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Abstract

Jellyfish are important components of the marine ecosystem and present a potential resource for different economic domains (e.g.
medicine, food and biotechnology). We present an overview of the current state of jellyfish biodiversity in the Macaronesia
region, which includes the archipelagos of the Azores, Madeira, the Canary Islands and Cape Verde, and examine possible
biogeography patterns among its archipelagos. Based on a comprehensive literature survey, historical records, richness estima-
tion and biogeographical distribution, our search included organisms belonging to Scyphozoa, Hydrozoa (strictly benthic species
excluded) and Ctenophora. Our search detected 229 jellyfish species, with a dominance of holoplankton species, likely reflecting
the insular and coastal morphology of the archipelagos. Differences in species richness, endemism and species affinities are found
between the Azores, Madeira, Canary and Cape Verde island systems. Shared trend includes the dominance of holoplanktonic
hydrozoans, while the second most speciose taxa (Scyphozoa and Ctenophore) vary between the archipelagos. While widespread
distributed holoplankton predominate in the area, species with strict affinities suggests a pattern in the spatial distribution of
jellyfish, dividing Macaronesia into two biogeographic units: (i) Azores-Madeira-Canary with temperate and subtropical and/or
tropical species and (ii) Cape Verde with strictly subtropical and/or tropical species

Keywords Azores - Biodiversity - Canary Islands - Cape Verde - Jellyfish - Madeira

Introduction

Jellyfish are important components of the marine ecosystem,
comprising a diverse group formed by pelagic cnidarians,
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including Hydrozoa, Scyphozoa and Cubozoa, and cteno-
phores (Lucas and Dawson 2014). In recent decades, interest
in jellyfish has increased as attested by the escalation of sci-
entific literature and technical reports in the general media
(Vandendriessche et al. 2016). This interest emanates from
the global perception that jellyfish blooms have increased,
with various consequences for human activities (e.g. fisheries,
aquaculture, tourism and power plants) and ecosystems
(Purcell et al. 2007). However, scientists have failed to reach
a common consensus on whether jellyfish are increasing glob-
ally (Condon et al. 2012, 2013), as this issue has yet to be
examined and seems to result from misinterpretations of sev-
eral publications (Sanz-Martin et al. 2016).

Although jellyfish represent a food resource for several
marine animals (Sweetman and Chapman 2015; Marques
et al. 2016; Thiebot et al. 2017), it is their predation role that
is often highlighted. They are both competitors and predators
for fish larvae and zooplanktivorous fish as they feed on zoo-
plankton and eat fish eggs and larvae (Purcell et al. 2015;
Tilves et al. 2016). Moreover, the introduction of non-
indigenous species (NIS), facilitated either by anthropogenic
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activities (e.g. ballast water and hull fouling on ships, artificial
or natural canal construction or enlargement) or by natural
spreading enhanced by global changes, has emphasized their
impacts (Garcia and Durbin 1993).

Jellyfish exhibits various life strategies. Most of these ge-
latinous organisms display a bipartite life cycle, including
polyps (benthic and sessile) and medusae (mostly planktonic
and swimming). Some hydrozoans (Siphonophorae,
Narcomedusae, Trachymedusae and Geryoniidae family in
Limnomedusae), ctenophores and a few scyphozoans species
like Pelagia noctiluca (Rottini Sandrini and Avian 1991) are
strictly holoplanktonic. Pelagic and benthic stages are efficient
predators constituting a significant link in bentho-pelagic cou-
pling. The hydrozoans attribute of exhibiting different life
strategies (benthic, meroplanktonic, holoplanktonic) have
been used to assess possible pattern in different regions
(Gibbons et al. 2010; Ronowicz et al. 2019). The presence
of adequate substrates for hydroids/benthic settlement and
seafloor morphology seems to play an important role in the
distribution of species based on their life strategy. For in-
stance, meroplanktonic hydrozoans tend to be progressively
replaced by holoplanktonic species, as one moves away from
the coast (Sabatés et al. 2010), while the low richness of ben-
thic species in some areas in South Africa and Arctic might be
related to the absence of suitable hard substrates (Gibbons
et al. 2010; Ronowicz et al. 2019).

The Macaronesian region, located in the Northeast Atlantic
Ocean, encompasses four oceanic archipelagos, comprising
from north to south the Azores, Madeira (also including
Selvagens and Porto Santo islands), the Canary Islands and
Cape Verde. These archipelagos have developed sea-related
activities including tourism and/or offshore fish farms, both of
which are known to be affected by jellyfish including stung
and fish farm mortality (Baxter et al. 2011; Ghermandi et al.
2015; Bosch-Belmar et al. 2016). These island systems share
similar geographical features and geomorphological traits as
they all have a volcanic origin, resulting in them becoming
geologic hotspots for divers (Carracedo 2001). The four archi-
pelagos, present in different latitude, display different geolog-
ical age that influences the seafloor characteristics (Fig. 1)
(Whittaker and Fernandez-Palacios 2007). Hydrologically,
three of the archipelagos (the Azores, Madeira and the
Canary Islands) are interconnected via oceanic currents
(Morton et al. 1998).

