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ABSTRACT

Aim The general dynamic model (GDM) of oceanic island biogeography inte-

grates rates of immigration, speciation and extinction in relation to a humped

trajectory of island area, species carrying capacity and topographic complexity

through time, based on a simplified island ontogeny. In practice, many islands

have more complex ontogenies, featuring surfaces of varying age. Here, we

extend the GDM to apply at a local scale within islands, and test the predic-

tions analytically within individual islands.

Location El Hierro, La Palma and Tenerife (Canary Islands).

Methods Following the GDM logic, we derive predictions for the distribu-

tions and richness of single island endemics (SIEs) across island landscapes of

different age. We test these predictions by means of generalized linear models

and binominal tests using gridded species occurrence data for vascular plant

SIE species and a set of climatic, topographic and terrain age variables. We also

examined phylogenetic divergence times for a subset of endemic lineages.

Results Geological age, in interaction with slope, and topographic variables,

best explained SIE richness at the landscape scale. About 70% of SIEs had

ranges strongly biased to, or largely restricted to old terrain. Available phyloge-

netic divergence times of SIEs of radiated plant lineages suggested an origin on

the older parts of the islands. Metrics of anthropogenic disturbance and habitat

availability were unrelated to the observed SIE pattern.

Main conclusions Our findings support the hypothesis that SIEs have

evolved and accumulated on older and topographically complex terrain, while

colonization processes predominate on the youngest parts. These results imply

that evolutionary processes shape species distributions at the landscape scale

within islands. This opens the perspective of extending the GDM framework to

understand processes at a local scale within individual islands.
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INTRODUCTION

Volcanic activity on islands has long been recognized to affect

population dynamics, extinction and immigration rates, and

processes of evolutionary diversification (Carson et al., 1990;

Paulay, 1994), with implications for the interpretation of

endemic species distributions (Juan et al., 2000; Emerson,

2003; Price, 2004; Stuessy, 2007; Whittaker et al., 2008).

Recently, Whittaker et al. (2007, 2008) developed the Gen-

eral Dynamic Model (GDM) of oceanic island biogeography,

which relates the processes of immigration, speciation and

extinction to the geological life cycle of an oceanic island

(ontogeny sensu Stuessy, 2007). The model predicts that col-

onization will predominate in the early constructive phase of

an island, followed by a quick increase of speciation due to

the increasing availability of nonutilized ecological opportu-

nity, related to availability of maximal resource space and

environmental heterogeneity. This phase is followed by an

increase in allopatric speciation, linked to increased topo-

graphic complexity and opportunities for geographical isola-

tion of populations in the maturity stage. Finally, extinction

overrides colonization and speciation, as the island enters

and progresses through a diminishing old age where erosion

(and subsidence) processes dominate.

The GDM represents a more comprehensive theoretical

model for the biodiversity of oceanic islands of volcanic ori-

gin than previous models and has recently been empirically

tested, statistically improved and examined by modelling

(Cameron et al., 2013; Steinbauer et al., 2013; Valente et al.,

2014). However, the GDM is based on a highly simplified

island ontogeny, and, in reality, even hotspot archipelago

islands tend to progress through more complicated ontoge-

nies, while other archipelago types may diverge considerably

from the basic ontogeny, implying the need for modification

to extend the applicability of the GDM (see e.g. Carracedo,

2011; Heaney et al., 2013).

The spatio-temporal framework of the GDM

We set out here to transfer the GDM to a within-island

scale. In evaluating the GDM, Whittaker et al. (2008)

exploited the fact that hotspot archipelagos represent a wide

array of island ages/stages at any given time. Here, we

emphasize that each oceanic island itself is composed of

distinct terrain units, representing different geological and

evolutionary stages, with particular areas becoming rejuve-

nated, rebuilt or ‘repaved’ (Carson et al., 1990). Hence, we

may treat different terrain units (‘fragments’) as geological

islands within the geographical island. Older, heavily eroded

parts of an island represent the maturity stage of the GDM

(showing highest topographic complexity), while younger

parts remain in the initial or immaturity phase (e.g. evident

in Maui (Hawaii), La Reunion (Mascarenes), Santo Ant~ao

(Cape Verde) or La Palma (Canaries; Fern�andez-Palacios

et al., 2014)). Often we may observe a mosaic of different

‘island life cycle’ stages across a single island.

