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modules reflects known past connections among the archipelagos and the current
drivers of species distribution. The role assigned to the species supports some
biological (ecological amplitude, degree of endemicity) and functional (long-distance
dispersal and persistence abilities) traits of their respective biota and justifies their
position in recent models of biogeographical distribution. Whereas it was expected
that the modules identified by the spermatophytes and arthropods would reflect the
compartmentalization of archipelagos quite well, this was also the case for much more
vagile taxa, such as fungi or lichens. Conversely, results obtained for pteridophytes
and bryophytes suggest that for those taxa geographic distance and/or macroclimatic
conditions are less important than the size, age and orography of an island to
determine the modularity of island groups. On the other hand, dry, species-poor islets,
act as connectors, tending to cluster together for different taxa, independently of their
archipelagic adscription, whereas large, high, humid islands tend to form network or
module hubs representing regional centers of speciation and dispersal.
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Introduction

Oceanic islands are popular targets to test specific evolutionary or ecological hypotheses.
Following the publication of the Theory of island biogeography (MacArthur and
Wilson 1967) a wide array of different models and approaches have been proposed
to explain species richness and distribution patterns on islands (Fattorini 2009, 2011,
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Warren et al. 2015, Whittaker et al. 2017). Species richness
on islands depends on a dynamic equilibrium between immi-
gration and extinction, along with on-site speciation, which
are influenced by the duration of isolation, distance from
the mainland, size of the island, as well as geomorphologic
diversity and sea-level fluctuations (Heaney 2000, Lomolino
2000, Whittaker et al. 2008, Fattorini 2010, Ferndndez-
Palacios et al. 2016).

Species presence—absence records provide a useful means
for assembling current species distribution patterns and
for interpreting ecological patterns related to alpha and
beta diversity (Fattorini 2010, Podani and Schmera 2011).
Additionally, the identification and delimitation of biogeo-
graphic modules (i.e. taxa distribution ranges with compa-
rable features, supporting similar biota) through the analysis
of species and geographic typological units allow defining the
most probable source/sink and metapopulational dynam-
ics for among- and within-archipelago species dispersal (dos
Santos et al. 2008).

Traditional approaches in biogeographic pattern analysis
often imply an arbitrary delimitation of boundaries. Network
analysis is a promising tool for understanding biogeographic
connectivity and evaluating patterns and interactions within
complex networks, because it offers an approach free from
a priori hypotheses on data sets (Olesen et al. 2007). It also
combines information on the size and consistency of distribu-
tion ranges, allowing a more detailed and accurate geographic
partitioning than a traditional cluster analysis (Carstensen
and Olesen 2009).

An algorithm for modularity detection through species
distribution analysis was developed by Guimera and Amaral
(2005a) and has been used to identify biogeographic modules
and topological roles (i.e. roles in continuity and connected-
ness) of islands and species in Central Aegean archipelago
(Kougioumoutzis et al. 2014), Wallacea (Carstensen and
Olesen 2009) and West Indies (Carstensen et al. 2012, 2013).
The same method has additionally been used to analyze meta-
bolic networks (Guimerad and Amaral 2005b), pollination
networks (Olesen et al. 2007) and to delineate networks of
invasive species on the Galdpagos islands (Traveset et al. 2013).

Macaronesia (Fig. 1 and Table 1) is a biogeographical
region encompassing five archipelagos of the NE Adantic
Ocean, in decreasing order of latitude: the Azores, Madeira,
Salvages, the Canaries and Cape Verde. All these archipela-
gos share a common volcanic origin and an oceanic location,
although they display important differences such as their cli-
mate, varying from mild and wet under the influence of the
Gulf'stream in the Azores (38—40°N), to a Mediterranean type
climate in Madeira and the Canaries to a very dry, summer-
rain monsoon climate in Cape Verde (de Nicolds et al. 1989).
Additionally, whereas Azores, the Canaries and Cape Verde
archipelagos have been affected by historic volcanism, the last
eruption in Madeira happened 7 Ky ago (Geldmacher et al.
2000).

With a total surface area of approximately 15 000 km?
Macaronesia includes 40 islands > 1 km?* stretching from
14.8°N (Brava, Cape Verde) to 39.7°N (Corvo, Azores) and
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Figure 1. Geographic position of the archipelagos and islands of
Macaronesia.

from 13.4°W (Roque del Este, Canaries) to 30.9°W (Flores,
Azores). Each archipelago is made up of de novo oceanic vol-
canic islands that emerged in relatively recent times (27-0.25
Myr) and were never connected to the mainland (Ferndndez-
Palacios et al. 2011). Given Macaronesia represents a group
of islands with the same formation history, and accumulation
of species has thus only occurred by long-distance dispersal
events and in situ diversification, the system offers a uniform
backdrop to evaluate concurrent patterns of island biogeog-
raphy in overlapping taxa.

