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Resolving the Azorean knot: a
response to Carine & Schaefer
(2010)

ABSTRACT

Carine & Schaefer (Journal of Biogeogra-

phy, 2010, 37, 77–89) suggest that the

lack of past climate oscillations in the

Azores may have contributed to the low

plant endemism in this archipelago com-

pared to that of the Canary Islands, a

pattern they term the Azorean diversity

enigma. Here we challenge their hypoth-

esis, and discuss how the particular

characteristics of the Azores may have

driven current diversification patterns in

this archipelago. We argue that the re-

stricted number of Azorean endemic

species and their wide distribution is

explicable by the geological, geographical

and ecological attributes of the archipel-

ago. That is, the Azores are too young,

too small, and too environmentally

homogeneous to have hosted many in situ

diversification events, so they do not host as

many endemic species as other Macarone-

sian archipelagos, such as Madeira and

especially the Canary Islands.

Keywords Azores, Canary Islands, cli-

mate oscillations, diversification, ende-

mism, isolation, Macaronesia, sea-level

oscillations, seamounts, stepping stones.

Island diversity results from the interplay of

three fundamental processes: immigration,

extinction and speciation (MacArthur &

Wilson, 1967; Rosenzweig, 1995; Whittaker

& Fernández-Palacios, 2007). The patterns

of diversification on the Macaronesian

archipelagos, particularly on the Canary

Islands and the Azores, have been exten-

sively discussed over the past few years (see

Serrano et al., 2010, and references therein).

In spite of their isolation, the Azores are

characterized by the widespread distribution

of most archipelago endemic species, which

results in comparatively few single-island

endemics (hereafter SIEs) (Borges et al.,

2010). Three hypotheses have been put

forward to explain the �enigma� of low

Azorean diversification: (1) the islands are

too young to have hosted extensive in situ

diversification events; (2) the constituent

lineages are too young to have diversified

very far; and (3) the low habitat diversity of

the Azorean islands provides few opportu-

nities for adaptive radiation (see Carine &

Schaefer, 2010, for a fuller treatment of the

papers originally introducing these

hypotheses).

Carine & Schaefer (2010; hereafter C&S)

challenged these three hypotheses using

published phylogenetic data of Macarone-

sian endemic flowering plants. Addition-

ally, C&S used distributional and ecological

data from nine angiosperm genera with

endemic congeners in the Azores to infer

speciation modes, i.e. inter-island allopatric

speciation or adaptive radiation. They also

used the available molecular phylogeny for

a single genus, Pericallis, present across

Macaronesia, to estimate divergence times

for the lineages present in both the Azores

and the Canary Islands, showing that the

Canarian clades diversified in a shorter

time period than the Azorean clade. Based

on these data, C&S concluded that none of

above mentioned hypotheses can satisfac-

torily explain the limited diversification in

Azorean plants, especially in comparison

with the Canary Islands. Instead, C&S

proposed that past climate oscillations may

have contributed to the anomalously low

Azorean endemism. Briefly, they argued

that climate has been more unstable in the

Canaries than in the Azores during the late

Pleistocene and Holocene. Such higher

variability would have driven the recent

diversification of the Canarian flora by

fostering repeated episodes of inter-island

allopatry in contrast to the Azores, where

the more stable climate resulted in lower

diversification rates.

Here we challenge the C&S hypothesis,

and in particular their assumption of higher

dynamism of the Canarian climate. We do

this keeping in mind that in a subsequent

paper (Schaefer et al., 2011) the same

authors presented the opposite pattern for

part of the Azorean angiosperm flora. Based

on molecular data from 69 populations of

eight endemic Azorean taxa, Schaefer et al.

(2011) found evidence for higher incidence

of single island endemism and a lower pro-

portion of widespread taxa in the endemic

Azorean flora compared to the figures pre-

sented in C&S, due to overlooked genetic

diversity (i.e. cryptic speciation). Similarly,

although the distributional and ecological

data used by C&S implied that ecological

speciation processes may be more common

than allopatric ones, the molecular data of

Schaefer et al. (2011) imply the opposite. In

consequence, they recast C&S�s interpreta-

tion. For example, Schaefer et al. (2011)

argue that C&S introduced two possible

explanations for the Azorean enigma,

namely an imbalance in the past climatic

oscillations across Macaronesia and the

incompleteness – and thus inadequacy – of

the knowledge on the Azorean flora. How-

ever, a close reading of C&S reveals that only

the former hypothesis was suggested as a

possible explanation of the observed pat-

terns, the latter being just a cautionary note.