The biological processes invoked by the GDM, when

applied in this way, predict that older island fragments with

high topographic complexity (which correspond to mature

intermediate-aged islands in the original GDM) should have

accumulated more single-island endemics (SIEs) through

in situ speciation than have the younger areas. Many such

SIEs have very narrow distributions and seemingly limited

powers of dispersal, limiting their capacity to spread (Whit-

taker & Fern�andez-Palacios, 2007). However, over time,

some SIEs that have arisen on older terrain units will spread

to younger terrain or to neighbouring islands (thus becom-

ing multi-island endemics, MIEs). Initial colonization of

young surfaces within an older island will therefore include a

mix of native but nonendemic species (NAT), MIEs and

SIEs, mostly sourced from nearby older terrain. Enhanced

rates of immigration of ‘new’ colonists from neighbouring

islands may occur due to the availability of new environmen-

tal opportunities (micro-habitats, substrate geochemistry or

texture, new climatic space), on these young island frag-

ments. Where the younger terrain abuts older massifs we

may also expect to find hybrid zones between closely related

lineages (cf. Brochmann et al., 2000). However, notwith-

standing the relatively high rates of lineage diversification

found in remote islands (Knope et al., 2012), it is only with

the passage of quite lengthy periods of time that these

younger terrain units build-up their own stock of in situ

endemics.

Empirical evaluation

To test specific predictions of the foregoing, we analyse vas-

cular plant species distributions on the three youngest Can-

ary Islands with recent volcanism – El Hierro, La Palma and

Tenerife – using 1 9 1-km gridded data. We focus on SIE

density, i.e. SIE number per km2, as our index of diversity.

For El Hierro, we also exploit reliable distributional data for

NAT and MIE, by which means we calculate the proportion

of SIEs (pSIE; as a fraction of indigenous species). Speciation

in the fastest diversifying lineages on remote islands can be

exceptionally rapid (Knope et al., 2012), generating substan-

tial numbers of new SIE species within 1–2 Myr, although,

across whole assemblages, attainment of peak SIE richness

may take longer (Whittaker et al., 2008; Steinbauer et al.,

2013). The GDM predicts an overall hump-shaped relation-

ship between SIE richness (or pSIE) and island age for entire

islands, with maximum values at the maturity stage (prior to

island decline in old age). As the three selected Canary

islands harbour fragments representing the first half of the

trajectory of island evolution, from the youngest stage (large

areas of very young substrate aged 0.15–0.50 Ma are present

on each island), over the late initial/early maturity stage

(oldest parts of El Hierro and La Palma, 0.5–2 Ma, central

building of Tenerife, 1–3 Ma) to the maturity stage (oldest

parts of Tenerife, 5–11 Ma), an increase in SIE density at the

landscape scale from the youngest to the oldest island frag-

ments is expected. This prediction is based on the premise
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that the youngest terrain has provided too little time for

extensive speciation to have occurred (whether through ana-

genesis or cladogenesis) and that many of the SIEs that have

evolved on the older fragments of the islands will have been

unable to spread across the whole island, due to dispersal

limitation or competitive exclusion.

We test five hypotheses about the spatial distribution of

SIEs within each of the three islands. Hypothesis 1 is that SIE

density at a landscape scale increases with geological age and

topographic complexity: hence both variables should be iden-

tified as strong drivers by models for SIE richness. Hypothesis

2 states that spatial distributions of individual SIEs should be

strongly biased towards old substrates. Hypothesis 3 posits

that analyses of available phylogenetic data of important

plant lineages should show that divergence times of most

SIEs are older than the defined young terrain, but younger

than the maximum age of the island, indicating that they

evolved on the older parts of the islands. Past research has

shown that diversification rates within oceanic islands can

vary between areas of different major ecosystem types (Zobel

et al., 2011; Steinbauer et al., 2012), hence hypothesis 4

states: any observed relationship between terrain age and SIE

diversity may be a by-product of differences in availability of

the major ecosystem types between old and young terrain.

Finally, it could be argued that current species distributions

have been greatly influenced by human activities, and that

reduced ranges of SIEs are a consequence of anthropogenic

land use (de Nascimento et al., 2009; Irl et al., 2014). Hence,

hypothesis 5 is that there will be a strong negative correlation

of SIE richness with measures of human activity. If supported

this would point to the possibility of an alternative mecha-

nism for our observed patterns, weakening the argument for

an evolutionary basis of SIE distribution patterns.

