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Abstract

This PhDthesisexplores the ecological responses of bird species to gkagialglacial transitionsluring
the late Quaternaiy the Western Palearctic, usinqltiple approaches and at different scales, enhancing the
importance of the bird fossil recoathdquantitativemethalsto elucidate biotic trends in relation to lostgrm
climate changes

First, the taxonomic and taphonomic analysethefavian fossil assemblages from four Italian Meland
Upper Pleistocene sedimentary successions (Grotta del Cavallo, Grotta di Fumane, Grotta di Casteltivita
Grotta di Uluzzo Callowedusto reconstruciocalscale patterns in bisd@esponseo climae changesThese
bird assemblages are characterized byr¢igular presence of temperate species and lmgtheional presence
of cold-dwelling species (or an increase of them) dugtagial periods related to shifts in their distribution
towards lower altitudes dower latitudes These local patterns aredely supported by thseidentified at the
continental scaleln this respect] mappedthe presentlay and LGM climatic envelopes of species with
different climatic requirements and migratory behavidtse resultshow a substantial stability in the range
of temperate species aptnounced changes in the rangeald-dwelling species, supported by their fossil
recordsTherefore, he responses to climate oscillations are highly related to the thermad ofidineestigated
species.

| also clarified the dynamics of the presence of boreal and arctic bird species in Mediterranearddarope
to southern range shiftduring theglacialphases. After a reassessment of the reliability of the existing fossil
evidence] show that this phemoenon is not as common as previously thougith importantimplications
for the paleodimatic and paleoenvironmentsignificanceof the targeted species

In addition the analyses of the avian fossil assemblages and the identification of the looas pbsieecies
turnover in response to climatshifts, allowed extremely detaile@nvironmentalreconstructions during
glaciatinterglacial cycles

| have also been able to explore the potentiahokivariateand rarefactionmethodsin the analyses of
avianfossils. Theordination analysis applied on the taphonomic dataset of Grotta del Cavallo ddltheate
main drivers of taphonomic damages, whereas the rarefaction analyses highlighted the dynamics of species
diversity in relation to climateriven paleoenvironmental changes.

As for the colddwelling bird species, which werthe most impactedfter theglacial periods the
knowledgeof pastresponséo climatic changes also helps to better understand the current responses to global

warming and to forecast its future effects, in order to adopt more suitaidervation strategies



1. Introduction

1.1 Climate changes in the late Quaternary

Climatic variability has been particularly pronounced in @ueaternaryPeriod (last 2.58 million years
Cohen & Gibbard, 2019). The alternating glacial and interglacial conditions, marked by smaller oscillations
called stadials and interstadiadsesuperimposed upon an overall global cooling trend. Ginibed from ice
sheets (Greenland and Antarcticapldrom beneath the seafloogcor;kcdEar t hés <c¢cl i mate hi s
the 180/1%0 isotope ratio found in the ice and in the skeletons of marine planktonic foraminifera entombed in
thebottom sediments of the ocednisfecki & Raymo, 2005; Rasmussen et aD14;Landais et al., 20)5as
shown inFig. 1.1 The recognition of many different climatic phases basethe variation(l) of *0/*¢O
through time led to the current subdivision of ti@uaternaryin 103warm and cold periodsalled Marine
Isotope Stages (MIS) (Lisiecki & Raymo, 2005).

Long-term changes in solar radiation, triggered by orbital forciagdthe complexfeedback processes of
the climate systemare the main drivers of cyclical climatic oscillations on Eakhnfawura et al., @7,
Cheng et al., 200%;isiecki, 2010), that also cause eustaticlee@l fluctuationsFig. 1.2 (Waelbroeck et al.,
2002). The three main astronomical paramet eres aff
variability are precession, obliqujtgnd eccentricity, with averaged periodicities of ca. 23,aétl 100 k
respectively (Milankovitch, 1930, 194Berger, 1988B et we e n 1 . ,fthe secaltednid-Pléistddene
transition (MPT) marked the changein the periodicity of glaciatinterglacial cycles. The ~41,008year
periodicityd r i ven by t he v,avhidghalowedthne piesencdd thin ibetlewids replaced
by the~100,000year currentcyclicity. The latteris characterizedby long coolingphasegglaciak) with the
build-up of thick ice sheets, followed bglatively shorivarmphaseginterglacia$), lastingthousands ofears
(Clark et al., 2006Bajo et al., 2020).

Other millennial scale perturbations of ttlanate system, such as the Dansgdaeschger cycles or the
Heinrich events, are commonly attributed to stochastic processes that affect the climateesgstastcénic
dust loading) and feedbapkocessesftheEarttb s ¢ | i mastich as®geanic glabal circulatipatterns
and icesheet dynamics (Massdpelmotte et al., 2013).

The Late Pleistocene (12611.7 ky) (Cohen & Gibbard, 2019) witnessed the last complete glacial
interglacialcycle. The Last Interglacial (LIG, 129116 ky) (Shackleton et al., 2008utton & Lambeck,
2012), also known as MIS 5e, was characterized by global mean temperatures warmer bytl28€earidvel
a few metershigher than préndustrial times (MasseBelmotte et al., 2013Dyer et al., 202l The last
glaciation began about 115 laga 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 19ky ago(Clark et al., 2009; Lambedit al., 2014). During this period, large ice sheets covered Northern
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Fig. 1.1.A) Global stack ofi®O values fronbenthic foraminiferaeflecing changes in global iceolume and
temperaturdLisiecki and Raymo, 2005pPeaks ini*%0 valuegdownwards)ndicatewarm conditions, reduction of ice
volume and increasinglobal sea leveB) General chronology of the Greenland ice cores, shown G¥i@gdata from

the NGRIP coe. Numbers indicate thepid warming events, known as Dansga@resclyer (O O) events or
Greenland Interstadials (Gl). Heinrich evemtsaracterizedby ice rafting events in the Norhtlantic, are shaded grey
and labelled. Marine Isotope Stages (M&% indicated, where MIS 5e is equivalent to the Listrglacial and MIS 1

to the current interglaciaModified after Vasskog et al., 2015.

Europe and North Americavhereas sea level droppdy about 125130 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 thaigustrial times by 3° to 8°C (Annan & Hargreaves,

2013; MassofDelmotte et al., 2013)Cader temperatureseducel precipitation and decreased GGir
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, 2088en et al.,2010; Becker et al., 2015;

Binney et al., 2017
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Fig. 1.2. Sea level variations in the last 130 &ealevel data aréaken from Waelbroeck et al. (2002) (purple) except

for the last 19 ky, which are from coral and other benchmark indicMadified after Siddall et a12010.
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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 Kopp&eiger classification (B, C, D, E) indicated by the colors in the. map

The onset of the current warm peri@tblocene), datedpproxmately D ky BP, was marked byapid ice
melting and retreat. Glacial terminatioms,, the transitions from glacial to interglacial conditiorepresent
relativelyfastQuaternaryclimate changesTheearly Holocene is marked by the lggbase®f deglaciation of
Pleistocene land ice, sea level risad the occurrence of warm phases that affected different regions at
different timescentered at arour8l0-6.5ky BP (Amorosi et al., 2017; Liu et al., 2018; Vacchi et al., 2020)

During this periodpften referred to as the HoloceilbermalMaximum (HTM) regional temperatures
were up to 1°C higher thgre-industrialtime (Kaufman et al., 2020Gulev 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 atmagpicarbasalready triggered

an increase in surface temperatafe0.74°C compared to piadustrial levels, with mean temperature
increases over two degrees in certain areas of the temperate and arctic climafglass@sDelmotte et al.,
2013;Kaufman et al., 2020 Current estimates predict atmospheric;@®elsmay rise up to 45600 ppm

by the end of this century, potentially driving an increase in global average temperateB&®{Masson
Delmotte et al., 2013). Ongoing climatic change markedly differs from preceding changes, becausg it occur
at smaller tempral scales (at least one order of magnitude faistarthe last glacial termination) (Collins et

al., 2013) and is accompanied lmyprecedentedhanges in land use (Massbrelmotte et al., 2013).



1.2 Bi r mspdnseto climatechanges

Largescale changes in climate alter the physicochemical conditions under which plants and animals can
live atvarious points in timeAs animals depend on ecosystems of primary productleese is a cascading
effect throughout thevhole ecosystemlatitudinal and altitudinal shifts of the different vegetational belts are
followed by animal species tracking their ecological niGwech latitudinal and altitudinal shifts forcptants
and animals tonodify their geographic ranges, drovethemto extinction based on speciepecific climatic
tolerancesdispersal capacity, genetic diversity, reproductive strategies, phenotypic plaaticipppulation
growth ratesBiotic responses to climatic and environmental changeshown by the fossil recordsary
from macroevolutionary divergences (at véopg-time scales) to phenotypic adjustmentssitu (at shorter
time scales]NoguesBravo et al, 2018).Birds, like other organisms, developed a broad range of different
adaptations to cope with climatic variations. As they represent ot nfost studiedoologicaltaxain terms
of ecology andehavior severalstudiesin the last decaddsve observed amghalyzedhe consequences of
global warming on bird species, individually or in terms of populations, showing various types and magnitudes
of impacts(Dunn & Mgller, 2019) Nonethelesslittle is known about how they adapted to the major and
repeatectlimatic shifts which characterized the Quatern@eyiod The Europearavian fossil recordwhich
is very rich in terms ofhe number of localities, abundance of remasrsdnumber of speciesepresatsthe
main source ohformationavailablefor investigatingheresponsesf birdsto past climate changes. This huge
resource is still in part neglectegind more research is needed in the field. The investigation objodist
dynamics in relatiorto longterm natural changes will help elucidate the mechanisms of response of bird
species to current global warming and forecast-hgare avian dynamicsnia warmer Earth, in order to
provide better conservation strategies. It would also héygnthngle the climat effects from the

anthropogeniempactsthat threaten preseday avian ecosystems and their biodiversity

1.2.1Birds and global warming

Climate change has primary consequences in the geographic distribution of birds, in terms of location,
rangeextent and abundance a s a rarsge 1B celatedstd specispecific physiological tolerance to
temperature, precipitatipandotherclimatedrivenenvironmental variableScridel et al., 2017).

