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ABSTRACT

To be successfully established on oceanic islands, native ants (Hymenoptera: Formicidae) have to migrate
from the mainland or from nearby islands, crossing the ocean barriers, to find a suitable habitat. Despite the
general interest on oceanic islands biotas, nothing is known about the deep-time migration and settling of
native ants in these insular ecosystems. Palaeoentomological studies on oceanic islands that could provide
palaeobiological information on Formicidae are scarce. Here, we describe and illustrate the first fossil of an
ant from the Macaronesian archipelagos (Atlantic Ocean), based on a partial forewing found within 1.3 Ma
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(Calabrian, Pleistocene) lacustrine sediments from Madeira Island, Portugal. Although unidentifiable beyond
the family level, this fossil record provides a minimum age for the presence of ants in the Madeira
archipelago. Palaeoecologically, this record indicates the presence of suitable habitats for ants during the

early Pleistocene.

Introduction

Nowadays, ants (Hymenoptera: Formicidae) are a widespread euso-
cial insect group on oceanic islands (Morrison 2016).
Ontogenically, oceanic islands are volcanic subaerial edifices build
over oceanic plates and isolated from mainland (e.g. Whittaker and
Ferndndez-Palacios 2007). Yet, it is considered that ants have
a limited migration capability. Past colonisation of these islands
was dependent on successfully crossing of the ocean barrier, either
by female alates or by rafting (Morrison 2016). In fact, isolation of
oceanic islands contributed to some archipelagos, such as the
Hawaii, to entirely lack native ants (Krushelnycky et al. 2005;
Morrison 2016). Today, anthropogenetic dispersal is the main
mechanism by which ants arrive to insular ecosystems, many
becoming problematic invasive species (e.g. Krushelnycky et al.
2005; Wetterer and Espadaler 2010; Morrison 2016).

In the volcanic Macaronesian archipelagos (i.e. Azores, Madeira,
Canary and Cabo Verde archipelagos), arthropods, especially insects,
represent a diverse group displaying high endemicity (see Béez and
Oromi 2005; Borges et al. 2008, 2010; Oromi and Baez 2009; Triantis
et al. 2010). Oddly, this pattern does not apply to ants. The number of
endemic Macaronesian Formicidae varies widely within these archi-
pelagos, with the Canary Islands having ca. 28% of endemic ant species
(Total = 71; Endemic = 20; Native = 24; Introduced = 27; see Native
Biodiversity Data Bank of the Canary Islands: http://www.biodiversi
dadcanarias.es/biota), Cabo Verde ca. 9-15% (Total = 39;
Endemic = 3, possibly up to 6; Native = 24; Introduced = 9;
Wetterer and Espadaler 2021), Madeira ca. 3% (Total = 31;
Endemic = 1; Macaronesian endemic = 1; Native = §;
Introduced = 21; Wetterer et al. 2007; Guillem and Bensusan 2022)
although it could also be 0% (see Guillem and Bensusan 2022) and one

shared macaronesian endemic in the Azores (Total = 14; Endemic = 0;
Macaronesian endemic = 1; Native = 5; Introduced = 8; Wetterer et al.
2004). The low number or even the possible lack of endemic ant
species in the Madeira, the Azores and Cabo Verde archipelagos,
when compared to the Canary Islands, could be interpreted due to
past failure of natural migration, colonisation and evolution of ants, or
the rivalry and elimination of endemic and native ants by exotic ants
brought by human settlers (Wetterer et al. 2004, 2006, 2007; Wetterer
and Espadaler 2010, 2021; Guillem and Bensusan 2022). However,
nothing is known about the deep-time presence of ants in the
Macaronesian archipelagos. The continental ant fossil record is abun-
dant and well preserved (e.g. LaPolla et al. 2013; Barden 2017), but on
oceanic islands, ant fossils are extremely rare and to date the only
example come from the late Holocene of Easter Island (Horrocks et al.
2013). The discovery and description of well-dated and informative
insect fossils from oceanic islands can provide minimum arrival ages
and add valuable palaeobiological information on their taxonomy,
evolution, ecology and biogeography (Morrison 2016; Gois-Marques
et al. 2019d).

