of those variables is best

at splitting the data into two subgroups that are most

homogeneous with respect to values of the response variable.

The process is then repeated for each of the subsequent

branches of subgroups until a stopping rule is satisfied (either

by reaching an a priori limit to the minimal number of

observations in terminal branches, a maximum number of

terminal nodes, or an allowable error or heterogeneity in the

subgroups). To prevent over-fitting, these ‘maximal trees’ are

then pruned (using cross-validation of learning and test data

sets; see Bell, 1999) until an optimal tree is selected. Here, we

consider the best tree as that having the smallest relative error

rate for predicting test data based on models (trees) developed

from independent training data (see Olden et al., 2008).

In addition to producing trees with splits based on the

primary variables, RTA also investigates the importance, or

potential contribution, of all other variables included in the

analysis over all branches of the best tree, even if those

variables were not used in the tree. This avoids the possibility

that the influence of other variables will be masked and not

show up in regression trees simply because they are correlated

with the primary variable (i.e. those actually used in the best

tree). Here, importance values are standardized and expressed

as a percentage of the value for the variable with the highest

importance measure.

We used the CART (classification and regression tree

analysis) module of Salford Systems’ Predictive Mining Suite

(California Statistical Software, Inc., San Diego, CA; see

Breiman et al., 1984; Steinberg & Colla, 1997; Steinberg &

Golovnya, 2006) to run the RTA of body size patterns in extant

insular mammals. We ran four separate analyses of these data –

two for all extant mammals, and two for just the rodents

considered separately. For each of these species groups, we ran

two RTAs for two sets of predictor variables – one in which

latitude was used instead of climatic variables, and the other

with climatic variables but not latitude. We used Salford’s

CART default settings, which included using the least square

regression methods for splitting trees and a minimal parent

node size of 10.

RESULTS

The median insular body size (Si) for extant mammals

analysed here was 1.06, indicating a modest tendency for

gigantism in insular, non-volant mammals, in general (i.e. the
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insular body mass was 6% greater than the body mass of the

reference population on the mainland). This was expected,

given that most of the focal populations were rodents, which

tend towards gigantism on islands. Species of extant mammals

included those whose mainland relatives ranged in size from

2.5 g (white-toothed pygmy shrew, Suncus etruscus) to 700 kg

(brown bear, Ursus arctos). Most of these species were

herbivores that feed on terrestrial resources (see Appendix S1

in Supporting Information). Of the 248 islands included in this

study, just over half were off the coasts of north-western North

America. Islands ranged from tropical to arctic and from desert

to rain forest environments (absolute latitude ranged from 0.5�
to 80.6�, mean annual temperature from )16.0 to 28.3 �C, and

annual precipitation from 36 to 3566 mm).

Regression trees

Relative errors of the best trees (i.e. their abilities to predict test

data based on models generated from training data) ranged

from 0.62 for all extant mammals to 0.80 (R-squared values,

which describe the abilities of the models to explain training

data, ranged from 0.54 to 0.41). For analyses with all extant

mammals, trees within one standard error of the prediction

accuracy of the best tree did not introduce any novel, primary

variables (‘primary variables’ are those that formed the splits in

the most accurate tree). For the rodents, one tree within one

standard deviation of the best tree for analyses using climatic

variables included maximum elevation as an additional

splitting, predictor variable, and one tree for analyses using

latitude instead of climatic variables included the body mass of

reference populations as an additional predictor.

The structures of all four trees were generally consistent with

the predictions depicted in Fig. 2. Each of the four regression

trees generated in these analyses revealed the generality of the

island rule pattern sensu stricto, and the contextual nature of

the predictor variables. That is, the body mass of reference,

mainland populations was the primary branch in all but one of

these trees (Fig. 3). This variable achieved the highest impor-

tance value overall (Appendix S1), and the influence of

geographic, ecological and climatic variables differed for large

versus small mammals.

The structures of the two trees for analyses with all extant

mammals were similar to each other, indicating that the degree

of gigantism in small species was more pronounced for

populations inhabiting islands that had smaller areas and were

more isolated. Body size differences between insular and

mainland populations were also more pronounced for mam-

mals inhabiting islands that lacked native mammalian com-

petitors (the influence of exotic competitors and predators was

negligible in comparison to that of native mammals; see Tables

S2–S5 in Appendix S1). Body size increased for both small and

large mammals that were more dependent on aquatic prey.

Note, however, that the degree of gigantism in small mammals

peaked on the moderately isolated (> 17.1 but < 44.4 km)

islands, rather than on the most isolated ones (Fig. 4). As

predicted, body size evolution did not appear to be influenced

by island isolation for large mammals. Importance values for

all variables analysed, and analyses of surrogates for primary

predictors used in the actual trees (Appendix S1) indicated

that the body size evolution of insular mammals was also more

pronounced for populations inhabiting low-lying islands

(presumably those of limited habitat diversity) that lacked

mammalian predators and competitors.

Contrary to one of the predictions of the resource-limitation

hypothesis, neither of the analyses (with latitude or with

climatic variables substituted for latitude) for all extant

mammals detected an influence of island area on the degree

of dwarfism of large mammals, and importance values

indicated that the influence of island area was stronger for

small than for large mammals (see Appendix S1). The body size

evolution of large mammals, however, was strongly influenced

by their dependence on terrestrial versus aquatic prey.

The structures of the trees for all extant mammals,

combined, were also consistent with predictions based on

Bergmann’s rule. The degree of gigantism of insular small

mammals on small islands increased with latitude from the

tropics through the subtropics, but then appeared to peak at

around 50� latitude (Fig. 4). Importance values for all

predictor variables (see Appendix S1) also indicated that the

degree of gigantism exhibited by small mammals was also

associated with climate, being most pronounced in regions

that are cold and highly seasonal (low isothermality and high

seasonality of temperature). As predicted, the body size

evolution of large mammals on islands did not appear to be

strongly influenced by latitude or by climatic conditions (note

the relatively low importance values for these variables in

larger versus small mammals; Appendix S1).

For both of these trees, the most extreme cases of dwarfism

(median Si = 0.74) occurred for insular populations of large

(> 2692 g) mammals restricted to terrestrial prey. The most

extreme cases of gigantism (median Si = 1.77) occurred for

insular populations of small mammals that inhabited large

islands and used aquatic prey; however, this latter result

reflects the influence of just two insular populations. Those

cases aside, the most extreme case of gigantism (median

Si = 1.65) for the tree using latitude as a surrogate for climate

was for small mammals on relatively small (< 64.5 km2) and

remote (> 17.1 km) islands within temperate latitudes, and

lacking mammalian competitors. When climatic variables

were substituted for latitude, the most extreme cases of

gigantism (median Si = 1.63) occurred for very small mam-

mals (< 282 g) inhabiting small (< 64.5 km2), isolated

(> 16.1 km) islands that lacked competitors and occurred in

all but the wettest regions (annual precipitation < 2.94 m).

Regression tree analyses of data for insular rodents taken

separately yielded qualitatively similar results, although these

trees included fewer variables and branches, which is not

surprising given that the sample size was more limited (239 vs.

385 insular populations). Importance values were relatively

high for what we view as the contextual variable, body mass

of the reference (mainland) population, consistent with the

island rule sensu stricto (Fig. 3c). However, island area had a
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somewhat higher importance value than body mass in one of

the two analyses for insular rodents (see Appendix S1). As we

observed in the above trees for all mammals combined, we

failed to detect results consistent with the area per se form of

the resource-limitation hypothesis in large rodents (body size

of insular populations of rodents was actually larger on smaller

islands; Fig. 3c,d). On the other hand, both regression trees for

rodents yielded results consistent with predictions of hypoth-

eses based on ecological release, immigrant selection and

climatic drivers of the latitudinal pattern associated with

Bergmann’s rule (Fig. 3c,d; see Appendix S1). Gigantism in

rodents was most pronounced for those inhabiting islands that

were extra-tropical (> 27.3� latitude), small, remote and

lacking competitors (Fig. 3c), and for smaller species (those

< 24.5 g) occurring on small islands of intermediate isolation

(between 17.1 and 89.2 km isolation; Fig. 3d).

DISCUSSION

Given the fundamental importance of body size in influencing

many physiological and ecological characteristics of mammals,

it is not surprising that insular body size evolution appears to

be associated with a variety of environmental factors, and that

the influence of these factors is contextual, that is, varying with

the body size of the ancestor of the focal species (Fig. 3). Of the

hypotheses that we were able to investigate, only the area per se

version of the resource-limitation hypothesis failed to garner

strong support. From this we infer that the evolution of extant

species of large mammals is more strongly influenced by the

types and diversity of resources available and by the presence

of competitors and predators (mammalian and otherwise)

than by any ability of these species to perceive or be directly

affected by the total space available.
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As we noted earlier, the body size evolution of small

mammals was strongly influenced by island area, but this was

in a direction counter to the area per se prediction of the

resource-limitation hypothesis [see Yom-Tov et al. (1999) for

a similar, inverse relationship between island size and the body

size of Rattus exulans on the Hawaiian, Solomon and New

Zealand’s offshore islands]. We interpret area here as a

surrogate for the diversity of habitats and of predators and

competitors, all of which should be lower and result in the

ecological release of small mammals on small islands (note,

however, that a limited number of studies of particular species

of mammals have reported positive correlations between

insular body size and island area – see table 3 in Lomolino,

2005; and for evidence from the fossil record, see Palombo,

2009). That large mammals with aquatic prey (namely brown

bears) exhibited little if any dwarfism on islands is consistent

with the resource-subsidy hypothesis (Fig. 2). Consistent with

this inference, Hilderbrand et al. (1999) found that the body

mass of female brown bears (Ursus arctos) was strongly

correlated with the availability of marine prey (i.e. salmon),

and Meiri et al. (2007) reported that the body size of this

species was inversely correlated with distance to the nearest

salmon spawning area.

These analyses also yielded results that were at least partially

at odds with the predictions tested here, but were quite

valuable in identifying areas for future study. Two of these

apparent anomalies involve predictors of body size evolution

in small mammals. The degree of gigantism in these species,

although initially increasing with isolation and latitude,

appeared to peak on islands located within intermediate

ranges of these variables (c. 40 km isolation and 50� latitude;

Fig. 4). We offer the following speculative explanations, again

acknowledging the need for further study. First, as hypothe-

sized in the Introduction, the effects of immigrant selection

(gigantism) should be most pronounced in smaller mammals.

Extending this to the species and community levels, this

implies that the most isolated islands are less likely to include

smaller species (those exhibiting more pronounced bouts of

gigantism – waif or rafting species are obvious exceptions).

Increasing isolation will lead to increasing gigantism in small

mammals until a particular point at which they simply become

less likely to get established, thus yielding a mid-isolation peak

in gigantism.

The apparent mid-latitudinal peak in body size was also

surprising, but perhaps just as interesting and potentially

informative. Geist (1987) reported a similar pattern, with the

body size of North American deer (Alces, Rangifer and

Odocoileus, combined) and the grey wolf (Canis lupus) peaking

between 50� and 70� latitude. We can offer an explanation for

our results, again speculative, but analogous to that for the

body size–isolation trend discussed above. The latitudinal

gradient in climatic conditions is likely to select not only for

larger individuals of small mammals, but also for larger species

at high temperate to boreal latitudes. Because gigantism is

likely to be less pronounced in larger species, the degree of

gigantism exhibited by insular mammals should decline over

the higher latitudes. Alternatively, climatic conditions on

islands of supra-temperate latitudes may put a premium on

being small enough to exploit subnivean and subterranean

environments in order to escape the extremely harsh condi-

tions above the surface, again reducing the trend towards

gigantism through the higher latitudes.

In retrospect, perhaps the most surprising feature of the

observed latitudinal pattern of insular body size is that we

observed any such pattern at all. Remember that our measure

of insular body size (Si) was expressed relative to a measure of

body size of mainland populations at approximately the same

latitude. Thus, a latitudinal gradient in this variable (essen-

tially, the degree of gigantism in small mammals) implies that

the forces contributing to gigantism of small mammals are
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Figure 4 Insular body size (Si = mass of the insular population

divided by that of its closest mainland population) tends to in-

crease with (a) latitude (consistent with patterns associated with

Bergmann’s rule) and with (b) isolation (consistent with predic-

tions of the immigrant selection hypothesis), but in both cases Si

appears to decline or level-off at the highest levels of these vari-

ables (i.e. apparently peaking at roughly 50� latitude and 40 km

isolation). Black trend lines are from LOESS regressions with

smoothing parameter alpha = 0.5; see Fig. 3(a,b). Data illustrated

here are those for small (< 282 g) mammals on small

(< 64.5 km2) islands.
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intensified on insular versus continental systems. While

climatic conditions may favour a larger body size for small

mammals that occur at higher latitudes (mainland or islands),

immigrant selection and ecological release from competitors

and predators on small, isolated and ecologically simple (low-

elevation) insular ecosystems may intensify this trend. This

latitudinal gradient in insular body size of small mammals is

probably not the result of differences between continental and

insular (maritime) climates. Although it is generally true that

insular climates tend to be more moderate, and our results did

indicate that body size varied with climatic conditions,

moderate climates should favour reduced rather than inten-

sified gigantism in these mammals (see the explanation of

Bergmann’s rule in the Introduction).

One final note on the concept of an optimal size and the

ecology of body size evolution: if we were to imagine an

unrealistic world in which organisms were not influenced

(competed with or preyed upon) by each other, then the

optimal size would be microscopic – just large enough to

replicate DNA rapidly and with minimal energy. However,

interactions among conspecifics and among species are

intrinsic and fundamental to natural selection. The optimal

size of individuals within a population depends on the size and

habits of all others in its community. In species-rich mainland

biotas, these ecological interactions are among the principal

drivers of diversification in body size and of all other traits that

it influences. On species-poor islands, ecological release often

reverses this trend. However, the evolutionary marvels of

island life are also the products of ecological displacement

from the limited and highly unbalanced (disharmonic)

assemblages of other island residents.

Thus, while the body size evolution of extant insular

mammals typically proceeds towards convergence on an

intermediate body size, other taxa may exhibit more direc-

tional trends in body size and stature. New Zealand’s extinct

moas may be the classic case in point. While New Zealand

lacks native non-volant mammals, character displacement

from the rich native avifauna of New Zealand (including large

predators as well as many small avian competitors) may have

driven the evolution of ancestral moas towards increasingly

larger body size and towards convergence on niches more

similar to those of the absent ungulates than to those of birds.

Evolutionary trends in plants of isolated archipelagos may have

also been strongly influenced by both ecological displacement

(from a diversity of rapidly colonizing herbaceous plants) and

ecological release (as a result of the generally more limited

dispersal capacities of the tree species that typically dominated

forested ecosystems on the mainland). The result is the

frequent evolution of woodiness and tree-stature in insular

populations derived from herbaceous lineages of plants, but

rarely the reverse trend (Darwin, 1859, p. 392; Carlquist, 1974;

Bohle et al., 1996; Grant, 2001; Whittaker & Fernández-

Palacios, 2007; but see Lloyd, 1981 for putative cases of

‘dwarfism’, or evolution of more prostrate growth, in selected

plants of New Zealand).

CONCLUSIONS

This research represents a significant advance over previous

studies in that here we have been able to directly explore

factors contributing to scatter about the general island-rule

trend (Fig. 1) and to test predictions associated with alterna-

tive or complementary hypotheses for body size evolution in

general. The results support the conceptual model illustrated in

Fig. 2, and the fundamental assumption that body size

evolution is influenced by a combination of forces whose

relative importance is contextual, varying in a predictable

manner with the body size of the focal ancestral species.

Within this contextual framework, however, insular body size

is also strongly influenced by characteristics of the focal

islands, including the nature of their ecological communities,

their geographic isolation, and climate (Fig. 5). The results also

support the resource-subsidy hypothesis, with species capable

of exploiting aquatic prey exhibiting a large body size in
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comparison to species with more terrestrial diets (this effect

was amplified on islands lacking mammalian competitors).

Finally, while the list of hypotheses and predictions we

analysed is not exhaustive, it does include what we believe to

be the most significant ones discussed in the literature to date

(see summaries in Whittaker & Fernández-Palacios, 2007;

Lomolino et al., 2010). More importantly, our assessment of

these hypotheses provides compelling evidence for an over-

arching hypothesis of evolution of insular body size in

mammals – there may indeed exist a theoretical optimum size

for mammals in general (as hypothesized by Maurer et al.,

1992), but the optimum for particular insular populations

varies in a predictable manner, both with the characteristics of

the species (their bauplan and trophic strategies) and with the

characteristics of insular environments. Maurer et al. (1992)

estimated the optimal body size for mammals by noting where

the trend line for the function in Fig. 1 intercepts the line

where Si = 1.00 (roughly between 0.1 and 0.5 kg). Trend lines,

however, vary substantially among functional and taxonomic

groups of mammals, yielding inferred optimal body sizes

ranging from c. 0.3 kg in extant rodents and 6.9 kg in extant

ungulates, to well over 10 kg in ungulates and proboscideans

that inhabited Mediterranean islands during the Pliocene and

Pleistocene (Lomolino, 2005; see also fig. 14.26c in Lomolino

et al., 2010).

We find the latter results for very large but extinct mammals

intriguing, albeit preliminary and worthy of further study.

Accordingly, we are currently expanding the current database

on the body size of insular mammals to include extinct species

that inhabited palaeo-islands across the globe, which will

enable analyses with a much broader range of predictor

variables, including ancestral (mainland) body sizes ranging up

to 10,000 kg (versus the maximum of 700 kg in the current

study of extant mammals). Furthermore, although our current

analysis of extant mammals included some impressive bouts of

gigantism and dwarfism (the most extreme cases in the current

study included insular populations with Si = 2.29 and 0.39 for

Peromyscus keeni and Nasua narica, respectively), these may

pale in comparison to results from the insular fossil record,

which will have involved much more extended periods of

isolation, changes in island size and isolation over time, an

absence of anthropogenic impacts, and a broader range of

species (shrews to proboscideans).

In summary, the utility of the island rule is not that it

describes a pattern of exceptional generality, but that the

graded trend and now explicable scatter about the trend

provide invaluable insights into the forces influencing the

evolution of one of life’s most fundamental traits – body size.
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ABSTRACT

Aim We assessed the generality of the island rule in a database comprising

1593 populations of insular mammals (439 species, including 63 species of fos-

sil mammals), and tested whether observed patterns differed among taxonomic

and functional groups.

Location Islands world-wide.

Methods We measured museum specimens (fossil mammals) and reviewed

the literature to compile a database of insular animal body size (Si = mean

mass of individuals from an insular population divided by that of individuals

from an ancestral or mainland population, M). We used linear regressions to

investigate the relationship between Si and M, and ANCOVA to compare

trends among taxonomic and functional groups.

Results Si was significantly and negatively related to the mass of the ancestral

or mainland population across all mammals and within all orders of extant

mammals analysed, and across palaeo-insular (considered separately) mammals

as well. Insular body size was significantly smaller for bats and insectivores

than for the other orders studied here, but significantly larger for mammals

that utilized aquatic prey than for those restricted to terrestrial prey.

Main conclusions The island rule appears to be a pervasive pattern, exhibited

by mammals from a broad range of orders, functional groups and time peri-

ods. There remains, however, much scatter about the general trend; this resid-

ual variation may be highly informative as it appears consistent with

differences among species, islands and environmental characteristics hypothe-

sized to influence body size evolution in general. The more pronounced gigan-

tism and dwarfism of palaeo-insular mammals, in particular, is consistent with

a hypothesis that emphasizes the importance of ecological interactions (time in

isolation from mammalian predators and competitors was 0.1 to > 1.0 Myr for

palaeo-insular mammals, but < 0.01 Myr for extant populations of insular

mammals). While ecological displacement may be a major force driving diver-

sification in body size in high-diversity biotas, ecological release in species-poor

biotas often results in the convergence of insular mammals on the size of inter-

mediate but absent species.

Keywords

Body size, dwarfism, evolution, fossils, gigantism, island rule, islands, mammals.

INTRODUCTION

The island rule describes a graded trend in insular popula-

tions of vertebrates from gigantism in small species to dwarf-

ism in large species (Fig. 1). The generality of this pattern

has been evaluated for a variety of vertebrates and for a lim-

ited selection of invertebrates as well (Lomolino, 1985, 2005;

McClain et al., 2006). The pattern has also been inferred,

albeit to a much more limited degree, for several species of

palaeo-insular mammals (e.g. see Vaufrey, 1929; Sondaar,

ª 2013 Blackwell Publishing Ltd http://wileyonlinelibrary.com/journal/jbi 1427
doi:10.1111/jbi.12096
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1977; Azzaroli, 1982; Malatesta, 1985; Roth, 1992; Raia et al.,

2003; Palombo, 2004, 2007, 2009; Millien, 2006; Raia &

Meiri, 2006; Bromham & Cardillo, 2007; de Vos et al., 2007;

van der Geer et al., 2010). Indeed, two of the most spectacu-

lar cases of body size evolution in any mammal are those of

the extinct elephant (Palaeoloxodon falconeri) from Spinagallo

Cave (Siracusa, Sicily; middle Pleistocene), which dwarfed to

< 5% of the size (body mass) of its mainland ancestor

(Palaeoloxodon antiquus), and the giant erinaceomorph insec-

tivore (Deinogalerix koenigswaldi) of the Gargano, a palaeo-

island of southern Italy (late Miocene), which reached over

100 times the size of its ancestor (see Appendix S1 in the

Supporting Information). A rigorous assessment of the island

rule for palaeo-insular mammals, equivalent to those con-

ducted for extant mammals, is lacking. This is understand-

able given the challenges of working with the fossil record,

where the body mass of a majority of the insular species or

that of their mainland ancestors has until now been

unknown or poorly defined (Damuth & MacFadden, 1990).

With sufficient information now available, it is possible to

address these shortfalls and to assess the applicability of the

island rule to a broad diversity of palaeo-insular mammals

and to integrate the results obtained here with those available

for extant mammals.

Even for extant species of mammals, however, there

remains some debate regarding both the generality and, in

particular, the causality of the island rule pattern (Roth,

2001; Palkovacs, 2003; Meiri et al., 2004a,b, 2008; Durst &

Roth, 2012; Lomolino et al., 2012). At least some of this

debate derives from the appreciable scatter about the trend,

where the independent variable (body mass of individuals of

the mainland or ancestral form, M) typically explains < 30%

of the variation in insular body size (Si = mean mass of indi-

viduals from an insular population divided by M). This vari-

ation about the general trend, however, is both expected and

highly informative, as it provides key insights into the factors

influencing body size evolution in general. That is, while

there may be a theoretical, optimal body size that small and

large species may converge on in low-diversity systems

(where the trend intersects the horizontal dashed line in

Fig. 1), the optimal size for any particular insular population

(extant or fossil) should vary, albeit in a predictable manner,

with characteristics of the island, species, and interactions

among resident, insular species (see Lomolino, 1984, 2005;

Fooden & Albrecht, 1993; Lomolino et al., 2012).

The results of the regression tree analyses that we con-

ducted in an earlier paper published in this journal (Lomoli-

no et al., 2012) are generally consistent with this ecological

hypothesis of body size evolution. Body size divergence was

more pronounced for populations that inhabited islands

lacking mammalian competitors and predators (i.e. where

ecological release should be more prevalent); gigantism was

more pronounced in populations of small mammals that

inhabited the more isolated islands (consistent with the pre-

diction that immigration capacity is greater for larger mam-

mals) and islands at higher latitudes and with colder and

more seasonal climates (consistent with patterns associated

with Bergmann’s rule); and the insular body size of both

small and large mammals tended to be greater for species

that feed on aquatic prey (consistent with the ecological sub-

sidies of marine productivity; see relevant discussion in

Lomolino et al., 2012). Our results, however, failed to sup-

port the contention that body size in large mammals should

increase with island area, and did yield two unanticipated

results: latitudinal trends of body size in small mammals

were amplified on islands, and the body size of populations

of small mammals appeared to peak not at the highest but at

intermediate ranges of latitude and island isolation.

Our purpose here is to conduct the most comprehensive

assessment to date of the island rule pattern sensu stricto (i.e.

the predicted, negative relationship between Si and M) in

mammals, by substantially expanding the database we used

earlier (Lomolino et al., 2012). Our extensive literature review

along with our ongoing taxonomic revisions and direct mea-

surements of museum specimens of palaeo-insular mammals

have resulted in a database that now includes information on

the insular body sizes of 1593 populations of terrestrial mam-

mals from 18 orders (Artiodactyla, Carnivora, Chiroptera,

Dasyuromorphia, Dermoptera, Didelphimorphia, Diprot-

odontia, ‘Insectivora’ – Insectivora and Erinaceomorpha,

Mainland ancestors and island colonists1.0

Body mass on the mainland (M)

Si
Recent introductions

D
w

ar
fs

G
ia

nt
s

Palaeo-insular species

Time in isolation
(generations)

Extant natives and 
ancient introductions

Figure 1 A conceptual model for the

development of insular body size trends (the
island rule) over time. The island rule

describes a graded trend from gigantism in
small mammals to dwarfism in large

mammals. Because the body size evolution
of insular mammals should develop with

time in isolation, the slope of the line
describing the relationship between the

relative body size of insular mammals (Si)

and the mass of mainland or ancestral
forms (M) should decrease (become steeper)

with age of insular populations (Si = mass
of insular population/M).

Journal of Biogeography 40, 1427–1439
ª 2013 Blackwell Publishing Ltd

1428

M. V. Lomolino et al.

140



Lagomorpha, Monotremata, Peramelemorphia, Pholidota,

Pilosa, Primates, Proboscidea, Rodentia, Scandentia) and 439

species (including 63 species from the fossil record). Specifi-

cally, we will test whether the slope of the island rule pattern is

significantly less than zero, and then test whether the pattern

differs among the principal groups comprising our database;

that is, among mammalian orders (which differ in dispersal

capacity, resource requirements, and other characteristics that

should influence body size evolution), and for native versus

introduced populations, populations that utilize aquatic versus

those restricted to terrestrial prey, and extant versus fossil

mammals.

Finally, the latter group – palaeo-insular mammals of the

late Miocene to early Holocene epochs – offers a potentially

invaluable opportunity to investigate body size evolution

over a broad span of time (time in isolation was 0.1 to

> 1.0 Myr for palaeo-insular mammals, but < 0.01 Myr for

extant populations of insular mammals), and range in body

size (including multiple species of small, as well as very large,

palaeo-insular mammals – in particular, hippos and probo-

scideans). Accordingly, we utilize the fossil record to assess

the antiquity of the island rule pattern and to test whether

body size evolution was more pronounced in palaeo-insular

mammals, given their much more extended period of time

for divergence, than in extant species (Fig. 1).

MATERIALS AND METHODS

Data collection and calculations of Si

Our extensive database is available as Appendix S2, and

includes Si values (mean mass of individuals from an insular

population divided by that of individuals from an ancestral

or mainland population, M), body mass of mainland or

ancestral forms, island identity, and references for body size

measurements for each of the insular populations used in

this study. Estimations of Si values were restricted to com-

parisons of adults and, when available, comparisons among

individuals of the same gender. When body size measure-

ments reported in the literature were expressed in linear

dimensions (e.g. greatest skull length or body length), we cal-

culated the ratio of the cubed linear dimensions so that all Si

values are expressed as mass equivalents.

The process of estimating relative body sizes (Si values)

for palaeo-insular mammals is more challenging than that

for extant mammals as it requires geographical reconstruc-

tions of ancient islands and mainland sources of their popu-

lations, along with accurate assessments of taxonomic

relationships among fossil mammals. Ancestral populations

were chosen based on the revision of the best available stud-

ies of taxonomy and phylogeny in the literature, combined

with data on dispersal routes during the geological period

corresponding to the most parsimonious time window of

dispersal to the palaeo-island. The calculation of Si values (in

mass equivalents) for fossil species requires allometric formu-

lae that are specific to the species, the skeletal measurements

(of teeth, skulls or limb bones), and the nature of body size

change (e.g. insular dwarfism or gigantism) in the focal

taxon (see Damuth & MacFadden, 1990, for an extensive dis-

cussion on alternative allometric regressions and related

problems). In total, we used 19 different regressions provided

in 12 papers (see the Supporting Information for an exten-

sive description of methods, measurements taken and speci-

mens used). For Proboscidea, we used regressions based on

limb bone lengths, as palaeo-insular proboscideans tend to

have different proportions from living elephants (Herridge,

2010). For Artiodactyla, we mainly used articular and shaft

dimensions of limb elements, as the allometric scaling of

limb bones tends to change during dwarfism (K€ohler &

Moy�a-Sol�a, 2004; van der Geer et al., 2010). For rodents,

insectivores and lagomorphs, we used regressions based on

dental elements and, wherever possible, on postcranial mea-

surements as well (see Table 1 and Supporting Information).

The origin of extant insular populations – as native or

introduced – was determined by consulting the introduced

species databases compiled by D. F. Sax, the Global Invasive

Species Database (http://www.issg.org/database/), and species

accounts on the Animal Diversity Web (http://animaldiversity.

ummz.umich.edu/accounts/Mammalia/). Information on the

type of prey utilized, namely aquatic or terrestrial, was deter-

mined by consulting the original publication (source for

body size measurements) and species descriptions provided

by the Animal Diversity Web.

The heterogeneous nature of this database – derived from

reports from hundreds of researchers, utilizing a variety of

measures of body size, and from a wide variety of islands

and time periods – is likely to produce considerable mea-

surement error and unexplained variation. Such variation is

likely to reduce the power of tests for the predicted pattern

rather than to bias the results in favour of detecting such a

pattern (i.e. such error is highly unlikely to produce a bias

that would both inflate Si values for small mammals and

underestimate Si values for large mammals).

Statistical analyses

We used linear regressions to investigate the relationship

between Si and M, using the ordinary least squares methods

in this model 1 regression, where the value of M for each

population was assumed fixed and assigned to that of the

species based on values reported in the literature and on our

own estimates (see Appendix S1). In addition to using the

semi-log regression model [Si as a function of log(M)],

which is the approach utilized in most earlier studies of the

island rule pattern, we also used a log–log model, which in

retrospect seems more appropriate given that the semi-log

model can generate predicted Si values below 0 (i.e. a nega-

tive body size) when very large mammals are considered. We

first conducted preliminary regressions of all data for popu-

lations of extant terrestrial mammals within orders to iden-

tify and remove those points that were identified as having

undue influence on the results (i.e. we deleted observations if
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Table 1 Variation in insular body size (Si as a proportion of ancestral body mass) among palaeo-insular mammals (see Supporting

Information).

Order Insular species Ancestor

Log10

(ancestral

body mass)

(g) Si Palaeo-island†

Artiodactyla Bubalus cebuensis B. bubalis 5.9777 0.17 Cebu

Artiodactyla Cervus elaphus siciliae C. elaphus 5.3522 0.45 Sicily

Artiodactyla Cervus elaphus C. elaphus 5.3522 0.27 Malta

Artiodactyla Dama carburangelensis D. dama tiberina 4.9294 0.65 Sicily

Artiodactyla Duboisia santeng Boselaphus tragocamelus 5.2553 0.27 Java

Artiodactyla Hippopotamus creutzburgi H. antiquus 6.5022 0.13 Crete

Artiodactyla Hippopotamus lemerlei H. amphibius 6.1746 0.25 Madagascar

Artiodactyla Hippopotamus madagascariensis H. amphibius 6.1746 0.26 Madagascar

Artiodactyla Hippopotamus melitensis H. amphibius 6.1746 0.60 Malta

Artiodactyla Hippopotamus minor H. antiquus 6.5022 0.04 Cyprus

Artiodactyla Hippopotamus pentlandi H. amphibius 6.1746 0.74 Sicily

Artiodactyla Megaloceros cazioti M. verticornis 5.7612 0.13 Corsica–Sardinia

Artiodactyla Myotragus balearicus Aragoral mudejar 5.1523 0.18 Majorca–Minorca

Artiodactyla Sus sondaari S. arvernensis 4.7993 0.64 Sardinia

Proboscidea Mammuthus creticus M. meridionalis 6.9278 0.04 Crete

Proboscidea Mammuthus exilis M. columbi 6.8919 0.17 Santa Rosa

Proboscidea Mammuthus lamarmorai M. meridionalis 6.9278 0.08 Sardinia

Proboscidea Mammuthus primigenius M. primigenius 6.7390 0.47 Wrangel

Proboscidea Palaeoloxodon ‘cypriotes’ P. antiquus 6.9018 0.07 Cyprus

Proboscidea Palaeoloxodon ‘mnaidriensis’ P. antiquus 6.9018 0.17 Sicily

Proboscidea Palaeoloxodon creutzburgi P. antiquus 6.9018 0.38 Crete

Proboscidea Palaeoloxodon falconeri P. antiquus 6.9018 0.02 Sicily

Proboscidea Palaeoloxodon tiliensis P. antiquus 6.9018 0.09 Tilos

Proboscidea Stegodon florensis S. ganesa 6.5658 0.47 Flores

Proboscidea Stegodon sompoensis S. ganesa 6.5658 0.20 South Sulawesi

Proboscidea Stegodon trigonocephalus S. ganesa 6.5658 0.75 Java

Rodentia Agathaeromys praeuniversitatis* A. donovani 1.8921 0.29 Bonaire

Rodentia Hattomys gargantua* H. beetsi 2.2466 4.96 Gargano

Rodentia Hypnomys morpheus Eliomys quercinus 1.8692 3.09 Majorca–Minorca

Rodentia Kritimys catreus K. aff. K. kiridus 2.2046 3.24 Crete

Rodentia Leithia cartei Eliomys quercinus 1.8692 3.00 Sicily

Rodentia Leithia melitensis Eliomys quercinus 1.8692 13.53 Sicily

Rodentia Microtus (Terricola) ex gr. M. savii M. (T.) savii 2.0065 1.26 Sicily

Rodentia Microtus (Tyrrhenicola) henseli M. ruffoi 2.1064 1.78 Corsica–Sardinia

Rodentia Mikrotia magna* smallest Mikrotia (Biancone 1) 1.6254 9.48 Gargano

Rodentia Mikrotia middle-sized lineage* smallest Mikrotia (Biancone 1) 1.6254 3.32 Gargano

Rodentia Mikrotia small-sized lineage* smallest Mikrotia (Biancone 1) 1.6254 1.06 Gargano

Rodentia Mus minotaurus M. musculus 1.2222 3.23 Crete

Rodentia Rhagamys orthodon Rhagapodemus ballesioi 1.5336 2.63 Corsica–Sardinia

Insectivora Crocidura esuae C. russula 1.0476 1.07 Sicily

Insectivora Talpa tyrrhenica Talpa minor 2.0492 1.16 Sardinia

Insectivora (aquatic) ‘Asoriculus’ henseli Asoriculus gibberodon 0.9675 3.05 Corsica–Sardinia

Insectivora (aquatic) Deinogalerix brevirostris Parasorex socialis 1.6737 140.50 Gargano

Insectivora (aquatic) Deinogalerix koenigswaldi Parasorex socialis 1.6737 207.31 Gargano

Insectivora (aquatic) Nesiotites hidalgo Asoriculus gibberodon 0.9675 4.51 Majorca–Minorca

Lagomorpha Gymnesicolagus gelaberti Prolagus crusafonti 2.1797 35.83 Majorca

Lagomorpha Hypolagus peregrinus H. gromovi 3.7149 0.65 Sicily (northern

palaeo-island)

Lagomorpha Nuralagus rex Alilepus turolensis 3.0792 10.00 Minorca

Lagomorpha Prolagus imperialis P. oeningensis 1.9257 7.01 Gargano

Lagomorpha Prolagus sardus P. michauxi 2.2951 2.27 Corsica–Sardinia

Carnivora Cynotherium sardous Xenocyon lycaonoides 4.4246 0.49 Corsica–Sardinia

Carnivora Enhydrictis galictoides Pannonictis nesti 3.7235 0.85 Corsica–Sardinia

Carnivora Mececyon trinilensis Xenocyon lycaonoides 4.4246 0.39 Java

Carnivora Mustelercta arzilla Pannonictis nesti 3.7235 0.98 Sicily
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the Cook’s D-statistic exceeded 0.05 and the observations

exceeded the 95% confidence limits of regression trends).

The resulting 15 records of undue influence were excluded,

leaving 1530 insular populations included in all subsequent

analyses of extant mammals. We used t-tests to test the pre-

diction that the slopes of the relationship between Si and M

differed between native and non-native populations of extant

mammals, and between populations of extant and palaeo-

insular mammals, where t = (difference in slopes)/

(s1
2 + s2

2)0.5, and s1 and s2 are the standard errors of the

slopes being compared.

We chose not to use phylogenetic adjusted regressions

here because, while they can be highly informative in the

proper applications, either they are infeasible for fossil mam-

mals with uncertain phylogenetic relationships, or they may

introduce Narcissus effects (sensu Colwell & Winkler, 1984)

by filtering out the influence of variables of interest that are

correlated with phylogeny (e.g. body size of the mainland,

ancestral species), or they can be inappropriate and less accu-

rate than ordinary least squares regressions even when inde-

pendent variables have a strong phylogenetic signal (Revell,

2010) or when the rate of anagenetic variation exceeds that

of cladogenesis (see Ricklefs & Starck, 1996; Bj€orklund, 1997;

Losos, 2003, 2011; McNab, 2003; Carvalho et al., 2006; Sibly

et al., 2012). This is almost certainly the case in studies of

the island rule where the dependent variable (Si) is actually a

contrast itself between a pair of populations (insular versus

mainland, or derived versus ancestral populations). The

degree to which Si values differ from 1.0 (i.e. where insular

populations exhibit gigantism or dwarfism) reflects relatively

rapid, anagenetic changes in body size within lineages, and

the level of evolutionary divergence and independence

among populations. We did, however, also use regression

tree analysis (RTA) as a means of verifying that our results

were not the spurious outcome of non-independence among

replicates (populations). RTA is a recursive, machine-

learning method that is nonparametric and distribution-free,

does not require data transformations or assumptions of data

independence and, therefore, alleviates any need for phyloge-

netic controls of such data (see Westoby et al., 1995; Olden

et al., 2008; Davidson et al., 2009; Melo et al., 2009; Durst &

Roth, 2012; Lomolino et al., 2012). The results of RTA of

the current database (summarized in Table S17 & Fig. S1 in

Appendix S1) are consistent with those of linear regressions

conducted here, with results of classification tree analyses

conducted by Durst & Roth (2012) in rodents, and with our

earlier application of RTA to investigate the causality of the

island rule in terrestrial mammals, albeit in that case

(Lomolino et al., 2012) with a more limited data set (the

current database includes over four times as many insular

populations).

We used analysis of covariance (ANCOVA) to compare

island rule trends among the taxonomic and functional

groups in our database: among orders of extant mammals;

extant natives versus those introduced onto islands; mam-

mals with aquatic versus those with terrestrial prey; and

extant versus palaeo-insular mammals. ANCOVA can be set

to assume identical slopes, but tests for the statistical signifi-

cance of differences in intercepts of trends among groups.

Statistical analyses were conducted using xlstat (version

2012; Addinsoft, New York, USA).

RESULTS

Generality of the pattern in extant mammals

Linear regression results (Table 2) indicated that the island

rule pattern (negative relationship between Si and M) was

significant across populations of all extant mammals com-

bined (n = 1530 populations), and across populations within

all of the orders where sample sizes were adequate (n > 20

insular populations) for these analyses. The pattern was also

highly significant across all extant mammals when Si values

were averaged to the species level (n = 376 species; Table 2).

Table 1 Continued

Order Insular species Ancestor

Log10

(ancestral

body mass)

(g) Si Palaeo-island†

Carnivora Oriensictis nipponica O. melina 3.8609 1.00 Kyushu

Carnivora (aquatic prey) Algarolutra majori Lutra simplicidens 3.8041 0.89 Sardinia

Carnivora (aquatic prey) Cyrnolutra castiglionis Lutra simplicidens 3.8041 1.20 Corsica

Carnivora (aquatic prey) Lutra trinacriae L. simplicidens 3.8041 1.11 Sicily

Carnivora (aquatic prey) Lutrogale cretensis L. perspicillata 4.0821 1.17 Crete

Carnivora (aquatic prey) Megalenhydris barbaricina Lutra simplicidens 3.8041 2.79 Sardinia

Carnivora (aquatic prey) Pannonictis sp. P. nesti 3.7235 1.51 Sardinia

Carnivora (aquatic prey) Sardolutra ichnusae Lutra simplicidens 3.8041 1.05 Sardinia

Primates Macaca majori M. florentina 4.0700 0.66 Sardinia

*Calculation of Si based on comparison to this early chronospecies on this island.

†Owing to the dynamics of sea level and the seafloor through the Miocene to Holocene epochs the palaeo-islands listed here include areas that

are currently peninsulas (Gargano, Italy), regions of current islands (northern palaeo-island of Sicily; south Sulawesi), or separate islands that

were previously joined (Corsica–Sardinia; Majorca–Minorca).
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ANCOVA conducted at the species level indicated that the

intercepts of these trends did differ among some orders, with

insular bats and insectivores exhibiting significantly lower Si

values (–0.20 and –0.18, respectively) in comparison with

other mammals (after correcting for mass of the species on

the mainland; Table 3, Fig. 2). Although slopes of the

relationship between Si and M were also significantly < 0.0

for populations of terrestrial natives and for those of intro-

duced mammals, taken separately (n = 1263 and 162 popula-

tions, respectively), intercepts of the regressions for these two

groups differed significantly, with introduced populations

tending to exhibit somewhat (+ 0.071) higher Si values

(Table 3, Fig. 3). Contrary to one of the predictions illus-

trated in Fig. 1, the slope of the island rule pattern was only

slightly (+ 0.02) and not significantly shallower (more posi-

tive) for introduced populations than that for native popula-

tions of mammals (t = 1.08, P > 0.25, d.f. = 1421).