MATERIALS AND METHODS

Study area

El Hierro (EH; origin 1.1 Ma), in the south-west of the

archipelago (27°370 y 29°250N and 13°200 y 18°100W), has a

surface area of 285 km2, while La Palma (LP; origin 1.8 Ma)

provides the north-western extremity, with a surface area of

780 km2 (Carracedo, 2011; Fig. 1). Tenerife (TFE; origin

11.9 Ma) is the biggest (2035 km2) and highest Canary

island (3718 m a.s.l.). Each island comprises older eroded

terrain units and very young parts. Rapid growth and high

levels of volcanic activity have been associated with instabil-

ity, leading to a number of huge landslips, which have

greatly influenced the size, shape and topography of these

islands. On EH, the oldest geological series outcrops within

the steep slopes of the collapse scarps of the ancient El Golfo

volcano in the north and on the ancient Ti~nor volcano in

the east. Four giant landslips have occurred on EH, the most

recent around 0.15 Ma (Carracedo, 2011).

The oldest part of LP was built by two shield volcanos

(Garaf�ıa and Taburiente) in the north, which collapsed

westwards 1.2 and 0.56 Ma respectively. The remainder of

LP is covered by much younger lava flows and pyroclastics

(< 150 ka). Tenerife has a more complex geological history:

one scenario is that the island was formed from two or three

palaeo-islands aged 5–11 Myr, which were joined together

within the last 3 Myr by a huge central strato-volcano.

An alternative scenario proposes that the central edifice has

been present throughout the island’s history, notwithstand-

ing the young age of the existing central areas (Carracedo,

2011). At least three major landslips have formed the

G€u�ımar Valley (0.83–0.56 Ma), the Orotava Valley (0.56 Ma)

and the Teide Caldera (0.17 Ma). The younger volcanic

series III (< 0.5 Ma), and especially the post-caldera volcan-

ism (< 0.17 Ma), cover extensive areas.

The climate is oceanic subtropical, influenced by north-

easterly trade winds and characterized by warm, dry sum-

mers and rainfall mostly between October and March. The

presence of the full array of major ecosystem types (lowland

scrub, thermophilous woodlands, laurel forest, pine forest

and summit scrub), as found on LP and TFE, requires a lar-

ger elevational range than found on EH, which lacks the

summit scrub. The Canarian vegetation has been subject to

anthropogenic alteration for at least 2000 years, but espe-

cially so following European conquest in the 15th century

(Gaisberg, 2005; Stierstorfer, 2005; de Nascimento et al.,

2009). The resident populations of EH (10,000) and LP

(87,000) are much smaller than TFE (900,000), where human

impact on natural vegetation is more pronounced (Del Arco

et al., 2006).

Species and environmental data

For EH, plant presence/absence data were sourced from

two detailed, systematic field surveys carried out between

1997 and 2003, following the 1 9 1 km² UTM grid

(Gaisberg, 2005; Gaisberg & Stierstorfer, 2005; Stierstorfer,

2005; for nomenclature and floristic status see: Stierstorfer

& Gaisberg, 2005). We distinguished three chorological

groups: (1) single island endemics (SIE), (2) multiple

island endemics (MIE, i.e. Canarian endemics), and (3)

native species not endemic to the Canary Islands (NAT).

For LP and TFE, we used the local government’s ATLAN-

TIS 3 database (www.biodiversidadcanarias.es/atlantis;

accessed November 2013), which provides species distribu-

tions maps based on 500 9 500 m grid cells and includes

all species in the most recent checklist for the Canary flora

(Arechavaleta et al., 2010). For LP and TFE, we used only

distribution maps of SIEs because of known limitations of

this database (Hortal et al., 2007). The initial aim of this

database was to compile herbaria and literature data

focussed on species of interest, such as SIEs, but the most

recent update included all species. Although the database

has been reported to be spatially biased with regard to

sampling effort (Hortal et al., 2007), we consider that the

SIE pattern is much less biased compared to the NAT or

overall richness pattern (we checked this for the two data-
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bases available for El Hierro) as most previous studies

focused on the endemic flora and the government addi-

tionally carried out numerous chorological studies on SIEs

in recent decades, results from which were incorporated

into the ATLANTIS 3 database. Data from LP and TFE

were aggregated to grids of 1 9 1 km to provide a com-

mon scale of analysis to that for EH. For each island, we

removed cells centred over or with > 50% ocean.