The biogeographic entity of Macaronesia as a region was
postulated for the first time by Engler (1879) and substan-
tially accepted until today but, even if the affinity between
Canary Islands and Madeira is widely recognized, the
zoogeographic and phytogeographic uniformity of the whole
Macaronesian region is a controversial issue (Kunkel 1980,
Lobin 1982, Beyhl et al. 1995, Liipnitz 1995, Santos-Guerra
1999, Vanderpoorten et al. 2007). The only clear assump-
tion is that all these archipelagos display various connections
among themselves and with different continental regions.

Recent developments in the understanding of the geo-
logical and environmental evolution of the Macaronesian
islands, including an increasing number of phylogenetic
studies on the Macaronesian lineages (Caujapé-Castells
2011, Price et al. 2018) and many fossil findings (de
Nascimento et al. 2009, Martin Gonzélez 2009) provide new
interesting scenarios in the history of the biological coloniza-
tion of these islands, supporting and integrating alternative
biogeographic models and hypotheses. The biogeography
of the Macaronesian region is influenced by three main
abiotic processes: 1) islands’ emersion in different temporal
stages (Ferndndez-Palacios et al. 2011); 2) existence of shift-
ing winds and marine current regimes favoring the arrival of
propagules from the Mediterrancan and Maghreb regions
(although there are some important exceptions) (Ferndndez-
Palacios et al. 2013); and 3) repeated Pleistocene sea level



Table 1. Archipelagos and islands included in the analysis, with their abbreviation and relevant geographical data. In the last column, the

bibliographic source of the checklists is reported.

Island Code Area (km? Altitude (m) Continental isolation (km)  Age (Myr) References
Azores AZO
Sao Miguel smi 757 1103 1368.8 0.82 Borges et al. (2010)
Pico pic 446 2351 1609.9 0.25
Terceira ter 401 1021 1521.2 3.52
Sao Jorge sjo 246 1053 1584.2 0.55
Faial fai 173 1043 1656.8 0.73
Flores flo 143 914 1864.3 2.16
Santa Maria sma 97 587 1378.1 6.00
Graciosa gra 61 402 1595.9 2.50
Corvo cor 17 718 1852.0 0.71
Madeira MAD
Madeira Island mad 737 1861 659.4 5 Borges et al. (2008)
Porto Santo por 42.2 517 630.0 14
Desertas (Des. des 13.7 479 636.2 5
Grande + Bugio)
Salvages sav 3 154 377.2 27
Canaries CAN
Tenerife tfe 2034 3718 287.5 11.5 Arechavaleta et al. (2010)
Fuerteventura fue 1655 807 97 21
Gran Canaria gca 1532 1949 198.8 15
Lanzarote lan 805 671 127.1 16
La Palma Ipa 708 2423 416.5 2
La Gomera Igo 370 1487 336.8 12
El Hierro ehi 269 1501 383.6 1.5
La Graciosa lgr 29 266 152.3 0.05 Fernandez-Palacios et al. (2018)
Alegranza ale 10.3 289 168.7 0.035
Lobos lob 4.6 122 122.8 -
Montana Clara mcl 1.5 256 159.9 0.039
Cape Verde CAP
Santiago sti 991 1392 634.8 4.0 Arechavaleta et al. (2005)
Santo Antao san 779 1979 836.3 7.6
Boa Vista boa 620 390 570.6 17.5
Fogo fog 476 2829 725.8 5.1
S3o Nicolau sin 343 1304 722.6 6.2
Maio mai 269 436 599.6 9.8
San Vicente sav 227 774 817.6 9.3
Sal sal 216 406 608.8 15.3
Brava (incl. Dry Islands) brv 64 976 764.4 1.8
Santa Luzia slu 35 395 797.1 7.0
Raso ras 7 164 791.4 2.3
Branco brn 3 327 781.7 6.0

fluctuations, which favored the emergence of stepping stones
facilitating the species flow towards and within the archipela-
gos (Rijsdijk et al. 2014).