Recognition of the Macaronesia biogeography concept has
raised some debate over the years. The first reference to
Macaronesia goes back to Engler (1879), who recognized the
Azores, Madeira and the Canary Islands as a single biogeograph-
ical unit, emphasized by endemic terrestrial flora such as
Lauraceae plant species (Vanderpoorten et al. 2007). The inclu-
sion of Cape Verde in Macaronesia only occurred several de-
cades later (Dansereau 1961). Among the three archipelagos,
Azores, Madeira and Canary Islands, sister areas tend to change
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depending on the taxa/phylum used for the biogeography study.
For instance, based on the species composition of ichtyofauna
(Lloris et al. 1991), Cirripedia (Quinteiro et al. 2015) and shallow
subtidal macroalgae (Sangil et al. 2018), the Lusitanian
Macaronesia has been divided into two biogeographic areas,
one comprising Madeira and the Canary Islands and the other
comprising only the Azores. One the other hand, Vanderpoorten
et al. (2007) and later Tuya and Haroun (2009) featured Azores
and Madeira as sister areas based on algae and pteridophyte
diversity. Some studies have used a more global approach in
biogeography concept analysis. Based on their biota, Spalding
et al. (2007) divided the Macaronesia region into two biogeo-
graphic units, with the Azores, Madeira and the Canary Islands
regrouped as a single ecoregion within the Lusitanian province in
the temperate Northern Atlantic Realm, while Cape Verde was
considered as a separate ecoregion within the West African
Transition province in the Tropical Atlantic Realm. A recent
multiple-marine taxon biogeographical approach excluded
Cape Verde from the Macaronesia biogeographic unit (Freitas
etal. 2019). This approach redefined the Lusitanian biogeograph-
ical province as a new ecoregion (Webbnesia), comprising
Madeira, Selvagens and the Canary Islands, while the Azores
were relegated to an ecoregion, along with two other ecoregions
(the South European Atlantic Shelf and the Saharan Upwelling).

Existing knowledge of Macaronesia jellyfish diversity as
well as its role in human activities, ocean products (e.g. cos-
metic based on jellyfish collagen, jellyfish as food or aqua
feed) or as a potential environmental indicator appears to be
inchoate. To date, little is known about jellyfish diversity in
Macaronesian waters. An additional area of interest lies in the
possible influence of the insular nature on the community (e.g.
endemism). In this context and in order to expand our current
understanding of the scale and diversity of jellyfish on insular
systems, we examined jellyfish diversity patterns in the
Macaronesia region. Based on literature research and
on estimations, we investigated the current state of jel-
lyfish biodiversity in the whole of Macaronesia by ex-
amining possible patterns and biogeographical distinc-
tions between the archipelagos. Specifically, we tested
two hypotheses: (1) due to its insular and geological
nature, Macaronesia favours holoplanktonic species over
meroplanktonic species; (2) due to the wide geographi-
cal distribution of holoplanktonic jellyfish (mainly
Hydrozoa), we assume that Macaronesia constitutes a
single biogeographic region.

Material and methods

Data collection

We conducted a literature search focused on jellyfish diversity
across the whole of Macaronesia (Fig. 1). The term “jellyfish”
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Fig. 1 The Macaronesia region,
comprising the four archipelagos
of the Azores, Madeira, the
Canary Islands and Cape Verde.
Arrows illustrate the circulation
pattern of the main surface
currents in the North and Central
Atlantic Ocean. GS—Gulf Stream;
NAC—North Atlantic Current;
AC-Azores Current; SWEC—
Southwest European Current;
MADC-Madeira Current;
CANC—Canary Current; NEC—
North Equatorial Current;
NECC-North Equatorial Counter
Current; MC—Mauritania Current;
GC—Guinea Current. Dashed line:
Cape Verde Frontal Zone

used for this analysis refers to Hydrozoa, Scyphozoa and
Cubozoa Class and Ctenophora phylum. The datasets were
based on the compilation of all records existing in the scien-
tific literature and grey literature such as books, book chapters,
cruise reports and theses (both master’s and doctoral). The
search mainly involved exploring the Google Scholar data-
base for the following relevant keywords: “Hydrozoa”,
“Scyphozoa”, “Cubozoa”, “Medusa”, “Ctenophore” ,“jelly-
fish” and “hydroids” associated (AND) with the four archipel-
agos names “Azores”, “Madeira”, “Canary Islands” and
“Cape Verde” in English, Portuguese and Spanish languages.
Only hydrozoan species with pelagic phase (meroplankton
and holoplankton) were considered based on Bouillon et al.
(2006) review. Exclusively benthic species (medusa-lacking
species) were excluded. Species taxonomic validity status,
synonyms and names were checked on World Register
of Marine Species database (WoRMS) (Horton et al.
2020). Species with uncertainty and doubtful status
were removed. The classification adopted was the one
proposed by Daly et al. (2007) for the Cnidaria phylum
and from the WoRMS (in 2019) for Ctenophora
phylum.

