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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 birdsô 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 Earthôs 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 (ŭ) 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 Earthôs 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 Earthôs 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 Earthôs 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 ŭ18O values from benthic foraminifera reflecting changes in global ice volume and 

temperature (Lisiecki and Raymo, 2005). Peaks in ŭ18O values (downwards) indicate warm conditions, reduction of ice 

volume and increasing global sea level. B) General chronology of the Greenland ice cores, shown using ŭ18O data from 

the NGRIP core. Numbers indicate the rapid warming events, known as DansgaardïOeschger (DïO) 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. 
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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 450ï500 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).  
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1.2   Birdsô 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 speciesô 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 

ñecological mismatchò. 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 Bergmannôs 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 Allenôs rule, that explains why animals tend to have shorter 

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

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 Allenôs rule on present-day geographic variability and 

found that the results were conflicting. Indeed, some authors found evidence of validity of Allenôs 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 Allenôs 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 speciesô 

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 ñclimate refugiumò. Species which now live in different habitat 
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and regions once occurred together, giving place to the ñno-analog communitiesò. 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 ñglacial relictsò (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; Rakoviĺ 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 (BocheŒski, 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 Bergmannôs and Allenôs 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 ñglacial relictsò 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; BocheŒski, 1994; Cohen & Serjeantson, 1996; 

Solti, 1996; Stewart, 1999b; BocheŒski & Tomek, 2000; Tomek & BocheŒski, 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 carnivoreôs meal, it will 

show gnawing of the epiphyses or pits and scores left by the carnivoreôs 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 raptorôs pellet will probably carry the traces of the digestive acids of the raptor, which produce 

a typical slight surface corrosion (Andrews, 1990; BocheŒski & 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; BocheŒski, 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 speciesô 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 birdsô 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 editorôs 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. 
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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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