In relation to the nature of Macaronesian biogeographic
modules and topological roles we postulate two differ-
ent, complementary hypotheses: 1) the biogeographical
units obtained within Macaronesia will mainly depend on
the taxonomic group studied, so that taxa with different
vagility, persistence ability or ecological amplitude will pro-
duce different, contradictory biogeographical patterns. This
is to say that we expected that for some taxa archipelagic
entities will prevail, whereas for others, archipelagic enti-
ties will be diluted in other, more bizarre, island clusters
that combine geographically and ecologically similar islands
of different archipelagos; 2) islands with similar geographic

and environmental conditions, will display a similar local or
regional topological role, independently of their archipelagic
adscription. In order to test these hypotheses, we applied
the network analysis method to both Macaronesian biota
and islands to: 1) quantify the occurrence and intensity of
biotic relationships among the Macaronesian archipela-
gos checking whether the current biogeographic units are
statistically supported by the presence of native species in
the main terrestrial Macaronesian taxa; 2) identify bio-
geographic clusters of islands and taxa, comparing their
modularity; 3) provide a useful tool for correlating the bio-
geographic roles assigned by network analysis to species and
islands having common traits and features; 4) understand
whether and how these correlations vary, depending on taxa

analysed.
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Figure 2. Conceptual framework of the biogeographic roles of
islands in the -/ space. The size and position of the areas associated
to each role reflect the average partitioning in the diagrams reported
in Supplementary material Appendix 3.

Methods

Data bases

Our analysis is based on native species presence—absence
data available for 36 Macaronesian islands > 1 km?. The
processed data were taken from the most recent checklists
existing for the Macaronesian biota (Table 1). We arranged
the collected presence—absence data into 10 matrices, cor-
responding to the following groups of terrestrial organ-
isms, hereafter referred to as “Taxonomic Operational Units
(TOUgs): arthropods, birds, bryophytes, fungi, lichens, mam-
mals, mollusks, pteridophytes, reptiles and spermatophytes.
Only the TOUs with records available from all insular units
have been considered. Some phyla were excluded from our
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in Supplementary material Appendix 3.

analyses because of data deficiency (such as bacteria, col-
lembolan, helminths, protozoa, etc.), while others (such as
amphibians and freshwater fishes) were excluded because of
the lack of native species. Finally, we left out marine organ-
isms due to data incompleteness and problems of assigning
them to specific islands.

Each matrix consisted of 36 columns X 7 rows, with 7
given by the complete list of the recorded native terrestrial
species for each TOU in all the 36 insular units considered.
All processed matrices are available on-line (Supplementary
material Appendix 1).

In an effort to minimize the interference of human
impacts, our analyses are based only on native species.
Doubtful records have been discarded, but not the species
reported as extinct in recent times on a given island. Due to
the high number of subspecies designating the populations
of each single island, especially in the field of vascular plants
and reptiles, it was decided to lump all infra-specific taxa with
the nominal species, so to emphasize the insular connections
among closely related lineages.

Nomenclature and synonymies were standardized accord-
ing to Arechavaleta et al. (2010) and, for the species not
occurring in the Canary Islands, standardization was based
on the most recent available repertories, such as the Plant
List (<www.theplantlist.org> accessed October 2017) for
vascular plants and bryophytes.

Data processing

The network analysis followed the approach developed by
Guimerd and Amaral (2005a, b) and by Olesen et al. (2007).
We used simulated annealing, included in the NETCARTO
software package (Guimera and Amaral 2005a, b), in order
to define the modular structure of networks and assign a role
to each node (species and islands), based on the number and
pattern of its links (Supplementary material Appendix 2).
Scatterplots displaying the topological role of species and
islands were obtained through the IBM SPSS statistics package
(Supplementary material Appendix 3).

Modularity

Modularity is determined by species and island traits, account-
ing for non-random distributional patterns and community
ties, which contribute to the complexity of ecological net-
works (Trgjelsgaard et al. 2013). According to Guimera et al.
(2004), in a modular network, clusters of strongly connected
nodes form a module, while the modules are linked together
by minimizing the number of inter-modular links and the
intra-modular number of nodes, for obtaining the most artic-
ulated possible network.

Modules are identified by maximizing the network
modularity through the simulated annealing approach. The
advantage of this procedure is that it is not necessary to
specify the number of modules a priori, because this num-
ber derives directly from the application of an algorithm
which identifies modules in a network of nodes those that



allow retainment of at least 50% of the links within of the
module itself.

Modularity (M) is defined by the formula:

sl )]
<L \2L
Where V,,is the number of modules; Z is the number of links
in the network; / is the number of links between the notes of
the module; and 4, is the sum of the degrees of nodes in the
module s. The simulated annealing is an iterative stochastic
optimization technique that allows the most advantageous
configuration by introducing a computational temperature;
at each time step, the algorithm randomly selects a configura-
tion (solution) close to the current one, measures its quality,
and then decides to move to it if the new solution is better
than that of the previous step. During the search, the compu-
tational temperature was progressively decreased from an ini-
tial positive value (network size/2) to zero and at each step of
the procedure, the temperature was decreased to a new tem-
perature, T” = ¢ T, where ¢ is the cooling factor. We applied ¢
at a value of 0.95, as suggested by Guimera et al. (2007) for
large networks.