In northern temperate regiondplgal warming has induced range shifts of bird species ridsvhigher
latitudes (mainly northeast or nbwest) (Huntley et al., 2008BarbetMassinet al.,2012 Lehikoinen &

Virkkala, 2016;Virkkala et al.,2018 and elevations(Tingley et al., 2009Reif & Flousek, 201P Those

mountain bird species that occupy only the higher elevations are experiencing a decrease in the potential area
available andchavedeclinal in numbers Pernollet et al., 20138rambilla et al., 2016Scridel et al., 2018;
Lehikoinen et a] 20194). Positive aspects of climate change comprise increasing abundance and/ofaranges
sedentary, geneiat, and warmdwelling speciesfevictor et al., 2008Daveyet al, 2012, whereas climate

change impacts are proposed to be more severe fedealtling species, restricta@nge species, and species
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using seasonal habitats (Bothadt, 2010 Scridel et al., 2017 To date climate changeriven global or
continental extinction events for bird species remain to be unambiguously pbonaregatie impacts are
expected to prevail fanostspecie, with vast species losses predicted for the future.

The BirdLife Internationaf2018) report on the conservaticiate of thebirds of theWorld clearlyshows
how humansare responsible for most dfie threats to birdsThe first five most important threats are:
agricultural expansiomnd intensification, which impacts 1,091 globalyeatened birds (74%); logging,
affecting 734species (50%); invasive alien species, which thre&i&h (39%) speciesand hunting and
trappingwhich puts 517 (35%) species at risk. Climettange represents an emerging and increassegiyus
threat- currently affecting 33% of globallhreatened speciesnd one that often exacerbagassting threats.

Climate chages have produced effects also in liethavior Due to earlier onset of spring in the breeding
grounds of the northern hemispheatieanges in migration phenology and breeding cylttage been observed
in the last decades. In terms of migration phenol@gyearlier spring migratiornas been reportednore
pronounced in short distance migrattian in longdistance migrantéBoth & Visser 2001; Crick, 2004,
Jonzn et al., 2006; Gordo, 2007; Saino et al., 20Ritterlin & Van Buskirk, 2014;Usui et al., 2017;
Lehikoinen et al., 2019tjorton et al., 2020and also aelay in autumn migratioim shortdistance migrants
(whereas long distance migrants seem to adv#me autumn migratior{enny & Kery, 2003Horton et al.,
2020. The bstingpermanence in the breeding grounds d#sbto earliebreeding as well aan increased
length of the breeding season andnbers of brood@oth et al., 2004; Mgller et al., 20; Smallegange et
al., 2010. The ameliorated climate produced an increase in resident individuals in a number of migratory
speciegespeciallyshortdistance migrants}hat is mainly the tendency to overwinter in the breeding grounds
(particularlyregarding populations living in the southerly areas of the breeding range) or also to shorten the
migration distance between breeding and wintering groundhifting the wintering groundsorthwardgLa
Sorte & Thompson I, 2007; Visserat, 2009; Smallegange et al., 20Myrganti, 201%. Overall a decrease
in the share of migratorindividualsin many bird specieand populations is undergoirdue to climate
warming @Berthold, 2001;Newton, 2010).The plasticity of migratory behavior plays a pivotal role and
represents a successful stratémycopng with climate in continuous changéut often fails to track the speed
of global warminglndeed, the lattas causingpne of the main threats farigratory bird specieshatis called
fliecological mismatah It is basically a phenological mismatch between the timing of breedingrtifenn
bird populationsandthe time of maximal food abundandeieto failure to keep pace withrogressively earlier
peaks in arthropod preynequal climate change in breeding, passagdwintering areas and less flexibility
to adapt to change®present an evegreaterthreatfor long-distancemigrants (Huppo& Winkel, 2006;
Magller et al., 2008Both et al, 2010;Jonesk Cresswell201Q Saino et al., 2001

Moreover many longdistance migrants that winter in s@aharan Africaare also dealing witta
progressive increase the migration distance@luntley et al., 2006Doswald et al., 2009; Howard et al.,
2018)due to poleward shiftsf breedingranges untley et al., 2008BarbetMassin et al., 2012;ehikoinen
& Virkkala, 2016 andno consistent directional shifif the wintering groundsBarbetMassin et al., 2009;
Doswald et al., 2009)Southwardshifts of wintering grounds have also been repordee, todroughts and
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desertification in thé&ahel(related to anthropic activitigsfurther lengthening the migration tr{jVilson &
Cresswell, 2006; Zwarts et al., 20@@lams et al., 20D40nly rarelyhavethe wintering grounslbeenreported
to move northwardgAmbrosini et al, 2011). The lengthening othe migrationjourney, together with
competition with resident speciex;ological mismatches, loss of habitat due to anthropic lancduodsevere
poachingalong the migration routegre causing a decline of the ledgstance Afrepalearctic migrants
(Mgller et al., 20085aino et al., 201 BarbetMassin et al., 2012; Vickery et al., 20Bhirlein, 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 toterestmany different organisms as a respots warming climategGardner et aj 2011).
Ecogeographic rules are involved in these mechanisms, sigleas g ma n ,nthatexplainswhe a larger
body size is advantageous in cold climdteseduce heat logglue tothe relationship between body volume
and body surface arp@Bergmann, 1847) o r Ak, lthatrexpleins why animals tend to have shorter
extremities in cold climates to reduce heat loss (Allen, 185&)eral studies have proventBae r gmann o s
rule works oncurrentgeographiovariability of birds with larger birds in northern cooler climat@ink &
Remsen, 1986; Blackburn & Gaston, 1986hton 2002 Meiri & Dayan, 2003 0lson et al.,2009). Zink&
Remsen (1986) surveyed the evidente a |l i di t y odn présémrday gebgraphicwariabilitand
found that the results were conflictinlpdeeds o me aut hors found evidence o0f
hindlimbs (Fleischer & Johnston, 198Zartar & Morrison, 2005 and bilks (Symonds &Tattersaal, 2010;
Greenberg et al., 201Pranner & Greenberg, 20),whereaothersdo not (GutiérrezPinto et al.,2014). The
factors influencing the variatidn birds over space are the same as those operating acrossdiresaktudies
support general, but not universal, temporal decline in mean body size of birds in response to global warming
(Johnston & Selander, 1964; Yehov, 2001; YomTov et al., 2006 Gardner et al., 200%Balewski et al.,
2010;Van Buskirk et al., 2010t eplitski & Millien, 2014; Weeks et al., 2). The size of appendagesich
as the bill may be responsive to climate warming in accordanceAlith e n 6 s r u-Teanart &€ almp b e |
2015).The temporal patterns observed in the abmemtioned worksalthowgh consistent with ecogeographic
rules,may have additional causes, such as changes in primary productivity,,Habdadvailability or other

environmental factors.

1.2.2 Pastresponses to Quaternary climate changes

The extensivelNestern PalearctiQu at er nary f ossi l record of birds
changes in distribution in response to climatic oscillatiddaring glacial periods the environmental
conditions at high latitudes wenet suitable anymore for the survival of bird species, because of the expansion
of the ice cap. Thereforeggeral speciethat currently live imarctic, subarctic and boreal environmer(is.,

Lagopus lagpus, Surnia ulula Bubo scandiacysStrix nebulosaFalco rusticolus, Loxia pytyopsittacus
Pinicola enucleatoy(Tyrberg, 1991, 1998, 2008tolm & Svenning, 2014gradually shifted their distribution
southwardsusing Mediterranean Europe aS & | i ma ung Speeids wigch now live in differehibitat
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andregions once occurred togethgri vi ng p | aacnea ltoog tchoemmiunnoi t i es 6. The
mostly consisted of Iberia, Italgnd the BalkansT{yrberg, 1998; Newton, 2003anchez Marco, 200Bedetti
& Pavia, 2007; Hampe & Jump, 2011; Holm & Svenning, 2014). @GdEptedspecies which currently live in
themid-latitudemountainareas Bonasa bonasia, Lagopus myit@&trao urogallus, Lyrurus tetxj Glaucidium
passerinum Aegolius funereuys Pyrrhocorax pyrrhocorax Pyrrhocorax graculus Prunella collaris
Montifringilla nivalis, among othefls were spread over a wider geographic ragigeng glacial periodsvith
respect to th@resent daybecause of the downward shifting of vegetational zones in the mountains. During
interglaciat, suchas the present one, their range reduced considerably with the shramdnigolationof
populations on thenid-latitude high mountainranges andin borehareas For this reason, thespecies are
often referred (Tyrbergal®91,igoB, 2008; ldewton, 206Rilnté&t Syemning, 2014 The
more distinctly Mediterranean and waadapted species, during cold phases survived only in the souther
offshoots of the refugia with isolated populationwhereashey flourishedduring warm phases$-or instance,
in the LIG the distribution of Southern European species extended further north, some as far as the United
Kingdom (Tachymarptis melhaAquila pennata (Tyrberg, 1998)A study by Tyrberg (2010 indicates that
avifaunal communities from LIG deposits war@mparablao thepresent onesso thata difference of less
than 2C onaverage does not substantially alter avifaunal communities, but that changes in precipitation could
be more importantThe fragmentation andsolation of the populations caused by the climatic oscillations
triggeredspeciationand the differentiation ofusrent subspeciesvhereas pogglacial expansiorfavored
genetic readmixtures between populationdltimately, climatic oscillationsshaged the extant genetic
diversity of bird specieand their present geographic distribut{@wvise & Walker, 1998 Blondel & Mourer
Chauviré, 1998Hewitt, 2000, 2004Newton, 2003Tietze, 2018 Molecular genetic studies provide evidence
of range changsand elucidatgylacial distributionsand patterns of Holocene range expansimngemperate
species l(iukkonentAnttila et al., 2002Brito, 2005;Ruokonen et al., 2005; Garcia et al., 2011; Pellegrino et
al., 2014, 2015Drovetski et al., 201®RRakovi | &t al ., 2019
Very few studies based on thsteomety of bird fossils report that past climatic oscillations also produced
morphologicalvariationsin bird speciegNorthcote, 1981Ericson, 1987aStewart, 1998 2007) One such
example is that of grousglLagopus mutaand Lagopts lagopug. Several studiesB(o ¢ h ¢ 1834k 1985;
Potapova, 1986; Stewart, 1999a, 1999b, 2@@tapov et al., 20Q03suggest thaindividualsliving during
glacialperiodsmay havemodified their bodily proportions accordingBergmamé and Al Isends r ul
Migratory behavigr that likely appeared well before Pleistocene glaciatimselatedin birds to an
increase in seasonality and deterioration of winter conditiBnsderer & Salewski, 2008;ouchart, 2008;
Finlayson, 2011Winger et al., 2019)Thereforemigratory behavioprobably appead disappead and
adaptednultiple timesin the past,dveraging its plasticityin response to changing climatic conditioBased
on traditional interpretations, during glacial maximahe Western Palearctimigratory species shifted their
breeding groundsouthwardsdue to the expansion of the ice capd continued to migrate shorter distances
to the same wintering aredsther works suggest that migratory behavior could be linked to the recolonization

of northern deglaciated areas in postglacial timadthus itmainly represents phenomenon of interglacial
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periodswhich considerably reduced during glacial phagésdler, 2003; Mih et al, 2006;Zink, 2011; Zink

& Gardner, 2017)Recent research suggettatthere is no evidence of the loss of the migratory behavior in
Afro-Pdearctic migrants during the LGMPOnNti et al., 202Dand that bird migration remained an important
global phenomenon throughout the last 50,000 years (Somveille et al., 2020).