As observed in previous studies (Lomolino, 1985, 2005),

insular body sizes were higher for mammals utilizing aquatic

prey (e.g. fish, aquatic invertebrates and carcasses of marine

mammals) than for those restricted to feeding on terrestrial

plants or animals. This difference among mammals with alter-

native prey was significant over all populations of mammals

(Si values 0.22 higher for mammals with aquatic prey than for

those with terrestrial prey; Fig. 4a), and for members of the

order Carnivora, taken separately (Si values 0.18 higher for

carnivores that utilized aquatic prey than for those restricted

to terrestrial prey; ANCOVA; Table 3, Fig. 4b). Although the

numbers of aquatic populations within other mammalian

orders were insufficient to justify statistical comparisons, all

four of the Artiodactyla utilizing aquatic prey (four popula-

tions of Sus barbatus), all three of the aquatic-feeding insecti-

vores (one population of Sorex palustris and two of

Echinosorex gymnura), and the only aquatic-feeding rodent

included in this study (Oryzomys couesi) exhibited relatively

high Si values (i.e. higher than that predicted based on the

regression line for mammals with terrestrial prey – solid line

in Fig. 4a). The only monotreme included in this study,

Table 2 Results of linear regression analysis of the relationship between relative insular body size (Si) and mass of the ancestral or
reference population on the mainland (M).

Taxonomic or functional group

n (populations

or species)

Slope (P slope

� 0.0) r2

Regression model: Si = b0 + b1(Log10 (M))

Extant insular mammals

All populations 1530 �0.082 (< 0.0001) 0.128

Populations with terrestrial prey 1425 �0.098 (< 0.0001) 0.168

Populations with aquatic prey 105 �0.073 (0.002) 0.077

Populations of natives with terrestrial prey 1263 �0.100 (< 0.0001) 0.178

Populations of introduced mammals with terrestrial prey 162 �0.080 (< 0.0001) 0.116

Populations of mammals with terrestrial prey within

Artiodactyla 61 �0.222 (< 0.0001) 0.367

Carnivora 324 �0.049 (0.0002) 0.038

Chiroptera 158 �0.133 (< 0.0001) 0.164

Insectivora 115 �0.102 (< 0.0001) 0.196

Lagomorpha 25 �0.367 (0.0075) 0.231

Marsupials 40 �0.101 (0.0166) 0.114

Primates 123 �0.089 (0.0234) 0.032

Primates, excluding Macaca fascicularis (where n = 73) 50 �0.098 (0.0226) 0.081

Rodentia 500 �0.182 (< 0.0001) 0.132

Scandentia 59 �0.168 (0.0345) 0.195

Populations of carnivores with aquatic prey 96 �0.039 (0.0555) 0.027

Species (populations averaged to species level)

All species of mammals 376 �0.085 (< 0.0001) 0.158

Species of mammals with terrestrial prey 357 �0.091 (< 0.0001) 0.195

Palaeo-insular mammals

All species 63 �4.183 (0.015) 0.074

Species with terrestrial prey 52 �1.065 (0.0014) 0.165

Excluding one record of undue influence (Gymesicolagus gelaberti; Cook’s D statistic = 0.84) 51 �0.747 (< 0.0001) 0.317

Regression model: Log10 (Si) = b0 + b1(Log10 (M))

Extant species with terrestrial prey 357 �0.053 (< 0.0001) 0.201

Palaeo-insular species with terrestrial prey 52 �0.264 (< 0.0001) 0.646
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Table 3 Results of analysis of covariance (ANCOVA) of the island rule pattern among various taxonomic and functional groups of

extant, insular mammals.

Among species within

taxonomic groups Slope (P slope not < 0.0) n r2

Seven orders with � 19 species –0.130 < 0.0001 327 0.305

Intercept (P intercept = generalized intercept)

Artiodactyla 1.317 0.953 19

Carnivora 1.337 0.712 57

Chiroptera 1.126 < 0.0001 66

Insectivora 1.145 < 0.001 29

Marsupials 1.364 0.416 21

Primates 1.354 0.495 38

Rodents 1.321 –* 97

Between populations of mammals with terrestrial prey that were native and those that were introduced onto the focal islands

Slope (P slope not < 0.0)

–0.098 < 0.0001 1425 0.177

Intercept (P intercept = generalized intercept)

Introduced populations 1.302 < 0.001 162

Native populations 1.231 –* 1263

Between mammal populations utilizing aquatic prey and those restricted to terrestrial prey

Slope (P slope not < 0.0)

–0.096 < 0.0001 1530 0.167

Intercept (P intercept = generalized intercept)

Aquatic prey 1.453 < 0.0001 105

Terrestrial prey 1.236 –* 1425

Between populations of carnivores utilizing aquatic prey and those restricted to terrestrial prey

Slope (P slope not < 0.0)

–0.047 < 0.0001 420 0.132

Intercept (P intercept = generalized intercept)

Aquatic prey 1.248 < 0.0001 96

Terrestrial prey 1.068 –* 324

*P-value not reported because this comparison is redundant with above.
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Figure 2 Differences in the island rule
pattern among the seven orders of extant

mammals with at least 19 species (each
observation represents the average for

populations of that species). The intercept
of this relationship was significantly lower

for bats and for insectivores than for the
other orders considered here (based on

ANCOVA; n = 327; see Table 3).
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namely the duck-billed platypus (Ornithorhynchus anatinus),

which feeds on aquatic invertebrates, also exhibited an insular

body size that exceeded the trend for mammals with terres-

trial prey (observed Si = 1.27 versus a predicted value of 0.89

for mammals of the same mass but restricted to terrestrial

prey; see Fig. 4a; see also Price et al., 2012).

Antiquity of the pattern

As predicted, palaeo-insular mammals exhibited a much

broader range in insular body size than extant mammals

(Table 1, Fig. 5). This includes the extreme cases of gigan-

tism exhibited by two erinaceomorph insectivores (Deinoga-

lerix spp., exceeding 100 times the mass of their mainland

ancestors), two lagomorphs, namely Nuralagus rex and

Gymnesicolagus gelaberti, and one rodent, Leithia melitenis

(at least 10 times the mass of their ancestors). The degree of

dwarfism exhibited by palaeo-insular mammals was just as

extreme, with two proboscideans, Mammuthus creticus and

Palaeoloxodon falconeri, and a hippo, Hippopotamus minor

(= Phanourios minor), dwarfing to less than 5% of the mass

of their mainland ancestors (Fig. 6).

Body size variation among palaeo-insular mammals was

consistent with the island rule, exhibiting a highly significant,

negative relationship between Si and M (see Tables 1 & 2,

Fig. 5). There was also some indication, albeit limited, that

the insular body size of fossil mammals is influenced by type

of prey, with species that utilized aquatic prey exhibiting rel-

atively high Si values in comparison to those predicted for

palaeo-insular mammals with terrestrial prey (solid, black

line in Fig. 5). Also as predicted, the slope of the island rule

relationship was significantly steeper (more negative) for pal-

aeo-insular species than for species of extant mammals

(Table 2, Fig. 5; t (difference between slopes) = 7.47,

P < 0.0001, d.f. = 405).

DISCUSSION

This analysis of body size evolution in insular mammals

(extant as well as fossil), the most comprehensive to date,

reveals that the island rule is indeed a pervasive pattern,

exhibited across all mammals and across each of the nine

orders of extant mammals with sufficient sample sizes, as

well as across the 63 species of palaeo-insular mammals stud-

ied here. As we anticipated, there remained much variation

about island rule trends (r2 values ranging from < 0.03 to

0.65), but this is to be expected given that the current study

did not control for variation in characteristics of species and

islands known to influence the evolution of body size of

insular mammals. Our earlier paper (Lomolino et al., 2012)

on causal explanations for the body size evolution of insular

mammals employed regression tree analyses (a recursive, bin-

ary machine-learning method), which not only provided an

alternative means of confirming the island rule pattern, but

also revealed the contextual nature of factors influencing

body size evolution – indicating that while co-occurring

competitors and predators influenced the body size variation

of both small and large mammals, climatic conditions, lati-

tude, and island area and isolation influenced evolution of

small (those < 2692 g), but not large, mammals. While our

primary focus here was on pattern and not process, our

results did indicate that future studies of causality of body

size evolution in insular mammals should include not only

physiographic, climatic and ecological characteristics of the

islands, but also the age (time in isolation) of the insular

populations.

For extant mammals, the similarity in island rule patterns

for native and non-native populations (Fig. 3) may, at least

in part, derive from the inclusion of both recent and ancient

introductions (some > 1000 bp) in our analysis, but this also

suggests that body size divergence on islands may proceed
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Figure 3 Trends in insular body size of

native and introduced mammals. The
intercept of the island rule pattern was

slightly, albeit significantly, higher for
introduced versus native populations of

extant mammals (populations with
terrestrial prey; based on ANCOVA;

n = 1425; see Table 3).
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very rapidly following colonization (whether natural or

human-assisted). Lister (1989, 1996) hypothesized that body

size evolution in insular mammals may take place in two

stages: an initial stage of very rapid change (that lasts for a

few thousand years) followed by a second stage of slower,

but ultimately much more pronounced, change (for reports

on relatively rapid changes in body size in the initial stages

of island evolution see Pergams & Ashley, 1999, 2001;

Yom-Tov et al., 1999; Schmidt & Jensen, 2003; Millien &

Damuth, 2004; Millien, 2006). The great majority of the

extant populations studied here are of mid- to late Holocene

origin, derived from populations that established following

the last glacial recession and subsequent dynamics in climate,

sea level, habitats and faunal assemblages (the latter often

including the arrival of human populations and associated

disturbances). Thus, we infer that the patterns we observe

for extant populations are characteristic of those for the ini-

tial stages of body size change, while the substantially more

pronounced changes in body size of palaeo-insular mammals

may correspond to Lister’s hypothesized second stage of

insular divergence in body size. We acknowledge that this

inference requires more rigorous analyses, and more infor-

mation on ages of insular populations than is currently

available, at least for the majority of populations studied

here.

Recent analyses by Evans et al. (2012), however, do

provide a means of calibrating the rates of mammal evolu-

tion, with body size increases of threefold requiring some
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Figure 4 Differences in insular body size of
mammals with aquatic prey in comparison

to those with terrestrial prey. Populations of
mammals utilizing aquatic prey tend to

exhibit higher insular body sizes than those
restricted to terrestrial prey, probably

reflecting the high subsidy of marine
productivity for insular populations. This

difference in intercepts of the regression
lines was consistent across all extant

mammals (a, with labels for populations of
selected species of mammals with aquatic

prey, see main text) as well as for carnivores
considered separately (b) (based on

ANCOVA; n = 1530; see Table 3).
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16,000 generations (as little as 4000 years for small

mammals undergoing gigantism), whereas insular dwarfism

of the same degree (a threefold decline) may require

roughly 1000 generations (c. 25,000 years in elephants and

other very large species, given their long generation times).

On the other hand, the 10- to 100-fold changes in body

size such as we observed for palaeo-insular mammals would

require from 300,000 to 1.1 9 106 generations for extreme

gigantism of small mammals, and 8000 to 0.12 9 106

generations for extreme dwarfism of very large mammals

(Evans et al., 2012). Our results accord well with these esti-

mates, with Si ranging from 0.11 to 2.52 for extant mam-

mals (ages, i.e. time in isolation, < 0.01 Myr), while ranging

from 0.02 to over 200 for palaeo-insular mammals (ages

ranging from 0.1 to > 1.0 Myr). It is noteworthy that the

estimated time in isolation for the most extreme cases of

insular gigantism reported here for palaeo-insular mammals

exceeded 1 Myr, while that for the most extreme cases of

dwarfism (Mammuthus creticus, M. lamarmorai, Palaeolox-

odon falconeri and P. tiliensis) ranged from 0.01 to 1 Myr

(Table 1, Figs 5 & 6).

One alternative, but complementary, explanation for the

more pronounced changes in body size of many palaeo-insu-

lar mammals is that they result not just from their long

residence times on the islands, but also from the fact that their

residence pre-dates the arrival of humans. This hypothesis,

proposed by Sondaar (1987, 1991), assumes that such marvels

of evolution in splendid isolation (i.e. the extreme giants and

dwarfs) could not have evolved and coexisted with humans

because they are particularly susceptible to the direct actions

of humans on insular species, as well as to the indirect effects

of habitat alteration and introduced species (commensals that

become predators or competitors, or transmit disease).

This explanation for the more extreme body size evolution

of palaeo-insular mammals is also consistent with an ecologi-

cal hypothesis for the island rule (Lomolino et al., 2012; see

also Losos & Ricklefs, 2009), which predicts that it is not the

age of insular populations per se, but their time in ecological

isolation from mammalian predators and competitors

(including humans and their commensals) that should most

strongly influence body size evolution on islands. In short,

ecological displacement on the mainland and in other large

and ecologically diverse systems (e.g. Madagascar and the lar-

ger islands of the Philippines) drives diversification in body

size, while release in ecologically simple, insular communities

(in particular those lacking humans and other ecologically

dominant mammals) results in convergence on the size of

intermediate but absent species. The ultimate result is that,
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Figure 5 Differences in insular body size trends of palaeo-insular (black trend line, labelled symbols) and extant insular mammals

(green trend line). The body size variation among species of palaeo-insular mammals (here in double-logarithmic scale) is consistent
with the island rule, but the slope of the relationship between insular body size and mass of the ancestral, mainland species is

significantly steeper (more negative) for palaeo-insular species (solid, black line; n = 52) than for extant species of mammals (solid,
green line; n = 357) (see Fig. 1, Tables 1 & 2).
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whether native or introduced, flying or non-volant, aquatic

or terrestrial, recent or ancient, small species tend to increase

and large species tend to decrease in size on ecologically sim-

ple (species-poor) islands.
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ABSTRACT

Aim We investigated the hypothesis that body size evolution of mammals is

strongly influenced by ecological interactions, resulting in evolutionary diver-

gence in body size in species-rich (e.g. mainland) biotas, and convergence on

the size of intermediate but absent species in species-poor (e.g. insular) biotas.

Location Mediterranean palaeo-islands.

Methods We assembled data on temporal variation in body size of palaeo-

insular mammals and associated variation in ecological characteristics (coloni-

zation or extirpation of mammalian competitors and predators) for 19 species

of fossil, non-volant mammals across four large (> 3640 km2) islands ranging

between the late Miocene and Holocene. These are the only fossil species for

which fine-detailed time series are available at present.

Results Our results are consistent with predictions based on an ecological

interactions hypothesis of body size evolution. Following colonization (or first

appearance in the insular fossil record) small mammals (such as mice, shrews

and pikas) tended to increase in body size. These trends, however, ceased or

were reversed following colonization of the focal islands by mammalian preda-

tors or competitors.

Main conclusions While body size evolution is likely to be influenced by a

variety of characteristics of the focal islands (e.g. climate, area, isolation and

habitat diversity) and species (e.g. diet, resource requirements and dispersal

abilities), temporal trends for palaeo-insular mammals indicated that the

observed trends for any particular species, island and climatic regime may be

strongly influenced by interactions among species. Ultimately, invasion of a

competitor often leads to the extinction of the native, insular species.

Keywords

Biological invasions, body size fluctuations, competition, extinct species, fossil

record, island evolution, island rule, mammals, Mediterranean palaeo-islands,

predation.

INTRODUCTION

The island rule, a term coined by Van Valen (1973),

describes a graded trend in populations of insular vertebrates

from gigantism in small species to dwarfism in large species

(e.g. Heaney, 1978; Lomolino, 1985, 2000, 2005; Whittaker &

Fern�andez-Palacios, 2007; Lomolino et al., 2012). Although

the considerable scatter about this graded trend has gener-

ated much debate over the generality of the pattern (see, e.g.

Palkovacs, 2003; Meiri et al., 2004a,b, 2008; K€ohler et al.,

2008; Raia et al., 2010), such variation is both expected and

informative as it may provide key insights into the factors

and processes influencing body size evolution on islands (see

Fooden & Albrecht, 1993; Lomolino et al., 2012).

Earlier papers attributed observed trends of insular body

size to a variety of factors, including characteristics of the

islands (e.g. area or isolation) and species (resource require-

ments, trophic strategy, dispersal abilities and bauplan), but

also to release from ecological pressures of competition and

predation on islands, which tend to be species-poor with

1440 http://wileyonlinelibrary.com/journal/jbi ª 2013 Blackwell Publishing Ltd
doi:10.1111/jbi.12119
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regard to mammals that often dominate mainland communi-

ties (see, e.g. Case, 1978; Heaney, 1978; Lomolino, 1985,

2000, 2005; Brown et al., 1993; Fooden & Albrecht, 1993;

Simberloff et al., 2000; Grant & Grant, 2006; Millien, 2006;

Meiri et al., 2011). That is, in species-rich systems, competi-

tion and predation are hypothesized to result in ecological

displacement and diversification among resident species, e.g.

predatory pressures resulting in small prey becoming smaller

and large prey becoming larger. In species-poor communi-

ties, release from the pressures of these ecological interac-

tions reverses these trends and the few or sole resident

species converge on intermediate body sizes. In a recent and

comprehensive investigation of the causality of the island

rule in extant mammals, Lomolino et al. (2012) found fur-

ther support for the contextual and multifactoral nature of

processes influencing body size evolution. The patterns

observed for extant insular mammals are consistent with the

hypothesis that body size evolution is influenced by selective

forces whose importance and nature of influence varied in a

predictable manner with characteristics of the species (in

particular, their ancestral body size and diet) and the islands

(area, isolation and climate), and with ecological interactions

among mammals.

Despite some exceptions, body size variation among palaeo-

insular mammals is generally consistent with the graded trend

of the island rule (see e.g. Sondaar, 1977; Lister, 1989, 1996;

Roth, 1992; van den Bergh et al., 1996; Palombo, 2004, 2007,

2009; Palombo & Giovinazzo, 2005; Millien, 2006; Raia &

Meiri, 2006; Bromham & Cardillo, 2007; de Vos et al., 2007;

van der Geer, 2008; Lyras et al., 2008, 2010; Weston & Lister,

2009). Palaeo-insular mammals, however, exhibit much more

extreme cases of gigantism and dwarfism than living species

(examples in van der Geer et al., 2010).

Nonetheless, several cases were noted among small mam-

mals where body size evolution in palaeo-insular taxa is not

constant or unidirectional (Freudenthal, 1976, 1985; Mayhew,

1977; Butler, 1980; Angelone, 2007; Boldrini, 2008; Rinaldo &

Masini, 2009; Melis et al., 2012). In fact, in these cases, trends

opposite to those predicted (small mammals getting smaller

again) are observed during some time spans. Generally, these

temporal fluctuations are explained as being due to climatic

changes (e.g. McFarlane et al., 1998, for Amblyrhiza), but colo-

nizations by mammalian competitors or predators may play a

substantial role as well (Bover & Alcover, 2008).

The fossil record and, in particular, time-sequenced series

of body size variation within insular lineages provides a

potentially powerful insight into the causality of body size

evolution on islands and an ecological hypothesis of body

size evolution which asserts that body size evolution is

strongly influenced by ecological interactions. The purpose

of this paper is to further evaluate this hypothesis – by test-

ing the following predictions.

1. Following colonization of islands lacking mammalian

competitors and predators, small mammals will increase in

body size (we define ‘small’ as mainland, ancestral mammals

of less than c. 3 kg body mass; see Lomolino et al., 2012).

2. The observed trend in temporal variation predicted above

should cease or be reversed when the focal island is colo-

nized by mammalian predators or competitors. Studies of

extant taxa indicate that invading species may alter the evo-

lutionary pathway of native species by competition, niche

displacement, predation, and ultimately extinction (Mooney

& Cleland, 2001), although available evidence suggests that

extinction is much more likely to be driven by predation

than by competition (Sax & Gaines, 2008). We expect that

these patterns will apply to the fossil record as well.

MATERIALS AND METHODS

Selected taxa

Our data include only taxa that are represented by a time

series that includes populations of the ancestral form, one or

more intermediate stages, and at least one moment in time

where a change in the ecological assemblage was recorded

and that were recovered from sites where all relevant con-

temporaneous taxa occur as well so that co-existence is pro-

ven. Large mammals are not included in our data set

because their fossil record lacks sufficient time series with

multiple stages and colonization or extinction of mammalian

competitors or predators. Fossils of small mammals, for the

majority preserved as teeth in owl pellets, are much more

numerous and often found throughout a stratigraphical suc-

cession. Even so, extensive time series for small mammals are

extremely rare because of the limited chronological range of

continuous sedimentary sequences exposed in the fossilifer-

ous sites on most palaeo-islands.

We have also included the criterion that each time series

should be limited to periods during which the physiographic

features of the islands were relatively constant, thus control-

ling for some factors extrinsic to our ecological hypothesis of

body size evolution. However, because climatic conditions

sometimes varied substantially during the time periods

included in our study, and body size is often correlated with

climatic conditions, especially temperature (Bergmann, 1847;

Rensch, 1938; Mayr, 1956; Smith et al., 1995; Smith & Bet-

ancourt, 2003; Millien et al., 2006; Lomolino et al., 2012),

we also present data on temperature variation where avail-

able.

Limited by these criteria, our data included temporal vari-

ation for 19 late Miocene to Holocene species belonging to

eight insular lineages across four palaeo-islands (see Appen-

dix S1 in Supporting Information; nomenclature follows van

der Geer et al., 2010). This set comprises all available time

series that meet the required conditions as given above

(Fig. 1).

Biochronology

Biochronology is used here as a means of ordering the sites

due to the scantiness of firm geochronological contraints and

reliable absolute datings and the lack of continuous strati-
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graphic sequences. Biochronological principles include first

and last appearances, associations of taxa recognized as being

peculiar to a biochron and evolutionary trends in phyletic

lineages, in this case mainly tooth morphology. Perhaps the

most debated assumption of biochronology is the principle

of irreversibility, in particular the loss of complex characters

(part of ‘Dollo’s law’; Dollo, 1893). Many recent studies (see

Appendix S1 for evaluation) found violations of this law,

claiming loss and subsequent recovery of functionalities and/

or elements, including even wings and digits. However,

Goldberg & Igic (2008) have shown that the methods used

in these studies are flawed. That means that at the present

stage of knowledge, there is no hard evidence that the loss of

complex character states would be reversible. As long as this

issue remains unresolved, we consider the evolution of com-

plex character states to be irreversible. In addition, our case

is strengthened because we would have to assume the simul-

taneous reversal of two independent characters (body size

plus molar size or morphology). Reverse evolution is rarely

possible but falls even further in likelihood as the complexity

of adaptation increases (Tan et al., 2011), where we consider

a combination of characters a case of increased complexity.

In addition, for Majorca, Crete and Gargano, the chronology

is not based on the target species only but also on co-occur-

ing taxa (see Appendix S1 for details), which further adds to

the robustness of our biochronology. The weakest chronol-

ogy is that for the Kritimys catreus zone of Crete, as it was

established practically only on molar size. Only the geologi-

cally first and last sites with Kritimys are firmly established,

whereas the ordering of the other sites is weak.

Ongoing dating work may eventually alter some of the

sequences presented here, but even though some age order-

ing is not robust, the basic conclusions are, because the most

relevant part of the sequences is the moment when an inter-

fering taxon appears for the first time in the fossil record.

The timing of these arrivals is supported by the biostratigra-

phy, and for Majorca also by absolute datings. For a detailed

account of the biochronology per site, see Appendix S1.

Body size index

Our analyses were based on relative size (Si), which is

defined as mass of insular form divided by that of its ances-

tor – values greater than 1.0 indicate a trend towards gigan-

tism, and those less than 1.0 indicate a trend towards

dwarfism. Body size of insular fossil species and their main-

land ancestors were calculated using taxon-specific equations

for estimating body masses (see Appendix S1 for details and

references) based on data measured directly from specimens

in museum collections or given in the literature.

Ecological assemblages

Data on the presence of competitors and predators included

species of mammals most likely to directly interact with the

focal insular species, present in the same locality (Table 1;

for details, see Table S15 in Appendix S1). Ecological interac-

tions with reptilian predators and competitors, although

potentially interesting, were not taken into account as we are

assuming that (1) ecological interactions, especially competi-

tion, is more intense between more closely related species,

(2) in comparison to birds and reptiles, the occurrence of

mammals on the focal islands was more variable over space

and time, thus forming the primary treatment variable in

Figure 1 (Top) Location of four Mediterranean islands with a record of fossil mammals sufficient to analyse body size evolution

through time. (Below) Fossil sites mentioned in the text or the figures. Note that the islands are not drawn to the same scale. Majorca:
1, Son Muleta; 2, Cova Estreta; 3, Cal�o den Rafelino; 4, Son Bauza. Sardinia: 1, Dragonara; 2, Tavolara; 3, Capo Figari; 4, Monte

Tuttavista; 5, Corbeddu. Crete: 1, Stavros; 2, Cape Meleka; 3, Liko; 4, Gerani; 5, Koumpes; 6, Bali; 7, Milatos; 8, Siteia; 9, Karoumbes;
10, Xeros.
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this study, and (3) the degree to which our assumptions are

wrong would only add to unexplained error or produce

results counter to our preditions. In addition, large reptiles

such as varanids that exert signifcant predatory pressure on

mammals did not occur on our islands during the relevant

time range. The reptilian predators are limited to snakes and

lizards.

Possible mammalian predators and competitors were iden-

tified by consulting the lists of species found in local faunal

assemblages to which the focal species belongs. A few

remarks are, however, needed. We consider Mus a competi-

tor for Kritimys as they are both Murinae sharing basic den-

tal features. For Hypnomys, one of the Holocene competitors

was the garden dormouse (Eliomys), which is closely related

to the ancestral form of Hypnomys. The other Holocene

competitor, perhaps to an even greater extent, was the wood

mouse (Apodemus), as Hypnomys had a semi-fossorial (Bover

et al., 2010) or terrestrial lifestyle (Hautier et al., 2009) in

comparison to the more arboreal habitats of Eliomys. Hypno-

mys morpheus had shifted its ecological niche towards a more

omnivorous and abrasive diet (Hautier et al., 2009), proba-

bly increasing niche overlap with murids (Apodemus in this

case). The same garden dormouse also competed with Nesio-

tites, because Eliomys quercinus is partly insectivorous and a

predator of molluscs and insect larvae (Ognev, 1963) and as

such is a likely competitor of a large shrew. The early Plio-

cene hamster Tragomys macpheei is not considered a compet-

itor for the earliest Hypnomys or Nesiotites because it has a

high-crowned, selenodont dentition, very unlike that of dor-

mice and shrews. The murid Rhagamys, with its specialized

high-crowned dentition, might theoretically have been a par-

tial competitor for Prolagus. Also, the field mouse (Microtus)

is tentatively considered a competitor during the late early

Pleistocene–Holocene for Prolagus as it eats grasses and

maybe sedges as do pikas (tentatively, because their size dif-

ference is considerable). During the early Pleistocene, Pan-

nonictis and Mustela may have caused some additional

predation pressure on Prolagus for an unknown time span.

For Prolagus during the Holocene, direct competition was

perhaps not the case, but possibly the combined effect of

rats, (wood) mice, dormice and for a while Microtus that

survived until the Bronze Age was significant. Humans

exerted a predation pressure to some extent, because burnt

Prolagus bones are a common finding in archeological con-

texts.

Statistical analysis

Given the limited nature of the fossil record, statistical analy-

ses are limited to binomial tests (calculating cumulative

probabilities, with a priori probability of success = 0.5;

Microsoft Excel 2007) of our two primary predictions: (1)

that on islands lacking mammalian competitors and preda-

tors, focal species of small mammals exhibit temporal trends

of increasing body size (i.e. more instances of increases than

we would expect by chance), and (2) that the tendency

Table 1 List of mammalian competitors and predators that are most likely to have interacted with the focal insular taxa to illustrate the

extent of potential ecological release. The competitors and predators are found together with the target species in the same locality and
horizon in all cases, except for Lutrogale cretensis and Paralutra garganensis. These otters are found only in one or two localities (Liko

and Fina/Gervasio, respectively) and their presence throughout the biozone is conservatively assumed on the ground of lack of evidence
for faunal turnovers. For complete fossil fauna lists, see Table S15 in Appendix S1.

Terminal species of insular lineage Palaeo-island Competitors Predators

Lagomorpha

Prolagus sardus Sardinia Microtus (Tyrrhenicola), Rhagamys orthodon Cynotherium sardous, Enhydrictis

galictoides; during the early

Pleistocene perhaps also Pannonictis

and Mustela

Rodentia

Hypnomys morpheus Majorca Only during Holocene Eliomys quercinus None

Kritimys catreus Crete Just before extinction Mus batei None; just before extinction perhaps

Lutrogale cretensis

Mus minotaurus Crete Kritimys for the earliest species (Mus batei),

Mus musculus just before

extinction; in between none

Lutrogale cretensis; just before extinction

perhaps Meles meles and Marten foina

Mikrotia (three lineages) Gargano Stertomys and other Mikrotia; in

the earlier part also Hattomys

Paralutra garganensis

Hattomys gargantua Gargano Stertomys, Mikrotia Paralutra garganensis

Insectivora

Nesiotites hidalgo Majorca Only during Holocene

Eliomys quercinus and Apodemus sylvaticus

None

Crocidura zimmermanni Crete None during the Pleistocene; during the Holocene

Crocidura suaveolens and Suncus etruscus

None during Kritimys faunal complex,

Lutrogale cretensis during Mus faunal

complex; during the Holocene Meles

meles and Marten foina
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towards increases in body size is lower (closer to random

expectations) once an island has been colonized by mamma-

lian competitors or predators. The null predictions are thus

of equal frequencies of increases and decreases, whether

mammalian predators and competitors are absent or present.

RESULTS

Temporal trends in body size of focal species were consistent

with predictions of the ecological hypothesis of body size

evolution (see Figs 2–5 and Tables S13 & S14 in Appendix

S1). When tabulated over all time periods, species and

islands, we recorded twelve cases of increased and four cases

of decreased body size when mammalian predators and com-

petitors were absent (P = 0.0384, binomial test; see Table

S13 for details about the recorded intervals matching with

the graphs in Figs 2–4). In contrast, the trend towards gigan-

tism was much less pronounced when mammalian predators

or competitors were present (27 increases and 20 declines in

body size; P = 0.1908). Removal of the two species with the

highest occurrence (Mikrotia and Mus) did not alter results

for when predators and competitors were absent, but did

result in seven increases and nine declines in body size in the

presence of predators and competitors (again, a non-signifi-

cant trend, P = 0.4018).

Species accounts

Crete

Kritimys – The body size of the Cretan rat (Kritimys), repre-

sented by the chronospecies Kritimys aff. K. kiridus, K. kiridus

and K. catreus (from old to young; Fig. 2, Table S1 in Appen-

dix S1) gradually increased with a slight decrease at the level of

Karoumpes 4 (where molars from an embedded breccia boul-

der – base – are larger than those of the younger, surrounding

deposits – top; Mayhew, 1977), and a peak at the level of Bali.

After colonization by Mus, and just before its extinction, Kriti-

mys exhibited a significant decrease in size.

Mus – The mouse Mus bateae increased in size and evolved

into the large Mus minotaurus. It attained its largest size at the

level of Milatos 2, after which its size decreased again as evi-

denced by Liko B (Fig. 2, Table S2 in Appendix S1). Minor

fluctuations within Liko Cave (Table S3 in Appendix S1) were

already noted by Mayhew (1977), who observed two opposite

trends: one in a stratigraphic section at the front of the cave

Figure 2 Temporal variation in body size (Si) of small mammal lineages of Crete during the Pleistocene. The grey area indicates the
periods of major faunal turnover and coexistence of Mus and Kritimys. Ordering of sites is based on current biostratigraphic

understanding (see Appendix S1) and is liable to modification in the future; uncertainties are concentrated in parts of the sequence
without change in associated fauna. The Kritimys fauna is likely to have arrived early in the Pleistocene (Mayhew, 1977; Reumer, 1986)

and the second dispersal (with Mus) to have taken place in the middle of the middle Pleistocene (Kuss, 1970) [see van der Geer et al.
(2010) for other possible scenarios]. For a list of likely mammalian competitors and predators (= C/P on horizontal axis), see Table 1.
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and another at the back of the cave. The changes between spec-

imens coming from the two Liko sections are considerably

smaller than the general size changes of M. minotaurus

between the sites. At the level of Koumbes B, M. minotaurus is

again large, but not as large as at the Milatos 2 level. After

Koumbes, the size of Mus decreases once more.

Crocidura – The shrew Crocidura zimmermanni exhibited

only minor changes in body size (Table S6 in Appendix S1).

After an initial increase, its body size decreased slightly dur-

ing the middle Pleistocene as recorded in Stavros macro,

reaching a lowest level coinciding with the arrival of new-

comers and the smallest Kritimys kiridus, after which it stea-

dily but marginally increased during the late Pleistocene

with, again, reversals at the level of Liko Cave. The currently

extant C. zimmermanni has attained the same large size

(Si = 1.26) as it had at the level of Xeros (Si = 1.27; middle

Pleistocene).

Balearic Islands

Hypnomys – The body size of the dormouse Hypnomys, repre-

sented by the chronospecies Hypnomys waldreni, Hypnomys

Figure 3 Temporal variation in body size (Si) of small mammal lineages of Majorca during the Plio-Pleistocene. The fossil sites on the
right are set in an exact geochronological place but those on the left are listed in a simple chronological order because absolute dates are

missing here. The order is based on the evolutionary stage of all three endemic lineages (Nesiotites, Hypnomys, Myotragus) per site; sites
with only one taxon were excluded. The diagrams to the right are a detailed representation of the terminal part of the fossil record of

the endemic dormouse and shrew. Grey areas indicate the arrival of alien species and the period of coexistence with the endemic species
within the same site. For a list of likely mammalian competitors and predators (= C/P on horizontal axis), see Table 1.

Figure 4 Temporal variation in size (Si, molar and femur length) of the ochotonid Prolagus of Sardinia–Corsica during the Pleistocene.

For Corbeddu and Capo Figari, absolute datings are available; the young age of Tavolara is based on archaeological remains and the
other two sites are placed relatively based on biochronological data. The Dragonara fossiliferous layer forms part of a stratigraphic

succession (see Appendix S1). The diagram on the right side represents a detailed account of body size changes as recorded in fissures
of Monte Tuttavista. Body mass indices (Si) are not given here because the lower third premolar is not suitable for body mass

estimations in insular Prolagus, contrary to mainland lagomorphs. Insular Prolagus species have generally relatively larger lower third
premolars than their mainland relatives (Angelone, 2007), and thus would easily lead to overestimations of body mass. The ordering of

the sites within Monte Tuttavista is primarily based on fauna lists but is confirmed based on evolutionary stages of molar patterns for

Prolagus, Rhagamys and Microtus (see Appendix S1), co-occurring in the same fissures. For a list of likely mammalian competitors and
predators (= C/P on horizontal axis), see Table 1.
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onicensis and Hypnomys morpheus, increased gradually (Fig. 3,

Tables S4 & S5 in Appendix S1) [the yet undescribed earliest

form from Cal�o den Rafelino (Rofes et al., 2012) has not been

included]. The largest specimens of Hypnomys (Si = 3.13; Cala

Blanes) in our data set occurred during the late Pleistocene,

after which it decreased slightly in size but never reached the

size of its immediate preceding chronospecies. At some point

after its decline in size, Hypnomys went extinct.

By the end of the late Pleistocene, alien rodents entered

the Balearics. Hypnomys is found together with the field

mouse Apodemus sylvaticus (in Canet; Reumer, 1980) and

with Eliomys quercinus [in Cova des Moro, dated 13,500–

11,800 bc (calibrated); Bover & Alcover, 2008]. The last

occurrence of H. morpheus is 4840–4690 bc (calibrated) in

Cova de sa Tossa Alta (Bover & Alcover, 2008).

Nesiotites – Body size of the shrew Nesiotites, represented by

the chronoseries Nesiotites rafelinensis, Nesiotites ponsi, Nesio-

tites aff. ponsi and Nesiotites hidalgo, shows an overall trend of

increase through time (Fig. 3, Tables S7 & S8 in Appendix S1).

The initial body size increase was large, but this trend soon

attenuated, with perhaps even a slight reversal at the level of

the second chronospecies, N. ponsi. After reaching a maximum

size (Si = 4.68) at the end of the Pleistocene, Nesiotites under-

went a slight decrease in size just before its extinction, some-

time after the first appearance of Mus and Eliomys. The last

occurrence of Nesiotites is 3030–2690 bc (calibrated) in Cova

des Garrover (Bover & Alcover, 2008).

Sardinia

Prolagus – Prolagus figaro, which evolved from mainland

Prolagus michauxi, and the larger Prolagus sardus (Fig. 4;

Table S10 in Appendix S1) are clearly identifiable by their

dental morphology (Angelone et al., 2008), and probably

constitute chronospecies, based amongst others on the very

limited overseas dispersal ability of lagomorphs.

Prolagus sardus (max Si = 2.75) exhibited small-scale fluc-

tuations in the lengths of the third premolars and the femur

(Fig. 5; Table S12 in Appendix S1) during the time period

represented by the Monte Tuttavista fissure fillings. The two

youngest samples show a small inversion of the size trend. Si

values cannot be calculated here due to the lack of reliable

equations based on third premolars, while data on the femur

of the putative ancestor are not available. Although the spe-

cies was commonly found in archaeological sites and per-

sisted on the island until historical time, its size variation

during the Holocene (if any) has not been studied. Our

Holocene sample is limited to one site where the endemic

small mammals co-occurred with newcomers (Apodemus,

Rattus, Eliomys and Mus). The body size of Prolagus here is

smaller than in any late Pleistocene site.

Gargano

Mikrotia, Hattomys – A steady increase in body size of both

murids (Mikrotia) and hamsters (Hattomys) is seen in the

lower part of the stratigraphy, but just before the extinction

of the hamsters an even larger murid and a smaller murid

lineage appear in the fossil record (Fig. 5). The hamster lin-

eage seems to slightly decrease in size just before its extinc-

tion. At the last appearance of the hamsters, a full size range

is present in the murid record with three distinct morpho-

types, including the giant Mikrotia magna. Size fluctuations

are observed in all lineages, except for the middle-sized

lineage in which the lack of fluctuation is an artefact of the

biostratigraphical method applied (see caption of Fig. 5).

The extinction of Mikrotia does not coincide with new arriv-

als but is entirely due to submergence of the entire island.

DISCUSSION

The temporal trends in body size of insular mammals from

the fossil record conform to predictions of our hypothesis of

ecological release as a mechanism for the island rule, with

small mammals evolving towards larger size when no

mammalian competitors or predators are present. This trend

is much less pronounced and is sometimes reversed when

the islands are colonized by mammalian competitors or

predators.

Such shifts in evolutionary trends probably reflect reversals

in selective pressures (sensu Lomolino, 2010). The five cases

Figure 5 Temporal variation in the size of the first upper molar

of the three murid lineages (Mikrotia) and of the cricetid lineage
(Hattomys) of the Gargano palaeo-island (late Miocene;

Freudenthal & Mart�ın-Su�arez, 2010). Molar length is indicated
on the vertical scale in tenths of millimetres. The vertical lines

represent the ranges of the molar lengths in the various
populations. The non-fluctuating, straight line for the middle-

sized Mikrotia is artificial; this is how Freudenthal reconstructed
the biochronology: larger specimens were considered younger.

Rinaldo & Masini (2009) re-ordered the fissures based on dental
morphology of relevant taxa and found only minor deviations

from the pattern represented here (see Appendix S1). Redrawn
from Freudenthal (1976, Fig. 4).
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of body size shifts in response to reversals in ecological pres-

sures studied here include the Cretan Kritimys (newcomer:

Mus musculus) in the middle Pleistocene, the Balearic Hypno-

mys and Nesiotites (newcomers: Eliomys quercinus and Apode-

mus sylvaticus) and the Cretan Mus minotaurus (newcomers:

Mus musculus with Neolithic settlers) at the end of the Pleis-

tocene and Prolagus sardus (newcomers: Mus, Rattus, Apode-

mus and Eliomys with Neolithic settlers) in the early

Holocene. Interestingly, and perhaps significantly, these

endemic species all went extinct following their size decrease.

Consistent with what we report here, others have noted ear-

lier that body size changes of insular fossil proboscideans is

not as extreme when they co-occur with competitors or pre-

dators (including humans; Sondaar, 1977; van den Bergh

et al., 1996, 2008; Sondaar & van der Geer, 2005; Palombo,

2007, 2009).

An opposite effect of the introduction of a competitor on

body size evolution seems to be observed in the Cretan

shrew Crocidura zimmermanni during the Holocene. This

shrew increased in size after the introduction of two compet-

itive shrews (Crocidura suaveolens and Suncus etruscus). Reu-

mer (1986) explains this as ecological displacement away

from its earlier, lowland distribution towards higher regions

where size increase may be an adaptation for lower tempera-

tures (see Smith et al., 1995; Smith & Betancourt, 2003).