In the current study, modules are the formation of clusters
of species and islands, which are closely linked to each other.
Thus, each module represents the core area of a group of spe-
cies. The modularity index M was evaluated for each pos-
sible configuration of the network: the more M approaches
1, the more modules are defined and distinct; the more it
approaches 0, the smaller the difference between modules.
To test the significance of modularity, the empirical values
of M were compared with that of 100 randomized network
configurations having the same number of links and nodes of
the empirical one. The modularity of the empirical network
was considered significant if its M value was higher than that
of 95% of randomized networks.

Topological role

After finding the best network configuration, the topological
role of each species and island in the network was evaluated
using the following parameters.

1) Standardized within-module degree (/), given by:

li — kz‘: — k:
SD,,

2) Inter-module connectivity (7), given by the formula:

Ny 2
=

=1

in which £, is the number of links of the node 7 £, is the
number of links of 7 to the other nodes of the same module
5 E and SD, are mean and standard deviation of 4 values
within the module 5; and £, is the number of links from 7 to
the other nodes of the module =

The standardized within-module degree (/), or local topo-
logical linkage, evaluates how much a node 7 is connected
to its module in relation to the other nodes of the module;
whereas the inter-module connectivity (7), or regional topo-
logical linkage, evaluates how much a node 7 is connected to
the other modules (Guimera and Amaral 2005b, Olesen et al.
2007, Carstensen et al. 2012).

Therefore, the species richness of a given island and the
number of occurrences of each species in the other islands of
the considered region determine the positions of the island
and the species in the two-dimensional /-7 space.

For classification of the topological roles into a bio-
geographic framework, we followed the method outlined
by Guimerd and Amaral (2005a) that was modified by
Olesen et al. (2007), but we recognize one more role (ultra-
peripherals, a term first coined by Guimera and Amaral
2005b), in order to provide a clearer separation between sin-
gle-island endemics (SIEs) and species occurring on multiple
islands of the same module. The numerical thresholds of /
and 7 for the assignment to biogeographic roles are given in
Table 2. A short definition of the topological roles assigned to
islands and species is reported in Fig. 2 and Fig. 3, respectively.

Data deposition

Data available from the Dryad Digital Repository: <https://
doi.org/10.5061/dryad.v190524> (Torre et al. 2018).

Results

The obtained database consisted of 17 697 species and 55 819
occurrences distributed in 36 insular units. The scores of the
considered TOUs per insular unit are presented (Table 3) and
the relative occurrences of TOUs per archipelago are shown
in Fig. 4.

The outputs of the network analyses for each of the
species and insular units processed can be accessed on-line
(Supplementary material Appendix 2 and 3), along with the
module assigned, the number of links in each module and
the 7 and / values defining the topological role of each module.
The modules resulting from the network analyses are shown
in Table 3-5 and in Fig. 5-6. The roles assigned to each
insular unit by the TOUs considered are shown in Fig. 7.

Table 2. Threshold values of local (/) and regional (r) topological
linkages for the assignment of biogeographic roles to islands and
species. Nodes with r < 0.625, have at least 60% of their links
within the same module.

Biogeographic role  / (islands) | (species) r
Network hub >2.5 > median > 0.625
Module hub >2.5 > median <0.625
Connector <25 < median > 0.625
Peripheral <25 <median  0.05<r<0.625
Ultra-peripheral <2.5 < median <0.05