10°W

Cape Verde .

Data analysis

A non-parametric incidence-based estimator (presence-
absence) was used to assess total estimated jellyfish species
richness at the region (Macaronesia) and archipelago levels
(Azores, Madeira, Canary Islands, Cape Verde). In this con-
text, the second-order Jackknife estimator (Jack2) (Smith and
van Belle 1984) was selected given its prime performance
with different levels of replication in marine benthic commu-
nities (Canning-Clode et al. 2008). The second-order
Jackknife is based on the species occurring in only one sample
as well as in the number that occur in exactly two samples.
The sample unit used corresponds to the sampling campaigns.

To detect a potential pattern in jellyfish distribution, several
analyses were performed: first, similarity between jellyfish di-
versity among the four archipelagos was examined using the
Jaccard similarity coefficient, which takes the following form:

Ci=j/(a+bj),

where j is the number of family/genus/species found in
two archipelagos, a represents the number of species in
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Table 1 Comparison of oceanographic, geological and abiotic features of Macaronesian islands systems abiotic and geological characteristic (Avila
et al. 2018)
Archipelagos No. main islands Average latitude Mean annual SST (°C) Age (Ma) Isolation (km) Littoral area
(0-200 m) km?
Azores 38.18 N 17.6 6 840 4846
Madeira 3245N 20.15 18.8 285 1772
Canary 2831N 21.45 25 98 9885
Cape Verde 10 16.00 N 24.5 15.8 570 5666

archipelago A and b represents the number of species in
archipelago B.

A correspondence analysis (CA) was performed to as-
sess a potential biogeography pattern in the island systems
based on species climate affinity and life cycle. The spatial
distributions of hydrozoans and ctenophores were
extracted from Bouillon et al. (2004) and from WoRMS.
For the latter, only the distributions labelled “Checked:
verified by a taxonomic editor” and “Trusted: edited by a
thematic editor” were retained (page generated on 19
June 2019). The distribution of Scyphozoa was extracted

from the World Atlas of Jellyfish (Jarms and Morandini
2019). The species were then divided into five groups
based on their geographical distribution: (1) 7: species
strictly distributed in temperate areas; (2) PT: species dis-
tributed in polar or in polar and temperate areas; (3) 77rop:
species widely distributed in temperate and subtropical
and/or tropical areas; (4) Trop: species strictly distributed
in subtropical and/or tropical areas; (5) Cos: cosmopolite
species distributed from polar to tropical regions. Due to
temperature vertical profile, deep-sea species are often as-
sociated with cool temperature. Therefore, in order to

Table 2  Diversity of jellyfish (hydrozoans, scyphozoans and ctenophores) in Macaronesia islands systems
Macaronesia Azores Madeira Canary Cape Verde

No. of species

All 229 114 38 102 88

Hydrozoa 191 101 36 77 71

Scyphozoa 20 10 2 10 11

Ctenophora 18 3 0 15 6

No. of genera

All 144 83 28 78 65

Hydrozoa 117 74 56 59 52

Scyphozoa 14 7 2 7 7

Ctenophora 13 2 0 11 6

Range of species per genus 1-10 1-5 1-6 1-4 1-5

Max. representative Clytia Clytia, Obelia Clytia Nausithoe Clytia, Hydractinia
No. of family

All 74 44 22 52 48

Hydrozoa 53 36 20 36 36

Scyphozoa 12 6 7 7

Ctenophora 9 2 9 5

Range of genera per family 1-9 1-7 1-4 1-8 1-6

Max. representative Rhopalonematidae ~ Prayidae Diphyidae Rhopalonematidaec ~ Rhopalonematidae
Range of species per family ~ 1-26 1-10 1-9 1-9 1-8

Max. representative Campanulariidae Campanulariidae, Prayidae ~ Campanulariidac =~ Rhopalonematidaec ~ Campanulariidae
Life strategy

No. of meroplankton (%) 112 (49%) 47 (41%) 25 (66%) 38 (37%) 51 (58%)

No. of holoplankton (%) 117 (51%) 67 (59%) 13 (34%) 64 (63%) 37 (42%)
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identify potential pattern based on habitat temperature, on-
ly epipelagic species were used for this analysis. Vertical
profile of each species was identified through literature
research. Species showing vertical migration between epi-
pelagic and mesopelagic zones were also considered.
Finally, genus with un-identified species (genus sp or genus
spp) was removed from the analysis, unless the genus was only
recorded in one of the archipelagos. CA and Jaccard similarity
were performed using MVSP software. Jackknife estimator
coefficient was performed using R version 3.3.3 (R Core
Team 2017) and SpadeR package (Chao et al. 2016) (Table 1).

