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Abstract 

 

This PhD thesis explores the ecological responses of bird species to glacial-interglacial transitions during 

the late Quaternary in the Western Palearctic, using multiple approaches and at different scales, enhancing the 

importance of the bird fossil record and quantitative methods to elucidate biotic trends in relation to long-term 

climate changes. 

First, the taxonomic and taphonomic analyses of the avian fossil assemblages from four Italian Middle and 

Upper Pleistocene sedimentary successions (Grotta del Cavallo, Grotta di Fumane, Grotta di Castelcivita, and 

Grotta di Uluzzo C) allowed us to reconstruct local-scale patterns in birds’ response to climate changes. These 

bird assemblages are characterized by the regular presence of temperate species and by the occasional presence 

of cold-dwelling species (or an increase of them) during glacial periods, related to shifts in their distribution 

towards lower altitudes or lower latitudes. These local patterns are widely supported by those identified at the 

continental scale. In this respect, I mapped the present-day and LGM climatic envelopes of species with 

different climatic requirements and migratory behaviors. The results show a substantial stability in the range 

of temperate species and pronounced changes in the range of cold-dwelling species, supported by their fossil 

records. Therefore, the responses to climate oscillations are highly related to the thermal niches of investigated 

species.  

I also clarified the dynamics of the presence of boreal and arctic bird species in Mediterranean Europe, due 

to southern range shifts, during the glacial phases. After a reassessment of the reliability of the existing fossil 

evidence, I show that this phenomenon is not as common as previously thought, with important implications 

for the paleoclimatic and paleoenvironmental significance of the targeted species. 

In addition, the analyses of the avian fossil assemblages and the identification of the local patterns of species 

turnover in response to climate shifts, allowed extremely detailed environmental reconstructions during 

glacial-interglacial cycles.  

I have also been able to explore the potential of multivariate and rarefaction methods in the analyses of 

avian fossils. The ordination analysis applied on the taphonomic dataset of Grotta del Cavallo delineated the 

main drivers of taphonomic damages, whereas the rarefaction analyses highlighted the dynamics of species 

diversity in relation to climate-driven paleoenvironmental changes.  

As for the cold-dwelling bird species, which were the most impacted after the glacial periods, the 

knowledge of past response to climatic changes also helps to better understand the current responses to global 

warming and to forecast its future effects, in order to adopt more suitable conservation strategies. 
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1. Introduction 

 

1.1 Climate changes in the late Quaternary 

 

Climatic variability has been particularly pronounced in the Quaternary Period (last 2.58 million years; 

Cohen & Gibbard, 2019). The alternating glacial and interglacial conditions, marked by smaller oscillations 

called stadials and interstadials, are superimposed upon an overall global cooling trend. Cores drilled from ice 

sheets (Greenland and Antarctica) and from beneath the seafloor recorded Earth’s climate history, based on 

the 18O/16O isotope ratio found in the ice and in the skeletons of marine planktonic foraminifera entombed in 

the bottom sediments of the ocean (Lisiecki & Raymo, 2005; Rasmussen et al., 2014; Landais et al., 2015), as 

shown in Fig. 1.1. The recognition of many different climatic phases based on the variation (δ) of 18O/16O 

through time, led to the current subdivision of the Quaternary in 103 warm and cold periods called Marine 

Isotope Stages (MIS) (Lisiecki & Raymo, 2005). 

Long-term changes in solar radiation, triggered by orbital forcings, and the complex feedback processes of 

the climate system are the main drivers of cyclical climatic oscillations on Earth (Kamawura et al., 2007; 

Cheng et al., 2009; Lisiecki, 2010), that also cause eustatic sea-level fluctuations (Fig. 1.2) (Waelbroeck et al., 

2002). The three main astronomical parameters affecting Earth’s orbital geometry around the Sun and climate 

variability are precession, obliquity, and eccentricity, with averaged periodicities of ca. 23, 41, and 100 ky 

respectively (Milankovitch, 1930, 1941; Berger, 1988). Between 1.2 and 0.7 Ma, the so-called mid-Pleistocene 

transition (MPT) marked the change in the periodicity of glacial-interglacial cycles. The ~41,000-year 

periodicity driven by the variation in Earth’s tilt, which allowed the presence of thin ice sheets, was replaced 

by the ~100,000-year current cyclicity. The latter is characterized by long cooling phases (glacials) with the 

build-up of thick ice sheets, followed by relatively short warm phases (interglacials), lasting thousands of years 

(Clark et al., 2006; Bajo et al., 2020).  

Other millennial scale perturbations of the climate system, such as the Dansgaard-Oeschger cycles or the 

Heinrich events, are commonly attributed to stochastic processes that affect the climate system (e.g., volcanic 

dust loading) and feedback processes of the Earth’s climate system, such as oceanic global circulation patterns 

and ice-sheet dynamics (Masson-Delmotte et al., 2013).  

The Late Pleistocene (126 - 11.7 ky) (Cohen & Gibbard, 2019) witnessed the last complete glacial-

interglacial cycle. The Last Interglacial (LIG, 129 - 116 ky) (Shackleton et al., 2003; Dutton & Lambeck, 

2012), also known as MIS 5e, was characterized by global mean temperatures warmer by 2°C and the sea level 

a few meters higher than pre-industrial times (Masson-Delmotte et al., 2013; Dyer et al., 2021). The last 

glaciation began about 115 ky ago, when temperatures rapidly dropped by several degrees. The buildup of 

glaciers culminated during the MIS 2, in the Last Glacial Maximum (LGM), which occurred from about 26.5 

to 19 ky ago (Clark et al., 2009; Lambeck et al., 2014). During this period, large ice sheets covered Northern  
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Fig. 1.1. A) Global stack of δ18O values from benthic foraminifera reflecting changes in global ice volume and 

temperature (Lisiecki and Raymo, 2005). Peaks in δ18O values (downwards) indicate warm conditions, reduction of ice 

volume and increasing global sea level. B) General chronology of the Greenland ice cores, shown using δ18O data from 

the NGRIP core. Numbers indicate the rapid warming events, known as Dansgaard–Oeschger (D–O) events or 

Greenland Interstadials (GI). Heinrich events, characterized by ice rafting events in the North-Atlantic, are shaded grey 

and labelled. Marine Isotope Stages (MIS) are indicated, where MIS 5e is equivalent to the Last Interglacial and MIS 1 

to the current interglacial. Modified after Vasskog et al., 2015. 

 

 

Europe and North America, whereas sea level dropped by about 125-130 m (Yokoyama et al., 2018). 

Considering model simulations, data from paleoclimatic archives and the local variability, LGM global mean 

surface temperature is estimated to be cooler than pre-industrial times by 3° to 8°C (Annan & Hargreaves, 

2013; Masson-Delmotte et al., 2013). Colder temperatures, reduced precipitation, and decreased CO2 air 

concentration produced increased aridity with the expansion of desert areas and grasslands and the retreat of 

forests (Fig. 1.3) (Prentice et al., 2000; Harrison & Prentice, 2003; Allen et al., 2010; Becker et al., 2015; 

Binney et al., 2017). 

 

 

 

Fig. 1.2. Sea level variations in the last 120 ky. Sea-level data are taken from Waelbroeck et al. (2002) (purple) except 

for the last 19 ky, which are from coral and other benchmark indicators. Modified after Siddall et al., 2010. 



4 
 

Figure 1.3: LGM paleoenvironments of Europe (modified after Becker et al., 2015). On the right, the legend shows the 

main climate zones of the Koppen-Geiger classification (B, C, D, E) indicated by the colors in the map. 

 

 

The onset of the current warm period (Holocene), dated approximately 10 ky BP, was marked by rapid ice 

melting and retreat. Glacial terminations, i.e., the transitions from glacial to interglacial conditions, represent 

relatively fast Quaternary climate changes. The early Holocene is marked by the late phases of deglaciation of 

Pleistocene land ice, sea level rise, and the occurrence of warm phases that affected different regions at 

different times, centered at around 8.0-6.5 ky BP (Amorosi et al., 2017; Liu et al., 2018; Vacchi et al., 2020). 

During this period, often referred to as the Holocene Thermal Maximum (HTM), regional temperatures 

were up to 1°C higher than pre-industrial time (Kaufman et al., 2020; Gulev et al., 2021). In the present day, 

Earth is facing global warming, which is acknowledged to be a direct result of human activities. The burning 

of fossil fuels is causing a rapid increase in greenhouse gases in the atmosphere, which has already triggered 

an increase in surface temperature of 0.74°C compared to pre-industrial levels, with mean temperature 

increases over two degrees in certain areas of the temperate and arctic climate zones (Masson-Delmotte et al., 

2013; Kaufman et al., 2020). Current estimates predict atmospheric CO2 levels may rise up to 450–500 ppm 

by the end of this century, potentially driving an increase in global average temperature of 2-5°C (Masson-

Delmotte et al., 2013). Ongoing climatic change markedly differs from preceding changes, because it occurs 

at smaller temporal scales (at least one order of magnitude faster than the last glacial termination) (Collins et 

al., 2013) and is accompanied by unprecedented changes in land use (Masson-Delmotte et al., 2013).  



5 
 

1.2   Birds’ response to climate changes  

 

Large-scale changes in climate alter the physicochemical conditions under which plants and animals can 

live at various points in time. As animals depend on ecosystems of primary producers, there is a cascading 

effect throughout the whole ecosystem: latitudinal and altitudinal shifts of the different vegetational belts are 

followed by animal species tracking their ecological niche. Such latitudinal and altitudinal shifts forced plants 

and animals to modify their geographic ranges, or drove them to extinction, based on species-specific climatic 

tolerances, dispersal capacity, genetic diversity, reproductive strategies, phenotypic plasticity, and population 

growth rates. Biotic responses to climatic and environmental changes, as shown by the fossil records, vary 

from macroevolutionary divergences (at very long-time scales) to phenotypic adjustments in situ (at shorter 

time scales) (Nogues-Bravo et al., 2018). Birds, like other organisms, developed a broad range of different 

adaptations to cope with climatic variations. As they represent one of the most studied zoological taxa in terms 

of ecology and behavior, several studies in the last decades have observed and analyzed the consequences of 

global warming on bird species, individually or in terms of populations, showing various types and magnitudes 

of impacts (Dunn & Møller, 2019). Nonetheless, little is known about how they adapted to the major and 

repeated climatic shifts which characterized the Quaternary Period. The European avian fossil record, which 

is very rich in terms of the number of localities, abundance of remains, and number of species, represents the 

main source of information available for investigating the responses of birds to past climate changes. This huge 

resource is still in part neglected, and more research is needed in the field. The investigation of past biotic 

dynamics in relation to long-term natural changes will help elucidate the mechanisms of response of bird 

species to current global warming and forecast near-future avian dynamics in a warmer Earth, in order to 

provide better conservation strategies. It would also help disentangle the climatic effects from the 

anthropogenic impacts that threaten present-day avian ecosystems and their biodiversity.  

 

1.2.1 Birds and global warming 

 

Climate change has primary consequences in the geographic distribution of birds, in terms of location, 

range extent, and abundance, as a species’ range is related to species-specific physiological tolerance to 

temperature, precipitation, and other climate-driven environmental variables (Scridel et al., 2017). 

In northern temperate regions, global warming has induced range shifts of bird species towards higher 

latitudes (mainly northeast or northwest) (Huntley et al., 2008; Barbet-Massin et al., 2012; Lehikoinen & 

Virkkala, 2016; Virkkala et al., 2018) and elevations (Tingley et al., 2009; Reif & Flousek, 2012). Those 

mountain bird species that occupy only the higher elevations are experiencing a decrease in the potential area 

available and have declined in numbers (Pernollet et al., 2015; Brambilla et al., 2016; Scridel et al., 2018; 

Lehikoinen et al., 2019a). Positive aspects of climate change comprise increasing abundance and/or ranges for 

sedentary, generalist, and warm-dwelling species (Devictor et al., 2008; Davey et al., 2012), whereas climate 

change impacts are proposed to be more severe for cold-dwelling species, restricted-range species, and species 
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using seasonal habitats (Both et al., 2010; Scridel et al., 2017). To date, climate change-driven global or 

continental extinction events for bird species remain to be unambiguously proven, but negative impacts are 

expected to prevail for most species, with vast species losses predicted for the future.  

The BirdLife International (2018) report on the conservation state of the birds of the World clearly shows 

how humans are responsible for most of the threats to birds. The first five most important threats are: 

agricultural expansion and intensification, which impacts 1,091 globally threatened birds (74%); logging, 

affecting 734 species (50%); invasive alien species, which threaten 578 (39%) species; and hunting and 

trapping, which puts 517 (35%) species at risk. Climate change represents an emerging and increasingly serious 

threat - currently affecting 33% of globally threatened species - and one that often exacerbates existing threats. 

Climate changes have produced effects also in bird behavior. Due to earlier onset of spring in the breeding 

grounds of the northern hemisphere, changes in migration phenology and breeding cycles have been observed 

in the last decades. In terms of migration phenology, an earlier spring migration has been reported, more 

pronounced in short distance migrants than in long-distance migrants (Both & Visser, 2001; Crick, 2004; 

Jonzén et al., 2006; Gordo, 2007; Saino et al., 2011; Bitterlin & Van Buskirk, 2014; Usui et al., 2017; 

Lehikoinen et al., 2019b; Horton et al., 2020) and also a delay in autumn migration in short-distance migrants 

(whereas long distance migrants seem to advance the autumn migration) (Jenny & Kery, 2003; Horton et al., 

2020). The lasting permanence in the breeding grounds also led to earlier breeding as well as an increased 

length of the breeding season and numbers of broods (Both et al., 2004; Møller et al., 2010; Smallegange et 

al., 2010). The ameliorated climate produced an increase in resident individuals in a number of migratory 

species (especially short-distance migrants), that is mainly the tendency to overwinter in the breeding grounds 

(particularly regarding populations living in the southerly areas of the breeding range) or also to shorten the 

migration distance between breeding and wintering grounds by shifting the wintering grounds northwards (La 

Sorte & Thompson III, 2007; Visser et al., 2009; Smallegange et al., 2010; Morganti, 2015). Overall, a decrease 

in the share of migratory individuals in many bird species and populations is undergoing due to climate 

warming (Berthold, 2001; Newton, 2010). The plasticity of migratory behavior plays a pivotal role and 

represents a successful strategy for coping with climate in continuous change, but often fails to track the speed 

of global warming. Indeed, the latter is causing one of the main threats for migratory bird species, that is called 

“ecological mismatch”. It is basically a phenological mismatch between the timing of breeding of northern 

bird populations and the time of maximal food abundance, due to failure to keep pace with progressively earlier 

peaks in arthropod prey. Unequal climate change in breeding, passage, and wintering areas and less flexibility 

to adapt to changes represent an even greater threat for long-distance migrants (Hüppop & Winkel, 2006; 

Møller et al., 2008; Both et al., 2010; Jones & Cresswell, 2010; Saino et al., 2011). 

Moreover, many long-distance migrants that winter in sub-Saharan Africa are also dealing with a 

progressive increase in the migration distances (Huntley et al., 2006; Doswald et al., 2009; Howard et al., 

2018) due to poleward shifts of breeding ranges (Huntley et al., 2008; Barbet-Massin et al., 2012; Lehikoinen 

& Virkkala, 2016) and no consistent directional shift of the wintering grounds (Barbet-Massin et al., 2009; 

Doswald et al., 2009). Southward shifts of wintering grounds have also been reported, due to droughts and 
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desertification in the Sahel (related to anthropic activities), further lengthening the migration trip (Wilson & 

Cresswell, 2006; Zwarts et al., 2009; Adams et al., 2014). Only rarely have the wintering grounds been reported 

to move northwards (Ambrosini et al., 2011). The lengthening of the migration journey, together with 

competition with resident species, ecological mismatches, loss of habitat due to anthropic land use, and severe 

poaching along the migration routes, are causing a decline of the long-distance Afro-palearctic migrants 

(Møller et al., 2008; Saino et al., 2011; Barbet-Massin et al., 2012; Vickery et al., 2014; Bairlein, 2016; Zurell 

et al., 2018). 

Impacts of climate change may involve shifts in body size or appendage size. Declines in body size have 

been suggested to interest many different organisms as a response to warming climates (Gardner et al., 2011). 

Ecogeographic rules are involved in these mechanisms, such as Bergmann’s rule, that explains why a larger 

body size is advantageous in cold climates to reduce heat loss (due to the relationship between body volume 

and body surface area) (Bergmann, 1847), or Allen’s rule, that explains why animals tend to have shorter 

extremities in cold climates to reduce heat loss (Allen, 1877). Several studies have proven that Bergmann’s 

rule works on current geographic variability of birds, with larger birds in northern cooler climates (Zink & 

Remsen, 1986; Blackburn & Gaston, 1996; Ashton, 2002; Meiri & Dayan, 2003; Olson et al., 2009). Zink & 

Remsen (1986) surveyed the evidence of validity of Allen’s rule on present-day geographic variability and 

found that the results were conflicting. Indeed, some authors found evidence of validity of Allen’s rule for 

hindlimbs (Fleischer & Johnston, 1982; Cartar & Morrison, 2005) and bills (Symonds & Tattersaal, 2010; 

Greenberg et al., 2012; Danner & Greenberg, 2015), whereas others do not (Gutiérrez-Pinto et al., 2014). The 

factors influencing the variation in birds over space are the same as those operating across time. Several studies 

support general, but not universal, temporal decline in mean body size of birds in response to global warming 

(Johnston & Selander, 1964; Yom-Tov, 2001; Yom-Tov et al., 2006; Gardner et al., 2009; Salewski et al., 

2010; Van Buskirk et al., 2010; Teplitski & Millien, 2014; Weeks et al., 2020). The size of appendages, such 

as the bill may be responsive to climate warming in accordance with Allen’s rule (Campbell-Tennant et al., 

2015). The temporal patterns observed in the above-mentioned works, although consistent with ecogeographic 

rules, may have additional causes, such as changes in primary productivity, habitat, food availability or other 

environmental factors. 

 

1.2.2  Past responses to Quaternary climate changes  

 

The extensive Western Palearctic Quaternary fossil record of birds provides evidence of many species’ 

changes in distribution in response to climatic oscillations. During glacial periods, the environmental 

conditions at high latitudes were not suitable anymore for the survival of bird species, because of the expansion 

of the ice cap. Therefore, several species that currently live in arctic, sub-arctic and boreal environments (i.e., 

Lagopus lagopus, Surnia ulula, Bubo scandiacus, Strix nebulosa, Falco rusticolus, Loxia pytyopsittacus, 

Pinicola enucleator) (Tyrberg, 1991, 1998, 2008; Holm & Svenning, 2014) gradually shifted their distribution 

southwards, using Mediterranean Europe as a “climate refugium”. Species which now live in different habitat 
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and regions once occurred together, giving place to the “no-analog communities”. The Mediterranean refugia 

mostly consisted of Iberia, Italy, and the Balkans (Tyrberg, 1998; Newton, 2003; Sanchez Marco, 2004; Bedetti 

& Pavia, 2007; Hampe & Jump, 2011; Holm & Svenning, 2014). Cold-adapted species which currently live in 

the mid-latitude mountain areas (Bonasa bonasia, Lagopus muta, Tetrao urogallus, Lyrurus tetrix, Glaucidium 

passerinum, Aegolius funereus, Pyrrhocorax pyrrhocorax, Pyrrhocorax graculus, Prunella collaris, 

Montifringilla nivalis, among others), were spread over a wider geographic range during glacial periods with 

respect to the present day, because of the downward shifting of vegetational zones in the mountains. During 

interglacials, such as the present one, their range reduced considerably with the shrinking and isolation of 

populations on the mid-latitude high mountain ranges and in boreal areas. For this reason, these species are 

often referred to as “glacial relicts” (Tyrberg, 1991, 1998, 2008; Newton, 2003; Holm & Svenning, 2014). The 

more distinctly Mediterranean and warm-adapted species, during cold phases survived only in the southern 

offshoots of the refugia with isolated populations, whereas they flourished during warm phases. For instance, 

in the LIG the distribution of Southern European species extended further north, some as far as the United 

Kingdom (Tachymarptis melba, Aquila pennata) (Tyrberg, 1998). A study by Tyrberg (2010) indicates that 

avifaunal communities from LIG deposits were comparable to the present ones, so that a difference of less 

than 2°C on average does not substantially alter avifaunal communities, but that changes in precipitation could 

be more important. The fragmentation and isolation of the populations caused by the climatic oscillations 

triggered speciation and the differentiation of current subspecies, whereas post-glacial expansion favored 

genetic re-admixtures between populations. Ultimately, climatic oscillations shaped the extant genetic 

diversity of bird species and their present geographic distribution (Avise & Walker, 1998; Blondel & Mourer-

Chauviré, 1998; Hewitt, 2000, 2004; Newton, 2003; Tietze, 2018). Molecular genetic studies provide evidence 

of range changes and elucidate glacial distributions and patterns of Holocene range expansions by temperate 

species (Liukkonen-Anttila et al., 2002; Brito, 2005; Ruokonen et al., 2005; Garcia et al., 2011; Pellegrino et 

al., 2014, 2015; Drovetski et al., 2018; Raković et al., 2019). 

Very few studies based on the osteometry of bird fossils report that past climatic oscillations also produced 

morphological variations in bird species (Northcote, 1981; Ericson, 1987a; Stewart, 1999a, 2007). One such 

example is that of grouses (Lagopus muta and Lagopus lagopus). Several studies (Bocheński, 1974, 1985; 

Potapova, 1986; Stewart, 1999a, 1999b, 2007; Potapov et al., 2003) suggest that individuals living during 

glacial periods may have modified their bodily proportions according to Bergmann’s and Allen’s rules. 

Migratory behavior, that likely appeared well before Pleistocene glaciations, is related in birds to an 

increase in seasonality and deterioration of winter conditions (Bruderer & Salewski, 2008; Louchart, 2008; 

Finlayson, 2011; Winger et al., 2019). Therefore, migratory behavior probably appeared, disappeared, and 

adapted multiple times in the past, leveraging its plasticity, in response to changing climatic conditions. Based 

on traditional interpretations, during glacial maxima in the Western Palearctic, migratory species shifted their 

breeding grounds southwards, due to the expansion of the ice cap, and continued to migrate shorter distances 

to the same wintering areas. Other works suggest that migratory behavior could be linked to the recolonization 

of northern deglaciated areas in postglacial times, and thus it mainly represents a phenomenon of interglacial 
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periods, which considerably reduced during glacial phases (Fiedler, 2003; Milá et al., 2006; Zink, 2011; Zink 

& Gardner, 2017). Recent research suggests that there is no evidence of the loss of the migratory behavior in 

Afro-Palearctic migrants during the LGM (Ponti et al., 2020) and that bird migration remained an important 

global phenomenon throughout the last 50,000 years (Somveille et al., 2020).   

As for migratory distance in long-distance migrants, during glacial times it was likely shorter than the 

present day as the wintering ranges remained basically still whereas breeding ranges shifted southwards 

(Moreau, 1954; Ponti et al., 2020), even if the Sahara seems to have slightly expanded during the LGM 

(Dupont, 1993; Hoelzmann et al., 2004; Larrasoana et al., 2013; Hoag & Svenning, 2017). On the other hand, 

the African Humid Periods, that caused the cyclic greening of the Sahara and occurred in correspondence with 

the LIG and the HTM (Hoelzmann et al., 2004; Larrasoana et al., 2013; Hoag & Svenning, 2017; Tierney et 

al., 2017), could have played a pivotal role in the length of the migratory trip of these birds, making northern 

Africa a huge potential wintering ground for Afro-palearctic migrants with a consequent shortening of the 

migration trip. 

The paucity of the studies dealing with African avian fossil assemblages prevents the clarification of the 

dynamics of the Afro-Palearctic migration system during past climatic phases. The bulk of evidence of the 

existence of Afro-Palearctic migrations during Pleistocene is represented by the fossil presence, in Sub-

Saharan Africa, of long-distance migratory bird taxa and the absence of medullary bone in African fossils 

belonging to Afro-Palearctic migratory bird species (Churcher & Smith, 1972; Harrison, 1980; Matthiesen, 

1990; Louchart et al., 2008; Prassack, 2010, 2014; Val, 2016; Prassack et al., 2018; Ponti et al., 2020). 

Moreover, the fossil record indicates that long-distance migration was present, in the Pleistocene, in species 

which currently do not migrate to Africa anymore, likely due to Sahara aridification and ameliorated conditions 

in the northern latitudes (Harrison, 1980; Louchart, 2014; Prassack, 2014).  
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1.3  The investigation of the responses to past climatic oscillations in birds  

 

1.3.1  Fossil birds and their potential 

 

The study of fossil birds represents a pivotal tool to better understand the evolution dynamics of avian taxa, 

paleobiogeography, and population dynamics in response to past climatic changes.  

Extant bird species, most of which are reported in the fossil record since approximately the Early 

Pleistocene (Mourer-Chauviré, 1993; Tyrberg, 1998, 2008; Finlayson, 2011; Bedetti & Pavia, 2013), are very 

sensitive to environmental and climatic changes and have very specific needs concerning the habitat, especially 

in terms of vegetation (Cramp, 1998). Assuming that the ecological niche (species-specific physiological 

tolerance to temperature, precipitation and other environmental variables) did not change at least through the 

Quaternary, fossil avifauna represents a reliable indicator of the type of environments that surrounded the fossil 

localities in the past, at the time of the death of the individual (Eastham, 1997; Serjeantson, 2009). Furthermore, 

birds are helpful in paleoenvironmental reconstructions for the whole Quaternary, whereas current mammal 

species, which have more recent origins with respect to birds, provide reliable paleoenvironment 

reconstructions only for the most recent part of the Quaternary. From this perspective, birds are even better 

paleoenvironmental indicators than mammals. Fossil birds can also give insights about past climates. For 

instance, the finding of boreal or arctic species (i.e., Lagopus lagopus, Bubo scandiacus) (for more details see 

Chapter 1.2.2) in the fossil record of Western Palearctic mid-latitudes represents clear evidence of a climate 

colder than the present one. These species can therefore be considered climate markers. Likewise, the finding 

of species at low altitudes that are now spread only at the higher elevations of mountain areas of Southern 

Europe (i.e., those species defined “glacial relicts” such as Lagopus muta, Pyrrhocorax graculus) (for more 

details see Chapter 1.2.2), represents another proxy of cooler climatic conditions than the present (Carrera et 

al., 2018a, 2018b, 2021). Furthermore, the species turnover in the different stratigraphic units of a deposit 

(presence/absence of climate markers, changes in the relative abundance of species) can suggest possible 

climate oscillations across the sedimentary succession of the fossil locality (Cassoli & Tagliacozzo, 1994; 

Pavia, 2000; Bedetti & Pavia, 2007; Tomek et al., 2012). To provide reliable results, it should be applied to 

deposits with a high number of bird fossil remains and sedimentary successions spanning long time intervals. 