In six or seven (see below) other cases, however, body size

appeared to fluctuate without any contemporaneous change

in ecological assemblage. These include Mus minotaurus (late

Pleistocene), Crocidura zimmermanni (middle–late Pleisto-

cene), and possibly, with some restriction due to less robust

chronologies, Kritimys and Prolagus sardus (middle Pleisto-

cene), Mikrotia and Hattomys (late Miocene), and Nesiotites

(Pliocene). These seemingly anomalous fluctuations might be

explained by climate oscillations. Warming environmental

conditions are expected to promote smaller body sizes (Berg-

mann’s rule; Bergmann, 1847; Smith et al., 1995; Smith &

Betancourt, 2003; Millien et al., 2006) and thus reverse the

island rule trend predicted for small mammals (see also

Lomolino et al., 2012). Mayhew (1977) has previously sug-

gested that the size fluctuations of Mus minotaurus might be

related to the periodically changing climatic conditions of

the late Pleistocene. This is supported by data on tempera-

ture, because the Liko Cave specimens [marine isotope stage

(MIS) 5c; corresponding to a considerably warmer period

than Koumpes Cave specimens] are smaller than Koumpes

Cave specimens (MIS 3). Co-occurring Crocidura zimmer-

manni show a comparable size difference and direction of

difference. Within Liko Cave, the minor size fluctuations of

Mus may match the climate fluctuations where the largest

specimens occurred during the intermediate cold and dry

phase of the period 105,000–87,000 years ago (Caron et al.,

2009).

Fluctuations in climate may have also influenced body size

evolution of Kritimys and Prolagus sardus, but no absolute

data are available to confirm this. Preliminary results of an

analysis on d18O values obtained from the teeth and bones

of P. sardus tentatively suggest that a positive correlation

exists between femur dimensions and temperature (Boldrini

& Palombo, 2010) and thus, inter alia, between body mass

and temperature. As far as Nesiotites is concerned, the tem-

porary break during the middle Pliocene in its trend towards

gigantism is suggested to be due to the same crisis that led

to the extinction of practically all mammalian lineages except

for Nesiotites, Myotragus and Hypnomys (Rofes et al., 2012).

We note that short-term climatic fluctuations may indeed

influence body mass, but in a variety of ways that are gener-

ally inconsistent with our predictions. Warming trends may

be associated with increased fat tissue and, thus, an increase

in live body mass during boom (warm) phases of boom-or-

bust fluctuations. The estimated body size we use here, how-

ever, is not based on fat tissue and live body mass, but on

skeletal measurements. Alternatively, one might speculate

that colonizations of competitors or predators may have

been associated with cooling trends – that is, coincident with

reduced sea levels and exposure of land bridges during glacial

periods. According to the spatial and temporal trends associ-

ated with Bergmann’s rule (Smith et al., 1995; Smith & Bet-

ancourt, 2003), however, body size (live and skeletal) is

expected to increase during glacial periods, while the arrival

of competitors or predators is predicted to have the opposite

effect in the species we study here.

One especially important insight from these and other

studies of the insular, fossil record is that the impact of the

arrival of alien competitors and predators (including ancient

as well as recent hominids) may not be restricted to altering

initial trends in body size evolution, but might sometimes

coincide with the eventual extinction of the resident species

(Bover & Alcover, 2008). Of the six extinctions we noted

here [Kritimys catreus, Mus minotaurus, Nesiotites hidalgo,

Hypnomys morpheus, Prolagus sardus, omitting the one due

to flooding (Mikrotia)], all except for Hattomys were subse-

quent to the arrival of a mammalian competitor.

Taken together, the dynamic patterns discussed here are

consistent with those described in Wilson’s theory of taxon

cycles (Wilson, 1959, 1961), and, in particular, with the

adaptation of this theory proposed by Roughgarden & Pacala

(1989) to explain body size dynamics in Anolis lizards of the

Lesser Antilles. According to their model, the first colonist

and sole resident Anolis species evolves towards an optimum

or characteristic body size and more specialized niche, only

to be displaced and ultimately extirpated when a second An-

olis colonizes the island and reinitiates the cycle.

CONCLUSIONS

Despite the challenges of reconstructing the abiotic and eco-

logical characteristics of ancient environments, the patterns

discussed here for body size variation of palaeo-insular mam-

mals over time strongly support the ecological hypothesis of

body size evolution. As is generally known, on the mainland

and on relatively balanced and ecologically rich palaeo-

islands, interacting lineages of mammals are subject to
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ecological character displacement – resulting in divergence in

body size. On islands with depauperate and unbalanced

assemblages, however, release from these ecological interac-

tions appears to have resulted in adaptive radiations of some

lineages, and body size dynamics consistent with the island

rule (i.e. convergence on the size of intermediate but absent

species) in others. However, after colonization by ecologically

significant mammals, these trends were often reversed

because ‘natives’ may have become entrained in ecological

and evolutionary taxon cycles, ultimately punctuated by

extinction of the native species.
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Body size of insular carnivores: evidence
from the fossil record

George A. Lyras1*, Alexandra A. E. van der Geer2 and Lorenzo Rook3

INTRODUCTION

Insular mammals often show remarkable and sometimes even

bizarre adaptations, such as dwarfism and gigantism, the

patterns of which are widely known as the island rule (Foster,

1964; Van Valen, 1973; Sondaar, 1977; Lomolino, 1983, 1985,

2005; Lomolino et al., 2006; Whittaker & Fernández-Palacios,

2007). Understanding the underlying processes enables us to
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ABSTRACT

Aim Our goals here are to: (1) assess the generality of one aspect of the island

rule – the progressive trend towards decrease in size in larger species – for fossil

carnivores on islands; (2) offer causal explanations for this pattern and deviations

from it – as far as fossil carnivores are concerned; and (3) estimate the speed of

this trend.

Location Oceanic and oceanic-like islands world-wide.

Methods Body size estimates of fossil insular carnivores and of their

phylogenetically closest mainland relative were obtained from our own data

and the published literature. Our dataset consisted of 18 species from nine islands

world-wide. These data were used to test whether the body size of fossil insular

carnivores varies as a function of body size of the mainland species in

combination with characteristics of the island ecosystem.

Results Dwarfism was observed in two canid species. Moderate decrease in body

mass was observed in one hyena species. Gigantism was observed in one otter

species. Moderate body mass increase was observed in two otter species, one

galictine mustelid and perhaps one canid. Negligible or no change in body mass at

all was observed in five otter species, three galictine mustelids and one genet. Size

changes in teeth do not lag behind in comparison to skeletal elements in the

dwarfed canids. The evolutionary speed of dwarfism in a canid lineage is low.

Main conclusions Size change in fossil terrestrial insular carnivores was

constrained by certain ecological conditions, especially the availability of prey of

appropriate body size. When such alternative prey was not available, the

carnivores retained their mainland size. The impact of competitive carnivores

seems negligible. The case of (semi-)aquatic carnivores is much less clear. The

species that maintained their ancestral body mass may have changed their diet, as

is evidenced by their dentition. Among the otters, one case of significant size

increase was observed, perhaps best explained as being due to it entering the niche

of an obligate aquatic otter. Dwarfism was not observed in otters. The island rule

seems to apply to fossil carnivores, but with exceptions. The dependency of the

island rule on resource availability is emphasized by the present study.

Keywords

Body size, carnivorous mammals, dwarfism, evolution, island biogeography,

island rule, isolation, predator–prey relationships.
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unravel the patterns of evolution on islands, or in fragmented

habitats of the mainland. The best-known evolutionary

response of large insular mammals to their isolated habitat is

reduction in body size. This adaptation is spectacular in some

cases, such as elephants and hippos with extreme body mass

reductions up to 1 or 2% of their ancestral body mass – for

example the Sicilian pygmy elephant Elephas falconeri (Roth,

1992; Weston & Lister, 2009). Lomolino (2005) suggested that

this is a general property for all mammalian taxa, including

carnivores. On the other hand, Meiri et al. (2004, 2006)

stressed that insular carnivores form an exception to this.

According to Meiri et al. (2008), size changes in island taxa do

not follow the simple pattern of ‘small things get larger and

large things get smaller’ and therefore more detailed, taxon-

specific studies are needed. Discussions on the validity of the

island rule regarding insular carnivores are based almost

entirely on data from living carnivores. However, the majority

of carnivores found today on islands are relatively recent

Holocene isolated relicts from mainland faunas or culturally

dependent introductions. This limitation was noted by Meiri

et al. (2008), who added that size evolution perhaps expresses

itself over longer periods of time than the datasets based on

living species provide.

In this paper we present the fossil record of insular carnivores

from islands with a considerable degree of isolation, both in

time and distance, and that are inhabited by impoverished,

disharmonic endemic faunas. Only a few carnivores managed

to establish themselves on pre-Holocene islands and none of

these endemic carnivores are referable to extant species. To test

the general applicability of the island rule on these extinct

insular carnivores, we assembled a dataset consisting of fossil

terrestrial and semi-aquatic carnivores from eight islands

world-wide in order to evaluate the quantitative prediction of

the island rule in these cases. We assessed the applicability of

various methods of estimating the body mass of fossil insular

carnivores in order to test the accuracy of the method applied.

For one lineage of three hypercarnivorous canids we were able

to estimate the speed of evolution. Our dataset includes canids,

a hyena, otters, galictine martens and a genet.

MATERIALS AND METHODS

The faunas and their taxa

Several types of fossil insular faunas are mentioned in the

palaeontological literature, the most important of which are

generally referred to as either balanced or unbalanced impov-

erished faunas. Only the latter may contain relatively large

numbers of endemic taxa. Although the term impoverished is

quite clear, meaning simply that taxonomic diversity is poor

at the higher levels with many major groups absent (dishar-

monic), the term balanced needs some explanation. There is a

difference in the usage of the term balanced between the

subjects of palaeontology and ecology. Most palaeontologists

use the term to mean that large carnivores are present and thus

all major trophic niches are occupied. For ecologists, on the

other hand, a balanced fauna means that it is ecologically

stable, i.e. the trophic niches are not only occupied, but

occupied in ratios that do not encourage transitions. Here we

follow the palaeontological use of the term.

For this study we used insular fossil species from islands that

were significantly isolated from the mainland and evolved over

hundreds of thousands of years, without any gene flow from

the mainland and as part of an associated mammalian fauna

considerably different from that of the mainland in terms of

composition (impoverished, unbalanced and endemic). Local

extinctions were not balanced by new colonizations.

Canidae

The best-known fossil insular canid is the Sardinian dog

(Cynotherium sardous) from the latest early Pleistocene–late

Pleistocene of Sardinia and Corsica (Malatesta, 1970; Abbazzi

et al., 2005; Lyras & van der Geer, 2006). The species derived

from the mainland Xenocyon lycaonoides (Lyras et al., 2006)

(Fig. 1). There is a very good fossil record for this insular

species, consisting of several post-cranials and skulls from

various localities of different age, including a practically

complete skeleton from Corbeddu Cave, Sardinia, dated to

11,350 ± 100 years ago (Klein Hofmeijer, 1997). In total, the

species remained in isolation for about 800,000 years. During

that time, the Sardinia–Corsica block was always separated

from the mainland of Italy and can be considered a true island

(Klein Hofmeijer, 1997). The fauna of this period was endemic

and impoverished, with the dog and several otters as the only

carnivores. The elements of this fauna arrived from Italy via

sweepstake dispersal with a few exceptions such as lagomorphs,

which evolved from ancestors belonging to an earlier biozone.

Possible prey species consisted of lagomorphs (giant pikas) and

rodents. No competitors have been identified in the rich fossil

record of the island (Abbazzi et al., 2004), except for birds of

prey, which might have competed to some extent with the

canids for micromammals.

Fossil canids have also been reported from Java [late Early

Pleistocene (Jetis fauna), Megacyon merriami; Middle Pleisto-

cene (Trinil fauna), Mececyon trinilensis] as part of the Javanese

Siwalik faunas, which are impoverished but balanced mainland

faunas. Megacyon merriami is similar to the European conti-

nental species Xenocyon lycaonoides (Schütt, 1973), especially

in size. It differs from Cuon (to which genus Mececyon is often

incorrectly attributed) by a series of characters, the most

typical of which are the presence of a lower third molar and the

lesser degree of specialization in the lower first molar’s talonid

(it retains a connecting cristid to the hypoconid and a less

reduced endoconid). The Javanese faunas arrived through filter

dispersal from the Malay Peninsula via Sumatra (van der Geer

et al., in press). Possible prey species of Megacyon consisted of

deer, bovids and (young?) stegodons. Possible prey species of

Mececyon consisted of rodents and small deer. Competitors in

both cases were large tigers (Panthera tigris), and maybe also

sabre-toothed cats, but their stratigraphical positions are

unresolved.
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Hyaenidae

The only fossil insular hyena known so far is the Sardinian

hunting hyena (Chasmaporthetes melei) from the Early Pleis-

tocene of Sardinia. The species is known from a single partial

skull. It is related to the mainland Chasmaporthetes lunensis

(Rook et al., 2004) (Fig. 1). There is no temporal overlap with

the above-mentioned Sardinian dog. The associated fauna was

the result of vicariance and was impoverished and endemic.

Possible prey species consisted of several goat-sized bovids, a

species of small pig and a species of macaque. No competitors

were present.

On Java, remains of a short-snouted hyena (Hyaena breviros-

tris) were found (Middle Pleistocene; Kedung Brubus fauna) as

part of the Javanese Siwalik faunas. This species is considered

continental because no endemic features have been described.

Over time, more elements reached Java, and the Kedung Brubus

fauna is therefore balanced and only slightly impoverished, in

contrast to the older Trinil and Jetis stages, to which respectively

Mececyon trinilensis and Megacyon merriami belong (van den

Bergh et al., 1996). This is further confirmed by dental measure-

ments of the Javanese Hyaena brevirostris, which are 22.9–

24.1 mm for the length of the lower third pre-molar and 14.5 mm

for the width of the lower carnassial (Brongersma, 1937), and thus

fall within the range of continental Middle Pleistocene specimens

for the same teeth, which are 22.7–26.3 mm and 13.7–17.0 mm,

respectively (Kurtén & Garevski, 1989).

Viverridae

The only fossil insular viverrid known is Genetta plesictoides

from the terminal Pleistocene or Early Holocene of Cyprus

(Bate, 1903; Simmons and Associates, 1999; Theodorou et al.,

2007). The best-preserved specimen is a complete skull from

Aghia Napa. The species is considered to be a descendant of

the common genet (Genetta genetta). The time of its arrival is

unknown, but its introduction could have been culturally

dependent (Morales, 1994; Reese, 1995; Simmons and Asso-

ciates, 1999). Possible prey species consisted initially of lizards

and invertebrates. The fauna was extremely unbalanced and

strongly endemic, practically consisting of only pygmy hippos

and pygmy elephants and lacking micromammals. At the same

time as, or perhaps shortly after, the arrival of the genet the

first micromammals (Crocidura suaveolens praecypria and Mus

spp.) were introduced to Cyprus, but in the beginning their

populations were probably too low to be hunted systematically

by the genet. Competitors were absent.

Mustelidae

Fossil insular otters have been reported from Crete (Late

Pleistocene, Lutrogale cretensis), Malta (Middle or Late Pleis-

tocene, Lutra euxena), Sicily (Middle or Late Pleistocene, Lutra

trinacriae), Sardinia and Corsica (Middle Pleistocene, Cyrno-

lutra castiglionis; Late Pleistocene, Sardolutra ichnusae, Algar-

olutra majori, Megalenhydris barbaricina), Gargano (Late

Miocene, Paralutra garganensis), Tuscany (Miocene, Tyrrhe-

nolutra helbingi, Paludolutra maremmana, Paludolutra campa-

nii) and Java (Middle Pleistocene, Lutrogale robusta, Lutrogale

palaeoleptonyx). From the Late Pleistocene of the Californian

Channel Islands a few fossils of a further undescribed sea otter

(labelled as Enhydra lutris) are known. As the ancestry of the

otters from Tuscany and Java is insufficiently known, they are

not included in the study.

Figure 1 Cranial elements of two fossil endemic terrestrial carnivores compared with their mainland relatives. Cynotherium sardous evolved

from Xenocyon lycaonoides and Chasmaporthetes melei from C. lunensis. Skull of Cynotherium sardous and Chasmaporthetes melei from

Soprintendenza Archeologica Sassari e Nuoro (Nuoro, Italy), mandible of X. lycaonoides from Forschungsstation für Quartärpaläontologie

(Weimar, Germany) and skull of Chasmaporthetes lunensis from Antón et al. (2006).
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Other fossil insular mustelids that have been reported so far

belong to the group of galictine martens, and are Pannonictis

sp. from Sardinia (Early Pleistocene), Enhydrictis galictoides

from Sardinia and Corsica (Middle–Late Pleistocene), Must-

elercta arzilla from Sicily (Early Pleistocene) and Oriensictis

nipponica from Japan (Middle Pleistocene). The marten from

Japan was previously attributed to Lutra (Naora, 1968) but was

moved to the galictine mustelids on the grounds of, amongst

other things, the characteristically long and straight upper

canines with vertical, deep grooves (Ogino & Otsuka, 2008),

which are distinct from the ungrooved canines of otters. The

genus Enhydrictis was proposed by Forsyth-Major (1901) for

material from the Late Pleistocene of Sardinia, with the specific

name E. galictoides. The taxonomic position of this genus in

the European fossil record has been long debated (see Ficcarelli

& Torre, 1967; Garcı́a et al., 2008). New unpublished material

from the Middle to Late Pleistocene of Sardinia (mentioned by

Abbazzi et al., 2004) will form the basis for clarifying the

taxonomic status and evolutionary history of this genus

endemic to Sardinia. In this paper, we follow Garcı́a et al.

(2008) and combine the data for Pannonictis nestii and

Pannonictis pilgrimi. The diet of insular otters probably

included fish, shell-fish and gastropods, whereas that of insular

martens probably included small terrestrial vertebrates such as

lizards and rodents, eggs and insects, and perhaps also shell-

fish and gastropods. Competitors of the martens are birds of

prey, often barn owls (Tyto).

Felidae

Fossil felids are restricted to Java (Middle–Late Pleistocene,

Panthera tigris, Felis bengalensis), Japan (Middle Pleistocene,

Panthera tigris) and the Ryukyu Islands (Late Pleistocene, Felis

sp.). The Japanese remains are insufficiently described and the

stratigraphical context is unclear. Data from Java on the other

hand are well documented, and changes in body mass through

time of the Javanese tigers are reported by Hertler & Volmer

(2008). However, the range per site is very large and the

changes between faunal units are not straightforward. Fur-

thermore, tigers may have repeatedly colonized Java because

they are competent swimmers. For these reasons the Javanese

tigers are not included in our study. Subfossil tiger remains

have been reported from Borneo, Sumatra and the Philippines

(all Holocene, Panthera tigris). The degree of endemism of

these subfossil tigers is unclear. In addition, the subfossils were

found in archaeological contexts and might have been used as

amulets or otherwise valuable objects imported from the

mainland. The sabre-toothed cats (Meganthereon sp., Homo-

therium ultimum, Hemimachairodus zwierzyckii) of the Pleis-

tocene of Java lack stratigraphical context (van den Bergh,

1999). Felids are thus excluded from this study.

Body mass changes

The accuracy of predicting the body mass of extinct animals

depends greatly upon the functional relationship between body

size and the skeletal elements used (Kaufman & Smith, 2002).

Various methods to predict the body mass of extinct carni-

vores are described in the literature, based either on cranial and

dental measurements (e.g. Van Valkenburgh, 1990) or on post-

cranial elements (e.g. Anyonge, 1993; Egi, 2001; Andersson,

2004; Anyonge & Roman, 2006).

Estimating changes in body mass in fossil insular carnivores

in comparison with their mainland relatives is hampered by

the nature of the fossil findings, which in most cases consist of

nothing more than isolated fragmentary skulls or dental

remains. This excludes the use of most methods for estimating

body size. This limitation applies to both the insular carnivore

itself and also its closest mainland relative. For example,

Cynotherium is a very well-represented taxon (Malatesta,

1970), whereas its mainland ancestor, Xenocyon, is known

only by isolated teeth, mandibles and a few post-cranial

fragments (Sotnikova, 2001; Martı́nez-Navarro & Rook, 2003;

Tedford et al., 2009). The same applies to most insular otters.

Some of them are known by a nearly complete skeleton, but

this is certainly not the case for their mainland ancestor, Lutra

simplicidens (Willemsen, 1992).

As a direct result, the availability of elements for estimating

relative body mass of insular species is rather limited. For this

reason, we use two different approaches. The first produces

only relative designations such as smaller, equal or larger as

compared with their mainland relative. To indicate the degree

of body size change, we provide measurements where available.

The second approach produces a quantitative estimation of the

body mass based on the length of the lower first molar. This

element is the best-represented element in our mainland–

insular pairs.

The use of teeth in estimating body mass of insular

mammals has been criticized as being inaccurate, because

island mammals are not simply geometrically scaled models of

their mainland relatives (Sondaar, 1977; Weston & Lister,

2009). For example, many insular mammals have shorter legs

relative to their mainland ancestor, and therefore equations

based on limb length or proportions underestimate the actual

mass of the animal. Furthermore, the teeth of phyletic dwarfs

(in the sense of Weston & Lister, 2009) or anagenetic dwarfs

are claimed to be usually relatively larger and, as a result,

equations based on tooth measurements may overestimate

their mass (see Köhler & Moyà-Solà, 2004, for a further

discussion). The methods developed for estimating body mass

in mainland species therefore might not be applicable directly

to insular species. To date, however, such a limitation remains

undocumented by quantitative data for fossil insular carni-

vores. Therefore, in order to evaluate the various methods we

estimate the body mass of fossil carnivores that are known

from a complete or partial skeleton belonging to a single

individual. Five species are available for which body mass can

be estimated on the basis of different elements. In this way: (1)

we assess the validity of the method used for the other,

incompletely preserved, insular carnivores; and (2) we check

whether changes in the size of carnivore teeth lag behind in

insular evolution or not.
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Finally, in order to estimate the rate of body size change

on the island, we plot the estimated body mass of two well-

dated specimens of the Sardinian dog, Cynotherium sardous,

as a function of time. This species is the only fossil insular

carnivore that is available for a reliable evaluation. The rest of

the fossil island–mainland pairs lack sufficient geochronolog-

ically dated specimens. The earliest known specimens of the

genus Cynotherium are from Capo Figari [minimum electron

spin resonance (ESR) age 366.950 ± 73.390 ka for Capo

Figari II; ESR is a radiometric dating technique based on

radioactive decay products], Santa Lucia (ESR age

450 ± 90 ka) and Monte Tuttavista (earliest? Middle Pleisto-

cene, undated) (van der Made & Palombo, 2006) and are

described as Cynotherium sp. The Capo Figari material is a

mixture, and also includes fossils with an ESR age of

1807.5 ± 361.5 ka (Capo Figari I). However, the accepted

time of arrival of Cynotherium is during the first important

glaciations around the Early to Middle Pleistocene transition

(van der Made & Palombo, 2006); in addition, Cynotherium

is found together with Megaloceros and Microtus (Tyrrheni-

cola), both lineages of the Middle–Late Pleistocene, and not

with Nesogoral, the lineage of the Early Pleistocene. We

therefore take the age of Capo Figari II as the most likely

minimum age for the oldest Cynotherium. The geologically

youngest specimens are from Corbeddu Cave, dated at

11,350 ± 100 yr bp or 11,199–11,405 cal. yr bp (Klein

Hofmeijer, 1997). Only Dragonara Cave is known for a large

accumulation of C. sardous fossils; they are not dated more

precisely than Late Pleistocene (maximum age c. 126 ka).

Its most closely related mainland relative is X. lycaonoides.

The latter has been found, amongst others, at the late Early

Pleistocene sites of Untermassfeld, Germany, dated to

approximately 1.05 Ma (Kahlke, 2001) and Stranska Skala,

Czech Republic, estimated to slightly younger than 1 Ma,

based on stratigraphy (Martı́nez-Navarro & Rook, 2003).

Body mass estimations for the Xenocyon–Cynotherium lineage

are based on the circumference of the trochlea of the

humerus, using the method developed by Andersson (2004)

(see Appendix S1 in Supporting Information). In addition,

we provide the greatest distal width of the humerus as well.

The speed of evolution is measured in Darwins with the

following formula: r = (lnX2)lnX1)/Dt, where X1 and X2 are

the initial and final body masses (here in kg) and Dt is the

time span in millions of years.

RESULTS

Table 1 lists the relative size of insular carnivores in compar-

ison with their most likely mainland ancestors. The table is

limited to measurements of elements that are common in both

the insular and the mainland form. The relative size changes,

given as smaller, larger or equal, are based solely on these

measurements.

Most insular otters appear to have retained their ancestral

body size. This applies to Lutrogale cretensis, Lutra euxena,

Sardolutra ichnusae and Paralutra garganensis. A body mass

increase is seen in Cyrnolutra castiglionis, Algarolutra majori and

perhaps in Lutra trinacriae. One endemic aquatic otter (Mega-

lenhydris barbaricina) became truly gigantic. Some island otters

(Paralutra garganensis, A. majori and Lutrogale cretensis) devel-

oped a more robust dentition, apart from a body size change.

The galictine martens and the genet (Oriensictis nipponica,

Mustelercta arzilla, Enhydrictis galictoides and Genetta plesicto-

ides) maintained a body mass comparable to their phyloge-

netically closest relatives. An exception is provided by

Pannonictis sp., which is larger than its mainland relative.

The Sardinian hunting hyena (Chasmaporthetes melei) is

smaller than its mainland relative. The Sardinian dog (Cyno-

therium sardous) on the other hand, was a dwarf in compar-

ison to the mainland Xenocyon, its ancestor. The two Javanese

canids each evolved in an opposite direction: the stratigraph-

ically older Merriam’s dog (Megacyon merriami) became larger

whereas the younger Trinil dog (Mececyon trinilensis) became

smaller.

Table 2 shows the body mass estimations of species that are

known from a skeleton (partial or complete) of one individual.

These are one canid (C. sardous) and three otters (Sardolutra

ichnusae, Lutra trinacriae and Lutrogale cretensis). Body masses

are given per element, using equations given in the literature

for each carnivore group. Estimations based on molar, skull

and body length measurements of S. ichnusae and Lutra

trinacriae yield comparable results. The molar length of

Lutrogale cretensis results in a higher estimated body mass

than do the skull and body length, but this is probably related

to the fact that this animal has a more robust dentition. The

same applies to C. sardous. Body length of the latter cannot be

used because the vertebral column is incomplete. All other

elements give comparable results.

Figure 2 (see also Appendix S1) plots the ratio between

insular body size and mainland body size against mainland

carnivore body size, as estimated from the length of the first

lower molar. The plot shows two distinct groups. The first

group includes species that show a significant size change

(C. sardous, Mececyon trinilensis and Megalenhydris barbarici-

na). The second and largest group includes species that show a

moderate change or no change at all (Megacyon merriami,

Pannonictis sp., Lutra trinacriae, Lutra euxena, Lutrogale

cretensis, S. ichnusae, Mustelercta arzilla, E. galictoides, A.

majori and Cyrnolutra castiglionis). Chasmaporthetes melei is

omitted because no equation to estimate the body mass of this

genus is available; Chasmaporthetes differs too much from

extant hyenas to use equations for hyenas. Genetta plesictoides

is omitted because no equation could be found to estimate its

body mass based on the available data.

Figure 3 gives an idea of the possible rate of change of size

within the Xenocyon–Cynotherium lineage of Sardinia. In a

time span of about 0.8 Myr, the body mass of this canid

dropped from about 30 to 10 kg, resulting in an evolutionary

speed of 1.38 Darwins (a Darwin reflects changes in body mass

per million years on a natural logarithmic scale). The speed

on the trajectory between Capo Figari and Corbeddu is

1.31 Darwins.
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Table 1 List of fossil insular carnivores, compared with their phylogenetically closest mainland relative, including a listing of known

materials. Data are from our own measurements and from the literature.

Island and

stratigraphic

position Insular species Mainland relative Linear measurements (mm)

Relative

size

Hyaenidae

Sardinia (Italy)

Early Pleistocene

Chasmaporthetes

melei1
Chasmaporthetes

lunensisa

Length of P4:

C. melei: 29.17 (n = 1)a

C. lunensis: 32.7–34.8 (n = 10)a

Length of p4:

C. melei: 20.05 (n = 1)a

C. lunensis: 21.0–26.3 (n = 14)a

Smaller

Canidae

Sardinia and Corsica

(Italy and France)

Middle–Late

Pleistocene

Cynotherium sardous2 Xenocyon lycaonoidesb Length of m1:

C. sardous: 17.8–20.5 (n = 14)c

X. lycaonoides: 26.5–30.2 (n = 17)d

Length of mandible:

C. sardous: 108.2–130 (n = 10)e

X. lycaonoides: 210 (n = 1)e

Width of the humerus at the midshaft:

C. sardous: 9.9 (n = 1)e

X. lycaonoides: 17.2–17.8 (n = 2)d

Smaller

Java (Indonesia)

Early Pleistocene

Megacyon merriami3 Xenocyon lycaonoidese Length of m1:

M. merriami: 32.2 (n = 1)f

X. lycaonoides: 27.7–30.2 (n = 3)d

Larger

Java (Indonesia)

Middle Pleistocene

Mececyon trinilensis4 Xenocyon lycaonoidese

Probably

chronospecies of

Megacyon merriamie

Length of m1:

M. trinilensis: 17 (n = 1)f

X. lycaonoides: 27.7–30.2 (n = 3)d

Smaller

Viverridae

Cyprus

late Late

Pleistocene

Genetta plesictoides5 Genetta genettag Length of P4:

G. plesictoides: 10.05 (n = 1)h

G. genetta: 7.0–8.5 (n = 4)e

Condylobasal length of skull:

G. plesictoides: 86 (n = 1)h

G. genetta: 86–95 (n = 18)i

Equal

Mustelidae

Crete (Greece)

Late Pleistocene

Lutrogale cretensis6 Lutrogale perspicillataj Length of m1:

L. cretensis: 15.6–16.5 (n = 3)j

L. perspicillata: 15.2–15.4 (n = 2)j

Length of P4:

L. cretensis: 14.6 (n = 1)j

L. perspicillata: 12.9–14.8 (n = 6)j

Condylobasal length of skull:

L. cretensis:120 (n = 1)k

L. perspicillata: 115–128 (n = 16)l

Equal

Malta

late Middle

Pleistocene

Lutra euxena7 Lutra sp., perhaps

Lutra simplicidensj

Width of proximal epiphysis of radius:

L. euxena: 9.6 (n = 1)d

L. simplicidens: 9.2–10.2 (n = 2)j

Equal
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Table 1 Continued

Island and

stratigraphic

position Insular species Mainland relative Linear measurements (mm) Relative size

Sicily (Italy)

late Middle

Pleistocene

Lutra trinacriae8 Lutra sp., perhaps

Lutra simplicidensj

Length of m1:

L. trinacriae: 13.1 (n = 1)j

L. simplicidens: 12.5 – 12.95 (n = 4)j

Minimum width of humerus shaft:

L. trinacriae: 7.8 (n = 1)j

L simplicidens: 6.4 – 8.0 (n = 4)j

Breadth of distal epiphysis of radius:

L. trinacriae: 14 (n = 1)j

L. simplicidens: 10.6–13.2 (n = 4)j

Larger?

Sardinia (Italy)

Late Pleistocene

Sardolutra ichnusae9 Lutra sp., perhaps

Lutra simplicidensj

Length of m1:

S. ichnusae: 12.9 (n = 1)j

L. simplicidens: 12.5 – 12.95 (n = 4)j

Minimum width of humerus shaft:

S. ichnusae: 6.5 (n = 1)j

L. simplicidens: 6.4 – 8.0 (n = 2)j

Equal

Corsica

(France)

late Middle

Pleistocene

Cyrnolutra castiglionis10 Lutra sp., perhaps

Lutra simplicidensm

Length of m1:

C. castiglionis: 13.4 (n = 1)n

L. simplicidens: 12.5 – 12.95 (n = 4)j

Minimum width of humerus shaft:

C. castiglionis: 6.5 (n = 1)m

L. simplicidens: 6.4 – 8.0 (n = 2)j

Anteroposterior breadth of proximal

epiphysis of radius:

C. castiglionis: 7.2 (n = 1)n

L. simplicidens: 6.3 (n = 2)j

Larger

Sardinia

(Italy)

Late Pleistocene

Megalenhydris barbaricina11 Lutra sp., perhaps

Lutra simplicidensm

Phylogenetically

related to Cyrnolutra

castiglionis and

Sardolutra ichnusaem

Length of m1:

M. barbaricina: 17.1 (n = 1)j

C. castiglionis: 13.4 (n = 1)q

S. ichnusae: 12.9 (n = 1)d

L. simplicidens: 12.5–12.95 (n = 4)j

Larger

Sardinia and Corsica

(Italy and France)

Late Pleistocene

Algarolutra majori12 Lutra sp., perhaps

Lutra simplicidensj

Length of m1:

A. majori: 14.2 (n = 1)j

L. simplicidens: 12.5 – 12.95 (n = 4)j

Larger

Gargano (Italy)

Late Miocene

Paralutra garganensis13 Paralutra jaegerio Length of P4:

P. garganensis: 12.6 (n = 1)o

P. jaegeri: 10.9 – 12.8 (n = 2)o

Equal

Kyushu (Japan) Oriensictis nipponica14 Oriensictis melinap Length of m1:

O. nipponica: 13.23 (n = 1)p

O. melina: 12.3 – 14 (n = 4)p

Equal

Sardinia (Italy)

Early Pleistocene

Pannonictis sp.15 Pannonictis nestii Length of P4:

Pannonictis sp.: 11.1 (n = 1)e

P. nestii: 10.45 – 10.50 (n = 2)q,r

Length of m1:

Pannonictis sp.: 13.6 (n = 1)e

P. nesti: 11.50 – 12.6 (n = 7)q,r

Larger
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DISCUSSION

Otters form by far the majority of the fossil insular carnivores.

Larger vertebrate carnivores are generally lacking from

endemic insular faunas, due to their poor overseas dispersal

abilities combined with their dependency on a minimal

availability of prey animals and often solitary lifestyle. These

restrictions pose no problems for otters for obvious reasons,

and that is why they form a regular part of most endemic

insular faunas. Otters are not only excellent swimmers but also

depend mainly, or for the greater part, on fish, crustaceans and

other invertebrates for their diet, which are widely available

along the coasts of islands and in freshwater bodies. The same

is valid for the insular galictine martens (Enhydrictis galictoides,

Pannonictis sp., Mustelercta arzilla and Oriensictis nipponica),

all good swimmers and probably preferring a habitat near

rivers and wetlands, where they fed on birds, eggs, fish, insects

and small vertebrates, as they would do on the mainland. The

insular species were probably more aquatic than the living

galictine martens (Rook, 1995). The nature of their diet,

habitat and lifestyle apparently prevents insular mustelids from

changing their body size. Lomolino (2005) noted that values

for fundamental size, or size where species tend to exhibit no

size change, tend to be much higher for species with aquatic

prey, such as otters and galictine martens. He explains this as a

lesser dependency on the limited terrestrial resource of islands.

Our results confirm this observation.

The single insular otter that shows a dramatic increase in

size is the Sardinian Megalenhydris barbaricina. The body mass

of Megalenhydris is estimated to about 17 kg (see Appen-

dix S1) when the length of the lower first molar is taken into

account. However, its skeletal remains (a mandible, part of the

axial skeleton and a humerus) indicate that this animal was

much larger than the living giant otter Pteronura brasiliensis

(Willemsen & Malatesta, 1987), a species with a maximal

weight up to 28 kg (Rosas et al., 2009). It is therefore likely

that Megalenhydris was much heavier than the estimated

weight of 17 kg. This size increase remains unexplained, but

might be due to niche expansion towards that of an obligatory

aquatic otter as evidenced by the tail (which is much flattened

right from the tail root) and by the flexible backbone.

Three otter species (Lutrogale cretensis, Lutra trinacriae,

Cyrnolutra castiglionis) show a moderate increase in the length

of the lower first molar without a detectable change in other

linear measurements (Table 1); one otter species shows a

similar increase (Algarolutra majori), but other measurements

are lacking here. The enlargement of the first molar in these

three or four species might be an indication of size increase,

but may equally well be explained as a dietary adaptation. In

the case of Lutrogale cretensis, this was previously highlighted

Table 1 Continued

Island and

stratigraphic

position Insular species Mainland relative Linear measurements (mm) Relative size

Sardinia (Italy)

late Early–Late

Pleistocene

Enhydrictis galictoides16 Pannonictis nestiiq Length of P4:

E. galictoides: 10.10–10.86 (n = 10)e

P. nestii: 10.45–10.50 (n = 2)q,r

Length of m1:

E. galictoides: 12.11–13.71 (n = 12)e

P. nestii: 11.5–12.6 (n = 7)q,r

Larger?

Sicily (Italy)

Early Pleistocene

Mustelercta arzilla17 Pannonictis nestiir Length of P4:

M. arzilla: 10.5 (n = 1)q

P. nestii: 10.45–10.50 (n = 2)q,r

Length of m1:

M. arzilla: 12 (n = 1)q

P. nestii: 11.5–12.6 (n = 7)q,r

Equal

P4, upper fourth premolar; p4, lower fourth premolar; m1, lower first molar.

Known material: 1A partial skull, preserving I1-P4 and i3-p4 (Abbazzi et al., 2004). 2Large collection of cranial and post-cranial materials, including

an associated skeleton (Lyras et al., 2006; Malatesta, 1970). 3Part of a mandible and an isolated M1 (Schütt, 1973). 4Two mandible fragments and

three isolated molars (Schütt, 1973). 5A nearly complete skull and a mandible (Theodorou et al., 2007). 6An almost complete skeleton, one mandible,

two isolated molars and a femur (Willemsen, 1992). 7One incisor, one canine and a few post-cranial elements (Willemsen, 1992). 8An almost

complete skeleton (Willemsen, 1992). 9A complete skeleton (Willemsen, 1992). 10Partial skeleton (Willemsen, 1992). 11A mandible, part of the axial

skeleton and a humerus (Willemsen & Malatesta, 1987). 12Two pre-molars (P4) and four molars (m1 and M1) (Willemsen, 1992). 13A maxillary

fragment, preserving P4-M1 and a calcaneum (Willemsen, 1983). 14Two partial maxillae, preserving P3-M1 and P4-M1, and a mandible (Ogino &

Otsuka, 2008). 15Two skulls (Abbazzi et al., 2004). 16A skull, a mandible and several undescribed specimens (Abbazzi et al., 2004). 17A partial skull,

preserving C-P4, a mandible and some post-cranial fragments (Burgio & Fiore, 1997).

Related species suggested by and measurements from: aRook et al. (2004), bLyras et al. (2006), cMalatesta (1970), dSotnikova (2001), eown data,
fSchütt (1973), gBate (1903), hTheodorou et al. (2007), iLarivière & Calzada (2001), jWillemsen (1992), kSymeonides & Sondaar (1975), lHwang &

Larivière (2005), mWillemsen (2006), nPereira & Salotti (2000), oWillemsen (1983), pOgino & Otsuka (2008), qBurgio & Fiore (1997), rRook (1995).
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by Willemsen (1996) when pointing out its relatively robust

dentition with enlarged talon on the fourth premolar. This is

also reflected in the diet of the single extant species, the

smooth-coated otter (Lutrogale perspicillata), which is a

shellfish-eater rather than a fish-eater. A shellfish diet has also

been proposed for the giant Sardinian otter (M. barbaricina),

as inferred from its teeth, which resemble those of the extant

clawless otter (Aonyx). The latter genus is, like Lutrogale,

characterized by a large talon on its last pre-molar (Willemsen

& Malatesta, 1987). The same is observed in the Miocene genus

Paralutra. The endemic form from Gargano bears an even

larger talon than the type species (Paralutra jaegeri), on the

basis of which it is assumed that it consumed more shellfish

than its ancestor (Willemsen, 1983). Most insular otters do not

differ much from the mainland species but apparently some of

them shifted towards a diet containing a larger portion of

shellfish.

The teeth of one Sardinian galictine marten increased in size.

This indicates either an increase in body size, perhaps in

relation to an abundance of murids, or a shift in diet

comparable to what is observed in the otters. As far as the

genet is concerned, the material is scanty and the variation

unknown. Tooth measurements from the adult skull from

Aghia Napa (Theodorou et al., 2007) and from the juvenile

dentary from Aetokremnos (Simmons and Associates, 1999)

indicate a slight increase in size. In addition, Theodorou et al.

(2007) observed an increased cutting function of its cheek

teeth, in comparison with the common genet. Furthermore,

the second upper molar is either missing or diminutive. It

seems that instead of a change in body size, a shift in diet took

place as in some otters. This might be explained by the total

lack of raptor birds on Cyprus during the entire Pleistocene as

a direct result of the absence of micromammals. The genet,

which was probably introduced by humans in the Early

Holocene, or later for pest control, as in the rest of Europe

(Morales, 1994; Gaubert et al., 2009), found itself the dom-

inant carnivore here. This is certainly not the case for the other

martens, as their islands also harboured birds of prey, often

barn owls (Tyto). These occupy the same dietary niche as the

martens and thus constitute possible competitors.

Mele’s hunting hyena (Chasmaporthetes melei) and the

Sardinian dog (Cynotherium sardous) both originated from

large carnivores (Fig. 1) that preyed on animals larger than

themselves. They were the dominant carnivores in their insular

ecosystem, in the sense that they controlled, at the species level,

the largest proportion of a limited resource of prey. In

addition, they both persisted for a prolonged time (thousands

of years) in isolation from the mainland. They both evolved

towards smaller sizes. Chasmaporthetes melei is only moder-

ately smaller than the mainland form. It was an active

Table 2 Body mass estimations for fossil insular carnivores that are known from a complete or partial skeleton of a single individual.