Insect fossils found in Macaronesian islands are rare in part due to
a lack of active palaeoentomological research (Gdis-Marques et al.
2019d). According to a brief overview given by Gois-Marques et al.
(2019d), to date Macaronesian insect somatofossils are only known
from Madeira Island: one Coleoptera (Heer 1857; Machado 2006)
from Sao Jorge Mio-Pleistocene deposits (Gois-Marques et al. 2018)
and a recently described Ichneumonidae hind wing found in the
1.3 Ma Porto da Cruz sediments (Gdis-Marques et al. 2019d). From
other Macaronesian archipelagos, until now, only insect ichnofossils
were described for the Canary islands (e.g. Edwards and Meco 2000;
Meco et al. 2011; Alonso-Zarza et al. 2012; Genise et al. 2013; La
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Roche et al. 2014; Genise 2017) and one example for the Azores
(Géis-Marques et al. 2019b).

Tafonomically, insect fossils are usually found associated with
plant fossils (e.g. Coope 1970; Elias 2010). On Madeira Island,
localised lacustrine and fluvial sedimentary deposits can be rich in
plant fossils. Within these, occasional insect fossils are found (Heer
1857; Gois-Marques et al. 2019d; Gois-Marques 2020). Here, we
describe the first Macaronesian fossil of an ant, providing evidence
of the presence of ants in the early Pleistocene of Madeira Island.
Furthermore, we briefly discuss the possible biogeographical, evo-
lutionary and palaeoecological implications.

Geological setting

Madeira island is located on the mid-Atlantic Ocean, ca. 850 km
SW of mainland Portugal and ca. 700 km NW of Morocco
(Figure 1A). The subaerial edifice corresponds to a highly dissected
shield volcano (Ramalho et al. 2015) (Figure 1B). Geologically, the
island was divided into three volcanic complexes (Figure 1C): the
Lower Volcanic Complex (LVC1 and 2), with >7 Ma; the Middle
Volcanic Complex (MVC1, 2 and 3) ranging from 7 to 1.8 Ma; and
the Upper Volcanic Complex (UVC1 and 2), from 1.8 Ma to
Holocene (Brum da Silveira et al. 2010a, 2010b, 2010c; Ramalho
et al. 2015).

In the Porto da Cruz, in the NE part of the island (Figure 1 B and
C), fluvial and lacustrine sediments crop out intercalated within
lava flows from the UVC2. Recently, “’Ar/>°Ar dating constrained
this deposit to ca. 1.3 Ma, Calabrian, Pleistocene (Gois-Marques
et al. 2019e). Since the 19th century, plant and insect fossils have
been described from the Porto da Cruz sediments (Hartung and
Mayer 1864; Starkie Gardner 1882; Goéis-Marques 2013; Gdis-
Marques et al. 2019a, 2019d, 2019e).

Material and methods

A partial forewing fossil was identified under a stereomicroscope on
a split piece of finely laminated lacustrine sandstone. Fossil macro-
photographs were acquired using a Nikon D5500 attached to
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a macro extension tube and a 100-mm macrolens employing the
software DigiCamControl 2.1.4.0 (http://digicamcontrol.com).
Fossil identification was achieved by comparing the specimen to
extant insect wings from the data base DrawWing (Tofilski 2004).
Additionally, the fossil was compared to illustrations and photo-
graphs of extant (e.g. Saunders 1896; Donisthorpe 1915; Emery
1925; Brown and Nutting 1949; Bernard 1968; Barquin 1981;
Perfilieva 2000; Cantone 2019) and fossil ant taxa (e.g. Dlussky
2011; Antropov et al. 2013; Perfilieva 2022). When available, the
fossil was compared to wings of extant genera or species of
Formicidae present on Madeira Island (Wetterer et al. 2007) using
data archived in the online database AntWiki (https://www.antwiki.
org/). Forewing venation description follows the terminology given
in Perfilieva (2000). Open nomenclature follows the recommenda-
tion by Bengtson (1988).

Results
Systematic palaeontology

Order Hymenoptera Linnaeus, 1758
Family Formicidae Latreille, 1802
Genus Lasius? Fabricius, 1804

Diagnosis: see Perfilieva (2022).

Repository: Palaeobotanical collection of the Madeira University
Herbarium Richard Thomas Lowe (UMAD).

Fossil specimen studied: P586 (UMad 10973) (Figure 2B).
Locality: Porto da Cruz, Machico, Madeira Island, Portugal.
Stratigraphy and age: UVC2 g, Funchal unit, Upper Volcanic
Complex (Brum da Silveira et al. 2010a, b), with an age of ca.
1.3 Ma.