Furthermore, while C&S stated: �We dem-

onstrate that none of them [i.e. the three

hypotheses proposed to explain Azorean

floristic diversity; our addition] satisfactorily

explains the limited incidence of inter-island

vicariance�, according to Schaefer et al.

(2011): �Carine & Schaefer (2010) concluded

that neither island age … nor age of endemic

lineages … nor ecological diversity … at least

considered individually [our emphasis],

could explain the patterns observed in the

Azores flora�. Later, Schaefer et al. (2011,

p. 1352) revive the three hypotheses rejected

by C&S as potential explanations for the

Azorean enigma. They further introduce the

�Linnean shortfall�, i.e. inadequacies in tax-

onomic data for Azorean plants, as a possible

explanation.

It is indisputable that phylogeographical

data based on molecular evidence can aid in

understanding the processes building up

biodiversity in space and time (see Avise,
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2009). However, when such evidence is only

available for a limited number of lineages,

extrapolating the patterns observed to the

level of the whole biota may be misleading.

The best way to build on current work may

be to adopt a rigorous hypothesis-testing

framework such as statistical phylogeogra-

phy (Knowles, 2009), and to combine the

fragmentary phylogeographical information

with the more comprehensive data on spe-

cies� distributions that are available for the

Azores.

IS CL IMATIC STABIL ITY A PLAU-

SIBLE HYPOTHESIS FOR THE

LOW DIVERSIF ICATION OF THE

AZOREAN BIOTA?

Contrary to C&S�s conclusions, it is

unlikely that climatic fluctuations were

greater in the Canary Islands than in the

Azores during the late Pleistocene and

Holocene. The palaeoclimatic studies col-

lated by C&S (Rogerson et al., 2004; Björck

et al., 2006; Ortiz et al., 2006) describe

different parts of the climate system that

are not directly comparable, each referring

to a single archipelago or just a few

islands. Thus, they provide partial views of

past climatic changes in the North Atlantic

archipelagos. In contrast, studies using a

single source of evidence on a broader

geographical extent show higher fluctua-

tions in temperature, salinity and sea cir-

culation in the Azorean than in the

Canarian regions (e.g. planktonic forami-

niferal assemblages; Crowley, 1981; Morey

et al., 2005). The climatic projections of

recent atmospheric circulation models cal-

ibrated with palaeoclimatic evidence

(Overpeck et al., 1989; Braconnot et al.,

2007) also indicate that changes in climate

have been more pronounced in the Azores

than in the Canaries during the glacial

cycles, especially in terms of the precipi-

tation regime (Table 1).

We also find it unlikely that the rapid and

abrupt transitions from humid to arid

conditions on the easternmost islands and

islets of the Canaries (Ortiz et al., 2006)

could have caused the high diversification

observed in this archipelago as invoked by

C&S. On the one hand, their limited tem-

poral extent (about 50 kyr) is not enough to

explain the high numbers of endemics in the

Canary Islands (e.g. the dated Pericallis

phylogenetic tree provided by C&S, their fig.

4); on the other hand, the rapid pace of

these fluctuations (often 1–3 kyr between

transitions; Ortiz et al., 2006; see also Kim

et al., 2007) could have caused repeated

episodes of extinction rather than adaptive

radiations as postulated by C&S. Note that

in the absence of additional information,

both processes would lead to similar phy-

logenetic patterns. Importantly, the palaeo-

climatic evidence provided by Ortiz et al.

(2006) refers only to Lanzarote and Fuert-

eventura, which host comparatively fewer

SIE vascular plants, land snails and arthro-

pods than the rest of the Canary Islands

(Arechavaleta et al., 2010); the pattern

remains similar even if Mahan, the single

late Pleistocene palaeoisland consisting of

Lanzarote and Fuerteventura, is considered.

The oldest and easternmost islands of the

Canaries are already in their phase of erosion,

host comparatively lower numbers of SIEs

and exhibit higher extinction rates (Whit-

taker et al., 2008). The Azorean islands, on

the contrary, are mainly at an immature stage

of their ontogenetic cycle (sensu Whittaker

et al., 2008), and hence most ongoing

diversification processes are still too recent to

have resulted in many new taxa.