The estimations are based on measurements of different elements.

Taxa and method based

upon measurements of

Reduced major axis for estimating

body mass (BM) and standard error

of estimate (PE) Measurement Log(BM)

Body

mass (kg)

Cynotherium sardous

Skull condylobasal length (SKL)a log(BM) = 2.86log(SKL) – 5.21 (PE, 21%) SKL: 15.4 cm 1.046 c. 11 (±2.1)

First lower molar length (Lm1)a log(BM) = 1.82log(Lm1) – 1.22 (PE, 27%) Lm1: 18 mm 1.064 c. 11.5 (±2.2)

Proximodistal length of the femur (F)b log(BM) = 2.92log(F) – 5.27 (PE, 20%) F: 141 mm 1.005 c. 10 (±1.8)

Circumference of the femur at

the midshaft (cF)b

log(BM) = 2.88log(cF) – 3.40 (PE, 18%) cF: 35 mm 1.047 c. 11 (±1.8)

Proximodistal length of humerus (H)b log(BM) = 1.64log(H) – 2.38 (PE, 21%) H: 132 mm 1.097 c. 12.5 (±2.3)

Circumference of the humerus at

the midshaft (cH)b

log(BM) = 1.86log(cH) – 1.75 (PE, 16%) cH: 34 mm 1.098 c. 12.5 (±1.8)

Humerus trochlea circumference (TC)c log(BM) = 2.252(±0.192)log(TC) – 0.586 (BM in g) TC: 7.9 mm 4.016 c. 10

Sardolutra ichnusae

Skull condylobasal length (SKL)a log(BM) = 3.39log(SKL) – 6.03 (PE, 40%) SKL: 102 mm 0.779 c. 6 (±2)

First lower molar length (Lm1)a log(BM) = 3.48log(Lm1) – 3.04 (PE, 45%) Lm1: 12.9 mm 0.824 c. 6 (±2.5)

Head–body length (HBL)a log(BM) = 2.81log(HBL) – 7.08 (PE, 48%) HBL: 632 mm 0.790 c. 6 (±2.5)

Lutra trinacriae

Skull condylobasal length (SKL)a log(BM) = 3.39log(SKL) – 6.03 (PE, 40%) SKL: 114 mm 0.942 c. 8.5 (±3)

First lower molar length (Lm1)a log(BM) = 3.48log(Lm1) – 3.04 (PE, 45%) Lm1: 13.1 mm 0.848 c. 7 (±2.6)

Head-body length (HBL)a log(BM) = 2.81log(HBL) – 7.08 (PE, 48%) HBL: 680d mm 0.879 c. 7.5 (±2.8)

Lutrogale cretensis

Skull condylobasal length (SKL)a log(BM) = 3.39log(SKL) – 6.03 (PE, 40%) SKL: 120 mm 1.018 c. 10 (±3.5)

First lower molar length (Lm1)a log(BM) = 3.48log(Lm1) – 3.04 (PE, 45%) Lm1: 16.05 mm 1.155 c. 14 (±5.4)

Head–body length (HBL)a log(BM) = 2.81log(HBL) – 7.08 (PE, 48%) HBL: 725 mm 0.957 c. 9 (±3.6)

aVan Valkenburgh (1990), bAnyonge (1993), cAndersson (2004), destimated from a mounted skeleton.
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predator, able to bring down large prey and crush their bones,

much like its mainland relative (Rook et al., 2004). Cynothe-

rium sardous, on the other hand, was a dwarf in comparison

with mainland Xenocyon, and had reached about half the

original size. The reason for this great size reduction is that it

shifted from hunting large prey to hunting small prey, such as

the abundantly present lagomorphs (Lyras et al., 2006). This

latter feeding strategy requires relatively low hunting costs but

it cannot sustain a large body mass (Carbone et al., 1999,

2007), therefore the species evolved towards dwarf size (Lyras

& van der Geer, 2006). The same did not apply to the hyena of

the previous period, because even the smallest available prey

(goat-antelope-like bovids and pigs) was not only still rather

large, but also strong and massive. It is probable that this

prevented the hyena from becoming a dwarf.

The Trinil dog (Mececyon trinilensis) provides a similar case

of dwarfing in a large hypercarnivorous canid. The Javanese

dogs shared the position of top predator with tigers, but these

tigers were probably bound to a different habitat. In addition,

tigers are obligatory solitary hunters whereas wolves and dogs

are pack hunters, which implies a totally different prey

spectrum for equal body mass. This is also concluded by

Hertler & Volmer (2008), who suggested a prey-species range

of 5–10 kg for Mececyon. The dwarfism of Mececyon is even

more spectacular because it originates from the late Early

Pleistocene Megacyon merriami. The latter species is a large

Xenocyon, perhaps even larger than the mainland forms, as

Figure 2 Plot of the body mass of insular carnivores versus the

body mass of their mainland phylogenetic relatives. Filled circles

represent carnivores living today on islands. Open squares

represent fossil insular carnivores. The data for the living

carnivores are from Meiri et al. (2006, their supplement 1).

The estimation of the body mass of the fossil carnivores is based

on the length of the lower first molar (see Appendix S1).

1, Megacyon merriami; 2, Cynotherium sardous; 3, Mececyon

trinilensis; 4, Lutrogale cretensis; 5, Megalenhydris barbaricina;

6, Oriensictis nipponica; 7, Lutra trinacriae; 8, Sardolutra ichnusae;

9, Cyrnolutra castiglioni; 10, Enhydrictis galictoides; 11, Mustelercta

arzilla; 12, Pannonictis sp.

Figure 3 Speed of the size reduction of Cynotherium. The upper diagram shows the width of the humerus at the distal end versus the

geochronological time of the specimens. The lower diagram shows the estimated body mass as calculated from the circumference of the

humerus trochlea. 1, Xenocyon lycaonoides from Untermassfeld, Germany. 2, X. lycaonoides from Stránská Skála, Czech (measurements from

Sotnikova, 2001). 3, Cynotherium sp. from Capo Figari (measurement from van der Made, 1999). 4, Average and range of C. sardous

from Dragonara Cave (data from Malatesta, 1970). 5, C. sardous from Corbeddu Cave (measurement from Lyras & van der Geer, 2006).

For the body mass estimations, see Appendix S1.
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inferred from its first lower molar, whereas the Middle

Pleistocene Mececyon trinilensis is a dwarf of similar size to

C. sardous or even somewhat smaller.

Schütt (1973) noted that Mececyon, Xenocyon and perhaps

Cynotherium belong to one genus, based on shared adapta-

tional features in their dentition and the presence of a lower

third molar (missing in Cuon). Each island therefore harbours

its own genus. This situation is undesirable from a phylo-

genetic point of view, and a single genus should be retained

for the various Xenocyon lineages, which, following rules

of priority should be either Cynotherium (in line with

Lyras et al., 2006) or Lycaon (in line with Martı́nez-Navarro

& Rook, 2003). However, a taxonomical revision, regardless of

its biogeographic importance, is beyond the scope of this

paper.

With regard to the evidence from Sardinia and Java, it seems

that Xenocyon had better dispersal abilities than other canids.

On Java, it perhaps dwarfed because of the simultaneous

presence of large cats, forcing it to change prey and expand its

niche to feed mainly on rodents. On Sardinia and Corsica,

however, no such competitor was present, but a change in prey

took place nonetheless, implying that interspecific competition

is not an important factor for canids derived from Xenocyon.

In these cases, no restrictions were present because foxes are

missing in both faunas.

The Sardinian dog Cynotherium is of particular interest for

two more reasons. It is the only fossil insular carnivore that

gives us the opportunity to: (1) investigate whether the teeth

lag behind during dwarfism, and (2) estimate the speed of its

size reduction. The results of estimations of body mass based

on various elements of one individual (Table 2) indicate that

the direct application of the methodologies developed for

mainland species also seems to work in the case of this dwarfed

canid. An important implication of this observation is that it is

probable that these methodologies can thus be applied to other

insular canids, as Lomolino (2005) and Meiri et al. (2004,

2005, 2008) have done. Apparently, the teeth of this dwarf

canid do not lag behind in evolution.

The gradual decrease in size of Cynotherium has been noted

previously, because fossils from stratigraphically older sites are

larger than those from younger sites (Abbazzi et al., 2005;

Lyras & van der Geer, 2006). The results of the estimation of

the evolutionary rate (Fig. 3) indicate that the speed of this size

decrease is rather slow for this lineage. Whether an early fast

evolutionary trend took place or not is unclear. Figure 3 shows

the two possible extremes, which have different implications

for the overall pattern of the evolutionary speed of this feature.

At the present stage of knowledge, neither of the two can be

excluded. Millien (2006) shows that morphological evolution

is accelerated among island mammals and that an initial period

of fast change is followed by a period with smaller rates of

change, as described previously by Sondaar (1977), although

not quantitatively. This means that in the longer term the

calculated speed of evolution of any island species is much

lower than during the initial stage. In other words, the longer

the period of isolation, the lower the expected rate of change. If

this initial acceleration is also valid for canids, the lower of the

two dotted lines is the most likely. To validate this, more fossils

from older localities are needed.

How do our data from the fossil record compare with the

situation seen on present-day islands? Meiri et al. (2004) noted

that the majority of insular carnivores today inhabit conti-

nental shelf islands and are relicts of mainland populations

that became isolated. Only a minority live on what they

consider oceanic islands, but which are better referred to as

oceanic-like in the sense of Alcover & McMinn (1994), which

means that although they originated from continental plates,

their fauna and flora are similar to those of oceanic islands.

This minority represents insular carnivores that reached the

island after crossing a substantial sea barrier and evolved

thereafter in isolation. Meiri et al. (2004) report the following:

the eupleurid carnivores of Madagascar, the Sulawesi palm

civet (Macrogalidia musschenbroekii), the recently extinct

Falkland Islands wolf (Dusicyon australis) and the Channel

Islands fox (Urocyon littoralis). These species appear to be the

only recent carnivores that resemble the fossil species described

in this paper with regard to faunal composition and degree of

isolation, but not in all cases regarding the method of dispersal.

Present-day islands, such as Vancouver Island, despite the fact

that geographically they can be called islands, do not have the

same ecological conditions as Pleistocene Crete or Cyprus. A

problem for a better understanding of the evolutionary history

of the above-mentioned recent insular carnivores is that a close

mainland relative can be safely assigned to only two of them.

These are the Channel Islands fox (U. littoralis) and the

Falkland Islands wolf (D. australis). The former is a descendant

of the North American Urocyon cinereoargenteus and most

linear measurements are 25% smaller than those of its

mainland ancestral species (Moore & Collins, 1995) (Fig. 4).

The latter is phylogenetically related to the South American

fossil species Dusicyon avus (Berta, 1988) and had a similar size

(Rodrigues et al., 2004; Prevosti et al., 2009). Unfortunately,

not much is known about the Falkland Islands wolf as it

became extinct in the 19th century. What is known, however,

is that it preyed on birds, such as geese and penguins, and on

seals (Nowak, 1999). Dusicyon was the only terrestrial mammal

on the islands. Whereas the Channel Islands fox evolved a

smaller body size, the Falkland Islands wolf maintained its

ancestral size. It seems that the total absence of small mammals

Figure 4 Comparison of the Channel Islands fox, Urocyon litto-

ralis (bottom), with its mainland ancestor, the grey fox, Urocyon

cinereoagenteus (top). Both specimens are from the Field Museum

of Natural History, Chicago.
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from the Falklands prevented the size decrease of Dusicyon,

simply because it had to remain large in order to hunt big prey.

Carnivore size on islands is closely related to the relative

abundance and size spectrum of available resources (Meiri

et al., 2006; Raia & Meiri, 2006). But this statement requires

some adjustment, because the size reduction of both the

Sardinian dog and the Trinil dog suggests that where an

alternative, small prey is available, carnivore body size tends to

decrease even if larger prey is available at the same time. Those

two carnivores became smaller while medium-sized bovids and

deer were available in sufficient quantities. Where no alterna-

tive prey is available, ancestral body size is retained. An

optimal body size therefore seems not to exist for carnivores, as

noted by Meiri et al. (2005), and cases of dwarfism as well as

gigantism do exist.

CONCLUSIONS

Two fossil insular canids and one otter underwent significant

changes in body mass once isolated, compared with their

phylogenetically closest relatives from the adjacent mainland.

The rate of this evolution is slow (1.38 Darwin) for one of

these canids. The other carnivores studied (one canid, four

martens, six otters, one genet) show a moderate change or no

change at all. Size decrease in insular carnivores seems

constrained by certain ecological conditions, specifically by

the availability of a prey that befits their smaller size. When this

alternative prey is not available, they retain their mainland size,

as in the case of D. australis, or evolve at most a moderately

smaller size, as in the case of Chasmaporthetes melei. When

alternative prey is available, they may evolve towards dwarfism,

as in the case of Cynotherium and Mececyon. This change in

prey seems unaffected by the presence of competitors. Size

increase is very rare, and might coincide with a niche

expansion. The island rule thus seems to apply to (originally)

large and medium-sized terrestrial carnivores, as Lomolino

(1985, 2005) suggested. However, we also agree with Meiri

et al. (2004, 2008), who suggested that many factors influence

mammalian body size and detailed studies are often needed for

every individual case. The dependency of the island rule on

resource availability (McNab, 2002) is emphasized by the

present study.
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termassfeld bei Meiningen (Thüringen), Vol. 2 (ed. by R.D.

Kahlke), pp. 607–632. Römisch-Germanisches Zentralmu-

seum, Bonn.

Symeonides, N.K. & Sondaar, P.Y. (1975) A new otter from the

Pleistocene of Crete. Annales Géologiques des Pays Hellé-
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Parallel patterns and trends in functional structures 

in extinct island mammals 

 

Abstract 

Endemic mammalian species on islands are generally known to have followed a 

different evolutionary pathway than their mainland relatives. General patterns, 

such as body size trends, have been described regularly. However, most island 

mammal species are unique and each of them is adapted to a specific local niche 

as part of an equally specific ecological assemblage. Therefore, comparing island 

species across taxa, islands and time is inherently dangerous without 

understanding the adaptational value of the studied feature in the compared taxa 

and without taking the ecological setting of the taxa into account. In this 

contribution, general and recurring patterns are described per taxon. Some 

features, like body mass change and sturdy limbs, are relatively general, whereas 

most features, like bone fusions and change of orbital axis, occur only in a very 

few taxa. Some features are even contradictory, such as brain size and degree of 

hypsodonty, with each taxon having its own particular design. In conclusion, 

general patterns are more often than not just trends and need to be applied with 

caution. 

 

Key words: body proportions, fossil record, island rule, paleo-insular mammals, 

Pleistocene 

 

INTRODUCTION 

Body size changes, observed in many extant insular mammalian taxa, are 

certainly the best known adaptations to insular conditions (e.g. Van Valen 1973; 

Heaney 1978; Lomolino 1985, 2005; Lomolino et al. 2012). However, these often 

spectacular body size changes are not the only modifications of island lineages. 

Adaptations of island species are also reflected in their craniodental and 

postcranial anatomy, as first pointed out by Sondaar (1977). Especially in fossil 

insular mammals, these morphological changes may be so extensive that it is not 

easy to trace back their direct mainland ancestor. Paleo-insular mammals 

provide an especially insightful opportunity to assess causality of the variation in 
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morphological structures over much longer time periods. A comprehensive and 

species-based review of these variations is, however, lacking for the fossil record 

(general review in Van der Geer et al. 2010) and often scattered ad-hoc 

references to general patterns are given without specific details. This may easily 

lead to misconceptions in cases where a specific feature of a specific insular 

taxon is taken for a general pattern exhibited by many if not all insular 

mammalian taxa whereas in reality it is a unique feature of just 1 taxon. To infer 

a more general pattern from local or superficial similarities is prone to error 

(Donovan 2013). 

Such is the case, for example, with some studies on Homo floresiensis Brown et 

al., 2004 where this hominid is put in a broader insular perspective: for example, 

Van Heteren and De Vos (2008), Lyras et al. (2009) and Meijer et al. (2010), who 

compare the shifts in limb proportions as observed in H. floresiensis with those of 

a few insular artiodactyls, but not with other insular taxa and without paying 

much attention to the nature of the individual cases. Although I agree with the 

hypothesis that H. floresiensis represents an insular taxon with specific 

adaptations, I consider it premature to compare totally unrelated endemic taxa 

with each other in respect to a feature that appears not to be universal. For 

example, the short limbs of H. floresiensis do not necessarily reflect identical 

evolutionary adaptations as do those of a dwarf hippo such as Hippopotamus 

minor Desmarest, 1822, especially because the structure of the foot of these two 

taxa is totally different: long and plantigrade in the first, and short and 

unguligrade in the second (see also below). 

This review is the first step towards a better understanding of which patterns 

are shared by which insular mammals and which are not and why this is the 

case. Until the developmental, functional and adaptational background of these 

patterns have been reliably explained per taxon, caution should be taken before 

comparing unrelated taxa. 

 

MATERIALS AND METHODS 

The present study is a review, based on published literature, with the 

addition of a few personal observations regarding fossil material. Most of the 

material of the Mediterranean and Indonesian islands cited from the literature 
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was checked by me for control. All cited fossil taxa are given in Table 1 (see end 

of manuscript), together with their geological age and (paleo-)island. 

 

Observations 

Body size trends 

Body size variation among various lineages of paleo-insular mammals is 

generally consistent with the graded trend of the island rule (for a 

comprehensive overview, see Lomolino et al. 2013). Paleo-insular mammals, 

however, appear to exhibit much more extreme cases of gigantism and dwarfism 

than living species. Two of the most notorious cases are Palaeoloxodon falconeri 

Busk, 1867, which decreased to just 2% of the body mass of its mainland 

ancestor (Palombo & Giovinazzo 2005), and Deinogalerix koenigswaldi 

Freudenthal, 1972, which increased to slightly over 200 times the ancestral body 

mass (Lomolino et al. 2013).  

The most extreme values occur in final species of geologically old endemic 

lineages. A slight size reduction is more typical for endemic large mammals that 

are elements of more balanced faunas or that are geologically very young (i.e. 

during the early stages of isolation) (e.g. Cervus elaphus siciliae Pohlig, 1893, 

Cervus elaphus Linnaeus, 1758 from Jersey, Bos primigenius siciliae Pohlig, 1911, 

and Bos primigenius bubaloides Arambourg, 1979) and the earlier species of 

anagenetic endemic lineages (Myotragus palomboi Bover et al., 2010, Myotragus 

pepgonellae Moyà-Solà & Pons-Moyà, 1982, M. antiquus Pons-Moyà, 1977, and 

Praemegaceros sardus Van der Made & Palombo, 2006). 

 

Increased size variation 

Some fossil insular species are characterized by an unusually large 

variation in body size at any given moment in time. Fossils of smaller and larger 

specimens are found together in the same layer of the same locality without 

evidence for clear-cut size groups. This has been observed in Amblyrhiza 

inundata Cope, 1868 (McFarlane et al. 1998), Hippopotamus creutzburgi 

Boekschoten & Sondaar, 1966 (Kuss 1975b), Palaeoloxodon creutzburgi (Kuss 

1965), Mammuthus exilis (Stock & Furlong, 1928) (Roth 1993), Mammuthus 

protomammonteus (Matsumoto, 1924) (Taruno & Kawamura 2007) and, 
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perhaps, the Maltese Cervus Linnaeus, 1758  (figured in Van der Geer et al. 2010; 

personal observation) (but see remark in Table 1). In these cases, separate 

species or morphotypes were not recognized. 

In a few insular lineages a (much) more pronounced and discontinuous size 

range is observed and separate species or “lineages” are recognized. This is the 

case with the murids of Flores, where the giant Papagomys armandvillei (Jentink, 

1892) and P. theodorverhoeveni Musser, 1981 co-occurred with the medium-

sized Komodomys rintjanus (Sody, 1941) and Paulamys naso (Musser, 1981) 

(Meijer et al. 2010; Locatelli 2011), all descendants of Hooijeromys nusatenggara 

Musser, 1981 (van den Bergh et al. 2008). Another case is provided by the paleo-

island Gargano, where the exact biochronological timing of the start of the murid 

radiation has not been recorded. Here, after a steady body size increase, the 

murids (Mikrotia Freudenthal, 1976) display a sudden radiation into 3 lineages 

contemporaneous with the last occurrence of the hamsters (Hattomys gargantua 

Freudenthal, 1985). As on Flores, apart from converging on the absent 

mesoherbivore niche, giant forms exist next to medium and small forms. At the 

initiation of the murid radiation, the insectivore Deinogalerix Freudenthal, 1972 

is also, for the first time, represented by a full range of body sizes (inferred from 

fig. 16 in Butler 1980). Radiation is also seen in Stertomys Daams & Freudenthal, 

1985, with 2 species at any given chronological phase (Rinaldi & Masini 2009), 

and Hoplitomeryx Leinders, 1984 (four morphotypes for Gargano in Van der Geer 

2005, 2008), but the start of these radiations are not necessarily 

contemporaneous with the murid radiation. 

Such an increased and discontinuous size variation is also observed in other taxa, 

sometimes in combination with a variation in morphology, independent of size. 

Examples are Candiacervus Kuss, 1975 (De Vos 1979), Cervus astylodon 

(Matsumoto, 1926) from Kume (Matsumoto & Otsuka 2000), Cervus sp. of 

Masbate (De Vos 2006), subfossil species of lemurs (Mittermeier et al. 2008) and 

nesomyids (Mein et al. 2010), in addition to the array of still living species of 

Madagascar, subfossil hystricomorph rodents and soricomorph insecteaters of 

the West Indies (cladogenesis on Cuba, Puerto Rico and Hispaniola [Woods & 

Sergile 2001]), Leithia Lydekker, 1896 (Bonfiglio et al. 2002), Malagasy 

Hippopotamus Linnaeus, 1758 (Weston & Lister 2009) and Nesogoral Gliozzi & 
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Malatesta, 1980 (Palombo et al. 2006; Rozzi & Palombo 2013). The species or 

morphotypes in these cases are all confined within the boundaries of a single 

island. The presence of various morphotypes within 1 size class seems restricted 

to cases of adaptive radiation and has been described only for Nesogoral (Rozzi & 

Palombo 2013), C. astylodon (De Vos 2006) and Hoplitomeryx (Van der Geer 

2005; personal observation). 

In many cases, however, the increased size variation is progressive; in other 

words, these species form part of a lineage of anagenetic species 

(chronospecies), with the next species being either smaller or larger than the 

previous (depending on the direction of body size evolution). Extended 

chronoseries befitting this type of increased size variation include 

Praemegaceros Portis, 1920 of Sardinia (Palombo & Melis 2005, Van der Made & 

Palombo 2006), Nesiotites Bate, 1944 (Rofes et al. 2012; Van der Geer et al. 

2013), Hypnomys Bate, 1918 (Bover et al. 2010a), Myotragus Bate, 1909 (Bover 

et al. 2010b), Kritimys Kuss & Misonne, 1968, and Mus Linnaeus, 1758 of Crete 

(Mayhew 1977), Stegodon florensis Hooijer, 1957 (Van den Bergh et al. 2008) 

and Cynotherium sardous Studiati, 1857 (Lyras et al. 2010): all of them with at 

least 2 successive chronospecies. The progressive size increase is not always 

constant, but may show fluctuations in magnitude through time and even 

reversals (Van der Geer et al. 2013). 

 

Changes in postcranial elements 

Relative shortening of the distal limb bones, with simultaneous overall 

dwarfing and increased massivity, is observed in several fossil insular 

artiodactyls, but also in Minatogawa people (Homo sapiens Linnaeus, 1758 [Baba 

& Endo 1982]). These artiodactyls are Candiacervus ropalophorus De Vos, 1984, 

Candiacervus cretensis (Simonelli, 1908) (De Vos 1979), Candiacervus spp. II (Van 

der Geer et al. 2006), “Candiacervus” pygadiensis (Kuss, 1975), “Candiacervus” 

cerigensis (Kuss, 1975), the smallest Hoplitomeryx (Van der Geer 2005), C. 

astylodon (De Vos 2006), Bubalus cebuensis Croft et al., 2006, all species of 

Myotragus (Bover 2004; Bover et al. 2010b), H. minor, H. creutzburgi (Spaan et al. 

1994), Stegodon aurorae (Matsumoto, 1918) (Konishi 2000) and, perhaps, 

Maremmia lorenzi Hürzeler & Engesser, 1976 (Hürzeler 1983) and Etruria vialli 
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Abbazzi et al., 2008, or Turritragus casteanensis Abbazzi et al. 2008, but for these 

latter 3 taxa the ancestor is unknown. Relatively short legs are also typical for H. 

floresiensis (Brown et al. 2004). The accompanying exceptionally long feet and 

arms (Brown et al. 2004; Morwood et al. 2005) and primitive wrist (Tocheri et 

al. 2007; Orr et al. 2013) and foot morphology (Jungers et al. 2009), but are 

unique and find no parallel with other insular taxa. The feet of H. sapiens of 

Minatogawa are robust but not long (Baba & Endo 1982). A number of the 

abovementioned artiodactyls have shortened phalanges in addition to the 

shorter distal limb bones, so shorter feet (Myotragus, H. minor, H. creutzburgi), 

simultaneously with a change in posture towards a more vertical stance 

(Sondaar 1977). Distal limb length reduction in lineages which underwent 

adaptive radiation is restricted to the smallest species or morphotypes. Here, the 

medium and larger species have slender and proportionally normal or even 

elongated distal limb bones. This is observed in Candiacervus major (Capasso 

Barbato & Petronio 1986) and in the largest Hoplitomeryx (size 4 in Van der Geer 

2008), but also in Nesogoral (Palombo et al. 2006; Rozzi & Palombo [this 

volume]).  

The relatively shortened distal limb bones is already present at birth and 

increases further during postnatal ontogeny due to a relatively slower growth 

speed of the autopodium, at least in C. ropalophorus (Van der Geer et al. 2006) 

and the 2 smallest size classes of Hoplitomeryx (personal observation). The 

higher massivity of the shortened bones is already observed in neonates of 

Myotragus balearicus Bate, 1909 (Bover & Alcover 1999a), C. ropalophorus (Van 

der Geer et al. 2006) and the smallest size classes of Hoplitomeryx (personal 

observation). 

Loss of an articulation is sometimes observed in the form of a complete fusion of 

the navicocuboid with the cannon bone in insular ruminants (Leinders & 

Sondaar 1974). This occurs in varying degrees, and is definitely not a universal 

pattern and not restricted to islands. The percentage of total fusion is 0% in 

Praemegaceros cazioti (Depéret, 1897) (Klein-Hofmeijer 1997), 0% in Cervus 

astylodon (Matsumoto & Otsuka 2000) (but 45% according to Van der Geer et al. 

[2010]), 6% in C. ropalophorus (De Vos 1979), 100% in Hoplitomeryx (Van der 

Geer 2005) and 21% in Cervus sp. from Malta (own data). In M. balearicus this 
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percentage differs according to locality and age, and increases from 40% (Cova 

de Son Maiol, late Late Pleistocene) to 80% (Cova de Moleta, Holocene) (Moyá-

Solá 1979), strongly indicating the progressive nature of this feature in this 

species at least. In mainland ruminants, this fusion is rarely observed (e.g. less 

than 5% in Euprox Stehlin, 1928 / Heteroprox Stehlin, 1928 [own data]). 

An even more rare fusion is that between the distal parts of the fibula (os 

malleolare) and tibia, observed only in 1 M. balearicus (Bover et al. 2005) and 1 

Hoplitomeryx (Van der Geer 2005) out of hundreds of specimens. Synostotic 

fusions between shafts of individual elements are observed as well, such as the 

fusion of the lateral metapodals with the cannon bone in Candiacervus sp. II (Van 

der Geer et al. 2006), and more extensive fusion of radius and ulna in 

Candiacervus sp. II (Van der Geer et al. 2006), Hoplitomeryx (own data), P. 

falconeri, H. minor and Stegodon florensis insularis Van den Bergh et al., 2008 

(Van den Bergh 1999; Van den Bergh et al. 2008), and of the tibia–fibula in P. 

falconeri and H. minor (Van den Bergh 1999). Synostotic fusions have been 

observed in juvenile S. florensis (Van den Bergh 1999) and P. falconeri (Palombo 

2001), indicating that it has nothing to do with aging. Fusion between the 

metatarsal and the navicocuboid in Hoplitomeryx takes place before the fusion of 

the distal epiphysis with the shaft (Van der Geer 2005) (no information on other 

ungulates). When the condyles are still separated, the proximal articulation is 

developed normally, as is the case in mainland deer, e.g. Dama dama (Linnaeus, 

1758) (own data). 

 

Changes in dentition 

A higher degree of hypsodonty, or a relative increase in molar crown 

height, relative to their ancestor is seen in various insular taxa, such as Stegodon 

florensis insularis (Van den Bergh et al. 2008), Stegodon sondaari Van den Bergh, 

1999, Stegodon mindanensis Naumann, 1890, Stegodon hypsilophus Hooijer, 

1954, S. aurorae, Stegodon timorensis Sartono, 1969, and Stegodon sompoensis 

Hooijer, 1964 (e.g. Van den Bergh 1999), Mikrotia (Freudenthal 1976), M. 

balearicus (e.g. Bover 2004), Nesogoral melonii (Dehaut, 1911) (e.g. Palombo et 

al. 2006), Duboisia santeng (Dubois, 1891) (Rozzi et al. 2013), C. ropalophorus 

(Van der Geer et al. 2006), Sus sondaari Van der Made, 1999, Huerzelerimys 
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oreopitheci Engesser, 1989, Anthracomys lorenzi Engesser, 1989, and 

Anthracomys majori Schaub, 1938 (Casanovas-Vilar et al. 2011), and Kritimys 

kiridus (Bate, 1942) (Mayhew 1977). Hypsodont teeth are also present in some 

taxa for which the mainland ancestor is unknown, which leaves it in the middle 

whether the degree of hypsodonty increased or not. This is valid for Cervus 

astylodon (Matsumoto 1926), M. lorenzi (Huerzeler 1983) and the other Tusco–

Sardinian hypsodont bovids such as Tyrrhenotragus gracillimus (Weithofer, 

1888), and T. casteanensis Abbazzi et al., 2008 (Abbazzi et al. 2008). 

The most extreme form of hypsodonty is exhibited by M. balearicus, where the 

roots of the lower first and second molar even distort normal ossification of the 

base of the mandibular ramus. This lineage also evolved hypselodontincisors 

(ever-growing and open-rooted) (Alcover et al. 1981), a character shared with M. 

lorenzi but because the ancestor of the latter is unknown, it is impossible to 

determine whether it is an acquired character in Maremmia Hürzeler & 

Engesser, 1976 as well. These incisors were earlier regarded as retained primary 

teeth like in rodents and lagomorphs in which the secondary incisors never 

erupt (Bover & Alcover 1999b), but are now considered a modified permanent 

incisor that erupts at a relatively early ontogenetic stage (Moyà-Solà et al. 2007). 

Just larger, but non-hypsodont, teeth are observed in H. floresiensis, relative to H. 

sapiens and H. erectus (Dubois, 1894), but not to H. habilis Leakey et al., 1964 

(Brown et al. 2004; Brown & Maeda 2009), whereas smaller teeth seem to 

characterize Oreopithecus bamboli Gervais, 1872 (Köhler & Moyà-Solà 1997), 

pending revision on its ancestry. 

Increased masticatory stress is inferred for H. sapiens from Minatogawa, based 

on the extraordinarily strong development of the masticatory muscles, the deep 

temporal fossae with flared zygomatic arches, the wide and high position of the 

attachment of the masseter muscles in the zygomata, the thick alveolar bones 

and a high degree of tooth wear (Baba 2000). In addition, Hypnomys morpheus 

Bate, 1918 has a more massive mandible relative to that of related Eliomys 

Wagner, 1840 (Hautier et al. 2009). 

Loss of premolars is seen in Hoplitomeryx matthei Leinders, 1984, Myotragus 

batei Crusafont & Angel, 1966, M. balearicus (e.g. Alcover et al. 1981), M. lorenzi 

and M. haupti (Hürzeler 1983), T. casteanensis (Abbazzi et al. 2008), C. sardous 
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(Lyras et al. 2006), S. sondaari (Van der Made 1999) and H. minor (Boekschoten 

& Sondaar 1972). A reduced and perhaps not functional p2 is present in N. 

melonii (Palombo et al. 2006), M. palomboi and M. pepgonellae Moyà-Solà & 

Pons-Moyà, 1982 (Bover et al. 2010b). Loss of the fourth antemolar is seen in 

Nesiotites hidalgo Bate, 1944 (Reumer 1981). Loss of the second and third 

permanent insicors is seen in Myotragus kopperi Moyà-Solà & Pons-Moyà, 1981 

and its younger chronospecies ( (Moyà-Solà et al. (2007). 

More complex enamel patterns are observed in some insular pikas and murids. 

Mikrotia has an increased number of ridges on the first lower and last upper 

molar (Freudental 1976), in addition to being hypsodont. All species of Prolagus 

Pomel, 1853 show an increase of enamel complexity of their molars, and an 

enlargement of the third lower premolars relative to the other lower cheek teeth, 

without (much) increase in hypsodonty, in contrast to Paludotona etruria 

Dawson, 1959, which preserved a plesiomorphic dental morphology (Angelone 

2005). Enamel complexity seems unrelated to hypsodonty: whereas Prolagus 

imperialis Mazza, 1987 and Prolagus figaro Lopez-Martinez, 1975 combined a 

very complex pattern with a low hypsodonty index, Prolagus sardus (Wagner 

1832)  had a less complex pattern but a higher index. 

 

Cranial and neurological changes 

A lack of strong pneumatization of the skull is seen in the dwarf 

proboscideans P. falconeri, Mammuthus creticus (Bate, 1907), Mammuthus exilis 

and Stegoloxodon celebensis (Hooijer, 1949). In the most extreme case (P. 

falconeri), the parietal swellings are entirely lost (Palombo 2001; see also 

below).  

Many insular endemics developed rather short muzzles. In these short-snouted 

endemics, the maxillary tooth row is more arcuate (personal observation) and 

less complete, as evidenced by the loss or reduction of (pre)molars (H. matthei, 

M. batei, M. balearicus, M. lorenzi, N. melonii, C. sardous, S. sondaari, H. minor; see 

also above). A shorter snout in combination with a short diastema is observed 

(with loss of lower third molar) in Gymnesicolagus gelaberti Mein & Adrover, 

1982 and G. aff. gelaberti, and (without such loss) in and Nuralagus rex Quintana 

et al., 2011, but not in P. sardus (Quintana & Agustí 2007) and Deinogalerix 
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koenigswaldi Freudenthal, 1972 (Butler 1980), which have an increased 

diastema length. A marked facial reduction or reduced prognathism (the 

homonin equivalent of a shorter muzzle) is also seen in H. floresiensis (Kaifu et al. 

2011). In this aspect, H. floresiensis is most similar to H. sapiens, but in all other 

characters combined it resembles Homo erectus most (Lyras et al. 2009; Baab & 

McNulty 2009; Kaifu et al. 2011; Orr et al. 2013). One of its unique features is the 

posteriorly positioned caudal border of the palatine (Kaifu et al. 2011). 

A brain of the same relative size as in their mainland relatives has been 

documented for Candiacervus spp. II, C. sardous and H. minor (Lyras et al. 2009), 

whereas that of P. falconeri is proportionally equally large or perhaps even larger 

(Palombo 2001). Brain size reduction, in contrast, has been described for M. 

balearicus (Köhler & Moyà-Solà 2004), Hippopotamus lemerlei Milne-Edwards, 

1868 and Hippopotamus madagascariensis Guldberg, 1883 (Weston & Lister 

2009). The brain of M. balearicus is further characterized by a reduced visual 

cortex (Köhler & Moyà-Solà 2004), matching the smaller orbits (see below), and 

unusually small olfactory bulbs (Desachaux 1961), which agrees with the 

reduced olfactory ability as inferred from the less perforated criba nasalis (Bover 

& Tolosa 2005). Simultaneously, however, the Myotragus brain is remarkably 

convoluted for its size (Dechaseaux 1961), resulting in a significant increase in 

cortical surface. H. floresiensis has a relative brain size comparable to that of an 

australopithecine (Brown et al. 2004; Falk et al. 2005), but anatomical features of 

the brain resemble those of H. erectus most, although with a more pronounced 

convolution (Falk et al. 2005), similar to M. balearicus. 

In M. balearicus and less so in C. ropalophorus, the orbits are reduced in size 

relative to body size (Palombo et al. 2008). At the same time, the orbits are more 

frontally orientated in M. balearicus (Alcover et al. 1981). This is also observed in 

H. minor (Fig. 1).  
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Figure 1 Skulls of Hippopotamus minor (right) and Hippopotamus amphibius (left) show a more 

frontal view of the insular dwarf as compared to that of a mainland hippo. Note that the skulls are not 

depicted with the same scale. Maximal biorbital breadth is 13,5 cm for H. minor and 32 cm for H. 

amphibius. 

 
 

DISCUSSION 

Body size trends 

In a comprehensive investigation of causality of the island rule in extant 

mammals, Lomolino et al. (2012) found that body size evolution is influenced by 

selective forces whose importance and nature of influence (promoting gigantism 

or dwarfism) varied in a predictable manner with characteristics of the species 

(in particular, their ancestral body size and diet) and the islands (island size, 

isolation and climate), and with ecological interactions among mammals. 

The existence of a clade-dependent pattern cannot be confirmed for the fossil 

record, in contradiction to the conclusion of Meiri et al. (2008) that heteromyid 

rodents, carnivores and artiodactyls typically evolve smaller size on islands 

whereas murid rodents usually grow larger. Lomolino et al. (2013) found that 

proboscideans also grow smaller, and that shrews, gymnures, lagomorphs, 

glirids and carnivores with aquatic prey grow larger. This contradiction might, in 

part, stem from a time bias, because most island taxa included in Meiri et al. 

(2008) originate from continental islands that had been connected to the 

mainland during the last glacial maximum, and, thus, had been isolated for, at 

most, 10 000 years (Locatelli et al. 2012), whereas most taxa included in 

Lomolino (2013) had been isolated since the onset of the Late Pleistocene. In 
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addition, and this is perhaps the main issue, truly giant and dwarf forms like 

Leithia, Papagomys Sody, 1941, Deinogalerix, P. falconeri and H. minor were not 

included in the Meiri et al. (2008) analyses because no living mainland 

conspecific exists (Locatelli et al. 2012). Dwarfism is sometimes described as 

pedomorphism, e.g. Roth (1992), Lister (1996) and Palombo (2001) for dwarf 

elephants and Van Heteren & De Vos (2008) for Homo floresiensis. I disagree with 

this hypothesis, because adult insular endemics do not resemble the juveniles of 

the ancestral species. Especially juvenile artiodactyls, and elephants to a lesser 

degree, have typically long and slender limbs (not short as Van Heteren & De Vos 

[2008] assume), whereas insular dwarf artiodactyls and proboscideans have 

short and massive limbs. Dwarfism likely is established by a reduction of growth 

speed and not by a truncation of growth length as there is no evidence that life 

history traits would scale allometrically (Clauss et al. 2013). Maximum lifespan 

and gestation period in island dwarfs tend to reflect those of their larger 

relatives (Clauss et al. 2013; see further below). A slower growth speed is also 

attested for molar formation in a dwarf elephant species (Dirks et al. 2012), 

whereas Bromage et al. (2002) calculated a similar growth speed between 

Palaeoloxodon cypriotes (Bate, 1903) and the mainland Palaeoloxodon recki 

(Dietrich, 1915), based on the number of cross-striations and striae of Retzius in 

molars (see further below under Dentition). However, P. recki is phylogenetically 

distinct from Palaeoloxodon antiquus (Falconer & Cautley, 1847) (the ancestor of 

P. cypriotes), whose growth speed is unknown. Studies of extant insular taxa also 

indicate a slower, not a faster, life. Lower basal metabolic rates have been found 

in fruit pigeons on small islands in the South Pacific and for Capromys pilorides 

(Say, 1822), Geocapromys browni Fischer, 1830 and Geocapromys ingrahami 

(Allen, 1891) of the West Indies (McNab 2000), and small nectar-eating flying 

foxes (Macroglossus Cuvier, 1824, Syconycteris Matschie, 1899) of Australia and 

New Guinea and on large and small islands from the Moluccas to the Solomons 

readily enter torpor (Bonacorso & McNab 1997). 

 

Increased size variation 

A very interesting effect of release from competition on body size 

evolution is the increased size and morphological variation. The most typical 
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cases are referred to as adaptive radiation or multispecies assemblages. Body 

size evolution in these cases is likely directed towards niche partitioning, 

resulting in the filling of all usual (mainland) roles, with much morphological 

convergence. Living examples are the tenrecs of Madagascar (Tenrecidae Gray, 

1821). The Tenrecidae are a widely diverse family with species ranging from 

approximately 5 g to just over 1 kg and occupying niches convergent to those of 

shrews, desmans, hedgehogs and opossums in diverse environments (aquatic, 

terrestrial, arboreal and fossorial). The insular fossil record contains quite a 

number of sympatric multispecies assemblages, including herbivores, rodents 

and insect eaters. Even very large herbivores might be able to diverge 

morphologically and evolve into 2 different species when the area is large 

enough, as is the case with H. madagascariensis and H lemerlei on Madagascar. 