Fossil description: Incomplete forewing, preserved as a coalified
compression. Size of fragment 4.5 x 1.1 mm. Pterostigma cell (Pt)
incomplete, with attached costal (C) and radial (R) partial veins, the
R becoming faint towards apex. Second interradial (2 r-rs) vein
complete, attached to base of St forming an angle of ca. 137° in
relation to Pt, directing to wing apex. 2 r-rs vein joints to fourth
medial abscissa (4 M), fifth abscissae of radial sector (5RS) and

&), ©| Holocene sediments: Alluvia,
@] colluvia and debris avalanches
UVC2 pic - Subaerial
mafic piroclasts

UVC2 p - Funchal Unit: Mugearitic
lava flow: 1.319 £ 0.055 Ma
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UVC2 - Funchal Unit Basalt
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Figure 1. Location of Madeira Island and Porto da Cruz fossiliferous sediments. A, Geographical location of Madeira Archipelago; B, Digital elevation model of Madeira
Island indicating Porto da Cruz locality (star); C, Geological map of Porto da Cruz area adapted from Brum da Silveira et al. (2010c). Insect figure indicates the provenance

and stratigraphy of specimen P586.
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Figure 2. Formicidae forewing fossil and comparison to a typical Lasius forewing. A, drawing of a typical alate male ant Lasius alienus (Foerster, 1850), extracted from
Saunders (1896, plate 3, fig. 2) with rectangle indicating the preserved forewing part in the fossil; B, specimen P586, a partial Formicidae forewing fossil; question mark
indicates unknown parts; C, line drawing and reconstruction of the forewing fossil wing adapted over a 'Lasius schiefferdeckeri Mayr, 1868 forewing (adapted from Dlussky
2011, fig. 2-1). Legend: A: anal; C: costal; cu-a: cubito-anal transverse; R: radial; RS: radial sector; M: medial; Pt: pterostigma; m-cu: medio-cubital transverse; Cu: cubital;

r-rs: interradial; numbers indicate abscissae order.

third medial abscissa (3 M) incomplete veins forming a cross-joint.
Further morphology not preserved.

Remarks: Despite its incompleteness, the dimension and venation
pattern of the fossil fragment (Figure 2B) agree with the forewing
venation of a Formicidae (Figure 2C). The fossil is comparable to
the forewing illustrations of extant taxa such as Tetramorium cae-
spitum (Linnaeus, 1758) (Donisthorpe 1915, fig. 18), Formica rufa
Linnaeus, 1761, and Camponotus ligniperda (Latreille, 1802)
(Emery 1925, plate 1, fig. 13-14), Opisthopsis Dalla Torre, 1893
(Brown and Nutting 1949, fig. 20), Lasius Niger (Linnaeus, 1758)
(Perfilieva 2000, fig. 1a), Azteca instabilis (Smith, F., 1862) (Cantone
2019, fig. 2A), and to fossil taxa such as Lasius schiefferdeckeri Mayr,
1868 (e.g. Dlussky 2011, fig. 2-1,3 and 4; fig. 3-1) or Lasius vulgaris
Perfileva (Perfilieva 2022, Plate 10, fig 7-8). The venation of the
fossil forewing closely matches the class IIId proposed by Perfilieva
(2010), or the forewing typology II, the ‘Formica type’ by Cantone
(2019, Anexo 2). This forewing type is interpreted as an evolution-
ary vein reduction, being found within the subfamilies
Dolichoderinae, Formicinae, and Myrmicinae (Perfilieva 2010,
2015; Cantone 2019). Although the oblique shape of the vein
2 r-rs and the presence of a vein M better corresponds more closely
to a Formicinae than to the two other subfamilies, some taxa in the
three groups have very similar venations (see Brown and Nutting
1949, pl. 9; Perfilieva 2015, fig. 3). Taxa from these three subfamilies
occur today in Madeira Island (Wetterer et al. 2007; Espadaler
2008). Genera such as Lasius or Monomorium, both including
native species on Madeira, have alate forms with similar forewing
venations. The venation combined with the forewing reconstruc-
tion, with a length of ca. 10 mm (Figure 2C), can be found on extant
larger female Lasius spp. (wing lengths calculated from Saunders
1896, plate III, fig. 3; Donisthorpe 1915, Plate X) with body lengths
of ca. 9 mm (Female Lasius body length variation: 6.2-9.5 mm;

Bernard 1968). This excludes Monomorium, as queens of this genus
have a body length half or less of the larger Lasius spp. (see Smith
1858; Bernard 1968). According to Wetterer et al. (2007), Lasius
grandis Forel 1909 is the most common ant species on Madeira.
Given the similarity of the fossil to extant and fossil species and its
size, we provisionally identify it as Lasius. However, the fragmen-
tary nature of the specimen prevents further identification to an
extant species, or to evaluate if it belonged to an extinct or extir-
pated taxon.