There have been many phylogenetic studies of Canarian

plant lineages (e.g. Reyes-Betancort et al., 2008), but few

(a)

(b)

Figure 1 Within-island hotspots of richness of single island endemic plant species (SIE) for the three Canary Islands, El Hierro, La
Palma and Tenerife, shown by grid-cell mapping with a resolution of 1 km2. Additional information about geology and topography

(mean slope) of each island is given.
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provide estimated divergence times based on molecular

clocks (Lotus, Ojeda et al., 2014; Echium, Garc�ıa-Maroto

et al., 2009; Micromeria, Puppo et al., 2014). We made use

of these data in testing hypothesis 3. These studies applied

different clock models to estimate mean divergence times

within the phylogenetic trees (penalized or maximum likeli-

hood, Bayesian estimators). Phylogenetic trees were cali-

brated by the age of the most recent common ancestor of

the Macaronesian lineage (subtribe Menthinae 23 Ma in the

case of Micromeria) or by the maximum geological age of

the archipelago (Fuerteventura, 20.6 Ma) for the Macarone-

sian lineages of Lotus and Echium. Mean values of divergence

time estimates were given.

A recently developed database of phylogenetic lineages for

the entire native Canary flora [J.P. Price et al., unpublished

data (J.P. Price, University of Hawai’i at Hilo)] was used to

distinguish between SIEs belonging to cladogenetic lineages

(many species in the same Canarian lineage) and SIEs repre-

senting anagenetic lineages (only one species per Canarian

lineage).

Climatic, geological, topographical and land use data lay-

ers in digital raster or vector format were intersected with

the 1 9 1 km grids using ArcGIS 10.2.2 (ESRI Inc., Red-

lands, CA, USA). Elevation, slope and aspect were obtained

from a 25-m resolution digital elevation model (DEM).

Aspect was transformed by applying a sine function to a lee/

windward variable, ranging between �1 and 1 value (south-

west to north-east). To account for topographic complexity

we calculated mean values, ranges and standard deviations of

the 1600 pixels within each 1 9 1 km cell for elevation,

aspect and slope. Climate data were sourced from meteoro-

logical stations operated by the State Agencia Espa~nola de

Meteorolog�ıa and interpolated using multiple linear

regression analysis followed by spatial interpolation of the

regression residuals for EH and LP (see Garz�on-Machado

et al., 2014) and, for TFE, using co-kriging.

Terrain age classification followed Carracedo (2011)

(Fig. 1). For the richness models, we used three age classes

for EH (Rift volcanism < 0.15 Ma, El Golfo volcano 0.56–
0.8 Ma, Ti~nor volcano 0.8–1.1 Ma), five for LP (youngest

series < 0.15 Ma, Bejenado volcano 0.49–0.56 Ma, lower

Taburiente 0.41–0.78 Ma, upper Taburiente 0.78–1.1 Ma,

Garaf�ıa volcano 1.2–1.7 Ma) and three for TFE (youngest

volcanism including the youngest series III and the post-cal-

dera volcanism < 0.5 Ma, intermediate volcanism including

pre-Teide volcanism and Dorsal series 0.5–3.3 Ma, old vol-

canism 3.3–11.9 Ma). For the random distribution models of

SIEs and the habitat distributions, we used a binary code:

‘young’, the youngest geological series on each island (EH

and LP < 0.15 Ma, TFE < 0.5 Ma) and ‘old’, the remainder.

By this coding, old terrain comprises: TFE 1233 km2

(60.7%), LP 468 km2 (66.1%) and EH 99 km2 (37.5%).

Some areas of old terrain may once have been buried by

younger volcanic deposits that have eroded again to reveal

older terrain. Contrarily, other areas that are now ‘young’

occupy physical space that previously existed as older terrain

units that have been destroyed and replaced (e.g. Sibrant

et al., 2015). Hence, recent volcanic and geomorphological

dynamics may have impacted on the patterns of distribution

analysed herein, leaving some palimpsest-like legacies. The

present analyses assume that such legacies are negligible.