Radiations sometimes were more extensive in the past than today: for example, 

the Malagasy lemurs were further represented by 15 now extinct species before 

the Holocene, including the gorilla-sized giant Megaladapis Forsyth Major, 1894 

(Mittermeier et al. 2008), and the diversity of most lineages of the West Indies 

was larger during the Pleistocene than it is today (Wood & Sergile 2001). 

 

Changes in postcranial elements 

Change in body proportions is perhaps best explained in terms of niche 

expansion. Large herbivores might need to enhance their climbing abilities and 

improve stability to be able to expand their niche to otherwise inaccessible 

mountainous areas (Sondaar 1977). This is the most common explanation 

behind the observed shortening and thickening of the long bones, most markedly 

the metapodials in ungulates and the femur and humerus in proboscideans and 

hippos. Increased stability is, in a few cases, further achieved by a restriction of 

directions of movements and the degree thereof through bone fusions. The 

inherent loss of speed and manoeuvrability (“low-gear system” in Sondaar 

[1977]) pose no problem when terrestrial mammalian predators are lacking. 

Short, robust limbs in H. floresiensis, in contrast, need not necessarily have the 

same adaptational background. Long limbs in humans did not evolve to outrun 

predators as is the case in ungulates but are in all likelihood better explained in 

terms of locomotor efficiency and endurance (Polk 2004). On Flores, the loss of 
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migratorial habits may have driven the reversion of morphology instead. 

Another scenario could be that H. floresiensis simply returned to the (rain) forest 

and was no longer adapted to open environments. The proportionally long arms 

and feet of H. floresiensis fit an arboreal adaptation very well. 

In a few cases, the short, robust limbs form a plesiomorph feature. Niche 

expansion is not the case here but was earlier a conservative trait that managed 

to survive under reduced ecological pressure. This might be partly the case for 

Myotragus, as it has been suggested that its ancestor already had short, robust 

metapodials (Palombo et al. [2013], who suggest Norbertia Köhler et al., 1995 or 

Aragoral Alcala & Morales, 1997 as potential candidates). In the case of H. 

floresiensis this might indicate a pre-erectus ancestry, as is currently the 

consensus opinion of the discovery team (see Morwood & Jungers 2009). 

However, Neanderthals also have proportionally shorter limbs (Polk 2004). 

The changes in body proportions relative to the ancestor are likely the result of 

changes in relative growth speed of the various body parts (heterochrony) 

during ontogeny (Van Heteren & De Vos 2008). This, however, does not explain 

the fusion of the cannon bone with the navicocuboid. Because this fusion takes 

place in an early developmental stage, and not in adulthood, it might be related 

to a local inhibition of the expression of articular surfaces to enable fusion. Bone 

fusions are difficult to explain in terms such as heterochrony and are certainly 

not to be considered pedomorphism. Information on synostotic fusions and how 

and at what age they occur is even scantier, but there is an indication that this 

starts at a young age (see above for Stegodon florensis insularis) In any case, 

fusions are extremely rare, also in insular taxa, with as the only exception that of 

the metatarsal with the tarsal bone in Myotragus and Hoplitomeryx. 

 

Dentition, diet and longevity 

A higher degree of hypsodonty in insular mammals is often explained as 

an adaptation towards more abrasive food (Schüle 1993). This is evidenced by M. 

balearicus, which fed on less nutritive or even toxic plants like Buxus balearica 

Lamarck (Alcover et al. 1999; Winkler 2010), implying an increased digestive 

effort, perhaps combined with a longer intestinal tract, resulting in a relatively 

large belly or a change in intestinal bacterial fauna (Bover 2004). 
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Another hypothesis is a response to increased food intake, in line with an 

increased metabolic rate in dwarf forms due to a shift in volume–surface ratio, 

and, correspondingly, a “fast” life (Raia et al. 2003). This increase would result in 

more rapid tooth wear, which is compensated for by an increase in hypsodonty. 

The “fast” life was originally forwarded for P. falconeri, based upon the lack of 

tusks in the females and a high percentage of juveniles (Raia et al. 2003), but has 

also been suggested for other insular proboscideans (Palombo 2007), M. 

balearicus (Meiri & Raia [2010] contra Köhler & Moyà-Solà [2010]; see also 

below) and H. floresiensis (Van Heteren & De Vos 2008). However, this 

hypothesis fails to explain similar strategies to reduce tooth wear in insular giant 

taxa, where metabolic rate, if changed, would be lower compared to their 

normal-sized ancestors, due to the same volume–surface ratio shift, resulting in a 

“slower” life. The anoa (Bubalus depressicornis (Hamilton-Smith, 1827)), an 

extant island dwarf buffalo, has a surprisingly high longevity and an extremely 

long gestation time for its body size, which stands in sharp contrast to a “faster” 

life. Likely, its maximum lifespan and gestation period reflect those of its larger 

relatives (Clauss et al. 2013), as is also the case for domestic breeds: dwarf 

breeds of horses, dogs, rabbits, goats and cattle have the same values as large-

sized and normal-sized breeds (overview in Clauss et al. 2013). There is no 

evidence that life history traits would scale allometrically (Clauss et al. 2013). 

 A “slower” life, in contrast, has been suggested for M. balearicus based on lines of 

arrested growth in bones (Köhler & Moyà-Solà 2010) and the number of 

cementum layers of its teeth (Jordana et al. 2012), which imply a higher 

maximum lifespan for Myotragus than for similar-sized extant bovids. Without 

predators around, investment in K-strategy pays off and longevity is a means to 

achieve this. In line with this is the observation that tooth growth appears to be 

slow in a small fossil insular elephant species (P. cypriotes) but fast in a large 

fossil mainland species (Mammuthus columbi Falconer, 1857) (Dirks et al. 2012). 

Jordana et al. (2012) go a step further and maintain that the coexistence of 

hypsodonty and longevity in M. balearicus is entirely interlinked and of a causal 

nature, with diet playing no role at all. However, the incisors of Myotragus are 

ever-growing while the molars are just (extremely) hypsodont, implying that the 

prolonged tooth wear did not affect all positions equally and that the attrition–
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abrasion gradient varied along the tooth row. The ever-growing incisors show 

that incisal preparation was significantly more demanding, which is unexpected 

for a browser. It is more likely that the incisors evolved their ever-growing 

capability in response to something other than just longevity. As far as the molar 

crowns are considered, their hypsodonty may, indeed, have evolved partly in 

response to the demands of an extended lifespan 

The response to diet-induced abrasion, resulting in hypsodonty and complex 

enamel patterns, could also be a reaction to a change in eating methods, 

including rooting, overgrazing and near-surface browsing, resulting in a 

significant soil particle intake (Damuth & Janis 2011). This latter factor should 

not be underestimated. There is evidence of high tooth wear in sheep that graze 

among the highly mobile and windswept sandy beaches and dunes on the west 

side of New Zealand’s North Island (Healy & Ludwig 1965). Soil mineral particles 

are very mobile in beach environments, and onshore or littoral winds are always 

strongest right at the beach. Islands are, in general, more windy than mainlands 

of the same latitude. A higher intake of mineral particles could, therefore, form 

an important factor to explain hypsodonty in insular taxa. 

An alternative strategy to cope with a higher degree of abrasion seems to have 

been implemented by H. sapiens of Minatogawa, where the skull architecture 

indicates heavy action of the masticatory muscles, but where the teeth had not 

responded adequately, as shown by a high degree of wear (Baba 2000). In this 

case, it is unlikely to assume either a fast life or increased longevity. The same 

seems to apply to H. morpheus with its more massive mandible relative to that of 

related Eliomys but without having evolved particular hypsodont or complex 

dentition (Hautier et al. 2010). This, in combination with microwear patterns, is 

explained as an adaptation towards a more abrasive and generalized diet, and 

not as a longevity strategy. This seems contrary to the case of other insular 

murids; namely, Huerzelerimys and Anthracomys. The increased wear-resistancy 

observed here as well as in the contemporaneous bovids of the same insular 

bioprovince is in conflict with paleobotanical evidence that shows that grasses 

formed only a minor component of the vegetation (Casanovas-Vilar et al. 2011). 

Increased particle intake is, however, not considered here, whereas it could be a 
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logic explanation for the high degree of hypsodonty seen in most members of 

this fauna. 

 

Cranial changes 

Usually, the lack of strong pneumatization of the skull in insular dwarf 

proboscideans is explained as a response to size reduction because a smaller 

and, thus, lighter skull relaxes the need for strong neck musculature (Accordi & 

Palombo 1971; Sondaar 1977).  

The relatively short muzzles may be an adaptation to a higher degree of tooth 

wear (in herbivores) or towards a higher degree of hypercarnivory (in 

carnivores). However, not all cases of relatively short snouts are an insular 

adaptation. For example, the short diastema in insular lagomorphs represents a 

retained plesiomorphic character (Quintana & Agusti 2007). 

Relative shortening of the muzzle might result in a relative increase in power 

exerted at the molariforms (Reilly et al. 2001). In hypercarnivorous carnivores 

(e.g. Lycaon pictus (Temminck, 1820), felids), snout length and number of 

molariforms are reduced. This model fits C. sardous best (Lyras et al. 2006). In 

contrast, the facial reduction observed in H. floresiensis is attributed to reduced 

masticatory stresses (Kaifu et al. 2011) instead. This would oppose H. floresiensis 

to carnivores, although there is evidence that the teeth of H. floresiensis are large 

relatively to H. sapiens and H. erectus (Brown et al. 2004), perhaps implying an 

increased masticatory stress. At the same time, the more caudally positioned 

caudal palatine border of H. floresiensis is found without exception in short-faced 

wild and fossil canids relative to their long-faced relatives (Lyras 2009). 

Morphogenetic factors that affect the shortening of the facial region seem also to 

affect the position of the posterior palatine border, independent of changes in 

masticatory function. 

 

Neurological changes 

Brain size is sometimes reduced with a simultaneous increase in 

complexity (convolution), retaining in this way a larger surface area. This is the 

case in M. balearicus and perhaps in H. floresiensis as well. Future studies on the 

brain of insular taxa should not take only brain mass into account but measure 
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surface area as well. In that respect, effective brain size may appear to be similar 

to that of the ancestor. 

Decrease in olfactory and/or visual functions may be promoted by a shift 

in predator pressure. 

 

CONCLUSION 

Putting all observations together, it appears that some parallel 

phenomena exist among insular taxa, but none of them is shown by all and most 

of them are shown by just a few or even only 2. The most widespread 

phenomena are those concerning body size and body proportions, the rarest 

bone fusions. Some phenomena are even contradictory, such as limb length and 

brain size, which can be either reduced or enlarged. 

The parallel patterns and trends that are present are functionally best explained 

by shared adaptational needs (adaptations to ecologically similar environments 

and assemblages) in response to a deviation from the ancestral (mainland) 

situation, such as more rugose terrain, higher abrasiveness of the food items, 

increased intra-specific competition and change in predator spectrum. Caution 

should be taken when comparing parallel adaptations in unrelated taxa: short 

limbs in an ungulate may indicate rugose terrain but in a hominid perhaps an 

arboreal habitat. Such comparisons can even be inopportune between related 

taxa. See, for example, Rozzi & Palombo (2013), who found that different 

habitats triggered similar adaptations within a genus of insular bovids 

(Nesogoral). 

As a result of restructuring of anatomical units, some characters may depart 

from their apomorphic condition, and may even secondarily return to a 

condition shared with geologically earlier members of the taxon. This is 

sometimes referred to as a return to a primitive condition (e.g. Van der Geer 

2005) but that phrase is misleading as it gives the impression that the entire 

anatomical structure lost its apomorphic morphology and, as a whole, returns to 

a plesiomorphic stage. This is, however, explicitly not the case. The brain may be 

smaller in size in insular endemics (“pseudo-primitive”), but, at the same time, 

its fissuration can be significantly stronger (apomorphic). To complicate the 

matter even more, a seemingly apomorphic feature, increased longevity (and 
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gestation period) in insular large mammals relative to similar-sized mammals, is 

probably unrelated to body mass but likely merely reflects the values of the 

ancestor and is, thus, rather, a plesiomorphic feature. Developmental speed is 

then necessarily slower in secondary dwarfs (because gestation length is fixed) 

and this may be indirectly advantageous in an environment with more 

pronounced fluctuations in resource availability, resulting in decreased size. 

This confusion between apomorphic and plesiomorphic conditions may 

drastically complicate phylogenetic and taxonomical analyses. The immediate 

danger of this is that arrival time may be calculated far too much in the past and 

time in isolation may be hugely overestimated. 
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Table 1 Fossil insular mammalian taxa discussed in this study. The Maltese deer (Cervus sp.) are 

unresolved. The larger forms may belong to a younger layer, and the smaller forms, with much size 

variation, might either represent sister species or chronospecies 

 
Species Island, geological age Remarks 

Proboscidea   

Elephantidae   

Palaeoloxodon falconeri Sicily, Middle Pleistocene  

Palaeoloxodon “mnaidriensis” Sicily, Late Pleistocene  

Palaeoloxodon creutzburgi Crete, Late Pleistocene  

Palaeoloxodon tiliensis Tilos, Late Pleistocene  

Palaeoloxodon cypriotes Cyprus, Late Pleistocene  

Mammuthus creticus Crete, Middle Pleistocene  

Mammuthus exilis Santa Rosa, Late Pleistocene  

Mammuthus protomammonteus Japan, Early Pleistocene  

Stegoloxodon celebensis Sulawesi, Middle Pleistocene  

Stegodontidae   

Stegodon florensis florensis, S. florensis 

insularis 

Flores, Late Pleistocene Chrono(sub)species 

Stegodon sondaari Flores, Middle Pleistocene  

Stegodon aurorae Japan, Middle Pleistocene  

Stegodon sompoensis Sulawesi, Middle Pleistocene  

Stegodon hypsilophus Java, Middle Pleistocene  

Stegodon timorensis Timor, Pleistocene  

Stegodon mindanensis Mindanao, Philippines, Pleistocene  

Primates   

Hominidae   

Oreopithecus bamboli  Tuscany, Late Miocene  

Homo floresiensis Flores, Late Pleistocene  

Homo sapiens Minatogawa Island, Japan, Late 

Pleistocene 

Known as Minatogawa people 

Lagomorpha   

Leporidae   

Nuralagus rex Menorca, Pliocene  

Ochotonidae   

Gymnesicolagus gelaberti  Mallorca, Middle Miocene For Menorca: G. aff. G. gelaberti 

Paludotona etruria Tuscany, Late Miocene  

Prolagus figaro, P. sardus Sardinia, Early–Late Pleistocene Chronospecies 

Prolagus imperialis Gargano, Late Miocene  

Rodentia   

Gliridae   

Leithia cartei, L. melitensis Sicily, Middle–Late Pleistocene Sister species 

Stertomys laticrestatus Gargano, Late Miocene At least seven species  

Hypnomys waldreni, H. onicensis, H. 

morpheus 

Majorca, Late Pliocene–Holocene Chronospecies 

Cricetidae   

Hattomys beetsi, H. nazarii, H. gargantua Gargano, Late Miocene Chronospecies 
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Muridae   

Papagomys armandvillei, P. 

theodorverhoeveni 

Flores, Late Pleistocene Sister species 

Komodomys rintjanus Flores, Late Pleistocene  

Paulamys naso Flores, Late Pleistocene  

Hooijeromys nusatenggara Flores, Middle Pleistocene  

Kritimys aff. K. kiridus, K. kiridus, K. 

catrei 

Crete, Early–Middle Pleistocene Chronospecies 

Mus batei, M. minotaurus Crete, Late Pleistocene Chronospecies 

Mikrotia magna, 2 other lineages Gargano, Late Miocene Sister lineages 

Huerzelerimys oreopitheci Tuscany, Late Miocene  

Anthracomys majori, A. lorenzi Tuscany, Late Miocene  

Heptaxodontidae   

Amblyrhiza inundata Anguilla and Saint Martin, West Indies, 

Late Pleistocene 

A single island during the Late 

Pleistocene (Anguilla Bank) 

Erinaceamorpha   

Erinaceidae   

Deinogalerix koenigswaldi Gargano, Late Miocene Five additional species within 2 

lineages 

Soricomorpha   

Soricidae   

Nesiotites rafelinensis, N. ponsi, N. aff. N. 

ponsi, N. hidalgo 

Majorca, Early Pliocene–Holocene Chronospecies 

Artiodactyla   

Cervidae   

Cervus elaphus siciliae Sicily, Late Pleistocene  

Cervus elaphus Jersey, Late Pleistocene  

Cervus sp. Malta, Late Pleistocene Sister or chronospecies 

Cervus sp. Masbate, Late Pleistocene Undescribed species 

Cervus astylodon Ryukyu Islands, Late Pleistocene  

Candiacervus ropalophorus, C. sp. II, C. 

cretensis, C. rethymnensis, C. dorothensis, 

C. major 

Crete, Late Pleistocene Sister species 

“Candiacervus” pygadiensis, “C.” 

cerigensis 

Karpathos, Kassos, Late Pleistocene Sister species 

Praemegaceros sardus, P. cazioti Sardinia, Middle–Late Pleistocene Chronospecies; earliest form 

unnamed: P. sp. 

Hoplitomeryx matthei Gargano, Late Miocene Three additional morphotypes 

Bovidae   

Bos primigenius siciliae Sicily, Late Pleistocene  

Bos primigenius bubaloides Pianosa, Late Pleistocene  

Myotragus palomboi, M. pepgonellae, M. 

antiquus, M. kopperi, M. batei, M. 

balearicus 

Majorca, Early Pliocene–Holocene  

Bubalus cebuensis Cebu, Philippines, Late Pleistocene  

Dubiosia santeng Java, Middle Pleistocene  

Nesogoral melonii Sardinia, Early Pleistocene Several unnamed sister species 

Maremmia lorenzi, M. haupti Tuscany, Late Miocene Chronospecies 

Turritragus casteanensis Tuscany, Late Miocene  

Etruria vialli Tuscany, Late Miocene  
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Tyrrhenotragus gracillimus Tuscany, Late Miocene  

Hippopotamidae   

Hippopotamus creutzburgi Crete, Middle Pleistocene  

Hippopotamus minor Cyprus, Late Pleistocene  

Hippopotamus lemerlei, H. 

madagascariensis 

Madagascar, Late Pleistocene–Holocene Sister species 

Suidae   

Sus sondaari Sardinia, Early Pleistocene  

Carnivora   

Canidae   

Cynotherium sardous Sardinia, Middle–Late Pleistocene Earlier chronospecies unnamed: C. 

sp. 
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Chapter 10 Epilogue 
 

Evolutionary trends in the genus Hoplitomeryx: 
the island rule and beyond 
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Chapter 10 Epilogue 

 

The palaeo-island Gargano (southern Italy, Late Miocene) was home to a strongly endemic, 

strongly disharmonic and depauperate fauna consisting entirely of deer-like ruminants, 

hamsters, dormice, mice, pikas, an otter and galericine insectivores, besides crocodyles, small 

reptiles and amphibians and a peculiar avifauna. The ruminants retain a suite of primitive 

characters such as orbital horns and sabre-like canines in combination with some derived 

characters such as bone fusions, a closed metatarsal gully and absence of the Palaeomeryx-fold 

in the lower molars. This mixed set of defining characters, plus the fact that the mainland 

ancestor is unknown, is the main reason why its phylogenetic position within the cervoids is 

still unresolved. For this reason a separate family was erected for these endemic deer: the 

Hoplitomerycidae. The family, as we saw in chapter 4 is not restricted to the palaeo-island 

Gargano but may also have occurred on other parts of the Abruzzo-Apulia platform as indicated 

by fossils from Scontrone (l’Aquila). Dental characters between the two localities or palaeo-

islands differ as well as a number of other diagnostic features, on the ground of which a new 

genus is erected here (see chapter 4) to accomodate the six species of Scontrone. The type genus 

Hoplitomeryx is restricted to the palaeo-island Gargano and is the focus of this thesis. 

Hoplitomeryx contains four species that evolved cladogenetically in situ, which are described 

here (see chapter 4). These four species differ mainly in size, body proportions and degree of 

robustness. I consider the four different size groups as an outcome of character displacement 

under relaxed selective pressures combined with an extremely long isolation of several millions 

of years. This is confirmed by similar cladogenesis as observed in other mammalian taxa of 

Gargano (Mikrotia, Stertomys, Deinogalerix). The observation that all taxa of Gargano underwent 

cladogenesis in situ under a long-term isolation indicates that island characteristics and time of 

isolation are the most important factors behind this type of cladogenesis and not so much 

phylogenetic constraints. It seems logic to assume that only those taxa that are versatile and 

have the ability to radiate are succesful island colonisers on the very long term, but to confirm 

this further study is needed. 

How can we explain the evolutionary trend observed for Hoplitomeryx in terms of the island 

rule and speciation processes on islands? In chapters 5 to 8 we saw that insular mammals, 

extant as well as extinct, typically grow larger or smaller depending on a combination of factors 

like ancestral body mass, island area and isolation, latitude, type of resource and the presence 

or absence of ecologically relevant species. The outcome may thus differ greatly between similar 

taxa on different islands or between different taxa on similar islands simply because one or 
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more of the other factors may differ substantially. This is one of the reasons of the existence of 

much scatter around the trend and consequently of the ongoing debate of the validity and 

generality of the island rule. In chapters 5 and 6 we demonstrate that the trend is not only valid 

for extant mammals but also for fossil mammals. In fact, the trend is much more pronounced for 

the fossil mammals, which we explain as due to a longer time in isolation. In chapters 7 and 8 we 

illustrate some possible deviations from the general trend: temporal fluctuations (chapter 7) 

and body size patterns in carnivores (chapter 8). A detailed analysis of these cases reveal that 

they form no exception to the island trend but rather confirm the importance of contextual 

factors. For the temporal fluctuations in small mammals (chapter 7) the most important factor 

appears to be the new arrival or local extinction of a competitor or predator. For carnivores a 

most crucial factor appears to be type of prey and prey size. 

How does these four chapters on body mass evolution relate to Hoplitomeryx? Here we have 

both smaller (body size decrease) as well as larger (body size increase) species and one or two 

intermediate species, and not just one species that gets either smaller or larger. Obviously, there 

is another factor which plays a role in body size evolution, apart from the factors analysed in 

these chapters. In exceptional cases, likely depending on several factors not the least that of 

time and island area and isolation, body size seems not to convergate on a hypothetical optimal 

body size. In these cases, such as Hoplitomeryx of Gargano, Candiacervus of Crete and perhaps 

Cervus astylodon of the Ryukyu Islands of Japan, body size evolution goes either ways. The 

explanation behind unidirectional body size evolution in general is ecological release (due to the 

absence of predators and competitors) and character displacement (to enter vacant niches). 

Perhaps, but this is just an hypothesis at the moment and will be worked out more in detail in a 

further study, in cases of bidirectional body size evolution, the same takes place but now in the 

less favourable direction as well (niche partitioning). The reason why I think the large-sized 

species have at best a suboptimal build and would not stand a change within a balanced fauna is 

that their limb bones are very slender and fragile with narrow articulation areas. Only under 

low-predation regimes such a vulnerable species can be maintained. The extraordinary long 

limb bones of Hoplitomeryx and Candiacervus suggest a dietary niche of otherwise unreachable 

branches and leaves. 

The last chapter gives some other examples of such adaptive radiations or multispecies 

assemblages. Apart from that, a number of other trends are observed in several island 

mammals, including some characters that are observed in Hoplitomeryx. Such shared characters 

likely represent secondarily derived parallel characters without phylogenetic value. These are 

the fused metatarso-navico-cuboid, the non-parallel-sided astragal, the loss of the second 

premolars and perhaps the elongated patella and the absence of the Palaeomeryx-fold in the 
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lower molars should be added here as well. In the last chapter, we saw that the fused metatarso-

navicocuboid is a condition shared with other island ruminants, deer—e.g. Candiacervus from 

Crete—as well as bovids— Myotragus from the Balearics—. The non-parallel-sided astragal is 

seen in Myotragus, but also in living tragulids, in extinct hypertragulids, leptomeryids, 

protoceratids, but also in suids, which might indicate a reversal to the plesiomorph condition, 

due to a relatively heavy body in combination with relatively short limbs, typical for an insular 

ruminant. This is confirmed by Myotragus balearicus, in which species the astragal is slightly 

non-parallel sided, although not to the extent as seen in Hoplitomeryx. Also the elongated 

patella, shared with tragulids, is perhaps best explained as due to endemic insular adaptations, 

and not necessarily of phylogenetic importance. The absence of the Palaeomeryx-fold might be 

related to the higher degree of hypsodonty as is rather common in insular ruminants (chapter 

9), since this fold is typically expressed on brachyodont molars only. In that case this loss has no 

phylogenetic value. On the other hand, as we saw in chapter 4, Hoplitomeryx is not particularly 

hypsodont and at most brachyodont.  

To conclude, Hoplitomeryx provides a unique example because of its long term isolation. Its 

evolutionary history, however, is not unique and is shared with some other insular species. The 

pattern of its body size evolution (here referred to as adaptive radiation) is shared not only with 

some taxa co-occurring on the same island but also with several taxa elsewhere, such as the 

deer of Crete, the lemurs of Madagascar, the murids of the Philippines, the sloths of the West 

Indies and many more. The evolution of a number of characteristic traits is not unique either 

and is shared as well, such as bone fusions, a suid type of astragalus and the loss of dental 

elements. 
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Appendix A Holotypes, paratypes and referred specimens of 
Hoplitomeryx 
 

Table A1. Hoplitomeryx devosi nov. sp.; holotype (RGM 178.517, in bold and underlined), 
paratypes (in bold) and referred specimens; measurements in mm. For abbrevations, see 
Material and Methods. 

 
RGM 

      humerus 
 

L TL CW DAPD DTD 
 Chiro 30 215.213 89 - - 23.2 28  

San 
Giovannino  443.118 - - - 17.9 25.9 

 
        radius 

 
L DAPP DTP DAPD DTD SLD 

San 
Giovannino 260.860 127.1 15.8 29.5 18.2 29.1 18.2 
Nazario 4 261.515 120 15.1 25.2 - - - 
Chiro 28a 261.803 116 16.3 24 - - - 
Nazario 4 425.214 - - - - - 13.8 

        metacarpus 
 

L DAPP DTP DAPD DTD 
 San 

Giovannino 178.517 94.5 14.6 23.2 12 21.8 
 Fina H 178.652 90.9 12 19.9 10.6 19.5 
 Gervasio 425.350 82.9 12.1 18.6 11 18.3 
 Gervasio 425.351 92.6 12.8 20.2 10.9 19.7 
 

        phalanx I 
anterior 

 
L DAPP DTP DAPD DTD 

 Chiro 2S 178.216 25.1 10.8 9.4 7.4 8.9 
 Chiro 3 178.248 23.8 11.2 9.3 7.6 8.7  

Chiro 3 178.250 22 10.1 8.7 7 7.6  
Chiro 3 178.277 20.6 9.2 9.4 6.9 8.4 

 Chiro 3 178.278 21.1 9.9 9.8 7.2 9 
 Chiro 3 178.279 19.5 9.4 9 6.8 7.9  

Chiro 7 178.349 22.8 10.2 10.5 8.3 9.5 
 Fina K 178.666 24.4 10.6 8.4 10.9 8.7 
 Pizzicoli 12 261.310 22.8 9.8 11.4 8.3 10  

Nazario 4 261.554 22.3 9.6 9.4 6.7 8.7 
 Pizzicoli 12 261.772 24.6 11 9.9 8.5 9.9 
 Chiro D1 425.141 24.9 10.6 9.7 7.5 9.7  

Posticchia 
1B 425.242 21.9 10.6 10 7.5 9.8 

 
        phalanx II 

 
L DAPP DTP DAPD DTD 
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anterior 

Chiro 3 178.281 16.2 11.4 8.7 9.2 7  
Chiro 3 178.282 15.8 10.5 8.9 8.6 7.1 

 Chiro 3 178.283 17.2 10.1 8 8.5 6.6  
Chiro 5a 178.330 17.5 12.3 8.9 9 7.1 

 Chiro 5a 178.331 17 11.8 9.1 9.1 7.4 
 Chiro 14 178.436 17.1 10.4 8.1 8.1 6.4 
 Chiro 28a 215.201 17.2 12 9.6 9.4 7.3 
 Chiro D1 261.163 18 11.2 9.7 9.5 8 
 Chiro 29 261.417 17.4 10.8 8.5 9.3 7.3 
 

        phalanx III 
 

LD LS DAPP DTP H 
 Chiro 3 178.251 18.7 18.4 13.7 6.9 14 
 Chiro 3 178.252 18.9 19.9 15.6 7 16.2  

Chiro 3 178.284 17.8 15.7 13.2 6 13.3  
Chiro 3 178.306 16.6 15.5 13.3 6.5 13.3  
Trefossi 2A 178.683 12.6 12.1 10.3 5.9 10.3  
Nazario 4 261.531 14.6 15.9 13.2 7.1 14 

 Chiro 2 261.796 16.6 16.9 14 7.6 14.2 
 Chiro 28a 261.850 18.4 17.6 14.8 7.8 15.2 
 Chiro D3 261.904 16.4 15.2 13.5 6.7 13.8 
 Chiro 27 425.133 16.3 16.6 13.4 7 13.6 
 

        femur 
 

L DTP TT DDT CL TW 

Chiro 13 
178.433

+434 136 - - - - - 
Chiro 18 178.476 131 36.3 40.6 - 21.9 - 
Fina D 178.623 123 34.5 32 29.8 19 10 
San 
Giovannino 425.314 138.3 38.2 45.2 38.2 22.3 16.8 

        patella 
 

W 
     Nazario 4 261.547 21.5 
     Biancone 2 425.074 19.5 
     Gervasio 425.370 21 
     

        tibia 
 

L DAPP DTP DAPD DTD 
 Chiro D3 261.925 130 - - 16.8 19.7 
 Chiro D1 425.144 156.2 35.7 29.7 15.4 22.9 
 Nazario 4 425.171 140 - - 15.8 20.8 
 San 

Giovannino 425.285 160 - - 18.8 26 
 Fina N 425.412 135 - - 15.7 20.9 

 
        astragal 

 
L DTP DTD 

   Chiro 3 178.271 23.2 13.7 15.1 
   Chiro 3 178.272 21.5 14.1 14.7 
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Chiro 5a 178.328 24.5 15.2 16.1 
   Chiro 10a 178.363 25.9 15.4 16.1 
   Chiro 14b 178.454 25.7 17.6 17.2 
   Chiro 14b 178.457 26.3 15.7 15.9 
   Nazario 2A 178.525 25.8 16.5 16.3 
   Nazario 3 178.535 25.2 15.6 16.9 
   Posticchia 

1B 178.576 23.6 15.3 14.6 
   Posticchia 

1B 178.578 24.1 13.7 15.2 
   San 

Giovannino 215.234 24.9 14.2 16.4    
Chiro D1 261.162 25.5 16.4 16.6 

   Pizzicoli 12 261.300 25.7 14.6 16.3 
   Pizzicoli 12 261.313 23.2 13.4 15.6 
   Pizzicoli 12 261.344 25.1 15.8 16.1 
   Chiro 29 261.416 21.3 13.6 15.4 
   Nazario 4 261.567 22.2 15.1 16.1 
   Nazario 4 261.569 25.9 14.7 15.7 
   Chiro 28a 261.851 22.6 14.2 14.9 
   Chiro D3 261.883 23.4 14.9 15.5 
   Chiro D3 261.911 21.2 12.8 13.5 
   Chiro D1 425.142 25.7 16.1 16.9 
   Nazario 4 425.204 25.4 15.4 15.1 
   Gervasio 425.332 24.4 15.8 15.2 
   Gervasio 425.333 23 14.9 14.3 
   Fina N 425.456 22 14.2 15.9 
   

        calcaneum 
 

L LC SL SW 
  Chiro 10b 178.373 47.2 22.5 14.8 8 
  Pizzicoli 12 261.295 47.7 23.8 12.7 7.6 
  Pizzicoli 12 261.296 43.2 21.2 11.5 7.5 
  Pizzicoli 12 261.345 45.9 28.2 14.8 8.9 
  Chiro 28a 261.820 47.3 27.9 14.8 8.6 
  San 

Giovannino 425.253 38.5 18.9 11.6 7.7 
  Fina N 425.438 46 26 13.5 7.9 
  

        metatarsal 
 

L DAPP DTP DAPD DTD 
 Chiro D1 215.077 129.1 17.7 21.7 13 21.5  

Nazario 4 261.101 120.9 15.5 20.8 10.9 18.9 
 Chiro 29 261.422 102 14.4 18.4 - - 
 Nazario 4 261.528 105.5 14.7 16.5 9.9 17.9 
 Chiro D1 261.737 109 16.8 20.1 - - 
 

        phalanx I 
posterior 

 
L DAPP DTP DAPD DTD 
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Chiro 3 178.305 18 8.6 7.9 6.7 7.7 
 Chiro 3 178.249 20.5 9.9 7.7 6.9 9.1 
 Chiro D1 261.166 22.7 10.2 10.5 8.5 10.1 
 Chiro D3 261.892 20.9 9.6 9.4 7.2 9.1  

Chiro D3 261.912 21.6 9.8 10.2 7.7 8.7 
 Chiro D3 261.916 21.2 9.6 9.3 7.1 9.2 
 

        phalanx II 
posterior 

 
L DAPP DTP DAPD DTD 

 Chiro 2S 178.223 17.2 11.5 9.8 9.9 8.4  
Chiro 3 178.280 16.1 11.1 9.3 8.3 7.3 

 Chiro 7 178.350 16.1 11.7 10.7 10 8.4 
 Posticchia 

1B 178.580 17.3 10.8 9.3 9.4 7.5  
Chiro 14 or 
24 215.063 16.3 9.7 9.4 8.4 7.4 

 Chiro 28a 215.202 18.2 11.9 10.2 10.2 8.4  
San 
Giovannino 261.251 16.4 10.4 9.3 9.9 7.5 

 San 
Giovannino 261.254 18.1 11.7 10.5 10.2 8.6 

 Pizzicoli 12 261.305 16.9 11.6 9 8.7 7.3 
 Pizzicoli 12 261.308 18.4 - - - 6.6 
 

        pelvis 
(acetabulum
) 

 
MAXD MIND 

    San 
Giovannino 261.221 17.7 16.4     
Nazario 4 261.534 17.7 15.3 

    
        scapula 
(glenoid) 

 
DDV DLM 

    Chiro 3 178.265 20.7 17.1 
    Chiro 5a 178.315 20.7 15.6 
    San 

Giovannino 179.317 21.1 16.5 
    Gervasio 1 261.759 15.1 11.5 
    Chiro D3 261.873 21.6 14.9 
    Nazario 4 425.166 20.3 14.8 
    

        vertebrae 
 

L 
     Chiro 3 (C1) 178.262 11.4 
     

        mandible 
 

L m1–m3 Lm2 Wm2 
  Chiro 14B 178.445 - 36.2 -  -    

Fina H 178.656 - 36.3 11.2 8.4   
San 260.940 - 37.4 11.2 7.5 
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Giovannino 

Chiro 2N 260.966 124.9 35.9 9.8 7.4   
 Nazario 4 261.132 -  - 10.9 7.3   
 Nazario 4 261.133 -  - 11.2 8   
 Chiro 29 261.147 -  - 11.2 7   
 Posticchia 

1B 425.234 - 36.7 11.6 8   
 

        maxilla 
  

M1–M2 LM2 WM2   
 San 

Giovannino 260.941 
 

32.4 12.3 11.1 
  Chiro 28A 261.447  31.8 11.4 10.5   

San 
Giovannino 425.201 

 
32.7 12.5 10.4 

  
        nasal 
horncore 

       Chiro 26 261.486 
      

        orbital 
horncore 

       San 
Giovannino 260.926       
Biancone 2 425.069 

      
        skull 
fragment 

 
CW FMW FMH 

   Nazario 4 261.096 - - -    
Gervasio 261.102 32.6 14.9 16.4 

    

Table A2. Hoplitomeryx matthei; holotype (RGM 260.965, in bold and underlined; 
measurements in Leinders 1984), paratypes (in bold; measurements in Leinders 1984), and 
additional specimens; measurements in mm. 

 
RGM 

      humerus 
 

L TL CW DAPD DTD 
 San Giovannino 260.900 125 - 28.9 28.8 34.2  

San Giovannino 425.323 138 - - 30.2 37.5 
 

        radius 
 

L DAPP DTP DAPD DTD SLD 
San Giovannino 178.499 192.7 12.7 29.4 18.8 26.4 - 
San Giovannino 260.916 180.5 16.5 30.9 21.8 30.4 15.4 
San Giovannino 260.921 180 14 25.9 - - - 

        cuneiform 
       Pizzicoli 12 261.355 

     
        metacarpus 

 
L DAPP DTP DAPD DTD 
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San Giovannino 178.500 157.1 15 26.1 12.4 23.3 
 San Giovannino 261.219 165.6 16.3 24.7 14.4 25.4 
 San Giovannino 425.279 152.9 14.9 25.5 13.4 23.2 
 San Giovannino 425.300 156.3 17.3 27.5 14.4 25.1 
 Nazario 4 425.383 156 14.9 26.3 10.3 28 
 

        lateral mc 
 

L DAPP DTP DAPD DTD 
 San Giovannino 425.251 - 8.9 10.9 - - 
 

        phalanx I anterior 
 

L DAPP DTP DAPD DTD 
 Pizzicoli 12 261.347 27.1 10.4 10.3 7.8 9.6 
 Pizzicoli 12 261.349 28.5 11.8 9.6 7.4 10 
 

        phalanx II anterior 
 

L DAPP DTP DAPD DTD 
 Pizzicoli 4 178.557 22.2 14.3 10.8 10.3 8.6 
 S.Giovannino Low 260.937 22.8 15.4 11 11.5 9 
 

        phalanx III 
 

LD LS DAPP DTP H 
 San Giovannino 260.877 22.9 22.6 16.3 8.5 16.3  

Pizzicoli 12 261.389 19.7 19.9 19.1 9.6 17.6  
Gervasio 261.755 18.7 18.8 15.3 8.6 15.4 

 Chiro D3 261.906 22.8 21 15.9 9.2 16.2 
 

        femur 
 

L DTP TT DDT CL TW 
Nazario 4 425.207 169 49.7 49.3 47.5 24.9 21.7 

        tibia 
 

L DAPP DTP DAPD DTD 
 San Giovannino 260.859 190 - - 19.1 26.6 
 

Chiro D3 

261.926
+215.28

4 200 - - 19.6 29.5 
 Gervasio 1 425.353 - 40.3 38.1 - - 
 Gervasio 1 425.354 - 37.9 47.7 - - 
 

        astragal 
 

L DTP DTD 
   Chiro 9 215.092 32.8 25.3 24.1 
   San Giovannino 260.912 29.3 19.6 18 
   Nazario 4 261.568 32.9 25.4 22.8 
   Chiro D3 261.910 31.8 20.9 21.1 
   Posticchia 1B 425.243 29.7 18.9 20 
   Gervasio 425.331 33 21.4 21.5 
   Fina N 425.421 34.1 21.6 21.9 
   Fina N 425.424 32.9 21.8 21.7 
   

      
  

calcaneum 
 

L LC SL SW   
Fina K 178.665 58.2 37.3 17.4 9.6 
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S. Giovannino 425.294 54.8 36.7 17.4 9.2 
  

        metatarsal 
 

L DAPP DTP DAPD DTD 
 San Giovannino 178.518 208 20.5 25 15.6 25 
 San Giovannino 260.917 210 18.8 26.7 - - 
 San Giovannino 261.220 210 - - 15.7 23.2 
 Gervasio 1 425.334 180 18.6 23.9 - - 
 Fina N 425.417 190 18.2 22.1 - - 
 

        phalanx I posterior 
 

L DAPP DTP DAPD DTD 
 Pizzicoli 12 261.297 32.9 13.5 11.1 10.6 12.7  

San Giovannino 425.268 29.9 12.1 11.8 9.5 10.3 
 San Giovannino 425.269 30.5 11.8 11.9 9.3 11.1 
 

        phalanx II posterior 
 

L DAPP DTP DAPD DTD 
 San Giovannino 178.505 20.4 12.4 11.2 11.2 9.4 
 San Giovannino 260.874 20.4 14.7 11.5 10.5 9.8 
 San Giovannino 260.910 21.8 12.8 11.2 13.1 11 
 San Giovannino 260.938 20.7 14.4 11.5 11.7 8.8 
 San Giovannino 261.250 21.4 13.2 12.1 11.6 10.3 
 San Giovannino 261.253 22.6 14.5 11.8 11.4 10.3 
 Gervasio 1 261.754 24.2 13 11.6 14.1 8.7 
 San Giovannino 425.267 20.6 12.5 11.4 12.4 9.3  

        vertebrae 
 

L 
     Chiro 3 (C2, axis) 178.263 33.7  

    Chiro 3 (C2, axis) 178.264 34.1  
    Chiro 27 (C3) 425.119 23.6  
    

        nasal horncore 
       San Giovannino 260.898 

      San Giovannino 260.922       
San Giovannino 260.923       
Mobilio 1 261.098       
        
orbital horncore        
Chiro 3 178.286       
San Nazario 4 261.097       
Pizzicoli 5 261.099       

        mandible 
 

m1–m3 Lm2 Wm2 
   Chiro 10C 178.376  - 13.3 8.2    

San Giovannino 215.000 39.8 11.8 9.4 
   San Giovannino 260.943 45.9 14.2 10  

  San Giovannino 260.952 40 12.5 8.8    
Chiro D4 261.100 45.3 14.4 8.9 
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Pirro 11A 261.110 39.8 11.8 9.4 
   Nazario 4 261.134 44.1 14.4 8 
   San Giovannino 261.140 45.4 14.5 8.5 
 

  
 San Giovannino 425.330  - 15 8.8     
 Chiro 10B 425.476 44.8 14.1 8.2    

        skull fragment 
 

CW PSL 
    San Giovannino 260.944      

San Giovannino 260.945      
Pirro 11A 260.965 40.81 

    (reconstruction) n.n. 
 

