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Humans colonized the Balearic Islands 5-4 ka ago. They arrived in a uniquely adapted ecosystem with the
Balearic mountain goat Myotragus balearicus (Bovidae, Antilopinae, Caprini) as the only large mammal. This
mammal went extinct rapidly after human arrival. Several hypotheses have been proposed to explain the
extinction of M. balearicus. For the present study ancient DNA analysis (Sanger sequencing, Roche-454, lon

ii};‘it ?lrtdgN A Torrent), and pollen and macrofossil analyses were performed on preserved coprolites from M. balearicus,
Balearic Islands providing information on its diet and paleo-environment. The information retrieved shows that M. balearicus
Diet was heavily dependent on the Balearic box species Buxus balearica during at least part of the year, and that it
DNA barcoding was most probably a browser. Hindcast ecological niche modelling of B. balearica shows that local distribution

of this plant species was affected by climate changes. This suggests that the extinction of M. balearicus can be
related to the decline and regional extinction of a plant species that formed a major component of its diet. The
vegetation change is thought to be caused by increased aridity occurring throughout the Mediterranean. Previous
hypotheses relating the extinction of M. balearicus directly to the arrival of humans on the islands must therefore
be adjusted.

Ecological niche modelling

© 2013 University of Washington. Published by Elsevier Inc. All rights reserved.

Introduction

The Balearic Islands are an archipelago in the Western Mediterranean
Sea (Fig. 1). Their isolated position may have probably played an
important role in the late arrival of humans when compared to other
Mediterranean islands (Bover et al.,, 2008). Both the time of arrival and
the archaeological culture associated with the first human inhabitants
have been debated since the start of archaeological studies on the
Balearics (Waldren, 1982; Guerrero, 2001; Calvo and Guerrero, 2002;
Ramis et al., 2002; Alcover, 2008). In the present study we follow a
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conservative view of the available radiocarbon dates, and argue that
human settlement on the island must have occurred between 5000 and
4050 C yr BP (Fig. 2; Ramis et al., 2002; Alcover, 2008). This time span
is based upon radiocarbon dates taken from charcoal samples, and has
been established after reviewing the reliability of the available radio-
carbon dates (Ramis et al, 2002). The established time span can be
reduced to 4350-4150 C yr BP (Alcover, 2008) when cultural indicators,
or their absence, and comparison to the cultural chronologies of nearby
mainland Spain and France are taken into consideration. This approach
is not followed here, as this shorter time span, 4350-4150 '“C yr BP, is
based on relative dating, and therefore not supported by a confidence of
p>95.4% (as is the case with the 5000-4050 C yr BP interval). Also,
the shorter time span is dependent on chronologies established in other
regions, each with their own chronological problems (Alcover, 2008).
This adds further uncertainties to the use of these shorter chronologies.
Some ecological information is available for the period when
humans arrived on Mallorca. After the separation of the Balearics from
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Figure 1. Location of the Balearic Islands in the Mediterranean Sea. Numbers refer to location of samples studied (1 = Balma de Son Matge; 2 = Cova de Muleta).

the mainland, about 5.3 Ma (Krijgsman et al., 1999), a unique com-
bination of flora and fauna developed on the different islands (Bover
et al., 2008, 2010; Quintana et al., 2011) for an overview of the faunal
developments). Differences between the islands were present during
parts of the last 5.3 Ma, although Mallorca and Minorca have shared
the same biogeographic history since the beginning of the Holocene.
Vertebrates present on Mallorca included mammals (Myotragus
balearicus, Hypnomys morpheus and Nesiotites hidalgo and some
bats), two amphibian species, a lizard and some birds (Bover
et al., 2008). Myotragus balearicus is considered to be the key
species in understanding Balearic paleoecology, mainly because of its
size when compared to the other vertebrates present on the islands.
Environmental conditions changed dramatically during the period of
human colonization of the islands, leading to the extinction of endemic
mammals (Bover and Alcover, 2003, 2008), the disappearance of existing
vegetation composition (Y1l et al., 1997), and the introduction of new
mammals and plants by humans (Alcover, 2008) (Fig. 2).

Remains of M. balearicus were first discovered in 1909 (Bate, 1909).
This extinct mountain goat developed special adaptations, probably
both as an evolutionary reaction to a resource limited environment as
well as to within-species competition (Winkler, 2010; Jordana and
Kohler, 2011). The adaptations found in M. balearicus evolved during a
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Figure 2. Overview of the most important periods in early Mallorcan prehistory.
Extinction period of Myotragus balearicus, 5700-4050 '“C cal yr BC, as established by
Bover and Alcover (2003). Human arrival periods are shown according to different
models: (1) 5000-4050 '“C yr BP, the longer timespan as followed here, after Ramis
et al. (2002) and Alcover (2008), (2) 4350-4150 'C yr BP, the shorter time span, after
Alcover (2008), (3) 5800-5100 'C yr BP, after Calvo and Guerrero (2002), and
(4) 7800-7600 'C yr BP, after Waldren et al. (2002). Vegetation change, 5000-4000 4C
yr BP, after Yl et al. (1997). (See referenced articles for specific radiocarbon details.).
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successive series of six chronospecies (Moya-Sola et al., 2007; Bover
et al,, 2008, 2010), starting after the separation of the Balearic Islands
from the mainland of Spain (Krijgsman et al., 1999).