Discussion
Where are the macaronesian ant fossils?

Due to a lack of palaeoentomological studies, it is currently not
known if ant somatofossils on oceanic islands are likely to be found
or even abundant, or, in fact, where to look for them. Expectably,
ant fossils should be found in similar sedimentary deposits as those
found in the mainland. According to Elias (2010), in the mainland,
Quaternary ant fossils are abundant (e.g. head capsules and mand-
ibles) in unconsolidated terrestrial organic deposits, especially in
silt-rich lacustrine deposits and in peats and bogs. On oceanic
islands, due to their volcanic origin, suitable terrestrial sediments
may have a limited expression. Yet, in Macaronesian archipelagos,
such sedimentary deposits do occur in all archipelagos, many of
them studied to assess the floristic diversity or to perform palaeoe-
cological reconstructions (e.g. Vegas Salamanca et al. 1998; Connor
et al. 2012; Nogué et al. 2013; Rull et al. 2017; Castilla-Beltran et al.
2019; Gois-Marques et al. 2019e). Although the increase in palaeoe-
cological research using sedimentary deposits on Macaronesian
islands, to date no ant fossils were reported. Another unexplored
possibility to find ant and other arthropods fossils in oceanic islands
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is to look for them in fossiliferous volcanic ash-tuffs deposits. For
example, in the Azores, several islands have a palaeobotanical
record preserved within ash-tuffs (Gois-Marques and Menezes de
Sequeira 2015; Gois-Marques et al. 2019b, 2019¢). Very well-
preserved insects are frequent in Pliocene volcanic ash-tuffs in the
French Massif Central (A.N. pers. obs). Still, to date no insect fossils
were ever found in these tephra layers, although this might be due
to a very limited palaeontological exploration of these deposits. Still
the questions remain: are ant fossils overlooked in Macaronesia? Or
could the lack of reports mean that ants arrived very recently to
some archipelagos (e.g. the Azores)?

Biogeographical, ecological and evolutionary considerations

The question of ‘when and how did ants arrived to Madeira Island
and to other Macaronesian Islands?’ is almost impossible to answer,
but the finding of fossils in insular context can provide some
evidence and trigger further questions about their long-term pre-
sence in Madeira Island and on Macaronesian archipelagos.

The finding of ant fossils will certainly be useful to frame
a minimum arrival date to these archipelagos. Although fragmen-
tary, the forewing fossil morphology now described clearly fits
within the forewing morphology of Formicidae, providing solid
evidence of the establishment of an ant taxon on Madeira Island
at least since 1.3 Mya. Ant dispersal capability by flight or by colony
rafting to oceanic islands was briefly discussed by Morrison (2016
and references therein). Migration by means of flight is somehow
reduced (although wind might aid long distance dispersal) and
rafting can effectively act as viable mean for colonies to arrive at
oceanic islands (Morrison 2016). In the case of the Macaronesian
archipelagos, other geological and biological factors might have
aided arthropods, including ant taxa, to migrate to extant islands
(see Triantis et al. 2010). The bathymetric maps of the
Macaronesian region shows the presence in the last 60 Ma of several
volcanic paleo-archipelagos, now eroded, many of them having
emerged during the Last Glacial Maximum (Fernandez-Palacios
et al. 2011 and references therein; Triantis et al. 2010). The con-
tinuous presence of palacomacaronesian archipelagos throughout
the Cenozoic, could mean that ant dispersal and colonisation of
Macaronesian islands from the mainland through stepping-stone
might have been facilitated (Triantis et al. 2010; Ferndndez-Palacios
et al. 2011). At an archipelagic scale, Madeira Archipelago is com-
posed of two main large islands, the 7 My-old Madeira Island
(Ramalho et al. 2015) and the ca. 14 My-old Porto Santo Island
(Geldmacher et al. 2000). This could mean that ants might have first
colonised Porto Santo Island during the Miocene via stepping-
stones, and later reached Madeira Island as this island is just
50 km distant.