As for migratory distance in lorgdistance migrantsjuring glacialtimesit was likely shorter than the
presentday 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., 28li3g & Svenning, 20970n the other hand,
the African Humid Periods, that caused the cyclic greening of the Safdiceccurred icorrespondenceith
the LIG and theHTM (Hoelzmann et al., 2004;arrasoaacet al.,2013;Hoag & Svenning, 201 7Fierneyet
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 Afpalearctic migrantsvith a consequent shening of the
migration trip.

The paucity of thestudies dealing with African avian fossil assemblagevens the clarificationof the
dynamicsof the Afro-Palearctic migration system during past climatic phabksebulk of evidenceof the
existenceof Afro-Palearctic migrations during Pleistocene is represented bjo#isé# presencein Sub
SaharanAfrica, of long-distance migratory bird taxa and thbsence of medullary bone in African fossils
belonging to AfrePalearctic migratory birdpgcies Churcher & Smith, 1972; Harrison, 198@atthiesen,
1990; Louchart et al., 2008Prassack, 2010, 2014; Val, 2016; Prassack et al., 224 et al., 202D
Moreover,the fossil record indicasghat longdistance migration was present, in the Pleistocene, in species
which currently do not migrate to Africa anymore, likely duSaharaaridification and ameliorated conditions
in the northern latitudes (Harrison, 19&@uchart, 2014Prassack, @14).



1.3 The investigation of theresponseto past climatic oscillations in birds

1.3.1 Fossil birds and their potential

The study of fossil birds represents a pivotal tool to better undetteedolution dynamics of avian taxa
paleobiogeographwand populatiorlynamics in response to past climatic changes.

Extant bird species, most of which are reported in the fossibrd sinceapproximatelythe Early
PleistocenéMourerChauviré, 1993; Tyrberg, 1998, 2008; Finlayson, 2@edetti & Pavia, 2013 are very
sensitiveo environmental and climatic changeslhave very specific needs concerning the halasgecially
in terms of vegetatiofCramp, 1998)Assuming that the ecologicaiane (speciespecific physiological
tolerance to temperature, precipitation atiger environmental variabledid not changeat leasthroughthe
Quaternaryfossil avifaunaepresents eeliableindicator ofthe type oenvironmeimsthat surrounded the fossil
localities in the past, at the time of the death of the indiviiitedtham, 1997; Serjeantson, 2pFurthermore,
birds arehelpfulin paleoenvironmetal reconstruction®r the wholeQuaternary whereas current mammal
species which have more recent origins with respect to birgspvide reliable paleoenvironment
reconstructions only for the most recent parthefQuaternary From this perspective, birds are even better
paleoenvironmeial indicators than mammal&ossil birds can also givesights about past climateFor
instance, the finding dioreal or arctispecieqi.e., Lagopus lagopus, Bubo scandiap(@f®r more detailsee
Chapter 1.2.pin the fossil recorabf Western Palearctic mildtitudesrepresentglear evidence of a climate
colder than the present arfithese species cdherefore be considered climate markeikewise, the finding
of speciesat low altitudegthat are now spreaghly at the higher elevations of mountain areas of Southern
Europe (ie.t hose speci es def i nlagbpud mutaBycrioeotax graeulus(fortme®ré s u c
details see Chapter 1.2.2¢presentanothermproxy of coolerclimatic conditionghan the preser{Carrera et
al., 2018a, 2018b, 2021urthermorethe specie turnover in the different stratigraphic units of a deposit
(presencel/absence of climate markensanges in the relative abundance of spedan)suggespossible
climate oscillations across the sedimentary succession of the fossil IdCaigoli & Tagliacozzo, 1994;
Pavia, 2000Bedetti & Pavia, 2007Tomek et al., 2012). Tprovide reliable results, it should be applied to
depositawvith a high number of birdbssil remains andedimentarysuccessionspanningong time intervals.

Additionally, it is worth remembdéng that many different ecologic&hctors, besides climatean affect
the distribution patterns of speciesd that the current ecological nichesegfantspeciescould beslightly
different from Late Pleistocene ones, duaidhropic impacand landuse.Also, fossil birds can provide
extremely precise environmental indications when associatedthién paleoenvironmental proxies such as

micromammalsmacromammaland mllen (Romandini et al., 202@ arrera et al., 2021)
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1.32 The analysis of fossil bird bones

Bird bones are characterized &yaptations to fligh{Fig. 1.4) in order to reduce body mass htithe same
time maintainstrengthandresistanceAmong theseadaptationgrethe thinning and lightening of the bone
cortex, the pneumatizatior{extension of théollow air sacs, which originate in the lungssiite the bones)
the fusion olsomeelements, the absence of teethd the presence of traldae (thin struts which develop at
angles to the bone wall in response to the mechanical loading on the (Banenel & Witmer, 1993;
Serjeantson, 2009).

The identification of bird bones is conducted through comparison with pieéaeihird skeletonand, when
needed, with the help eohanuals dedicateth the osteological features of selected avian orders or families
(Bacher, 196 "\Woelfle, 1967 Erbersdobler, 196&eliner, 1968Kraft, 1972;Fick, 1974;Langer 1980;0tto,

1981; Solti, 1981;Emslie, 1982; SchmidtBurger, 1982;Janossy, 1983yioreno, 1985, 1986, 1987; Boev,
1988;Weesie, 1988Cuisin, 1989Gruber, 1990; Lorch, 1998 o ¢ h ¢ 1H34lCohen & Serjeantson, 1996;

Solti, 1996;Stewart, 1998; B o ¢ h e&®Esrkek,200Q Tomek &B o ¢ h e ZBBQRNGjcik, 2002 Kessler,

2015, 2016, 2019; Séfer & Schmitz, 2016tJjhelyi , 2016among others)A detailedreview of the available
literature on bird bones identificationrisported in Stewart &ernandeLarrasquilla, 1997The presence of
medullary bone, a granular calcium deposit within the bone which provides a supply of calcium for the
development of eggycan allow sex assignation to bird skeletal remdihss deposit is present in a short time

period in the bones of the females just before and during the time Bdggantson, 20097 he size of the
bonesalso helpsvhensexing 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 undeeel@pticulaisurfaces; sooafterfledging, the
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Fig. 1.4.Bird skeleton. Modified fronittps://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
differentamongfamilies andlonger in large-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,&spring or summer (Serjeantson, 1998, 2009).

The availability and completeness of bird skeletal collecti@isan, 2003; Roselaar, 2008ljikovsky,
2010;Boano & Pavia2014;Pavia, 2019is pivotal to obtaiimg 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 difficutty retrievingdead bird specimens. Thisage ofthe main reasan
why the field of paleornithology is not as developed as other paleontological sectors, despitendss 1of
the avian fossil record in terms of abundance, diveraitd number of localities (Tyrberg, 1998, 2008)e
specimens in the reference colleas 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 bleaghesshge 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 aSaiiae)son2009;
Pavia, 2013

The fossil remains can additionally thesubject of taphonomic analysis. Taphonomy is the set of chemical
and physical processes that a bone undergoes from the death of the individuettidetred of the bone, via
burial in thesedimentThe analysis consists the detailed observation of the surface of the banesder to
find the small traces of the processes that the bone underwent and determine the accumulation agents
(Serjeantson, 200%ernandezalvoet al., 2016). It ixonducted using lens, stereomicrosgapeScanning
Electron Microscope (SEM), if necessary.Fon st anc e, if a bone was the | ef
show gnawing of the epiphyses or pits and scores left by the ca@niver t eet h ( Haynes, 19
2008; DelaneyRivera et al., 2009; Domingudzodrigo et al., 2012). Otherwise, a bone which was contained
in a nocturnal raptor 6 s pthddibgestive avids bflthe @aptashiclapoobuge c ar r
a typical slight surface corrosion (Andrews, 19B0y ¢ h e&®Esrkek, 1997), whereas the bones belonging
to individuals which were butchered by prehistoric men will shownzarks burning tracesind othetypical
traces (Potts & Shipman, 1981; Shipmast al., 1984a, 1984b; Nicholson, 1993aroulandie, 2005;
DominguezRodrigo et al., 2009). Other taphonomic modifications that a bone can show are manganese
dioxide staining, concretions, root etching, trampling, weathering E&cnéndezdalvo et al., D16). The
taphonomic analysis, together with the anatomical parts representation (Minaneviré, 1983; Ericson,
1987b; Livingston, 1989; Bovy, 2008, 0 ¢ h ¢ ZBB5k Liaroulandie, 2010; Lefevre & Laroulandie, 2014),
adds pivotal insight for the interprétan of the fossil assemblage retrieved, as it points out the processes which
led to the accumulation of the bones and, consequently, igsiiié area around the locality (where the bird

individuals came from) that ihe objecive of the paleoenvironnmal reconstruction.