L69L1L 148 clLL 6€ 6486 LTy 0S¢ L061 veol 6 9. eisauoiesey
8¢l - - d 9L N € n 9 n 1 - - W 19 d LS - - - - oouelg
0l - - d 6L N ¥ n Ll n ¢ n € n ¢ d 09 - - - - osey
LEL - - n €L N € n LS n ¢ - - n L d 09 n L - - elzn7 ejueg
79¥ - - d €C d 14 W 00¢ n 8 n 4 n L W 66 d €l n 14 (spuejs| AiQq "[oul) eaeig
LSY - - d 9L N [4 W €0¢ n g n «z d 43 W 06 - - n 4 [es
008 d 4 d 6l n € W 18Y n oL W @gil W 8 W 7yl d 7l d 14 S}UIIIA OES
L€ n 4 d 6l d € W L1C n ¢ - - n €l W Sll n L - - Oley
298 - - d 1< d q W €97 n <t n cl W 911 W €l W LC W v/ NeJOJIN OES
76/ n L d 8l n 9 W 1444 n 9 n 4 W G0l W €ql d ¢4 W qq 0304
8t - - d L N 14 W l6¢C n 9 n L d 3¢ W vl d € n L BISIA BOg
9lcl n l d 0c N € W 699 n vi d 6l W 191 W L6l d 8¢ W oLt OBjuy Ojues
oSyl n L W 6¢C d 9 W t20lL n <t n 91 W ctl W 181 d 7l d 13 ogenueg
60v¢C S 8¢ 1Z 96S1L 8l (34 LET | 744 €€ 8¢l apaaA aded
7508 d VA W 09 n q W 96ett W 87 N 060l N  ¥¢6 W €l W a4 W Y44 9jlIsus]
LZC n L d 81l n 4 W 841 n ¢ - - - - W 68 - - - - ele|) euejuowy
L0ce n L d or N € W 94clL W ¢<¢ W LY W 16l N 45 d 7l W cll 9JolezueT]
91€S n S d N € W L9%C W 9¢ N £50L N ZTZ W 109 d 9¢ W [443 PUW|Ed €7
99¢ n L d gL N 4 d L6 n g - - - - W €l - - - - esoloel) e
[4474% n 4 d 9% N q W OLlLlc¢ W 0Z W 109 N €99 W 119 d or W c6¢ elowon e
[4°r4 n L d Gl n € d L6 n ¢ - - - - W 8¢l d 4 - - 50qo7 9p e[s|
L¥6¥ d 4 W Sq n 14 W 898¢ W S N ¥8% N €ee W 0¢8 d L€ W €0¢ elieue) uelH
14504 n 4 W ¥y N ¢ W 6vsl W 9¢ W 9% W 0l¢ N LES d 91 W LCL BINjuaAlLIaN
1404 n ¥ 9) SN 9 W S0clL W ¥Z N 9¢ N €6¢C W L6t d [43 W 61 OdIolH |4
€L¢ n L d 0c N [4 W ¢l n g - - - - W LLL n 4 - - ezueIdo|y
86CC1 L 18 91 1849 8€ €8l oErlL qeelL 0s VAN 4 solieue)
68¢ - - d cl n 4 d Sl n 1 d € d (44 9) 8 n 4 d 6 sodeales
[44° d 4 d L n L W ¥¥cC d lc d 14 d 9 W 81 d Ll 9) SS (013ng +spuriny'se() senased
vl d 4 o) s¢ N L W 1£S W €9 d 7l d 91 N 1443 d €l o) 701l Ojueg O0HOod
€919 d S d s€ N [4 W 08¢ W 08 W +Vv&€ N 6 N 929 N 99 N 509 EllopeN
LLSS < 144 C 109¢ velL 6€L €vL 089 9¢ £0S ellopey
89 - - d 6l - - W 6Ll n g d L d €l W 4Nt d 1€ W 091 OAIOD
129 n 4 d 14 - - W 174" n 9 d L€ W 06Gl W 96 d 6l d 0l esoeln
108 d 4 d 14 - - W €Ce W 6l d €l d 99 W orl d 6C W So6l BB\ BJUES
€Ll n L d L1C - - W 98¢ n 6 W orlL W 6Ll W Lyl W 144 W Sve S210|4
Z9¢l n l d oc - - W PSP n 9L W ¢€1L W 86l W 651 d or W St ¢ |ered
L6 n 4 d 0¢ - - W (0143 n o d ov W Sl W (54! d G¢ W 0€c 9310( oeg
/881 n 4 d [44 - - W LLS n 1 W lec W Lvb W 0z1 d L W 6L¢ Bl19d49]
€LC1 n 4 d oc - - W ¥i¥ n ¢ W 1oL W 9¢¢ W €91 W Ly W 94¢ 0dld
€vol n 4 d 14 - - W 1) 74 W ¥¢ W 8l W €6¢€ W 81 d 6¢ W gLE [on8iw oes
6vLE 14 149 0 2901 (34 QLS 6CL (1] A 4 1254 salozy
[el0]  S[ewwenw spdig sajnday spodoiyuly  SysSnjjow 18un4 suayol7  sajAydojewnads  sajdydopiisyd  seidydoAlg pue[s|

"SI0109UU0D =D) ‘SqNY }IOMIBU =N ‘SqNy d|NPoW =W
‘sjesoydilad =4 ‘sjesayduad-enin=n :NOL UdAIS e 10j J1un Jejnsul yoea jo ajos [ediydeidoadolq ay) a)edipul S9N “HuN Jensul yoes ul NOJ Jad sa1ads jo saquinN € d|qel



B Azores B Madeira O Canaries B Cape Verde

80%
70%
60%
50%
40%
30%
20%
10%

0% o

Figure 4. Percentage composition of the Macaronesian biota per
TOU and archipelago.