79.39 
     

Table A3. Hoplitomeryx macpheei sp. nov.; holotype (RGM 260.918, in bold and underlined), 
paratypes (in bold) and referred specimens; measurements in mm. 

 
RGM 

      humerus 
 

L TL CW DAPD DTD 
 Chiro 20A 178.483 - - - 32.1 39.2 
 Chiro 20E 178.487 - - - - 44.4 
 San Giovannino 260.950 165 31 28 - - 
 Pizzicoli 1 425.219 - - - 47 45.3 
 San Giovannino 425.278 - - - 37 49 
 

        radius 
 

L DAPP DTP DAPD DTD SLD 
San Giovannino 260.866 - - - - - 27 
San Giovannino 425.282 280 21.1 43.6 - - 26.8 
Gervasio 425.377 - - - 23.6 36.6 - 
Fina N 425.423 - 21.7 41.2 - - 15.8 

        unciform 
 

H DAPP DTP DAPD DTD 
 San Giovannino 425.264 14.9 15.9 13.8 18.3 15.1 
 

        metacarpus 
 

L DAPP DTP DAPD DTD 
 San Giovannino 260.918 190 17.5 30.1 13.1 27 
 Nazario 4 261.530 - - - 14.7 28.2 
 

        metacarpus 
lateral 

 
L DAPP DTP DAPD DTD 

 Chiro 2 261.797 - 10 14.6 - - 
 

        phalanx I 
anterior 

 
L DAPP DTP DAPD DTD 

 San Giovannino 260.861 40.2 16.6 12.2 10.1 12.3 
 

        phalanx II 
anterior 

 
L DAPP DTP DAPD DTD 
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San Giovannino 260.886 26.9 15.3 13.1 12.2 10.1 
 San Giovannino 261.143 29 16.4 15.5 14.2 11.5 
 

        phalanx III 
 

LD LS DAPP DTP H 
 Chiro D3 261.905 26.3 24.8 17.7 10.4 17.7 
 Chiro D3 261.907 28.5 28.9 21.2 11.5 20.9 
 

        femur 
 

L DTP TT DDT CL TW 
Fina H 178.653 - - - 47.8 - 23.1 
San Giovannino 425.245 218.9 64.6 65.4 54.9 34.7 21 

  
  

    patella 
 

W  
    Fina H 178.654 28.1  
    San Giovannino 425.246 33.3  
    

        tibia 
 

L DAPP DTP DAPD DTD 
 S.Giovannino 260.854 - - - - - 
 

        astragal 
 

L DTP DTD 
   San Giovannino 260.863 37.5 27 25.5 
   San Giovannino 260.890 37.5 26.1 23.4 
   

       calcaneum 
 

L LC SL SW 
 San Giovannino 260.883 81.5 59.3 24.1 11 

  Biancone 2 425.076 83.5 49.3 26.4 16 
  San Giovannino 425.313 76.3 53.3 22.9 15.3 
  

        metatarsal 
 

L DAPP DTP DAPD DTD 
 Pizzicoli 4 178.553 

 
29.1 32.3 - - 

 
        phalanx I 
posterior 

 
L DAPP DTP DAPD DTD 

 Pizzicoli 12 261.346 36.1 13.9 14.3 11.9 13 
 San Giovannino 260.909 - 14.5 14.1 - -  

San Giovannino 260.913 38.6 14.8 14.6 11.4 14 
 Chiro D3 261.872 39.7 16.6 14.5 11.1 13.9 
 

        vertebrae 
 

L 
     Chiro 5a (S1–3) 178.327 60      

Chiro 13 L3, 4 
or 5) 261.445 27.7 

 
 

   Chiro 3 (T12) 261.482 18.1 
 

 
   Chiro 3 (L3) 261.483 21.9 

 
 

   Chiro 28 (Cd6?) 425.109 13.5 
 

 
   S. Giovannino 

(C7) 425.307 32.9 
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orbital 
horncores 

       Fina N 425.428 
      

        nasal horncore 
       S. Giovannino 260.902 

      
        mandible 

 
m1-m3 Lm2 Wm2 

   San Giovannino 260.951 50.7 16.1 9.4 
   San Giovannino 260.951 - 16.1 10.4 
   Nazario 4 261.135 49.5 16 10.6 
   

        maxilla 
 

M1-M3 LM2 WM2 
   San Giovannino 260.951 - - - 
    

 

Table A4. Hoplitomeryx kriegsmani nov. sp.; holotype (RGM 178.516, in bold and underlined), 
paratypes (in bold) and referred specimens; measurements in mm. 

 
RGM 

      humerus 
 

L TL CW DAPD DTD 
 Pizzicoli 1 425.220 - - - - - 
 San Giovannino 425.254 - - - - - 
 

        radius 
 

L DAPP DTP DAPD DTD SLD 
Nazario 4 261.516 - - - 33.7 51.7 - 
Nazario 4 425.208 - - - 28.2 41.9 

 
        ulna 

       Chiro D1 261.180 
      

        metacarpus 
 

L DAPP DTP DAPD DTD 
 San Giovannino 178.516 282 22 34 - - 

San Giovannino? 263.945 - - - 22.2 36.6 
 San Giovannino 425.322 - >20 33.4 - -  

        phalanx I anterior 
 

L DAPP DTP DAPD DTD 
 San Giovannino 178.503 51 17.9 15.7 12.7 14.9 
 

        phalanx II anterior 
 

L DAPP DTP DAPD DTD 
 San Giovannino 260.862 32.8 18.6 14.6 14.7 12.2  

San Giovannino 260.875 32.2 19.4 14.6 14.6 11.5  
San Giovannino 260.876 31.6 18.6 15.8 16.6 12.2 

 San Giovannino 425.259 31.7 19.3 14 14 10.9 
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phalanx III 
 

LD LS DAPP DTP H 
 Falcone 2B 425.386 32.7 28.4 23.2 12.1 22.7 
 

        patella 
 

W 
     Pizzicoli 12 261.379 50 
     

        tibia 
 

L DAPP DTP DAPD DTD 
 San Giovannino 335.882+425.328 365 61 56.7 26.5 39.6 
 

        astragal 
 

L DTP DTD 
   Nazario 2B 178.529 40.5 27.8 25.3 
   Falcone 2B 425.385 43.1 27.5 27.2 
   

        metatarsal 
 

L DAPP DTP DAPD DTD 
 Chiro 31 425.058 - - - 26.2 41 
 Chiro 2N 425.055 308.5 - - 25.6 33.9 
 

        phalanx II posterior 
 

L DAPD DTD DAPD DTD 
 Pizzicoli 2 178.549 36.8 21.3 14.5 16.9 13 
 

        vertebrae 
 

L 
     Chiro 4 (Cd1?) 215.052 26.6      

Chiro 7a (Cd9) 215.210 12.8 
 

 
   Chiro 7a (Cd8) 215.211 19.8 

 
 

   Chiro D1 (Cd4 or 5) 261.158 28.2 
 

 
   San Giovannino (C3) 425.311 54 
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Of mice and mammoths: generality and antiquity of the island rule 
 

Lomolino, M.V., van der Geer, A.A.E, Lyras, G.A.,Palombo, M.R., 
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SUPPORTING INFORMATION 
 

Of mice and mammoths: generality and antiquity of the island rule 
 

Mark V. Lomolino, Alexandra A. van der Geer, George A. Lyras, Maria Rita Palombo, Dov F. Sax and 
Roberto Rozzi 

 
Journal of Biogeography 

 
 
 
Appendix S1 Additional tables, references and related information describing the methods, sources 
and data used for analyses of body size variation among palaeo-insular mammals (Tables S1–S16) 
and extant mammals (Tables S17, Fig. S1). 
 
 
INSTITUTIONAL ABBREVIATIONS  
AMPG, Museum of Palaeontology and Geology, National and Kapodistrian University of Athens, 
Greece; BNM, Natural History Museum, Basel, Switzerland; CAK, Collection from Cyprus 
Akanthou, National and Kapodistrian University of Athens, Greece; IGF, Museum of Geology and 
Palaeontology, University of Florence, Italy; MGG, Geological Museum Gemmellaro, University of 
Palermo, Italy; MPUR, Museum of Palaeontology, University of Rome La Sapienza, Italy; MBMa, 
Fossil mammal collection, Natural History Museum, Berlin, Germany; NHM, Natural History 
Museum, London, UK; RGM, Naturalis Biodiversity Center, Leiden, The Netherlands. 
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BODY MASS CHANGES IN HIPPOPOTAMUSES 
 
All insular Hippopotamus species are smaller than their mainland relatives (Table S1). As there is 
no allometric analysis for extant Hippopotamidae, we estimated the body mass of extinct hippos 
using a direct geometric comparison method developed by Weston & Lister (2010). They estimated 
the body mass of extinct hippos by assuming a direct geometric cubic law for the relationship 
between linear dimensions and body mass, using a series of skeletal variables taken from limb 
bones. Their predictive equation is the following: 
 
Fossil mass = mass of H. amphibius (GM in fossil species/GM in H. amphibius)3. 
 
The weight of adult H. amphibius ranges between 1210 and 2001 kg (Pienaar et al., 1966). Weston 
& Lister (2010) used a mean value of 1495 kg in their estimations. 
GM is the nth root of the product of n measurements of skeletal variables. Weston & Lister (2010) 
used eight skeletal variables. For H. amphibius they calculated GM as 7.95. The same variables 
were used in this study. The specimens used and their measurements are given in Table S2. 
 
 
 
Table S1 Hippopotamid body mass estimations (in kg) based on the geometric cubic law 
relationship between linear dimensions and body mass. 
Island Species Geometric mean of 

postcranial elements 
Body size 

Cyprus H. minor 3.541 132 
Madagascar H. lemerlei 4.922 374 
 H. madagascariensis 5.452 393 
Crete H. creutzburgi 5.113 398 
Malta H. melitensis 6.714 900 
Sicily H. pentlandi 7.175 1099 
Mainland H. antiquus 10.166 3178 
1Own data from 46 specimens (see Table S2). 
2 Data from Weston & Lister (2010). 
3 Own data from 8 specimens (see Table S2). 
4 Own data from 14 specimens (see Table S2). 
5 Own data from 33 specimens (see Table S2). 
6 Own data from 3 specimens (see Table S2). 
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Table S2 Measurements of hippos (measurements in cm) used for the estimation of body mass 
following the method of Weston & Lister (2010). Definition of variables: T1, tibia, maximum distal 
width in latero-medial section; T2, tibia, maximum proximal width in latero-medial section; R1, 
radius, minimum shaft width in latero-medial section; R2, proximal radius, maximum width in 
latero-medial section; H1, humerus trochlea, maximum width in latero-medial section; H2, 
humerus, minimum shaft width in latero-medial section; F1, femur head, maximum diameter in 
flexor-extensor section; F2, femur, minimum shaft width in latero-medial section. The specimens of 
H. creutzburgi are from Katharo (see also Notes below the table below). The specimens of H. 
pentlandi are from Mardolce, Maccagnone, Canita and San Giro. The specimens of H. melitensis 
are from Ghar Dalam and Malleha. The specimens of H. minor are from Akanthou. 

Hippopotamus minor (Cyprus) 
Specimen Tibia 

T1 
Tibia 
T2 

Specimen Radius 
R1 

Radius 
R2 

Specimen Humerus 
H1 

Humerus 
H2 

CAK 802 4.309  CAK 747  4.494 CAK 645 4.289 2.400 
CAK 820 4.727  CAK 743  4.669 CAK 635 4.748  
CAK 821 4.278  CAK 761 1.813 4.277 CAK 649 4.290 2.500 
CAK 35/B  7.339 CAK 760 1.870 3.899 CAK 655 4.196  
CAK 818 4.567  CAK 737  4.309 CAK 645 4.157 2.747 
CAK 830 4.320 4.739 CAK 22/B  4.750 CAK 656 4.331  
CAK 816  7.418 CAK 12/B  4.140 CAK 650 4.973 2.698 
CAK 812 4.682 5.667 CAK 766 1.840  CAK 643 4.689 2.746 
CAK 811  6.965 CAK 755 1.886  CAK 647 4.500 2.717 

CAK 824 4.880 7.459 CAK 752 1.946     
CAK 829  6.321    Specimen Femur F1 Femur F2 
CAK 822 4.562 5.925    CAK 617  2.548 

CAK 804  6.064    CAK 618  2.767 

CAK 807 4.732     CAK 621  2.916 

CAK 802 4.309     CAK 613 3.367 2.628 

CAK 820 4.727     CAK 622  2.927 

CAK 821 4.278     CAK 623  2.730 

CAK 35/B  7.339    CAK 626  2.715 

CAK 818 4.567     CAK 616 3.34  

CAK 830 4.320 4.739    CAK 619 3.14  

Hippopotamus creutzburgi (Crete) 
Specimen Tibia 

T1 
Tibia 
T2 

Radius 
R1 

Radius 
R2 

Humerus 
H1 

Humerus 
H2 

Femur 
F1 

Femur 
F2 

n/a 6.2  2.7 6.3  5.1  3.6 
MPUR 2062       4.18 4.21 
MPUR 2051     6.24 4   
NHM10299 6.47 9.39       
NHM10299 6.33        
Hippopotamus pentlandi (Sicily) 
Specimen Tibia 

T1 
Tibia 
T2 

Specimen Humerus 
H1 

Humerus 
H2 

MGG SG85 8.1 11.6 MGG SC67  8.5 5.46 
MGG CN9 9 13.6 MGG Padova sk. 7.82 4.34 
MGG CNfe53 9.20 12.93 MGG CN7 7.9 5.04 
MGG SC 87 9.5 13.1 BNM mg47 9.8  
MGG SC86 8.197 11.9 BNM 9.36  
MGG Padova sk. 8.09 12.75 NHM43528 8.49 5.3 
MGG CN9 9.08 13.8 NHM43528 8.6 5 
MGG CN53 9.19 13 NHM43529 8.1 4.56 
BNM mg50  14.5 Specimen Femur Femur 
NHM41033 8.8 11.7  F1 F2 
NHM41034 9.37 13.2 MGG SG80 7 5.7 
Specimen Radius Radius MGG CN6 6.66 5.4 
 R1 R2 MGG CN66 7 5.71 
MGG ex 647 4.18 9.627 MGG Padova sk. 6.3 4.9 
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MGG Padova sk. 4.47 7.95 MGG CN51 6.9 5.9 
MGG CNfg47 4.47 8.5 MGG CN6 6.6 4.1 
NHM41028 4.8 9.29 NHM41029 7.18 5.4 
   NHM41030 7.3 5.18 
   NHM43530  5.7 
Hippopotamus melitensis (Malta) 
Specimen Radius 

R1 
Radius 

R2 
Specimen Tibia 

T1 
Tibia 
T2 

Specimen Humerus 
H1 

Humerus 
H2 

NHM4704 4.32 11.1 NHM12492 6.62 13 NHM12491 9.5  
NHM12448 3.88 6.4 NHM4710  15.4 NHM4702 9.46 5.23 
Specimen F1 F2 NHM 6.6 14    
NHM4708 7.38 5.9 NHM12449 4.7 10.6    
NHM27494  4.55 NHM12493 4.8 8.97    
   NHM12450 4.6 9.1    
   NHM27495 4.5 8.3    
Hippopotamus antiquus (Mainland Italy) 
Specimen Tibia 

T1 
Tibia 
T2 

Radius 
R1 

Radius 
R2 

Humerus 
H1 

Humerus 
H2 

Femur 
F1 

Femur 
F2 

IGF1043 12.5 20.5 6.5 12 12.5 7.5 9 8.5 
IGF1056 11 15.5 7 12 12 7 8.5 8 
IGF1055 12 18 7.8 11.5 12.5 7 10 7 
 
Notes: Four skeletal elements of H. creutzburgi were taken directly in the field. These elements 
were partly uncovered during an excavation (Katharo Plateau, Crete). The site was uncovered 
during the fieldtrip of the 9th Meeting of the European Association of Vertebrate Palaeontologists 
(for further details see van der Geer & Lyras, 2011). Although the specimens were still embedded in 
the sediment, they were sufficiently exposed to obtain accurate measurements.  
In the literature, the Maltese hippopotamus (H. melitensis) is considered significantly smaller than 
the Sicilian species (H. pentlandi). This is because the large hippopotamus individuals from Malta 
are generally classified as H. pentlandi, leaving only the smaller ones as H. melitensis. In our 
analysis all Maltese specimens were considered as H. melitensis.  
 
 
Body size reduction in insular hippopotamuses 
The size indexes (Si) between the insular and mainland hippos are the following: 
Hippopotamus pentlandi / H. amphibius Si = 1099/1495, Si = 0.735, 
Hippopotamus melitensis / H. amphibius Si = 900/1495, Si = 0.602, 
Hippopotamus madagascariensis / H. amphibius  Si = 393/1495, Si = 0.262, 
Hippopotamus lemerlei / H. amphibius Si = 374/1495, Si = 0.250, 
Hippopotamus creutzburgi / H. antiquus Si = 398/3178, Si = 0.125, 
Hippopotamus minor / H. antiquus Si = 132/3178, Si = 0.041. 
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BODY MASS CHANGES IN DEER AND BOVIDS 
 
The estimation of the body mass of deer and bovids is based on the equations developed by Scott 
(1990). The predictive equations are the following: 
For cervids: 
log(body mass)= 2.5568log(H4) + 0.4084, 
log(body mass)= 2.5150log(R2) + 0.4304, 
log(body mass)= 2.4956log(R5) + 0.4581, 
log(body mass)= 2.8486log(T4) + 0.300, 
log(body mass)= 2.8861log(T2) – 0.2841, 
log(body mass)= 2.6568log(Mc2) + 0.6070, 
log(body mass)= 2.3300log(Mc4) + 0.7466, 
log(body mass)= 2.9334log(Mt2) + 0.6132, 
log(body mass)= 2.7521log(Mt4) + 0.5397. 
For bovids: 
log(body mass)= 2.6495log(Mc2) + 0.6016. 
See Scott (1983) for definitions of H4, R2, R5, T2, T4, Mt2, Mt4, Mc2, Mc4. 
 
 
 
 
 
Table S3 Measurements (in cm; range in parentheses) of postcranial elements and body mass 
estimations (in kg) of insular and mainland deer and bovids. Unless indicated otherwise with a 
footnote, all measurements are listed in Table S4. Variables from Scott (1983). 
Island Species Postcranial elements  Body 

mass 
Sicily 
 

Cervus elaphus 
siciliae 

Humerus H4: 4.54 
Radius R2: 3.88 
Tibia T4: 3.71 
Metatarsal MT2: 3.17 (3.10–3.18) 
Metatarsal MT4: 3.39 
Metacarpal MC2: 3.38 (3.17–3.57)  
Metacarpal MC4: 3.54 

122 
81 
83 
121 
99 
102 
106 

Malta Cervus elaphus 
siciliae 

Humerus H4: 3.68 (3.60–3.76)  
Radius R2: 3.78  (3.51–4.25) 
Radius R5: 4.06 (3.82–4.51)  
Tibia T2: 4.98 (4.70–5.30)  
Tibia T4: 3.22 (2.82–3.52)  
Metatarsal MT2: 2.52 (2.35–2.80) 
Metatarsal MT4: 2.80 (2.72–2.89)  
Metacarpal MC2: 2.57 (2.38–2.75)  
Metacarpal MC4: 2.71 (2.70–2.72) 

71 
76 
72 
53 
55 
61 
59 
49 
57 

Sicily 
 

Dama 
carburangelensis 

Humerus H4: 3.43 (3.22–3.69)  
Radius R2: 3.44 (3.28–3.80)  
Radius R5: 3.32 (3.0–3.37)  
Tibia T2: 5.18  
Tibia T4: 2.99 (2.89–3.09)  
Metatarsal MT2:2.51 (2.42–2.60)  
Metatarsal MT4: 2.82 (2.78–2.85)  
Metacarpal MC2: 2.66 (2.46–2.8)  
Metacarpal MC4: 2.77 (2.60–3.05)  

60 
60 
52 
59 
45 
61 
60 
54 
59 
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Sardinia-Corsica Megaloceros cazioti Radius R2: 3.98 (3.63–4.52)  
Radius R5:  3.91  (3.50–4.45) 
Tibia T2: 5.42 (4.92–5.85) 
Tibia T4:  3.47 (3.11–3.79)  
Metatarsal MT2: 2.67 (2.50–2.84)  
Metatarsal MT4: 2.92 (2.84–2.98) 
Metacarpal MC2: 3.10 (2.93–3.42)  
Metacarpal MC4: 3.24 (3.11–3.50)  

87 
86 
68 
69 
73 
65 
82 
86 

Cebu Bubalus cebuensis Body mass estimated from different 
equations1 

157 

Java Duboisia santeng Metacarpal MC2: 25.812 49 
Majorca Myotragus balearicus Body mass estimated from multiple 

regression equations3 
26 

Mainland Aragoral mudejar Metacarpal MC2: 3.364 142 
 
 
 
 
 
 

Megaloceros 
verticornis 

Tibia T2:11.905 
Tibia T4:  7.45 (7.27–7.80) 5 
Metatarsal MT2: 5.32 (5.03–5.83) 5 
Metatarsal MT4: 6.58 (6.27–6.90) 5 
Metacarpal MC2: 6.505 
Metacarpal MC4: 6.505 

660 
609 
554 
620 
584 
437 

1 Croft et al. (2006). Average body mass of Bubalus bubalis from Nowak (1991). 
2 Average of the following specimens: RGM 7248, 1678, 5377, 5553, 5953, 6090, 6321, 208, 6412 
and 6932. Average body mass of Boselaphus tragocamelus from Nowak (1991). 
3 Average body mass from various localities in Köhler & Moyà-Solà (2004). 
4 Alcalà & Morales (1997). 
5 Own data (see Table S4) and data from Bonifay (1981) and Pfeiffer (2002). 
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Table S4 Measurements (in mm) of postcranial elements of deer. The specimens are from Tindari 
Cave (Sicily), Ghar Dalam (Malta), Dragonara (Sardinia), Capo Sargo (Corsica) and Megalopolis 
(Peloponnesus, Greece). 
Cervus elaphus siciliae (Sicily) 
Specimen Mc2 Mc4 Specimen Mt2 Mt4 
MPUR TIN F14 35.42 MPUR TIN E12 32.85  
MPUR TIN F6 35.75  MPUR TIN E2 31.26  
MPUR TIN F2 31.79  MPUR TIN 31.09  
Specimen H4  MPUR TIN E25 33.89 
MPUR TIN A2 Specimen T4 Specimen R2 
MPUR TIN SA 45.4 MPUR TIN C2 37.15 MPUR TIN D1 38.82 
Cervus elaphus (Malta) 
Specimen Mt2 Mt4 Specimen T2 T4 
NHM M4755 28 28.9 NHM M4750 53 35.2 
NHM M4755 24 27.95 NHM M4751 49.28 33.15 
NHM M4756 23.56 27.24 NHM  47 28.28 
Specimen Mc2 Mc4 Specimen R2 R5 
NHM M4747 27.5 27.25 NHM M4744 35.14 16.33 
NHM M4748 23.86 27.07 NHM M4744 36.15 31.65 
Specimen H4  NHM M4745 37.15 36 
NHM M4743 36  NHM  42.57 40 
NHM M4743 37.6     
Dama carburangelensis (Sicily) 
Specimen Mc2 Mc4 Specimen T2 T4 
MPUR TIN 28 30.5 MPUR TIN C25 51.78 30.9 
MPUR TIN F37 27.26 28.09 MPUR TIN C5 28.98 
MPUR TIN F7 24.63 26.07 Specimen Mt2 Mt4 
MPUR TIN F32 27.06  MPUR TIN E29 24.19 27.87 
MPUR TIN S6 26.83 MPUR TIN E1 26.01 28.51 
MPUR TIN F3 25.31 27.51 Specimen H4  
MPUR TIN F38 27.31 26.92 MPUR TIN d5 33.23  
Specimen R2 R5 MPUR TIN A3 36.95  
MPUR TIN 8 32.85 32.51 MPUR TIN A7 33.69  
MPUR TIN D5 34.05 31.13 MPUR TIN A11 32.23  
MPUR TIN D48 34.41 31.17 MPUR TIN A20 34.34  
MPUR TIN D7 35.43 33    
MPUR TIN D49 33.07 32    
MPUR TIN D12 33.73    
MPUR TIN D47 38.05     
MPUR TIN D10 33.02    
MPUR TIN D9 32.98 30    
Megaloceros cazioti (Sardinia) 

Specimen Mc2 Mc4 Specimen Mt2 Mt4 
MPUR 1/567 32.42 33.38 BNM Ty 1287 25.04 28.49 
MPUR 1/624 29.81 31.12 BNM Ty 1288 26 29.83 
MPUR 1/585 30.47 32.08 BNM Ty 1289 28.4  
MPUR 1/625 29.37 31.03 BNM Ty 1284 26.1  
MPUR 1/651 30.47 31.47 BNM Ty 1286 28.18  
MPUR 1/583 34.26 32.59 Specimen T2 T4 
MPUR 1584 31.35 35.01 MPUR 1/789 54.6 33.88 
BNM Ty 1256 29.97 33.05 MPUR 778  35.24 
BNM Ty 1255 30.15 31.87 MPUR 1/825 57.78 37.91 
BNM Ty 1254 32.21  MPUR782 54.39 31.15 

Specimen R2 R5 MPUR 840 54.3 32.76 
MPUR 1/513 36.94 36.38 MPUR 1/835 53.46 35.62 
MPUR 1/506 36.31 34.93 MPU 1/775 58.55 39 
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MPUR 1/504 42.79 42.35 MPUR 1/779 55.07 34.87 
MPUR 1/515 38.48 43.03 MPUR 1/794 49.4 33.95 
MPUR 1/507 38.94 36.71 MPUR 1/787 51.79 35.36 
MPUR 1/531 38.8 39.35 MPUR 1/824 56.71 37.32 
MPUR 1/514 40.34 36.84 MPUR 1/841 51.77 33.45 
MPUR 1/511 43.91 41.62 MPUR 1/827 49.27 33.27 
MPUR 1/530 38.97 34.75 MPUR 1/826 59.9 37.43 
MPUR 1/516 39.73 40.22 MPUR 1/823 55 34.21 
MPUR 1/503 38.38 35 MPUR 1/834 50.31 32.75 
MPUR 1/509 45.22 44.56 BNM Ty 1264 32.16  
MPUR 1/481 39.31 38.76 Megaloceros verticornis  
BNM Ty 39.55  AMPG MEG Mt2: 51.1  Mt4:67.75 

 
 
Body size changes in insular deer and bovids 
The size indexes (Si) between the insular and mainland ruminants are the following: 
Dama carburangelensis / Dama dama tiberina Si = 56/85, Si = 0.658, 
Cervus elaphus siciliae / Cervus elaphus Si = 102/ 225, Si = 0.453, 
Duboisia santeng / Boselaphus tragocamelus Si = 49/180, Si = 0.272, 
Cervus elaphus siciliae (Malta) / Cervus elaphus Si = 61/225, Si = 0.271, 
Myotragus balearicus / Aragoral mudejar Si = 26/142, Si = 0.183, 
Bubalus cebuensis / Bubalus bubalis Si = 157/950, Si = 0.165, 
Megaloceros cazioti / Megaloceros verticornis Si = 77/577, Si = 0.133. 
 
 
 
 
BODY MASS CHANGES IN SUIDS 
 
Our dataset includes only one suid: Sus sondaari from Sardinia. This species is a descendant of Sus 
arvernensis (van der Made, 1988, 1999). We estimated the body mass of S. sondaari and S. 
arvernensis using the equation of Martinez & Sudre (1995): 
 
Body mass in g = 3.16 (length × width of the astragal in mm)1.482. 
 

Table S5 Measurements (in mm) of the astragal and body mass estimations (in kg) of pigs. 
Species Specimen  (length × width) Body mass  
Sus sondaari1 MAN1033 31.75 × 19.10 

MAN1034 32.10 × 19.00 
MAN1038 31.05 × 18.00 

42 
42 
37 

Sus arvernensis2 BNM VJ207 37.7 × 21.2 
BNM VJ208 37.8 × 21.1 
BNM VJ209 37.7 × 21.2 

63 
63 
63 

1Data from Palombo et al. (2012b). 
2Data provided by Jan van der Made (Museo Nacional de Ciences Naturales, Madrid). 
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BODY MASS CHANGES IN MAMMOTHS, ELEPHANTS AND STEGODONS 
 
The estimation of the body mass of insular proboscideans was based on the equations developed by 
Christiansen (2004). The measurements of individual elements were taken from the literature or, 
whenever possible, directly from the specimens under consideration. The predictive equations of 
Christiansen (2004) are the following: 
 
log (body mass) = –4.145 + 2.635 log (humerus length), 
log (body mass) = –5.568 + 3.036 log (femur length), 
log (body mass) = –3.064 + 2.378 log (tibia length). 
 
 
Table S6 Measurements (in mm; range in parentheses) of postcranial elements and body mass 
estimations (in kg) of insular and mainland proboscideans. 

Island Species Measurements of postcranial elements Body mass  

    

Sardinia Mammuthus lamarmorai Humerus length: 4501 715 

Wrangel Mammuthus primigenius Femur length: 990 (1010–970)2 

Tibia length: 459.2 (430–490) 2 
3363 
1846 

Santa Rosa Mammuthus exilis Humerus length: 593 (466–656)3 

Femur length: 733.45 (649–842)3 

Tibia length: 385.4 (314–505)3 

1482 
1352 
1217 

Crete Mammuthus creticus 
 
Palaeoloxodon 
creutzburgi 

Humerus length: 3304 

 
Humerus length: 7905 

Femur length: 9505 

310 
 
3160 
2967 

    

Sicily Palaeoloxodon 
‘mnaidriensis’ 

Humerus length: 575.3 (490–650)6 

Femur length: 740.4 (655–777)6 
1368 
1392 

Sicily  Palaeoloxodon falconeri Humerus length: 279.86 (238–344)7 

Femur length: 344.64 (242–427)7 

Tibia length: 188.49 (161–252)7 

204 
136 
222 

Tilos Palaeoloxodon tiliensis Humerus length: 489.2 (420–525)8 

Femur length: 570.33 (514–629)8 

Tibia length: 315.35 (280–374) 8 

891 
630 
755 

Cyprus Palaeoloxodon 
‘cypriotes’ 

Tibia length: 2729 531 

Flores Stegodon florensis Humerus length: 63010 1738 

Sulawesi Stegodon sompoensis Humerus length: 452±810 724 

Java Stegodon 
trigonocephalus 

Humerus length: 737.5 (620–850)11 

Femur length: 946(838–1090)11 
Tibia length: 543.3 (500–630)11 

2635 
2929 
2754 

Mainland Mammuthus meridionalis Humerus length:1212  (1090–1287)12 

Femur length: 1366 (1350–1451)12 

Tibia length: 789 (700–856)12 

9782 
8937 
6687 
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 Mammuthus columbi Humerus length:1165.9  (1000–1288)13 

Femur length: 1260.2 (1147–1317)13 

Tibia length: 83113 

8830 
6997 
7565 

 Mammuthus primigenius Humerus length: 1013.77 (906–1198)14 

Femur length: 1170.58 (950–1203)14 

Tibia length: 683.34 (550–767)14 

6105 
5593 
4751 

 Palaeoloxodon antiquus 
 
 
Stegodon ganesa 

Humerus length: 1114.3 (1000–1332)15 

Femur length: 1323.4 (1040–1545)15 

 
Humerus length: 825 16  

Femur length: 1010 
Tibia length: 631 

7835 
8118 
 
3543 
3581 
3930 

1  Data from Palombo et al. (2012a). 
2  Data from two femurs and five tibias from Vartanyan et al. (2008). 
3  Data from 11 humeri, 11 femurs and 15 tibias from Agenbroad (2002). 
4  No postcranial elements of this mammoth have ever been collected. Herridge & Lister (2012) 

depicted and measured a partially exposed humerus from Crete. The same authors provided the 
estimation of its body mass (using the predictive equation of Christiansen, 2004). 

5  Own data from two specimens stored at the Natural History Collection, Rethymnon, Greece. 
6  Data from 11 humeri and 7 femurs from Ferretti (2008); Ferretti estimated the mean body mass at 

1102 kg using reconstructed shoulder height. 
7  Data from 25 femurs, 71 tibias and 23 humeri from Ambrosetti (1968). 
8  Data from three femurs, 20 tibias and five humeri from Theodorou (1983). 
9 Data from one tibia measured by George Iliopoulos from new elephant material (Iliopoulos et al., 
2011) from Cyprus. Davies & Lister (2001) estimated the body mass of P. cypriotes to be 200 kg 
using the scaling formula of Roth (1990). The equations of Christiansen (2004), which we follow 
here, tend to give higher results. For example, a femur that gives a body mass of 200 kg according 
to the formula of Roth gives a body mass of 350 kg using the formula of Christiansen. However, in 
both cases these results are lower than the 531 kg calculated here. Boekschoten & Sondaar (1972) 
and Davies & Lister (2001) mentioned the presence of two pygmy elephants in Cyprus: one is P. 
cypriotes and the second is a larger, still unnamed, form. It seems that the postcranial element used 
in this study for the estimation of the body mass of the Cypriot elephant actually belongs to the 
larger form. For this reason we listed the species as Palaeoloxodon ‘cypriotes’. 
10 Data from Van den Bergh (1999). We take the Siwaliks S. ganesa as ancestor for the Sunda 
islands stegodonts (either directly or indirectly via S. trigonocephalus) (van den Bergh et al., 2001). 
11 Data from Hooijer (1955) and own data (see Table S7). 
12 Data from three humeri, two femurs and two tibias from Christiansen (2004) and own data (see 

Table S7). 
13 Data from 10 humeri, 5 femurs and 1 tibia from Agenbroad (2002). 
14 Data from four  humeri, five femurs and four tibias from Christiansen (2004), one femur and one 

tibia from Lister (2009) and own data (see Table S7). 
15 Data from three femurs from Andrews (1928), Beden (1969) and Kroll (1990), respectively, and 

own data (see Table S7). 
16 No complete long bone of S. ganesa was available for study. Hooijer (1955) noted that the width 

of the postcranial bones of the Siwaliks Stegodon falls within the range, but near the upper limit, 
of S. trigonocephalus variation. We therefore used the largest specimens of S. trigonocephalus to 
estimate the body mass of S. ganesa (CD 4260, CD 2890, CD 2889, CD 4428, Ma17337 of Table 
S7). 
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Table S7 Length (in mm) of limb bones of proboscideans. 
Species Number Specimen Humerus Femur Tibia 
Palaeoloxodon 
antiquus  

IGF 1058 
AMPG 1960/32 
MPUR 

Front limb 
Femur 

Complete skeleton 

1220 
 

1120 

 
1372 
1350 

 

Mammuthus  IGF 10791 Complete skeleton 1090 1300 700 
meridionalis IGF 13730 Femur  1040  
 IGF 1033 Femur  1350  
 IGF 1034 Femur  1360  
 IGF 318 Humerus 1180   
 IGF 14838 Partial skeleton 1220   
Mammuthus 
primigenius 
(mainland) 

RGM ST27034 
RGM  ST445199 
RGM  ST4454200 
RGM  V61313-24 
RGM 
RGM ST445390 
RGM ST154701 
RGM 
RGM 14349 
RGM 
RGM 450826  
RGM ST134161 
RGM ST64713 
RGM ST78288 
RGM ST59901 
RGM ST14743 
RGM ST445385 
RGM ST12185 
RGM ST450182 
RGM  
RGM 445163 
RGM 123782 
RGM ST4012999 
RGM445001 
RGM  
RGM ST18359 
RGM ST11621 
RGM ST152927 
RGM ST122627 
RGM ST133693 
RGM V61423-2 
RGM ST445153 
RGM ST14246 
RGM ST445156 
RGM n.n. 

Humerus  
Humerus 
Humerus 
Humerus 
Humerus 

Femur 
Femur 
Femur 
Femur 
Femur 
Femur 
Tibia 
Tibia 
Tibia 
Tibia 
Tibia 
Tibia 
Tibia 
Tibia 
Tibia 
Tibia 
Tibia 
Tibia 
Tibia 
Tibia 
Tibia 
Tibia 
Tibia 
Tibia 
Tibia 
Tibia 
Tibia 
Tibia 
Tibia 
Tibia 

1075 
930 

1010 
1010 
1080 

 
 
 
 
 

1290 
950 

1200 
1320 
1250 
1200 

 
 
 
 
 
 
 
 
 
 
 

690 
730 
710 
730 
770 
870 
770 
600 
740 
680 
670 
570 
600 
710 
680 
720 
740 
730 
580 
710 
580 
740 
570 
550 

Stegodon RGM CD 2890 Femur  922  
trigonocephalus RGM CD 4315 Femur  838  
 RGM CD 2889 Femur  1020  
 RGM CD 4298 Femur  860  
 MBMa17337 Femur  1090  
 MBMa17275 Tibia   500 
 MBMa Tibia   500 
 RGM CD 4428 Tibia   631 
 RGM CD 4260 Humerus 800   
 RGM CD 4277 Humerus 850   
 RGM CD 4249 Humerus 680   
 RGM CD 4316 Humerus 620   

 
Notes: A remark concerning Wrangel Island is needed here. In the literature, the island is often 
cited as harbouring non-endemic woolly mammoths (Mammuthus primigenius; see, however, 
Garutt et al., 1993; Vartanyan et al., 1993), and the island is supposed to be in at least regular 
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contact with the mainland. This is indeed valid until the onset of the Holocene. Until the end of the 
late Pleistocene, Wrangel was part of the Eurasian mainland and was frequented by mammoths and 
other elements of the mammoth fauna complex during summer migrations (Arppe et al., 2006). 
Soon after the onset of the global warming of the Holocene, the mammoths became isolated on 
Wrangel around 9000 yr ago (Vartanyan et al., 2008). Because only mammoths and no other 
element of the mammoth fauna complex were found with a date younger than 9000 yr (Vartanyan 
et al., 2008), Wrangel Island probably was indeed an island. Whether or not the mammoth had 
experienced body size reduction is tested here. In the literature, ranges are given for the mammoth 
remains of Wrangel, instead of averages or mean values. The smallest molars from Wrangel fall 
outside the range. This indicates that the Wrangel mammoths were much smaller in body size, as 
dental elements are known to lag behind during the initial stages of dwarfism (Gould, 1975; Lister, 
1996). 
 
 
Body size reduction in insular Proboscidea 
Each variable predicted a slightly different body mass. Therefore, for the calculations of Si we used 
the average for all predictions for each species. 
Stegodon trigonocephalus / S. ganesa Si = 2773/3680, Si = 0.751, 
Mammuthus primigenius (Wrangel) / M. primigenius Si = 2604/5483, Si = 0.475, 
Stegodon florensis / S. ganesa Si = 1738/3680, Si = 0.472, 
Palaeoloxodon creutzburgi / P. antiquus Si = 3063/7976, Si = 0.384, 
Stegodon sompoensis / S. ganesa Si = 724/3680, Si = 0.196, 
Palaeoloxodon ‘mnaidriensis’ / P. antiquus Si = 1380/7976, Si = 0.173, 
Mammuthus exilis / M. columbi Si = 1350/7797, Si = 0.173, 
Palaeoloxodon tiliensis / P. antiquus Si = 727/7976, Si = 0.091, 
Mammuthus lamarmorai / M. meridionalis Si = 715/8468, Si = 0.084, 
Palaeoloxodon ‘cypriotes’ / P. antiquus Si = 564/7976, Si = 0.070, 
Mammuthus creticus / M. meridionalis Si = 310/8468, Si = 0.036, 

Palaeoloxodon falconeri / P. antiquus Si = 187/7976, Si = 0.023. 
 