 Additionally, it is worth remembering that many different ecological factors, besides climate, can affect 

the distribution patterns of species and that the current ecological niches of extant species could be slightly 

different from Late Pleistocene ones, due to anthropic impacts and land-use. Also, fossil birds can provide 

extremely precise environmental indications when associated with other paleoenvironmental proxies such as 

micromammals, macromammals and pollen (Romandini et al., 2020; Carrera et al., 2021).  
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1.3.2  The analysis of fossil bird bones  

 

Bird bones are characterized by adaptations to flight (Fig. 1.4), in order to reduce body mass but at the same 

time maintain strength and resistance. Among these adaptations are the thinning and lightening of the bone 

cortex, the pneumatization (extension of the hollow air sacs, which originate in the lungs, inside the bones), 

the fusion of some elements, the absence of teeth, and the presence of trabeculae (thin struts which develop at 

angles to the bone wall in response to the mechanical loading on the bone) (Baumel & Witmer, 1993; 

Serjeantson, 2009).  

The identification of bird bones is conducted through comparison with present-day bird skeletons and, when 

needed, with the help of manuals dedicated to the osteological features of selected avian orders or families 

(Bacher, 1967; Woelfle, 1967; Erbersdobler, 1968; Kellner, 1968; Kraft, 1972; Fick, 1974; Langer, 1980; Otto, 

1981; Solti, 1981; Emslie, 1982; Schmidt-Burger, 1982; Janossy, 1983; Moreno, 1985, 1986, 1987; Boev, 

1988; Weesie, 1988; Cuisin, 1989; Gruber, 1990; Lorch, 1992; Bocheński, 1994; Cohen & Serjeantson, 1996; 

Solti, 1996; Stewart, 1999b; Bocheński & Tomek, 2000; Tomek & Bocheński, 2000; Wójcik, 2002; Kessler, 

2015, 2016, 2019; Schäfer & Schmitz, 2016; Ujhelyi , 2016 among others). A detailed review of the available 

literature on bird bones identification is reported in Stewart & Hernandez Carrasquilla, 1997. The presence of 

medullary bone, a granular calcium deposit within the bone which provides a supply of calcium for the 

development of eggs, can allow sex assignation to bird skeletal remains. This deposit is present in a short time-

period in the bones of the females just before and during the time of lay (Serjeantson, 2009). The size of the 

bones also helps when sexing, in those species with pronounced sexual size dimorphism. The age at death can 

be inferred by some characteristic features of juvenile bones, that separate young birds from adult individuals. 

In the first weeks of life, the bones are porous with undeveloped articular surfaces; soon after fledging, the  

 

 

 

Fig. 1.4. Bird skeleton. Modified from https://academy.allaboutbirds.org/features/birdanatomy/. 
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bones completely ossify (complete replacement of cartilage by adult bone). The time of ossification is slightly 

different among families and longer in larger-sized species (Serjeantson, 2009). The presence of medullary 

bone or juvenile bones also gives precious insights on seasonality, indicating that those birds died during the 

breeding season, i.e., spring or summer (Serjeantson, 1998, 2009). 

The availability and completeness of bird skeletal collections (Olson, 2003; Roselaar, 2003; Mlíkovsky, 

2010; Boano & Pavia, 2014; Pavia, 2019) is pivotal to obtaining good results from the taxonomic analysis of 

fossil birds, but bird skeletal collections are not as common as mammal skeletal collections, due to the higher 

number of bird species and the difficulty of retrieving dead bird specimens. This is one of the main reasons 

why the field of paleornithology is not as developed as other paleontological sectors, despite the richness of 

the avian fossil record in terms of abundance, diversity, and number of localities (Tyrberg, 1998, 2008). The 

specimens in the reference collections are prepared as disarticulated skeletons. Successively, they are skinned 

and then the soft parts are eliminated through maceration in water, boiling, burial in the ground or with the use 

of dermestid beetles. The bones are then cleaned and bleached by passage in an ammonia solution. Eventually, 

they are stored in the collection and catalogued along with some other information besides the name of the 

species, such as provenance, date of death, cause of death, age, sex, weight (if available) (Serjeantson, 2009; 

Pavia, 2019).  

The fossil remains can additionally be the subject of taphonomic analysis. Taphonomy is the set of chemical 

and physical processes that a bone undergoes from the death of the individual to the retrieval of the bone, via 

burial in the sediment. The analysis consists of the detailed observation of the surface of the bones, in order to 

find the small traces of the processes that the bone underwent and determine the accumulation agents 

(Serjeantson, 2009; Fernández-Jalvo et al., 2016). It is conducted using lens, stereomicroscope, or Scanning 

Electron Microscope (SEM), if necessary. For instance, if a bone was the leftover of a carnivore’s meal, it will 

show gnawing of the epiphyses or pits and scores left by the carnivore’s teeth (Haynes, 1983; Mallye et al., 

2008; Delaney-Rivera et al., 2009; Dominguez-Rodrigo et al., 2012). Otherwise, a bone which was contained 

in a nocturnal raptor’s pellet will probably carry the traces of the digestive acids of the raptor, which produce 

a typical slight surface corrosion (Andrews, 1990; Bocheński & Tomek, 1997), whereas the bones belonging 

to individuals which were butchered by prehistoric men will show cut-marks, burning traces and other typical 

traces (Potts & Shipman, 1981; Shipman et al., 1984a, 1984b; Nicholson, 1993; Laroulandie, 2005; 

Dominguez-Rodrigo et al., 2009). Other taphonomic modifications that a bone can show are manganese 

dioxide staining, concretions, root etching, trampling, weathering etc. (Fernández-Jalvo et al., 2016). The 

taphonomic analysis, together with the anatomical parts representation (Mourer-Chauviré, 1983; Ericson, 

1987b; Livingston, 1989; Bovy, 2002; Bocheński, 2005; Laroulandie, 2010; Lefèvre & Laroulandie, 2014), 

adds pivotal insight for the interpretation of the fossil assemblage retrieved, as it points out the processes which 

led to the accumulation of the bones and, consequently, identifies the area around the locality (where the bird 

individuals came from) that is the objective of the paleoenvironmental reconstruction.  
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Fig. 1.5: The dresser of the MGPT-MPOC bird Skeletal collection in Turin, with the details of a single drawer and a 

skeleton of Corvus corax (ph. M. Pavia). 

 

 

1.3.3  Species Distribution Models as tools to reconstruct paleodistributions 

 

Bird species are not uniformly distributed and differ in their ecological niches. Current geographic ranges 

are the result of evolutionary processes, climatic factors and human influences. Species Distribution Models 

(SDM) represent a useful tool in biogeographic and ecological studies, as they can project the current climatic 

and ecological requirements of species onto specific geographic areas or other climatic scenarios, in the past 

or in the future, assuming niche conservatism over time (Wiens & Graham, 2005; Wiens et al., 2010). They 

achieve this by relating species’ observations to environmental predictor variables using statistical and 

machine-learning methods. Predictions of species distributions are based on current occurrence data that can 

be downloaded from, for instance, http://datazone.birdlife.org/home, www.gbif.org, www.ebird.org (among 

others), whereas the predictor variables are GIS layers of current, past or future climate or land-cover data (see 

https://www.worldclim.org/, Hijmans et al., 2005; https://www.ecoclimate.org, Lima-Ribeiro et al., 2015). 

Then, an appropriate algorithm relates occurrences to environmental data (BIOCLIM, Maxent, GARP, GAM, 

http://datazone.birdlife.org/home
http://www.gbif.org/
http://www.ebird.org/
https://www.worldclim.org/
https://www.ecoclimate.org/
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BRT, BIOMOD among many others) (Guisan & Thuiller, 2005; Elith & Leathwick, 2009; Stiels & Schidelko, 

2018). The output is a map that shows areas of different suitability for the occurrence of the species. Recently, 

avian niche models and their applications were extensively reviewed (Engler et al., 2017), but here I will limit 

our focus to the applications of SDMs in the study of past avian geographic distribution dynamics, mainly 

adaptations to late Quaternary climatic changes. 

By predicting past species distributions, SDMs allow to explore the responses of species to past changes in 

climate and environment, reveal changes in the ecological niche over long time scales and provide answers to 

evolutionary and biogeographical hypotheses (Elith & Leathwick, 2009; Nogués-Bravo, 2009; Svenning et al., 

2011; Varela et al., 2011; Gavin et al., 2014). SDMs are often integrated with molecular ecology to reconstruct 

detailed phylogeographic and past population dynamics of bird species, contributing to taxonomic studies 

(Kozma et al., 2016; Perktas et al., 2017, 2019; Lagerholm et al., 2017; Tietze, 2018; Arcones et al., 2021).  

To reconstruct past distributions, climatic models of the past are needed, but those available for the 

Pleistocene are very few (https://www.worldclim.org, Hijmans et al., 2005; https://www.ecoclimate.org, Lima-

Ribeiro et al., 2015). The Last Glacial Maximum climatic layers (Varela et al., 2015) are used in a number of 

works that explore the LGM dynamics of bird species, in order to clarify refugial dynamics, test niche stability, 

identify climate threats and effects to optimize current conservation efforts (Peterson et al., 2004; Ruegg et al., 

2006; Huntley & Green, 2011; Huntley et al., 2013; Peterson & Ammann, 2013; Smith et al., 2013; Barrientos 

et al., 2014; Kozma et al., 2016; Lagerholm et al., 2017; Perktas et al., 2017, 2019; Koparde et al., 2019; Kiss 

et al., 2020; Ponti et al., 2020; Arcones et al., 2021; Sutton et al., 2021). However, only a few of them use the 

information provided by the fossil record to reinforce, calibrate, or validate the LGM predictive models (Smith 

et al., 2013; Lagerholm et al., 2017; Ponti et al., 2020; Arcones et al., 2021) and only two include the modelling 

of LGM wintering grounds of Afro-Palearctic migrants (Ponti et al., 2020; Arcones et al., 2021).  

https://www.worldclim.org/
https://www.ecoclimate.org/
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2. Aims and research outlines    

 

This work explores the ecological responses of bird species to past glacial-interglacial transitions through 

several approaches and at different scales, integrating qualitative fossil data with quantitative techniques for 

paleoecological studies. The knowledge about responses of birds to past climatic changes provides pivotal 

insight to better understanding birds’ responses to global warming and to adopt conservation strategies for the 

more endangered species. This integrated approach at different scales provides new useful data to disentangle 

the climate effects from current and future anthropic impacts on bird population dynamics. Furthermore, it 

improves the interpretation of fossil assemblages in terms of paleoenvironmental and paleoclimatic 

significance.  

In the beginning, I investigated the dynamics of bird paleocommunities in response to climate shifts at a 

local scale from four different Italian sites that host rich avian fossil assemblages to reconstruct avian responses 

to past late Quaternary climate changes. The first paper (Manuscript I, published in Palaeogeography, 

Palaeoclimatology, Palaeoecology) deals with avian assemblages from Grotta del Cavallo, a well-known cave 

located in Southern Italy (Apulia), which was inhabited by Neanderthals throughout the Mid-Late Pleistocene. 

The fossil rich sedimentary succession of Grotta del Cavallo allows to explore the avian biodiversity in this 

refugial area and provides highly detailed paleoenvironmental and paleoclimatic avian-based reconstruction 

of the landscape that was home to the Neanderthal hunter-gatherer groups during last interglacial-glacial 

transitions. Grotta del Cavallo succession also shows how bird assemblages can refine the paleoenvironmental 

reconstruction previously provided by mammal assemblages alone. Finally, when avian fossil data are 

elaborated by means of ordination and rarefaction analyses, methods that are not commonly applied to bird 

assemblages, the results outline the main drivers of fossil accumulation and assess diversity dynamics in 

relation to climate-driven paleoenvironmental changes during the glacial-interglacial transitions, while 

highlighting the potential of new multidisciplinary exchanges and applications in the analyses of avian fossil 

assemblages. 

The following papers (Manuscripts II and III) focus on how biosedimentary proxies (here, birds and 

mammals), when jointly considered, complete each other and represent a powerful tool for reconstructing 

depositional environments and their shifts within sedimentary successions. In addition to highlighting the value 

of integrated avian and mammal analyses, Manuscript II (published in Quaternary International) presents a 

state-of-the-art review of avian assemblages from two key sites that witnessed the transition from Neanderthal 

and modern humans in Italy (e.g., Grotta di Fumane in Northern Italy and Grotta di Castelcivita in Southern 

Italy). Whereas Manuscript III (published in the Journal of Quaternary Science), other than stressing the value 

of integrated research on fossil assemblages from Grotta di Uluzzo C (Apulia, Italy), identifies a set of avian 

species that are more effective in reconstructing paleoenvironments and their dynamics than others. This is 

because the responses to the climatic oscillations, mainly in terms of latitudinal and altitudinal range shifts, 

are species-specific and related to the ecological requirements of a species. In this respect, Manuscript IV 

(submitted to Scientific Reports, status: second reviewer reports received / ready for editor’s decision), brings 
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the analysis of the avian responses to past climatic changes at the continental scale, exploring the effects on 

the distribution of 6 bird species with different climatic requirements and migratory behaviors. This has been 

achieved with the use of Species Distribution Models and the MIS 2 fossil occurrences of the selected species, 

in order to test the relation between changes in range size and species climatic requirements. The results 

suggest that cold-dwelling species experienced more pronounced net changes in range size compared to 

temperate species and that, consequently, the thermal niche proves to be a key ecological trait to explain the 

impact of climate change in species distributions. In conclusion, the cold dwelling species are the most 

impacted by climatic changes, and thus their presence in the fossil record provides a very important 

paleoclimatic and paleoenvironmental proxy. The dynamics of the presence in Mediterranean Europe of these 

cold-dwelling species, and in detail of boreal species, during the glacial phases of the Mid-Late Pleistocene, 

are explored in Manuscript V (in preparation). In detail, the paper presents the current state of the art regarding 

their fossil presence in Southern Europe by checking documentations in support of the taxonomic attributions 

in the literature, often coming from old works. A reassessment of the reliability of these fossil records will 

provide a new and more robust frame of the large-magnitude southern range shifts experienced by these 

species, showing that the evidence related to this behavior are not as common as previously thought. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  



17 
 

3. Manuscript I  

 

Mid-Late Pleistocene Neanderthal landscapes in southern Italy: Paleoecological contributions of the 

avian assemblage from Grotta del Cavallo, Apulia, southern Italy 
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SM Supplementary Material Carrera et al. 2021- Mid-Late Pleistocene Neanderthal landscapes 

in southern Italy: paleoecological contributions of the avian assemblage from Grotta del Cavallo, 

Apulia, southern Italy. Palaeogeography, Palaeoclimatology, Palaeoecology 

 

Diagnostic features and taxonomic inferences 

 

Galliformes - Phasianidae 

Coturnix coturnix: one proximal right coracoid (C498), one proximal left coracoid (C24), two proximal 

right ulnae (C41, C191), one proximal radius (C617), one left carpometacarpus (C98), one proximal left 

carpometacarpus (C434), and one distal right tarsometatarsus (C211). The identification of the bones of this 

species is based on the recognition of the osteological features of the Galliformes and on the size, as C. coturnix 

is clearly smaller than the other Western Palearctic Galliformes (Erbersdobler, 1968; Kraft, 1972). Alectoris 

graeca: one cranial portion of a right scapula (C458), one cranial portion of a left scapula (C163) and one 

distal left tibiotarsus (C398). The morphology of the bones agrees with the genus Alectoris in having the 

scapula without a foramen on the proximal epiphysis and a well protruding acromion and a distal large 

tibiotarsus with a tick pons supratendineus and an elongated condylus medialis. Alectoris rufa is ruled out 

because the acromion in the fossils develops straight and not bended, as well as for the smaller size of the 

tibiotarsus (Kraft, 1972). Alectoris chukar and Alectoris barbara have not been considered for the 

identifications for biogeographic reasons, as both are currently considered introduced in Italy (Scandura et al., 

2010; Brichetti and Fracasso, 2015). Perdix perdix: two proximal right coracoids (C101, C363), one right 

humerus (C177), one proximal right humerus (C460), three proximal left humeri (C169, C426, C432), one 

proximal right ulna (C333), one proximal radius (C242), two distal left carpometacarpi (C27, C185), and one 

distal right tarsometatarsus (C890). This middle to small-sized species (Kraft, 1972) is characterized by a 

relatively slender coracoid with a slender processus acrocoracoideus and a very shallow foramen in the distal 

part; a slender humerus with a rather straight diaphysis, a small proximal end with the incisura capitis forming 

a notch in the proximal outline, and a protruding crista deltopectoralis with a squared cranial outline; a rounded 

outline of the cotyla dorsalis of the ulna; a relatively squared, in proximal view, and not very laterally protruded 

proximal epiphysis of the radius; an arched distal epiphysis, in distal view, with a narrow synosseus 

metacarpalis distalis of the carpometacarpus; a distal tarsometatarsus rather compact and not splayed. We ruled 

out the fossil species Perdix paleoperdix, considered a primitive form of P. perdix, on the basis on the size that 

is clearly smaller than P. perdix (Mourer-Chauviré, 1975). 

 

Anseriformes - Anatidae 

Cf. Branta leucopsis: one proximal left ulna (C59). The remain is dubitatively referred to B. leucopsis for 

its larger size compared to other Branta species (Bacher, 1967), and for the olecranon protruding ventrally. Cf. 

Aythya nyroca: one distal right carpometacarpus (C641). The size of this remain is small and the symphysis 

metacarpalis distalis is very narrow with a well-marked lateral protrusion in the distal end. Aythya fuligula: 
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one distal right carpometacarpus (C1042). The size corresponds with A. fuligula and the protrusion in the distal 

end is pronounced. The ridges on the shaft of the os metacarpale major are more pronounced than A. nyroca. 

Spatula querquedula: one distal left humerus (C857). The general outline of the distal end with the condylus 

dorsalis not bombed as in Anas crecca and without a protrusion just above it, as in Mergellus albellus, 

corresponds to S. querquedula. Anas crecca: one distal right ulna (C1019) and one right tarsometatarsus 

(C1041). These remains have been referred to A. crecca on the basis of their small size (Woelfle, 1967), the 

absence of a step above the condylus dorsalis ulnaris, a pronounced tuberculum carpale that points in the 

proximal direction, and the general stout and stocky look of the tarsometatarsus, with a compact and not 

splayed distal epiphysis. 

Podicipediformes - Podicipedidae 

Podiceps cristatus: one proximal left coracoid (C118) and one distal left tibiotarsus (C447). The size, the 

very deep curved sulcus on the lateral side of the processus acrocoracoideus and the lack of the pons 

supratendineus in the distal tibiotarsus (not complete as in P. grisegena) identified this remain as P. cristatus. 

P. nigricollis: one proximal right tarsometatarsus (C1091). This remain has been identified based on its size 

and for the presence of three canals for the flexoris digitorum longus, that are four in Tachybaptus ruficollis 

(Bochenski, 1994; Mayr, 2015). The latter can also be ruled out for the eminentia intercotylaris that is more 

protruding in the proximal direction than the hypotarsus (Bochenski, 1994).  

Columbiformes - Columbidae 

Columba livia: one distal right radius (C345), one distal right tibiotarsus (C646) and two distal right 

tarsometatarsi (C102, C1044). The identifications have been based on the size, on the shape of the distal radius 

(wider than C. oenas), and on the more developed epicondylus medialis of the tibiotarsus. The distal epiphysis 

of the tarsometatarsus is more splayed compared to C. oenas, with the trochlea metatarsi II more protruded in 

the plantar direction than in C. palumbus. Streptopelia turtur: one proximal right humerus (C873) and one 

distal right humerus (C874). These remains have been assigned to Streptopelia turtur for their size (Fick, 

1974). Streptopelia decaocto has been ruled out for its larger size and for biogeographic reasons, as this species 

has colonised Europe only in the last 50-60 years (Tyrberg, 1998, 2008; Bagi et al., 2018).  

Caprimulgiformes - Apodidae  

Tachymarptis melba: one right coracoid (C648). The large size ruled out the other Western Palearctic 

swift species, as T. melba is the largest among them. Apus apus: one right tarsometatarsus (C1094). This remain 

has been identified due to its squat look with the three trochleae obliquely aligned, in dorsal view. It also shows 

a small bulge, in medial view, in the proximal portion of the dorsal surface. In the same-sized Apus pallidus 

(Boano et al., 2015), the bulge is absent or less pronounced and the tarsometatarsus overall is slightly more 

slender.  

Gruiformes - Rallidae 

Fulica atra: one right quadratum (C1050). The size, the processus orbitalis flat and as long as the 

processus temporalis, and the processus quadrato-jugalis forming a right angle with the processus mandibolaris 

in ventral view, correspond with F. atra. In addition, the processus temporalis is longer than the processus 
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oticus whereas, in ventral view, the tuberculum mandibulare is pronounced and the processus mandibularis is 

curved towards the processus orbitalis. Gallinula chloropus (the most similar species) is smaller in size.  

Otidiformes - Otididae  

Tetrax tetrax: one cranial portion of a right scapula (C937), one proximal right coracoid (C923), one 

proximal right humerus (C422), one distal right humerus (C96), one distal left carpometacarpus (C1083), one 

wing phalanx (C974), one distal right tarsometatarsus (C1043), and one posterior phalanx (C53). These 

remains show typical characteristics of the bustards, such as a flattened proximal end of the acromion with a 

protruded tuberculum in the scapula; the coracoid shows a round-shaped cotyla scapularis and a wide proximal 

part of the shaft in medial view; the humerus has a rounded caput humeri, a well-marked incisura capitis, a 

small single fossa pneumotricipitalis, and a rounded epicondylus ventralis with a hinted processus 

supracondylaris dorsalis; the carpometacarpus shows a very narrow symphysis metacarpalis distalis; the distal 

tarsometatarsus is typically splayed with the trochlea metatarsi III more protruded distally; the posterior 

phalanx is characterized by a longitudinal sulcus on the dorsal side of the bone. The size of the bones from 

Grotta del Cavallo are comparable with those of T. tetrax, the smallest of the Western Palaearctic Otididae.  

Pelecaniformes - Threskiornithidae 

Plegadis falcinellus: one proximal right radius (C439). The size is clearly smaller than the only other 

Western Palearctic ibis Geronticus eremita (Pavia, 2019), and the oblique depression located between the 

cotyla humeralis and the tuberculum bicipitale radiale is well defined and oval. 

Charadriiformes - Charadriidae 

Pluvialis squatarola: one distal left tibiotarsus (C213). The distal condyles are flattened, the distal part of 

the shaft is relatively wide, and the size is slightly larger than Pluvialis apricaria. Eudromias morinellus: one 

right coracoid (C499). The size, the flat outline of the facies articularis humeralis, and the not very pronounced 

facies articularis clavicularis allowed the identification of this remain.  

Charadriiformes - Laridae  

Larus genei: one distal right ulna (C999). The tuberculums carpale, pronounced and pointingproximally, 

and the straight distal shaft allowed us to recognize this remain as belonging to the Laridae family. Among the 

gulls, the condylus dorsalis is less longitudinally extended than Larus canus, whereas the outline of same 

condylus is less rounded than Larus ridibundus and Larus melanocephalus. The condylus dorsalis is also less 

extended distally than Rissa tridactyla. In the latter species, the tuberculum carpale points in the proximal 

direction more than in L. genei.  

Strigiformes - Strigidae 

Athene noctua: one cranial portion of a right scapula (C453), one cranial portion of a left scapula (C477), 

one distal right humerus (C943), one proximal right carpometacarpus (C1153), one distal left carpometacarpus 

(C861), one left first anterior phalanx of the major digit (C1085), one right proximal femur (C904), one left 

proximal femur (C1066), one left distal femur (C849), one distal right tibiotarsus (C205), one proximal right 

tarsometatarsus (C370), two distal right tarsometatarsi (C369, C858), two first posterior phalanges of the digit 

1 (C139, C629), two second posterior phalanges of the digit 3 (C150, C667), one posterior phalanx (C868), 
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and one ungual phalanx (C455). The various remains from Grotta del Cavallo perfectly agree with the 

morphological characteristics of this genus and with the size of Athene noctua (Langer, 1980; Pavia and 

Mourer-Chauviré, 2002; Pavia et al., 2015), including the posterior phalanges (Torres-Roig et al., 2019). Otus 

scops: one distal radius (C1124). The radius is small and lacks the bump on the dorsal side just before the distal 

epiphysis, which is typical of A. noctua. Strix aluco: a distal portion of the rostrum mandibulae (C220). The 

diagnostic feature of this bone is the presence of an x shaped sulcus on the internal surface of the mandibular 

symphysis and the outline of the two rami of the mandible. Bubo bubo: one proximal left tarsometatarsus (C1). 

The size of this remain is larger than B. scandiacus (Mejier et al., 2017). 

Accipitriformes - Accipitridae 

Aquila chrysaetos: one left fourth posterior phalanx of digit 4 (C758). This remain is large and robust, 

with the latter character eliminating the large vultures (Louchart et al., 2005; Manegold et al., 2014). Circus 

aeruginosus: one proximal right ulna (C354) and one distal right tibiotarsus (C119). The identification has 

been based on the size of these remains (Otto, 1981; Schmidt-Burger, 1982), on the shape of the olecranon 

projecting ventrally in  the proximal ulna, and on the narrow and shallow proximal part of the sulcus 

extensorius, placed more laterally than in other Accipitridae, in the distal tibiotarsus.  