Modularity patterns observed among the different
taxonomic groups

The occurrence within bryophytes of two Madeiran insular
units in the same module of Cape Verde (Table 4) is very
likely due to the scarcity of species, most of which being
generalists, recorded both in Porto Santo and Desertas. This
is confirmed by the role of connector assigned to these two
islands. In the case of pteridophytes, the separation of Lobos

and Alegranza in two modules other than the Canarian archi-
pelago (Table 4) may be due to randomness, as there are only
four fern species on both islands, all of which are widely dis-
tributed throughout Macaronesia. The same applies to Santa
Luzia and Maio, which have only one species, Ophioglossum
polyphyllum, occurring in almost all the Canary Islands, but
only occurring on four other Cape Verde islands.

The modules identified by the spermatophytes
(Table 4) and arthropods (Table 5) are very similar, reflect-
ing the compartmentalization of archipelagos quite well,
with the remarkable splitting in both taxa of the western
and eastern Canaries, due to their environmental differ-
ences. In the case of arthropods, the Salvages are lumped in
the module of eastern Canaries, as one would expect from
palacobiogeographic evidences.

Fungi and lichens modules were expected to be deter-
mined most by geomorphologic and climatic conditions,
rather than by distance between insular units. Nevertheless,
both modules reflect the partitioning of archipelagos rather
well, especially lichens. The low number of fungal species,
all connectors, recorded in the insular units of the first mod-
ule is probably due to similar geomorphologic and climatic
conditions: the driest, flattest and stoniest insular units of the
Canarian and Madeiran archipelagos host a fungal diversity
comparable to that of the Cape Verde islands (Table 4).

Table 4. Modules identified by the vegetal TOUs: n=number of nodes; IM=intra-modular links; EM=extra-modular links.

Modules n IM EM
Bryophytes (M=0.28; M,,.4,n=0.17; p=0.002)
AZO 268 1503 1223
Mad 128 127 496
CAN +sav 297 1112 1264
CAP +por +des 97 285 671
Pteridophytes (M=0.32; M,,.,,.,=0.20; p=0.004)
AZO 47 251 162
mad+ lob 13 12 55
CAN (except lob and ale) +des +sav + por+mai+slu 37 149 198
CAP (except mai and slu)+ale 26 82 95
Spermatophytes (M=0.48; M ,..,.=0.23; p=0.002)
AZO 206 1287 481
MAD 361 671 1118
ehi+gca+Ipa+tfe+lgo 845 2190 1850
Igr+fue+ale+lan+lob+mcl 290 860 1373
CAP 258 1337 308
Fungi M=0.41; M_ .. =0.37; p=0.002)
AZO (except cor and sma) 395 745 537
mad + por 515 521 590
tfe 408 407 819
Igo 385 384 864
ehi+gca 272 399 837
[pa+fog 436 436 763
cor+sma-+fue+lan+CAP (except fog) 111 161 282
Lichens M=0.36; M,,,4,n=0.27; p=0.001)
AZO (except cor) 475 1245 1205
mad 281 280 647
tfe+Ipa+Igo 701 1218 1553
por+gca, +fue+lan+ehi 299 527 1083
CAP +des +sav + cor 174 643 854




Table 5. Modules identified by the animal TOUs: n=number of
nodes; IM=intra-modular links; EM =extra-modular links.

Modules n IM EM
Mollusks (M=0.77; M,_,.,...=0.56; p=0.005)
AZO 58 134 12
mad +des 78 90 15
por 51 50 8
Igo 57 56 17
fue+lob+Igr+lan+mcl+ale 43 60 13
gca 41 40 13
Ipa+ehi 41 47 36
tfe 62 61 18
CAP 30 86 2
sav 2 1 0
Arthropods (M=0.49; M, ,,..=0.28; p=0.002)
AZO 851 3242 1911
MAD (except sav) 1573 1986 2240
fue+lob+mcl+ale+Igr+lan+sav 1191 2223 2699
tfe+1go+gca+Ipa+ehi 4644 9533 4734
CAP 1432 3926 1486
Reptiles M=0.74; M,,,4on="0.58; p=0.017)
MAD 6 6 0
ehi+gca+Ipa+Igo+tfe 18 24 0
ale+fue+lob+lan+mcl+Igr 9 15 0
brn+sar+slu+svi+san 12 16 3
boa+mai+sal + sti +fog + brv 16 22 3
sin 5 4 2
Birds (M=0.37; M,_,,,,=0.21; p=0.004)
AZO+MAD 46 204 180
CAN (except ale and mcl) 53 207 212
CAP +ale+mcl 49 237 154
Mammals (M=0.57; M, ;,,=0.49; p=0.019)
AZO (except flo) 9 12 1
flo 2 1 0
fue+ale+lan+Igr+mcl+lob +gca+svi 10 9 3
Ipa +Igo +tfe + ehi+mad+fog 2 24 7
san 2 1 0
des + por +mai +sti 6 5 3

Terrestrial mollusks is the TOU generating more distribu-
tion modules, due to the high prevalence of SIEs, especially
in the Canaries, where several modules consist of one single
island. Contrastingly, Azores and Cape Verde archipelagos
form unique, independent modules (Table 5).
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Figure 5. Role (%) of the insular units per TOU.
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Figure 6. Role (%) of the species per TOU.