Three different sets of adaptations can be discerned. These adapta-
tions initially included morphological changes. The first of these was a
diminishing in size. Size estimates differ, but the largest individuals
were not taller than 50 cm (Ramis and Bover, 2001). Body mass
estimates range between an average of 30 kg to a maximum of 70 kg
(Bover and Alcover, 1999a; Palombo et al.,, 2008). Second, a further
series of morphological changes observed in the limbs suggests the
animal “reduced the energy costs of locomotion by adopting a slow and
powerful walking gait with reduced step length” (Palombo et al., 2008,
162). Third, additional information obtained from long bones showed
that M. balearicus had a delayed maturity, with reproduction beginning
late in the animal's lifetime (Kéhler and Moya-Sola, 2009).

A relatively strong reduction of brain size when compared with
the body size reduction has been observed in M. balearicus as well;
especially a reduction of the cerebellum, including the vision, auditory
and locomotory senses (Palombo et al., 2008, 2013). These relative
reductions may be related to the predator-free environment, in which
energy otherwise needed for predator avoidance can, by reducing
the costs of locomotor abilities and vision, be used for other energy
costs (Palombo et al., 2008). Adding to this, there was a more frontal
positioning of the eye orbits compared with modern bovids. This reduced
the width of the visual field (needed for predator avoidance), but may
have given M. balearicus a greater form of visual depth (Bover, 2004).

A third adaptation observed in M. balearicus, but also evident in the
earlier species of the lineage, is the evolution of its dentition. Dental
evolution in Myotragus probably started with a dentition similar to
that of extant contintental bovids (the dental formula for M. antiquus,
the first species for which a dental formula could be established) and
resulted in a dental formula for M. balearicus unique for bovidae. The
only present incisor in adult specimens of M. balearicus is the dI, that
replaces the dl; by a horizontal process (Bover and Alcover, 1999b).
Both teeth are present in juvenile specimens but located in different
alveoli, separated by a bony septum (Bover and Alcover, 1999b). In
juveniles, the dI, is not yet erupted (Bover and Alcover, 1999b).
Furthermore, the dI, is ever-growing and, together with an overall
increase in the degree of hypsodonty of the teeth in general, this has
been related to an increased abrasiveness of the diet consumed (Bover
and Alcover, 1999b; Winkler, 2010; Winkler et al, 2013). Crown
formation times of molars indicate a slow rate of crown formation,
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Table 1
Overview of the samples analysed in this study.
Sample Site Age of coprolite Altitude (m)  State of preservation Source Collection
Sample 1  Area around Balma Modern 250-300 Organic contents, fibores ~ Waldren, ].D. Natural History Museum Rotterdam. Coprolites
de Son Matge collected around Balma de Son Matge during
excavations in the 70's/80's.
Sample 2  Covade Son Muleta 4905 + 40 '“CyrBP  100-200 Organic contents Waldren, W.H.  Personal collection of D. Mol, acquired through P. Sondaar.
Sample 3  Balma de Son Matge ~ Unknown 250-300 Oxidised Waldren, ].D. Deia Archaeological Museum.

which has been related to an increased hypsodonty of the teeth
(Jordana and Koéhler, 2011). This, together with the delayed growth
patterns in long-bone histology, suggests that Myotragus developed a
slow life history, caused by density-dependent resource limitation
(Jordana and Koéhler, 2011).

A relationship between Myotragus and mainland archaic Caprini
such as the Vallesian Spanish Aragoral mudejar and the Turolian/
Ruscinian Greek species Norbertia hellenica is discussed in Bover et al.
(2010) and Palombo et al. (2013). According to these authors several
features are shared between Myotragus and these continental taxa.
Genetic analysis revealed, in a successive series of papers (Lalueza-Fox
et al., 2000, 2002, 2005; Ramirez et al., 2009) that M. balearicus is
most probably related to Ovis (sheep).

The extinction of M. balearicus, and the other endemic fauna of the
Balearics (Bover and Alcover, 2008) are a debated topic and relevant
for the archaeological research on the islands. More knowledge about
the drivers of extinction would allow an evaluation of the impact of
prehistoric human arrival on their environment. Numerous theories
have been proposed to explain the extinction mechanisms involved.
These can be divided in two groups. The first theory involves climate
and environmental changes. Several hypotheses have been postulated
within this first group. First, gradual climatic changes observed
throughout the Mediterranean caused increased dessication and lead
to extinction of M. balearicus (Y1l et al., 1997; Lull et al., 1999). Second,
vegetation changes influenced by human activity on the islands, such
as the introduction of cattle and clearing of land for agriculture, lead
to the extinction of M. balearicus (Bover and Alcover, 2003). The second
theory involves direct human influence as the cause of these extinctions.
Several hypotheses have been postulated within this second group.
According to the first of these hypotheses, a so-called Blitzkrieg has
been proposed wherein direct human predation may have caused the
extinction of M. balearicus (Martin, 1984). Second, a ‘hyperdisease’
may have played a role as well, leading to the extinction of M. balearicus
(also suggested for smaller mammal species present on these islands;
Bover and Alcover, 2003, 2008). Finally, a so-called Sitzkrieg has been
postulated that assumes a gradual extinction involving the co-
occurrence of humans and M. balearicus over several millennia
(Waldren, 1982; Patton, 2000). Different variants of this theory
are possible, also including the introduction of competitors (domestic
species such as cattle, sheep and goats; Bover and Alcover, 2008).