Falconiformes - Falconidae 

Falco tinnunculus: one proximal left carpometacarpus (C281), one distal left femur (C860), one distal left 

tibiotarsus (C845), and one distal right tarsometatarsus (C372). The size is similar to F. columbarius and 

subbuteo and larger than F. vespertinus and F. naumanni (according to Solti, 1996). The bones can be referred 

to F. tinnunculus based on the pronounced concavity between the trochlea carpalis and the processus 

extensorius in the proximal carpometacarpus, the relatively rounded outline of the condylus medialis in the 

distal femur, the distal epiphysis developed straight in the same direction of the bone axis and symmetrical, 

with a thick pons supratendineus, in the distal tibiotarsus, and the relatively wide shaft of the tarsometatarsus 

with a notch in the distal side of the trochlea metatarsi II. The carpometacarpus C281 belonged to a breeding 

female due to the presence of medullary bone in the bone cavity. 

Passeriformes - Corvidae 

Many of the identifications of the following Corvidae species have been based on the osteological 

characteristics and the bone measurements reported in Tomek and Bocheński (2000) and on the direct 

comparisons with the recent skeletons available. Here following we describe in detail only the diagnostic 

features that have not been described in the previously mentioned contribution. Pyrrhocorax pyrrhocorax: one 

cranial portion of a right scapula (C495), two distal right coracoids (C277, C420), two proximal left 

carpometacarpi (C77, C80), one proximal right femur (C433), one distal left femur (C70), one distal right 

tarsometatarsus (C195), one proximal left tarsometatarsus (C743), and two distal left tarsometatarsi (C63, 

C314). The tarsometatarsus C314 belonged to a juvenile individual due to the presence of porous bone tissue. 

These remains show a relative stout aspect and a bigger size than P. graculus (Tomek and Bocheński, 2000). 

In addition, they show the acromion and the tuberculum coracoideum of the same size in the cranial portion of 

the scapula, a weak processus pisiformis, the processus alularis not reaching a bony plate on the shaft (Tomek 
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and Bocheński, 2000), the crista trochanteris not pronounced, a flat outline of the cranial side of the proximal 

epiphysis of the femur in proximal view, the absence of a saddle in the eminentia intercondylaris in the 

proximal epiphysis, and the presence of two foramina in the distal epiphysis in the tarsometatarsus. Pica pica: 

one cranial portion of a left scapula (C978), one proximal right coracoid (C452), one distal right humerus 

(C312), and one proximal left femur (C35). The identifications have been based on the absence of a nodule 

below the facies articularis humeralis of the scapula with the tuberculum coracoideum slightly developed, the 

narrow processus acrocoracoideus, the wide and laterally protruded processus flexorius of the distal humerus, 

and the rounded and scarcely protruded crista trochanteris of the proximal femur. Corvus monedula: one 

proximal right carpometacarpus (C61). Corvus corax: seven ungual phalanxes (C635, C643, C714, C742, 

C859, C941, C1060). The phalanges have been identified based on their large size and the well-marked 

processus flexorius (Tomek and Bocheński, 2000).  

Passeriformes - Alaudidae 

Melanocorypha calandra: one maxilla fragment (C245) and one mandibula fragment (C773). The two 

bill fragments show the typical narrowing just at the rostral end of the nostril, and a size which rules out any 

other Alaudidae (Moreno, 1985; Cuisin, 1989; Bedetti and Pavia, 2013; Kessler, 2015). 

Passeriformes - Sylviidae 

Sylvia cf. communis: one proximal right humerus (C775) and one left humerus (C774). Both the remains 

come from the same layer and horizon and show juvenile bone characteristics, therefore they likely belong to 

the same individual. It was probably a juvenile individual in a rather advanced development stage, as the 

presence of porous bone tissue is limited and the bone features are already recognizable. The flattened fossa 

tricipitalis, the rather developed fossa pneumoanconea, and the shape of the caput humeri identify this 

individual as a Sylvidae, sensu Janossy, 1983. This family has currently been split into several families 

(Acrocephalidae, Phylloscopidae, Scotocercidae, Sylvidae, Regulidae) (del Hoyo et al., 2016). Among the 

similar sized representatives of these families, the bones recall the morphology and size of Sylvia communis, 

with some uncertainty due to the presence of juvenile bone tissue that could hide some osteological features.  

Passeriformes - Turdidae 

Cf. Turdus viscivorus: one proximal right carpometacarpus (C842) and one distal left femur (C800). The 

size of these remains, which is even larger than the recent T. viscivorus specimens examined, suggests a likely 

attribution to T. viscivorus as this species is the largest Western Palearctic Turdidae. The small Corvidae have 

been ruled out based on the size and morphology (Tomek and Bochenski, 2000).  

Passeriformes - Emberizidae 

Emberiza calandra: one maxilla fragment (C247) and two mandibula fragments (C193, C287). This 

species is the largest among the European Emberizidae, thus the identifications have been based on the  size 

and on the recognition of the typical osteological beak features of the Emberizidae, such as the bending, near 

the angulus mandibulae, of the os maxillare and of the os spleniale in the mandibula (Cuisin, 1989). Both the 

maxilla and the madibulae are particularly large and thick.  
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Modern osteological comparative collections 

 

Museum acronyms are as follows: AMNH (American Museum Natural History, New York, USA); IPH 

(Institut de Paléontogie Humaine, Museum National d'Histoire Naturelle, Paris, France); ISIPU (Istituto 

Italiano Paleontologia Umana, Anagni, Italy); MCCI (Museo Civico di Storia Naturale, Carmagnola, Italy); 

MGPT-MPOC (Marco Pavia Ornithological Collection, University of Torino, Italy); MNCN (Museo Nacional 

de Ciencias Naturales, Madrid, Spain); MNHN (Museum National d'Histoire Naturelle, Paris France); 

NHMUK (Natural History Museum, London UK); SMF (Senckenberg Forschungsinstitut und Naturmuseum, 

Frankfurt/Main, Germany); TM (Ditsong Natural History Museum, Pretoria, South Africa); UCBL (Université 

Claude Bernard Lyon 1, Villeurbanne, France); USNM (National Museum of Natural History, Smithsonian 

Institution, Washington DC, USA); ZMB (Museum für Naturkunde, Berlin, Germany); ZMUC (Natural 

History Museum of Denmark, Copenhagen, Denmark). We have also used the bird skeletal collection held at 

the Sezione di Scienze Preistoriche e Antropologiche of the University of Ferrara, organized by Benedetto Sala 

and Matteo Romandini, but as the specimens in this collection are only provisionally catalogued and numbered, 

they are indicated with the abbreviation “FE spec.”, without any catalogue acronym or number.  

The modern osteological comparative specimens used in this study were: Phasianidae - Coturnix coturnix 

FE 1 spec., MGPT-MPOC 85, MGPT-MPOC 172, MGPT-MPOC 335, MGPT-MPOC 476, MGPT-MPOC 

1656, UCBL 130-1, ZMB 1980/66, ZMUC CN155; Alectoris graeca MGPT-MPOC 198, MGPT-MPOC 460, 

MGPT-MPOC 1163, MGPT-MPOC 1332, MGPT-MPOC 1662; Alectoris rufa MGPT-MPOC 1590; Perdix 

perdix FE 1 spec., ISIPU 793, MGPT-MPOC 126, MGPT-MPOC 192, MGPT-MPOC 487, MGPT-MPOC 

862, MGPT-MPOC 1146, MGPT-MPOC 1649, MGPT-MPOC 1661, ZMB 2000/34767; Bonasa bonasia 

MGPT-MPOC 844, MGPT-MPOC 1309; Lagopus muta FE 1 spec., MGPT-MPOC 243, MGPT-MPOC 1162, 

MGPT-MPOC 1341, MGPT-MPOC 1533, MGPT-MPOC 1874. Anatidae - Branta bernicla IPH 1034, 

MGPT-MPOC 736, MGPT-MPOC 879, MGPT-MPOC 880; Branta leucopsis IPH 1520, MGPT-MPOC 1348, 

MGPT-MPOC 1515, MGPT-MPOC 1516; Branta ruficollis MGPT-MPOC 64, MGPT-MPOC 479, MGPT-

MPOC 1085, MGPT-MPOC 1210, MGPT-MPOC 1588; Anser albifrons MGPT-MPOC 165, MGPT-MPOC 

1586; Anser erythropus IPH 1503, MGPT-MPOC 942, 943, 950; Mergellus albellus MGPT-MPOC 331, 

MGPT-MPOC 1717; Netta rufina MGPT-MPOC 623; Aythya ferina FE 2 spec., MGPT-MPOC 521, MGPT-

MPOC 1314, MGPT-MPOC 1370, MGPT-MPOC 1541, MGPT-MPOC 1549, MGPT-MPOC 1614; Aythya 

nyroca MGPT-MPOC 620, MGPT-MPOC 707, MGPT-MPOC 1343, MGPT-MPOC 1391, MGPT-MPOC 

1409; Aythya fuligula FE 2 spec., MGPT-MPOC 194; Spatula querquedula FE 1 spec., MGPT-MPOC 625, 

MGPT-MPOC 1412, MGPT-MPOC 1430, MGPT-MPOC 1446, MGPT-MPOC 1526, MGPT-MPOC 1650, 

UCBL 57-1; Spatula clypeata MGPT-MPOC 70, MGPT-MPOC 726, MGPT-MPOC 1188, MGPT-MPOC 

1355, MGPT-MPOC 1484; Mareca strepera MGPT-MPOC 435, MGPT-MPOC 486, MGPT-MPOC 1411, 

MGPT-MPOC 1425, MGPT-MPOC 1528, MGPT-MPOC 1535; Mareca penelope MGPT-MPOC 91, MGPT-

MPOC 485, MGPT-MPOC 1404, MGPT-MPOC 1421, MGPT-MPOC 1429, MGPT-MPOC 1431, MGPT-

MPOC 1471, MGPT-MPOC 1656, MGPT-MPOC 1781; Anas platyrhynchos FE 2 spec., MGPT-MPOC 144, 
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MGPT-MPOC 295, MGPT-MPOC 1548; Anas acuta MGPT-MPOC 392, MGPT-MPOC 523, MGPT-MPOC 

1094, MGPT-MPOC 1539, MGPT-MPOC 1657; Anas crecca FE 2 spec., MGPT-MPOC 112, MGPT-MPOC 

443, MGPT-MPOC 490, MGPT-MPOC 558, MGPT-MPOC 698, MGPT-MPOC 1610, MGPT-MPOC 1707, 

UCBL 55-1. Podicipedidae - Tachybaptus ruficollis MGPT-MPOC 653, MGPT-MPOC 657, MGPT-MPOC 

1286, MGPT-MPOC 1349, MGPT-MPOC 1679, MGPT-MPOC 1684; Podiceps grisegena MGPT-MPOC 

840; Podiceps cristatus MGPT-MPOC 86, MGPT-MPOC 121, MGPT-MPOC 821, MGPT-MPOC 1620, 

MGPT-MPOC 1701; Podiceps auritus MGPT-MPOC 1503; Podiceps nigricollis MGPT-MPOC 7, MGPT-

MPOC 122, MGPT-MPOC 439, MGPT-MPOC 464, MGPT-MPOC 1439, MGPT-MPOC 1643. Columbidae 

- Columba livia MGPT-MPOC 55, MGPT-MPOC 205, MGPT-MPOC 268, MGPT-MPOC 1792, UCBL 237-

2; Columba oenas MGPT-MPOC 472, MGPT-MPOC 1570, MGPT-MPOC 1611, MGPT-MPOC 1722, 

MGPT-MPOC 1785; Columba palumbus MGPT-MPOC 54, MGPT-MPOC 195, MGPT-MPOC 813, MGPT-

MPOC 1450, MGPT-MPOC 1478, MGPT-MPOC 1479, MGPT-MPOC 1485, MGPT-MPOC 1538, UCBL-

239-2; Streptopelia turtur MGPT-MPOC 396, MGPT-MPOC 552, MGPT-MPOC 1150, MGPT-MPOC 1253, 

MGPT-MPOC 1583, UCBL 240-1. Apodidae - Tachymarptis melba MGPT-MPOC 170, MGPT-MPOC 317, 

MGPT-MPOC 366, MGPT-MPOC 375, MGPT-MPOC 387, MGPT-MPOC 388, MGPT-MPOC 560, MGPT-

MPOC 634; Apus pallidus MGPT-MPOC 102, MGPT-MPOC 536, MGPT-MPOC 569, MGPT-MPOC 572, 

MGPT-MPOC 1189, MGPT-MPOC 1288, MGPT-MPOC 1559, MGPT-MPOC 1575; Apus apus MGPT-

MPOC 49, MGPT-MPOC 566, MGPT-MPOC 582, MGPT-MPOC 1113, MGPT-MPOC 1560. Rallidae - Crex 

crex MGPT-MPOC 709, MGPT-MPOC 751, MGPT-MPOC 1438, MGPT-MPOC 1567, MGPT-MPOC 1576, 

MGPT-MPOC 1600, MGPT-MPOC 1640, MGPT-MPOC 1652, MGPT-MPOC 1740; Gallinula chloropus FE 

1 spec., MGPT-MPOC 36, MGPT-MPOC 1353, MGPT-MPOC 1428, MGPT-MPOC 1470, MGPT-MPOC 

1603; Fulica atra FE 1 spec., MPOC 68, MGPT-MPOC 216, MGPT-MPOC 383, MGPT-MPOC 393, MGPT-

MPOC 1204, MGPT-MPOC 1367, MGPT-MPOC 1445, MGPT-MPOC 1447, MGPT-MPOC 1696, MGPT-

MPOC 1771. Otididae - Tetrax tetrax IPH 157, NHMUK 1858.2.3.6. Threskiornithidae - Geronticus eremita 

AMNH 32870, AMNH 32871, NHMUK S/2006.12.1, TM 76544, UCBL Lyon 1974, UCBL Mar 1992, 

USNM 647320; Plegadis falcinellus MGPT-MPOC 14, MGPT-MPOC 871, TM 61724, TM 61884, TM 

61885, TM 77508. Charadriidae - Pluvialis squatarola MGPT-MPOC 301, MGPT-MPOC 358, MGPT-MPOC 

361, MGPT-MPOC 752, MGPT-MPOC 1486, MGPT-MPOC 1720; Pluvialis apricaria MGPT-MPOC 59, 

MGPT-MPOC 180, MGPT-MPOC 369, MGPT-MPOC 743, MGPT-MPOC 940, MGPT-MPOC 1086, 

MGPT-MPOC 1453; Eudromias morinellus MGPT-MPOC 711, MGPT-MPOC 712, MGPT-MPOC 713, 

MGPT-MPOC 1068, MGPT-MPOC 1754; Vanellus vanellus FE 1 spec., MGPT-MPOC 9, MGPT-MPOC 44, 

MGPT-MPOC 267, MGPT-MPOC 446, MGPT-MPOC 856, MGPT-MPOC 1377, MGPT-MPOC 1466, 

MGPT-MPOC 1663, MGPT-MPOC 1705. Scolopacidae - Limosa lapponica MGPT-MPOC 105, MGPT-

MPOC 727, MGPT-MPOC 1354, MGPT-MPOC 1742; Numenius phaeopus IPH 403, MGPT-MPOC 1077, 

MGPT-MPOC 1299, MGPT-MPOC 1326, MGPT-MPOC 1546; Numenius tenuirostris AMNH 547, IPH 406; 

Numenius arquata MGPT-MPOC 236, MGPT-MPOC 483, MGPT-MPOC 689, MGPT-MPOC 1454, MGPT-

MPOC 1463, MGPT-MPOC 1550, MGPT-MPOC 1664; Tringa erythropus MGPT-MPOC 391, MGPT-
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MPOC 459, MGPT-MPOC 466, MGPT-MPOC 470, MGPT-MPOC 539, MGPT-MPOC 1488; Tringa 

nebularia MGPT-MPOC 455; Tringa totanus MGPT-MPOC 309, MGPT-MPOC 355, MGPT-MPOC 377, 

MGPT-MPOC 491, MGPT-MPOC 840, MGPT-MPOC 946, MGPT-MPOC 1741; Actitis hypoleucos MGPT-

MPOC 318, MGPT-MPOC 1598, MGPT-MPOC 1642. Laridae - Rissa tridactyla MGPT-MPOC 416, MGPT-

MPOC 437, MGPT-MPOC 458, MGPT-MPOC 770; Larus genei MGPT-MPOC 434, MGPT-MPOC 1139; 

Larus ridibundus MGPT-MPOC 8, MGPT-MPOC 397, MGPT-MPOC 837, MGPT-MPOC 1066, MGPT-

MPOC 1373; Larus melanocephalus MGPT-MPOC 700, MGPT-MPOC 808, MGPT-MPOC 833, MGPT-

MPOC 834, MGPT-MPOC 835, MGPT-MPOC 836; Larus canus MGPT-MPOC 118, MGPT-MPOC 453, 

MGPT-MPOC 892, MGPT-MPOC 1589. Tytonidae - Tyto alba IPH 244, MGPT-MPOC 37, MGPT-MPOC 

436, MGPT-MPOC 621, MGPT-MPOC 646, MGPT-MPOC 663, MGPT-MPOC 671, MGPT-MPOC 708, 

MGPT-MPOC 823, MGPT-MPOC 1093, MGPT-MPOC 1616, MGPT-MPOC 1693, MGPT-MPOC 1706, 

MGPT-MPOC 1776. Strigidae - Surnia ulula IPH 1101, MGPT-MPOC 1499; Glaucidium passerinum IPH 

883, MGPT-MPOC 876, MGPT-MPOC 1497, MGPT-MPOC 1504; Athene noctua FE 2 spec., IPH 145, 

MGPT-MPOC 38, MGPT-MPOC 255, MGPT-MPOC 385, MGPT-MPOC 497, MGPT-MPOC 498, MGPT-

MPOC 680, 719, MGPT-MPOC 816, MGPT-MPOC 863, MGPT-MPOC 964, MGPT-MPOC 1787, SMF 

10240; Aegolius funereus IPH 882, MCCI 146 MGPT-MPOC 1082, MGPT-MPOC 1156, MGPT-MPOC 

1496; Otus scops IPH 1243, MGPT-MPOC 41, MGPT-MPOC 113, MGPT-MPOC 502, MGPT-MPOC 556, 

MGPT-MPOC 587, MGPT-MPOC 642, MGPT-MPOC 648, MGPT-MPOC 649, MGPT-MPOC 662, MGPT-

MPOC 677, MGPT-MPOC 860, MGPT-MPOC 1061, MGPT-MPOC 1211, MGPT-MPOC 1232; Asio 

flammeus IPH 1048; MGPT-MPOC 241, MGPT-MPOC 654, MGPT-MPOC 694, MGPT-MPOC 1342, 

MGPT-MPOC1383, MGPT-MPOC 1618, MGPT-MPOC 1789, MGPT-MPOC 1795; Asio otus FE 1 spec., 

IPH 999, MCCI ingr 1191, MGPT-MPOC 33, MGPT-MPOC 212, MGPT-MPOC 718, MGPT-MPOC 756, 

MGPT-MPOC 963, MGPT-MPOC 1547, MGPT-MPOC 1593, MGPT-MPOC 1752; Strix aluco FE 1 spec., 

IPH 1022, MGPT-MPOC 18, MGPT-MPOC 40, MGPT-MPOC 196, MGPT-MPOC 260, MGPT-MPOC 508, 

MGPT-MPOC 510, MGPT-MPOC 814, MGPT-MPOC 1651, MGPT-MPOC 1783; Strix nebulosa MGPT-

MPOC 1089, MGPT-MPOC 1508, MGPT-MPOC 1511; Strix uralensis MGPT-MPOC 1505, MGPT-MPOC 

1507; Bubo scandiacus MGPT-MPOC 838, MGPT-MPOC 1364, NHMUK S/1998.59.1, ZMB 2000/44555; 

Bubo bubo FE 1 spec., MGPT-MPOC 67, MGPT-MPOC 1543, MGPT-MPOC 1580, NHMUK S/2007.62.1. 

Accipitridae - Pandion haliaetus IPH 482, MGPT-MPOC 66, MGPT-MPOC 227, MGPT-MPOC 484, MGPT-

MPOC 640, MGPT-MPOC 1386; Pernis apivorus FE 1 spec., IPH 1264, MGPT-MPOC 25, MGPT-MPOC 

193, MGPT-MPOC 380, MGPT-MPOC 382, MGPT-MPOC 517, MGPT-MPOC 522, MGPT-MPOC 824, 

MGPT-MPOC 853, MGPT-MPOC 1631; Gypaetus barbatus MGPT-MPOC 504; Gyps fulvus IPH 1057, 

NHMUK 1861.3.24.6, NHMUK 1954.30.55; Aegypius monachus AMNH 28556, MGPT-MPOC 270, 

NHMUK 1848.3.8.2, USNM 614152; Aquila adalberti MNCN 161, MNCM 172; Aquila heliaca MGPT-

MPOC 716, NHMUK 1954.30.48; Aquila chrysaetos IPH 126, IPH 576, MNHN AC 1997.103, NHMUK 

1898.5.7.2; Circus aeruginosus FE 1 spec., IPH 124, IPH 417, MGPT-MPOC 183, MGPT-MPOC 234, 

MGPT-MPOC 374, MGPT-MPOC 398, MGPT-MPOC 622, MGPT-MPOC 739, MGPT-MPOC 758, MGPT-
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MPOC 817; Circus cyaneus IPH 557, MGPT-MPOC 20, MGPT-MPOC 478, MGPT-MPOC 1194, MGPT-

MPOC 1347, MGPT-MPOC 1619, MGPT-MPOC 1773; Circus macrourus IPH 503, MGPT-MPOC 1608; 

Circus pygargus IPH 798, MGPT-MPOC 367, MGPT-MPOC 1381, MGPT-MPOC 1637; Accipiter gentilis 

MGPT-MPOC 88, MGPT-MPOC 372, MGPT-MPOC 520, MGPT-MPOC 530, MGPT-MPOC 532, MGPT-

MPOC 851, MGPT-MPOC 852, MGPT-MPOC 932, MGPT-MPOC 1476, MGPT-MPOC 1659, MGPT-

MPOC 1700; Haliaeetus albicilla IPH 1432, MGPT-MPOC 1494, NHMUK 1858.2.3.1; Buteo buteo FE 1 

spec., IPH 1265, MGPT-MPOC 22, MGPT-MPOC 65, MGPT-MPOC 512, MGPT-MPOC 811, MGPT-

MPOC 822, MGPT-MPOC 952, MGPT-MPOC 1665; NHMUK 1930.3.24.316; Buteo lagopus IPH 976, 

MGPT-MPOC 839, MGPT-MPOC 1509, MGPT-MPOC 1517; NHMUK 1954.30.36; Buteo rufinus MGPT-

MPOC 1540. Falconidae - Falco naumanni IPH 585 MGPT-MPOC 82, MGPT-MPOC 643, MGPT-MPOC 

652, MGPT-MPOC 679, MGPT-MPOC 682, MGPT-MPOC 702, MGPT-MPOC 703, MGPT-MPOC 704, 

MGPT-MPOC 706, MGPT-MPOC 1062, MGPT-MPOC 1063, MGPT-MPOC 1229, MGPT-MPOC 1236, 

MGPT-MPOC 1695, MGPT-MPOC 1786; Falco tinnunculus FE 1 spec., IPH 351, MGPT-MPOC 51, MGPT-

MPOC 111, MGPT-MPOC 440, MGPT-MPOC 513, MGPT-MPOC 815, MGPT-MPOC 944, MGPT-MPOC 

959; Falco vespertinus IPH 330, MGPT-MPOC 720, MGPT-MPOC 1595, MGPT-MPOC 1761; Falco 

eleonorae IPH 87; Falco columbarius FE 1 spec., MGPT-MPOC 11, MGPT-MPOC 759, MGPT-MPOC 1501, 

MGPT-MPOC 1512, MGPT-MPOC 1514, MGPT-MPOC 1728; Falco subbuteo FE 1 spec., IPH 513, MGPT-

MPOC 39, MGPT-MPOC 201, MGPT-MPOC 384, MGPT-MPOC 531, MGPT-MPOC 937, MGPT-MPOC 

947, MGPT-MPOC 1231, MGPT-MPOC 1252, MGPT-MPOC 1609, MGPT-MPOC 1713. Corvidae - 

Pyrrhocorax pyrrhocorax IPH 664, NHMUK 1930.3.24.635, UCBL 305-1; Pyrrhocorax graculus IPH 216, 

ISIPU B 41, MGPT-MPOC 89, MGPT-MPOC 336, MGPT-MPOC 447, MGPT-MPOC 1187, MGPT-MPOC 

1531, NHMUK 1917.8.1; Garrulus glandarius FE 1 spec., MGPT-MPOC 109, MGPT-MPOC 854, MGPT-

MPOC MGPT-MPOC 855, MGPT-MPOC 977, MGPT-MPOC 987, MGPT-MPOC 1034, MGPT-MPOC 

1186, MGPT-MPOC 1235, MGPT-MPOC 1527; Pica pica FE 1 spec., MGPT-MPOC 27, MGPT-MPOC 56, 

MGPT-MPOC 626, MGPT-MPOC 737, MGPT-MPOC 933, MGPT-MPOC 1239, MGPT-MPOC 1436, 

MGPT-MPOC 1451, MGPT-MPOC 1456; Nucifraga caryocatactes MGPT-MPOC 444, MGPT-MPOC 1689; 

Corvus monedula MGPT-MPOC 461, MGPT-MPOC 469, MGPT-MPOC 578, MGPT-MPOC 1035; Corvus 

frugilegus IPH 191, MGPT-MPOC 456, MGPT-MPOC 526, NHMUK 1852.1.23.11; Corvus corax MCCI 62, 

MGPT-MPOC 136, MGPT-MPOC 308, MGPT-MPOC 1346, MGPT-MPOC 1371, MGPT-MPOC 1578, 

MGPT-MPOC 1625, MGPT-MPOC 1779; Corvus corone MGPT-MPOC 107, MGPT-MPOC 189, MGPT-