Results

We compiled a total of 229 recorded species belonging to the
Hydrozoa, Scyphozoa and Ctenophora from references pub-
lished since 1879 (until 2019) (Supplement 1, 2). No
cubozoan has been recorded in any of the four-macaronesian
island systems. Azores is the most diverse archipelagos with
114 species, followed by Canaries (102), Cape Verde (88) and
Madeira (38) (Table 2).

A total of 191 species of Hydrozoa belonging to 117 gen-
era, 53 families and 6 orders were recorded in the
Macaronesia. At highest taxonomic level, Siphonophorae is
the most speciose order with 56 species in 35 genera. The
others speciose orders are Anthoathecata with 53 species in
35 genus; Leptothecata with 45 species in 24 genera;
Trachymedusae with 20 species in 14 genera; and
Narcomedusae with 18 species in eight genera. The average
number of species per family is 3.6, with Campanulariidae as
the most speciose family (16 species; 8% of the Hydrozoa),
followed by Rhopalonematidae (14 species; 7% of Hydrozoa)
and Diphydae and Prayidae (11 species, respectively; 6% of
the Hydrozoa, respectively). The most speciose genus is
Clytia with 10 species (5% of the Hydrozoa, 4% of all the
records).

A total of 20 species of Scyphozoa belong to 14 genera, 12
families and 3 orders. At high taxonomic level, the Coronatae
is the most diverse order with 12 species in seven genus (57%
of the Scyphozoa). The other orders are Semaeostomeae with
four species in four genera (20% of the Scyphozoa; Aurelia
aurita doubtful removed) and the Rhizostomeae with three
species in three genera (14% of the Scyphozoa). The average
number of species per family is 1.8, with Nausithoidae family
as the most speciose with four species. The other speciose
families are the Atollidae with three species in one genus
(14% of the Scyphozoa) and Periphyllidae with two species
in two genera (10% of the Scyphozoa).

A total of 18 species Ctenophora recorded in Macaronesia
belong to 13 genera, 9 families and 4 order. At high taxonomic
level, the Cydippida order is the most diverse order with eight
species in five genera (44% of the ctenophores). The other

speciose order is the Lobata with five species in five genera
(28% of the ctenophores). The average number of species per
family is two, with the Pleurobrachiidae as the most species
family with six species (33% of ctenophores).

The species distribution between the orders within each
main taxa (Hydrozoa, Scyphozoa and Ctenophora) varies be-
tween the macaronesian archipelagos: in Hydrozoa,
Siphonophorae is dominant in Azores (35%) and Canary
(32%), Leptothecata predominates in Madeira (36%), and
Anthoathecata and Leptothecata dominate in equal proportion
in Cape Verde (30%) (Fig. 2a). For the Scyphozoa, Coronatae
predominates the scyphozoan in Cape Verde (73%), the
Canary (70%) and Azores (55%), while Semacostomeae is
the only order recorded in Madeira (Fig. 2b). Among

Life strategy
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Fig. 2 Macaronesian relative composition of the jellyfish order in a
pelagic hydrozoans, b scyphozoan, ¢ ctenophores. Abbreviations as
follows: MAC: Macaronesia; AZ: Azores; MAD: Madeira; CAN:
Canary Islands; CV: Cape Verde; G: global data (extracted from
Bouillon et al. 2006; Jarms and Morandini 2019)
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ctenophores, dominant orders are represented by Beroida in
Azores (67%), Lobata in Canary (40%) and by Lobata and
Cestida in equal proportion in Cape Verde (33%). No pelagic
ctenophore has been recorded in Madeira (Fig. 2¢) while the
highest diversity has been recorded in Canary (14 species).
Several families (91%) are represented by a single species:
23 (49%) in Azores, 16 (73%) in Madeira, 34 (64%) in Canary
and 27 (57%) in Cape Verde. The most speciose Hydrozoa
families in each archipelago correspond to the general
Macaronesian trend but with variation between the areas:
Campanulariidae and Prayidae in Azores (10 species, respec-
tively), Campanulariidae in Madeira (nine species) and in
Cape Verde (eight species) and Rhopalonematidae in Canary
(nine species) (Fig. 3a). In Scyphozoan (Fig. 3b), the most
speciose families are Nausithoidae (5 species) and Atollidae
(3 species). This trend is observed in all the archipelagos ex-
cept in Madeira where only one species for each of the
Ulmaridae and Pelagiidae has been recorded. Macaronesia
ctenophore diversity is mainly represented by the
Pleurobrachiidae family with six species (Fig. 3¢). The gener-
al ctenophore trend in the Macaronesia is driven by the species
recorded in the Canary Islands, as few species are recorded in
the others island systems. Clytia and Obelia are the most
speciose genus in Azores (five species), Clytia in Madeira