Palaeobotanical evidence demonstrated the presence of the tem-
perate Stink-laurel forest during the Mio-Pleistocene of Madeira
Island (Go6is-Marques et al. 2018), a complex ecosystem dominated
by a multi-stratified evergreen forest down to at least 30 m high
(Capelo et al. 2005). This indicates the long-term existence of
suitable habitats for ants to colonise and a biota with which they
could co-evolve. Today, however, the ecological role of ants in
natural Madeiran ecosystems is still unknown. With the presence
of ants at least since 1.3 My-ago on Madeira Island, it could be
expected that opportunities existed for ant co-evolution (or at least
preservation) of myrmecochory (dispersal of seeds), myrmecophily
(ant pollination) and myrmecophilous associations with other
insect taxa. Yet, literature research shows these subjects are still
poorly explored in Madeira Island. For example, many extant main-
land plant taxa that produce seeds with elaiosomes have their
counterpart endemic taxa on Madeira archipelago (Jardim and

Menezes de Sequeira 2008), such as Boraginaceae, Delphinium,
Euphorbiaceae, Luzula, Maytenus, Myrtus, Teucrium, or Viola (see
Lengyel et al. 2010 for a complete list of plant taxa that produce
elaiosomes). Today, endemic pigeons are considered the main dis-
perser of seeds and fruits of the native and endemic Macaronesian
forests (Marrero and Nogales 2021). But what about ants?
A possible myrmecochory relation with endemic plants is currently
unknown and ant role in disseminating seeds in native forests
might have been overlooked.

Ant fossils found in oceanic islands can be also useful to ascer-
tain the debate of whether established ants in these islands are
native or introduced, or to detect extinct or extirpated taxa
(Horrocks et al. 2013; Morrison 2016). Unfortunately, the specimen
found on Madeira is too incomplete for an identification to extant
taxa. Still, given the long-term presence of ants on Madeira,
a question arises: why does this island has only one endemic
taxon [Temnothorax wollastoni (Donisthorpe, 1940)]? As already
pointed out, the number of endemic ants varies widely among
Macaronesian archipelagos, with the Canaries having ca. 28% of
endemics, but the other archipelagos ranging from 15% to possibly
0% of endemics (Guillem and Bensusan 2022; Native Biodiversity
Data Bank of the Canary Islands www.biodiversidadcanarias.
esbiota; Wetterer and Espadaler 2021; Wetterer et al. 2004, 2007).
On oceanic islands, speciation depends on several factors such as
isolation, number of islands in each archipelago, island geological
age, topographical complexity and habitat availability (Whittaker
et al. 2008; Triantis et al. 2010). The high ant endemicity in the
Canary Islands is most probably due to its proximity to mainland
Africa (Morocco), that facilitated ant early migration (Morrison
2016). Moreover, this archipelago is composed of several large
and topographically complex islands which certainly contributed
to the evolution of endemic taxa. In contrast the Madeira archipe-
lago (excluding the Selvagens archipelago) is composed of fewer
and is more isolated islands, possibly contributing to the single
endemic taxon currently described. Presently, Madeira archipelago
myrmecofauna is composed of 10 native ants (including one single
island endemic) and 21 introduced/exotic ants (Guillem and
Bensusan 2022). The high number of exotic ants is due to recent
human mediated introductions, which certainly shaped extant ant
diversity in all Macaronesian archipelagos, with exotic ants possibly
replacing native/endemic ants (Wetterer et al. 2004, 2006, 2007;
Wetterer and Espadaler 2010, 2021; Guillem and Bensusan 2022).

Conclusions

The finding of the first ant fossils with 1.3 My-old in
Macaronesian islands provides evidence of that these eusocial
insects were already part of the insular ecosystems since the
Calabrian. However, almost nothing is known about their past
or present ecological role. The same situation of uncertainty
occurs for the antiquity of the Macaronesian termites (Lamb
1980). We expect this research calls the attention for the need
of an active palaeoentomological research on oceanic islands,
and to trigger further examination of ant research in
Macaronesian natural ecosystems and to examine the disparity
of endemic ant taxa in Macaronesian archipelagos.
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