Current radiocarbon dates do not support a Sitzkrieg (Fig. 2;
Guerrero, 2001; Ramis et al., 2002). In addition, indicators for possible
domestication, related with a Sitzkrieg model and published as such else-
where (Kopper and Waldren, 1967; Waldren, 1982), can be explained
differently (Ramis and Bover, 2001; van der Geer et al., 2010; Winkler,
2010). The Blitzkrieg model can also be discarded because no evidence

currently exists of human predation on M. balearicus (Guerrero, 2001;
Ramis et al., 2002). The climate-change models have to take into account
published arguments for seasonal dependence of Myotragus on Buxus sp.
(Alcover et al,, 1999) and the decline of the Buxus species (B. balearicus is
still marginally present on the island, B. sempervirens has disappeared,
Lull et al,, 1999). These climate models also have to take into account
the long-term evolution and existence of the Myotragus lineage on the
Balearics, a period which also includes major climatic changes in the
Mediterranean region during glacial/interglacial periods (Bover and
Alcover, 2003). The ‘hyperdisease’ hypothesis places the extinction close
to the moment of, or immediately after, human arrival on these islands
(Ramis et al., 2002; Bover and Alcover, 2003; Alcover, 2004, 2008;
Bover et al., 2008). This is in accordance with evidence from numerous
islands worldwide which show that coexistence of humans and endemic
fauna is often limited in duration (Martin, 1984; MacPhee and Marx,
1997).

Limited dietary information from M. balearicus suggests how
dependent the animal was on available plant species (Alcover et al.,
1999). The present study focuses on two sites on Mallorca, and
constitutes a wider geographical sample than previously studied. DNA
research on coprolites from M. balearicus has not been carried out before
and this approach may add important information to our understanding
of its diet. The DNA results of the studied coprolites were compared
with pollen and macrofossil analysis carried out on the same samples,
and with pollen analysis carried out during previous research (Alcover
etal, 1999) to establish a more systematic dietary pattern. Furthermore,
the information obtained was placed within a chronological framework
and compared with hindcasted ecological niche models for B. balearica
relating the extinction of the animal either to vegetation changes, or
to changes within its environment that can be related to the arrival of
humans on the island.

Material and methods

Several different protocols and techniques were used and are
described below.

Sampling

Coprolite samples from two sites were available for destructive
analysis. The samples were from sites located in the mountainous
northwest region of Mallorca (Fig. 1; Table 1). The samples are from
sites above 100 m asl. Dietary results can be influenced by geographic
position; our samples are from relatively high-altitude sites, resulting
in an elevational vegetation sampling bias.

Table 2
Details of primers used in this study.
Primer name Primer sequence 5'-3’ Target Reference
rbcL Z1aF (F) 5'-ATGTCACCACCAACAGAGACTAAAGC-3' Diet Hofreiter et al. (2000)

rbcl-015 (R) 5'-TACAGTTGTCCATGTACCAG-3'

ITS1 (F) 5-TCCGTAGGTGAACCTGCGG-3'
ITS2 (R) 5'-GCTGCGTTCTTCATCGATGC-3’
L599 (F) 5'-CTCAAAGGACTTGGCGGTGC-3’
H673 (R) 5'-GAAGATGGCGGTATATAGAC-3'

Savolainen et al. (2000)
White et al. (1990)
White et al. (1990)
Lalueza-fox et al. (2005)
Lalueza-fox et al. (2005)

Diet, bacterial gut flora, fungi

Coprolite producer, bacteria
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Table 3

DNA barcoding 128 results from sample 2 (Cova de Muleta) obtained by Sanger sequencing. Query coverages and E-values are given as a support of the reliability of the DNA BLAST results.

Accession numbers refer to the closest hit in NCBI Genbank.

Family Genus/species Query coverage (%) E-value Accession number
Ruminococcoceae Ruminococcus sp. 100 5e—04 FP929052
Coriobacteriaceae Slackia heliotrinireducens 98 7e—04 CP001684

These sites are important localities for understanding Balearic pre-
human ecology and human arrivals on the islands. Both Balma de Son
Matge and Cova de Son Muleta were excavated in the 1960/70's.
Uncertainty exists regarding the chronology of the occupation of these
sites by the first humans on Mallorca (Ramis et al., 2002; Alcover,
2008). Both studies present arguments against the reliability of the
stratigraphies, the unclear position of dated material and the uncertain
identification of the dated material. The authors conclude that these
sites cannot play a role in establishing a chronology of the arrival of
humans on the island. However, this does not mean that individual
remains from these sites cannot be used when these are individually
dated. Coprolites from these two sites can add valuable information to
our understanding of Balearic pre-human ecology. Chronologic and
stratigraphic problems were overcome by direct dating of the coprolites
used in the present study, thus eliminating many problems associated
with earlier executed radiocarbon dates from these two sites.

Organic fibres from the first coprolites studied (sample 1) from
Balma de Son Matge proved to be modern after radiocarbon dating.

Table 4

Sample 2 came from Cova de Son Muleta and consisted of a single
coprolite. No stratigraphic information was provided for this sample
(Waldren, 1982). The coprolite matrix was directly dated (Table 1).
Sample 3 also came from Balma de Son Matge. No stratigraphic infor-
mation was provided. When Balma de Son Matge was first published
it was noted that preliminary research did not yield any identifiable
organic fibres/seeds/pollen within the coprolites (Waldren, 1982).
Previous research reported that the coprolites from this site were
oxidised and were therefore not included in further research (Alcover
et al.,, 1999). Multiple coprolites from this sample were included in the
present study to test if it was possible to amplify their DNA.

Radiocarbon dating

Radiocarbon dating was carried out on sample 1 from Balma de
Son Matge and on sample 2 from Cova de Muleta after DNA had
successfully been retrieved. Radiocarbon dating (AMS) was carried
out at the Groningen Centre for Isotope Physics. Dating of the material

DNA barcoding and pollen results from the modern Balma de son Matge sample (sample 1). Query coverage is given as a support of the reliability of the DNA BLAST results (100% is the

maximum and indicates full coverage).