Reptile distribution reflects the partitioning of archipela-
gos (n.b.: Azores have no native reptiles), with the Canaries
splitting in high and low islands and Cape Verde in windward
and leeward islands. The island of Sio Nicolau, with its 5
reptile species of which 3 endemic, forms a self-contained
module (Table 5).

Birds modular partitioning is the lowest in the examined
TOUg, likely due to the large number of species widely distrib-
uted among the islands, particularly among sea birds (Table
5). The occurrence of Alegranza and Montafa Clara in the
module of Cape Verde is very likely driven by the scantiness of
bird species (20 and 18 respectively, all of which are marine),
compared to the rest of the Canary Islands. Moreover, these
two islands host two nesting species of pelagic birds shared
with Cape Verde and not with the Canaries. Finally, the low
number of mammal species (14, of which 13 are bats) and of
endemics (3 species) causes a modularization not reflecting
the partitioning of the Macaronesian archipelagos (Table 5).
The whole region can be considered rather homogeneous
regarding the occurrences of mammals. Only Santo Antao
(Cape Verde) and Flores (Azores) form a self-contained mod-
ule because each island possesses a single species of bat that,
although not endemic, is found only there in Macaronesia.

Discussion

As expected in our initial hypotheses, modularity patterns
resulted to be largely dependent on the OTUs considered,
with less vagile taxa mirroring the geographic compartmen-
talization of archipelagos and more vagile taxa mirroring
the inter-insular ecological and geomorphological similari-
ties. As for the topological role of islands, those with similar
structural and environmental conditions display a similar
local or regional role, independently of their archipelagic
adscription.

Biogeographic patterns inferred from modularity

The geological history and distances among the Macaronesian
archipelagos is well represented by modularity patterns,
for both abundant (e.g. plants and arthropods) and scarce
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Figure 7. Biogeographic role assigned to the insular units by the topological analysis of the modularity revealed by each considered TOU.
As expected, taxa with different vagility, persistence ability or ecological amplitude can produce different, sometimes incongruent biogeo-
graphical patterns (further details in the Discussion). Abbreviations: Br=bryophytes; Pt= pteridophytes; Sp = spermatophytes; Li = lichens;
Fu=fungi; Mo=mollusks; Ar=arthropods; Re=reptiles; Bi=birds; Ma=mammals.

(e.g. reptiles) groups of taxa. For other TOUs, such as bryo-
phytes and pteridophytes, mainly characterized by their long
distance dispersal ability, the modules obtained show some
small discrepancies with the geographical division of the
archipelagos.

The models obtained for fungi, lichens, mammals and
birds, however, suggest that for these organisms geographic
distances and/or macroclimatic conditions are less important

than other drivers, such as microclimate, island age and size,
orography or availability of trophic niches. For example,
in the case of lichens, Corvo (Azores) and Cape Verde as a
whole were combined within the same module, despite these
islands being separated by the longest distance we can find
within Macaronesia (> 2500 km). In the case of fungi, all
the driest islands of each archipelago were lumped together
in the same module of Cape Verde (except Fogo), whereas



geomorphologically complex islands, such as Tenerife or La
Gomera, formed modules apart.

The modularity revealed by terrestrial mollusks show
that while both the Azores and Cape Verde form a well-
circumscribed module respectively, Madeira and, especially,
the Canary Islands were split into eight modules, likely
reflecting the very high number of endemic species often
occurring on one single island.

Topological roles

The roles assigned to insular units by the topological anal-
ysis (Fig. 7) reflect their structural and biogeographical
characteristics. Our results appear to corroborate several
interesting patterns in topological roles. In particular, as
already demonstrated by Carstensen et al. (2012, 2013)
and Kougioumoutzis et al. (2014), the ultra-peripherals and
peripherals can be seen as biodiversity sinks: islands within
this category tend to be small and low, presenting less habitat
diversity. Connectors can be seen as local stepping stones for
the species dispersal, and the Salvages Islands are connectors
for many spermatophytes in common between Madeiran and
Canarian archipelagos. Similarly, Desertas and Porto Santo
appear to be connectors for bryophytes between Madeira and
Cape Verde modules. However, this likely is because all of
the bryophytes recorded on Desertas and Porto Santo are also
found on the Canary Islands, yet their presence is masked by
the far greater number of bryophyte species recorded there
than in the modules of Madeira and Cape Verde. On the
other hand, El Hierro and Porto Santo are likely true connec-
tors for birds, their eccentric position from the central mod-
ule creates a distributional gradient very coherent with the
biogeographic settlement of bird species.