Land cover data in digital vector format (source: GRAF-

CAN, www.grafcan.es, accessed April 2012) were used to

determine prevailing land use types, classified into semi-

natural vegetation, sparse vegetation, forest plantation,

abandoned fields, pastures, cultivated agricultural land and

urbanized areas. Distances to nearest urban settlements were

calculated for each grid cell in ArcGIS, as an index of human

activity.

Statistical analysis

To model the relationship between species richness and

explanatory variables, we used generalized linear models

(GLM; McCullagh & Nelder, 1989) with Poisson distribution

and log link function for all richness groups (Quinn &

Keough, 2002). For EH island, we used NAT, MIE and SIE

richness as dependent variables, but for LP and TFE we used

only SIE richness (due to data availability – outlined above).

For pSIE on EH, generalized linear models with binominal

distribution were applied. The explanatory variables were

standardized to zero mean and unit variance to enable direct

comparison of regression terms (Quinn & Keough, 2002).

Generalized linear models were performed in R 3.0.0 (R

Development Core Team, 2012). A best subset regression

approach was applied where all combinations of predictor

variables were modelled (Burnham & Anderson, 2002), using

the function dredge of the R library ‘MuMIn’ 1.10.5 (Barton,

2014). First, we ran a best subset selection using a GLM

model separately for each of the three groups of explanatory

variables (climate, topography and anthropogenic influence),

with richness as the dependent variable and all predictors

within each group. We used the Akaike information criterion

(AIC) corrected for small sample size (AICc) and the result-

ing models were ranked by AICc weights. Those models with

strongly collinear predictor variables, as assessed using the

variance inflation factor (VIF; function vif of the library

‘car’), were eliminated (Fox & Monette, 1992).

In a second step, a best subset selection was applied to a

full GLM, including all the predictors of the candidate mod-

els selected during the first step. For the full approach, only

the best models with ΔAICc < 2 were selected and ranked by

AICc weights. Again, VIFs were calculated to check for possi-

ble collinearity and models with correlated predictors were

eliminated. Therefore, final best models for each richness

group only included noncorrelated predictors with coeffi-

cients of estimates significant at P < 0.001. Ecologically

meaningful quadratic terms of predictors (mean annual pre-

cipitation; MAP) and interactions (slope x geological age)

were included and tested in the final best subset modelling.

Over-dispersion was checked for the best GLM model of

each richness group (function c-hat of the library ‘AICcmo-
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davg’). Additionally, the adjusted McFadden Pseudo R2 was

calculated for the best GLM models (function PseudoR2 of

the library ‘BaylorEdPsych’ version 0.5; Beaujean, 2012),

which reflects the deviance explained by the model.

To test for random distribution of SIEs in respect to

terrain age, we applied the exact binominal test (function

binom.test in R standard package stats), which assesses

whether the percentage of a species’ occurrences on old (or

young) substrate is significantly higher than the percentage

of area covered by old (or young) substrate on the island.

The analysis was carried out for species distribution pattern

at the 500 9 500 m grid level and repeated for each island.

Of the species with significantly higher proportional occur-

rence on one of the two age classes we defined SIE as

restricted to old (or young) substrate when > 90% of the

grid cells occupied were of old (or young) terrain. To test if

the distribution of the Canarian major ecosystem types might

be biased in relation to age, we determined the proportion

of these ecosystems of each island on old and young terrain

by overlaying maps of terrain age and potential natural vege-

tation (Del Arco et al., 2006).

We used Moran’s I coefficient to investigate the spatial

autocorrelation of the regression residuals (Diniz-Filho et al.,

2003). In all but one case these analyses showed an absence

of spatial autocorrelation, with low and nonsignificant Mor-

an’s I coefficients (< 0.1) at the shortest distance classes

(< 5 km). The exception was the SIE richness model for

TFE, which exhibited significant spatial autocorrelation at

the shortest distance (3.4 km) only (see Appendix S1).

Because of the general absence of spatial autocorrelation, we

concluded that there was no need to apply spatially explicit

models. The software sam 4.0 (Rangel et al., 2010) was used

for the analysis of spatial autocorrelation.