a

Order Family

Rhopalonematidae

Trachymedusae E’etasidae
Halicreatidae

Stephanomiidae
Sphaeronectidae
Resomiidae

MAC

R

MAD CAN

Physaliidae
Hippopodiidae
Forskalidae
Diphyidae
Clausophyidae
Apolemiidae
Agalmatidae
Abylidae
Solmundaeginidae
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____-_ ._I
Q
<
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_____________________ Aeginidae

L Geryoniidae
Ti .

Tiarannidae
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L

Hebellidae
Eirenidae
Dipleurosomatidae
Cirrholoveniidae
Campanulariidae
Aequoreidae

Zancleidae
Tubularidae
Sphaerocorynidae
Ptilocodiidae
Porpitidae
Pennariidae
Pandeidae
Oceaniidae
Magapiidae
Hydrichthyidae
Hydractinidae
Cytaeididae

Corynidae

Anthothecata

Corymorphidae
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Bythotiaridae
Bougainvilidae

ll-l.-l——-I—-——llll-..l.———.—-.I—I—Il__l_.__l__._._l
R e TRl Y Lk I R |

Tm= -—-I ———

Species

(seven species), and Clytia and Hydractinia in Cape Verde
(five species, respectively). While the most speciose genus
of these archipelagos belong to Hydrozoa, the most species
genus in Canary is represented by the deep-water Nausithoe
scyphozoans (four species).

Only 12 families (16%; Rhopalonematidae,
Physophoridae, Diphyidae, Cheloniidae, Laodiceidae,
Heneliidae, Campanulariidae, Pennariidae, Oceaniidae,
Bougainviliidae, Pelagiidae), ten genera (7%, Liriope,
Pantachogon, Pennaria, Clytia, Obelia, Physalia,
Physophora, Chelophyes, Pelagia) and nine species (4%,
Liriope tetraphylla, Pantachogon haeckeli, Rhopalonema
velatum, Pennaria disticha, Obelia bidentate, Obelia
dichotoma, Physalia physalis, Physophora hydrostatica,
Pelagia noctiluca) are common between the four archipelagos
(Fig. 4a). Within the island systems, the Jaccard similarity
index for these taxonomic levels showed the same trend
(Fig. 4): the lowest values are recorded between Madeira
and Cape Verde, with 0.24 for family (16 shared families),
0.20 for genus (15 shared genus) and 0.14 for species (15
shared species); conversely, the furthest island systems,
Azores and Cape Verde, exhibited the highest values, with
0.35 for family (31 shared families), 0.33 for genus (26 shared
genera) and 0.21 for species (33 shared species).

Order Famiy | MAC || Az MAD || caN oV
Ulmaridae - . I
Semaeostomeae  Phacellophoridae I I
Pelagiidae I I I I I
Rhizostomatidae I I
Rhizostomeae Cepheidae l I
Catostylidae I I
Periphylidae - JJJ] | | |
Paraphylinidae I I
Coronatae Nausithoidae - . - -
Linuchidae - [ | |
Atorellidae I I
nwtidae {[J | | [ |
012345012345012345012345012345
Species
c MAC AZ MAD CAN cv

Ocyropsidae 4
Mertensiidae
Lobata

Leucotheidae 4

Eurhamphaeidae -

Bolinopsidae -

Cestida

Cestidae I

Pleurobrachiidae

Beroidae I I

Cidipiida

Beroida

Species

Fig. 3 Configuration of a hydrozoans; b scyphozoans; and ¢ ctenophores diversity by families across the four archipelagos of Macaronesia.
Abbreviations as follows: MAC: Macaronesia; AZ: Azores; MAD: Madeira; CAN: Canary Islands; CV: Cape Verde
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Fig. 4 a Shared families/genus/species and b correspondent Jaccard similarity index between the Macaronesian archipelagos. AZ: Azores; MAD:
Madeira; CAN: The Canary Islands; CV: Cape Verde; H: Hydrozoa; S: Scyphozoa; C: Ctenophora

The shared species between the archipelagos are mainly
represented by three orders namely Leptothecata,
Siphonophorae and Trachymedusae. Some similarities and
differences are remarkable (Fig. 5). Leptothecata is the main
shared order for half of the cases: Madeira—Azores (37%),
Madeira—Cape Verde (47%) and Canary—Cape Verde
(19%), where Obelia and Clytia are the main speciose genus.
Canary Islands mainly shared siphonophores with Madeira
(36%) and Azores (26%). Finally, mostly of common species
(20%) between Azores and Cape Verde belong to
Trachymedusae order. All over, most of the species shared
between the archipelagos, representing 55% and 75% of the
shared species. Meroplankton dominated the common species
only between Azores and Madeira (53%) and between
Madeira and Cape Verde (60%).