MPOC 202 MGPT-MPOC 283, MGPT-MPOC 298, MGPT-MPOC 509, MGPT-MPOC 1209, NHMUK 

1930.3.24.606, UCBL 296-2. Alaudidae - Calandrella brachydactyla MGPT-MPOC 248; Eremophila 

alpestris MGPT-MPOC 917, MGPT-MPOC 1014, MGPT-MPOC 1015, MGPT-MPOC 1016, MGPT-MPOC 

1017; Lullula arborea MGPT-MPOC 247; Alauda arvensis MGPT-MPOC 103, MGPT-MPOC 333, MGPT-

MPOC 1247; Galerida cristata MGPT-MPOC 182, MGPT-MPOC 1020, MGPT-MPOC 1606. Hirundinidae 

- Delichon urbicum MGPT-MPOC 75; Hirundo rustica MGPT-MPOC 58, Ptyonoprogne rupestris MGPT-

MPOC 1159; Riparia riparia MGPT-MPOC 132. Acrocephalidae - Acrocephalus scirpaceus MGPT-MPOC 
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1000. Sylvidae - Sylvia atricapilla MGPT-MPOC 73, MGPT-MPOC 968, MGPT-MPOC 988, MGPT-MPOC 

1244, MGPT-MPOC 1251, MGPT-MPOC 1318; Sylvia borin MGPT-MPOC 134, MGPT-MPOC 1435, 

MGPT-MPOC 1674; Sylvia curruca MGPT-MPOC 1029, MGPT-MPOC 1038, MGPT-MPOC 1041; Sylvia 

melanocephala MGPT-MPOC 10, MGPT-MPOC 1228; Sylvia communis MGPT-MPOC 61, MGPT-MPOC 

1031, MGPT-MPOC 1033. Sturnidae - Sturnus vulgaris FE 3 spec., MGPT-MPOC 46, MGPT-MPOC 1755; 

Sturnus unicolor MGPT-MPOC 185, MGPT-MPOC 675; Pastor roseus MGPT-MPOC 1048, MGPT-MPOC 

1049. Turdidae - Turdus viscivorus MGPT-MPOC 495, MGPT-MPOC 866, MGPT-MPOC 1028, MGPT-

MPOC 1308; Turdus philomelos MGPT-MPOC 186, MGPT-MPOC 570, MGPT-MPOC 972; Turdus iliacus 

MGPT-MPOC 775, MGPT-MPOC 1366, MGPT-MPOC 1604; Turdus merula FE 1 spec., MGPT-MPOC 973, 

MGPT-MPOC 995, MGPT-MPOC 1238; Turdus pilaris MGPT-MPOC 116, MGPT-MPOC 561, MGPT-

MPOC 568, MGPT-MPOC 1289, MGPT-MPOC 1613; Turdus torquatus MGPT-MPOC 1322. Muscicapidae 

- Erithacus rubecula MGPT-MPOC 129; Luscinia megarhynchos MGPT-MPOC 160, MGPT-MPOC 346, 

MGPT-MPOC 978, MGPT-MPOC 1242, MGPT-MPOC 1433; Phoenicurus ochruros MGPT-MPOC 78, 

MGPT-MPOC 1114, MGPT-MPOC 1224; Phoenicurus phoenicurus MGPT-MPOC 128, MGPT-MPOC 982, 

MGPT-MPOC 1434; Monticola saxatilis MGPT-MPOC 1026; Monticola solitarius MGPT-MPOC 197, 

MGPT-MPOC 690, MGPT-MPOC 693; Oenanthe oenanthe MGPT-MPOC 79, MGPT-MPOC 327; Oenanthe 

hispanica MGPT-MPOC 1044. Fringillidae - Fringilla coelebs MGPT-MPOC 77, MGPT-MPOC 994, MGPT-

MPOC 1563, MGPT-MPOC 1678; Fringilla montifringilla MGPT-MPOC 351, MGPT-MPOC 1214, MGPT-

MPOC 1769, MGPT-MPOC 1778; Coccothraustes coccothraustes MGPT-MPOC 48, MGPT-MPOC 979, 

MGPT-MPOC 983, MGPT-MPOC 990, MGPT-MPOC 1493, MGPT-MPOC 1506; Carpodacus erythrinus 

MGPT-MPOC 1032, MGPT-MPOC 1036; Pyrrhula pyrrhula MGPT-MPOC 63, MGPT-MPOC 275, MGPT-

MPOC 338, MGPT-MPOC 546, MGPT-MPOC 1565; Chloris chloris MGPT-MPOC 250, MGPT-MPOC 352, 

MGPT-MPOC 1605; Linaria cannabina MGPT-MPOC 106, MGPT-MPOC 155; Loxia curvirostra MGPT-

MPOC 749, MGPT-MPOC 1753; Carduelis carduelis MGPT-MPOC 104, MGPT-MPOC 1561, MGPT-

MPOC 1636; Serinus serinus MGPT-MPOC 1633. Emberizidae - Emberiza calandra MGPT-MPOC 251, 

MGPT-MPOC 1352, MGPT-MPOC 1615; Emberiza cia MGPT-MPOC 1148 Emberiza hortulana MGPT-

MPOC 981, MGPT-MPOC 986; Emberiza cirlus MGPT-MPOC 345, MGPT-MPOC 1669; Emberiza 

citrinella MGPT-MPOC 1790; Emberiza schoeniclus MGPT-MPOC 62, MGPT-MPOC 1243, MGPT-MPOC 

1250, MGPT-MPOC 1638. 
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Table S1. List of taxa used for rarefaction analyses with the MNI values for each layer. 

Taxa F_MNI I_MNI M_MNI N_MNI 

Coturnix coturnix 0 0 3 1 

Alectoris graeca 0 0 2 1 

Perdix perdix 1 0 4 3 

cf. Branta leucopsis 0 0 1 0 

Anser albifrons/erythropus 0 0 2 0 

cf. Aythya nyroca 0 0 1 0 

Aythya fuligula 1 0 0 0 

Spatula querquedula/Anas crecca 4 0 0 0 

Mareca strepera/penelope 1 0 1 0 

Podiceps cristatus 0 0 1 1 

Podiceps nigricollis 1 0 0 0 

Columba livia/palumbus/oenas 4 0 10 4 

Streptopelia turtur 1 0 0 0 

Tachymarptis melba 0 0 1 0 

Apus apus 1 0 0 0 

Fulica atra 1 0 0 0 

Tetrax tetrax 2 0 2 1 

Plegadis falcinellus 0 0 0 1 

Pluvialis squatarola/apricaria 0 2 1 0 

Eudromias morinellus 0 0 0 0 

Numenius sp. 1 0 0 0 

Larus genei 1 0 0 0 

Athene noctua 4 0 5 2 

Otus scops 1 0 0 0 

Asio flammeus/otus 1 0 0 0 

Strix aluco 0 0 1 0 

Bubo scandiacus/bubo 0 0 1 1 

Aquila chrysaetos 0 1 0 0 

Circus aeruginosus 0 0 1 0 

Buteo lagopus/buteo 0 0 1 0 

Falco naumanni/vespertinus 1 0 0 0 

Falco tinnunculus 1 0 2 0 

Pyrrhocorax pyrrhocorax/graculus/C. monedula 2 1 7 3 

Pica pica 1 0 2 1 

Corvus frugilegus/corone 2 2 3 0 

Corvus corax 3 1 1 0 

Alaudala rufescens/Calandrella brachydactyla 2 0 0 0 

Galerida theklae/cristata/M. calandra 0 2 3 0 

Sylvia cf. communis 0 1 0 0 

Sturnus vulgaris/unicolor 0 0 13 0 

cf. Turdus viscivorus 1 1 0 0 

Oenanthe sp. 1 0 0 0 

Fringillidae indet. 0 0 1 0 

Emberiza calandra 0 0 2 0 

Hirundinidae indet 5 0 0 0 

       

Tot_MNI 44 11 72 19 
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Table S2. Estimates of the rarefaction values standardized by 20 specimens (a) and by 70% coverage (b). In the column 

"order” are reported the species diversity measures used (q=0 refers to species richness, q=1 to Shannon diversity and 

q=2 to Simpson diversity). Abbreviations: int. - interpolated, ext - extrapolated, SC - Sample Coverage, qD - estimated 

diversity value, qD_LCL - lower confidence limit, qD_UCL - upper confidence limit.  

 

a) Specimens 

  site m method order SC qD qD.LCL qD.UCL 

1 F_MNI 20 int. 0 0.473 14.679 12.572 16.785 

2 F_MNI 20 int. 1 0.473 13.258 10.746 15.771 

3 F_MNI 20 int. 2 0.473 11.744 9.203 14.285 

4 I_MNI 20 ext. 0 0.854 10.422 6.285 14.559 

5 I_MNI 20 ext. 1 0.854 10.223 6.426 14.02 

6 I_MNI 20 ext. 2 0.854 9.821 5.859 13.784 

7 M_MNI 20 int. 0 0.591 12.531 10.983 14.079 

8 M_MNI 20 int. 1 0.591 10.561 8.819 12.303 

9 M_MNI 20 int. 2 0.591 8.692 6.802 10.583 

10 N_MNI 20 ext. 0 0.643 11.363 7.628 15.097 

11 N_MNI 20 ext. 1 0.643 9.55 5.642 13.459 

12 N_MNI 20 ext. 2 0.643 8.182 3.744 12.619 

b) 70% coverage 

1 F_MNI 60 ext. 0 0.701 30.281 23.585 36.977 

2 F_MNI 60 ext. 1 0.701 23.742 17.038 30.445 

3 F_MNI 60 ext. 2 0.701 18.851 12.14 25.562 

4 I_MNI 14 ext. 0 0.711 9.092 6.437 11.747 

5 I_MNI 14 ext. 1 0.711 8.611 5.869 11.353 

6 I_MNI 14 ext. 2 0.711 8.191 5.301 11.082 

7 M_MNI 34 int. 0 0.699 17.475 15.016 19.934 

8 M_MNI 34 int. 1 0.699 13.545 10.916 16.175 

9 M_MNI 34 int. 2 0.699 10.431 7.878 12.984 

10 N_MNI 31 ext. 0 0.7 14.997 8.785 21.209 

11 N_MNI 31 ext. 1 0.7 11.73 6.058 17.401 

12 N_MNI 31 ext. 2 0.7 9.449 3.933 14.965 
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Table S3. Abundances (3a) and relative abundances (3b) of selected taphonomic variables in the sub-units with more 

than 10 items. The lithological composition (LITH), the thickness, the Marine Isotopic Stage (MIS), the total number of 

items (n) and the sample degradation values (S. degr.) are reported for each sub-unit. Abbreviations: ss-sandy silt, sm-

sandy mud, sg-sand gravel, ms-muddy silt, m-mud, mss-muddy sand, frag-fragmentation, tramp-trampling, concr-

concretion, feed-feeding activity (carnivore bites and digestion by mammals or raptors), rod-rodent gnawing, mn-

manganese, root-root etching, weath-exfoliation and cracking, anthr-anthropic related (cut-marks, combustion), 

degrsample degradation. 

S3a 

S
u

b
-u

n
it

 

O
B

S
 

L
IT

H
 

T
H

IC
K

 

(c
m

) 

M
IS

 

n
 

fr
a
g

-1
 

tr
a
m

p
-1

 

c
o
n

c
r
-1

 

fe
e
d

-1
 

r
o
d

-1
 

m
n

-1
 

r
o
o
t-

1
 

w
e
a
th

-1
 

a
n

th
r
-1

 

fr
a
g

-0
 

tr
a
m

p
-0

 

c
o
n

c
r
-0

 

fe
e
d

-0
 

r
o
d

-0
 

m
n

-0
 

r
o
o
t-

0
 

w
e
a
th

-0
 

a
n

th
r
-0

 

F1 1 ss 5_7 MIS3 13 8 0 4 0 0 12 1 0 0 5 13 9 13 13 1 12 13 13 

F2 2 ss 7_10 MIS3 57 38 3 27 1 0 56 1 5 0 19 54 30 56 57 1 56 52 57 

F3 3 sm 25_50 MIS3 266 193 14 108 9 5 217 17 29 4 73 252 158 257 261 49 249 237 262 

H 4 sg 4_8 MIS5? 12 9 2 3 0 0 6 0 1 0 3 10 9 12 12 6 12 11 12 
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L1 9 mss 26_41 MIS6 34 20 0 8 3 1 20 20 0 0 14 34 26 31 33 14 14 34 34 
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N3 19 sm na MIS7 18 16 0 14 0 0 11 10 1 0 2 18 4 18 18 7 8 17 18 

Q 20 sm 33 MIS7 17 14 0 16 1 1 10 5 1 0 3 17 1 16 16 7 12 16 17 
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F1 1 ss 5_7 MIS3 13 0.615 0.000 0.308 0.000 0.000 0.923 0.077 0.000 0.000 0.385 1.000 0.692 1.000 1.000 0.077 0.923 1.000 1.000 0.21 0.00 

F2 2 ss 7_10 MIS3 57 0.667 0.053 0.474 0.018 0.000 0.982 0.018 0.088 0.000 0.333 0.947 0.526 0.982 1.000 0.018 0.982 0.912 1.000 0.26 0.05 

F3 3 sm 25_50 MIS3 266 0.726 0.053 0.406 0.034 0.019 0.816 0.064 0.109 0.015 0.274 0.947 0.594 0.966 0.981 0.184 0.936 0.891 0.985 0.25 0.06 

H 4 sg 4_8 MIS5? 12 0.750 0.167 0.250 0.000 0.000 0.500 0.000 0.083 0.000 0.250 0.833 0.750 1.000 1.000 0.500 1.000 0.917 1.000 0.19 0.08 

I1 5 ss >5_33 MIS6? 34 0.500 0.000 0.206 0.029 0.000 0.471 0.029 0.000 0.000 0.500 1.000 0.794 0.971 1.000 0.529 0.971 1.000 1.000 0.14 0.03 

I2 6 ms 23_37 MIS6 27 0.667 0.037 0.296 0.111 0.000 0.519 0.000 0.037 0.000 0.333 0.963 0.704 0.889 1.000 0.481 1.000 0.963 1.000 0.19 0.04 

L1 9 mss 26_41 MIS6 34 0.588 0.000 0.235 0.088 0.029 0.588 0.588 0.000 0.000 0.412 1.000 0.765 0.912 0.971 0.412 0.412 1.000 1.000 0.24 0.09 

L2 10 m 8_20 MIS6 36 0.639 0.056 0.000 0.028 0.056 0.444 0.306 0.083 0.028 0.361 0.944 1.000 0.972 0.944 0.556 0.694 0.917 0.972 0.18 0.06 

M1 11 mss na MIS7 86 0.802 0.105 0.209 0.000 0.023 0.593 0.267 0.070 0.012 0.198 0.895 0.791 1.000 0.977 0.407 0.733 0.930 0.988 0.23 0.10 

M2 12 m 15_70 MIS7 175 0.846 0.091 0.091 0.046 0.011 0.571 0.257 0.091 0.000 0.154 0.909 0.909 0.954 0.989 0.429 0.743 0.909 1.000 0.22 0.09 

M4 14 mss >14_36 MIS7 47 0.957 0.170 0.298 0.021 0.000 0.894 0.426 0.043 0.021 0.043 0.830 0.702 0.979 1.000 0.106 0.574 0.957 0.979 0.31 0.17 

M5 15 mss na MIS7 140 0.829 0.100 0.557 0.029 0.050 0.771 0.571 0.064 0.043 0.171 0.900 0.443 0.971 0.950 0.229 0.429 0.936 0.957 0.33 0.10 

N1 17 sm 10_33 MIS7 40 0.750 0.075 0.725 0.000 0.025 0.400 0.450 0.000 0.050 0.250 0.925 0.275 1.000 0.975 0.600 0.550 1.000 0.950 0.28 0.08 

N2 18 sm na MIS7 20 0.900 0.100 0.450 0.050 0.050 0.850 0.550 0.150 0.150 0.100 0.900 0.550 0.950 0.950 0.150 0.450 0.850 0.850 0.36 0.15 

N3 19 sm na MIS7 18 0.889 0.000 0.778 0.000 0.000 0.611 0.556 0.056 0.000 0.111 1.000 0.222 1.000 1.000 0.389 0.444 0.944 1.000 0.32 0.06 

Q 20 sm 33 MIS7 17 0.824 0.000 0.941 0.059 0.059 0.588 0.294 0.059 0.000 0.176 1.000 0.059 0.941 0.941 0.412 0.706 0.941 1.000 0.31 0.06 

Taphonomic damage 

mean 0.75 0.06 0.39 0.03 0.02 0.66 0.28 0.06 0.02                     

s 0.13 0.06 0.26 0.03 0.02 0.19 0.22 0.04 0.04                     
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Figure S1. Main categories of taphonomic variables examined in the bird assemblages from Grotta del Cavallo and 

employed in the ordination analysis (as for fragmentation the reader is referred to Fig. 4). A: Concretions; B: Root etching; 

C: Manganese staining; D: Cracking; E: Rodent gnawing; F: Trampling; G: Digestion by nocturnal raptors; H: Cut-mark. 

The scale bar is indicated in each picture. 
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Figure S2. Shepard stress plot showing the relationship between the actual dissimilarities between samples (from the 

original dissimilarity matrix) and the ordination distances (i.e. the distances on the NMDS plot). In addition, it displays 

two correlation-like statistics on the goodness of fit in the graph. The nonmetric fit is based on stress S and defined as R2 

= 1-S*S. The “linear fit” is the squared correlation between fitted values and ordination distances. These series of data 

are well correlated and the amount of scatter is low, then the ordination could be considered representative of the original 

distance and effectively reduced the multivariate space in two dimensions. 

 

 

  



47 
 

References 

Bacher, A., 1967. Vergleichend morphologische Untersuchungen an Einzelknochen des postkranialen 

Skeletts in Mitteleuropa vorkommender Schwane und Ganse. Unpublished PhD dissertation, Ludwig-

Maximilans-Universitat, Munchen, Germany, 149 pp. 

Bagi, Z., Dimopoulos, E.A., Loukovitis, D., Eraud, C., Kusza, S., 2018. MtDNA genetic diversity and 

structure of Eurasian Collared Dove (Streptopelia decaocto). PLoS ONE 13(3), e0193935. 

Bedetti, C., Pavia, M., 2013. Early Pleistocene birds from Pirro Nord (Puglia, southern Italy). Palaeontogr. 

Abt. A 298, 31-53. 

Boano, G. Pellegrino, I., Cucco, M., 2015. Moult and morphometrics of the pallid swift Apus pallidus in 

Northwestern Italy. Ardeola 62, 35-48. 

Bocheński, Z.M., 1994. The comparative osteology of grebes [Aves: Podicipediformes] and its systematic 

implications. Acta Zool. Cracov. 37(1), 191-346. 

Brichetti, P., Fracasso, G., 2015. Check-list degli uccelli italiani aggiornata al 2014. Riv. Ital. Ornit. 85, 

31-50. 

Cuisin, J., 1989. L’identification des cranes de Passereaux (Passeriformes: Aves). Unpublished PhD 

dissertation, University of Boulogne, France, 340 pp. 

Del Hoyo, J., Collar, N.J., Christie, D.A., Elliot, A., Fishpool, L.D.C., Boesman, P., Kirwan, G.M., 2016. 

Illustrated checklist of the birds of the world. Vol. 2: Passerines. Lynx Editions, Barcelona, 1013 pp. 

Erbersdobler, K., 1968. Vergleichend morphologische Untersuchungen an Einzelknochen des postcranial 

Skeletts in Mitteleuropa vorkommender mittelgrosser Huhnervogel. Unpublished PhD dissertation, Ludwig-

Maximilians-Universitat, Munchen, Germany, 93 pp.   

Fick, O.K.W., 1974. Vergleichend morphologische Untersuchungen an Einzelknochen europaischer 

Taubenarten. Unpublished PhD dissertation, Ludwig-Maximilians-Universitat, Munchen, Germany, 93 pp. 

Janossy, D., 1983. Humeri of central European smaller Passeriformes. Fragm. Min. Palaeont. 11, 85-112. 

Kessler, J. E., 2015. Osteological guide of songbirds from Central Europe. Ornis Hungarica 23(2), 62-

155. 

Kraft, E., 1972. Vergleichend morphologische Untersuchungen an Einzelknochen nord und 

mitteleuropaischer kleinerer Hunervogel. Unpublished PhD dissertation, Ludwig- Maximilians-Universitat, 

Munchen, Germany, 195 pp. 

Langer, G., 1980. Vergleichend morphologische Untersuchungen an Einzelknochen in Mitteleuropa 

vorkommender mittelgrosse Eulenarten. Unpublished PhD dissertation, Ludwig-Maximilians-Universitat, 

Munchen, Germany, 213 pp. 

Louchart, A., Pavia, M., Bedetti, C., 2005. A new species of eagle (Aves Accipitridae) close to the Steppe 

Eagle, from the Pleistocene of Corsica and Sardinia, France and Italy. Palaeontogr. Abt. A 272, 121-148. 

Manegold, A., Pavia, M., Haarhoff, P., 2014. A New Species of Aegypius Vulture (Aegypiinae, 

Accipitridae) from the Early Pliocene of South Africa. J. Vertebr. Paleontol. 34(6), 1394-1407. 



48 
 

Mayr, G., 2015. Variations in the hypotarsus morphology of birds and their evolutionary significance. 

Acta Zool. 97, 196–210. 

Meijer, H.J., Pavia, M., Madurell-Malapeira, J., Alba, D.M., 2017. A revision of fossil eagle owls (Aves: 

Strigiformes: Bubo) from Europe and the description of a new species, Bubo ibericus, from Cal Guardiola (NE 

Iberian Peninsula). Hist. Biol. 29(6), 822-832. 

Moreno, E., 1985. Clave osteológica para la identificación de los Passeriformes ibéricos. 1. Ardeola 32(2), 

295-377. 

Mourer-Chauviré, C., 1975. Les oiseaux du Pléistocène moyen et superior de France. Documents des 

Laboratoires de la Faculté des Sciences de Lyon 64, 1-624. 

Otto, C., 1981. Vergleichend morphologische Untuchungen an Einzelknochen in Zentraleuropa 

vorkommender mittelgrossen Accipitridae: 1, Schadel, Brustbein, Schultergurtel und Vorderextremitat. 

Unpublished PhD Dissertation, Ludwig-Maximilians-Universitat, Munchen, Germany, 183 pp. 

Pavia, M., 2019. Geronticus thackerayi, sp. nov. (Aves, Threskiornithidae), a new ibis from the hominin-

bearing locality of Kromdraai (Cradle of Humankind, Gauteng, South Africa). J. Vertebr. Paleontol. 39(3), 

e1647433. 

Pavia, M., Mourer-Chauviré, C., 2002. An overwiew of the genus Athene in the Pleistocene of the 

Mediterranean Islands, with the description of Athene trinacriae n. sp. (Aves: Strigidae), in: Zhou and Zhang 

(Eds.), Proceedings of the 5th Symposium of the Society of Avian Paleontology and Evolution. Beijing Science 

Press, Beijing, pp. 13-27. 

Pavia, A., Manegold, A., Haarhoff, P., 2015. Early Pliocene owls (Strigiformes, Aves) from 

Langebaanweg, South Africa, with first evidence of the genus Athene in Africa South of the Sahara and the 

description of a new species of Tyto. Acta Palaeontol. Pol. 60(4), 815-828. 

Scandura, M., Iacolina, L., Apollonio, M., Dessí-Fulgheri, F., Baratti, M., 2010. Current status of the 

Sardinian partridge (Alectoris barbara) assessed by molecular markers. Eur. J. Wildl. Res. 56, 33-42. 

Schmidt-Burger, P., 1982. Vergleichend morphologische Untersuchungen an Einzelknochen in 

Zentraleuropa vorkommender mittelgrossen Accipitridae: 2, Beken und Hinderextremitat. Unpublished PhD 

dissertation, Ludwig-Maximilians-Universitat, Munchen, Germany, 122 pp. 

Solti, B., 1996. The comparative osteomorphological study of the European small-statured falcons (Aves: 

Falconidae). Folia Historico Naturalia Musei Matraensis 21, 5-282. 

Tomek, T., Bocheński, Z.M., 2000. The comparative osteology of European Corvids (Aves: Corvidae), 

with a key to the identification of their skeletal elements. Institute of Systematics and Evolution of Animals, 

Polish Academy of Sciences, Krakow, 102 pp. 

Torres-Roig, E., Díaz, A., Bover, P., Alcover, J.A., 2019. A palaeornithological assemblage from the early 

Pliocene of the Mediterranean island of Mallorca: Raptorial birds as bioaccumulators at Na Burguesa-1. C. R. 

Palevol 18(8), 997-1010. 

Tyrberg, T., 1998. Pleistocene birds of the Palearctic: a catalogue. Publications of the Nuttall 

Ornithological Club No. 27, Cambridge, 720 pp. 



49 
 

Tyrberg, T., 2008. Pleistocene birds of the Palaearctic. http://web. telia.com/~u11502098/pleistocene.pdf 

(last updated in 2008, accessed 15 March 2020).   

Woelfle, E., 1967. Vergleichend morphologische Untersuchungen an Einzelknochen des postkranialen 

Skeletts in Mitteleuropa vorkommender Enten, Halbganse und Sager. Unpublished PhD dissertation, Ludwig-

Maximilians-Universitat, Munchen, Germany, 258 pp. 