12



Scolopacidae T

CHARADRIIFORMES

Fig. 1.5:The dresser of the BPT-MPOC bird Skeletal collection in Turin, with the details of a single drawer and a
skeleton ofCorvuscorax(ph. M. Pavia)

1.3.3 Species Distribution Models as toalto reconstrud paleodistributions

Bird species are not uniformly distributadd differ in their ecological niches. Current geographic ranges
are the result of evolutionary processes, climatic factors and human influBpeeges Distribution Models
(SDM) represent a useful tool in biogeographic and ecological studith&yasmnproject the currentlimatic
and ecologicatequirements of species onto specific geographic areas or other climatic scenarios, in the past
or in the futureassuming niche conservatism over tifidgiens & Graham, 2005; Wiens et al., 2010hey
achieve th s by r el aobsermationsstqp environmental predictor variables using statistical and
machinelearning method<Predictions of species distributions are basedwrent occurrence dathat can
be downloaded from, for instancehttp://datazone.birdlife.org/homeww.gbif.org www.ebird.org(among

others)whereas theredictor variableareGIS layers oturrent,past or futurelimate or lanecover datgdsee

https.//www.worldclim.ord, Hijmans et al., 2005https://www.ecoclimate.ord ima-Ribero et al., 201h

Then,an appropriate algorithm relates occurrences to environmentgdBI&@LIM, Maxent, GARP, GAM,
13
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BRT, BIOMOD among many othergjsuisan & Thuiller, 2005Elith & Leathwick, 2009 Stiels& Schidelko,
2018. The output is a magmat showsareas of different suitability for the occurrence of the speRiesently,
avian niche models and their applications were extensively reviewed (Engler et al., 2017), bwilhkmgt
our focus tothe applications of SDMs in the study of past avgeographic distributiomlynamics, mainly
adaptations to late Quatery climatic changes.

By predictingpast species distributions, SDIsllfow to explore theesponses of speciesfastchanges in
climate and environmenteveal changes in the ecological niche over long time saabthgrovide answers to
evolutionaryand biogeographical hypotheg&dith & Leathwick, 2009Nogués-Bravo, 2009; Svenning et al.,
2011; Varela et al., 201Gavin et al., 2014)SDMs areoften integrated with molecular ecology to reconstruct
detailedphylogeographiand past populatiodynamicsof bird species contributing to taxonomic studies
(Kozma et al., 2016; Perktas et al., 202019;Lagerholm et al., 201 7ietze, 2018 Arcones éal., 202).

To reconstruct past distributionslimatic modelsof the past are needed, but those availdbiethe

Pleistocenare very few(https.//www.worldclim.org Hijmans et al., 2005ttps://www.ecoclimate.ord ima-

Ribeiro et al., 2016 The Last Glacial Maximuntlimatic layers(Varela et al., 201kare used in a number of
works that explore theGM dynamics of bird specief order to clarify refugial dynamicgest niche stability,
identify climate threats and effects to optimize current conservation effatisréon et al., 200Ruegg et al.,
2006;Huntley & Green, 2011; Huntley et al., 20Bsterson & Ammann, 2013mith et al., 2013Barrientos
et al., 2014Kozma et al., 2016; Lagerholm et al., ZDPerktas et al., 207 2019;Koparde et al., 201%Kiss
et al., 2020Ponti et al., 2020Arcones et al., 2021Sutton et al., 20D). However,only afew of themuse the
information provided by the fossil record to reinfqrealibrate or validate the LGM predictive modelSrith
et al., 2013l agerholm et al., 20% Ponti et al., 2020Arcones et al., 203land only two include the modelling
of LGM wintering grounds of AfrePalearctic migrantsRonti et al., 2020Arcones et al., 2021).
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2. Aims and research outlins

This work explores the ecologicasponses of bird species to past glaicitdrglacial transitionshrough
several approachesd atdifferent scalesintegraing qualitativefossil data withquantitativetechniques for
paleoecological studie§he knowledgeaboutresponse®f birds topastclimatic changes provides pivotal
insight to better understaimgj b i r relspodses to global warmiagdto adoptconservation strategidsr the
more endangered speciddis integrated approach at different scales prewidey useful data tdisentangle
the climate effects frongurrent and future anthropimpacs on bird population dynamics. Furthermore, it
improves the interpretition of fossil assemblagesn terms of paleoenvironmentaland paleoclimatic
significance

In the beginning | investigate thedynamicsof bird palecommunitiesin responséo climate shifts aa
local scaldrom four different Italiansites that host rich avian fossil assembldgesconstruct avian responses
to past late Quaternary climatdhanges The first paper (Manuscriptl, publishedin Palaeogeography,
PalaeoclimatologyRalaeoecologydeals withavianassemblagefrom Grotta del Cavallo, sell-knowncave
located in Southern Ita§Apulia), which was inhabited bieanderthals throughotite Mid-Late Pleistocene.
Thefossil rich sedimentary succession of Grotta del Caalliaws toexplore the avian biodiversity in this
refugial area angrovideshighly detailed paleoenvironmental andgnclimaticavianbasedreconstruction
of the landscape that was home to the Neanderthal hgatieerer groups during last interglaeigdcial
transitions Grotta del Cavallsuccessiomlso shows how bird assemblages i&dime thepaleoenvironmental
reconstructionpreviously provided by mammal assemblagal®ne. Finally when avian fossil data are
elaborated by means ofdination and rarefaction analysesethods thaare not commonly apgil to bird
assemblageghe resultsoutline the maindrivers of fossil accumulatiorand assesdliversity dynamicsin
relation to climatedriven paleoenvironmental changes during tiaciatinterglacial transitionswhile
highlighting the ptential of new multidisciplinary exchanges and applications in the analysegafossil
assemblages

The following papersManuscripts Il and Ill) focus on howiosedimentary proxies (herbjrds and
mammas), when jointly considered, complete eacheastand represent a powerful tool for reconstructing
depositional environments and their shifts within sedimentary succedsi@uslition to highlighting the value
of integrated avian and mammal analygdsnuscript 1l (published in Quaternary Internati) presents a
stateof-the-art review of aviarassemblagefsom two key sites that withessed the transition from Neahdért
and modern humans in Italy (e.g., Grotta di Fumarsorthern Italy and Grotta di Castelcivita Southern
Italy). Whereasvanuscript Ill(published irtheJournal of Quaternary Science), other than stressing the value
of integratedresearclon fossil assemblagdrom Grotta di Uluzzo C (Apulia, Italy)dentifiesa set of avian
species thatiremore effectivein reconstructingpaleoenvironmestand their dynamicthan othersThis is
because the responses to the climatic oscillatiorénly in terms of latitudinal and altitudinal range shifts,
are speciespecific and relatetb the ecologicatequirementof a species. In thisespect ManuscriptlV

(submitted to ScientifiReportsstatussecond eviewerreports receivedre ady f or e ¢, bringsr 6 s
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the analysis of the aviaesponses to past climatic changes at the continental sgpleiing the effects on
thedistribution of 6 bird species with different climatic requirementsraigtatorybehaviors Thishas been
achieved with the use &pecies Distribution Models ancettMIS 2 fossil occurrenced the selectedpecies

in order totest the relation between changes in range size and species climaticrmegsir@he results
suggest that ald-dwelling speciesexperienced more pronounced net changes in rangec@impared to
temperate speciemd that, consequentlihe thermal niche proves t® a key ecological traib explainthe
impact of climate change in species distributiolms conclusion, te cold dwelling species are the most
impacted by climatic changesnd thus their presence in the fossil recprdvides a very important
paleoclimaticand paleoenvironmentptoxy. The dynamics of the presence in Mediterranean Europe of these
cold-dwelling species, and in detail of boreal species, duringltdeal phaseof the Mid-Late Pleistocene,

are explored iManuscript (in preparation)In detail, the paper presents the current state of the art regarding
their fossil presencen Southern Europby checkingdocumentations in support of the taxonomic attrdng

in the literature often coming from old worksA reassessment of the relilitly of these dssil recordswill
provide a new and morelustframe of the largemagnitude southern range shifts experienced by these

speciesshowing thatheevidenceelated to thivehaviorare not as common as previously thought
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Mid -Late Pleistocene Neanderthal landscapes in southern Italy: Paleoecological contributions of the

avian assemblage from Grotta deCavallo, Apulia, southern Italy
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ABSTRACT

Keywords:
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Late Quaternary

We present a detailed paleoecologic analysis of avian assemblages from the Mousterian layers of the Middle
Paleolithic Grotta del Cavallo site in southern Italy. Findings improve knowledge of the landscape that was
exploited by Neanderthals. During the MIS 7, 6 and 3, the cave was surrounded by extensive grasslands and
shrublands, locally interspersed by open woodland and rocky outcrops, whereas the coastal plain (currently
underwater) hosted wetlands. Water bird taxa show an increase in population size during the cool-temperate
climatic interval attributed to MIS 3, possibly linked to more humid conditions or a shorter distance between
the wetland settings and the cave, compared to the previous glacial phase (MIS 6). In addition, coverage-based
rarefied richness suggests higher avian diversity during MIS 3, which may reflect greater landscape heterogeneity
due to the presence of wetland habitats. The tentative discovery of Branta leucopsis, together with several bird
species currently found at higher altitudes, reinforces geochemically-derived palaeoclimate inferences of cooler
than the present conditions. These assemblages also include the first fossil occurrence of Larus genei worldwide,
the first Italian occurrence of Emberiza calandra, the oldest Italian occurrence of Podiceps nigricollis, and the
occurrence of the rarely reported Sylvia cf. communis. Taphonomic analyses indicate that bone modifications are
mainly due to physical syn- and post-depositional processes, and that the assemblage mainly accumulated
through short-range physical transport and the feeding activities of nocturnal raptors.