 
 
 
 
BODY MASS CHANGES IN RODENTS  
For the estimation of size indexes we used the body masses listed in Table S8, which are based on 
dental elements. One particular rodent, Leithia, was estimated as being considerably larger than its 
mainland relative. For that reason we carried out additional body mass estimations (see Table S9). 
Although these additional calculations were not used for the estimation of Si, they do provide 
further evidence for the large size of Leithia. 
Body mass estimations were based either on the equation of Martin (1990) [log (body mass) = 
0.611 + 3.31 log (m1 length)] or on that of Hopkins (2008) [ln (body mass) = 2.6926 ln (lower 
tooth row length) – 0.2474], depending on the available material. 
The body mass of Hypnomys morpheus has been estimated by Bover et al. (2010) using a series of 
postcranial, cranial and dental elements (see their table S1) based on a complete skeleton (with 
unknown geological age). Their results range from 81 to 507 g. The same authors give a range 
between 173 and 284 g as the most reliable estimation. For body mass of its ancestor we take 
Eliomys quercinus from Bover et al. (2010), which is 74 g. 
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Table S8 Measurements (in mm; range in parentheses) of dental elements and body mass 
estimations (in g) of insular and mainland rodents following the predictive equations of Martin 
(1990) and Hopkins (2008).  LTRL, lower tooth row length; m1L, length of m1. 
Island Species Measurements  Body mass  

Bonaire Agathaeromys praeuniversitatis 
 
Agathaeromys donovani 

m1L: 1.70 (1.61–1.79)1 

 

m1L: 2.44 (1.99–2.74)1 

78 
 

23 

Crete Kritimys catreus 
 
Mus minotaurus 

m1L: 4.32 (3.93–4.72)2 

 

m1L: 2.18  (1.99–2.30)3 

518.14 
 

53.86 

Gargano Hattomys gargantua 
 
Hattomys beetsi 

m1L: 5.06 (4.67–5.42)4 

 

m1L: 3.12 (2.96–3.41)4 

874.45 
 

176.46 

Sicily Leithia cartei 
 
Leithia melitensis 
 
Microtus (Terricola) ex gr. M. 
savii 

LTRL: 8.15(7.69–8.90)5 

 

LTRL:14.27(13.78–16.05)5 

 
m1L: 2.8306 

221.66 
 

1001.48 
 

127.88 

Corsica-
Sardinia  

Rhagamys orthodon 
 
Microtus (Tyrrhenicola) henseli 

m1L: 2.40–2.687 

 

m1L: 3.06–3.687 

89.82 
 

227.34 

Mainland Kritimys aff. K. kiridus8 

 

Mus musculus 10 

 

Microtus ruffoi 
 
Microtus (Terricola) savii 
 
Rhagapodemus ballesioi 

m1L:3.03 (2.89–3.30)9 

 
m1L: 1.53 (1.49–1.55)11 

 
m1L: 2.83 12 

 
m1L:2.646 
 
m1L: 1.9 13  

160.16 
 

16.68 
 

127.76 
 

101.51 
 

34.17 
1 Data from Zijlstra et al. (2010). Note that the oldest species (A. praeuniversitatis) is larger than 
the younger species. 
2 Data from Mayhew (1977) from the site Stavros Macro. 
3 Data from Mayhew (1977) from the site Gerani 2. 
4 Data from Freudenthal (1985). 
5 Own data (see Table S9). For the body mass of its mainland relative we take that of Mediterranean 
Eliomys quercinus (74 g) from Bover et al. (2010). Because Leithia is considerably larger than any 
living dormouse, we carried out some additional calculations (see Table S9). 
6 Data from Petruso et al. (2011) 
7 Data from various sites (see Table S10).  
8 The earliest record of Kritimys is the material of Kritimys aff. K. kiridus from Sitia (Mayhew, 
1977), followed by K. kiridus and K. catreus. We consider the Sitia sample as representative of the 
ancestral mainland species. 
9 Data from Mayhew (1977) from the site Sitia. 
10 According to Jaeger (1972), M. minotaurus derives from M. musculus.  
11 Data on extant M. musculus from Cassaing et al. (2010). 
12 De Giuli et al. (1987). 
13 Angelone & Kotsakis (2001). 
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Table S9 Measurments (in mm) of dental and postcranial elements and body mass estimations (in 
g) of Leithia spp. For the estimation of the body masses we used the equations of Millien & Bovy 
(2010) and Hopkins (2008). LIAP, lower incisor anterio-posterior diameter; LIWT, lower incisor 
width; FTL, femur total length; FAPD, femur diaphysis anteroposterior diameter at 65% from distal 
articular surface; m1L, length of lower first molar; HAPD, humerus diaphysis anterio-posterior 
diameter at 35% from distal articular surface; HTL, humerus total length; LTRL, length of lower 
tooth row; WLTR, width of lower tooth row. Specimens from Spinagallo Cave (Sicily), stored at 
the MPUR; Nr is the catalogue number. 
 

 Leithia melitensis  Leithia cartei  
Method used Measure 

 
Weight 

 
Measure 
 

Weight 
 

Millien & Bony (2010) LIAP: 2.98 973.99 LIAP: 2.25 428.04 
Millien & Bony (2010) LIWT: 1.93 806.04 LIWT: 2.63 1629.21 
Millien & Bony (2010) FTL: 54.49 873.16 FTL: 31.49 185.49 
Millien & Bony (2010) FAPD: 4.87 518.36 FAPD: 2.83 124.01 
Millien & Bony (2010) m1L: 3.53 1055.94 m1L: 2.03 212.0 
Millien & Bony (2010) HAPD: 4.21 1081.27 HAPD: 2.75 368.76 
Millien & Bony (2010) HTL: 39.68 693.68 HTL: 23.95 166.25 
Hopkins (2008) LTRL: 14.27 [Murinae] 1001.48 LTRL: 8.15[Murinae] 221.66 
Hopkins (2008) WLTR× LTRL: 3.84 ×14.27 1114.75 WLTR×LTRL: 2.10×8.15 190.16 
Hopkins (2008) LTRL: 14.27[Sciuridae] 1144.92 LTRL: 8.15[Sciuridae] 212.61 
Hopkins (2008) WLTR×LTRL: 3.84 ×14.27 1045.22 WLTR×LTRL: 2.10×8.15 178.72 
Hopkins (2008) LTRL:14.27[non-Muroidea] 787.47 LTRL:8.15[non-Muroidea] 157.93 
Hopkins (2008) WLTR×LTRL: 3.84×14.27 926.42 WLTRx LTRL: 2.10×8.15 157.79 
Leithia melitensis 

Nr HTL HAPD Nr FTL FAPD Nr FTL FAPD 
25 42.6 4.45 82 53.39  105 59.1 5.32 
91 42.3 4.33 134 54.77 5.12 83 57.87 5.12 
14 38.39 3.39 131 54.75 4.57 53 55.02 4.93 
33 42.43 4.16 23 48.9 4.18 56 55.75 4.94 
10 39.83 4.34 3 51.36 5 15 58.58 4.67 
24 42.17 4.12 67 59.13 5.06 119 55.04 4.99 
6 43.36 4.53 73 54.8 4.84 45 50 4.38 
9 38.97 4.51 57 53.73 5.08 107 51.39 4.25 

16 41.22 4.25 21 55.22 4.6 103 53.32 5.06 
95 40.62 3.72 109 57.32 4.78 82 53.11 5.53 
94 37.24 4.4 2 53.91 5.32 64 49.3 3.96 
52 37.54 4.2 Nr HTL HAPD 126 50.76 4.72 
27 38.18 4.11 78 33.53 3.76 50 54.16 5.31 
8 38.06 4.11 96 37.78 4.6 49 59.6 5.35 

12 39.27 4.04 60 40.71 4.72 24 55.77 4.74 
Leithia cartei 

Nr FTL FAPD Nr HTL HAPD Nr HTL HAPD 
283 30.6 2.92 244 21.25 2.8 114 22.37 2.46 
304 34.23 2.96 226 24.96 2.5 176 24.5 2.73 
235 34.63 3.07 145 23.83 2.46 131 26.4 3.09 
318 30 2.92 167 24.79 2.78 346 21.13 2.88 
255 31.61 2.85 153 23.6 2.62 337 23.55 2.84 
307 30.69 2.55 155 24 2.4 162 23.4 2.77 
271 33.07 3.08 152 26.37 2.98 173 21.73 2.76 
241 29.88 2.75 164 24.24 2.6 158 22.89 2.7 
275 28.81 2.48 163 23 2.46 171 27.47 2.95 
401 31.33 2.75 169 25 3.05 172 23.62 2.86 

Leithia melitensis Leithia cartei 
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Nr LIAP LIWT LTRL WLTR m1L Nr LIAP LIWT LTRL WLTR m1L 
63 2.97 2.26 14.2 4.08  9 2.35 1.09 8.26 2.04 1.78 
13 3.01 1.73 15.03 3.76 3.77 43     1.97 
19   13.81 3.96 3.5 86 2.38 1.58 7.69 2.16 1.87 

50   14.46 3.95 3.55 
10
6  1.35 7.9  2 

1 3.37 1.96 14.5 3.8 3.34 17 2.1 1.44   2.46 
69 2.79 2.1 13.78 3.75 3.45 24 2.08 1.25 8   
9 2.72 1.7 14.17 3.73 3.48 33 2.14 10.6 8.9  2.15 

60 3.14 1.85 12.84 3.37 3.15 4 2.44 1.09   2.01 
5   16.05 4.13 3.96       

17 2,83 1,88 13,83         

 
 
 
 
 
Table S10 Length of m1 (in mm) of Microtus (Tyrrhenicola) henseli and Rhagamys orthodon from 
various Sardinian and Corsican sites. 

Taxon m1 length References 

Microtus (Tyrrhenicola) henseli   

Dragonara (Sardinia) 3.33 Boldrini, 2010 

Cava Alabastro (Sardinia) 3.26 Minieri et al., 1995; Boldrini, 2010 

SC Grotta dei Fiori (Sardinia) 3.29 Boldrini et al., 2010 

SD Grotta dei Fiori (Sardinia) 3.06 Boldrini, 2010; Boldrini et al., 2010 

Samatrai (Sardinia) 3.43 Boldrini, 2010 
Siniscola C (Sardinia) 3.40 Mezzabotta et al., 1996 

Siniscola E (Sardinia) 3.25 Mezzabotta et al., 1996 

Monte S. Giovanni (Sardinia) 3.18 Mezzabotta et al., 1996 

Corbeddu (Sardinia) 3.26 Boldrini, 2010 

Monte Tuttavista VI banco 6 (Sardinia) 3.28 Marcolini et al., 2005 

Monte Tuttavista XI canide (Sardinia) 3.31 Marcolini et al., 2005 

Monte Tuttavista 11/12/2001 (Sardinia) 3.29 Marcolini et al., 2005 

Monte Tuttavista 11g3 (Sardinia) 3.39 Marcolini et al., 2005 

La Coscia (Corsica) 3.55 Pereira et al., 2005; Pereira, 2001 

Corte (Corsica) 3.57 Pereira et al., 2005; Pereira, 2001 

Cast.1niveaux3/4 (Corsica) 3.68 Pereira et al., 2005; Pereira, 2001 

Cast.3CG (Corsica) 3.61 Pereira et al., 2005; Pereira, 2001 

Punta di Calcina (Corsica) 3.34 Pereira et al., 2005; Pereira, 2001 

 Rhagamys orthodon    

Cava Alabastro (Sardinia) 2.40 Gliozzi et al., 1986 

Cast.3FrPl (Corsica) 2.65 Pereira et al., 2005; Pereira, 2001 

Corte (Corsica) 2.45 Pereira et al., 2005; Pereira, 2001 

Cast.1niveaux3/4 (Corsica) 2.62 Pereira et al., 2005; Pereira, 2001 

Cast.3cG (Corsica) 2.68 Pereira et al., 2005; Pereira, 2001 

P. Calcina (Corsica) 2.43 Pereira et al., 2005; Pereira, 2001 
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Body size changes in insular rodents 
The Si are as follows: 
Kritimys catreus / Kritimys aff. K. kiridus Si = 518.14/160.16, Si = 3.23, 
Mus minotaurus / M. musculus Si = 53.86/16.68, Si = 3.22, 
Hypnomys morpheus / Eliomys quercinus, Si = 228.5/74, Si = 3.09, 
Hattomys gargantua / Hattomys beetsi, Si = 874/176, Si = 4.95, 
Leithia melitensis / Eliomys quercinus, Si = 1001.48/74, Si = 13.533, 
Leithia cartei / Eliomys quercinus, Si = 221.66/74, Si = 2.995, 
Rhagamys orthodon / Rhagapodemus ballesioi, Si = 89.82/34.17, Si = 2.628, 
Microtus (Tyrrhenicola) henseli / Microtus ruffoi, Si = 227.34/127.76, Si = 1.779, 
Microtus (Terricola) ex gr. M. savii / Microtus (Terricola) savii, Si = 127.88/101.51, Si = 1.26. 

 
 
 
 
BODY MASS CHANGES IN INSECTIVORES 
The estimation of the body mass of insectivores was based on the equations developed by Bloch et 
al. (1998): [ln (body mass in g) = 1.628 ln (length × width of m1 in mm) + 1.726], or [ln (body 
mass in g) = 1.714 ln (length × width of M1 in mm) + 0.886] (for all insectivores), depending on 
the available element, and Legendre (1989)  [log (body mass in g) = 1.8228 log (length × width of 
m1 in mm) + 1.4461] (for Talpidae). 

Deinogalerix is most closely related to the genus Parasorex (van den Hoek Ostende, 2001; van den 
Hoek Ostende et al., 2009), a small-sized genus within the Erinaceidae, subfamily Galericinae 
(Hylomyinae). Deinogalerix is known by several cranial and postcranial elements, including a 
complete skeleton of a single individual. Parasorex, on the other hand, is known mainly by isolated 
teeth and mandible fragments. The two known Miocene species of Parasorex (P. socialis, P. 
ibericus) are closest to the, still undescribed, smallest galericine insectivore species from Gargano 
(listed in the collections as Galerix sp.), which most likely forms a single clade with Deinogalerix. 
Parasorex socialis and P. ibericus are of equal size but only the first species was available to us. 
Owing to the unusually high calculated Si of Deinogalerix, we carried out additional body mass 
estimations (see Table S13). Although these additional calculations were not used for the estimation 
of Si, they do provide further evidence for the large size of Deinogalerix.  
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Table S11 Measurements (in mm; range in parentheses) of dental elements (m1, lower first molar; 
M1, upper first molar) and body mass estimations (in g) of insular and mainland insectivores. For 
estimating body masses we used the predictive equations of Bloch et al. (1998) and Legendre 
(1989) (see above). 

Island Species Measurements  Body mass  

Sardinia 
 
 
 
Sicily 
 
Gargano 
 
 
Majorca 
 
 
Mainland 
 

‘Asoriculus’ henseli 
 
Talpa tyrrhenica 
 
Crocidura esuae 
 
Deinogalerix koenigswaldi 
Deinogalerix brevirostris 
 
Nesiotites hidalgo 
 
 
Asoriculus gibberodon 
 
Crocidura russula 
 
Parasorex socialis 
 
 
Talpa minor 

m1 area: 2.18–2.931 

 

m1 area: 2.322 

 

m1 area: 1.591353 

 

M1L×W:10.0×12.74 

M1L×W: 8.3×114 

 
m1L: 2.34 (2.23–2.39)5 
m1W: 1.47 (1.43–1.51)5 
 
m1 area: 1.36166 

 

m1 area: 1.524953 

 

M1L: 2.04 (1.92–2.13)7 

M1W: 2.77 (2.74–2.80)7 

 

m1 area: 2.148 

28.31 
 

130 
 

11.96 
 

9778.91 
6627.48 

 
41.97 

 
 

9.28 
 

11.16 
 

47.17 
 
 

112 
1 See Table S12. 
2 Data from an incomplete worn mandible from Cava Alabastro (Is Oreris area). 
3 Data from Kotsakis (1984). 
4 Data from Butler (1980). 
5 Size of late Pleistocene/Holocene specimens, data from Rofes et al. (2012). 
6 Data from Furió & Angelone (2010). 
7 Data from De Jong (1988). 
8 Data from Marchetti et al. (2000) and Rzebik-Kowalska (2000). 
 
 
 
Table S12 Area of m1 (in mm2) of ‘Asoriculus’ henseli from various Sardinian sites. 

Species 
 

Localities Area of m1 
‘Asoriculus’ henseli Cava Grande 2.186251 
‘Asoriculus’ henseli Monte Tuttavista, IV-5 2.71252 
‘Asoriculus’ henseli Monte Tuttavista, VI-6 2.9262 
‘Asoriculus’ henseli Monte Tuttavista, VII-2 2.93442 

1 Data from Gliozzi et al. (1986). 
2 Data from Turmes (2003). 
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Table S13 Measurements (in mm) of postcranial and dental elements of Deinogalerix koenigswaldi 
and ‘Galerix’ sp. FDAP, femur diaphysis anterio-posterior diameter at 65% from distal articular 
surface; HDAP, humerus diaphysis anterio-posterior diameter at 35% from distal articular surface; 
M1L, length of upper first molar; M1W, width of upper first molar.  
Deinogalerix koenigswaldi   
Element Specimen Locality FDAP 
Femur RGM 177841 type locality 10 
Element Specimen Locality HDAP 
Humerus RGM 177829 type locality 10.87 
‘Galerix’ sp.    
Element Specimen Locality FDAP 
Femur prox. RGM  Chiro 12 1.48 
Femur prox. RGM Chiro 12 1.42 
Element Specimen Locality HDAP 
Humerus dist. RGM Chiro 12 1.25 
Element Specimen Locality M1LxM1W 
Maxilla frag. RGM Chiro 12 1.95x2.54 

 
Based on the differences in M1 area between Deinogalerix and ‘Galerix’ and using the equation of 
Bloch et al. (1998), Deinogalerix koenigswaldi / ‘Galerix’ sp., Si=259.8. 
Based on the differences in FDAP  between Deinogalerix  and ‘Galerix’ and assuming a direct 
geometric relationship, Deinogalerix koenigswaldi / ‘Galerix’ sp.= (10/1.45)3, Si =328. 
Based on the differences in HDAP between Deinogalerix  and ‘Galerix’ and assuming a direct 
geometric relationship, Deinogalerix koenigswaldi / ‘Galerix’ sp.= (10.87/1.25)3, Si =657.5. 
 
Body size changes in insular insectivores 
The Si are as follows: 
Crocidura esuae / Crocidura russula Si = 11.96/11.16, Si = 1.07, 
Talpa tyrrhenica / Talpa minor Si = 130/112, Si = 1.16, 
‘Asoriculus’ henseli / A. gibberodon Si = 28.31/9.28, Si = 3.05, 
Nesiotites hidalgo / A. gibberodon Si = 41.97/9.28, Si = 4.51, 
Deinogalerix brevirostris / Parasorex socialis Si = 6627.48/47.17, Si = 140.5, 
Deinogalerix koenigswaldi / Parasorex socialis Si = 9778.91/47.17, Si = 207.3. 
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BODY MASS CHANGES IN LAGOMORPHS 
 
The body size estimations are based on predictive equations for leporids (Quintana, 2005; Quintana 
& Agustí, 2007; Quintana et al., 2011), which are as follows: 
log (body mass) = 3.6865 log (length of lower tooth row) – 1.016, 
log (body mass) = 2.487 log (distal transverse diameter of the femur) + 0.141, 
log (body mass) = 2.863 log (distal anterio-posterior diameter of the humerus) + 1.078. 
 
Table S14 Measurements (in mm; range in parentheses) and body mass estimations (in g) of insular 
and mainland lagomorphs. 

Species Measurements of tooth row and limb bones Body mass 

Prolagus sardus 
 
 
 
 
 
Prolagus imperialis 
 
Hypolagus peregrinus 

p3–m2 length: 9.88 (8.03–11.11)1 

Distal anterio-posterior diameter of the humerus: 
3.88 (3.23–4.56)2 

Distal transverse diameter of the femur: 
8.70 (8.11–9.40)3 

 
p3–m2 length: 10.654 

 
p3–m2 length:17.15 

447.89 
 
300.32 
 
580.53 
 
590.64 
 
3384 

Gymnesicolagus 
gelaberti 

p3–m2 length: 19.436 5419.44 

Prolagus aff. michauxi p3–m2 length: 7.91 (7.61–8.22)7 197.3 

   

Prolagus oeningensis p3–m2 length: 6.288 84.27 

 
Hypolagus gromovi 

 
p3–m2 length: 19.20 (18.90–19.60)9 

 
5186.68 

Prolagus crusafonti p3–m2 length: 7.3610 
 

151.26 
 

 

1Own data from 84 specimens from BNM and MPUR (see Table S15). 
2Own data from 18 specimens from BNM (see Table S15). 
3Own data from 7 specimens from BNM (see Table S15). 
4 Own data from 5 specimens (see Table S15). 
5 Own data from 1 specimen (MGG R578). 
6 Data from Quintana & Agustí (2007). 
7Own data from 3 specimens from BNM. 
8 Data from Boon-Kristkoiz (2003). The author listed the mean length of every dental element. The 
tooth-row length was reconstructed as the sum of each average. 
9 Data from Fostowicz-Frelik (2003). 
10 Data from Lopez Martinez & Thaler (1975). 
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Table S15 Measurements (in mm) of mandibles of insular and mainland Prolagus. The 
abbreviation n.n. indicates that the specimens are unnumbered. The specimens without institutional 
abbreviation are coming from Corbeddu Cave, Hall I. These specimens were measured in the cave 
during the excavations.  
 
Species Specimen  number p3–m2 length 

Prolagus sardus 
 
 

BNM Ty-8726 
BNM Ty-8795 
BNM Ty-8727 
BNM Ty-8734 
BNM Ty-87731 
BNM Ty-8733 
BNM Ty-8737 
BNM Ty-8736 
BNM Ty-8729 
BNM Ty-8732 
BNM Ty-8730 
BNM Ty-8728 
BNM Ty-4326 
BNM Ty-4305 
BNM Ty-4281 
BNM Ty-4299 
BNM Ty-4338 
BNM Ty-4300 
BNM Ty-4291 
BNM Ty-4287 
BNM Ty-4309 
BNM Ty-7076 
BNM Ty-7072 
BNM Ty-7074 
MPUR-J6 
MPUR-J48 
MPUR-J10 
MPUR-J5 
MPUR-d11 
MPUR-J1 
MPUR-J9 
MPUR-d67 
MPUR-B15 
MPUR-d45 
MPUR-d48 
BNM Ty-11577 
BNM Ty-11567 
BNM Ty-11578 
BNM B Ty-11631 
BNM Ty-11638  
BNM Ty-11581 
BNM Ty-11934 
BNM Ty-11985 
BNM Ty-11432 
BNM Ty-11959 
BNM Ty-11936 
BNM Ty-n.n. 
BNM Ty-11941 
n.n. 
n.n. 
n.n. 
n.n. 
n.n. 
n.n. 
n.n. 

10.1 
9.73 
9.36 
9.57 
9.0 
10.79 
9.89 
9.47 
9.32 
8.83 
9.6 
9.25 
9.34 
9.45 
9.54 
9.5 
8.03 
9.75 
9.79 
9.06 
9.25 
9.42 
10.54 
8.66 
9.57 
9.91 
9.80 
9.40 
9.72 
9.94 
9.77 
9.33 
9.28 
9.82 
9.60 
9.46 
9.18 
8.91 
8.43 
8.58 
9.45 
10.43 
10.02 
10.26 
10.13 
9.3 
9.2 
8.75 
9.78 
9.89 
10.32 
10.73 
10.61 
10.52 
10.70 
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n.n. 
n.n. 
n.n. 
n.n. 
n.n. 
n.n. 
n.n. 
n.n. 
n.n. 
n.n. 
n.n. 
n.n. 
n.n. 
n.n. 
n.n. 
n.n. 
n.n. 
n.n. 
n.n. 
n.n. 
n.n. 
n.n. 
n.n. 
n.n. 
n.n. 
n.n. 
n.n. 
n.n. 
n.n. 

10.13 
10.27 
9.87 
10.13 
10.81 
10.38 
10.53 
9.99 
10.12 
10.61 
10.36 
10.46 
10.93 
10.96 
9.74 
11.11 
10.91 
10.70 
10.74 
10.33 
10.52 
9.80 
11.04 
10.18 
9.79 
10.17 
10.76 
10.84 
10.15 

Prolagus imperialis 
 

RGM n.n. 
RGM n.n. 
RGM n.n. 
RGM n.n. 
RGM n.n. 

10.82 
10.46 
10.63 
10.29 
11.05 

Prolagus aff. michauxi 
 

BNM Layna n.n. 
BNM Layna n.n. 
BNM Layna n.n. 

7.61 
7.89 
8.22 

 

269



Table S16 Measurements (in mm) from cranial and postcranial elements of Prolagus sardus. H1, 
humerus, distal anterio-posterior diameter; F1, femur, total length; F2, femur, distal transverse 
diameter. 
 
Specimen H1 F1 F2 

BNM Ty-8153 
BNM Ty-8140 
BNM Ty-8143 
BNM Ty-8136 
BNM Ty-8150 
BNM Ty-8137 
BNM Ty-8138 
BNM Ty-8146 
BNM Ty-8139 
BNM Ty-8185 
BNM Ty-8181 
BNM Ty-8184 
BNM Ty-8182 
BNM Ty-7046 
BNM Ty-8187 

3.23 
3.30 
4.56 
4.48 
3.37 
4.17 
4.13 
3.27 
4.41 
 
 
 
 

 
 
 
 
 
 
 
 
 
46.31 
46.69 
44.63 
46.10 

 
 
 
 
 
 
 
 
 
8.11 
8.11 
8.39 
9.20 

BNM FM 33 
BNM Ty-7133 
BNM Ty-7141 
BNM Ty-7139 
BNM Ty-7138 
BNM Ty-7142 
BNM Ty-7137 
BNM Ty-7131 
BNM Ty-7140 
BNM Ty-7132 
BNM Ty-7134 
BNM Ty-8153 
BNM Ty-8140 
BNM Ty-8143 
BNM Ty-8136 
BNM Ty-8150 
BNM Ty-8137 
BNM Ty-8138 
BNM Ty-8146 
BNM Ty-8139 

 
 
 
 
 
 
 
 
 
 
 
3.23 
3.30 
4.56 
4.48 
3.37 
4.17 
4.13 
3.27 
4.41 

46.08 
46.93 
57.00 
52.31 
47.76 
57.58 
49.31 
49.03 
47.21 
47.03 
50.53 

 

BNM Ty-12110 
BNM Ty-12108 
BNM Ty-12104 
BNM Ty-12107 

9.4 
8.72 
8.97 

48.18 
48.00 
47.23 
46.62 

 

 
Body size changes in insular lagomorphs 
The Si are as follows: 
Hypolagus peregrinus / Hypolagus gromovi Si = 3384/5186.68, Si = 0.65, 
Prolagus sardus / Prolagus aff. michauxi Si = 447.89/197.3, Si = 2.27, 
Prolagus imperialis / Prolagus oeningensis Si = 590.64/84.27, Si = 7, 
Gymnesicolagus gelaberti / Prolagus crusafonti Si = 5419.44/151.26, Si = 35.82. 
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BODY MASSES TAKEN DIRECTLY FROM THE LITERATURE  
The body masses of the Sardinian macaque, fossil carnivores, Hypnomys, Mikrotia and Nuralagus 
were taken directly from the literature (respectively Delson et al., 2000; Lyras et al., 2010; Bover et 
al., 2010; Millien & Jaeger, 2001; Quintana et al., 2011). Either these authors estimate body masses 
with the same approach as we do or we used some of their regressions for further calculations in 
our dataset. In other words, these particular estimations are in-line with the rest of our data set. 
 

Table S17  Summary of results of regression tree analyses of the influence of the mass of the 
mainland reference population (M), diet (D, aquatic or terrestrial prey) and origin of population 
(O, native or non-native) on relative insular body size (Si) for 1530 populations of extant 
mammals, and for orders with more than 60 populations.a 

          

    Regression tree    Relative importance values     

  Populations Nodes Levels   M D O   R-squared b 

            
All extant 
mammals 1530 8 4  100 24 10  0.28 
            
Artiodactyla 65 3 2  100  ---  ---  0.51 
Carnivora 420 3 2  41 100 16  0.14 
Chiroptera 158 5 4  100  ---  ---   0.41 
Insectivora 121 2 1  100  ---  ---  0.18 
Primates 123 2 1  100  --- 18  0.05 
Rodentia 501 7 6   100 17 9   0.30 
          
aSelected trees are the simplest ones (fewest nodes) for all trees with relative errors within one 
standard error of the tree with the minimum relative error. 

bR-squared describes the goodness-of-fit for the model (tree) on the training data, and equals 1 
– (sum of squares of the regression tree model/sum of squared errors of the dependent error 
around the mean of the root node). 
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Figure S1 Regression tree illustrating the influence of the mass of the mainland reference 
population, prey type (aquatic or terrestrial) and population source (native or non-native) on the 
relative body size (Si) of 1530 populations of extant mammals (shading proportional to Si values at 
each node).   
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Body mass changes in rodents 
 

Cretan rat 
There are two chronospecies of Kritimys: K. kiridus and K. catreus, both restricted to the ?early and 
middle Pleistocene, and showing a clear tendency towards gigantism. The earliest record of 
Kritimys is the material of Kritimys aff. kiridus from Sitia (Mayhew, 1977), followed by K. kiridus 
and K. catreus. According to Mayhew (1977), the size and morphology of a single m2 from Rhodos 
is similar to that of Kritimys aff. kiridus from Sitia. Therefore, we consider the Sitia sample as 
representative of the ancestral mainland species. 
 
Table S1 Length of the lower first molar, body mass and Si of Cretan rats. Molar length data (in 
mm; range between brackets) from Mayhew (1977). Body masses based on the equation of Martin 
(1990):[Log(body mass)= 0.611+3.31log(m1length)] with mass in g and length in mm. 
 

Species Site and stratigraphic position m1 length Body mass Si 

K. catreus Stavros micro [found together 
with Mus and a dormouse] 

3.95 
 (3.70–4.55) 

385 2.40 

K. catreus Stavros macro [the latest site-
before the arrival of Mus] 

4.32  
(3.93–4.72) 

518 3.23 

K. catreus Bali  4.45  
(4.02–4.83) 

571 3.57 

K. catreus Kharoumbes top 3.85 
(3.55–4.04) 

354 2.20 

K. catreus Kharoumbes base 3.96 
(3.77–4.28) 

388 2.42 

K. catreus Xeros 3.98 
(3.55–4.33) 

395 2.46 

K. kiridus Cape Maleka 3.38 230 1.43 

K. aff. kiridus  Sitia [the oldest site with 
Kritimys] 

3.03  
(2.89–3.30) 

160  
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Cretan mouse 
There are two chronospecies of Cretan Mus (M. bateae and M. minotaurus), both derived from Mus 
musculus (Jaeger, 1972). Mus bateae is the oldest and is found together with the last Kritimys 
species (middle Pleistocene). During the evolutionary history of the Cretan Mus there is an overall 
tendency towards increase in body size, but this trend is disturbed by a size decrease at the level of 
Liko, followed again by further size increase. 
 
 
Table S2 Length of the lower first molar, body mass and Si of Cretan Mus. Molar length data (in 
mm; range between brackets) from Mayhew (1977). Body masses based on the equation of Martin 
(1990; see caption Table S1). Data on extant M. musculus from Cassaing et al. (2010). Note 
however, that according to the latter authors ancient populations had larger sizes. 
 

Species Site and stratigraphic 
position 

m1 length Body mass Si 

Mus minotaurus  Gerani (the youngest site) 2.18  
(1.99–2.30) 

53.8 3.23 

Mus minotaurus  Koumpes B 2.21  
(2.14–2.30) 

56.3 3.37 

Mus minotaurus  Liko B 2.11  
(2.00–2.27) 

48.3 2.89 

Mus minotaurus  Milatos 2 2.28  
(2.09–2.41) 

62.5 3.74 

Mus minotaurus  Milatos 4 (the oldest site 
with M. minotaurus) 

2.09  
(1.96–2.21) 

46.8 2.80 

Mus bateae Stavros micro (together 
with Kritimys catreus) 

1.74  
(1.62–1.83) 

25.5 1.53 

Mus musculus  Mainland 1.53  
(1.49–1.55) 

16.7  

 
 
Table S3 Length (mean, in mm; range between brackets) of the lower first molar of Cretan Mus 
from Liko cave. Within Liko site a sequence of four levels (A, B, C, D) at the front and another two 
levels (a,b) at the back of the cave yield the following results. Molar length data from Mayhew 
(1977). Body mass based on the equation of Martin (1990; see caption Table S1). For graph of this 
table, see below. 
 

Stratigraphic level Length of m1  Body mass Si 
Liko A 2.08 (1.94–2.20) 46.1 2.76 

Liko B 2.11 (2.00–2.27) 48.3 2.89 

Liko C 2.11 (1.98–2.31) 48.3 2.89 

Liko D 2.10 (1.91–2.28) 47.6 2.85 

Liko a 2.14 (2.07–2.22) 50.6 3.03 

Liko b 2.11 (2.03–2.18) 48.3 2.89 
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Balearic dormouse Hypnomys 
The dormouse of the Balearics shows a clear trend towards size increase. Its evolutionary history is 
represented by a series of chronospecies: H. waldreni, H. intermedius, H. morpheus. Hypnomys 
waldreni (early Pleistocene) differs from H. morpheus by its smaller size (Reumer, 1979). 
 
Table S4 Lengths of the lower molars (p4–m3, in mm; range between brackets). Data for H. 
morpheus and H. intermedius (= H. onicensis) from Reumer (1981, 1982) and extracted from a 
figure in Reumer (1980b); data for H. waldreni from Reumer (1979). 
 

Species Site, Age p4 length m1 length m2 length m3 length 
H. morpheus Son Muleta, 

Holocene 
1.72 2.13 2.18 1.88 

H. morpheus Cala Blanes 
late 
Pleistocene 

1.87 2.31 2.29 1.92 

H. morpheus Son Bauzà 
middle 
Pleistocene 

1.88 2.26 2.29 1.90 

H. intermedius early 
Pleistocene 

1.56 2.13 2.17 1.71 
 

H. waldreni late 
Pliocene 

1.5 
(1.39–1.58) 

1.86 
(1.71–2.00) 

1.93 
(1.81–1.99) 

1.63 
(1.48–1.70) 

 
Table S5 Cumulative length of lower tooth row, body size estimations and Si of Hypnomys. The 
length of tooth rows is based on cumulative data from Table S5. Body mass estimations were based 
on the equation of Hopkins (2008) [ln(body mass) = 3.006ln(lower tooth row length) – 0.9466]. For 
body mass of its ancestor we take Eliomys quercinus from Bover et al. (2010a), which is 74 g. 
 

Species Site p4-m3 length Body mass Si 
H. morpheus Son Muleta, 

Holocene 
7.91 194.3 2.62 

H. morpheus Cala Blanes, 
late 
Pleistocene 

8.39 232 3.13 

H. morpheus Son Bauzà, 
middle 
Pleistocene 

8.33 227 3.07 

H. intermedius early 
Pleistocene 

7.56 169.6 2.29 

H. waldreni late Pliocene 6.89 128.3 1.73 
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The body mass of Hypnomys morpheus has been estimated by Bover et al. (2010a) using a series of 
postcranial, cranial and dental elements (see their Table S1) based on a complete skeleton (with 
unknown geological age). Their results range from 81 to 507 g (average 229 g). The same authors 
give a range between 173 and 284 g as the most reliable estimation. Unfortunately, this method 
cannot be applied to all Hypnomys species due to absence of data.  

 
 

Body mass changes in insectivores 
 

Cretan shrew 
Table S6 Length and width of lower m1, body mass estimations and Si for Crocidura zimmermanni 
and its mainland ancestor Crocidura kornfeldi. The estimation of the body mass of insectivores was 
based on the equation developed by Bloch et al. (1998) [Ln(body mass in g) = 1.628ln(length × 
width of m1 in mm) + 1.726]. Data of molar dimensions for C. zimmermanni from Reumer (1986) 
and for C. kornfeldi from Rofes & Cuenca-Bescós (2011) and Koufos et al. (2001). 
 

Species Site  m1 length m1 width Body mass Si 

C.  zimmermanni Recent 1.61 1.11 14.4 1.26 

C.  zimmermanni Liko a 1.56 1.05 12.5 1.09 

C.  zimmermanni Liko A 1.53 1.04 11.9 1.04 

C.  zimmermanni Liko B 1.53 1.04 11.9 1.04 

C.  zimmermanni Liko C 1.57 1.07 13 1.14 

C.  zimmermanni Liko D 1.54 1.05 12.3 1.07 

C.  zimmermanni Milatos 2 1.59 1.06 13.1 1,14 

C.  zimmermanni Stavros micro 1.56 1.04 12.3 1.07 

C.  zimmermanni Stavros macro 1.58 1.07 13.2 1.15 

C.  zimmermanni Xeros 1.65 1.09 14.6 1.27 

C. kornfeldi Mainland 1.49 1.03 11.4  

 
 

 
The Balearic shrew Nesiotites 

There is a clear tendency for size increase in Nesiotites. The oldest species is N. rafelinensis (early 
Pliocene), followed by the N. Ponsi (late Pliocene), the intermediate form N. aff. ponsi (also known 
as  N. ex. interc. ponsi-hidalgo) (early Pleistocene) and the youngest form N. hidalgo (middle - late 
Pleistocene and Holocene). 
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Table S7 Length and width of lower first molar (m1), body mass estimations and Si for Nesiotites. 
Data for Nesiotites from Rofes et al. (2012). The body mass of its mainland ancestor (Asoriculus 
gibberodon) was estimated as 9.28 g based on data published by Furió & Angelone (2010). The 
estimation of the body mass is based on the equation developed by Bloch et al. (1998; see caption 
of Table S6). 
  

Species Site and age m1 length m1 width Body 
mass 

Si 

N. hildago Cova de Canet 
l. Pleist. Holocene 

2.30 
(2.23–2.35) 

1.46 
(1.44–1.48) 

40.50 4.36 

N. hildago Cova Estreta 
l. Pleist. Holocene 

2.37 
(2.37–2.39) 

1.48 
(1.43–1.51) 

43,52 4.69 

N. hildago Cova de Llenaire 
late Pleistocene 

2.27 
(2.14–2.40) 

1.38 
(1.36–1.40) 

36.2 3.89 

N. aff. ponsi Pedrera de S'Onyx 
early Pleistocene 

2.08 
(1.90–2.14) 

1.30 
(1.26–1.34) 

36.2 3.89 

N. ponsi Cruis de Cap Farrutx 
late Pliocene 

1.87 
(1.80–1.95) 

1.21 
(1.19–1.24) 

21.5 2.32 

N. rafelinensis Caló den Rafelino 
early Pliocene 

1.93 1.22 22.6 2.44 

 
 
 
 
Table S8 Overall length of the lower molar row (m1–m3) (in mm; range between brackets) for N. 
hidalgo (data from Reumer, 1980a, b). 
 

Species Site and age m1–m3 tooth 
row 

N. hidalgo Canet A 
Holocene 

5.27 (5.13–5.40) 

N. hidalgo Sa Bassa Blanca 
Holocene 

5.43 (5.15–5.76) 

N. hidalgo Son Muleta 
Holocene 

5.37 (5.12–5.54) 

N. hidalgo Porto Cristo 
late Pleistocene 

5.23 (4.99–5.62) 

 
 

Body mass changes in lagomorphs 
 

The Sardinian pika 
There are two species of Sardinian Prolagus: P. figaro and P. sardus. The material from P. figaro is 
rather limited in contrast to the abundant material of early to late P. sardus populations collected 
from several sites in Sardinia. 
 
The body size estimations are based on leporid predictive equations (Quintana, 2005; Quintana & 
Agustí, 2007; Quintana et al., 2011), which are as following: 
log(Body Mass)=3.6865log(length of lower tooth row)-1.016 
log(Body Mass)=2.487log(distal transverse diameter of the femur)+0.141 
log(Body Mass)=2.863log(distal anteroposterior diameter of the humerus)+1.078 
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Table S9 Measurements (in mm; range between brackets) and body mass estimations (in g) of 
insular and mainland Prolagus. 
 

Species Measurements of tooth row and limb bones Body mass 

Prolagus sardus p3–m2 length: 9.88 (8.03–11.11)1 
Distal anteroposterior diameter of the humerus: 
3.88 (3.23–4.56)2 
Distal transverse diameter of the femur: 
8.70 (8.11–9.40)3 

449 
 
300 
 
580 

Prolagus figaro p3–m2 length: 9.28 (8.81–9.86)4 356 

Prolagus aff. michauxi p3–m2 length: 7.91 (7.61–8.22)5 197 
1Own data from 73 specimens (see Table S10). 
2Own data from 18 specimens (see Table S11). 
3Own data from 7 specimens (see Table S11). 
4Own data from 6 specimens (see Table S10). 
5Own data from 3 specimens (see Table S10). 
 
 
Table S10 Measurements (in mm) of mandibles of Sardinian and mainland Prolagus.The majority 
is from NHMB (Natural History Museum, Basel) and MPUR (Museum of Paleontology, University 
of Rome). Additional unnumbered (n.n.) material comes from Corbeddu Cave; 36 Prolagus sardus 
specimens from Hall I of Corbeddu were measured in the cave during the excavations (van der 
Geer, 2008). Today, Tavolara is an offshore islet but at the onset of the Holocene (the period we 
consider here) this isolation had just started and likely had not yet started to influence body size of 
Prolagus significantly. 
 