  



50 
 

4. Manuscript II  

 

Macromammal and bird assemblages across the late Middle to Upper Palaeolithic transition in 

Italy: an extended zooarchaeological review 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  



51 
 



52 
 



53 
 



54 
 



55 
 



56 
 



57 
 



58 
 



59 
 



60 
 



61 
 



62 
 



63 
 



64 
 



65 
 



66 
 



67 
 



68 
 



69 
 



70 
 



71 
 



72 
 



73 
 



74 
 



75 
 



76 
 



77 
 



78 
 



79 
 



80 
 



81 
 



82 
 



83 
 



84 
 



85 
 



86 
 

 

 

  



87 
 

5. Manuscript III  

 

Integrated multidisciplinary ecological analysis from the Uluzzian settlement at the Uluzzo C Rock 

Shelter, south‐eastern Italy  



88 
 



89 
 



90 
 



91 
 



92 
 



93 
 



94 
 



95 
 



96 
 



97 
 



98 
 



99 
 



100 
 



101 
 



102 
 



103 
 



104 
 



105 
 



106 
 



107 
 



108 
 



109 
 

 

  



110 
 

6. Manuscript IV  

 

Birds adapted to cold conditions show greater changes in range size related to past climatic 

oscillations than temperate birds 

  



111 
 



112 
 

 



113 
 



114 
 



115 
 



116 
 



117 
 



118 
 



119 
 



120 
 



121 
 



122 
 



123 
 



124 
 



125 
 



126 
 



127 
 



128 
 



129 
 



130 
 



131 
 

 

  



132 
 

SM Supplementary Material Carrera et al. (submitted) - Birds adapted to cold conditions show 

greater changes in range size related to past climatic oscillations than temperate birds. Scientific 

Reports 

 

Data S1 - Outline of the ecology of the six species investigated 

 

P. graculus, a polytypic species, is a sedentary gregarious corvid that lives in high-altitude mountain areas of 

the Palearctic mid-latitudes, from the Pyrenees to the Himalaya. It inhabits pastures with cliffs and rocky 

ravines, descending below the treeline only in winter. Nests on ledges or shelfs near the roof of a cave, in 

rock crevices or on cliff faces1, 2. This species is known in the Palearctic since the Early Pleistocene and 

becomes very common in the European Late Pleistocene localities3,4. B. scandiacus is a monotypic large owl 

that breeds in the Arctic regions of Eurasia and America, in the open tundra with sparse low vegetation, in 

coastal fields or open moorland. The nest is a shallow scrape on ground. The species is mostly migratory and 

nomadic, even if some individuals remain in the breeding areas all year round. In winter, birds move 

southwards in Northern Eurasia and North America, due to abundance of prey species (mainly lemmings and 

small voles), that causes the so called 'snowy owl irruptions'. The species is listed as vulnerable as it is 

undergoing rapid population decline2, 5. B. scandiacus is reported in the Palearctic fossil record since the 

Early Pleistocene3,4. A. noctua is a polytypic common small sedentary owl which is spread in a variety of 

semi-open habitats, from parklands to semi-desert regions, spanning from boreal to tropical areas of Eurasia 

and Northern Africa but preferring in general warm arid areas. It nests in cavities2, 6. This species is known in 

the fossil record since the Early Pleistocene3,4. P. perdix is a polytypic medium-sized sedentary Galliformes 

which occurs throughout much of the Western Palearctic. This species has suffered from massive declines 

during the XXth century owing to habitat loss and degradation caused by agricultural intensification. It is 

found in grasslands with some dense shrubby patches and nests in a shallow depression at the base of a 

hedge or other thick vegetation2, 7. P. perdix is reported in the Palearctic fossil record since the Early 

Pleistocene, being more abundant in the Late Pleistocene3,4. C. crex, a monotypic medium-sized rail, is a full 

long-distance migrant which breeds in Europe and central Asia, in open or semi-open environments, such as 

meadows with tall grass. The nest is on the ground, in dense vegetation. This species winters in eastern sub-

Saharan Africa, where prefers dry grasslands and savannas2, 8. This species is known since the Early 

Pleistocene, becoming more abundant in the Late Pleistocene3,4. C. coturnix is a polytypic small Galliformes 

that breeds in the open grasslands of Eurasia. The nest is a scrape in herbaceous vegetation on the ground. It 

is a full long-distance migrant and spends the winters in sub-Saharan Africa, mainly in the Sahel zone2, 9. C. 

coturnix is known in the Palearctic fossil record since the Early Pleistocene and becomes more common in 

the Late Pleistocene3,4.  
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Data S2 - Variable importance (relative influence of the five more important variables) and evaluation 

values of each model (CCSM, CNRM, FGOALS, GISS, IPSL, MIROC, MPI, MRI) for each species 

 

 

Pyrrhocorax graculus - CCSM 

Var. importance: bio.8 18.3800831, bio.3 16.0713235, bio.2 8.3971183, bio.18 7.5067773, bio.9 7.1362126 

 

Evaluation train 

n presences    : 237  

n absences     : 244  

AUC            : 1  

cor            : 0.9921315  

max TPR+TNR at : 0.6151186  

 

Evaluation test 

n presences    : 63  

n absences     : 56  

AUC            : 0.973356  

cor            : 0.8780461  

max TPR+TNR at : 0.5027866 

 

Pyrrhocorax graculus - CNRM 

 

Var. importance: bio.3 22.9945136, bio.2 16.0200376, bio.8 10.9674794, bio.19 7.9610327, bio.13 

6.6381431 

 

Evaluation train 

n presences    : 239  

n absences     : 242  

AUC            : 1  

cor            : 0.9960988  

max TPR+TNR at : 0.7164497  

 

Evaluation test 

n presences    : 61  

n absences     : 58  

AUC            : 0.9946297  
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cor            : 0.9425577  

max TPR+TNR at : 0.6161275 

 

Pyrrhocorax graculus - FGOALS 

 

Var. importance: bio.3 28.37778402, bio.8 15.79259811, bio.19 12.74193031, bio.11 8.84796531, bio.12 

6.80968332 

 

Evaluation train 

n presences    : 240  

n absences     : 240  

AUC            : 1  

cor            : 0.9934999  

max TPR+TNR at : 0.7328617  

 

Evaluation test 

n presences    : 60  

n absences     : 60  

AUC            : 0.9752778  

cor            : 0.9166899  

max TPR+TNR at : 0.6807326 

 

Pyrrhocorax graculus - GISS 

 

Var. importance: bio.3 26.4024333, bio.8 11.4122872, bio.4 9.6939950, bio.19 8.9409073, bio.2 7.3981664 

 

Evaluation train 

n presences    : 246  

n absences     : 236  

AUC            : 0.9999139  

cor            : 0.9845505  

max TPR+TNR at : 0.6835134  

 

Evaluation test 

n presences    : 54  

n absences     : 64  

AUC            : 0.9748264  
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cor            : 0.8819202  

max TPR+TNR at : 0.631979 

 

Pyrrhocorax graculus - IPSL 

 

Var. importance: bio.3 27.3497044, bio.19 12.8601738, bio.5 10.7005723, bio.4 8.6736239, bio.14 

8.0101202 

 

Evaluation train 

class          : ModelEvaluation  

n presences    : 245  

n absences     : 235  

AUC            : 1  

cor            : 0.9987745  

max TPR+TNR at : 0.78706  

 

Evaluation test   

n presences    : 55  

n absences     : 65  

AUC            : 0.9876923  

cor            : 0.9206223  

max TPR+TNR at : 0.4379987 

 

Pyrrhocorax graculus - MIROC 

 

Var. importance: bio.3 13.9051970, bio.8 11.4598980, bio.19  9.2772188, bio.13  9.0855225, bio.2  

8.9160167 

 

Evaluation train 

n presences    : 244  

n absences     : 236  

AUC            : 1  

cor            : 0.9916561  

max TPR+TNR at : 0.686271  

 

Evaluation test 

n presences    : 56  
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n absences     : 64  

AUC            : 0.9986049  

cor            : 0.9600088  

max TPR+TNR at : 0.6693516 

 

Pyrrhocorax graculus - MPI 

 

Var. importance: bio.3 40.2250167, bio.8 12.0572192, bio.2  9.6545252, bio.6  6.1232959, bio.19  

6.0636037 

 

Evaluation train 

n presences    : 240  

n absences     : 240  

AUC            : 0.9999826  

cor            : 0.9877139  

max TPR+TNR at : 0.4446355  

 

Evaluation test 

n presences    : 60  

n absences     : 60  

AUC            : 0.9725  

cor            : 0.8857112  

max TPR+TNR at : 0.2923693 

 

Pyrrhocorax graculus - MRI 

 

Var. importance: bio.4 17.0415457, bio.3 14.3266886, bio.13  9.4924036, bio.8  9.1918337, bio.15  

6.8687489 

 

Evaluation train 

n presences    : 255  

n absences     : 225  

AUC            : 0.9932026  

cor            : 0.9349929  

max TPR+TNR at : 0.6041073  

 

Evaluation test 
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n presences    : 45  

n absences     : 75  

AUC            : 0.938963  

cor            : 0.7652218  

max TPR+TNR at : 0.5930847 

 

Bubo scandiacus, wintering range - CCSM 

 

Var. importance: bio.7 27.2239878, bio.1 15.5909058, bio.14  9.4530419, bio.15  7.3569528, bio.12  

7.3277208 

 

Evaluation train 

n presences    : 240  

n absences     : 240  

AUC            : 1  

cor            : 0.9991487  

max TPR+TNR at : 0.8312412  

 

Evaluation test 

n presences    : 60  

n absences     : 60  

AUC            : 0.9963889  

cor            : 0.9521732  

max TPR+TNR at : 0.8562762 

 

Bubo scandiacus, wintering range - CNRM 

 

Var. importance: bio.3 16.7455687, bio.2 15.8073993, bio.8 14.4689629, bio.18 11.2705948, bio.4  

7.4172494 

 

Evaluation train 

n presences    : 242  

n absences     : 238  

AUC            : 1  

cor            : 0.9976284  

max TPR+TNR at : 0.7211729  
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Evaluation test 

n presences    : 58  

n absences     : 62  

AUC            : 0.9799778  

cor            : 0.9063431  

max TPR+TNR at : 0.5861419 

 

Bubo scandiacus, wintering range - FGOALS 

 

Var. importance: bio.1 21.07941739, bio.2 12.44932914, bio.5 11.57684057, bio.4 10.92289095, bio.10  

9.78132705 

 

Evaluation train 

n presences    : 237  

n absences     : 243  

AUC            : 1  

cor            : 0.9986841  

max TPR+TNR at : 0.8216523  

 

Evaluation test  

n presences    : 63  

n absences     : 57  

AUC            : 0.9885826  

cor            : 0.93763  

max TPR+TNR at : 0.389507 

 

Bubo scandiacus, wintering range – GISS 

 

Var. importance: bio.4 39.0772485, bio.12 16.3543840, bio.3  8.5482351, bio.1  7.1132717, bio.13  

4.8158901 

 

Evaluation train 

n presences    : 230  

n absences     : 250  

AUC            : 1  

cor            : 0.9986837  

max TPR+TNR at : 0.7920148  



139 
 

 

Evaluation test 

n presences    : 70  

n absences     : 50  

AUC            : 0.9945714  

cor            : 0.9445038  

max TPR+TNR at : 0.468201 

 

Bubo scandiacus, wintering range - IPSL 

 

Var. importance: bio.4 21.3357454, bio.3 14.5815777, bio.12 10.3697115, bio.8  9.9929003, bio.15  

9.3718031 

 

Evaluation train 

n presences    : 239  

n absences     : 241  

AUC            : 1  

cor            : 0.9988687  

max TPR+TNR at : 0.8172766  

 

Evaluation test 

n presences    : 61  

n absences     : 59  

AUC            : 0.9886079  

cor            : 0.9344117  

max TPR+TNR at : 0.2361584 

 

Bubo scandiacus, wintering range - MIROC 

 

Var. importance: bio.3 24.9953274, bio.1 18.2076517, bio.15 12.9824335, bio.4  6.0116626, bio.7  

5.9562372 

 

Evaluation train 

n presences    : 240  

n absences     : 240  

AUC            : 1  

cor            : 0.9985086  
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max TPR+TNR at : 0.7472241  

 

Evaluation test 

n presences    : 60  

n absences     : 60  

AUC            : 0.9977778  

cor            : 0.9587645  

max TPR+TNR at : 0.3506854 

 

Bubo scandiacus, wintering range – MPI 

 

Var. importance: bio.1 26.4607327, bio.18 12.4462073, bio.2 12.1054681, bio.4  7.5533832, bio.12  

6.2563012 

 

Evaluation train 

n presences    : 240  

n absences     : 240  

AUC            : 1  

cor            : 0.9982287  

max TPR+TNR at : 0.7281611  

 

Evaluation test 

n presences    : 60  

n absences     : 60  

AUC            : 0.9966667  

cor            : 0.9590535  

max TPR+TNR at : 0.3749381 

 

Bubo scandiacus, wintering range – MRI 

 

Var. importance: bio.1 21.6283396, bio.4 18.9615116, bio.2  8.7262568, bio.12  8.4894958, bio.14  

6.7380018 

 

Evaluation train 

n presences    : 245  

n absences     : 235  

AUC            : 1  
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cor            : 0.997647  

max TPR+TNR at : 0.7425055  

 

Evaluation test 

n presences    : 55  

n absences     : 65  

AUC            : 0.9963636  

cor            : 0.9506461  

max TPR+TNR at : 0.7300653 

 

Bubo scandiacus, breeding range - CCSM 

 

Var. importance: bio.10 25.5475642, bio.5 21.6367823, bio.2 13.4077419, bio.3 11.5905906, bio.18  

7.5116805 

 

Evaluation train 

n presences    : 230  

n absences     : 250  

AUC            : 1  

cor            : 0.9957085  

max TPR+TNR at : 0.5962335  

 

Evaluation test 

n presences    : 70  

n absences     : 50  

AUC            : 0.9928571  

cor            : 0.9434722  

max TPR+TNR at : 0.4396043 

 

Bubo scandiacus, breeding range - CNRM 

 

Var. importance: bio.2 38.86506839, bio.10 12.13846465, bio.18 11.54050024, bio.3 10.50409802, bio.8 

10.02260932 

 

Evaluation train 

n presences    : 241  

n absences     : 239  
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AUC            : 1  

cor            : 0.9962053  

max TPR+TNR at : 0.7298184  

Evaluation test 

n presences    : 59  

n absences     : 61  

AUC            : 0.9936093  

cor            : 0.9630463  

max TPR+TNR at : 0.6134392 

 

Bubo scandiacus, breeding range - FGOALS 

 

Var. importance: bio.2 63.023398182, bio.18 12.794795556, bio.3  5.772470297, bio.7  5.323328034, bio.5  

3.428982334 

 

Evaluation train  

n presences    : 242  

n absences     : 238  

AUC            : 1  

cor            : 0.9974436  

max TPR+TNR at : 0.7373109  

 

Evaluation test  

n presences    : 58  

n absences     : 62  

AUC            : 0.996941  

cor            : 0.9523647  

max TPR+TNR at : 0.6373854 

 

Bubo scandiacus, breeding range - GISS 

 

Var. importance: bio.8 35.13853357, bio.3 14.67880610, bio.10 14.28602553, bio.18 13.13751125, bio.9  

5.57046846 

 

Evaluation train 

n presences    : 242  

n absences     : 239  
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AUC            : 0.9999308  

cor            : 0.9865104  

max TPR+TNR at : 0.4385703  

 

Evaluation test 

n presences    : 58  

n absences     : 61  

AUC            : 1  

cor            : 0.9753737  

max TPR+TNR at : 0.4011146 

 

Bubo scandiacus, breeding range - IPSL 

 

Var. importance: bio.18 41.52832071, bio.5 17.73191658, bio.10 16.49978445, bio.3  9.11739245, bio.16  

3.17442494 

 

Evaluation train  

n presences    : 235  

n absences     : 245  

AUC            : 0.9999826  

cor            : 0.9941468  

max TPR+TNR at : 0.3883646  

 

Evaluation test 

n presences    : 65  

n absences     : 55  

AUC            : 0.9888112  

cor            : 0.9730529  

max TPR+TNR at : 0.4870946 

 

Bubo scandiacus, breeding range - MIROC 

 

Var. importance: bio.2 32.4750836, bio.18 26.8869046, bio.5 13.0079504, bio.3  7.7053595, bio.4  

4.3097379 

 

Evaluation train 

n presences    : 241  
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n absences     : 239  

AUC            : 1  

cor            : 0.9942988  

max TPR+TNR at : 0.6493983  

 

Evaluation test 

n presences    : 59  

n absences     : 61  

AUC            : 0.9966657  

cor            : 0.9415295  

max TPR+TNR at : 0.3168652 

 

Bubo scandiacus, breeding range - MPI 

 

Var. importance: bio.18 31.87432986, bio.10 19.40992072, bio.8 14.39910127, bio.3  7.68145144, bio.5  

6.31720107 

 

Evaluation train 

n presences    : 242  

n absences     : 238  

AUC            : 1  

cor            : 0.9955193  

max TPR+TNR at : 0.6977875  

 

Evaluation test 

n presences    : 58  

n absences     : 62  

AUC            : 0.9986096  

cor            : 0.9691946  

max TPR+TNR at : 0.5012148 

 

Bubo scandiacus, breeding range - MRI 

 

Var. importance: bio.2 29.69420535, bio.18 19.04505073, bio.3 12.70456817, bio.10  8.98578139, bio.6  

7.32160908 

 

Evaluation train 
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n presences    : 241  

n absences     : 239  

AUC            : 1  

cor            : 0.9930614  

max TPR+TNR at : 0.4734608  

 

Evaluation test 

n presences    : 59  

n absences     : 61  

AUC            : 0.9944429  

cor            : 0.944481  

max TPR+TNR at : 0.8194517 

 

Crex crex, wintering range - CCSM 

 

Var. importance: bio.4 30.282804785, bio.2 17.200564045, bio.3 11.807693951, bio.12  9.216402669, 

bio.18  5.777278533 

 

Evaluation train 

n presences    : 238  

n absences     : 243  

AUC            : 1  

cor            : 0.9940242  

max TPR+TNR at : 0.3054828  

 

Evaluation test 

n presences    : 62  

n absences     : 57  

AUC            : 0.999717  

cor            : 0.9740611  

max TPR+TNR at : 0.699541 

 

Crex crex, wintering range - CNRM 

 

Var. importance: bio.4 46.100070457, bio.7 17.573725700, bio.13 14.510444670, bio.12  4.131934302, 

bio.1  3.413672391 
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Evaluation train 

n presences    : 234  

n absences     : 247  

AUC            : 1  

cor            : 0.9995034  

max TPR+TNR at : 0.8145048  

 

Evaluation test 

n presences    : 66  

n absences     : 53  

AUC            : 0.9874214  

cor            : 0.9336682  

max TPR+TNR at : 0.6544742 

 

Crex crex, wintering range - FGOALS 

 

Var. importance: bio.2 23.97015456, bio.3 19.32741040, bio.15 18.81200863, bio.19 10.27772809, bio.14  

7.84980450 

 

Evaluation train 

n presences    : 235  

n absences     : 246  

AUC            : 1  

cor            : 0.9983678  

max TPR+TNR at : 0.6886163  

 

Evaluation test 

n presences    : 65  

n absences     : 54  

AUC            : 0.9985755  

cor            : 0.9359414  

max TPR+TNR at : 0.1149004 

 

Crex crex, wintering range – GISS 

 

Var. importance: bio.4 17.25297635, bio.2 16.46719569, bio.9 14.59587665, bio.3 13.29858952, bio.18  

7.62853476 
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Evaluation train 

n presences    : 241  

n absences     : 240  

AUC            : 1  

cor            : 0.9991592  

max TPR+TNR at : 0.8454622  

 

Evaluation test 

n presences    : 59  

n absences     : 60  

AUC            : 0.9960452  

cor            : 0.9693653  

max TPR+TNR at : 0.6386525 

 

Crex crex, wintering range - IPSL 

 

Var. importance: bio.3 20.46562367, bio.4 17.76917680, bio.14 15.34935657, bio.12 10.92635502, bio.15  

7.43944547 

 

Evaluation train 

n presences    : 246  

n absences     : 235  

AUC            : 1  

cor            : 0.9998264  

max TPR+TNR at : 0.8678773  

 

Evaluation test 

n presences    : 54  

n absences     : 65  

AUC            : 1  

cor            : 0.9850954  

max TPR+TNR at : 0.09515892 

 

Crex crex, wintering range – MIROC 
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Var. importance: bio.4 55.26914083, bio.2 23.36702002, bio.3 10.06728435, bio.8  2.76942724, bio.15  

2.58282018 

 

Evaluation train 

n presences    : 236  

n absences     : 245  

AUC            : 1  

cor            : 0.9994265  

max TPR+TNR at : 0.8540138  

 

Evaluation test 

n presences    : 64  

n absences     : 55  

AUC            : 0.9875  

cor            : 0.9327763  

max TPR+TNR at : 0.8809668 

 

Crex crex, wintering range - MPI 

 

Var. importance: bio.4 45.943304712, bio.2 12.581368900, bio.6  7.533858253, bio.12  4.961918245, bio.7  

4.766432485 

 

Evaluation train 

n presences    : 234  

n absences     : 247  

AUC            : 1  

cor            : 0.9987048  

max TPR+TNR at : 0.7589877  

 

Evaluation test 

n presences    : 66  

n absences     : 53  

AUC            : 1  

cor            : 0.9771309  

max TPR+TNR at : 0.3681444 

 

Crex crex, wintering range - MRI 
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Var. importance: bio.4 29.57187182, bio.2 27.35057617, bio.7  9.25284430, bio.5  6.21539381, bio.9  

5.41813102 

 

Evaluation train 

n presences    : 237  

n absences     : 243  

AUC            : 1  

cor            : 0.9991929  

max TPR+TNR at : 0.846166  

 

Evaluation test 

n presences    : 63  

n absences     : 57  

AUC            : 0.9991646  

cor            : 0.9742106  

max TPR+TNR at : 0.5849 

 

Crex crex, breeding range - CCSM 

 

Var. importance: bio.14 20.9035783, bio.17 18.6809529, bio.15 12.7963315, bio.10 12.0868336, bio.5  

5.2841321 

 

Evaluation train 

n presences    : 243  

n absences     : 238  

AUC            : 0.9975101  

cor            : 0.9705384  

max TPR+TNR at : 0.4707432  

 

Evaluation test  

n presences    : 57  

n absences     : 62  

AUC            : 0.9949066  

cor            : 0.9324419  

max TPR+TNR at : 0.6328612 
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Crex crex, breeding range - CNRM 

 

Var. importance: bio.14 22.32631002, bio.3 21.98682569, bio.15 21.46837243, bio.5 13.38097802, bio.17  

4.24931944 

 

Evaluation train 

n presences    : 238  

n absences     : 242  

AUC            : 0.9997569  

cor            : 0.990436  

max TPR+TNR at : 0.5261475  

 

Evaluation test  

n presences    : 62  

n absences     : 58  

AUC            : 0.9849833  

cor            : 0.9171823  

max TPR+TNR at : 0.5777403 

 

Crex crex, breeding range - FGOALS 

 

Var. importance: bio.15 44.94148718, bio.3 16.28276996, bio.7  9.85999415, bio.5  6.16598337, bio.10  

5.63304800 

 

Evaluation train  

n presences    : 240  

n absences     : 240  

AUC            : 1  

cor            : 0.9963634  

max TPR+TNR at : 0.5978673  

 

Evaluation test 

n presences    : 60  

n absences     : 60  

AUC            : 0.9961111  

cor            : 0.9423702  

max TPR+TNR at : 0.2245815 
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Crex crex, breeding range - GISS 

 

Var. importance: bio.14 30.5778367, bio.3 18.5401210, bio.15 12.1416935, bio.5  6.0467565, bio.2  

5.2791969 

 

Evaluation train 

n presences    : 241  

n absences     : 239  

AUC            : 1  

cor            : 0.998038  

max TPR+TNR at : 0.7249346  

 

Evaluation test 

n presences    : 59  

n absences     : 61  

AUC            : 0.9872187  

cor            : 0.8870871  

max TPR+TNR at : 0.4323176 

 

Crex crex, breeding range - IPSL 

 

Var. importance: bio.14 25.1566165, bio.15 13.5453563, bio.10 13.1348398, bio.3 11.3211041, bio.17  

9.1949693 

 

Evaluation train 

n presences    : 234  

n absences     : 246  

AUC            : 0.9997915  

cor            : 0.9858515  

max TPR+TNR at : 0.4932286  

 

Evaluation test 

n presences    : 66  

n absences     : 54  

AUC            : 0.9963524  

cor            : 0.952546  
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max TPR+TNR at : 0.7546186 

 

Crex crex, breeding range - MIROC 

 

Var. importance: bio.14 31.5639239, bio.15 12.8959047, bio.10 12.2342087, bio.3 11.2694059, bio.2 

11.0070826 

 

Evaluation train 

n presences    : 242  

n absences     : 239  

AUC            : 0.9999481  

cor            : 0.9888414  

max TPR+TNR at : 0.3116323  

 

Evaluation test 

n presences    : 58  

n absences     : 61  

AUC            : 0.9771057  

cor            : 0.8814432  

max TPR+TNR at : 0.7827192 

 

Crex crex, breeding range - MPI 

 

Var. importance: bio.17 21.2818417, bio.15 21.2607932, bio.3 16.3947449, bio.5 12.1971519, bio.9  

4.9545459 

 

Evaluation train 

n presences    : 245  

n absences     : 235  

AUC            : 0.9988363  

cor            : 0.9767157  

max TPR+TNR at : 0.4597665  

 

Evaluation test 

n presences    : 55  

n absences     : 65  

AUC            : 0.993007  
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cor            : 0.9463434  

max TPR+TNR at : 0.3621413 

 

Crex crex, breeding range – MRI 

 

Var. importance: bio.14 36.7130578, bio.15 16.7919640, bio.10 16.1923290, bio.3  6.7294319, bio.17  

4.3306131 

 

Evaluation train 

n presences    : 242  

n absences     : 238  

AUC            : 1  

cor            : 0.9932859  

max TPR+TNR at : 0.2813261  

 

Evaluation test 

n presences    : 58  

n absences     : 62  

AUC            : 0.9655172  

cor            : 0.8888126  

max TPR+TNR at : 0.8022112 

 

Coturnix coturnix, wintering range - CCSM 

 

Var. importance: bio.4 17.9623448, bio.5 11.9151820, bio.8 10.4937027, bio.10  8.8285430, bio.6  

7.2447972 

 

Evaluation train 

n presences    : 242  

n absences     : 238  

AUC            : 0.9975693  

cor            : 0.9657115  

max TPR+TNR at : 0.4988285  

 