The network hub islands represent the regional centers
of speciation and dispersal (Carstensen et al. 2012) and in
our analysis this is the role of: Tenerife, La Palma, Gran
Canaria, El Hierro and Madeira (for fungi and lichens) and
Lanzarote and Fuerteventura (for spermatophytes), this
last result coinciding with Caujapé-Castells et al. (2017)
syngameon approach. These are always large islands, with
a central position within their modules and of remarkable
biogeographic importance, as already pointed out by many
authors (Ferndndez-Palacios 2011, Caujapé-Castells et al.
2017, Price et al. 2018). It should be noted that all major
islands in the Canaries are very close to the role of network
hub for spermatophytes, but the high number of multiple
island endemics (MIEs) makes them standing out, instead,
as module hubs.

More complex is the relationship between the traits of a
species and its assignment to a particular biogeographic role.
In general (Supplementary material Appendix 2), species
typical of dense forests and mature habitats are categorized
predominantly as peripherals, while coastal species and those
living in open areas mainly play the role of connectors and
network hubs.

Also species with a wide altitudinal range and/or ecological
behaviour are usually placed among the network hubs, while
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species with lesser ecological amplitude are framed as periph-
eral. The dispersal strategies are also very influential, as shown
by the increase in / and r-values as the species distribution
range increases. Groups of taxa well known for their effective
long-distance dispersibility (such as birds, fungi, bryophytes,
pteridophytes and lichens) showed smaller percentages of
peripherals and ultra-peripherals. In all TOUs analysed,
highly localized endemic species almost always assumed the
role of ultra-peripheral, providing clear evidence of the rela-
tionship between the biogeographic role of a species and its
ecological specialization. Although endemic species have not
been especially distinguished in the processed matrices, their
importance in determining the island roles and the topologi-
cal properties of the network is implicitly significanc. The
processing of only the endemic contingent could have added
additional information to network analysis, but would have
provided less evidence of the inter-archipelagos connections.

Limitations of the approach

The taxonomic effort applied to species descriptions is likely
uneven across the archipelagos. Cumulative number of arthro-
pod taxa described does vary for the Canaries and Azores
(Graham et al. 2017). Therefore, the current analysis is likely
affected by the uneven accumulation of species descriptions
for most taxonomic groups of each region. Consequently, the
consistency of the TOUs among archipelagos will be affected
by this disparity of data, as well as by possible inaccuracies
due to human errors. In particular, in certain TOUs on Cape
Verde — such as fungi, lichens and arthropods — the lack of
knowledge is very obvious. The scarcity of species recorded in
this archipelago may be not only due to the paucity of studies
conducted and the discontinuous presence of researchers on
Cape Verde but to the harsher environment. In the Azores,
the relative scarcity of plant species may be due to an abun-
dance of cryptic species, not yet recognized as such (Carine
and Schaefer 2010, Schaefer et al. 2011). Despite uneven-
ness in species records, analysis of the available data provided
some interesting clues to the biogeographical and ecological
understanding of Macaronesia.

Some dissimilarities can be due to methodological limits,
as simulated annealing is recommended for node-rich net-
works (Carstensen and Olesen 2009), while for some TOUs
(such as mammals) nodes were very few.

It is important to stress that our results are based on exotic
species-free lists. In fact, as shown by Ferndndez-Lugo et al.
(unpubl.), non-native species can increase the modular
homogenization at the regional scale. Human pressure is
a crucial driver of change in insular biogeographic pattern
detection, and accounting for non-native and/or extinct spe-
cies could produce very different and conflicting results (Sax
and Gaines 2008).

Conclusions

Simulated annealing has been confirmed to be a useful
tool to provide an objective classification of species into



distributional categories and to correlate the island prop-
erties with their relative species richness. The information
gathered in our study provides evidence that could be used
for further analyses, such as the application of generalized
dissimilarity models to quantify the influence of historical
and environmental drivers in determining species distri-
bution patterns within and among biogeographical units,
both regionally and globally. The results obtained for some
taxa suggest that the geographic distance and/or the mac-
roclimatic conditions are less important than the size, age
and orography of an island to determine the modularity of
island groups.

Additionally, the roles assigned to the species can be corre-
lated with a variety of traits related to the ecological require-
ments, dispersal capacity, distribution area, trophic level and
others, which could allow obtaining objective results that
could be used in studies on differential immigration and
localization, as well as in actions to be taken to preserve natu-
ral areas.

In general, the results obtained were particularly signifi-
cant in the analysis of species-rich TOUs and the observed
patterns are strongly influenced by the taxa examined and by
their long distance dispersal capabilities.
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