Species Number of specimen Locality p3–m2 length (mm) 

Prolagus sardus NHMB Ty-8726 Tavolara 10.1 

 NHMB Ty-8795 Tavolara 9.73 

 NHMB Ty-8727 Tavolara 9.36 

 NHMB Ty-8734 Tavolara 9.57 

 NHMB Ty-87731 Tavolara 9 

 NHMB Ty-8733 Tavolara 10.79 

 NHMB Ty-8737 Tavolara 9.89 

 NHMB Ty-8736 Tavolara 9.47 

 NHMB Ty-8729 Tavolara 9.32 

 NHMB Ty-8732 Tavolara 8.83 

 NHMB Ty-8730 Tavolara 9.6 

 NHMB Ty-8728 Tavolara 9.25 

 NHMB Ty-4326 Tavolara 9.34 

 NHMB Ty-4305 Tavolara 9.45 

 NHMB Ty-4281 Tavolara 9.54 

 NHMB Ty-4299 Tavolara 9.5 
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 NHMB Ty-4338 Tavolara 8.03 

 NHMB Ty-4300 Tavolara 9.75 

 NHMB Ty-4291 Tavolara 9.79 

 NHMB Ty-4287 Tavolara 9.06 

 NHMB Ty-4309 Tavolara 9.25 

 NHMB Ty-7076 Dragonara 9.42 

 NHMB Ty-7072 Dragonara 10.54 

 NHMB Ty-7074 Dragonara 8.66 

 MPUR-J6 Dragonara 9.57 

 MPUR-J48 Dragonara 9.91 

 MPUR-J10 Dragonara 9.8 

 MPUR-J5 Dragonara 9.4 

 MPUR-d11 Dragonara 9.72 

 MPUR-J1 Dragonara 9.94 

 MPUR-J9 Dragonara 9.77 

 MPUR-d67 Dragonara 9.33 

 MPUR-B15 Dragonara 9.28 

 MPUR-d45 Dragonara 9.82 

 MPUR-d48 Dragonara 9.6 

 NHMB Ty-11577 Grotta Nicolai 9.46 

 NHMB Ty-11567 Grotta Nicolai 9.18 

 NHMB Ty-11578 Grotta Nicolai 8.91 

 NHMB Ty-11631 Grotta Nicolai 8.43 

 NHMB Ty-11638 Grotta Nicolai 8.58 

 NHMB Ty-11581 Grotta Nicolai 9.45 

 NHMB Ty-11934 Grotta Nicolai 10.43 

 NHMB Ty-11985 Grotta Nicolai 10.02 

 NHMB Ty-11432 Grotta Nicolai 10.26 

 NHMB Ty-11959 Grotta Nicolai 10.13 

 NHMB Ty-11936 Grotta Nicolai 9.3 

 NHMB Ty-n.n. Grotta Nicolai 9.2 

 NHMB Ty-11941 Grotta Nicolai 8.75 

 n.n. Corbeddu 9.78 

 n.n. Corbeddu 9.89 

 n.n. Corbeddu 10.32 

 n.n. Corbeddu 10.73 

 n.n. Corbeddu 10.61 
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 n.n. Corbeddu 10.52 

 n.n. Corbeddu 10.7 

 n.n. Corbeddu 10.13 

 n.n. Corbeddu 10.27 

 n.n. Corbeddu 9.87 

 n.n. Corbeddu 10.13 

 n.n. Corbeddu 10.81 

 n.n. Corbeddu 10.38 

 n.n. Corbeddu 10.53 

 n.n. Corbeddu 9.99 

 n.n. Corbeddu 10.12 

 n.n. Corbeddu 10.61 

 n.n. Corbeddu 10.36 

 n.n. Corbeddu 10.46 

 n.n. Corbeddu 10.93 

 n.n. Corbeddu 10.96 

 n.n. Corbeddu 9.74 

 n.n. Corbeddu 11.11 

 n.n. Corbeddu 10.91 

 n.n. Corbeddu 10.7 

 n.n. Corbeddu 10.74 

 n.n. Corbeddu 10.33 

 n.n. Corbeddu 10.52 

 n.n. Corbeddu 9.8 

 n.n. Corbeddu 11.04 

 n.n. Corbeddu 10.18 

 n.n. Corbeddu 9.79 

 n.n. Corbeddu 10.17 

 n.n. Corbeddu 10.76 

 n.n. Corbeddu 10.84 

 n.n. Corbeddu 10.15 

Prolagus figaro NHMB Ty-5153 Capo Figari 9.33 

 NHMB Ty-5153 Capo Figari 9.58 

 NHMB Ty-5153 Capo Figari 8.81 

 MPUR 3cf Capo Figari 9.11 

 MPUR 1cf Capo Figari 9.01 

 MPUR 4cf Capo Figari 9.86 
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Prolagus aff. michauxi NHMB Layna n.n. Mainland 7.61 

 NHMB Layna n.n. Mainland 7.89 

 NHMB Layna n.n. Mainland 8.22 

 
 
Table S11 Measurements (in mm) from cranial and postcranial elements of Prolagus sardus from 
Sardinia. NHMB: Natural History Museum of Basel. H1: distal anteroposterior diameter of the 
humerus; F1: femur total length; F2: distal transverse diameter of the femur. 
 

Site Specimen H1 F1 F2 

Dragonara NHMB Ty-8153 
NHMB Ty-8140 
NHMB Ty-8143 
NHMB Ty-8136 
NHMB Ty-8150 
NHMB Ty-8137 
NHMB Ty-8138 
NHMB Ty-8146 
NHMB Ty-8139 
NHMB Ty-8185 
NHMB Ty-8181 
NHMB Ty-8184 
NHMB Ty-8182 
NHMB Ty-7046 
NHMB Ty-8187 

3.23 
3.30 
4.56 
4.48 
3.37 
4.17 
4.13 
3.27 
4.41 
 
 
 
 

 
 
 
 
 
 
 
 
 
46.31 
46.69 
44.63 
46.10 

 
 
 
 
 
 
 
 
 
8.11 
8.11 
8.39 
9.20 

Tavolara Is. NHMB FM 33 
NHMB Ty-7133 
NHMB Ty-7141 
NHMB Ty-7139 
NHMB Ty-7138 
NHMB Ty-7142 
NHMB Ty-7137 
NHMB Ty-7131 
NHMB Ty-7140 
NHMB Ty-7132 
NHMB Ty-7134 
NHMB Ty-8153 
NHMB Ty-8140 
NHMB Ty-8143 
NHMB Ty-8136 
NHMB Ty-8150 
NHMB Ty-8137 
NHMB Ty-8138 
NHMB Ty-8146 
NHMB Ty-8139 

 
 
 
 
 
 
 
 
 
 
 
3.23 
3.30 
4.56 
4.48 
3.37 
4.17 
4.13 
3.27 
4.41 

46.08 
46.93 
57.00 
52.31 
47.76 
57.58 
49.31 
49.03 
47.21 
47.03 
50.53 

 

Grota del 
Tramariglio 

NHMB Ty-12110 
NHMB Ty-12108 
NHMB Ty-12104 
NHMB Ty-12107 

9.4 
8.72 
8.97 

48.18 
48.00 
47.23 
46.62 
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Table S12 Length of the lower third premolar (in mm; range between brackets) of Sardinian 
Prolagus from Monte Tuttavista, Capo Figari and the mainland (data from Angelone, 2005 and 
Angelone et al., 2008). The names of the fissures (from oldest to youngest) of Monte Muttavista 
are: IV-5, IV-20, IX-p, IX-r and VI-b6 (see for further details, Angelone et al., 2008). 
 
Species Site p3 length 
Prolagus sardus Monte Tuttavista VI-b6 2.06 (1.65–2.33) 
Prolagus sardus Monte Tuttavista IX-r 2.06 (1.73–2.29) 
Prolagus sardus Monte Tuttavista IX-p 2.05 (1.67–2.33) 
Prolagus sardus Monte Tuttavista IV-20 1.96 (1.71–2.14) 
Prolagus sardus Monte Tuttavista IV-5 1.85 (1.72–1.95) 

 
 
 

Si changes and faunal lists 
 
Table S13 Number of Si changes with specification of the relevant interval where the change is 
recorded. For the 63 time slices we studied, we recorded twelve cases with a body size increase  
and four cases with a (temporal) decline in body size for assemblages with no competitors nor 
predators, and 27 cases of body size increase and 20 declines in body size for assemblages with at 
least one competitor or predator. For Majorca and Sardinia the total number of time slices 
correspond with the left part of the respective graphs plus the right part which gives a detailed view 
where the resolution of data points is higher. 
 
 Without competitor/predator With competitor/predator 
Taxon Increase Decrease Increase decrease 
Kritimys 3 2 0 2* 
 1=Sitia – 

Maleka, 
2=Maleka – 
Xerox, 
3=Kharoumbes 
top – Bali 

1=Xeros  – 
Kharoumbes 
base, 2=Kh 
base – Kh top 

 1=Bali – 
Stavros 
macro, 2=St 
macro – St 
micro 

Mus 0 0 8** 3 
   1=Ancestor – 

Stavros micro, 
2=St micro – 
Milatos 4, 
3=Mil – Mil 2, 
4=Liko D – 
Liko C, 5=Liko 
C – Liko B, 
6=Liko A – 
Liko b, 7=Liko 
b – Liko a, 
8=Liko – 
Koumbes B 

1= Milatos 2 
– Liko D, 
2=Liko B – 
Liko A, 
3=Koumbes B 
– Gerani 2 

Crocidura 1 1 2 2 
 Ancestor – 

Xeros 
Xeros – 
Stavros 
macro 

1= Stavros 
micro – 
Milatos 2, Liko 
B – today 

1= Stavros 
macro – St 
micro, 2= 
Milatos 2 – 
Liko B 

Nesiotites 5 1 0 1 
 1= ancestor – 

Caló den R, 
2=Cruis de CF 
– Pedrera, 3= 
Pedrera –Porto 
C, 4= Porto C – 
Muleta, 5= 
Muleta – Bassa 

Caló den R – 
Cruis de CF 

 1=Bassa 
Blanca – 
Canet A 
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Blanca 
Hypnomys 3 0 0 1 
 1= ancestor – 

Cruis de CF, 2= 
Cruis de CF – 
Pedrera, 3= 
Pedrera – 
Bauza 

  1=Bauza – 
Muleta 

Prolagus 0 0 4 2 
   1= ancestor – 

Capo Figari 1, 
2=CF1 to 
Monte 
Tuttavista, 
3=MT – 
Dragonara, 
4=Dragonara 
– Corbeddu 

1=MT IX-r – 
MT VI-b6, 
2=Corbeddu 
– Tavolara 

Hattomys*** 0 0 1 1 
   Conservative, 

only ancestor 
–max size 

Conservative, 
only max size 
– Chiro 2S 

Mikrotia*** 0 0 12 8 
   8 in large-

sized, 4 in 
small-sized 

3 in large-
sized, 5 in 
small-sized 

Sum 12 4 27 20 

 
Notes: * the penultimate body size decrease is here assumed to reflect the initial stage of 
competition and predation. Kritimys is not found together with fossils of the new arrivals at Stavros 
macro. In a different deposit (Stavros micro) in the same cave system, they were found together, 
indicating an overlap in occurrence. In addition, the first fossils of Mus (the new arrival) in that 
deposit already show a body size increase and do thus not represent the original colonizing 
population. 
** the initial size increase (dotted line in Figure 2) of Mus is assumed to have evolved under 
competition with (the last) Kritimys. For the remainder of the size increases of Mus no competition 
but unchanged predation (otter, birds of prey) was a factor. 
*** this is the minimal number. The biostratigraphy of Gargano is based on the assumption of a 
steady size increase of the middle-sized Mikrotia lineage (see body text of article). Changes in the 
order of some fissures would affect the amount of size decreases in increases in the hamster 
lineage, so here we give for Hattomys only the final drop in size at the moment of radiation of the 
murids and the overall size increase before this drop. For Mikrotia we take the number of size 
changes as a sum of both the large-sized and the small-sized Mikrotia lineages, because a change in 
the order of the fissures would add a change in the middle-sized lineage but at the same time 
remove one in (one of) the other lineages. The number of changes in Mikrotia then is the minimal 
number. 
 
 
Table S14  Magnitude of Si reversals as percentage of maximal Si for all lineages. 

Taxon 
log of BM of 
the ancestor 

max Si 
change 

Locality 
where max Si 
is noted 

Change in Si 
during 
reversal 
interval 

Reversal Si as 
percentage of 
max Si 

Interval of the 
reversal 

Nesiotites hidalgo 0.97 4.68 Cova Estreta 0.27 5.77 
Cova Estreta to 
Cova de Canet 

Nesiotites ponsi 1.97 4.68 Cova Estreta 0.11 2.35 
Caló den Rafelino to 
Cruis de Cap Farrutx 

Kritimys catreus 2.20 3.56 Bali 0.21 5.90 
Kharumbes base to 
Kharumbes top 

Kritimys catreus 2.20 3.56 Bali 0.83 23.31 
Stavros macro to 
Stavros micro 

Kritimys catreus 2.20 3.56 Bali 0.33 9.27 
Bali to Stavros 
macro 
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Mus minotaurus 1.22 3.37 Koumbes 0.71 21.07 Liko A to Rethymnon 

Mus minotaurus 2.22 3.37 Koumbes 0.25 7.72 
Rethymnon to 
Gerani 2 

Hypnomys morpheus 1.87 3.07 Son Bauza 0.44 14.33 Son Bauza to Muleta 

Crocidura zimmermanni 1.04 1.27 Xeros 0.42 33.07 
Xeros to Stavros 
micro 

Prolagus sardus 2.30 2.75 Corbeddu 0.82 29.82 
Corbeddu to 
Tavolara 

 
 
Table S15 Detailed list of fossil mammalian species co-occurring with the taxa discussed in this 
paper. The taxa under consideration are underlined. See van der Geer et al. (2010) for further 
description of the faunal lists. These are the complete faunal list and include taxa that were not 
always found in the same locality with the target species but whose presence is assumed based on 
biostratigraphic grounds. The undetermined dormouse mentioned for the earliest occurrence of 
Kritimys is not considered here, because its remains are limited to one tooth which is of doubtful 
provenance (Mayhew, 1977).   
 
Crete early–middle Pleistocene 
Kritimys kiridus (evolves into Kritimys catreus) 
Mammuthus creticus 
Hippopotamus creutzburgi 
Crocidura zimmermanni 
 
Crete middle–late Pleistocene 
Mus bateae (evolves into Mus minotaurus) 
Palaeoloxodon antiquus 
Candiacervus spp. 
Lutrogale cretensis  
Crocidura zimmermanni 
 
Majorca early Pliocene–Pleistocene 
Hypnomys lineage 
Nesiotites lineage 
Myotragus lineage 
Tragomys macpheei (only during the earliest stage; Caló den Rafelino) 
Hypolagus balearicus (only at the earliest stage; Caló den Rafelino) 
 
Gargano late Miocene 
Hattomys lineage 
Mikrotia (3 lineages) 
Cricetulodon sp.  
Megacricetodon sp.  
Cricetus sp.  
Stertomys spp.  
Deinogalerix spp. 
Hoplitomeryx spp. 
“Galerix” sp. 
Dryomys apulus  
Apodemus gorafensis  
Paralutra garganensis  
Prolagus apricenicus (evolves into P .imperialis) 
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Sardinia early Pleistocene 
Prolagus figaro 
Leporidae gen. et sp. ind. 
Nesogoral spp. 
Asoletragus gentry 
Macaca majori 
Chasmaporthetes melei 
Pannonictis sp. 
Mustela sp. 
Sus sondaari 
Rhagapodemus minor 
Tyrrhenoglis figariensis 
Tyrrhenoglis majori 
Asoriculus spp. 
Talpa sp. aff. T. tyrrhenica 
 
Sardinia middle–late Pleistocene 
Prolagus sardus 
Microtus sondaari (evolves into M. henseli) 
Rhagapodemus minor (evolves into Ragamys orthodon) 
Asoriculus similis 
Asoriculus sp. 
Talpa tyrrhenica 
Megaloceros sardus (evolves into M. cazioti) 
Mammuthus lamarmorai 
Enhydrictis galictoides 
Megalenhydris barbaricina 
Sardolutra ichnusae 
Algarolutra majori 
Cynotherium sardous 
 

Biochronology and relative chronology of fossil sites 
 
Published chronological schemes were used for establishing the relative position of fossil taxa and 
sites on the various islands. Most of these schemes are based on the principles of biochronology 
(the relative age dating of rock units based on their fossil content) and in a few cases on absolute 
datings as well. Biochronology cannot place palaeoevents in time, but can order them very 
accurately on a geological time scale. Biochronology is the dominant method today for relating 
biological events in the geosciences (Lindsay, 2003; Palombo, 2009a) and uses first and last 
appearances (FADs/LADs), associations of taxa recognized as peculiar of a biochron, and 
evolutionary trends in phyletic lineages  
 
Inherent to many biochronologies is the assumption of irreversability of complex characters. 
However, many recent studies found evolutionary reversals (e.g. Oakley & Cunningham, 2002; 
Collin & Cipriani, 2003; Whiting et al., 2003; Domes et al., 2007, Brandley et al., 2008), claiming 
loss and subsequent recovery of functionalities and/or elements, including even wings and digits. 
Goldberg & Igic (2008) on the other hand have shown that the methods used in these studies are 
flawed. We follow the conservative point of view here that reversals have not yet been proven to 
occur in mammals. In addition, since the chance for two independent characters to be involved in 
reverse evolution is much lower than it is for one character, we based our relative order of sites on 
more than one character. See also Tan et al. (2011) for the unlikeliness of reverse evolution on a 
genotypic level. The robustness of the order is further enhanced by taking at least two endemic 
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lineages per site into account. Some sites of Crete form an exception, where either only Kritimys or 
only Mus was found (see below). Complex characters considered here are loss of dental elements, 
change in premolar-molar ratio, changes in relative functional crown height, loss of columns and 
sylids and relative diastema length. 
 
Majorca 
Chronological scheme is from Rofes et al. (2012). The relative order of Holocene sites is based on 
schemes given by Reumer (1980b) and by Bover & Alcover (2008); absolute datings of Holocene 
sites are from Waldren (1982) and Bover & Alcover (2008). The relative order of Plio-Pleistocene 
sites is based on evolutionary stages of the three endemic lineages Nesiotites, Hypnomys and 
Myotragus. Two chronospecies of Myotragus (M. pepgonellae from Cala Morlando, M. batei from 
Pedrera de Gènova) could not be used here because of the lack of Nesiotites and Hypnomys from 
these sites. The evolution of Myotragus is characterized by a progressive loss of dental elements, a 
progressive increase in hypsodonty and the acquisition of monophyodonty of its incisors. 
Geological age is based on stratigraphy (Bover, 2004). 
 
Caló den Rafelino 
This site is considered to have an earliest Pliocene age based on stratigraphy but also on 
palaeontological evidence. It is the oldest site because two mammalian taxa recorderd here are not 
present in younger Majorcan deposits (Hypolagus balearicus, a cricetid), while three mammal taxa 
(Nesiotites, Hypnomys, Myotragus) display intermediate characters between the fauna from Cala 
Morlanda(younger in age) and their putative mainland ancestors (Rofes et al., 2012). The endemic 
lineages are represented here by their earliest chronospecies known so far: Myotragus palomboi, 
Nesiotites rafelinensis and an undescribed new species of Hypnomys. Myotragus palomboi is the 
ancestor of M. pepgonellae based on the morphology of the incisors and the large p2. Its dental 
formula is 0/3, 0/1, 3/3, 3/3 (Bover et al., 2010b). 
 
Cruis de Cap Farrutx 
Based on dental morphology of the three endemic lineages, this site is younger than Caló den 
Rafelino but older than all other sites. The chronospecies listed from this site are Nesiotites ponsi, 
Hypnomys waldreni and Myotragus antiquus. Nesiotites ponsi is larger in size than the earlier 
chronospecies but has a more advanced dentition. The dental formula of Myotragus antiquus is 0/3, 
0/1, 3/2, 3/3 (Bover, 2004). 
 
Pedrera de s’Onix 
The chronospecies here are Nesiotites aff ponsi, Hypnomys onicensis and Myotragus kopperi. The 
dental formula of Myotragus kopperi is 0/2, 0/1, 3/2, 3/3 (Bover, 2004). 
 
Son Bauza – Canet A interval 
The chronospecies here are Nesiotites hidalgo, Hypnomys morpheus and Myotragus balearicus, all 
terminal species of the endemic lineages. The dental formula of Myotragus balearicus is 0/1, 0/0, 
2/1, 3/3 (Bover, 2004). The interval comprises several sites: Cova de Llenaire, Son Bauza, Porto 
Cristo, Son Muleta, Sa Bassa Blanca, Cova de Canet. Relative ordering here is based on absolute 
datings, the first occurrence of the Holocene newcomers Apodemus, Eliomys and Mus and the last 
occurrence of the three endemic species. No morphological features are taken into account here to 
establish a biochronology. 
 
 
Sardinia 
Biochronological schemes are from Palombo (2006, 2009b) and Lyras et al. (2010). Absolute 
datings are from Lyras et al. (2010 for Capo Figari and Corbeddu Cave). 
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Capo Figari 1 
The early age of this site is based on the small body size and primitive molar patterns of the small 
mammals (Rhagapodemus minor, Prolagus figaro, Microtus sondaari) respective to that of the 
younger species of the same lineage. The site further records the last presence of a rabbit and the 
first presence of a Nesogoral, which marks it as the earliest site of our sequence. Absolute datings 
confirm its early Pleistocene age. 
 
Monte Tuttavista 
The relative ordering of the fissure infillings in Monte Tuttavista, Orosei, follows Angelone et al. 
(2008) and is based on fauna lists (small and large taxa) and evolutionary stage of mainly molar 
morphology (enamel patterns and cusp morphology) of Prolagus. According to these authors, size 
increase and appearance of more advanced features in molar morphology of Prolagus are consistent 
with each other. Problematic specimens that were earlier (Angelone et al., 2008) considered 
intermediate between P. figaro and P. sardus can now comfortably be classified as either of the two 
species. The younger species shows a morphological cline (slow anagenetic evolutionary phase 
under fairly stable conditions) that allowed for the arrangement of morphotypes in a relative 
chronological order.. Changes in dental morphology of Rhagamys (Piras et al., 2012) and Microtus 
(Marcolini et al., 2006) fit the relative ordering tentatively. No absolute datings are available for 
Monte Tuttavista. The fissures mentioned in this paper are attributed to the late Pleistocene or latest 
middle Pleistocene based on the presence of taxa (e.g. Praemegaceros cazioti, Microtus henseli, 
Rhagamys orthodon, Prolagus sardus, Cynotherium sardous) that are typical for late Pleistocene 
sites elsewhere on Sardinia (Palombo, 2006). The youngest fissures of Monte Tuttavista likely are 
close in age to Dragonara Cave based on evolutionary stage of the deer and canid. 
 
Dragonara Cave 
The fossiliferous layer forms part of a more extensive stratigraphic succession. It is situated 
between thermoclastic deposits (below), likely formed under the cooler climate conditions of MIS4 
(perhaps MIS5a), and a stalagmite layer, likely deposited during the transgressive phase coinciding 
with the start of MIS1). The succession is closed by archaeological layers with Nuraghic pottery. 
The relative age of this site is confirmed by the intermediate size and limb proportions of 
Praemegaceros cazioti (Klein Hofmeijer, 1997), the intermediate size of Cynotherium sardous 
(Lyras et al., 2010), and the intermediate tooth complexity of Microtus henseli (Marcolini et al., 
2006) and Rhagamys orthodon. 
 
Corbeddu Cave 
The cave contains continuous stratigraphical successions from about 20,000 yr BP until the Bronze 
Age (van der Geer, 2008). The Prolagus material here comes from the late Pleistocene layers when 
it co-occurred with endemic elements (Praemegaceros cazioti, Cynotherium sardous, Rhagamys 
orthodon, Microtus henseli, Asoriculus similis) before the arrival of mainland taxa, which are 
attested only in the top layers of the cave. The extremely small size of Cynotherium sardous (Lyras 
et al., 2010) confirms the young age of pre-Bronze Age layers of Corbeddu Cave relative to 
Dragonara cave. 
 
Monte Tavolara 
This site records (one of) the first phases of human settlement during the early Holocene and 
witnesses the introduction of Mus, Apodemus and other commensals. The Prolagus remains here 
show signs of burning which is evidence for the co-occurrence of Prolagus with the colonizers and 
the alien fauna. Today, Tavolara is an offshore islet but at the onset of the Holocene (the period we 
consider here) this isolation had just started and likely had not yet started to influence body size of 
Prolagus significantly. However, part of the drop of the body size in Prolagus may theoretically be 
attributed to this short-term isolation. 
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Crete 
Biochronological scheme is from Mayhew (1996) for the Pleistocene deposits and is based on 
murids. Mayhew recognised five “biozones”, comparable to faunal complexes as used in 
biochronology. Absolute datings for Koumbes, Liko and Gerani 2 are given by Reese (1996), all 
based on deer teeth enamel.  Sites with uncertain relative position were excluded. . 
 
Maleka (Kritimys kiridus zone), Sitia (Kritimys aff. kiridus zone) 
The molars of K. kiridus are smaller, lower crowned and bear less massive cusps than those of K. 
catreus. Based on this, Mayhew (1977) considered K. kiridus the ancestor of K. catreus. The molars 
from Sitia are smaller, lower crowned and have an even simpler cusp morphology than K. kiridus 
and likely very close to the mainland ancestor (Mayhew, 1977). For that reason we listed Sitia as 
the earliest site. 
 
Bali2 – Kharoumbes 4 – Xeros (Kritimys catreus zone) 
On the contrary to Mus (see below), molar size is the only distinguishing feature for the Kritimys 
catreus samples from this biozone. For that reason, we listed only those sites with K. catreus for we 
had additional data.  We consider Bali 2 younger than both Kharoumbes and Xerosbecause of the 
possible presence of cervids (J. de Vos, pers. comm.). Within the site of Kharoumbes 4, specimens 
from an embedded boulder are larger (in the figure referred to as ‘base’) than those of the 
geologically younger surrounding deposits (Mayhew, 1977), referred to as ‘top’.  A very small size 
difference exists in the molars from Xeros and Kharoumbes. Therefore, the relative position of 
these two sites may be questioned, but it would hardly affect the overall look of our scheme. We are 
aware of the fact that the relative order of these three sites is weak. No change in associated fauna 
is recorded during this time interval, so the effect of a change in the absence or presence of predator 
or competitor species is zero here. 
 
Stavros micro (Mus bateae zone), Stavros macro (Kritimys catreus zone) 
There are several deposits at Stavros. Our data come from samples collected at Stavros micro and 
Stavros macro. Both are old cave deposits, which are close to each other (just 2 m apart) and are 
part of the same cave system. From Stavros micro a small block (4 kg) has been collected, which 
contained the remains of Mus bateae and Kritimys catreus together (Mayhew, 1977). Mus bateae is 
intermediate between M. musculus and M. minotaurus, not only in size, but also in tooth 
morphology (Mayhew, 1977). Therefore, based on size (M. bateae is the smallest Cretan Mus), 
morphology (M. bateae is in between M. musculus and M. minotaurus) and associate fauna (it 
occurs together with Kritimys, a murid of the older zone) we list Stavro micro as the oldest site with 
Mus. Stavros macro is considered as the youngest site with K. catreus due to its proximity to 
Stavros micro. We are aware that this is not firm evidence; however, moving Stavros macro more 
into the past does not affect our results, because the only acceptable alternative is somewhere 
between Bali and Kharoumbes considering size of both Kritimys and Crocidura from Stavros 
macro. 
 
Gerani 2, Koumbes B, Liko, Milatos 4, Milatos 2 (all Mus minotaurus zone) 
The relative ordering here is based mainly on the relative length of M1 and M3 (Mayhew, 1977). 
The 3rd molars are on average relatively larger in samples from Milatos 4, relatively shorter from 
Milatos 2, shorter from Liko and even shorter from Gerani 2. According to Mayhew (1996) there 
was a trend for increase in relative length of the M2 and a trend for reduction of the M3. He also 
noted that this is not a simple allometric effect as the specimens from Milatos 2 are larger than 
those of Milatos 4 (Mayhew, 1977). Based on this evidence, Mayhew (1977, 1996) proposed that 
the Milatos sites are older, Gerani 2 is younger and Liko has an intermediate age. Furthermore, 
Gerani 2 must be the youngest site because its stratigraphic sequence continues upwards into the 
level with human occupation. Mayhew (1977) listed Koumbes B as being between Liko and Gerani 
2, but without explicitly mentioning why he did so. As there were no M3 available from Koumbes 
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B he could not calculate the M1/M3 ratio. Nevertheless, the relative reduction of M3 could be 
estimated from the relative proportions on the rest of the dental elements. Based on AAR datings, 
Koumbes B (52,000 yr BP) is indeed in between Liko (105,000–87,00 yr BP)  and Gerani 2 (47,000 
yr BP) (AAR dating is the only available dating for all sites). The Gerani 2 datings are, however, an 
underestimation because the murids come from a layer that is sandwiched between the layer with 
the deer and the Neolithic layer. The earliest modern human settlement of Crete is Knossos (C14 
datings 8050–7740 yr BP; Jarman, 1996). Therefore, our sample of Gerani 2 murids likely has an 
age between 47,000 and 8050 yr BP. This justifies our decision to list Gerani as the 
youngest of our samples. 
 
 
Gargano 
The various Gargano fissure infillings in the various local limestone quarries do not have exactly 
identical geological ages but constitute a time series. The first biochronological scheme for 
Gargano (Freudenthal, 1976) was based upon gradual size increase of the middle-sized Mikrotia, a 
burrowing murid endemic to Gargano. Because body size in insular mammals may fluctuate in time 
(i.e. show reversals) under influence of changes in climate, competition and predation, other factors 
apart from size are essential in establishing a reliable biochronology on islands. For Mikrotia, 
features of the enamel patttern are taken into account as well. The chronology was confirmed with 
some fine-tuning based on the occurrence and evolutionary stage of hamsters (Freudenthal, 1985) 
and birds of prey (Tyto and Garganoaetus; Ballman, 1973, 1976). The increase in size of the 
Accipitridae, the Tytonidae and the Strigidae is not synchronuous, and this was the reason to 
discern five different faunal complexes or units (Ballmann, 1976, p. 41). As far as identical fissures 
are concerned, these units largely agree with the three phases as defined by Masini et al. (2008) 
based on the evolutionary stages of both Mikrotia and Prolagus. The oldest sites (Phase 1 of 
Massini et al., 2008) are further characterized by non-endemic genera or species (e.g. Dryomys 
apulus, Apodemus gorafensis), the smallest endemic hamster (Hattomys beetsi) and the smallest 
owl (Tyto sanctialbani). The relative chronology of the fissures is thus based on relative size and 
complexity of enamel patters of molars of endemic species and co-occurring taxa (faunal 
complexes). Rinaldo and Masini (2009) re-ordered the fissures based on dental morphology of 
Stertomys and found only minor deviations from the pattern represented in our figure. Ongoing 
research on Mikrotia, Stertomys and Hattomys (L. van den Hoek-Ostende, pers. comm.) keeps on 
confirming the relative chronological ordering of the sites.  
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Appendix D 
 

Body size of insular carnivores: evidence from the fossil record 
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Appendix S1: Body mass estimations for some insular carnivores and their mainland relatives 
 
Body mass estimations based on the length of the first lower molar, using the equations developed 
for canids and mustelids by Van Valkenburgh (1990). BM: Body mass, Lm1: Length of the first 
lower molar, %PE: Mean absolute value of percent prediction error, %SEE: Percent standard error 
of estimate. All calculations are based upon our data set. 
Equation for canids: 
Log(BM)=1.82log(Lm1)-1.22, %PE:27, %SEE: 44 
Equation for mustelids: 
Log(BM)=3.48 log(Lm1)-3.04, %PE:45, %SEE: 66 

Mainland species Insular species 
Xenocyon lycaonoides 
log(BM) = 1.370-1.473 
maximum BM = 29.71 kg 
minimum BM = 23.44 kg 
 
average BM = 26.58 
equation prediction error = ± 6.41 kg 
 

Cynotherium sardous  
log(BM) = 1.055-1.167 
maximum BM = 14.68 kg 
minimum BM = 11.35 kg 
 
average BM = 13.01 kg 
equation prediction error = ±3.14 kg 
 
Megacyon merriami  
log(BM) = 1.524 
BM =  33.42 
equation prediction error = ± 8.06 kg 
 
Mececyon trilinensis  
log(BM) = 1.019 
BM = 10.44 kg 
equation prediction error = ±2.52 kg 

Lutrogale perspicillata 
log(BM) = 1.072–1.092 
maximum BM = 12.36 kg 
minimum BM =11.80 kg 
 
average BM = 12.08 kg 
equation prediction error = ±4.59 kg 

Lutrogale cretensis 
log(BM) = 1.11–1.19 
maximum BM = 15.48 kg 
minimum BM = 12.88 kg 
 
average BM = 14.14 kg 
equation prediction error = ±5.39 kg 

Lutra simplicidens 
log(BM) = 0.777–0.830 
maximum BM = 6.37 kg 
minimum BM = 5.76 kg 
 
average BM = 6.37 kg 
equation prediction error = ±2.42 kg 

Lutra trinacriae  
log(BM) = 0.848 
BM = 7.04 kg 
equation prediction error = ±2.68 
 
Sardolutra ichnusae 
log(BM) = 0.824 
BM = 6.66 kg 
equation prediction error = ± 2.53 kg 
 
Cyrnolutra castiglioni 
log(BM) = 0.882 
BM = 7.62 kg 
equation prediction error = ±2.89 kg 
 
Megalenhydris barbaricina  
log(BM) = 1.250 
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BM = 17.78 kg 
equation prediction error = ±6.76 kg 
 
Algarolutra majori 
log(BM) = 0.752 
BM = 5.69 kg 
equation prediction error = ±2.14 kg 

Oriensictis melina 
log(BM) = 0.752–0.948 
maximum BM = 8.87 kg 
minimum BM = 5.65 kg 
 
average BM = 7.26 kg 
equation prediction error = ±2.76 

Oriensictis nipponica 
log(BM) = 0.863 
BM = 7.29 kg 
equation prediction error = ±2.77 kg 

Pannonictis nesti 
log(BM) = 0.651–0.786 
maximum BM = 6.11 kg 
minimum BM = 4.47 kg 
 
average BM = 5.29 kg 
equation prediction error = ±2.01 
 

Pannonictis sp.  
log(BM) = 0.904 
BM = 8.01 kg 
equation prediction error = ±3.04 kg 
 
Enhydrictis galictoides 
log(BM) = 0.651 
BM = 4.477 kg 
equation prediction error = ±1.70 kg 
 
Mustelercta arzilla 
log(BM) = 0.715 
BM = 5.18 kg 
equation prediction error = ±1.97 kg 

 
Body mass estimations of the three specimens of Figure 3 (using the equation developed for canids 
by Andersson, 2004). BM: Body mass, TC: Trochlea circumference, %SEE: Percent standard error 
of estimate.  
Equation  
Log(BM)=2,539log(TC)-0.586, %SEE: 15.88 
 
Xenocyon lycaonoides from Untermassfeld 
Specimen:IQW 1985/20693 
TC: 99 mm 
Log(BM): 4.4809 
BM: 30,263 g 
 
Cynotherium sp. from Capo Figari 
Specimen: BNM Ty 5363 
TC: 77 mm 
Log(BM): 4.2038 
BM: 15,988 g 
 
Cynotherium sardous from Corbeddu Cave 
Specimen: SASN CB 84-2019 
TC: 65 mm 
Log(BM): 4.0169 
BM: 10,398 g 

306



 
Institutional abbreviations 
IQW: Research Station of Quaternary Palaeontology Weimar, Senckenbergische Naturforschende 
Gesellschaft, Germany; BNM: Natural History Museum, Basel, Switzerland; SASN: 
Soprintendenza Archeologica Sassari e Nuoro, Sardinia, Italy. 
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Samenvatting 

 

Het Laat-Miocene eiland Gargano, nu een onderdeel van het vasteland van Italië, 

provincie Foggia in de regio Apulië, werd bewoond door een sterk endemische, 

ongebalanceerde en sterk verarmde fauna die alleen bestond uit hertachtige herkauwers, kleine 

knaagdieren, fluithazen, een ottersoort en insekteneters, naast reptielen, amfibiën en vogels. De 

herkauwers van de Gargano behoren tot de familie Hoplitomerycidae binnen de Cervoidea, 

oftwel herten in de ruime zin des woords. Ze worden voornamelijk gekenmerkt door vier 

hoorns boven de oogkassen, een hoorn midden op de neus, dolk-achtige bovenhoektanden en 

een gesloten groeve op het middenvoetsbeen. Enkele diagnostische kenmerken worden gedeeld 

met andere eilandzoogdieren en moeten waarschijnlijk opgevat worden als secundaire 

afgeleide kenmerken zonder fylogenetische waarde. 

De Hoplitomerycidae kwamen ook elders voor op het Abruzzo-Apulia platvorm zoals blijkt uit 

vondsten van fossielen bij Scontrone (provincie l'Aquila). Gebitskenmerken verschillen echter 

tussen de twee vondstplaatsen en een nieuw geslacht binnen de Hoplitomerycidae wordt hier 

beschreven voor de soorten van Scontrone. Het geslacht Hoplitomeryx komt alleen voor in 

Gargano en vormt het onderwerp van dit proefschrift. Hoplitomeryx evolueerde ter plaatse in 

vier soorten. Drie van deze soorten zijn niew en worden in dit proefschrift beschreven. De 

soorten verschillen voornamelijk van elkaar  in grootte, lichaamsproporties en mate van 

robustheid. Ze zijn het resultaat van character displacement (letterlijk: verschuiving van 

karakters) onder verminderde selectiedruk gedurende enkele miljoenen jaren. De selectiedruk 

was lager dan op het gemiddelde vasteland omdat er geen warmbloedige natuurlijke vijanden 

van de herten aanwezig waren. Bovendien ontbraken andere herbivoren zodat ook de 

ecologische niches van kleine en grote herbivoren beschikbaar waren. Competitie voor voedsel 

en territorium binnen de (aanvankelijk) eigen soort heeft de soortvorming waarschijnlijk doen 

versnellen. Eenzelfde type soortvorming (cladogenese, ofwel vertakking van een evolutionaire 

lijn) trad ook op in andere zoogdiergeslachten van het palaeo-eiland (de muizen Mikrotia en 

Stertomys, de insekteneter Deinogalerix) maar niet in de vogels. De duur van isolatie, gemeten 

op een geologische tijdschaal, lijkt de belangrijkste voorwaarde te zijn voor het optreden van 

cladogenese. 

Zoogdieren op eilanden worden gedurende hun evolutie doorgaans groter of kleiner afhankelijk 

van een combinatie van factoren waaronder lichaamsgrootte van de voorouder, oppervlakte en 

mate van isolatie van het eiland, breedtegraad, soort voedsel, prooigrootte (voor vleeseters) en 
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het aantal ecologisch relevante soorten (roofdieren en concurrenten). Het resultaat kan dus 

zeer verschillend zijn tussen vergelijkbare soorten op verschillende eilanden of tussen 

verschillende soorten op vergelijkbare eilanden, afhankelijk van de context. Dit veroorzaakt 

aanzienlijke ruis rond de trend. De trend blijkt meer uitgesproken te zijn in fossiele soorten, 

waarschijnlijk gerelateerd aan de duur van de isolatie. De trend kan fluctuaties door de tijd 

vertonen binnen een evolutionaire lijn wanneer één of meerdere factoren (bijvoorbeeld klimaat 

of samenstelling van de fauna) veranderen. Echter, het geslacht Hoplitomeryx kent zowel 

kleinere als grotere soorten (adaptieve radiatie). Binnen de fossiele eilandherten is dit ook 

beschreven voor Candiacervus (Kreta) en misschien ook Cervus astylodon (Ryukyu eilanden, 

Japan). De lichaamsgrootte convergeert hier niet naar een hypothetisch optimale grootte maar 

divergeert juist. Eenzijdige evolutie van lichaamsgrootte (in de richting van hetzij een grotere, 

hetzij een kleinere maat) wordt doorgaans gestuurd door ecological release (letterlijk, 

ecologische vrijlating, dat wil zeggen door het ontbreken van remmende factoren zoals 

roofdieren en rivalen is er ruimte voor veranderingen) en karakter verschuiving (om open 

ecologische niches te bezetten). Hetzelfde is wellicht van toepassing op tweezijdige evolutie van 

lichaamsgrootte (zowel in de richting van een grotere als van een kleinere maat), met mogelijk 

daaraan toegevoegd extreme partitionering of opdeling van de ecologische niche. De grootste 

soorten hebben een suboptimale bouw met hun zeer slanke, breekbare lange beenderen met 

smalle gewrichtsvlakten, vergeleken met de massieve beenderen met brede gewrichtsvlakten 

van vastelandsherten met gelijke schofthoogte. Zulke kwetsbare soorten zouden waarschijnlijk 

niet overleefd hebben onder druk van natuurlijke vijanden. Hun buitengewoon lange benen 

doen een voedselniche vermoeden die bestond uit takken en blaadjes die anders niet bereikt 

hadden kunnen worden. 

Hoplitomeryx is een voorbeeld van eilandevolutie in extreem lange isolatie. De evolutionaire 

geschiedenis van deze herkauwer is in overeenstemming met die van andere endemische 

zoogdiersoorten op eilanden. Dat geldt zowel voor het patroon van de divergente 

lichaamsgrootte-evolutie (adaptieve radiatie oftewel sympatrische soortvorming) als voor de 

evolutie van een aantal van de karakteristieke kenmerken. 
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 “Wait, we can still be friends!” 
As presented in this thesis, the fossil deer-like ruminant Hoplitomeryx is known by 

smaller and larger species in a multispecies assemblage (adaptive radiation). A 
similar speciation, driven by ecological release, character displacement and niche 

partitioning, is also seen in other insular mammals, fossils as well as living. 
Character displacement and niche partitioning are the subject of the cartoon: in 
Gargaon 5 to 8 million years ago, a long-limbed gracile form of Hoplitomeryx is 

ecologically and in habitat separated from the short-limbed stocky Hoplitomeryx. 
Eventually, the separation will lead to the formation of new species. 
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