Evaluation test 

n presences    : 58  

n absences     : 62  
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AUC            : 0.9746941  

cor            : 0.8746813  

max TPR+TNR at : 0.3329008 

 

Coturnix coturnix, wintering range - CNRM  

 

Var. importance: bio.4 21.7372095, bio.7  9.9724024, bio.5  8.4476829, bio.16  7.3428954, bio.10  

6.8990452 

 

Evaluation train 

n presences    : 236  

n absences     : 244  

AUC            : 0.9976035  

cor            : 0.9556678  

max TPR+TNR at : 0.419839  

 

Evaluation test 

n presences    : 64  

 

n absences     : 56  

AUC            : 0.9933036  

cor            : 0.9206238  

max TPR+TNR at : 0.6936789 

 

Coturnix coturnix, wintering range - FGOALS 

 

Var. importance: bio.7 16.1020922, bio.1 10.5326047, bio.12 10.0178285, bio.18  8.5837885, bio.9  

8.2434392 

 

Evaluation train 

n presences    : 243  

n absences     : 237  

AUC            : 0.9998958  

cor            : 0.983663  

max TPR+TNR at : 0.5491697  

 

Evaluation test 
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n presences    : 57  

n absences     : 63  

AUC            : 0.9922027  

cor            : 0.9242059  

max TPR+TNR at : 0.5933 

 

Coturnix coturnix, wintering range - GISS 

 

Var. importance: bio.3 18.1918222, bio.1 11.9648465, bio.7  8.5846512, bio.4  6.8984376, bio.2  5.9054104 

 

Evaluation train 

n presences    : 246  

n absences     : 234  

AUC            : 0.9999131  

cor            : 0.9819429  

max TPR+TNR at : 0.4765673  

 

Evaluation test 

n presences    : 54  

n absences     : 66  

AUC            : 0.9329405  

cor            : 0.7425909  

max TPR+TNR at : 0.6442904 

 

Coturnix coturnix, wintering range - IPSL 

 

Var. importance: bio.7 29.245184, bio.12 12.148565, bio.17 10.662309, bio.6  7.989266, bio.5  6.187066 

 

Evaluation train 

n presences    : 237  

n absences     : 243  

AUC            : 1  

cor            : 0.9936169  

max TPR+TNR at : 0.650407  

 

Evaluation test 

n presences    : 63  
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n absences     : 57  

AUC            : 0.9944305  

cor            : 0.9523136  

max TPR+TNR at : 0.48306 

 

Coturnix coturnix, wintering range - MIROC 

 

Var. importance: bio.6 14.1203613, bio.12 12.9834998, bio.4 11.8273751, bio.8 11.3047986, bio.5  

8.9737631 

 

Evaluation train 

n presences    : 248  

n absences     : 232  

AUC            : 1  

cor            : 0.9901551  

max TPR+TNR at : 0.5562421  

 

Evaluation test 

n presences    : 52  

n absences     : 68  

AUC            : 0.9889706  

cor            : 0.9044362  

max TPR+TNR at : 0.4181047 

 

Coturnix coturnix, wintering range - MPI 

 

Var. importance: bio.8 20.498409, bio.4 16.256101, bio.12 10.020766, bio.2  7.398379, bio.19  4.763113 

 

Evaluation train 

n presences    : 238  

n absences     : 242  

AUC            : 1  

cor            : 0.9848642  

max TPR+TNR at : 0.5068185  

 

Evaluation test 

n presences    : 62  
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n absences     : 58  

AUC            : 0.9858176  

cor            : 0.9163195  

max TPR+TNR at : 0.4543837 

 

Coturnix coturnix, wintering range – MRI 

 

Var. importance: bio.4 21.0393872, bio.1 16.8986830, bio.18  7.8305022, bio.7  7.8164008, bio.19  

6.3770153 

 

Evaluation train 

n presences    : 237  

n absences     : 243  

AUC            : 0.9990624  

cor            : 0.969939  

max TPR+TNR at : 0.4817052  

 

Evaluation test  

n presences    : 63  

n absences     : 57  

AUC            : 0.9651908  

cor            : 0.8370769  

max TPR+TNR at : 0.6013944 

 

Coturnix coturnix, breeding range - CCSM  

 

Var. importance: bio.19 29.2223697, bio.10 13.8134451, bio.1  8.9074008, bio.17  7.3405455, bio.8  

6.6596123 

 

Evaluation train 

n presences    : 236  

n absences     : 244  

AUC            : 0.9997916  

cor            : 0.9788055  

max TPR+TNR at : 0.431902  

 

Evaluation test 
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n presences    : 64  

n absences     : 56  

AUC            : 0.96875  

cor            : 0.8673039  

max TPR+TNR at : 0.8677223 

 

Coturnix coturnix, breeding range - CNRM  

 

Var. importance: bio.17 17.9656688, bio.14 16.4324267, bio.15 14.6303822, bio.5  9.1382797, bio.2  

6.7243966 

 

Evaluation train 

n presences    : 237  

n absences     : 243  

AUC            : 0.999236  

cor            : 0.9698913  

max TPR+TNR at : 0.4222124  

 

Evaluation test 

n presences    : 63  

n absences     : 57  

AUC            : 0.9908104  

cor            : 0.9301162  

max TPR+TNR at : 0.4307516 

 

Coturnix coturnix, breeding range - FGOALS  

 

Var. importance: bio.15 27.4980444, bio.17 11.5847130, bio.10  8.7452647, bio.14  8.4438302, bio.5  

7.6339922 

 

Evaluation train 

n presences    : 238  

n absences     : 242  

AUC            : 1  

cor            : 0.9953713  

max TPR+TNR at : 0.5848919  
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Evaluation test  

n presences    : 62  

n absences     : 58  

AUC            : 0.9769188  

cor            : 0.9233469  

max TPR+TNR at : 0.8746123 

 

Coturnix coturnix, breeding range - GISS  

 

Var. importance: bio.15 24.0487664, bio.17 12.8176999, bio.10 11.3415014, bio.5  9.7553471, bio.1  

7.4547185 

 

Evaluation train 

 n presences    : 238  

n absences     : 242  

AUC            : 0.9995139  

cor            : 0.9744827  

max TPR+TNR at : 0.4289757  

 

Evaluation test 

n presences    : 62  

n absences     : 58  

AUC            : 0.958287  

cor            : 0.8606796  

max TPR+TNR at : 0.7558889 

 

Coturnix coturnix, breeding range - IPSL  

 

Var. importance: bio.19 23.0988953, bio.17 14.5998462, bio.5 11.7479505, bio.10  9.2589389, bio.15  

7.6796715 

 

Evaluation train 

n presences    : 242  

n absences     : 238  

AUC            : 1  

cor            : 0.989864  

max TPR+TNR at : 0.421792  
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Evaluation test 

n presences    : 58  

n absences     : 62  

AUC            : 0.9938821  

cor            : 0.9319797  

max TPR+TNR at : 0.1546534 

 

Coturnix coturnix, breeding range - MIROC  

 

Var. importance: bio.19 19.5174500, bio.5 14.3639640, bio.17 12.1129567, bio.14  9.6495770, bio.3  

7.0437288 

 

Evaluation train 

n presences    : 236  

n absences     : 244  

AUC            : 1  

cor            : 0.9929026  

max TPR+TNR at : 0.4988432  

 

Evaluation test 

n presences    : 64  

n absences     : 56  

AUC            : 0.9662388  

cor            : 0.8421749  

max TPR+TNR at : 0.5554222 

 

Coturnix coturnix, breeding range - MPI  

 

Var. importance: bio.19 27.8303278, bio.15 16.0398969, bio.5 15.7456840, bio.8  6.3393267, bio.2  

5.8255246 

 

Evaluation train 

n presences    : 242  

n absences     : 238  

AUC            : 0.9999306  

cor            : 0.9834607  
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max TPR+TNR at : 0.5833983  

 

Evaluation test 

n presences    : 58  

n absences     : 62  

AUC            : 0.987208  

cor            : 0.9233983  

max TPR+TNR at : 0.4652753 

 

Coturnix coturnix, breeding range - MRI  

 

Var. importance: bio.17 44.0342040, bio.10 10.6438399, bio.19  9.0906091, bio.3  7.6872797, bio.5  

4.5419607 

 

Evaluation train 

n presences    : 241  

n absences     : 239  

AUC            : 0.9993229  

cor            : 0.9721603  

max TPR+TNR at : 0.4684307  

 

Evaluation test 

n presences    : 59  

n absences     : 61  

AUC            : 0.9736038  

cor            : 0.8742979  

max TPR+TNR at : 0.2394595 

 

Athene noctua - CCSM  

 

Var. importance: bio.11 18.6439081, bio.1 12.0165075,  bio.3 10.9995750, bio.18  8.3642021, bio.8  

8.3135295 

 

Evaluation train 

n presences    : 241  

n absences     : 239  

AUC            : 1  
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cor            : 0.9940568  

max TPR+TNR at : 0.632494  

 

Evaluation test 

n presences    : 59  

n absences     : 61  

AUC            : 0.9883301  

cor            : 0.9270336  

max TPR+TNR at : 0.5241273 

 

Athene noctua - CNRM  

 

Var. importance: bio.3 20.9184087, bio.11 15.6547577, bio.2 12.7514810, bio.1 10.9950320, bio.8  

6.9049423 

 

Evaluation train 

n presences    : 242  

n absences     : 238  

AUC            : 1  

cor            : 0.9969772  

max TPR+TNR at : 0.7241992  

 

Evaluation test 

n presences    : 58  

n absences     : 62  

AUC            : 0.987208  

cor            : 0.901498  

max TPR+TNR at : 0.2855782 

 

Athene noctua - FGOALS 

 

Var. importance: bio.11 24.514685, bio.1 12.708851, bio.3  9.306664, bio.13  8.081401, bio.8  5.454867 

 

Evaluation train 

n presences    : 249  

n absences     : 231  

AUC            : 0.9967837  
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cor            : 0.9782365  

max TPR+TNR at : 0.7078737  

 

Evaluation test 

n presences    : 51  

n absences     : 69  

AUC            : 0.9951691  

cor            : 0.9405124  

max TPR+TNR at : 0.6601653 

 

Athene noctua - GISS  

 

Var. importance: bio.3 31.9721083, bio.11 17.0371972, bio.12  9.1929154, bio.8  8.0229132, bio.1  

7.0424751 

 

Evaluation train 

n presences    : 251  

n absences     : 229  

AUC            : 0.9999478  

cor            : 0.9872221  

max TPR+TNR at : 0.5743415  

 

Evaluation test 

n presences    : 49  

n absences     : 71  

AUC            : 0.9945387  

cor            : 0.9381722  

max TPR+TNR at : 0.3389205 

 

Athene noctua - IPSL  

 

Var. importance: bio.6 15.2132793, bio.1 13.5194233, bio.11 12.1745212, bio.3  9.5410608, bio.7  

8.3599807 

 

Evaluation train 

n presences    : 235  

n absences     : 245  
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AUC            : 1  

cor            : 0.9938195  

max TPR+TNR at : 0.6890475  

 

Evaluation test 

n presences    : 65  

n absences     : 55  

AUC            : 0.9946853  

cor            : 0.923719  

max TPR+TNR at : 0.3675275 

 

Athene noctua - MIROC 

 

Var. importance: bio.3 31.0141007, bio.11 14.1930145, bio.1  9.6536193, bio.8  6.4603731, bio.15  

5.3650119 

 

Evaluation train 

n presences    : 239  

n absences     : 241  

AUC            : 1  

cor            : 0.9939859  

max TPR+TNR at : 0.5315395  

 

Evaluation test 

n presences    : 61  

n absences     : 59  

AUC            : 0.9894415  

cor            : 0.9131714  

max TPR+TNR at : 0.6348607 

 

Athene noctua - MPI  

 

Var. importance: bio.3 30.9601747, bio.11 19.5312486, bio.8  7.6808741, bio.2  5.4325166, bio.12  

5.1016200 

 

Evaluation train 

n presences    : 247  
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n absences     : 233  

AUC            : 1  

cor            : 0.9962273  

max TPR+TNR at : 0.7009319  

 

Evaluation test 

n presences    : 53  

n absences     : 67  

AUC            : 0.9811321  

cor            : 0.8922638  

max TPR+TNR at : 0.6930431 

 

Athene noctua - MRI  

 

Var. importance: bio.1 23.1416300, bio.11 14.6345929, bio.14  7.3415449, bio.17  7.0933998, bio.12  

6.9708652 

 

Evaluation train 

n presences    : 237  

n absences     : 243  

AUC            : 1  

cor            : 0.9909717  

max TPR+TNR at : 0.4629204  

 

Evaluation test 

n presences    : 63  

n absences     : 57  

AUC            : 0.9955444  

cor            : 0.9368047  

max TPR+TNR at : 0.623228 

 

Perdix perdix - CCSM  

 

Var. importance: bio.1 16.322308, bio.10 15.862596, bio.19 14.951666, bio.15 11.302701, bio.17  9.556328 

 

Evaluation train 

n presences    : 245  
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n absences     : 237  

AUC            : 1  

cor            : 0.9988212  

max TPR+TNR at : 0.7174145  

 

Evaluation test 

n presences    : 55  

n absences     : 63  

AUC            : 0.9939394  

cor            : 0.9534171  

max TPR+TNR at : 0.7064351 

 

Perdix perdix – CNRM  

 

Var. importance: bio.15 39.7405088, bio.10  8.0932517, bio.5  7.8907712, bio.1  7.4604754, bio.3  

6.5049240 

 

Evaluation train 

n presences    : 248  

n absences     : 233  

AUC            : 0.9997923  

cor            : 0.9872866  

max TPR+TNR at : 0.5755065  

 

Evaluation test 

n presences    : 52  

n absences     : 67  

AUC            : 0.999713  

cor            : 0.9791666  

max TPR+TNR at : 0.5144568 

 

Perdix perdix - FGOALS  

 

Var. importance: bio.15 4.831420e+01, bio.17 1.464201e+01, bio.5 1.011540e+01, bio.8 8.076905e+00, 

bio.18 4.047200e+00 

 

Evaluation train 
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n presences    : 236  

n absences     : 244  

AUC            : 1  

cor            : 0.9997509  

max TPR+TNR at : 0.9241894  

 

Evaluation test 

n presences    : 64  

n absences     : 56  

AUC            : 0.9866071  

cor            : 0.9216309  

max TPR+TNR at : 0.740028 

 

Perdix perdix - GISS  

 

Var. importance: bio.17 19.058030107, bio.19 16.706378930, bio.10 16.270777901, bio.3  9.066544159, 

bio.5  7.027111292 

 

Evaluation train 

n presences    : 242  

n absences     : 238  

AUC            : 1  

cor            : 0.9977341  

max TPR+TNR at : 0.6105089  

 

Evaluation test 

n presences    : 58  

n absences     : 62  

AUC            : 0.9810901  

cor            : 0.8995122  

max TPR+TNR at : 0.2507997 

 

Perdix perdix - IPSL 

 

Var. importance: bio.19 44.63000749, bio.10 17.12395841, bio.5  7.81144083, bio.15  6.23561744, bio.17  

5.35595937 

 



168 
 

Evaluation train 

n presences    : 239  

n absences     : 241  

AUC            : 1  

cor            : 0.9955846  

max TPR+TNR at : 0.6327539  

 

Evaluation test 

n presences    : 61  

n absences     : 59  

AUC            : 0.9905529  

cor            : 0.9624265  

max TPR+TNR at : 0.3374962 

 

Perdix perdix - MIROC  

 

Var. importance: bio.19 38.5821392, bio.10 20.2412279, bio.17 14.7364038, bio.5  8.1896501, bio.1  

3.7271071 

 

Evaluation train 

n presences    : 243  

n absences     : 238  

AUC            : 1  

cor            : 0.9957908  

max TPR+TNR at : 0.521158  

 

Evaluation test 

n presences    : 57  

n absences     : 62  

AUC            : 0.9966044  

cor            : 0.9388863  

max TPR+TNR at : 0.1468404 

 

Perdix perdix - MPI  

 

Var. importance: bio.10 18.93415102, bio.19 16.32492366, bio.15 13.67923633, bio.8 10.38049365, bio.3  

8.57528937 
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Evaluation train 

n presences    : 236  

n absences     : 245  

AUC            : 0.9999654  

cor            : 0.9928401  

max TPR+TNR at : 0.3980764  

 

Evaluation test 

n presences    : 64  

n absences     : 55  

AUC            : 0.9928977  

cor            : 0.9421292  

max TPR+TNR at : 0.6264473 

 

Perdix perdix - MRI 

 

Var. importance: bio.15 32.38157929, bio.1 11.83441988, bio.17  9.79539528, bio.5  9.70230038, bio.19  

9.39490661 

 

Evaluation train  

n presences    : 237  

n absences     : 243  

AUC            : 0.999618  

cor            : 0.9836852  

max TPR+TNR at : 0.3259169  

 

Evaluation test 

N presences    : 63  

n absences     : 57  

AUC            : 0.9966583  

cor            : 0.9496465  

max TPR+TNR at : 0.6055084 
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Data S3 - Values of the cells of the LGM ensembles corresponding to fossil occurrences. The values 

range from 0 (0 out of 8 models predict the occurrence of the species in that cell) to 8 (all 8 models predict 

the occurrence of the species in that cell). 

 

Pyrrhocorax graculus: 6 6 5 7 5 7 6 5 6 6 6 7 7 4 6 6 5 7 5 6 6 6 7 6 8 7 4 4 7 7 6 6 4 6 6 7 7 5 6 8 6 7 8 8 4 6 

8 8 

Bubo scandiacus (breeding range): 0  0  0  0  0  0  1  1  0  1  1  0  0  0  1  0  1  0  0  0  1  1  0  0  0 

Bubo scandiacus (wintering range): 0  2  2  3  0  2  1  6  0  2  4  2  1  1  5  3  2  4  2  4  1  1  3  2  1 

Athene noctua: 7  8  8  8  8  8  8  7  8 

Perdix perdix: 4  2  4  3  4  2  2  2  3  2  1  4  3  4  2  4  3  7  4  6  2  6  3  4  6  4  6  4  6  6  2  2  6  3  3 

Crex crex (breeding range): 3  4  7  3 

Coturnix coturnix (breeding range): 7  5  7  6  6  5  8  7  7  8  8  8  8  7  7  8  6  7 

 

 

Table S4 - List of the MIS 2 fossil occurrences of the six species in the Western Palearctic. In the tables 

are reported the names of the fossil localities, the layers of provenance, the geographic coordinates and the 

main bibliographic references 

 

Pyrrhocorax graculus    

Site name and layer Latitude Longitude Bibliographic reference 

Brillenhöhle (Baden-Württemberg) Layer V 48.403935 9.780276 3 

Brillenhöhle (Baden-Württemberg) Layer VI 48.403935 9.780276 3 

Sesselfelsgrotte (Bayern) Layer C 48.935528 11.789297 4 

Sandalja II Layer E 44.888780 13.883458 3 

Grotte de la Vache (Ariége) Layer IV 42.821281 1.587741 3, 4, 10 

Grotte des Harpons (Haute-Garonne) Layer D 43.234823 0.663978 3 

Abri de Campalou (Drôme) Layer 2 45.068396 5.254231 3 

Abri de Campalou (Drôme) Layer 3 45.068396 5.254231 3 

Grotte d'Embulla (Pyrénées-Orientale) Layer 1 42.581468 2.416360 3 

Isturitz (Pyrénées-Atlantiques) Layer Salle de St Martin 43.352904 -1.206127 3, 10 

Isturitz (Pyrénées-Atlantiques) Layer Salle de St Martin, La 

Grande Salle Niveau II 43.352904 -1.206127 3, 10 

La Madeleine (Dordogne) 44.966876 1.036410 3 

La Madeleine (Dordogne) Layer 9 44.966876 1.036410 3 

La Madeleine (Dordogne) Layer 13 44.966876 1.036410 3 

Laugerie Haute Est (Dordogne) Layer 2-20 44.952249 1.001764 3 

Piage (Lot) Layer c-E 44.8044 1.3897 3 

Rond-du Barry (Haute-Loire) Layer D 45.071203 3.859404 3 

Rond-du Barry (Haute-Loire) Layer E 45.071203 3.859404 3 

Rond-du Barry (Haute-Loire) Layer F 45.071203 3.859404 3 

Salpêtriére à Remoulins (Gard) Layer C 4 43.938924 4.564192 3 

Salpêtriére à Remoulins (Gard) Layer C 5 43.938924 4.564192 3 

Salpêtriére à Remoulins (Gard) Layer D 43.938924 4.564192 3 

Salpêtriére à Remoulins (Gard) Layer "ensemble i" 43.938924 4.564192 3 

Salpêtriére à Remoulins (Gard) Layer 5 43.938924 4.564192 3 
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Trois Frères (Ariège) 43.032113 1.211584 3, 10 

Combe Sauniére 1 (Dordogne) Layer IV 45.238806 0.873718 3 

Grotte du Bison (Yonne) Layer C 47.601199 3.756028 3 

Grotte du Bison (Yonne) Layer C 47.5911 3.7651 3 

Aurensan inférieure (Hautes-Pyrénées) 43.617109 -0.203386 3 

Baume de Gigny (Jura) Layer VI 46.469155 5.475109 3 

Bois du Cantet (Hautes-Pyrénées) Layer Secteur 1 43.059066 0.295046 3 

Bois du Cantet (Hautes-Pyrénées)Layer Secteur 2 43.059066 0.295046 3 

Bois-de-Brousses (Hérault) Layer 1A 43.553084 3.256859 3 

Bois-de-Brousses (Hérault) Layer 2B 43.553084 3.256859 3 

Cauna de Belvis (Aude) Layer C6 42.849496 2.076573 3 

Grotte Gazel (Aude) Layer 7 43.323602 2.419950 3 

Grotte Gazel (Aude) Layer C.7 43.323602 2.419950 10 

Grotte Jean-Pierre No. 1 (Savoie) Layer 9 45.500497 5.843928 3, 4 

Grotta della Serratura (Salerno) Layer 9 39.998057 15.371955 4 

Arene Candide (Liguria) Layer P1 44.165450 8.330301 3 

Arene Candide (Liguria) Layer P3 44.165450 8.330301 3 

Arene Candide (Liguria) Layer P4 44.165450 8.330301 3  

Arene Candide (Liguria) Layer P7 44.165450 8.330301 3 

Arene Candide (Liguria) Layer P8 44.165450 8.330301 3 

Riparo Salvini (Lazio) 41.287284 13.251601 3, 4 

Cueva de Abauntz (Navarra) Layer e 43.013899 -1.641201 4 

Aitzbitarte IV (Guipuzcoa) 43.262471 -1.895824 3 

Cova des Cendres (Alicante) Layer XI 38.720295 0.182650 3, 4 

Cueva de Ambrosio (Almeria) Layer II (=Nivel 5) 37.821993 -2.099180 3, 4 

Ekain (Guipuzcoa) Layer IV 43.236567 -2.275960 3 

Ekain (Guipuzcoa) Layer Via 43.236567 -2.275960 3 

Ekain (Guipuzcoa) Layer VII 43.236567 -2.275960 3 

Ekain (Guipuzcoa) Layer VIII 43.236567 -2.275960 3 

Erralla Cave (Guipuzcoa) Layer Level IV (spit 11-12) 43.2089 -2.1819 3 

Arbreda (Gerona) Layer D 42.161581 2.746261 3, 4; 11 

Arbreda (Gerona) Layer C 42.161581 2.746261 3, 4, 11 

Arbreda (Gerona) Layer 13-16 (Probably Layers B, C) 42.161581 2.746261 3, 4 

Urtiaga (Guipuzcoa)  Layer F-G 43.295176 -2.353938 3 

Urtiaga (Guipuzcoa)  Layer I 43.295176 -2.353938 3 

Combe-Cullier (Lot) Layer 5 44.8456 1.5664 3 

Grotte d'Ebbou (Ardèche) 44.5100 4.0800 3 

Laroque II (Hérault)  Layer b 43.9167 3.7333 3 

Tournal (Aude) a 43.3167 2.8833 3 

Tournal (Aude) b 43.3167 2.8833 3 

Tournal (Aude) c 43.3167 2.8833 3 

Tournal (Aude) Layer "Couche à sagaies" 43.3167 2.8833 3 

Covolo di Trene (Vicenza) 45.5214 11.4744 3 

Palidoro (Lazio) Layer 1 41.9333 12.1833 3 

Palidoro (Lazio) Layer 3 41.9333 12.1833 3 

Palidoro (Lazio) Layer 6 41.9333 12.1833 3 

Palidoro (Lazio) Layer 8 41.9333 12.1833 3 

Cueva de el Parco (Lérida) Layer N.IV Int. Cueva 41.9086 0.9419 4 

Cueva de el Parco (Lérida) Layer N.VI Int. Cueva 41.9086 0.9419 4 
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Cueva de el Parco (Lérida) Layer N.X. Int. Cueva 41.9086 0.9419 4 

Roccia San Sebastiano Layer c2 41.1357 13.8799 12, 13 

Roccia San Sebastiano Layer e 41.1357 13.8799 12, 13 

Roccia San Sebastiano Layers cuts 1-6 41.1357 13.8799 12, 13 

Grotta del Pozzo 41.9723 13.6717 12 

Coulet des Roches (Vaucluse) c 44.0775 5.426308 14 

Aitzbitarte III Layer III 43.2706 -1.8905 15 

Cava a Filo 44.44285 11.37982 16 

Lapa do Picareiro Layer T 39.5305 -8.6520 17, 18, 19, 20 

Grotta di Ortucchio 41.9561 13.6467 21 

    

Bubo scandiacus    

Grotte de la Vache (Ariége) Layer IV 42.821281 1.587741 3, 4 

Isturitz (Pyrénées-Atlantiques) Layer la Grand Salle Niveau I 43.352904 -1.206127 3 

Isturitz (Pyrénées-Atlantiques) Layer la Grand Salle Niveau II 43.352904 -1.206127 3 