RESOLVING THE AZOREAN

DIVERSITY ENIGMA

The rejection of the climate stability

hypothesis leaves the �Azorean diversity

enigma� unresolved. Here, we suggest that

the restricted number of Azorean endemic

species and their wide distribution is

explicable by the geological, geographical

and ecological attributes of the archipelago,

i.e. the Azores are too young, too small and

too environmentally homogeneous in

comparison to other archipelagos of Mac-

aronesia and especially the Canary Islands.

We use existing knowledge and the avail-

able checklists for plants, arthropods and

land snails to address why there are so few

Azorean endemic species and why they are

so widespread. Single-island endemic (SIE)

species can provide potentially valuable

insights into evolutionary dynamics. How-

ever, certain restrictions have to be kept in

mind, since the number of SIEs is based on

currently known extant distributions, and

thus can be the result of extinction (on the

island in question or elsewhere) and

migration, rather than only of speciation

(cf. Emerson & Kolm, 2005; Whittaker

et al., 2008). Available phylogeographical

information is used to cross-check the

patterns detected.

Environmental heterogeneity

In contrast to the high habitat diversity,

elevation range and topographic complexity

of Madeira and the Canary Islands, the

Azorean islands are generally of low eleva-

tion (Table 2), relatively homogeneous in

climate and show little elevational vegeta-

tion zonation (e.g. Sjögren, 1973; Borges

et al., 2010).

Habitat diversity has a significant effect

on the capacity of islands to host species

(e.g. Hortal et al., 2009), and can foster

diversification through cladogenesis.

According to Stuessy et al. (2006), low-

elevation islands with low habitat hetero-

geneity show high levels of anagenetic

evolution, i.e. the formation of an endemic

species from a colonist via any combina-

tion of adaptive process, population bot-

tleneck, and⁄or drift that does not lead to

an increased number of species on an

island, as in cladogenesis. It follows that

the comparatively lower climatic and hab-

itat diversity of the Azorean islands has

resulted in less opportunity for ecological

radiation, limiting the net diversification of

the Azorean taxa when compared to other

Macaronesian archipelagos. This seems to

be confirmed by the limited phylogeo-

graphical data available, which indicate a

preponderance of allopatric differentiation,

without a major role for ecological specia-

tion (e.g. Van Riel et al., 2005; Schaefer

et al., 2011).

Geological age

Although a small part of Santa Maria�s
subaerial area is dated from 8.12 Ma

(Table 2), four of the nine Azorean islands

are < 1 Myr old, and the older ones also

show high proportions of land of relatively

recent origin. In fact, São Miguel (the

largest island, and the closest to Santa

Maria) first emerged as a small island

(Nordeste Volcano, 4 Ma), and has evolved

by both the gradual addition of land

westwards (volcanic complex of Povoação

and Água de Pau; < 1 Ma) and the later

development of a large new island further

west (Sete Cidades Volcano, 0.55 Ma),

which connected to the older eastern part

very recently (volcanic complex of Picos,

0.05 Ma). Thus, in total, 62% of the cur-

rent Azorean land is younger than 1 Myr

old (see discussion in Triantis et al., 2010).

By contrast, the volcanic provinces that the

Canaries and Madeiran archipelagos belong

to are older than 60 Myr (Table 2; see also

Triantis et al., 2010 and Fernández-Palacios

et al., 2011). This increases dramatically the

likelihood that many lineages have per-

sisted for long periods in these palaeo-

archipelagos. Thus, the effective amount of
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time available for diversification since

colonization from the continent or other

archipelagos has been greater, providing an

element of palaeoendemism, which in turn

contributes to the overall level of ende-

mism.

In addition to the above, six out of the

nine Azorean islands, i.e. Corvo, Flores,

Terceira, Graciosa, Faial and São Miguel,

have suffered from extensively explosive and

frequent periods of volcanism (Strombolian

and Plinian or Sub-Plinian type; França

et al., 2005). The prevalence of more

destructive types of volcanism can have

dramatic effects on the biota of an island,

and in such cases the maximum age of the

island is likely to be, at best, an imperfect

surrogate for the time available for diversi-

fication. The Azorean islands have been

smaller in area and lower in elevation

throughout their geological history com-

pared to the rest of Macaronesia (Table 2).

Due to this, such volcanic events are likely

to have had a great impact on the Azorean

biota, contributing towards its �youthful-

ness� (Van Riel et al., 2005; Triantis et al.,

2010). We thus agree with the early sug-

gestion of Guppy (1917) that the Azorean

islands are too young for the occurrence

of extensive intra-archipelago radiations,

providing part of the explanation for the

Azorean diversity enigma.