1. Introduction

species and the ability to fly, which eases the spatial tracking of sub-
optimal ecological conditions (Michailidis et al., 2018), make the

Birds’ ecological needs are currently well known, thanks to hundreds
of years of ornithological observations. Most species have narrow
environmental and dietary requirements and a high degree of ecological
specialization. The avian fossil record shows that most of the extant bird
species originated approximately in the Early Pleistocene of Europe
(Mourer-Chauvire, 1993; Tyrberg, 1998, 2008; Finlayson, 2011; Bedetti
and Pavia, 2013). Molecular data partially support the inferences pro-
vided by the fossil record, suggesting also some rather young di-
vergences linked to glacial-interglacial dynamics in the Pleistocene and
others dating back to Pliocene or even Miocene (Voelker and Light,
2011; Drovetski et al., 2013; Pellegrino et al., 2017; Ghorbani et al.,
2020). These aspects, together with the evolutionary stability of bird

* Corresponding authors.

Pleistocene avian remains an excellent tool to reconstruct past ecolog-
ical scenarios and climate dynamics. Past avifaunal assemblages can
reveal the paleo-landscapes and ecological interactions (Eastham, 1997;
Gdl, 2006; Serjeantson, 2009; Bedetti and Pavia, 2013), as exhaustively
as mammal remains, and may compensate for each other’s weakness.
Furthermore, bird species turnover through time can be used to infer the
response of the terrestrial ecosystems to past climate-driven changes
(Tomek and Bochenski, 2005; Tomek et al., 2012; Prassack, 2014;
Carrera et al., 2018a; Prassack et al., 2018). For instance, during the late
Quaternary glacial periods, the Balkans, Iberia, Italian peninsula and
Transcaucasia became refugial areas, as the northern latitudes became
unsuitable for the survival of Palearctic species (Tyrberg, 1991; Sanchez
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Marco, 2004; Pellegrino et al., 2014; Drovetski et al., 2018; Rakovi¢
et al., 2019). Lastly, fossil birds from archaeological sites could also
provide insights on subsistence strategies and technological skills of
archaic human populations and detail the characteristics of the land-
scape that they exploited (Blasco and Peresani, 2016). Despite the great
potential of this field, paleornithology is quite neglected, probably
because of the paucity of paleobiologists specialised in the identification
of bird bones and due to the limited diffusion of bird skeletal reference
collections.

We present here a paleoecologic analysis of the avian fossil assem-
blage coming from the Pleistocene Mousterian layers of Grotta del
Cavallo (Southern Italy, Nardo, Fig. 1a). This archaeological site rep-
resents, with its thick sedimentary succession, a reference for Mouste-
rian lithic industries of Southern Italy and one of the most important
Italian Paleolithic sites (Sarti et al., 1998, 2002, 2017; Benazzi et al.,
2011; Romagnoli et al., 2015; Fabbri et al., 2016; Martini, 2016; Martini
and Sarti, 2017; Moroni et al., 2018; Zanchetta et al., 2018; Sarti and
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Martini, 2020a; Zanchetta et al., 2020). The sedimentary succession of
Grotta del Cavallo covers a wide time span, from Marine Isotope Stage
(MIS) 7 to 1 (Holocene), (Sarti and Martini, 2020a). Except for a small
fossil assemblage from the Uluzzian layers (i.e., MIS 3; Pavia, 2000), the
bird remains from Grotta del Cavallo have never been studied in detail
(the Mousterian fossil birds have only preliminarily been described in
Carrera, 2020). The investigation of the avian assemblages coming from
the Apulia region during glacial-interglacial cycles, results pivotal also
from a paleobiogeographic perspective to elucidate the processes that
led to the current avifaunal distribution and current genetic diversity
(Boano et al., 2015; Newton, 2003; Pellegrino et al., 2014, 2015a,
2015b, 2017; Tietze, 2018).

In sum, this work aims to add new evidence of the effects of the
Pleistocene interglacial-glacial transitions on the Apulia environmental
scenario based on the data provided by avian remains from Grotta del
Cavallo. It will also detail the main habitat types available to Nean-
derthal hunter-gatherer groups in the surroundings of the cave and in
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Fig. 1. A. Geographic position of the cave, indicated by the black star; B. The Uluzzo bay and Grotta del Cavallo site, indicated by the red arrow (photo by Sarti and
Martini, 2020). C. Grotta del Cavallo stratigraphic sequence. In black, on the left, are indicated the Mousterian units which are object of this paper, whereas on the
right is reported the age of the tephra layers. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of
this article.)
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the Salento area and explore the dynamics of the avian biodiversity in
this area that acted as a refugial during glacial periods.

2. Grotta del Cavallo

Grotta del Cavallo (40° 9’ 18.85” N, 17° 57’ 37.27" E) is a karstic cave
which opens at approximately 15 m asl on the coastal rocky cliff of the
Bay of Uluzzo, near the town of Nardo (Lecce province, Apulia), facing
the Ionian Sea (Fig. 1a, b). The cave is a single roughly circular chamber,
approximately 9 m in diameter. Above the cave extends a wide undu-
lating limestone plateau that does not exceed 60 m asl, which is retained
to represent one of the Neanderthal hunting areas. However, during the
last glacial phases, the drop in the sea level allowed the subaerial
exposure of great part of the Italian continental shelf (Benjamin et al.,
2017), and the present-day shallow marine setting of Italian continental
shelf turned into wide coastal plains (Vai and Cantelli, 2004; Azzarone
et al., 2020).

The first archaeological excavations in the cave took place during the
1960s under the direction of Arturo Palma di Cesnola. In 1986, the cave
was subjected to new excavations under the direction of Lucia Sarti
(Siena University) with the collaboration of the Florence University
(Italy). The Middle Paleolithic deposits were excavated in the following
years on a surface area of approximately 12 m? (Sarti et al., 1998-2000,
2002, 2017). The thick sedimentary succession (Fig. 1¢) lies on two
beach deposits: the layer R, the most ancient beach, and the layer O, the
latest one, separated by the layer Q (a terrestrial deposit with scattered
archaeological material). The layer P is mainly composed by boulders.
The beach deposits, previously attributed to MIS 5e, are currently
referred to MIS 7 after a chronological revision of the lower portion of
the stratigraphic succession (Sala and Berto, 2020). Above the beach
deposit O, the sequence is composed by four chrono-cultural units: the
Mousterian (layers N-F) here examined; the Uluzzian (layers E-D); the
Final Upper Paleolithic and Mesolithic (layer B); and the Neolithic (layer
A). In the 4 m thick Mousterian sequence (layers N to F) (Fig. 1¢) mul-
tiple sub-units (horizons) have been distinguished, with hearths and
local concentrations of faunal remains and anthropic artifacts on flint,
limestone, and shells (Romagnoli et al., 2015; Sarti et al., 2017; Sarti,
2020; Sarti and Martini, 2020b). All N-F layers contain more or less
abundant archaeological material, except for the tephra layer G
(Vig. 1c), which has been recently dated to 108.7 + 0.9 kyr B.P. and is
separated from the layer F by an erosion phase. Indeed, layer F is
referred to MIS 3 (57-29 kyr B.P.), as suggested by the recent dating of
tephra level Fa (located at the top of the studied succession) and by
previous radiocarbon datings (Fabbri et al., 2016; Zanchetta et al., 2018;
Sarti and Martini, 2020a; Zanchetta et al., 2020). Thus, layer F repre-
sents a key stratigraphic unit as it records the upper boundary of
Neanderthal occupation of Grotta del Cavallo (Sarti et al., 1998-2000)
and approximates Neanderthal-sapiens turnover in southern Europe
(Benazzi et al., 2011; Higham et al., 2014; Staubwasser et al., 2018). The
layers N and M are attributed, on the basis of a recent chronological
revision, to MIS 7 (291-193 kyr B.P.), whereas the layers L-Ilc are
referred to MIS 6 (191-130 kyr B.P.) (Sala and Berto, 2020).

The mammal remains and the pollen sequence of the Middle Paleo-
lithic sequence provided some hints about the environmental and cli-
matic framework that characterized the surroundings of the cave at the
time of the Neanderthal occupation. Macromammal remains, whose
presence in the cave is mainly due to Neanderthal hunting activity,
testify to periodic reductions and expansions of the woodland cover
likely related to moisture and temperature oscillations (Palma di Ces-
nola, 1966; Sarti et al., 1998-2000, 2002; Boscato et al., 2013; Sala and
Berto, 2020). The pollen sequence, that reports the prevalence of her-
baceous taxa, reveals the presence of a steppe landscape with a variable
wood cover. The trees are represented by conifers and by some meso-
philous taxa (Ricciardi, 2005). The micromammal assemblages from the
Mousterian sequence, due to the activity of nocturnal raptors in the
cave, revealed a scarce species biodiversity and points to the
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predominance of open environments in the whole sequence (Dalla Valle,
2008; Petruso et al., 2011; Berto, 2020).

3. Material and methods

The avian bone material consists of 1050 remains coming from the
Mousterian layers (F, H, I, L, M, N) plus layer Q (Sarti excavations,
1986-2005). These bones have been collected after sediment wet
sieving (mesh size: 1-1.5 mm). Each specimen was given a provisional
catalogue code, formed by a progressive number preceded by the letter
“C” that refers to “Cavallo”, the name of the cave. The bones have been
analysed on both taphonomical (Table 1) and taxonomical perspectives
(Table 2). The bone material object of the present study is housed at the
Dipartimento di Scienze storiche e dei Beni culturali of the University of
Siena.

The taxonomic identification of the remains relied on specimens
from several bird skeletal collections, that are listed in the Supplemen-
tary Material (SM-Modern osteological comparative collections). For
taxonomic identifications, we also used handbooks devoted to the

osteology of several bird families or orders.

Table 1

For osteological

Taphonomic variables identified, their main characteristics (Bochenski and

Tomek, 1997; Fernandez-Jalvo and Andrews, 2016), and the damage states used

to score avian bones from the Mousterian layers of Grotta del Cavallo.