La Madeleine (Dordogne)  44.966876 1.036410 3 

Piage (Lot) Layer c-E 44.8044 1.3897 3, 22  

Rond-du Barry (Haute-Loire) Layer E 45.071203 3.859404 3 

Trois Frères (Ariège) 43.032113 1.211584 3 

Combe Sauniére 1 (Dordogne) Layer IV 45.238806 0.873718 3, 4 

Abri Dufaure (Landes) Layer 6 43.535847  -1.072403 3, 4 

Baume de Gigny (Jura) Layer VI 46.469155 5.475109 3 

Bois-Ragot, Gouex (Vienne) Layer BR5b 46.365774 0.688330 3, 4 

Bois-Ragot, Gouex (Vienne) Layer BR4b 46.365774 0.688330 3, 4 

Bois-de-Brousses (Hérault) Layer 1a 43.553084 3.256859 3 

Arene Candide (Liguria) Layer P1 44.165450 8.330301 3 

Arene Candide (Liguria) Layer P4 44.165450 8.330301 3 

Arene Candide (Liguria) Layer P7 44.165450 8.330301 3 

Arene Candide (Liguria) Layer P9 44.165450 8.330301 3 

Pekárna (Moravia) 49.2628 16.7823 3, 23 

Flageolet II (Dordogne) Layer IX 44.8500 1.0833 3 

Fontarnaud (Girondet) 44.7500 -0.1667 3 

Grotte du Placard (Charente) Layer "Brèche" 45.6833 0.4167 3 

Grottes de Jaurias (Gironde) 44.8261 -0.2887 3, 22 

Covolo di Trene (Vicenza) 45.5214 11.4744 3 

Coulet des Roches b 44.0775 5.426308 14 

Grotte de Lourdes (Hautes-Garonne) coll. Harle (Middle and 

Upper Magd layer) 43.091004 -0.045874 22 

Plantade (Tarn-et-Garonne) corniche sup., excav. Brun, 

Middle and Upper Magdalenian layers  45.5833 2.6000 22 

Gandil (Tarn-et-Garonne) c.20, c.25 et c.23, excav. Ladier  44.0500 1.6667 22 

Saint-Germain-la-Riviere (Gironde) ens. sup., excav. Trecolle 44.9500 -0.3167 22 

Taillis des Coteaux (Vienne) Layer IIIa, excav. Primault 46.53 0.85 22, 24 

Taillis des Coteaux (Vienne) Layer IIg, excav. Primault 46.53 0.85 22 

Roc de Marcamps 2 (Gironde) excav. Lenoir 45.0322 -0.5020 22 

    

Athene noctua    

Rond-du Barry (Haute-Loire) Layer E 45.071203 3.859404 3 

Combe Sauniére 1 (Dordogne) Layer IV 45.238806 0.873718 3, 4 

Arene Candide (Liguria) Layer P7 44.165450 8.330301 3 
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Arene Candide (Liguria) Layer P9 44.165450 8.330301 3 

Riparo Salvini (Lazio) 41.287284 13.251601 3, 4 

Cueva de Ambrosio (Almeria) Layer I (=Nivel 6.1-6.3) 37.821993 -2.099180 3, 4 

Cueva de Ambrosio (Almeria) Layer II (=Nivel 5) 37.821993 -2.099180 3, 4 

Palidoro (Lazio) Layer 8 41.9333 12.1833 3 

Tossal de la Roca (Alicante) Layer III 38.7902 -0.2810 3 

Lapa do Picareiro Layer T 39.5305 -8.6520 17, 19, 20 

Grotta di Ortucchio 41.9561 13.6467 21  

    

Perdix perdix    

Grotte du Bois Laiterie (Namur) Layer TT 50.3500 4.8500 4 

Grotte du Bois Laiterie (Namur) Layer YSS 50.3500 4.8500 4 

Grotte du Bois Laiterie (Namur) Layer BSC 50.3500 4.8500 4 

Geissenklösterle (Baden-Württemberg) Layer AH Io 48.398207 9.772127 3, 4 

Grotte de la Vache (Ariége) Layer IV 42.821281 1.587741 3, 4 

Abri de Campalou (Drôme) Layer 2 45.068396 5.254231 3, 4 

Grotte d'Embulla (Pyrénées-Orientale) Layer 1 42.581468 2.416360 3 

La Madeleine (Dordogne) 44.966876 1.036410 3 

Pont d'Ambon (Dordogne) Layer 4 45.3014 0.5382 3 

Rond-du Barry (Haute-Loire) Layer D 45.071203 3.859404 3 

Rond-du Barry (Haute-Loire) Layer E 45.071203 3.859404 3 

Rond-du Barry (Haute-Loire) Layer E 3 45.071203 3.859404 3 

Rond-du Barry (Haute-Loire) Layer F 2 45.071203 3.859404 3 

Salpêtriére à Remoulins (Gard) Layer D 43.938924 4.564192 3 

Trois Frères (Ariège) 43.032113 1.211584 3 

Combe Sauniére 1 (Dordogne) Layer IV 45.238806 0.873718 3, 4 

Aurensan inférieure (Hautes-Pyrénées) 43.617109 -0.203386 3 

Baume de Gigny (Jura) Layer V 46.469155 5.475109 3 

Bois du Cantet (Hautes-Pyrénées) Layer Secteur 1 43.059066 0.295046 3 

Bois-de-Brousses (Hérault) Layer 2B 43.553084 3.256859 3 

Flageolet I (Dordogne) Layer V 44.848653 1.068722 3 

Grotte Gazel (Aude) Layer 7 43.323602 2.419950 3 

Grotte Jean-Pierre No. 1 (Savoie) Layer 9 45.500497 5.843928 3, 4 

Grotta della Serratura (Salerno) Layer 9 39.998057 15.371955 4 

Arene Candide (Liguria) Layer P1 44.165450 8.330301 3 

Arene Candide (Liguria) Layer P3 44.165450 8.330301 3 

Arene Candide (Liguria) Layer P4 44.165450 8.330301 3 

Arene Candide (Liguria) Layer P7 44.165450 8.330301 3 

Arene Candide (Liguria) Layer P8 44.165450 8.330301 3 

Arene Candide (Liguria) Layer P9 44.165450 8.330301 3 

Riparo Salvini (Lazio) 41.287284 13.251601 3, 4, 21  

Cueva de Abauntz (Navarra) Layer e 43.013899 -1.641201 4 

Arbreda (Gerona) Layer 13-16 (Probably Layers B, C) 42.161581 2.746261 3, 4 

Arbreda (Gerona) 17 (Probably Layer D) 42.161581 2.746261 3, 4 

Urtiaga (Guipuzcoa) Layer F-G 43.295176 -2.353938 3 

Tournal (Aude) a 43.3167 2.8833 3 

Palidoro (Lazio) Layer 1 41.9333 12.1833 3 

Palidoro (Lazio) Layer 3 41.9333 12.1833 3 

Palidoro (Lazio) Layer 6 41.9333 12.1833 3 
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Palidoro (Lazio) Layer 7 41.9333 12.1833 3 

Palidoro (Lazio) Layer 8 41.9333 12.1833 3 

Roc de la Melca (Gerona) 42.4200 1.5500 3 

Grotta di Ortucchio (Aquila) 41.9561 13.6467 4, 21 

Zupanov spodmol Layer C-D 45.7450 14.1142 4 

Roccia San Sebastiano Layer c2 41.1357 13.8799 12, 13  

Roccia San Sebastiano Layer e 41.1357 13.8799 12, 13  

Roccia San Sebastiano Layers cuts 1-6 41.1357 13.8799 12, 13  

Grotta del Pozzo 41.9723 13.6717 12 

Aitzbitarte III Layers III 43.2706 -1.8905 15 

Pekárna Cave 49.2628 16.7823 23 

Cava a Filo 44.44285 11.37982 16 

Lapa do Picareiro Layer T 39.5305 -8.6520 17, 18, 19, 20 

Lapa do Picareiro Layer U 39.5305 -8.6520 17, 18, 19, 20 

    

Crex crex    

Bois-Ragot (Vienne) Layer BR5b 46.365774 0.688330 3, 4 

Arene Candide (Liguria) Layer P1 44.165450 8.330301 3 

Arene Candide (Liguria) Layer P9 44.165450 8.330301 3 

Temnata Cave  Layer 3 c/d 43.174288 24.072201 3, 4 

Biśnik Cave (Czestochowa uplands) Layer Complex II 50.4264 19.8317 4, 25 

    

Coturnix coturnix    

Sandalja II Layer E 44.888780 13.883458 3 

Abri de Campalou (Drôme) Layer 3 45.068396 5.254231 3 

Pont d'Ambon (Dordogne) Layer 4 45.3014 0.5382 3 

Rond-du Barry (Haute-Loire) Layer D 45.071203 3.859404 3 

Rond-du Barry (Haute-Loire) Layer E 45.071203 3.859404 3 

Rond-du Barry (Haute-Loire) Layer E 3 45.071203 3.859404 3 

Rond-du Barry (Haute-Loire) Layer F 45.071203 3.859404 3 

Salpêtriére à Remoulins (Gard) Layer C3 43.938924 4.564192 3 

Salpêtriére à Remoulins (Gard) Layer "ensemble i" 43.938924 4.564192 3 

Aurensan inférieure (Hautes-Pyrénées) 43.617109 -0.203386 3 

Baume de Gigny (Jura) Layer V 46.469155 5.475109 3 

Grotta della Serratura (Salerno) Layer 9 39.998057 15.371955 4 

Arene Candide (Liguria) Layer P1 44.165450 8.330301 3 

Arene Candide (Liguria) Layer P4 44.165450 8.330301 3 

Arene Candide (Liguria) Layer P7 44.165450 8.330301 3 

Arene Candide (Liguria) Layer P8 44.165450 8.330301 3 

Arene Candide (Liguria) Layer P9 44.165450 8.330301 3 

Riparo Salvini (Lazio) 41.287284 13.251601 3, 4 

Cueva de Nerja (Malaga) Layer 13 36.761594 -3.846283 3 

Arbreda (Gerona) Layer D 42.161581 2.746261 3, 4, 11 

Arbreda (Gerona) Layer C 42.161581 2.746261 3, 4, 11 

Palidoro (Lazio) Layer 8 41.9333 12.1833 3 

Roc de la Melca (Gerona) 42.4200 1.5500 3 

Ohalo 2 (Galilee) 32.722093 35.572143 4 

Roccia San Sebastiano Layer c2 41.1357 13.8799 12, 13  

Roccia San Sebastiano Layer e 41.1357 13.8799 12, 13  
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Roccia San Sebastiano Layers cuts 1-6 41.1357 13.8799 12, 13  

Aitzbitarte III Layers III 43.2706 -1.8905 15 

Grotta di Ortucchio 41.9561 13.6467 21 
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Abstract 

 

The fossil record attests the presence, during past cold climatic periods, of arctic and boreal bird species in 

Mediterranean Europe. The reports of the fossil occurrences of these species, which have important 

palaeobiogeographic and palaeoecologic value, are often old and not well documented. Here, we review the 

extant literature that concerns these fossil occurrences, in order to bring out the criticalities of the taxonomic 

attributions. We listed 109 Middle and Late Pleistocene fossil localities within the Mediterranean basin 

where the occurrence of 28 arctic and boreal species has been reported. 17 species’ occurrences have been 

confirmed, as the identifications were supported by photos, drawings, measurements and descriptions. Most 

confirmed species are only recorded in few sites and with a small number of specimens. The 11 species that 

have not been confirmed lacked, in most cases, any kind of documentation in support of the identifications. 

These latter fossil remains need to be further analysed in order to clarify their taxonomic affinities. This 

work stresses the importance of yielding proper documentation along with systematic identifications, in 

order to provide reliable palaeobiogeographic data.  

 

Keywords: Avifauna, fossils, range shifts, climatic oscillations, arctic species 

 

 

Introduction  

Large-scale climate oscillations, such as those that characterized the Quaternary, triggered latitudinal and 

altitudinal shifts of the vegetational belts, that were followed by animal species (Hewitt 2000, 2004). The 

latter track their ecological niche modifying their distribution in response to climate-driven environmental 

changes, based on the species-specific climatic tolerances, dispersal capacity, genetic diversity, reproductive 

strategies, phenotypic plasticity, and population growth rates (Nogues-Bravo et al. 2018). For instance, the 

expansion of the ice cap during glacial phases forced plants and animals to move southwards, as the climatic 

conditions at the northern latitudes became unsuitable for their survival. The Last Glacial Maximum (LGM) 
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was characterized by cool temperatures, reduced precipitations, and decreased CO2 air concentration, that 

produced increased aridity conditions with the consequent expansion of desert/grassland/steppe areas and the 

retreat of forests in Southern Europe (Prentice et al. 2000; Harrison and Prentice 2003; Allen et al. 2010; 

Becker et al. 2015; Binney et al. 2017). 

Several bird species which currently inhabit boreal and arctic areas, spread in Mediterranean Europe during 

glacial times, as witnessed by the fossil record (Tyrberg 1991, 1998, 2008; Sanchez Marco 2004; Smith et al. 

2013; Holm and Svenning, 2014; Carrera et al. 2018b). The presence of these species in the mid-latitudes in 

the past carries several important palaeoecological and biogeographical implications. For instance, as these 

species are used as palaeoenvironmental indicators, their occurrence in Southern Europe indicates the 

presence of the habitats that the species currently inhabit at the high latitudes (tundra, steppe, or taiga). 

Likewise, it represents an evidence of past population dynamics of the species (such as contraction or 

expansion of the ranges, isolation in the climatic refugia, changes in the ecological niche), providing pivotal 

insights to reconstruct their genetic history (Avise and Walker 1998; Blondel and Mourer-Chauviré 1998; 

Newton 2003; Tietze 2018). Furthermore, it improves the knowledge of past adaptations to climate changes, 

that helps elucidate the current and future responses of birds to global warming and adopt more suitable 

conservation strategies. Given the multiple significance of these fossil occurrences, the reliability of the 

taxonomic identification of the fossil bones plays a key role. 

The literature reports several fossil occurrences of boreal bird species in the Mediterranean basin during the 

Pleistocene. These reports often come from publications that are old and/or lack proper documentation in 

support of the taxonomic identifications, frequently just consisting in the mention of the species in a list of 

taxa without further detailing the identification in any way. With the expression “proper documentation” we 

mean whichever material that provides an evidence that the identification is correct and repeatable, such as 

photographs, drawings, measures, and accurate descriptions of the bones. The aim of this work is to check all 

the available existing literature concerning the presence of these species in the Mediterranean basin during 

the Middle and the Late Pleistocene, in order to bring out the criticalities of the taxonomic identifications and 

assess which species are supported by reliable documentation and which are not. The review of the literature 

available will also allow to chronologically detail the occurrences of the involved species.  

 

Material and methods 

 

The species object of this research are those species that have been reported in the Middle and Late 

Pleistocene fossil record of the Mediterranean area, that have an extant arctic or boreal distribution, and that 

are currently irregularly, rarely or never observed in the Mediterranean countries, due to their climatic and 

ecological requirements (Lagopus lagopus, Cygnus cygnus, Branta bernicla, Anser caerulescens, Anser 

brachyrhynchus, Histrionicus histrionicus, Leucogeranus leucogeranus, Fulmarus glacialis, Calidris 

maritima, Gallinago solitaria, Xema sabini, Larus hyperboreus, Sterna paradisaea, Catharacta skua, 

Pinguinus impennis, Alle alle, Uria aalge, Uria lomvia, Surnia ulula, Strix nebulosa, Bubo scandiacus, 
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Falco rusticolus, Melanocorypha maxima, Eremophila alpestris, Bombycilla garrulus, Pinicola enucleator, 

Loxia pytyopsittacus, Loxia leucoptera) (Tyrberg 1998, 2008; Cramp 1998; Baccetti et al. 2021; Rouco et al. 

2019). Among these 28 species, we have included a few species, reported in the fossil record, that have never 

or very rarely been reported in the Western Palearctic (Anser caerulescens, Leucogeranus leucogeranus, 

Gallinago solitaria, Melanocorypha maxima) (Cramp 1998; Del Hoyo et al. 2014, 2016), and a species that 

went extinct in the XIX century (Pinguinus impennis). In the Western Palearctic fossil record are also 

reported several occurrences of large thrushes, such as Zoothera dauma and Turdus migratorius, that have 

never or very rarely been reported in the in this area in recent times (Cramp 1998; Del Hoyo et al. 2016), but 

we didn’t include them in this work as they have already been object of revision by Louchart (2004). This 

author, after a thorough re-analysis of the above-mentioned remains, established that most of them should be 

rather attributed to cf. Turdus viscivorus (or cf. Turdidae) whereas others belong to the extinct species 

Meridiocichla salotti (Louchart 2004).  

We didn’t include the Early Pleistocene occurrences of the selected species in this work, as the current 

morphology of extant species is supposed to be more fixed and reliable from the Middle Pleistocene on, due 

to the younger age and to the greater abundance of fossil records (Mourer-Chauvire 1993; Tyrberg 1998, 

2008; Finlayson 2011; Bedetti and Pavia 2013). 

The Mediterranean watershed (Fig. 1) has been selected to represent the Mediterranean basin (Bouraoui et al. 

2010; Malagò et al. 2019), as it is supposed to have strongly been influenced by the Mediterranean climate 

through time, maintaining relatively mild climatic conditions also during the cooler climatic peaks (Ray and 

Adams 2001; Becker et al. 2015; Binney et al. 2017).  

We collected all the bibliographic references of Middle and Late Pleistocene fossil records (included “cf.” or 

“aff.” tentative attributions) of the selected species in the Mediterranean basin. Successively, we thoroughly 

checked in the literature the material provided in support of each taxonomic identifications. In detail, we 

distinguished several categories: name in a list (no documentation), photos of the bones, drawings of the 

bones, measures of the bones and description of the diagnostic osteological features of the bones. We 

assessed as reliable those fossil occurrences which were supported by at least one literature reference with 

proper documentation (photos, drawings, measures or descriptions or a combination of them), and as non-

reliable the species for whom these supporting materials weren’t available. In addition, we have been able to 

directly analyze a few of the fossil remains object of the present research.  
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Fig. 1: Map of the Mediterranean area, with the Mediterranean watershed delimited by the green line. The red dots represent the 

Middle Pleistocene fossil localities with boreal species, based on the literature available: 1-Atapuerca-La Galeria (Tyrberg 2008); 2-

Atapuerca-Boca Norte (Tyrberg 2008); 3-L'Aven de Romain-La-Roche (Tyrberg 2008); 4-Grotte de Rizerolles (Tyrberg 1998); 5-

Orgnac 3 (Tyrberg 1998); 6-Grotte de l''Escale à Saint-Esteve-Janson (Tyrberg 1998); 7-Grotte du Lazaret (Tyrberg 1998); 8-Grotte 

du Lazaret Locus VIII (Tyrberg 1998); 9-Casal Selce (Pavia and Bedetti 2013; Pavia et al. 2019); 10-Malagrotta (Tyrberg 1998); 11-

Colle Avarone (Tyrberg 1998); 12-Comiso (Pavia and Insacco 2013); 13-Marathousa 1 (Michailidis et al. 2018). The black dots 

represent the Late Pleistocene fossil occurrences of boreal species: 1-Gorham's Cave (Tyrberg 1998, 2008; Cooper 2005; Finlayson 

et al. 2015; Sanchez Marco 2018b); 2-Devil's Tower (Tyrberg 1998, 2008; Cooper 2005; Finlayson et al. 2015); 3-Ibex Cave (Cooper 

2005; Tyrberg 2008; Finlayson et al. 2015); 4-Vanguard Cave (Cooper 2005; Tyrberg 2008; Finlayson et al. 2015); 5-Beefsteak Cave 

(Tyrberg 1998); 6-Cueva de Nerja (Tyrberg 1998); 7-Cueva de Abauntz (Tyrberg 2008); 8-Cueva de Valdegoba (Tyrberg 2008); 9-

Cueva Volcan (Tyrberg 1998); 10-Cova des Cendres (Tyrberg 2008): 11-Punta des Sac des Blat (Tyrberg 2008); 12-Avenc del 

Gegant (Tyrberg 2008); 13-Abric Romani (Tyrberg 2008); 14-Cueva del Toll (Tyrberg 2008); 15-Cau de Olopte (Tyrberg 2008); 16-

S'Espasa (Tyrberg 1998); 17-Arbreda (Tyrberg 2008); 18-Arbreda II (Tyrberg 1998); 19-Ramandils (Tyrberg 1998); 20-Cauna de 

Belvis (Tyrberg 1998); 21-Grotte de Laffray (Tyrberg 1998); 22-Canecaude I (Tyrberg 1998); 23-Tournal (Tyrberg 1998); 24-Grotte 

Gazel (Tyrberg 1998); 25-La Crouzade (Tyrberg 1998); 26-Bois-de-Brousses (Tyrberg 1998); 27-Salpetre a Pompignan (Tyrberg 

1998); 28-Grotte d'Ebbou (Tyrberg 1998); 29-Grotte des Barasses II (Rufà et al. 2018); 30-Abri Superieur de Colombier (Tyrberg 

1998); 31-Abri des Pêcheurs (Tyrberg 1998); 32-Balauzière (Tyrberg 1998); 33-Salpetriere à Remoulins (Tyrberg 1998); 34-Coulet 

des Roches (Crégut-Bonnoure et al. 2014); 35-Grotte Cosquer (Tyrberg 1998); 36-Grotte du Tai 2 (Tyrberg 2008); 37-Saint Romans 

(Tyrberg 1998); 38-Balme de Glos (Tyrberg 1998); 39-Abri de Campalou (Tyrberg 1998); 40-Grotte Jean-Pierre No. 1 (Tyrberg 

1998, 2008); 41-Balme-les-Grottes (Tyrberg 1998); 42-Savigny (Tyrberg 1998); 43-Grotte des Romains (Tyrberg 1998); 44-Douattes 

(Tyrberg 1998); 45-La Colombiere (Tyrberg 1998); 46-Abri Gay (Tyrberg 1998); 47-Grotte des Hotetux (Tyrberg 1998); 48-La 

Grand Baille (Tyrberg 1998); 49-Solutré (Tyrberg 1998); 50-Grottes de Veyrier (Tyrberg 1998); 51-Baume de Gigny (Tyrberg 

1998); 52-Caverne de Bèthenas Supérieure (Tyrberg 1998); 53-Grotte Grappin (Tyrberg 1998); 54-Abri de Rochedane (Tyrberg 
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1998); 55-Grotte Nord-Ouest de la Grotte de la Coscia (Tyrberg 2008); 56-Grotta di Funtanedu (Tyrberg 2008); 57-Grottes de 

Grimaldi (Tyrberg 1998); 58-Grotta del Principe (Tyrberg 1998); 59-Arene Candide (Tyrberg 1998); 60-Grotta dei Colombi 

(Tyrberg 1998); 61-Buca del Bersagliere (Tyrberg 1998); 62-Riparo di Fumane (Tyrberg 1998, 2008; Fiore et al. 2004; Peresani et al. 

2011); 63-Riparo Dalmeri (Tyrberg 2008); 64-Covolo di Trene (Tyrberg 1998); 65-Grotta del Buso Doppio del Broion (Carrera et al. 

2018b); 66-Grottoni (Tyrberg 1998); 67-Grotta di Ortucchio (Alhaique and Recchi 2001; Tyrberg 2008); 68-Carnello (Tyrberg 

1998); 69-Riparo Salvini (Tyrberg 1998); 70-Grotta del Fossellone (Tyrberg 2008); 71-Cava di Sezze Romano (Tyrberg 1998); 72- 

Ingarano (Tyrberg 1998, Bedetti and Pavia 2007); 73-Grotta Paglicci (Tagliacozzo and Gala 2004); 74-Grotta di Cardamone 

(Tyrberg 1998, 2008); 75-Grotta Romanelli (Tyrberg 1998, 2008); 76-Grotta dei Giganti (Tyrberg 1998); 77-Grotta della Madonna 

(Tyrberg 1998); 78-Archi (Tyrberg 1998); 79-Grotta dell'Addaura (Tyrberg 1998); 80-Ghar Dalam (Tyrberg 2008); 81-Zebbug Cave 

(Tyrberg 2008); 82-Roska Spilja (Tyrberg 1998); 83-Romualdova pecina (Tyrberg 1998); 84-Sandalja I (Tyrberg 1998); 85-Sandalja 

II (Tyrberg 1998, Lenardić et al. 2018; Oros Sršen et al. 2014); 86-Ljubićeva pecina (Oros Sršen et al. 2014); 87-Vrtare male 

(Lenardic et al. 2018); 88-Pecina u Brini (Tyrberg 1998); 89-Mujina pecina (Lenardic et al. 2018); 90-Kopacina (Lenardic et al. 

2018); 91-Vela spila (Lenardic et al. 2018); 92-Crvena Stijena (Tyrberg 1998); 93-Zelena Pecina (Tyrberg 1998); 94-Loutra 

Almopias (Boev and Tsoukala 2019); 95-Ohalo II (Tyrberg 2008); 96-Jericho (Tyrberg 1998). 