Geological formation: the intra-

archipelagic missing step

An additional, complementary explanation

for the low endemism of the Azorean islands

is provided by the �intra-archipelagic missing

stepping-stone hypothesis� (proposed by Tri-

antis et al., 2010). Santa Maria was isolated

for at least 4 Myr after its formation, and

before any other of the Azorean islands

emerged. This long-term isolation has re-

sulted in Santa Maria being not only the

effective source for the colonization of other

Azorean islands, but also the place of origin

of a high proportion of current Azorean

endemic lineages (Van Riel et al., 2005;

Table 1 Changes in annual precipitation (mm) and mean annual temperature (�C) since the mid Holocene (6 ka) and Last Glacial

Maximum (21 ka) for the Azores and Canary Islands. Data on past climate were extracted from the ECHAM3 palaeoclimatic model

(Braconnot et al., 2007; see also http://pmip.lsce.ipsl.fr), and correspond to conditions at sea level (note that actual climate would have

varied according to the interaction with the topography of each island). Changes in temperature and precipitation were calculated as the

difference between current and past values (i.e. temperature and precipitation anomalies from the present; see Araújo et al., 2008), e.g.

negative values indicate more precipitation at 6 ka than today.

Island(s)

Change in precipitation

(mm) since

Change in temperature

(�C) since

6 ka 21 ka 6 ka 21 ka

Azores

Flores & Corvo )41 247 0.1 5.7

Faial, Pico & São Jorge )9 258 0 4.4

Terceira & Graciosa )1 247 0 4.3

São Miguel 30 268 0 3.7

Santa Maria 37 250 0.3 3.6

Canary Islands

El Hierro 0 9 0 4.3

La Palma & La Gomera 0 35 0.1 4

Tenerife 2 26 0 4

Gran Canaria 5 6 0.1 4.8

Fuerteventura )4 28 0 4

Lanzarote 4 46 0.2 4.1

Table 2 Properties of the island systems, diversity and endemism of land snails, vascular plants (spermatophytes and pteridophytes) and

arthropods in the Azores, Madeira and Canary Islands. For the geological age of the archipelagos the age of the oldest existing island is

reported (the maximum age of the island chain the archipelago belongs to is given in parentheses). For elevation we also give the mean value

and the respective standard deviation for all the islands of the archipelago in parentheses. Data correspond to the numbers of native species

(SNat), archipelago endemics (ArE) and single-island endemics (SIE), as well as the percentage of native species that are single-island

endemics (% SIE) on each island. Data are derived from Borges et al. (2008) (Madeira), Borges et al. (2010) (Azores) and Arechavaleta et al.

(2010) (Canary Islands). The data for the Azorean land snails were provided by Antonio Frias Martins (University of Azores, Ponta Delgada,

unpublished data).

Archipelago

Area

(km2)

Isolation

(km) Elevation (m) Age (Myr)

Land snails Vascular plants Arthropods

SNat ArE SIE % SIE SNat ArE SIE % SIE SNat ArE SIE % SIE

Azores 2328 1376 2351 (1022 � 554) 8.1 (8.1) 104 74 44 42.3 205 69 3 1.4 1077 252 101 9.3

Canary 7496 115 3711 (1924 � 1057) 20 (68) 231 220 210 90.9 1389 539 310 22.3 6923 3079 1757 25.4

Madeira 795 630 1850 (1183 � 943) 14 (67) 188 168 137 73.4 725 133 93 12.8 2029 889 772 38.0
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Borges & Hortal, 2009; Borges et al., 2010;

Triantis et al., 2010; Schaefer et al., 2011).

As noted above, Santa Maria was the sole

land mass of the archipelago for at least

4 Myr, and from around 4 Ma to almost

0.05 Ma São Miguel was much smaller than

it currently is. Thus, we argue that many

lineages endemic to Santa Maria have either

gone extinct during the 4 Myr that this is-

land was the only land mass present in the

area and⁄or have not been able to success-

fully colonize the rest of the islands until

recently. Nevertheless, as Santa Maria was

the first island to emerge, it is the island on

which lineages have had the longest period

of time to evolve. This is evident in: (1) the

comparatively higher numbers of SIEs in

Santa Maria for most taxa (Borges et al.,

2010); (2) the genetic and morphological

distinctiveness of this island�s biota (e.g.