Family Genus/species Pollen (n) Sanger sequences (# clones) Query coverage (%)
Anacardiaceae Pistacia lentiscus 45 56 59 67
Apiaceae Falcaria 1 1
Asteraceae Artemisia 1 1 1
Centaurea jacea 1
Betulaceae 1 100
Alnus sp. 1
Corylus sp. 1
Brassicaceae 1 1
Chenopodiaceae 3
Cistaceae Cistus/Helianthemum 14 18 4 4
Euphorbiaceae Euphorbia sp. 13 15 3 7
Ericaceae Erica arborea 1 1
Fabaceae 1
Astragalus 1
Ceratonia siliqua 1
Trifolium repens
Fagaceae Quercus ilex 11 32 2 1 98
Gentianaceae Centaurium 3
Lamiaceae Mentha 1
Teucrium sp. 1 2
Linaceae Linum catharticum
Malvaceae 1
Myrtaceae Myrtus communis 2 1
Oleaceae Olea sp. 16 15 1
Pinaceae Pinus sp. 425 445 853 987 5 100
Plantaginaceae Plantago lanceolata 2
Polygonaceae Rumex acetosella 1
Polypodiaceae Polypodium 1 3 2
Poaceae Hordeum 311 320 4
Ranunculaceae Ranunculus 1
Rhamnaceae Rhamnus 6 5 1
Rubiaceae 1 1
Rutaceae Ruta
Vitaceae Vitis sp. 1
Mammalia Capra sp. 1 99
Mycobacteriaceae Mycobacterium sp. 1 82
Fungi 1 79
Gelasinospora 1
Sordaria 1 5
Sporormiella 8 1

https://doi.org/10.1016/j.yqres.2013.10.006 Published online by Cambridge University Press
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was not only important for eliminating problems associated with earlier
radiocarbon dating, but also for evaluating the dietary results in relation
to the available paleoecological information. Sample 3 (the other
sample from Balma de Son Matge) did not contain DNA or pollen, and

was therefore not dated.

DNA methodology

Extraction, purification and PCR

Both CTAB and silica extractions were used to retrieve genomic DNA
from the coprolites studied. Extractions were carried out in the Ancient
DNA facility of the Leiden University using standard procedures to avoid
contamination with modern DNA (Cooper and Poinar, 2000). Both
extraction methods were used on all samples. Approximately 0.2 mg
of air-dried dung was used per extraction. The outer surfaces of the
coprolites were discarded to avoid the possibility of contamination, and
only the innermost part of the coprolite was used for DNA extraction.
Extraction procedures followed known protocols (Doyle and Doyle,
1987; Rohland and Hoftreiter, 2007). After extraction, DNA was further
purified with the QIAquickTM PCR purification kit. Extraction blanks

were included in all steps to monitor for contamination.

Special ancient DNA primers were used to amplify parts of the
chloroplast rbcL gene and nrITS1 region in 25 pl reactions to generate
161 and 230-bp fragments respectively. A small part of the 12S
mitochrondrial DNA, 73-bp long, was amplified as well (Table 2). The
chloroplast rbcL gene was chosen because sequences from this gene
are the most abundant in DNA barcoding reference databases (NCBI
GenBank). Sequences obtained from this gene normally provide infor-
mation up to family level, but genus/species level is in most cases not
possible (Schlumbaum et al., 2008). The nrITS1 region is longer and has
a higher identification level, mostly up to genus level (Schlumbaum
et al, 2008). The obtained 73-bp fragment of the 12S mtDNA gene
would make it possible to differentiate between Myotragus and Ovis/
Capra and was used as proof of the authenticity of the coprolite samples.

PCR's were carried out with Phire Hot Start DNA Polymerase
(Finnzymes) in 25 pl aliquots. PCR products were loaded on 2% agarose
gels for electrophoresis in an aliquot containing 5l PCR product and 1l
loading dye. Gels were run for 30 min, together with GeneRuler.
Afterwards the gels were soaked in ethidiumbromide for 15 min and

photographed.

Cloning

All PCR products that were obtained were tailed and cloned using
the TOPO TA Cloning Kit (Invitrogen). From each plate the highest
possible amount of clones was picked for Sanger sequencing. Cloning
was done to enable direct Sanger sequencing of mixed PCR products,
containing sequences of multiple species, and to detect the possibility
of C to G and G to A changes due to de-animation, a process causing
substitutions during the ageing of DNA (Cooper and Poinar, 2000;

Paabo et al., 2000).

Table 5

Table 6

Results of pollen analysis for sample 2 (Cova de Muleta). Buxus sp. dominates the
assemblage by more than two-thirds. Comparison with Carrién (2012) shows that
Juniperus sp., Pinus sp. and Corylus sp. are most likely Juniperus phoenicea, Pinus halepensis
and Corylus avellana.

Family Genus/species Number of pollen grains
Asteraceae Artemisia sp. 1
Buxaceae Buxus sp. Dominant
Ephedraceae Ephedra fragilis 1
Ericaceae Erica arborea 1
Betulaceae Corylus sp. 2
Euphorbiaceae Euphorbia dendroides/E. chracias 23
Thymelaeaceae 2
Cupressaceae Juniperus sp. 5
Pinaceae Pinus sp. 26
Poaceae 1

Lygeum spartum 1
Rosaceae Cheilanthes sp. 2

DNA sequencing and analysis

Sanger sequencing was performed by Macrogen, Amsterdam, on an
ABI 3730xlI (Applied Biosystems). The Sanger sequences produced were
checked and aligned with Sequencher v. 4.10.1. Pyrosequencing was
carried out on a Roche 454-FLX Titanium sequencer at the Leiden
University Medical Center. lon Torrent analyses were done on a PGM
machine at Naturalis Biodiversity Center with the lon PGM 200 se-
quencing kit and an lon-314 chip (520 cycles per run). Reads obtained
were trimmed with CLC Workbench Genomics v. 4.5 and clustered
using the Octopus pipeline. Representative consensus sequences of each
cluster were compared with reference data present in NCBI GenBank
using Blast Search for taxonomic identification. Only hits with >97%
coverage and >99% similarity were accepted.