‘Taphonomic primer

Variable Evaluation of State
Fi Bone b ge related to syn- and 0 = whole; 1 broken
post-depostional physical processes
Concretions Precipitation of carbonates on the 0 — absent-low; 1
(CaCO3) bone surface from percolating moderate to coated

Exfoliation

Cracking

Manganese

Root etching

Trampling

Carnivore bites

Rodent gnawing

Digestion marks

Cut-marks

Combustion

waters

Flaking of the bone during
subaereal exposure related to
weathering agents (e.g., sun, wind,
temperature)

Fracture of the surface of the bones
during subaereal exposure, mainly
related to differential temperature
and humidity

Black staining of bones related to
manganese precipitation from
percolating water

Linear, branching marks with U-
shaped cross-section and conical
perforations related to roots of
plants impinging on the bone
surface

Surficial, irregular linear traces
with V-shaped cross section
naturally produced (i.e.,
sedimentary abrasion)

Pits, punctures, and grooves (with
U-shaped cross-section) produced
by carnivores during feeding
Parallel groove marks produced by
the incisors of a rodent that chew
the bones to gain bone mineral,
wear their teeth or eat flesh
residues

Surface corrosion due digestive
enzymes, that can be produced by
carnivores (diffuse on bone surface)
or raptors (often localized on the
epiphyses)

Linear marks, with V-shaped cross-
section, produced by stone tools
and due to anthropic activity
Fire-related modification on bones:
shrinkage, cracking and heat-
derived colors (e.g., brown, black,
or white)

0 = pristine-rare; 1
moderate to high

0 = absent-low; 1
moderate to widespread

0 — absent-low; 1
moderate to coated

0 = not visible-low; 1
moderate to advanced
stage

0 = absent-low; 1
moderate to widespread

0 = absent; 1 moderate
to widespread

0 = absent; 1 moderate
to widespread

0 = absent; 1 moderate
to widespread

0 — absent; 1 moderate
to widespread

0 = absent-low; 1
moderate with
secondary color/pattern
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Table 2

Bird taxa identified in the Middle Paleolithic layers of Grotta del Cavallo. The numbers indicate, for each taxon, the NISP at the numerator and the MNI at the de-
nominator. The habitat category has also been reported for each taxon: O (open), R (rocky), Wa (water/wetland), Wo (woodland), and NA (not assigned, i.e., those taxa
that are not considered “environmental markers™ due to their ecologic characteristics or because of their open nomenclature).

Order/Family Species Habitat F H 1 L M N Q Total
Galliformes/Phasianidae Coturnix coturnix o] 6/3 2/1 8/4
Alectoris graeca R 2/2 1/1 3/3
Alectoris sp. [¢] 6/4 11 11 11 8/7 11 18/15
Perdix perdix o] 1/1 8/4 3/3 12/8
Unidentified NA 5/4 1/1 1/1 17/6 11 25/13
Anseriformes/Anatidae cf. Branta leucopsis Wa 1/1 11
Anser albifrons/erythropus Wa 2/2 2/2
cf. Aythya nyroca Wa 1/1 1/1
Aythya fuligula Wa 171 1/1
Spatula querquedula Wa 1/1 1/1
Spatula querquedula/Anas crecca Wa 11 1/1
Mareca strepera/penelope Wa 11 11 2/2
Anas crecca Wa 2/2 2/2
Unidentified Wa 13/5 6/6 1/1 1/1 21/13
Podicipediformes/Podicipedidae Podiceps cristatus Wa 11 11 2/2
Podiceps nigricollis Wa 11 1/1
Columbiformes/Columbidae Columba livia R 1/1 3/3 4/4
Columba livia/oenas NA 372 2/2 11/7 4/4 11 21/16
Columba livia/palumbus NA 1/1 1721
Columba sp. NA 2/2 2/2
Streptopelia turtur Wo 2/1 2/1
Caprimulgiformes/Apodidae Tachymarptis melba R 171 1/1
Apus apus R 171 1/1
Gruiformes/Rallidae Fulica atra Wa 11 1/1
Unidentified NA 1/1 1/1
Otidiformes/Otididae Tetrax tetrax 0 5/2 2/2 11 8/5
Pel iformes/Threskiornithid Plegadis falcinellus Wa 171 1/1
Charadriiformes/Charadriidae Pluvialis squatarola Wa 1/1 1/1
Pluvialis squatarola/apricaria Wa 11 2/2 3/3
Eudromias morinellus o 11 11
Charadriiformes, 1 idae Ni sp. Wa 171 171
Unidentified NA 11 171
Charadriiformes/Laridae Larus genei Wa 171 1/1
Unidentified Wa 1/1 1/1
Strigiformes/Strigidae Athene noctua o 9/4 171 6/5 3/2 19/12
Otus scops Wo 1/1 1/1
Asio otus/flammeus NA 11 11
Strix aluco Wo 1/1 1/1
Bubo scandiacus/bubo NA 1/1 1/1
Bubo bubo R 11 11
Unidentified NA 4/4 2/1 11 2/2 11 10/9
Accipitriformes/Accipitridae Aquila chrysaetos R 11 11
Circus aeruginosus Wa 2/1 2/1
Buteo lagopus/buteo NA 1/1 1/1
Falconiformes/Falconidae Falco naumanni/vespertinus NA 1/1 1/1
Falco tinnunculus o 2/1 2/2 4/3
Falco sp. NA 10/4 1/1 4/3 6/5 1/1 22/14
Passeriformes/Corvidae Pyrrhocorax pyrrhocorax R 1/1 7/4 3/3 11/8
Pyrrhocorax pyrrhocorax/graculus R 2/2 1/1 3/3
Pyrrhocorax graculus/Corvus monedula NA 1/1 1/1
Pica pica Wo 171 2/2 171 4/4
Corvus monedula NA 1/1 11
Corvus frugilegus/corone NA 2/2 2/2 4/3 8/7
Corvus corax R 3/3 1/1 1/1 2/1 7/6
Unidentified NA 12/5 13/5 11/2 33/12 11/9 80/33
Passeriformes/Alaudidae Alaudala rufescens/Calandrella brachydactyla (0] 2/2 2/2
Melanocorypha calandra o 1/1 i 2/2
Melanocorypha calandra/Galerida cristata ] 1/1 1/1 2/2
Galerida theklae/cristata (&) 1/1 11
Unidentified o 2/2 3/3 5/5
Passeriformes/Hirundinidae Unidentified NA 7/5 11 8/6
Passeriformes/Sylvidae Sylvia cf. communis ¢] 2/1 21
(continued on next page)
4
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Table 2 (continued)
Order/Family Species Habitat F H 1 L M N Q Total
Passeriformes/Sturnidae Sturnus vulgaris/unicolor NA 1/1 16/13 17/14
Unidentified NA 11 1/1
Passeriformes/Turdidae cf. Turdus viscivorus Wo 1/1 1/1 2/2
Turdus sp. NA 1/1 2/2 3/3
Passeriformes/Muscicapidae QOenanthe sp. [¢] 1/1 1/1
Passeriformes/Fringillidae Unidentified NA 1/1 1/1
Passeriformes/Emberizidae Emberiza calandra o 3/2 3/2
Passeriformes Unidentified (NISP) NA 138 5 26 27 204 19 7 426
Unidentified Unidentified (NISP) NA 88 2 25 22 74 24 6 241
Total Aves (NISP) 337 12 82 70 453 79 17 1050

terminology, we used as reference Baumel and Witmer, 1993, whereas
for systematics we followed Del Hoyo et al. (2014, 2016). Number of
Identified Specimens (NISP) has been calculated for each taxon and
layer, whereas Minimal Number of Individuals (MNI, see Howard, 1930;
Lyman, 1994, 2008) has been calculated for each taxon (from the species
to the family level) in each layer, as reported in Table 2. Taxonomic
characterizations at the species level (grouped by family) are reported in
the Supplementary Material (SM-Diagnostic features and taxonomic
inferences).

As for environmental reconstructions, most of the species identified
were assigned to one of the following four environmental macro-
categories, based on their environmental requirement: open (O), rocky
(R), water/wet (Wa), and woodland (Wo) habitats (Table 2). Open
habitats include a variety of treeless landscapes such as grasslands,
shrublands, and steppe. Rocky habitats are characterized by the pres-
ence of rocky cliffs, crags, or exposures. Water/wet environments
include wetlands, wet meadows, rivers, lakes and coastal marine set-
tings, whereas woodland is defined by evergreen or deciduous forests
and also open woodlands. Finally, for taxa in open nomenclature and
those species having a eurytopic distribution (Cramp, 1998), environ-
mental labels were not assigned (NA in Table 2). Those layers containing
the remains of at least eight species considered as “environmental
markers”, have been considered representative from a paleoenvir-
onmental point of view, allowing us to define the changes in the land-
scape across the studied interval of the sedimentary sequence (Tomek
and Bochenski, 2005; Tomek et al., 2012; Carrera et al., 2018a; Izvarin
et al., 2020).

Single sample rarefaction analysis on species level taxa recovered in
the studied succession was conducted on investigated layers to evaluate
any change in standardized diversity of avian assemblages to comple-
ment paleoenvironmental inferences. The sampled layers vary sub-
stantially in terms of the MNI per sample (Table S1), so rarefaction was
employed to correct for the unbalanced sampling structure. Rarefaction
strategies include a series of methods commonly used in paleontology
for different purposes (e.g., Scarponi and Kowalewski, 2007; Randle and
Sansom, 2019). Here iNEXT R-package was employed for rarefaction
specimens and coverage-based analyses (see Hsich et al., 2016 and
references therein for further information).

Lastly, the taphonomic analysis to evaluate degradation patterns and
infer dominant processes of sample accumulation within studied sedi-
mentary units, was achieved by examining all avian remains recovered
using a 30x magnifying glass, in raking or reflected artificial light, and
detected marks have been additionally observed with a 0.75-70x Leica
S6D Green Ough stereomicroscope. Remains from each paleosurface
were merged and analysed at sub-unit scale (Sarti and Martini, 2020b),
only sub-units that reported more than 10 bones were considered for the
analysis. A total of 16 sub-units yielded sufficient material for tapho-
nomic investigations (Table S3a, S3b). For each remain, twelve variables
were recorded and scored following the protocol defined in Table 1.
Pictures of the main categories of taphonomic damages retrieved in the
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bird assemblage from Grotta del Cavallo are provided in Fig. S1. Frag-
ments/bones varied in dimension from 3 mm to 58 mm. The prevalence
of each taphonomic modification has been calculated for each sub-unit.
The pairwise distances between samples were based on multivariate
Euclidean distances using log-transformed relative abundances of
selected variables (Table S3b). Then, for sub-units yielding >18 items,
non-metric multidimensional scaling (NMDS) was employed to visualize
relative similarities of all samples in terms of their taphonomic signa-
tures (see Scarponi et al., 2017 and references therein for detailed in-
formation on the ordination technique).