In Macaronesia, 51% (117 species) are holoplanktonic,
mainly Hydrozoa (83%): with 55 Siphonophorae (47%), 20
Trachymedusae (17%) and 18 Narcomedusae (15%). Based
on life strategy, Macaronesia jellyfish contrasts with the world
global pattern of meroplankton dominance (71%) (Fig. 2). At
island systems level, some remarkable similarities as well as
differences appear. Holoplankton taxa predominate in Canary
(63%) and Azores (59%), mostly represented by siphono-
phores (54% and 38%, respectively). Conversely,
meroplankton are more speciose in Madeira (66%) and
Cape Verde (58%), both dominated by Leptothecata (34%
and 25%, respectively).

The zoogeographical affinity of Macaronesian epipelagic
cnidarians and ctenophores shows the dominance of wide-
spread distributed species occurring in temperate-
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Fig. 5 Relative composition of the orders of the species common
between two archipelagos. AZ: Azores; MAD: Madeira; CAN: The
Canary Islands; CV: Cape Verde

subtropical-tropical (52%) and in strictly temperate (35%) re-
gions. Although this general trend is common between
Macaronesian island systems, Cape Verde stands out from
the three other archipelagos (Fig. 6a) where a non-negligible
proportion species (16 %) shows a strict distribution in sub-
tropical and/or tropical regions. All these strictly subtropical-
tropical species are meroplanktonic. While correspondence
analysis showed an association between Azores and Canary
islands with polar-temperate species, this trend is limited as
this affinity represents only 2% and 18% of the species, re-
spectively. A pattern also appears in the shared species be-
tween the archipelagos (Fig. 6b). Common holoplanktonic
are widespread distributed species with temperate and
subtropical/tropical affinity. One the other hand, the distribu-
tion of meroplankton is more dominated by temperate affinity
species.

Endemism is exclusively represented by meroplanktonic
hydrozoans (Table 3), with 8 species (2.8% of Hydrozoa).
Five are recorded in Cape Verde (7%), two in Azores (2%)
and one in Canary (1.3%). To date, there are no endemic
pelagic cnidarians and/or ctenophores known from Madeira,
neither endemic scyphozoan, ctenophores, family nor genus
from Macaronesia.

In the studied area, a great majority of the species have
been recorded as singletons, representing 58% of the total
records. Therefore, Macaronesia pelagic cnidarians and cteno-
phore seem to be underestimated: the Jack2 index estimated a
true jellyfish richness of 457 species, leading to an underesti-
mation of 51% in terms of Macaronesia’s jellyfish diversity
(Fig. 7). Among the archipelagos, the Jack2 index varies from
53% (219 species) in the Azores to 43% (88 species) in
Madeira. Looking at the different taxa, the inventory
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Fig.6 Correspondence analysis scatterplot based on the life cycle and the
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completeness estimations were the highest for Ctenophora
(68%), followed by Scyphozoa (61%) and Hydrozoa (51%).