Hindcasted ecological niche models

Ecological Niche Models (ENMs) identify the relationship between
species presence records and (a)biotic conditions at those sites (http://
pmip2.Isce.ipsl.fr/pmip2/; Peterson et al., 2011). When this relationship
is projected in geographic space it allows one to predict habitat suitability
for a species in geographic time and space. When projected in time, it
allows one to predict habitat suitability under past or future climatic
conditions. Distributions of Buxus balearica (Buxaceae) were modelled
using presence-only data retrieved from 133 geo-referenced herbarium
specimens, stored in the Botanical Research And Herbarium Management
System (BRAHMS) database of Naturalis Biodiversity Center and the GBIF
portal (www.gbif.org). Replicate records per 1-km spatial raster cell were
removed. To prevent niche truncation we modelled the full ecological
niche of B. balearica using presence records from its entire Mediterranean
range, and not just collections from the Balearic Islands (Sanchez-
Fernandez et al., 2011; Raes, 2012). Data for 19 bioclimatic predictors at
1 km? spatial resolution for the present and Last Glacial Maximum
climatic conditions were retrieved from WorldClim (www.worldclim.

DNA barcoding results obtained for sample 2 (Cova de Muleta) by Sanger, Roche-454 and Ion Torrent sequencing. Query coverages and E-values are given as a support of the reliability of

the DNA BLAST results. Accession numbers refer to the closest hit in NCBI Genbank.

Family Genus/species Barcoding marker Query coverage (%) E-value Method Accession number
Araliaceae Hedera helix rbcL 99 7e—100 Roche-454 FJ395559
Poaceae rbcl 98 le—94 Roche-454 HQ713389
nrlTS1 95 6e—126 Sanger AF171186
Rosaceae Mespilus sp. rbcL 97 4e—16 Ion Torrent JQ391239
Prunus sp. rbcl 99 2e—70 lon Torrent HE963614
Prunus sp. rbcl 100 8e—78 Sanger HQ619779
Trichocomaceae Aspergillus sp. nriTS1 100 4e—107 Sanger HQ997377
Penicillium sp. nriTS1 100 le—22 Sanger EU427285
Gymnoascaceae nriTS1 77 2e—12 Sanger AF129853
Tremmelaceae Cryptococcus macerans nrlTS1 100 1e—85 Sanger JQ070110
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org; Hijmans et al., 2005). The spatial data covering the 19 bioclimatic
variables at 1 km? for the Mid-Holocene were derived from the
Paleoclimate Modelling Intercomparison Project Phase II database
(http://pmip2.Isce.ipsl.fr/pmip2/; Braconnot et al., 2007). Furthermore,
the ENM for B. balearica was trained using bioclimatic data of raster cells
within 1 degree buffers around collection sites; this was done to prevent
a decrease in discriminatory power and calibration of the model in
the core area of the species distribution (Acevedo et al., 2012).
After calibration of the ENM for present climatic conditions (within
buffered Mediterranean collection sites) it was projected to the
geographical extent of the Balearic Islands for present, Mid-Holocene,
and LGM climatic conditions. The ENM was developed using the non-
parametric maximum entropy algorithm implemented in MaxEnt
(version 3.3.3 k; Phillips et al.,, 2006; Elith et al, 2011). We allowed
MaxEnt to use linear, quadratic and hinge features only, and we used
all 133 records and the 19 bioclimatic variables for model training. We
report the model AUC for comparitative reasons only because when
AUC values are based on presence-only records and a background
sample (instead of true absences) the maximum AUC value is no longer
1, and the maximum value cannot be determined (Phillips et al., 2006;
Raes and ter Steege, 2007; Lobo et al., 2008).

Results
Radiocarbon dating

The dating of coprolite Sample 1 from Balma de Son Matge resulted
in 14C activity of 108 + 0.4% (GrA-49936) meaning that the sample is
younger than 1950 (AD 1950 is 100%). Therefore, this sample cannot
be from Myotragus balearicus.

The radiocarbon dating carried out on Sample 2 from Cova de Son
Muleta resulted in an age of 4905 + 40 *C yr BP (GrA-52253, Table 1).
This places the age of the sample at the edge of the established
extinction period of Myotragus balearicus, 5700-4050 '4C yr BP (Bover
and Alcover, 2003), and also before the vegetation transition period,
approximately 5000-4000 'C yr BP (Fig. 2). The radiocarbon date of
this coprolite is the youngest date obtained for M. balearicus from
Cova de Muleta, when compared with Pérez (2005).

Zoological DNA results

12S mitochondrial DNA was used to identify the producer of the
modern Balma de Son Matge coprolite which was identified as
Capra rather than Ovis (Table 4) further supporting a recent origin.
Unfortunately, no mammalian DNA was retrieved with the 12S
primer pair from any of the other coprolites, presumably because
of DNA degradation in a thermally unfavourable environment
for DNA preservation (Pddbo et al, 2000) and our unfamiliarity with
using N-phenacylthiazolium bromide (PTB). This compound has been
demonstrated to cleave Maillard products, thus freeing up DNA for PCR
amplification (Poinar et al., 1998). PTB was used to successfully analyse
mitochondrial and nuclear DNA extracted from a 20,000-yr-old coprolite
produced by a giant ground sloth in Gypsum Cave in Nevada as well as
mtDNA from human coprolites from the Paisley Caves in Oregon
(Jenkins et al., 2012). We encourage others to try the addition of this
reagent in future ancient DNA studies on Balearic coprolites.