Van Riel et al., 2005; Borges et al., 2007;

Ferreira et al., 2011; Schaefer et al., 2011);

and (3) the relatively recent origin of many

of the diversification events currently

underway within the central Azorean is-

lands, compared to the older basal taxa from

Santa Maria and São Miguel (e.g. Leptaxini

snails, Van Riel et al., 2005; Trechus beetles,

Borges et al., 2007; Tarphius beetles and

Hipparchia butterflies, I. Amorim, unpub-

lished data). Schaefer et al. (2011) provide

further evidence in this respect, showing

that Santa Maria lineages are, in general,

genetically distinct from the rest of the is-

lands (three of the four lineages that occur

on Santa Maria exhibited ribotypes that

were unique), and also that most diversifi-

cation events are relatively recent, especially

on the central Azorean islands.

Archipelagic area in time

Area has a profound effect on speciation

rates; the probability of speciation occurring

within a given region increases with its size

(e.g. Rosenzweig, 1995; Losos & Schluter,

2000). The total area of oceanic archipelagos

is not static but changes as their constituent

islands follow their developmental life cycle

from youth, to maturity, to old age and

eventual loss (e.g. Whittaker et al., 2008).

The numerous seamounts that have arisen

in the past and then foundered again add a

further dimension of complexity to the

evolutionary patterns of Macaronesia

(Fernández-Palacios et al., 2011). Hence, in

order to understand current patterns of

endemism at the archipelagic level it is

necessary to consider the variations in the

total area of the archipelago through time.

Although exact details are unclear, it is

highly likely that the Azorean archipelago

had the smallest total area during the last

10 Myr and until recently (c. 1 Ma), com-

pared to the Canary Islands and Madeira

(which today has a third of the total area of

the Azores) (see figs 1 & 4 in Fernández-

Palacios et al., 2011). This may have con-

tributed to the lower levels of Azorean

endemism compared with the Canaries and

the currently smaller Madeira archipelago

(see Table 2).

THE LINNEAN SHORTFALL

Schaefer et al. (2011) provide an additional

explanation for the �distinctiveness� of the

Azorean endemic flora: the lack of a con-

sistent and critical taxonomic framework for

the floras of the Atlantic archipelagos, the

so-called Linnean shortfall. It is true that

despite the relatively thorough documenta-

tion of island biotas, new species are still

being described even in the most studied

archipelagos. This could, to a certain extent,

have an effect on the observed biogeo-

graphical patterns. A simple comparison of

the species lists published for the Canary

Islands in 2001 and 2010 (Izquierdo et al.,

2001; Arechavaleta et al., 2010) reveals that

the known arthropods increased from 5668

taxa, 2172 of them being endemic to the

Canaries (38.3%), to 6138 and 2320

endemics (37.8%). In the case of plants the

figures increased from 1995 and 511

(25.6%) archipelagic endemics to 2091 and

539 (25.8%), respectively. Similar changes

occurred for the Azorean archipelago, where

between the 2005 and 2010 checklists

(Borges et al., 2005, 2010) the numbers of

known species changed from 2209 (267

endemics, 12.1%) to 2298 (236 endemics,

10.3%) in the case of arthropods, and from

947 (68 endemics, 7.2%) to 1110 (73 en-

demics, 6.6%) in the case of vascular plants.

Thus, we concur with Schaefer et al. (2011)

that additional effort is required to increase

our taxonomic knowledge of the Macaro-

nesian island biota, especially for the poorly

studied taxa. However, while there may be

additional endemics to be described in the

Azores, it is clear that the proportions of

SIEs will remain well below those of the

other archipelagos for plants, land snails and

arthropods (see Table 2).

CONCLUDING REMARKS

Carine & Schaefer (2010) proposed that a

lack of past climate oscillations may have

contributed to the low endemism in Azo-

rean plants compared to the Canary Islands.

However, the bulk of the available palaeo-

climatic data indicate that the climate of the

Azores has been less stable than that of the

Canaries. Moreover, the geological, geo-

graphical, genetic and ecological data

(including those from Schaefer et al., 2011)

support the proposition that the limited

number of Azorean endemic species and

their relatively broad distributional ranges

(encompassing multiple islands), are better

explained by other attributes of this archi-

pelago. In short, the Azores are young, small

and environmentally homogeneous com-

pared to the other Macaronesian archipela-

gos. To untie the Azorean knot, a synthetic

consideration of all these explanations is

required; a single factor is not sufficient.
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