Discussion

Among the three classes defining pelagic cnidarians, no
Cubozoa species have been detected in any of the four archi-
pelagos composing Macaronesia. Nevertheless, several
cubozoan species have been recorded on both sides of the
Atlantic Ocean and its adjacent seas (Kramp 1955, 1961;
Morandini 2003), and in some oceanic islands such as
Bermuda (Bigelow 1938) and Saint Helena (Haeckel 1880).
Little is known about cubozoan ecology as these invertebrates
are regarded as rare jellyfish, difficult to detect and mostly
abundant in shallow waters (Kingsford and Mooney 2014).
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Table 3 Species richness and endemism in different marine taxa in Macaronesia islands systems (after Freitas et al. 2019)
Taxa AZ MAD CAN CvV MAC Common species* Source
Hydrozoans No. of species 101 36 77 71 191 4.7% Present study
No. of endemism 2 0 1 5 8 -
Endemism (%) 2.0 0.0 13 7.0 2.8 -
Scyphozoans No. of species 10 2 10 11 20 5.0%
No. of endemism 0 0 0 0 0 -
Endemism (%) 0.0 0.0 0.0 0.0 0.0 -
Ctenophores No. of species 3 0 15 6 18 0.0%
No. of endemism 0 0 0 0 0 -
Endemism (%) 0.0 0.0 0.0 0.0 0.0 -
Coastal fishes No. of species 165 208 299 303 465 0.1% Freitas et al. (2019)
No. of endemism 1 0 2 22 25 -
Endemism (%) 0.6 0.0 0.7 73 54 -
Echinoderms No. of species 64 69 85 76 151 5.9%
No. of endemism 0 0 0 1 1 -
Endemism (%) 0.0 0.0 0.0 1.3 0.7 -
Gastropods No. of species 280 397 811 608 1,312 3.4%
No. of endemism 37 14 96 268 418 -
Endemism (%) 13.2 35 11.8 44.1 31.9 -
Brachyurans No. of species 62 75 120 117 117 17.5%
No. of endemism 0 0 0 10 10 -
Endemism (%) 0.0 0.0 0.0 8.5 5.6 -
Polychaetes No. of species 169 386 465 213 683 2.6 (%)
No. of endemism 1 10 10 9 30 -
Endemism (%) 0.6 33 2.2 4.2 4.4 -
Macroalgae No. of species 405 396 689 333 949 10.4 (%)
No. of endemism 0 1 1 0 2 -
Endemism (%) 0.0 0.3 0.1 0.0 0.2 -
a b & d The absence of cubozoan records in Macaronesia is still un-
clear, might be relating to relative low sampling efforts across
cVv Macaronesia or due to the archipelagos’ seafloor morphology
characterized by the restricted shelves and steep slopes, al-
CAN though a number of other explanations could also be
proposed.
MAD The present study shows the dominance of hydrozoan with
holoplanktonic life history strategy in Macaronesia. This pat-
AZ tern deviates from the global data (exclusive benthic not con-
sidered) and from equivalent datasets in other regions (South
MAC Africa (Gibbons et al. 2010) and Mediterranean sea (Bouillon

0 300 6000 250 5000 40 80 0 25 50
Species richness

B Recorded O Estimated

Fig. 7 Richness estimation of a jellyfish; b hydrozoans; ¢ scyphozoans;
and d ctenophores in the Macaronesian archipelagos based on Jack2. AZ:
Azores; MAD: Madeira; CAN: Canary Islands; CV: Cape Verde

et al. 2004)) where meroplankton species predominates. A
comparison with another islands system, New Zealand
(Schuchert 1996; Vervoort and Watson 2003; Cairns et al.
2009), where 59% of pelagic hydrozoan present a bi-partite
life cycle, highlights this peculiar pattern in Macaronesian
hydrozoan diversity. This difference between New Zealand
and Macaronesian island systems might be related to the geo-
logical features: New Zealand age (85 Ma) and geological
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origin (derived from Zealandia, part of the gondwanan super-
continent), extended coastline and continental shelf (up to
1000 km) (Wallis and Trewick 2009). Moreover,
Macaronesia is composed of volcanic oceanic islands that
were never connected to a continental landmass with restricted
shelf area and steep slopes near the coastline. All these mor-
phologic and geologic features might explain the lower diver-
sity of meroplanktonic hydrozoans. The influence of
Macaronesian seafloor morphology (i.e. limited shelf, steep
slopes) seems also to be expressed in scyphozoan diversity,
mainly by Coronatae. This trend contrasts with the worldwide
scyphozoan richness where Semaeostomeae is the most
speciose order (115 valid species) while Coronatae is the least
speciose (59 valid species) (Jarms and Morandini 2019). In
Scyphozoa, Rhizostomeae are considered to be shallow or
epibenthic medusae while Coronatae and Semaeostomeae
are pelagic, the latter being neritic or oceanic (Matsumoto
et al. 2003). Traditionally, Coronatae jellyfish are considered
as mesopelagic to bathypelagic medusa (Arai 1997).
However, only Atollidae, Periphyllidae and Paraphyllinidae
families, represented in Macaronesia by five species, are ex-
clusively deep-water species; the other species display a mid-
to deep water distribution (Jarms et al. 2002).