Bacterial DNA sequences retrieved from Sample 2 (Cova de Son
Muleta) are reported in Table 3. Both genera identified relate to the
digestion and decomposing of organic material, and are therefore not
surprising to be found in a coprolite. All of the bacterial DNA sequences
reported have relative low maximum identities when compared with
the sequences that match with them. This means that their iden-
tification is not strongly supported, and that it is likely that future
genetic research will change the taxonomic identifications provided.
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Herbaceous DNA results

Modern sample

The results of the modern sample from Balma de Son Matge are
presented in Table 4. Of interest are the sequences from Pinus sp. No
species identification within the Pinus genus could be made. In addition,
one sequence from Quercus ilex was found, and one sequence from the
Betulaceae family. It must be noted that Pinus sp., which forms the
majority of the DNA sequence identified, is also the largest portion of
the pollen counted in the sample (71.1%).

Ancient samples (S2 and S3)

No DNA sequences were obtained for Sample 3. All three DNA
sequencing methods used resulted in DNA barcodes for Sample 2
(Cova de Muleta; Table 5). Three different plant families could be
identified (Araliaceae, Poaceae and Rosaceae). Two different genera
were retrieved from the Rosaceae family (Mespilus and Prunus). No
pollen grains of these genera are present in the pollen counted from
Sample 2. The Poaceae family (grasses) was identified by both Sanger
and Roche-454 sequencing. No detailed taxonomic identifications
were possible for this family. The Poaceae are also present in the pollen
count from the same sample with one pollen grain attributed to genus
level, and one grain to the genus Lygeum. Noteworthy is the absence
of Buxus sp. in the DNA sequences in comparison with the dominance
of Buxus pollen.

The nrITS1 DNA barcodes obtained contained some fungal sequences
(all retrieved by Sanger sequencing). These are reported in Table 5. All
fungal sequences are from genera living in, at or near coprolites. The
identification of these genera is therefore not surprising, but noteworthy
in the light of DNA survival in a thermally unsuitable environment for
DNA preservation.

Pollen and macrofossils

No percentages can be given for the pollen count from Sample 2
(Cova de Son Muleta) (Table 6). Buxus sp. (box or boxwood) is
very common, more than two-thirds of the pollen grains recorded.
Macrofossils of box were also found in the Cova de Muleta coprolite
(Fig. 3). These comprise leaf epidermis fragments (with stomata),
different parts of the inflorescence and very clear parts of the anther
(part of the stamen) that still contain compacted, not dispersed pollen
grains. The high percentage of unripe pollen grains in the pollen
samples also suggests that M. balearicus ate flowers of box.

Two species of Buxus were present on the island, B. balearica and B.
sempervirens. It is assumed that Buxus balearica once was the most
abundant species of the two (Lazaro and Traveset, 2006). Pollen grains
of Pinus and Euphorbia were also common in the pollen assemblage
and the presence of unripe grains in both the coprolites suggests that
these taxa may also have been actively consumed.

Hindcasted models

For the period between 8.5 and 6.0 ka, pollen diagrams obtained
from the Balearics indicate that B. balearica dominated the vegetation
(Yllet al., 1997; Carrion, 2012). From 6.0 ka onwards the species almost
entirely disappeared in the pollen records. The MaxEnt model trained
under present climatic conditions (AUC = 0.967) shows that only
small sections in the northern part of Mallorca represent suitable
habitat at present (Fig. 5A; warm colours). When this model is
hindcasted to the Mid-Holocene (Fig. 5B) a larger section of the Balearic
Islands is predicted as suitable habitat for B. balearica. However, when
the model is projected to the LGM (Fig. 5C) almost the entire area of
the Balearic Islands is predicted as suitable habitat. The jackknife test
of variable importance indicated that bioclimatic variable 5 - maximum
temperature in the warmest month - was the best single predictor with
a strong optimum response around 31 °C.
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Discussion

Data generated from the Cova de Muleta coprolite were com-
bined with a previous pollen analysis carried out on coprolites
from M. balearicus. This previous study by Alcover et al. (1999),
was performed on eleven different coprolites from Cova de Estreta,
dated ca. 6.0 ka. That study, like ours, showed a dominance of Buxus
balearica in the pollen assemblages. Alcover et al. report an average
of 98.3% of Buxus balearica pollen (with 94.1% being the minimum)
and, on average, no other pollen percentages higher than 0.62% in
the remaining pollen spectra.

Four plant families have been identified in the research presented
here which were not recorded in the study by Alcover et al. (1999)
(Table 7). These are Euphorbiaceae, Araliaceae, Rosaceae and Pteridaceae.
Of these, one was solely identified by DNA analysis (Araliaceae). DNA
sequences also revealed the presence of Rosaceae (Prunus sp.), which
was not recorded as pollen. Prunus sp. were not identified previously in
any pollen core taken from sediments on Mallorca (Burjachs et al,
1994). This is the first indication of this particular family and genus
being present on Mallorca before human arrival and/or vegetation
changes. Araliaceae and the genus Euphorbia, found in DNA and pollen
analysis, respectively, have been found once previously (Burjachs et al.,
1994).

DNA analysis does not provide a clear picture about M. balearicus
being a browser or a grazer. Both sequences of trees (Prunus sp.) and
grasses (Poaceae) were retrieved. Other identifications concern
families that contain both trees and shrubs (Rosaceae). When
compared with the pollen analysis and macrofossils only strong
evidence for the consumption of Buxus can be found. This would indicate
that M. balearicus was a browser or seasonal mixed feeder. This is in
agreement with conclusions from research carried out on the hypsodonty
of its teeth and the abrasiveness of its diet (Winkler, 2010; Winkler et al.,
2013), its general cranial morphology (Alcover et al., 1999) and '>C
values obtained from coprolites (Alcover et al.,, 1999).