 

  Middle Pleistocene  Late Pleistocene  

Lagopus lagopus 
L'Aven de Romain-La-

Roche 

Cueva de Abauntz, Tournal, Grotte Gazel, La Crouzade, Bois-de-Brousses, Salpetre a Pompignan, 

Grotte d'Ebbou, Grotte des Barasses II, Abri Superieur de Colombier, Balauzière, Salpetriere à 

Remoulins, Grotte du Tai 2, Saint Romans, Balme de Glos, Abri de Campalou, Grotte Jean-Pierre 

No. 1, Balme-les-Grottes, Savigny, Grotte des Romains, Douattes, La Colombiere, Abri Gay, Grotte 

des Hotetux, La Grand Baille, Grottes de Veyrier, Baume de Gigny, Caverne de Bèthenas 

Supérieure, Grotte Grappin, Abri de Rochedane, Arene Candide, Riparo di Fumane, Riparo Dalmeri, 

Grotta di Ortucchio, Roska Spilja, Romualdova pecina, Sandalja I, Sandalja II, Ljubićeva pecina, 

Mujina pecina, Kopacina, Vela spila, Crvena Stijena, Zelena Pecina, Loutra almopias 

Cygnus cygnus Comiso 

Ramandils, Balauzière, Grotte des Romains, Baume de Gigny, Grottes de Grimaldi, Arene Candide, 

Grottoni, Carnello, Cava di Sezze Romano, Grotta Romanelli, Grotta della Madonna, Grotta 

dell'Addaura, Sandalja II, Pecina u Brini, Crvena Stijena, Ohalo II, Jericho 

Branta bernicla 
Malagrotta, 

Marathousa 1 

Gorham's Cave, Ibex Cave, Vanguard Cave, Cueva de Nerja, Cova des Cendres, Arbreda, Arene 

Candide, Grotta di Ortucchio, Riparo Salvini, Grotta del Fossellone, Grotta di Cardamone, Grotta 

Romanelli, Grotta dei Giganti, Ghar Dalam, Zebbug Cave 

Anser caerulescens  Grotta Romanelli 

Anser brachyrhynchus 
Malagrotta, Colle 

Avarone 
Grotte Gazel, Grotta Romanelli 

Histrionicus histrionicus Casal Selce  

Leucogeranus leucogeranus  Grotta Romanelli 

Fulmarus glacialis  Gorham's Cave, Devil's Tower, Vanguard Cave 

Calidris maritima Atapuerca-La Galeria Gorham's Cave 

Gallinago solitaria  Arene Candide 

Xema sabini  Ohalo II 

Larus hyperboreus  Arene Candide 

Sterna paradisaea  Abri Gay, Arene Candide, Buca del Bersagliere 

Catharacta skua  Gorham's Cave, Cueva de Nerja 

Pinguinus impennis  
Gorham's Cave, Devil's Tower, Ibex Cave, Cueva de Nerja, Grotte Cosquer, Arene Candide, Grotta 

Romanelli, Archi 

Alle alle  Gorham's Cave, Devil's Tower, Baume de Gigny 

Uria aalge  
Devil's Tower, Vanguard Cave, Beefsteak Cave, Cueva de Nerja, Cueva Volcan, Punta des Sac des 

Blat, Arene Candide 

Uria aalge/lomvia Grotte du Lazaret  

Surnia ulula  Arene Candide, Grotta del Buso Doppio del Broion 

Strix nebulosa  Arene Candide 
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Bubo scandiacus 

Grotte de Rizerolles, 

Orgnac 3, Grotte de 

l''Escale à Saint-

Esteve-Janson, Grotte 

du Lazaret, Grotte du 

Lazaret Locus VIII 

Gorham's Cave, Cueva del Toll, S'Espasa, Cauna de Belvis, Grotte de Laffray, Canecaude I, La 

Crouzade, Bois-de-Brousses, Abri des Pêcheurs, Coulet des Roches, Saint Romans, Grotte des 

Romains, Abri Gay, Solutré, Baume de Gigny, Arene Candide, Grotta dei Colombi, Riparo di 

Fumane, Covolo di Trene, Grotta del Buso Doppio del Broion, Grotta del Fossellone, Ingarano, 

Grotta di Cardamone, Grotta Romanelli, Sandalja II, Vrtare male 

Falco rusticolus  Cueva Volcan, La Crouzade, Grotte des Romains, Arene Candide, Grotta di Cardamone 

Melanocorypha maxima  Arene Candide 

Eremophila alpestris 

Atapuerca-La Galeria, 

Grotte de l'Escale à 

Saint-Esteve-Janson 

Grotte Nord-Ouest de la Grotte de la Coscia, Grotta di Funtanedu, Arene Candide, Riparo di 

Fumane, Grotta del Buso Doppio del Broion, Grotta Paglicci 

Bombycilla garrulus Orgnac 3 
Grotte Nord-Ouest de la Grotte de la Coscia, Grotta del Principe, Sandalja I, Sandalja II, Loutra 

Almopias Cave 

Pinicola enucleator 

Atapuerca-La Galeria, 

Atapuerca-Boca Norte, 

Grotte du Lazaret 

Cueva de Valdegoba, Avenc del Gegant, Abric Romani, Cau de Olopte, Arbreda II, Abri des 

Pêcheurs, Arene Candide, Riparo di Fumane 

Loxia pytyopsittacus Grotte du Lazaret Avenc del Gegant, Salpetrière à Remoulins, Arene Candide, Riparo di Fumane 

Loxia leucoptera   Arene Candide 

 

Tab. 1: List of the boreal bird species with Middle and Late Pleistocene fossil records in the Mediterranean basin. For each species are 

reported the Middle Pleistocene and the Late Pleistocene fossil localities where their occurrence has been reported in the literature. The 

literature for each locality is listed in Fig. 1. 

 

Results  

 

After a thorough check of the literature available, we listed 109 Middle and Late Pleistocene fossil localities 

with reported occurrence of boreal species in the Mediterranean basin (Fig. 1, Tab. 1). Overall, high 

concentrations of sites with boreal species fossil occurrences are observed in the Mediterranean France. This 

is more likely due to the high number of French sites that have been studied, compared to other countries 

(Mourer-Chauviré 1975; Tyrberg 1998), rather than to real higher concentrations of the species. On the other 

hand, it is worth mentioning that the wide almost flat area of Central and Southern France facilitated the 

widespread of other boreal species such as Rangifer tarandus (Nadachowski et al. 2016). 

We separated the fossil occurrences that are supported by proper documentations from those that are not, and 

we confirm the occurrence of several boreal species in the Mediterranean basin during the Middle and Late 

Pleistocene. Overall, we assessed as reliable the presence of 17 boreal species out of 28 reported in the 

literature (Tab. 2). The 11 species which resulted non-confirmed (Anser caerulescens, Leucogeranus 

leucogeranus, Calidris maritima, Gallinago solitaria, Xema sabini, Larus hyperboreus, Catharacta skua, 

Strix nebulosa, Melanocorypha maxima, Pinicola enucleator, Loxia leucoptera) include some species that 

have never or very rarely been reported in the Western Palearctic in recent times (Anser caerulescens, 

Leucogeranus leucogeranus, Gallinago solitaria, Melanocorypha maxima) (Cramp 1998; Del Hoyo et al. 

2014, 2016). For a few of these species (A. caerulescens, G. solitaria and M. maxima), photos and 

measurements of the bones were reported in the relative bibliographic references (Cassoli 1980; Tagliacozzo 

and Gala 2002). The detailed analysis of the provided information revealed the absence of diagnostic 

characters or unique features that support the suggested identifications. In addition, if we take into account 
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that, in the present day, the occurrence of these latter species in the Western Palearctic is considerably 

unlikely on a biogeographic basis, but also that the identifications are indicated as dubitative (cf.) in the case 

of L. leucogeranus, G. solitaria and M. maxima, we assessed their occurrence in the Mediterranean basin as 

non-reliable even if photographic documentation was available. The bones of L. leucogeranus have also been 

examined in person by one of the authors (M. P.), supporting the non-reliability of this occurrence. The 

specimens are highly fragmented, and the scarce preserved morphological characteristics do not allow to 

identify them as L. leucogeranus with certainty, or to refer them to other large crane species such as Grus 

antigone or G. primigenia, also following the opinion of Stewart (2007) about the uncertainty of the 

taxonomic attribution of the Pleistocene cranes. Strix cf. nebulosa, Pinicola enucleator and Loxia leucoptera 

represent a similar case, even if these are Western Palearctic species (Cramp 1998; Del Hoyo et al. 2016). 

Their presence is documented with photos and measures for the fossil locality of Arene Candide (Cassoli 

1980). After the analysis of recent skeletons of Strix nebulosa and S. uralensis and their comparison with the 

original picture (Cassoli 1980, Tav. 6, 12), we think that the remains referred to Strix cf. nebulosa from the 

Arene Candide would be better referred to Strix sp. In fact, the two European larger species of Strix show 

very similar size and morphology in the distal tarsometatarsus which clearly differs only in proportions, 

being the one of S. nebulosa slender than S. uralensis. The picture of the fossil remain does not allow to 

appreciate the morphology in detail and the preserved shaft is too short to see if it is compatible with S. 

nebulosa. In addition, Cassoli (1980) only compared the fossils with Strix nebulosa and not with S. uralensis, 

which was not even mentioned as a possible species (Cassoli, 1980, pag. 189). Therefore, we consider the 

reported occurrence of this species as non-reliable. In the case of fossil L. leucoptera, the measures seem to 

rule out the species, based on its current size (Cramp 1998). Lastly, in the case of P. enucleator, we could 

assess the species as non-reliable as we analysed and measured the bones in person (M. P.), and the 

specimens might be referred to Chloris chloris on the basis of humerus length and bill morphology. In all the 

other cases of species whose presence in the Mediterranean basin is not confirmed, the reports of the fossil 

occurrences only consisted in a name in a list, with complete lack of proper documentation. 

Most of the species are reported to have occurred in France and Spain’s Mediterranean coastal areas but not 

in the Balkans (Branta bernicla, Anser brachyrhynchus, Fulmarus glacialis, Sterna paradisaea, Pinguinus 

impennis, Alle alle, Uria aalge, Surnia ulula, Bubo scandiacus, Falco rusticolus, Eremophila alpestris, 

Loxia pytyopsittacus), but this is likely due to the scarcity of Balkan fossil localities that have been studied. 

Some species aren’t reported in the Iberian Peninsula (Lagopus lagopus, Cygnus cygnus, Anser 

brachyrhynchus, Sterna paradisaea, Surnia ulula, Eremophila alpestris, Bombycilla garrulus, Loxia 

pytyopsittacus) and others seem to haven’t spread in Southern Italy (Fulmarus glacialis, Sterna paradisaea, 

Alle alle, Uria aalge, Surnia ulula, Bombycilla garrulus, Loxia pytyopsittacus). Very few species haven’t 

been reported nor in the Balkans and neither in Southern Italy nor Iberian Peninsula (Sterna paradisaea, 

Surnia ulula, Loxia pytyopsittacus). Some species seem to be mostly (Cygnus cygnus, Branta bernicla, 

Sterna paradisaea, Alle alle, Falco rusticolus,) or exclusively (Fulmarus glacialis, Pinguinus impennis, Uria 

aalge) linked to coastal areas, which is not surprising following the ecological characteristics of those taxa.  
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As for the chronological distribution of the fossil occurrences here analyzed, most of them date to the 

MIS1/MIS2 boundary and to the MIS 2 (see Tab. 3). This frame perfectly agrees with the climatic features of 

these phases, characterized by cold conditions that favoured the spread of arctic and boreal species 

southwards.  

 

  

Verified Middle Pleistocene 

occurrence in the Mediterranean 

basin 

Verified Late Pleistocene occurrence in 

the Mediterranean basin 

Lagopus lagopus V V 

Cygnus cygnus V V 

Branta bernicla V V 

Anser caerulescens  \ 

Anser brachyrhynchus \ V 

Histrionicus histrionicus V  

Leucogeranus leucogeranus  \ 

Fulmarus glacialis  V 

Calidris maritima \ \ 

Gallinago solitaria  \ 

Xema sabini  \ 

Larus hyperboreus  \ 

Sterna paradisaea  V 

Catharacta skua  \ 

Pinguinus impennis  V 

Alle alle  V 

Uria aalge  V 

Uria aalge/lomvia V  

Surnia ulula  V 

Strix nebulosa  \ 

Bubo scandiacus V V 

Falco rusticolus  V 

Melanocorypha maxima  \ 

Eremophila alpestris \ V 

Bombycilla garrulus V V 

Pinicola enucleator \ \ 

Loxia pytyopsittacus V V 

Loxia leucoptera  \ 

 

Tab. 2: Results of the re-assessment of the known fossil occurrences of boreal species in the Mediterranean basin, based on the 

bibliographic check. “V” indicates that the presence of the species in the Middle or in the Late Pleistocene is confirmed, whereas “\” 

indicates that the species was reported in the literature, but its presence is not confirmed after the literature check.  

 

 

 MIS 1/2 MIS 2 MIS 3 MIS 4 MIS 5 LP MP Unknown age 

Lagopus lagopus 23 10 4  2 5 1  

Cygnus cygnus 6 1 1 2  7 1  

Branta bernicla 3 3 1   5 2 3 



186 
 

Anser brachyrhynchus 1 1     2  

Histrionicus histrionicus       1  

Fulmarus glacialis      2  1 

Sterna paradisaea 2 1       

Pinguinus impennis 2 2 1   3   

Alle alle   2   1   

Uria aalge 1 3    3   

Uria aalge/lomvia       1  

Surnia ulula  1 1      

Bubo scandiacus 5 8 8   4 5 1 

Falco rusticolus 2 3       

Eremophila alpestris  1 3   2 2  

Bombycilla garrulus 2 1    2 1  

Loxia pytyopsittacus  2 1   1 1  

Total 47 37 22 2  35 17 5 

 

Tab. 3: Chronological distribution of the fossil occurrences of the boreal and arctic species whose presence in the Mediterranean 

basin has been confirmed by this work. The numbers indicate the number of fossil localities where each species has been reported. 

The age of each fossil occurrence has been taken from Tyrberg 1988, 2007 and from the Radiocarbon Palaeolithic Europe database, 

v. 26 (Vermeersch 2019). The radiometric ages have been calibrated with OxCal 4.3 program (Bronk Ramsey 2009), using the 

IntCal13 calibration curve (95% CI) (Reimer et al. 2013). Boundaries of the Marine Isotopic Stages have been taken by Lisiecki and 

Raymo, 2005. 

 

 

Discussion  

 

Overall, the results confirm that large-magnitude range shifts of the boreal species towards southern latitudes 

have taken place during the Middle and the Late Pleistocene. Nevertheless, this phenomenon results less 

common than previously thought, as we confirmed the occurrence of 17 species out of 28 reported in the 

literature (Tab. 2). This has several biogeographic and palaeoecological implications. Firstly, we should 

consider that the majority of the fossil occurrences here analysed belong to two species, i.e., Lagopus 

lagopus (with 46 fossil localities) and Bubo scandiacus (with 26 fossil localities) (Tab. 1). These two cold-

adapted boreal species were clearly widespread during cool climatic phases, with high densities in France 

(see Results and Fig. 1). The marked spreading of these two species in the Pleistocene could be linked to 

several factors, besides climate cooling. In the case of L. lagopus, its huge range expansion might be due to 

its adaptability to different kinds of vegetation cover, from treeless tundra to deciduous woodlands (Cramp, 

1998) and to the low competition with other galliform species driven southward by the cooler climatic 

conditions. In the case of B. scandiacus, this species might not have always been tightly linked to glacial 

conditions as it currently is. In the Pleistocene, this species likely had wider ecological requirements than the 

present day, that would have favoured its spread in Europe, as it may have arisen in Southern Europe during 

the Early Middle Pleistocene from the extinct Bubo ibericus (Meijer et al. 2017). Successively, since 

approximately the Holocene, this species possibly narrowed its ecological niche (Carrera et al. in press) and 
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shifted its main distribution range north of the Polar Circle, mostly because of the competition with the other 

Palearctic large owl, Bubo bubo. The latter might have increased its populations after the late glacial as a 

consequence of the climatic amelioration, forcing B. scandiacus to move to the high latitudes (Potapova 

2001; Meijer et al. 2017). Two other species, Cygnus cygnus and Branta bernicla, show a quite abundant 

number of records, whereas the remaining species confirmed occur at no more than 8 fossil localities each. 

Therefore, the palaeoclimatic and palaeoenvironmental inferences traditionally derived from the presence of 

these boreal species in the Mediterranean area, such as the extensive presence of tundra and other arctic 

habitats in Central and Southern Europe, result weakened. Furthermore, this suggests that the species that 

haven’t been considered as reliable possibly never reached Southern Europe during the Middle and Late 

Pleistocene, providing hints on their biogeographic and genetic history, on their dispersal capacity, climatic 

tolerances, and population dynamics. Among the arctic and boreal species with reliable fossil records in the 

Mediterranean basin, the water and sea birds are well represented. In general, the presence of arctic seabirds 

in the Mediterranean is due to their habit to exploit coastal environments and to their progressive southward 

colonization of the Atlantic coasts during glacials. The spread of boreal and arctic seabirds along the Spanish 

Atlantic coasts is confirmed by the avian fossil assemblages from Santa Catalina (Elorza 2005, 2014) and El 

Castillo (Sanchez Marco 2018a), and by the assemblages coming from the fossil localities of the Strait of 

Gibraltar (Gorham’s Cave, Devil’s Tower, Ibex Cave, Vanguard Cave and Beefsteak Cave). This area is 

included in the present study as falls within the Mediterranean basin watershed, but it is strongly affected, 

from a climatic perspective, by the Atlantic Ocean influence. The arctic seabirds which are reported (and 

confirmed by this study) in the sites of the Strait of Gibraltar are F. glacialis, P. impennis, A. alle and U. 

aalge. Among these, F. glacialis and A. alle have never been reported on the Mediterranean coasts except 

Gibraltar (see Tab. 1 and Tab. 2). 

Considering the current distribution and phenology of the involved species (Cramp 1998), the presence in the 

Mediterranean area of boreal migratory species (C. cygnus, B. bernicla, A. brachyrhynchus, B. scandiacus, 

E. alpestris) is probably related to wintering (or migratory) individuals, as well as the presence of seabirds F. 

glacialis, S. paradisaea, A. alle, U. aalge and Uria aalge/lomvia. An exception among the seabirds is P. 

impennis, an extinct non-flying Alcidae, whose occurrence in the Mediterranean coasts was likely due to 

sedentary populations, if we consider it a species with scarce mobility (Mourer-Chauviré and Antunes 1991), 

or to non-breeding individuals wintering southwards from the breeding colonies of the North Atlantic Ocean 

(Montevecchi and Kirk 2020) or a combination of origins also related to the various Pleistocene climatic 

oscillations. The presence of resident species (L. lagopus, S. ulula, S. nebulosa, F. rusticolus, B. garrulus and 

L. pytyopsittacus), could be linked to a southward shift of the breeding/all-year range, but in the case of B. 

garrulus and L. pytyopsittacus, also to seasonal winter southwards irruptions (Cramp 1998). The single 

coracoid of Histrionicus histrionicus found in the Middle Pleistocene of Central Italy likely belonged to a 

vagrant individual (Pavia and Bedetti 2013).  

At this point it is worth to discuss about the meaning of the widely used concept of “Mediterranean refugia”. 

Climate refugia are intended as locations that enabled species survival in an otherwise inhospitable region, 
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during unfavourable climatic phases (Bennett and Provan 2008; Keppel et al. 2012; Gavin et al. 2014). 

Mediterranean refugia are climate refugia located in the southern offshoots of the European continent, i.e., 

the Iberian Peninsula, Italy and the Balkans, where species retreated during cold climatic phases (Sanchez 

Marco 2004; Svenning et al. 2008; Hewitt 2011; Linares 2011; Salvi et al. 2013; Pellegrino et al. 2014; 

Horníková et al. 2021). In general, considering the different ecological requirements of the species, if one 

species is adapted to warm climates, it will retreat in southern refugia during cold climatic phases, whereas if 

the species is adapted to cold climates, it will retreat in the high latitudes and in the high altitudes during 

warm phases. Conversely, during favourable climatic periods, species will expand their ranges, with 

expansions southwards for cold-dwellers in cold climatic phases and expansions northwards and towards 

higher altitudes for warm-dwellers during warm climatic phases. In synthesis, these dynamics and the 

locations of the refugial areas strictly depend on the ecological requirements of the species and differ 

between cold- and warm-adapted species. Considering the arctic and boreal species object of the present 

paper, their expansion in the Mediterranean area isn’t linked to a southern “retreat” during non-favourable 

climatic phase, but rather to a range expansion due to the spread of favourable climatic phases (Tyrberg 

1991; Carrera et al. in press). For this reason, the use of the term “Mediterranean refugia” in the case of 

boreal and arctic cold-dwelling species is conceptually wrong; it should be used only when dealing with 

temperate or warm species whose distribution retreats in the Iberian Peninsula, Italy and the Balkans during 

cold climatic phases. 

This work stresses the importance of providing proper documentation along with taxonomic identifications, 

and especially for those rare taxa with high palaeobiogeographic significance such as boreal, arctic or 

vagrant species or species with peculiar palaeoecological importance. Most of the taxonomic attribution we 

found only consisted in a name in a list and only very few of them were supported by photos, drawings, 

measures or descriptions. All the former fossil remains need to be further analysed and re-evaluated in order 

to clarify their identification and provide reliable palaeobiogeographic information. Even photos or drawings 

are sometimes not enough to guarantee a correct identification. For instance, those species that belong to 

taxonomic groups represented by a lot of similar species (and with bones with very few diagnostic traits), 

such as Anatidae and Passeriformes, would need more detailed descriptions and measures (Pavia & Bedetti, 

2013; Elorza, 2005). On the other hand, for those species that have peculiar bone characteristics, a photo or a 

drawing of a bone would be enough in most cases, such as Alle alle (Mourer-Chauviré, 1975) assuring the 

repeatability of the identification.  

We thus recommend that the analysis on new avian fossil assemblages or further studies of already published 

material should consider these aspects and include a taxonomic treatment of the analysed taxa with 

description, measurements and photos, in order to provide reliable data for the scientific community and a 

more solid base to palaeobiogeographic research, even when the main goal of the study is not the bird 

taxonomy (Louchart 2011; Carrera et al. 2018a, 2018b, 2021; Pavia 2020; Núñez-Lahuerta et al. 2021; Pavia 

et al. 2022).  
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8. Concluding remarks 

 

This work provides new knowledge about birds’ responses to glacial-interglacial transitions in the Western 

Palearctic. I used several approaches at different geographic and temporal scales, emphasizing the importance 

of the bird fossil record for paleoecological and conservation biology studies. The taxonomic and taphonomic 

analyses of the avian fossil assemblages from four Italian Mid-Upper Pleistocene sedimentary successions 

(Manuscripts I, II and III), spanning the last two glacial-interglacial cycles, allowed to recognize the local-

scale patterns in the bird species responses to climatic oscillations. Considering all the fossil localities 

analyzed, the bird assemblages related to different climatic phases are characterized by presence of temperate 

species, even during cold phases and by the occasional presence of cold-dwelling species (or an increase of 

them) only during glacial maxima. The presence of cold-adapted species in the Western Palearctic mid-

latitudes is related to shifts in their distribution towards lower altitudes or southwards, in the case of boreal 

species. These local patterns of turnover in bird communities are widely supported by the patterns identified 

at the continental scale. Indeed, the modeling of the present-day and LGM climatic envelopes of species with 

different climatic requirements and migratory behaviors (Manuscript IV), shows a substantial stability in the 

temperate species’ distribution and large-magnitude range changes in cold-dwelling species, supported by their 

fossil records. Manuscript IV also shows that the responses to climate shifts are species-specific and related to 

the thermal niche of the single species, which represents a key ecological trait explaining the impact of climate 

change in species distributions.  

The identification of the patterns in the turnover of bird species in response to climate changes improves 

the interpretation of fossil assemblages in terms of paleoenvironmental and paleoclimatic implications. 

Considering Manuscripts I, II, and III, which analyze the avian fossil assemblages from Grotta del Cavallo 

(Apulia), Grotta di Fumane (Veneto), Grotta di Castelcivita (Campania), and Grotta di Uluzzo C (Apulia), it 

is clear how avian fossil assemblages can provide unprecedented detailed frameworks of the evolution of the 

landscapes during glacial-interglacial cycles, sometimes better than those provided by other proxies (see 

Manuscript I), enhancing the importance of fossil birds for paleoenvironmental and paleoclimatic 

reconstructions. Manuscripts II and III also show how the paleoecological inferences derived from birds, if 

coupled with those derived from other proxies (for instance micro- and macro-mammals), can provide 

extremely detailed paleoecological frames. 

Cold adapted species represent a more effective paleoecological tool than the temperate species and act as 

an important proxy of cold climatic conditions, as they are the most impacted by climatic changes (as 

highlighted in Manuscript IV). As for a correct interpretation of the fossil record, I can conclude that the fossil 

evidence of the presence of cold-dwelling species outside the limits of their current distribution (due to large-

magnitude latitudinal or altitudinal changes in response to cold climatic phases) should be considered a a proxy 

of a climate colder than the present one. 

Furthermore, in Manuscript I, due to the richness of the avian fossil assemblages from Grotta del Cavallo, 

I could explore the potential of new multidisciplinary exchanges and applications in the analyses of fossil 
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communities. Indeed, the ordination analysis applied on the taphonomic dataset delineated the main drivers of 

taphonomic damages, whereas the rarefaction analyses on the bird assemblages coming from the different 

sedimentary units highlighted the dynamics of species diversity in relation to climate-driven 

paleoenvironmental changes.  

Manuscript V clarified the dynamics of another large-scale phenomenon in bird distributions, the presence 

of boreal and arctic bird species in Mediterranean Europe during the Middle and the Late Pleistocene due to 

southern range shifts. After a reassessment of the reliability of the existing fossil evidence, I show that this 

phenomenon is not as common as previously thought. This suggests the need for a revision of the paleoecology 

and the paleoclimatic significance of the species involved, further improving the interpretation of bird fossil 

assemblages from a paleoecological point of view. Moreover, I point out how the concept of “Mediterranean 

refugia” shouldn’t be used to explain boreal species’ presence in Mediterranean Europe, as it represents 

evidence of a range expansion during favourable climatic phases rather than a reduction of the range during 

unfavourable climatic phases. Manuscript V also emphasizes the relevance of providing exhaustive 

documentation in support of the taxonomic identifications, with photos, detailed descriptions, and measures 

(as in Manuscript I). The use of high-quality reference material for the taxonomic analyses of the fossil bird 

assemblages provides the identification of a high number of different bird species and, consequently, very 

detailed paleoecological reconstructions. In the case of Grotta del Cavallo (Manuscript I), the use of a wide 

taxonomic collection allowed us to identify the first fossil occurrences ever of Larus genei, a gull species, and 

the first occurrence in Italy of Emberiza calandra, a small Passeriformes.  

The documentation of birds’ past responses to climatic changes reported in this PhD thesis provides a 

baseline to help the future conservation of the cold-dwelling species, that turn out to be the most impacted by 

global warming. This integrated approach at different scales will also provide new data to disentangle natural 

climate effects from more direct anthropic impacts on targeted avian species.  
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