Marine biodiversity patterns and zoogeographical distribu-
tion in insular environments are mostly explained by the geo-
logical age, littoral area (which is correlated to the island geo-
logical age: insular shelves are larger in older islands), the
isolation and the latitude. Therefore, older islands systems
would exhibit higher species richness compared to younger
islands (Avila et al. 2018). Additionally, species geographical
expansion and distribution are shaped by the successive inter-
glacial (species migration toward higher latitudes) and glacial
(tropical species disappearance in higher latitude) episodes. In
consequences, islands in higher latitudes would be greatly
influenced while islands in lower latitude would present a
higher diversity and endemism. In Macaronesia, this trend
has been confirmed, the southern archipelagos, Canary and
Cape Verde, exhibiting more speciose marine taxa (Freitas
et al. 2019). Based on these criteria and previous studies, it
would be expected that Canary and Cape Verde jellyfish di-
versity would follow the same trend. Yet, jellyfish were more
speciose in Azores (50%) compared with Canary (45%) and
Cape Verde (38%). Howeyver, by looking closely, Cape Verde
presents a higher number of meroplankton species as well as
the highest endemism in hydrozoan in accordance with the
observations preformed on different marine taxa (Table 3).
From the present dataset, two biogeographical sister areas
can be identified on hydrozoan life cycle strategy: Azores
and Canary Islands with holoplanktonic-dominance, and
Cape Verde with meroplanktonic-dominant community.

Among the different factors affecting marine plankton bio-
geography (Barton et al. 2013), the influence of oceanic cur-
rents in marine organism’s dispersion and distance to the
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continent or nearest islands are considered to play an impor-
tant role in an archipelago’s biogeography (Whittaker and
Fernandez-Palacios 2007). The Azores Current, supplied by
the Gulf Stream, flows eastward, feeding the eastern subtrop-
ical boundary area. One branch loops in the south, supplying
the Canary Current by two branches separated by Madeira
(Barton 2001). Therefore, considering this ocean circulation
pattern, coupled with the relatively close distance between the
three archipelagos, a larger number of common species was
expected. However, except for few taxa (macroalgae and
brachyurans), the number species occurring in all the archi-
pelagos is low in most of studied marine taxa (Table 3).
Recent physical oceanography study in the region, Sala et al.
(2013) evaluated using a numerical model (Regional Oceanic
Modeling System coupled with the Lagrangian off-line nu-
merical tool, Ariane, and Argo buoy data) that, all depths
combined (up to 2000 m), only a few particles (up to 7%)
released in the Azores have reached the two other Lusitanian
archipelagos (Madeira and the Canary Islands). This would
explain the low degree of similarity among the Azores-
Madeira-Canary Islands jellyfish species. Lusitania also dis-
plays substantial exchanges with the Strait of Gibraltar (Sala
et al. 2013), facilitating species dispersion between the
Eastern Atlantic and the Mediterranean Sea (45% of common
jellyfish species between Macaronesia and Mediterranean
Sea). Traditionally, Cape Verde has been considered hydro-
logically separated from the complex Azores-Madeira-Canary
Islands due to the Cape Verde Frontal Zone, this being con-
sidered an effective barrier separating the South Atlantic
Central Water (SACW) (tropical region) from the North
Atlantic Central Water (NACW) (subtropical region).
However, this barrier breaks down over the African slope
between Cape Verde and Cape Blanc: water exchanges be-
tween the SACW and the NACW have been outlined as
Cape Verde SACW follows northwards along the African
slope and crosses the CVFZ (mass flux estimated at 0.7 Sv),
reaching at least 24°N (Pefa-Izquierdo et al. 2012; Pelegri
et al. 2017). The present similarity between the tropical and
northern archipelagos, and between the four archipelagos in
general, is mainly related to the wide distribution of the
holoplanktonic species.

The majority of epipelagic jellyfish species recorded in
Macaronesia display a wide distribution in temperate and
subtropical-tropical regions, explained by the dominance
of siphonophores, most of which exhibit a cosmopolitan
distribution (Mapstone 2014). Nevertheless, based on the
species with stricter affinities, two clades can be identi-
fied: (i) Azores-Madeira-Canary with temperate and sub-
tropical and/or tropical affinity; (ii) Cape Verde with
subtropical-tropical affinity. The pattern we describe here
for jellyfish diversity in Macaronesia differs from the clas-
sification proposed by Freitas et al. (2019) and Spalding
et al. (2007).
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However, richness estimators as well as unequal sampling
effort within the Macaronesia archipelagos suggest that spe-
cies richness has probably been significantly underestimated.
This is especially noticeable for Madeira which has been poor-
ly studied compared to the three other archipelagos of
Macaronesia, as confirmed by the limited number of publica-
tions (Supplement 3). However, recent sampling campaigns
have revealed a higher level of diversity, including over 10
new records for the area (Gueroun, personal communication).

The present study constitutes the first biodiversity survey
on jellyfish diversity across the islands of Macaronesia. This
pioneering step forward will act as a baseline study for future
research on the biodiversity, temporal occurrence and spatial
distribution patterns of jellyfish assemblages in Macaronesia
as well as other global insular ecosystems.

Supplementary Information The online version contains supplementary
material available at https://doi.org/10.1007/s12526-021-01174-z.
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