In addition to plant species, our DNA research provides some insight
into bacteria and fungi present on the island. The Ruminococcus
identified probably played an important role in the digestion of
cellulose, and must have been present within the gastrointestinal tract
of M. balearicus. Ruminococcus is an important microorganism in the
gastrointestinal tract of all ruminants, as mammals are normally not
able to digest cellulose themselves, but rely on their gut flora (including
Ruminococcus) for this digestion process (Withers, 1992). Slackia
heliotrinireducens might play a similar role within the gastrointestinal
tract. The presence of this species in the coprolites we studied is
noteworthy, as it has so far only been isolated from the rumen of
sheep (Wade et al.,, 1999). Our finding supports the hypothesis of a
close relationship between M. balearicus and Ovis as suggested earlier
(Lalueza-Fox et al., 2005).

Four different fungal genera were identified, of which Penicillium
and Aspergillus are common worldwide.

Diet and vegetation changes on Mallorca

All available pollen data show a high dominance of Buxus balearica,
indicating that this species was an important component of the diet
of M. balearicus during at least part of the year. The macrofossils
encountered in the coprolite from Cova de Muleta show remains of
the flowers and leaves of Buxus balearica, and suggest that M. balearicus
consumed the tips of twigs with flowers of box. Buxus balearica, the
most abundant Buxus species on the island, has a flowering time with

Table 7
Plant families identified in this study by pollen and DNA barcoding analysis of the Cova de
Muleta (sample 2) coprolite as compared with Alcover et al. (1999).

Cova de Muleta Alcover et al. (1999)

Family Pollen Sanger Roche-454 Ion Torrent Pollen

Anacardiaceae X
Araliaceae X

Asteraceae
Betulaceae X

Buxaceae X

Chenopodiaceae

Convolvulaceae

Cupressaceae X

Cyperaceae

Dipsaceae

Ephedraceae X

Ericaceae X

Euphorbiaceae  x

Fabaceae

Fagaceae

Lamiaceae

Malvaceae

Oleaceae

Pinaceae X

Plantaginaceae

Poaceae X X X
Polygonaceae

Pteridaceae X

Rosaceae X X
Sapindaceae

Thymelaeaceae  x X

>

MM X X X X X X X X

KX X X X X X X X

>

a maximum of two months, nowadays placed between April to May
on Mallorca (the flowering time is slightly earlier on the mainland of
Spain, occurring between February and March, Lazaro and Traveset,
2006). This would mean that all coprolites studied so far could have
been deposited during the same two-month period.

The dependence of M. balearicus on Buxus balearica during (at least
part of) the year can be seen as a confirmation of the density-dependent
resource limitation inferred from crown formation times and long bone
histology in M. balearicus (Jordana and Koéhler, 2011). This would
especially be the case if M. balearicus preferentially ate the flowers and
pollen of Buxus balearica (pollen is a highly energetic food source).
Variations within pollen and flower production of Buxus would be a
determining factor in the amount of food available. Buxus balearica is
known to display significant annual variation of numbers of flowers,
pollen, and fruit production (Lazaro and Traveset, 2006; Lazaro et al.,
2006). In addition, it has been shown that the species distribution is
highly influenced by three different climatic variables: average tempera-
ture in the warmest month, spring rainfall, and average temperature in
the coldest month (Navarro-Cerrillo et al., 2011). Both minimum and
maximum temperatures, as well as minimum annual rainfall, show that
the species tolerance to climatic change is relatively low (Navarro-
Cerrillo et al., 2011: Fig. 5). Climate changes in the past should therefore
have had large-scale influences on the distribution of Buxus balearica
and other plant species on the Balearic Islands and surrounding areas.

Pollen diagrams of the Balearic Islands give information on the
vegetation history of the islands. All of the cores have been taken from
coastal areas because these are the only places where sufficient sediments
have been deposited (Pérez-Obiol and Sadori, 2007). This means that the
pollen records of these diagrams show a bias for the vegetation in coastal
environments. However, a general overview about the vegetation history
of the Balearics, and changes therein, is visible (Y1l et al., 1994, 1997;

Figure 3. Pollen and macrofossils analyzed. 1. Ancient Cova de Son Muleta coprolite (4905 + 40 14C yr BP). 2. Recent Cova de Son Muleta coprolite. 3. Fragment of anther of Buxus balearica
containing pollen. 4. Pollen of Buxus balearica. 5. Single pollen grain of Buxus balearica. 6. Pollen of Euphorbia, equatorial view. 7. Pollen of Euphorbia, polar view. 8. Trilete spore in high and
low focus. 9. Leaf epidermis of Buxus balearica with stomata (indicated with arrows). 10. Leaf epidermis of Buxus balearica with hairs. 11. Leaf epidermis of Buxus balearica with crystals. 12.
Peduncle of Buxus balearica. 13. Detail of hairs on leaf epidermis of Buxus balearica. 14. Coniferous wood fragment with pits. 15. Modern leaf epidermis of Buxus balearica (voucher
Gravendeel 05052013 stored in the herbarium of Naturalis Biodiversity Center in Leiden) with stomata. 16. Modern leaf epidermis of Buxus balearica with hairs.

https://doi.org/10.1016/j.yqres.2013.10.006 Published online by Cambridge University Press


https://doi.org/10.1016/j.yqres.2013.10.006

114 F. Welker et al. / Quaternary Research 81 (2014) 106-116

Carrion, 2012). Similar vegetation processes took place on Minorca and
Mallorca (Palmer et al, 1999; Pérez-Obiol, 2007; Pérez-Obiol and
Sadori, 2007; Di Domenico et al., 2012). Below, a review in relation to
the data generated is given for the time interval relevant for the present
study.