4. Results
4.1. Taxonomy, paleoenvironmental and diversity inferences

The taxonomic analysis allowed the identification of 77% (n = 809)
of the bird bones, represented by 70 taxa and 35 identified species
(Table 2). 48 taxa have been considered environmental key-species and
have been used to infer changes in the landscape across the Mousterian
sequence (Fig. 3).

As for compositional diversity, rarefaction analyses standardized by
sample-size and coverage-based (Hsich et al., 2016) were conducted on
layers F, I, N and M. Sample-size rarefaction considering specimen
abundance (see Table S2) returned a substantial homogeneity with
strong overlaps of rarefied richness values among layers (even if layer F
tended to show higher standardized richness; Fig. 2; Table $2). Whereas,
when sample richness is standardized to the same sample coverage (i.e.,
estimated degree of sample completeness with respect to the expected
species richness of the sampled assemblage), layer F at standardized
cover of 70% shows the highest and significantly different values of all
three analysed descriptors of diversity (i.e., species richness, Shannon
and Simpson index; lig. 2, Table S2).

The bird species identified in this work all belong to the extant Italian
avifauna (Brichetti and Fracasso, 2015). Some taxonomic, environ-
mental, and paleobiogeographic remarks of the identified species, pre-
sented by families, are reported here, whereas some of the bones
identified at the species level are represented in Figure 4 and Figure 5.
Further details on the osteological features that support the taxonomic
identifications are described in the Supplementary Material (SM-Diag-
nostic features and taxonomic inferences).

4.1.1. Galliformes — Phasianidae

Eight bone remains have been attributed to Coturnix coturnix. This
migratory species prefers wide open spaces with low vegetation up to
1000 m (Cramp, 1998). Three bones have been identified as Alectoris
graeca, a sedentary species that lives in dry, rocky mountains between
the treeline and snowline (Cramp, 1998). Twelve bones have been
assigned to Perdix perdix, a sedentary species living in grasslands and
shrublands (Cramp, 1998). C. coturnix, A. graeca and P. perdix are known
in the fossil record since the Early Pleistocene (Tyrberg, 1998, 2008;
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Ninez-Lahuerta et al., 2016). 4.1.5. Caprimulgiformes — Apodidae
One right coracoid has been referred to Tachymarptis melba and one
4.1.2. Anseriformes — Anatidae right tarsometatarsus has been identified as Apus apus. Both species are
One proximal left ulna is dubitatively referred to Branta leucopsis. migrant, strongly aerial, and linked to nest sites in cliffs and crags
B. leucopsis is a cold-adapted migratory species spread in the northern (Cramp, 1998). Both species are also known in the fossil record since the

latitudes and breeding mainly in the arctic regions (Cramp, 1998). Itis a Middle Pleistocene (Boev, 1998, 2001; Tyrberg, 1998, 2008).
rare migratory and wintering species in Italy, mostly observed in
Northern and Central Italy (Brichetti and Fracasso, 2003). During 4.1.6. Gruiformes — Rallidae

winter, it frequents coastal lowlands and floodlands and wet meadows One right quadratum is referred to Fulica atra, a partly migratory
(Cramp, 1998). One distal right carpometacarpus has been dubitatively species living in standing waters like lakes, lagoons, and wetlands
assigned to Aythya nyroca, a migratory species which lives in shallow or (Cramp, 1998). F. atra is known in the fossil record since the Early

coastal water and large lagoons (Cramp, 1998). Another distal right Pleistocene (Tyrberg, 1998, 2008).

carpometacarpus has been referred to Aythya fuligula, which is a

migratory species living in open and often deep fresh waters or coastal 4.1.7. Otidiformes - Otididae

sheltered areas (Cramp, 1998). One distal left humerus has been Eight remains have been assigned to Tetrax tetrax, a species that
attributed to Spatula querquedula, a migratory species that lives in prefers steppe grasslands and scrublands, and is migratory in the eastern
shallow standing freshwaters (Cramp, 1998). Two remains have been part of its range (Cramp, 1998). T. tetrax is reported in the fossil record
identified as Anas crecca, a migrant that frequents wetlands and lakes since the Early Pleistocene (Tyrberg, 1998, 2008; Bedetti and Pavia,
(Cramp, 1998). B. leucopsis is known since the Middle Pleistocene, 2013).

whereas A. nyroca, A. fuligula, S. querquedula and A. crecca are known in

the fossil record since the Early Pleistocene (Tyrberg, 1998, 2008; Pavia 4.1.8. Pelecaniformes — Threskiornithidae

et al., 2018). One proximal radius has been identified as Plegadis falcinellus, a
migratory species that lives in shallow water environments in lakes or
4.1.3. Podicipediformes — Podicipedidae lagoons (Cramp, 1998). P. falcinellus is reported in the fossil record since

Two remains have been identified as Podiceps cristatus. This partly the Middle Pleistocene (Tyrberg, 1998, 2008), with one older Upper
migratory species prefers cold standing fresh or brackish waters on Pliocene record (Sianchez Marco, 2005). The oldest Italian occurrence of
deltas and tidal channels or lagoons (Cramp, 1998). One proximal right this species is from the Middle Pleistocene deposits of Casal Selce (Pavia
tarsometatarsus has been ascribed to P. nigricollis, a small migratory et al., 2018).
grebe that frequents shallow productive waters during breeding and

shifts to open standing waters or sheltered estuaries in other periods 4.1.9. Charadriiformes — Charadriidae
(Cramp, 1998). P. cristatus is known in the fossil record since the Early One distal left tibiotarsus has been attributed to Pluvialis squatarola, a
Pleistocene. P. nigricollis fossil records are mostly of Late Pleistocene age, migratory species breeding in the lowland tundra of the high Arctic and

with only one Upper Pliocene record (Tyrberg, 1998, 2008; Sianchez frequenting, outside the breeding season, mudflats, pools, or grassy
Marco, 2005). In Italy, it has been previously identified only in 3 Late fields (Cramp, 1998). One right coracoid has been identified as Eudro-

Pleistocene (late glacial) deposits (Tyrberg, 2008; Gala and Tagliacozzo, mias morinellus, a migratory species breeding in the arctic tundra and
2010; Gala et al., 2018), and therefore the fossil remain from Grotta del alpine zones, below snowline, favouring bare ground treeless areas or
Cavallo (layer F) stands out as the oldest Italian fossil occurrence of this heathland during migration and steppe and semi-desert areas in winter
species, testifying its presence in Italy at least since MIS 3. (Cramp, 1998). P. squatarola is known in the fossil record since the

Middle Pleistocene (Tyrberg, 1998, 2008), whereas E. morinellus is re-
4.1.4. Columbiformes — Columbidae ported since the Early Pleistocene (Tyrberg, 1998, 2008).

Four remains have been ascribed to Columba livia. The natural
habitat of this sedentary species is linked to nest-sites on rock faces 4.1.10. Charadriiformes — Laridae

(Cramp, 1998). Two humeri have been assigned to Streptopelia turtur, a One distal right ulna has been attributed to Larus genei, a migratory
migratory species living in borders of woodland or wetland, open colonial species breeding along sheltered coasts or in meadows and
woodland and heaths with clumps of trees (Cramp, 1998). C. livia is frequenting coastal and marine areas outside the breeding season
known in the fossil record since the Early Pleistocene, whereas S. turtur (Cramp, 1998). This fossil remain, which comes from layer F of the
is reported since the Middle Pleistocene (Tyrberg, 1998, 2008). Grotta del Cavallo, is remarkably interesting from a paleontological
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Fig. 2. Specimen (left) and coverage-based (right) rarefaction/extrapolation curves of diversity based on species richness (q = 0). Dashed lines represent extrap-
olation of species diversity until the double of the sample size, shaded bands represent 95% confidence intervals (see also Table S2) for estimates derived by Simpson
and Shannon indexes. Abbreviation MNI: Minimum Number of Individuals.
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Fig. 4. Fossil birds from Grotta del Cavallo. A: Alectoris graeca distal left tibiotarsus (C398), cranial view; B: Perdix perdix proximal left humerus (C432), caudal view;
C: cf. Branta leucopsis proximal left ulna (C59), ventral view; D: Aythya fuligula distal right carpometacarpus (C1042), dorsal view; E: Podiceps cristatus distal right
tibiotarsus (C447), cranial view; F: Podiceps nigricollis proximal right tarsometatarsus (C1091), dorsal view; G: Streptopelia turtur distal right humerus (C874), cranial
view; H: Tachymarptis melba right coracoid (C648), dorsal view; I: Apus apus right tarsometatarsus (C1093), dorsal view; J: Fulica atra right quadratum (C1050),
dorsal view; K: Tetrax tetrax distal right humerus (C96), cranial view; L: Plegadis falcinellus proximal right radius (C439), caudal view; M: Pluvialis squatarola distal left
tibiotarsus (C213), cranial view; N: Eudromias morinellus right coracoid (C499), dorsal view; O: Larus genei distal right ulna (C999), ventral view. Scale bars: 1 em.

perspective, since Larus genei has never been reported as a fossil in any
other known deposit. Therefore, this ulna represents the first fossil
occurrence ever of this species (Mlikovsky, 2002; Tyrberg, 1998, 2008),
confirming the presence of this species in the Mediterranean basin at
least since the Late Pleistocene.

4.1.11. Strigiformes — Strigidae

Nineteen bone remains have been assigned to Athene noctua. This
sedentary species needs open hunting ground, hunting perches, and nest
holes (mainly in trees or walls) (Cramp, 1998). A portion of the rostrum
mandibulae is referred to Strix aluco, a sedentary species living in de-
ciduous or conifer woodlands that nests in holes in trees and cliffs
(Cramp, 1998). One distal left radius has been referred to Otus scops, a
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migratory nocturnal species that lives in broad leaved and mixed open
woodland and nests in holes in trees or walls (Cramp, 1998; Treggia
et al., 2013). One proximal left tarsometatarsus has been referred to
Bubo bubo, a sedentary species that hunts in open woodland and nests in
hollow trees, cliff-ledges, or caves (Cramp, 1998). A. noctua, O. scops,
and S. aluco are reported in the European fossil record since the Early
Pleistocene (Tyrberg, 1998, 2008; Bedetti and Pavia, 2013), whereas
B. bubo, after a recent revision of its earliest fossil remains, is definitively
reported in the fossil record since the Middle Pleistocene (Meijer et al.,
2017), and not from the Early Pleistocene as previously thought (Tyr
berg, 1998, 2008).