Vegetation prior to 5.0 ka

Before 5.0 ka the vegetation on the islands was dominated by Buxus
(box) and Corylus (hazel). Furthermore, Juniperus (juniper), Ephedra
(jointfir) and Quercus (oak) were important (Yl et al., 1997; Pérez-
Obiol and Sadori, 2007; Carri6én, 2012). It is important to note that after
this period arboreal pollen shows a decline, indicating a progressive
opening of the landscape (Burjachs et al., 1994; MacPhee and Marx,
1997). The dietary information retrieved in the present study corres-
ponds to the vegetation present during this period. Further, the dietary
information available shows that M. balearicus was depended on box,
which was an important plant species on the island during this period
(Fig. 5C).

The transitional phase, 5.0-4.0 ka

During this period the vegetation changed drastically. Mesophyllous
taxa, including Buxus, Pinus (pine), Juniperus, Fagus, Ephedra and Corylus
decreased in abundance or disappeared. This so-called “old” vegetation
was replaced by maquis, dominated by Olea (olive). Taxa like Plantago
(plantain), Ericaceae (heaths) and Polygonum (knotweed) started to
appear (Yl et al., 1994, 1997; Carrién, 2012). This transition is not
documented for the other Mediterranean Islands (YIl et al, 1997;
Carrion et al,, 2010). The higher values of Plantago and Ericaceae are
related to human impact on the island (Yl et al., 1994, 1997). During
this transition phase there was a considerable drop in the amount of
rainfall in the Mediterranean, influencing vegetation and leading to an
overall decline of biomass (Magny et al., 2002; Pérez-Obiol and Sadori,
2007). There are indications that the drop in precipitation was less
apparent in the mountainous regions of Mallorca, making it possible
for mesophyllous species to remain as relics in this area of the island
up to today (Ninyerola et al., 2007; Di Domenico et al., 2012). The
present day distribution is also highly influenced by historical effects
of human activity on the island. This is especially important with
regards to the diet reconstructed by DNA and pollen content of the
coprolites studied. While Buxus balearica diminished in abundance on
the island, this decline was probably less apparent in the mountainous
regions of Mallorca, where nowadays Buxus balearica can still be
found. The species disappeared from the other parts of the island,
nonetheless, and Buxus sempervirens disappeared completely. If more
sites become available with Myotragus fossils in future, a possible spatial
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Figure 4. Decrease of Buxus on the Balearic Islands. Absolute Buxus pollen count from the
Algendar core, showing that the decreasing relative amount of Buxus pollen is not due to
the rise of other pollen taxa included in the count. The amounts are displayed in
accordance to the depth of the core. The vegetation change is situated at a depth between
935 and 670 cm (indicated with dashed lines). Direct radiocarbon dates of the core are
5000 to 4050 '“C yr BP. Algendar data and '“C data modified after Yl et al. (1997).
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Figure 5. Distributions of Buxus balearica on the Balearic Islands according to a MaxEnt
model trained on environmental data from raster cells within 1-degree buffered collection
localities and subsequently projected to the present climatic conditions of the Balearic
Islands (upper graph), hindcasted to mid-Holocene (6 ka; middle graph) and hindcasted
to the Last Glacial Maximum (20 ka; lower graph). The total area of favourable local
climate conditions for this plant species (indicated with a orange and red colours)
decreased over time and was replaced by unfavourable local conditions (indicated with
green and blue colours). Collection localities of herbarium specimens used for the
modelling are indicated with black circles, localities of (macro)fossils with stars.

correlation could be investigated between the last remains of this
animal found and remaining B. balearica pockets on Mallorca.

To summarise, we can state that (i) the total arboreal pollen count
gradually dropped, in accordance with the above statement of the
evolving opening of the landscape, and a vegetation replacement
between 5.0 and 4.0ka (Pérez-Obiol and Sadori, 2007); (ii) the absolute
Buxus pollen count gradually dropped as well, until the disappearance of
Buxus pollen around 4.0 ka. (Fig. 4), and; (iii) the relative Buxus pollen
count also gradually dropped until the species regional disappearance
in all cases (Fig. 5; Ninyerola et al, 2007). The disappearance of the
mesophyllous vegetation and the appearance of a maquis, the abrupt
regional disappearance of Buxus balearica, and the continuing opening
of the landscape since 5.0 ka will have had profound impact on the
survival of populations of M. balearicus.
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Conclusions

Ancient DNA, pollen analysis and macrofossils provided evidence
that M. balearicus was a browser or a seasonal mixed feeder, and that
it was relying heavily on Buxus balearica, at least during part of the
year. The drastic decrease in abundance of Buxus balearica on the
Balearic Islands will have posed a serious density-dependent constraint
on the fitness of the populations of M. balearicus, and may have had a
significant influence on the final extinction of the species. This can be
related to an increasing aridity occurring during the period under
consideration in the Mediterranean region, substituting the local
mesophyllous vegetation with a more open maquis. The plant species
composition may have changed too rapidly for M. balearicus. This does
not exclude a possible interaction with humans. The lack of compelling
archaeological evidence documenting contact between humans and
M. balearicus cannot be explained by mutual avoidance because of
M. balearicus's limited agility in escaping, We conclude that more than
one factor was probably involved in the extinction of this species.
Previous hypotheses relating the extinction of M. balearicus directly to
the arrival of humans on the islands must therefore be adjusted.
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