L. Carrera et al.

Pal logy 567 (2021) 110256

Fig. 5. Fossil birds from Grotta del Cavallo. A: Athene noctua proximal right tarsometatarsus (C370), dorsal view; B: Otus scops distal left radius (C1124), caudal view;
C: Strix aluco distal mandibula (C220), dorsal view; D: Bubo bubo proximal left tarsometatarsus (C1), dorsal view; E: Aquila chrysaetos left fourth phalanx of the digit
1V (C758), lateral view; F: Circus aeruginosus distal right tibiotarsus (C119), cranial view; G: Pyrrhocorax pyrrhocorax distal left tarsometatarsus (C63), plantar view; H:
Pica pica proximal right coracoid (C452), lateral view; I: Corvus corax ungual phalanx (C714), lateral view; J: Melanocorypha calandra maxilla (C245), dorsal view; K:
Sylvia cf. communis left humerus (C774), caudal view; L: Emberiza calandra distal mandibula (C287), dorsal view. Scale bars: 1 cm.

4.1.12. Accipitriformes — Accipitridae

One left fourth phalanx of digit IV has been attributed to Aquila
chrysaetos, which lives in montane areas with rock walls and mountain
meadows, respectively used to nest and as hunting grounds (Cramp,
1998). Two remains have been attributed to Circus aeruginosus, a partly
migratory species that prefers shallow standing fresh or brackish waters
fringed by reeds during the breeding season and grassy plains in the
winter (Cramp, 1998). A. chrysaetos is known since the Early Pleisto-
cene, whereas C. aeruginosus is recorded since the Middle Pleistocene
(Tyrberg, 1998, 2008).

4.1.13. Falconiformes — Falconidae

Four remains have been assigned to Falco tinnunculus. The os meta-
carpale majus of a carpometacarpus is filled by medullary bone, indi-
cating that the species bred in the cave or very close to it (Serjeantson,
2009). This partly migratory species lives in a variety of moorlands,
grasslands, and wetlands with open vegetation and nests on trees, rocks,
or artifacts (Cramp, 1998). F. tinnunculus is known in the fossil record
since the Early Pleistocene (Tyrberg, 1998, 2008).

4.1.14. Passeriformes — Corvidae

Eleven remains have been referred to Pyrrhocorax pyrrhocorax. One
tarsometatarsus of P. pyrrhocorax belongs to a juvenile individual,
testifying to this species breeding near the cave. This sedentary species
nests in crevices of coastal cliffs, inland crags, or montane regions in
midlatitudes and uses grasslands for feeding (Cramp, 1998). Four re-
mains have been assigned to Pica pica, a sedentary bird which lives in a
wide variety of habitats, such as open or lightly wooded areas (Cramp,
1998). Corvus monedula is present in this avian assemblage with one
proximal right carpometacarpus. This partly migratory species is highly
sinantropic, lives in open areas with grasslands and scattered wood-
lands, and nests in holes in trees, cliffs, or buildings (Cramp, 1998).
Corvus corax is represented by seven ungual phalanxes. This sedentary
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species nests in cliffs, walls, or high up in trees near open areas that it
uses to feed (Cramp, 1998). P. pyrrhocorax, P. pica, and C. corax are
known in the fossil record since the Early Pleistocene (Tyrberg, 1998,
2008). C. monedula is known since the Early Pleistocene (Tyrberg, 1998,
2008), with only one Upper Pliocene record (Sdnchez Marco, 2005).

4.1.15. Passeriformes — Alaudidae

Two bill fragments have been identified as Melanocorypha calandra, a
migratory bird living in steppe grassland (Cramp, 1998). M. calandra is
known since the Early Pleistocene (Tyrberg, 1998, 2008; Bedetti and
Pavia, 2013).

4.1.16. Passeriformes — Sylviidae

One right and one left juvenile humeri have dubitatively been
referred to Sylvia communis. This migratory species lives in grasslands
with low shrubs, preferring dry and sunny terrain, or in open woodland
glades and edges (Cramp, 1998). S. communis is known in the fossil re-
cord since the Middle Pleistocene with two dubitative identifications
(Sylvia cf. communis) from the Early Pleistocene deposits of Betfia
(Romania) and Pirro Nord (Italy). The two humeri reported from Grotta
del Cavallo (layer I) could represent, if the identification will be
confirmed, the second Italian fossil occurrence of this species, as no
other fossil remain of this species has been reported in Italy except for
Pirro Nord (Tyrberg, 1998, 2008; Mlikovsky, 2002; Bedetti and Pavia,
2013).

4.1.17. Passeriformes — Turdidae

Two bone remains have been dubitatively referred to Turdus visci-
vorus, a partly migratory species that lives in open woodlands and nests
on stout branches of trees or ledges in cliffs (Cramp, 1998). T. viscivorus
is known since the Early Pleistocene (Tyrberg, 1998, 2008).
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4.1.18. Passeriformes — Emberizidae

Three remains, a maxilla and two mandibulae have been attributed
to Emberiza calandra, a partly migratory species living in fully open areas
(Cramp, 1998). This species is known in the fossil record since the Late
Pleistocene (Tyrberg, 1998, 2008). In the deposits of the Early Pleisto-
cene site of Betfia, this species has been identified in a dubitative form
(cf. E. calandra) (Kessler, 2014). The Emberiza calandra fossil occur-
rences from Grotta del Cavallo (layer M) represent the first Italian fossil
occurrence of this species, witnessing its presence in Italy since at least
MIS 7.

4.2. Taphonomic inferences

Considering the whole dataset, fragmentation and manganese diox-
ide staining were the most abundant and widespread taphonomic fea-
tures recovered in all examined sub-units (mean = 0.75, s = 0.13; and =
0.66, = 0.19 respectively). Concretions and root marks were also
widespread but attained lower and highly variable values between
examined layers (mean = 0.39, s = 0.26; and = 0.28; = 0.22 respec-
tively; see Table S3b for details). Other natural modifications (e.g,
weathering or trampling), as well as carnivore bite marks and traces of
digestion by nocturnal raptors (here considered jointly) are poor (mean
< 0.06 in all cases, Table S3b). Evidence of anthropic modifications
produced by human activity (i.e., cut-marks and combustion-derived
traces, considered jointly) is also scarce (mean < 0.02, s = 0.04).

When the taphonomic variables are ordinated by means of NMDS
(only sub-unit with n > 18 fossils considered), axis 1 is correlated with
overall taphonomic damage. With nearly all samples showing average-
low taphonomic degradation (mean damage <28%; Table S3b) attain-
ing negative NMDS1 values, whereas NMDS1 positive values essentially
record samples with overall median to high taphonomic degradation
(Fig. 6, Table $3b). In addition, post-depositional degradation associated
with differential carbonate rich groundwater percolating through the
sedimentary succession (i.e. concretions) and, to a certain extent,
vegetation cover (root etching), are also associated with NMDS1. As for
NMDS2, it seems to reflect a proxy of postmortem taphonomic modifi-
cations mainly associated with differential redox conditions of ground-
water percolating through the sedimentary succession (i.e., manganese
staining).
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At the unit level, samples from N show a consistently high degra-
dation in all the sub-units considered (i.e., closely spaced along NMDS1,
Fig. 6), with concretions and root etching representing important
sources of taphonomic damage. Along the same line, sub-units F and I
show a relatively homogenous overall degradation within the analysed
sub-units (Fig. 6). On the contrary, layer M (and to a certain extent L)
show a high variation in overall taphonomic degradation among sub-
units (i.e., more spaced apart along NMDS1), suggesting a changing
environmental setting and supporting the presence of important
erosional surfaces (Sarti, 2020; Sarti and Martini, 2020b).

5. Discussion
5.1. Taphonomic processes and fossil accumulation dynamics

Scoring and ordination of the main taphonomic variables considered
(Table 1, S3b) indicate physical related processes as the main driver of
taphonomic degradation observed in the analysed dataset. Specifically,
fragmentation, manganese oxides, root marks, and concretions are the
most important and widespread variables here scored (see Table S3b).
All N and M sub-units (especially N2 and M4) show close association
with intense fragmentation in the ordination space (Fig. 6). Fragmen-
tation is mainly associated with sin- or post-depositional processes
related to occasional collapses of limestones blocks from the cave vault
and, to a lesser extent, with reworking due to erosional processes re-
ported through the entire succession (Sarti, 2020; Sarti and Martini,
2020b).

Manganese oxides and carbonate concretions are common tapho-
nomic marks in cave systems and result from post-depositional processes
concerning different redox states affecting the groundwater within the
cave environment. The diffuse black stainings on examined bones are
due to poorly crystalline manganese oxides, that commonly precipitates
from reduced waters percolating in the cave environment. The reduced
conditions are typical of waters flowing through fine sediments in the
presence of important amounts of organic material (that oxidize the
groundwater). As highlighted by ordination analyses (V'ig. 6; Table S3b),
manganese precipitates peak in sub-units F, which record intense human
related activity that could have enriched the fine deposits with organic
matter, and in M4, associated to clayely-silty deposits that are less
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Fig. 6. Two-dimensional NMDS output
based on Euclidean distance for log-
transformed relative abundances of tapho-
nomic variables of avian samples from the
Pleistocene succession of Grotta del Cavallo.
Both taphonomic variables and sub-units are
displayed (here considered only the sub-
units with n > 18 items), stress plot and
| correlation statistic on the goodness of fit are
reported in Fig. S2. Abbreviations: con-
cr—concretion; frag—fragmentation;
root—root etching; mn—manganese; weath-
—exfoliation and cracking; anthr—anthropic
related (cut-marks, combustion);
feed—feeding activity (carnivore bites and
digestion by mammals or raptors);
rod—rodent gnawing; tramp—trampling.
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