RESULTS

In the 264 grid cells of El Hierro, 284 indigenous vascular

plant species were recorded: 179 (63.0%) native species

(NAT) and 105 (37.0%) Canarian endemics; the latter sub-

divided into 12 (4.2%) SIEs and 93 (32.8%) MIEs. For La

Palma, the distributions of 36 SIEs (8.9% of 416 indigenous

species) were analysed for 706 grid cells. For Tenerife, 111

SIEs (17.7% of the indigenous flora) were analysed for 2030

grid cells. Of the total of 159 SIEs, 151 belong to lineages

that have undergone speciation through cladogenesis,

whereas 8 SIEs (all from TFE) represent mono-specific lin-

eages. Of the latter group, probably only three might be

relict, palaeo-endemics (Trusty et al., 2005; J.P. Price et al.,

unpublished data) and five can be termed anagenetic SIEs.

Hence, the majority of the SIEs can be considered neo-

endemic to the archipelago or archipelagic neo-endemics.

For each island, the highest densities of SIEs occur on

steep slopes and old substrates (Fig. 1): on EH, on the steep

slopes of the collapse scarps of the ancient El Golfo volcano

in the north and east (Las Playas embayment) and on parts

of the eastern slopes of the ancient Ti~nor volcano; on LP, in

the deep Taburiente crater and the highly eroded steep-sided

valleys on the northern and north-eastern flanks; and on

Tenerife in mountainous areas of the three palaeo-islands

(Teno, Anaga and Adeje) and on the steep slopes of the cen-

tral Teide crater and of the G€u�ımar valley in the south-east.

For each island, the best GLM models for SIE richness,

accounting for 40–45% deviance, found geological age or the

interaction between geological age and mean elevational

slope to be the best predictors, followed by precipitation

(MAP2 or MAP), after which the variables included differed

(Table 1). Of the anthropogenic variables, only cover of pas-

ture showed a significant but weak negative effect on LP,

whereas cover of agricultural land, and of urban areas were

included as weak (negative) effects for TFE. The results of

the GLMs for pSIE on EH showed no important difference

from the SIE richness model, with just slope deviation omit-

ted from the pSIE model (Table 1).

When GLMs were carried out individually for the four

most important predictors of SIE richness on each island

(Table 2), geological age was the best single predictor on EH

and LP, but second in importance on TFE, after mean slope.

Table 1 Results of generalized linear models (GLMs) for the

three Canary Island of El Hierro (EH), La Palma (LP) and
Tenerife (TFE), showing the best set of explanatory variables

explaining richness of single island endemic plant species (SIEs).
Akaike’s Information Criteria (AICc) and AICc weights were

used for best set selection. The Poisson distribution with log
link function was chosen for all models. Adjusted McFadden’s

Pseudo R2 (Adj. R2) indicate the deviance explained in the
model. Abbreviations: SLOPE = mean slope, AGE = geological

age, MAP = mean annual precipitation (linear and quadratic

term), SLOSD = standard deviation of slope, ASPSD = standard
deviation of landscape aspect, CV = coefficient of variation of

mean annual precipitation, SCRUB = cover of shrub vegetation,
SPVEG = sparse vegetation, PAST = cover of pasture,

AGR = cover of agricultural land, URB = cover of urbanized
land. All selected predictors were significant at P < 0.001.

EH SIE LP SIE TFE SIE

AICc w Adj. R2 AICc w Adj. R2 AICc w Adj. R2

0.12

(13) 0.44

0.19

(10) 0.43

0.53

(3) 0.43

Variable Coeff. z-value Coeff. z-value Coeff. z-value

SLOPE

9 AGE

0.32 5.61 0.38 37.12

AGE 0.13 8.74

SLOPE 0.10 4.89

MAP 0.25 4.40 0.03 1.52 0.21 15.24

MAP2 �0.23 �4.32 �0.10 �6.55 �0.32 �26.48

ASPSD 0.12 2.05 0.06 6.33

SLOSD 0.19 3.81

CV 0.12 3.15

SCRUB 0.11 10.08

SPVEG 0.06 5.01

PAST �0.05 �3.02

AGR 0.09 �9.42

URB �0.08 �3.75
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However, for EH and TFE, the interaction term (i.e. the

combined effect of geological age and slope) accounted for

the highest amount of deviance explained in the full models

(Table 1). In the case of EH, the best single predictors,

although highly significant, only explained 17% of the overall

deviance. Nonetheless, the full GLM accounted for 44% of

the total deviance (Table 1), meaning that explained

deviance was more equally distributed among predictors

compared to TFE or LP.

Geological age was not included as a significant predictor

for NAT or MIE richness on EH (Table 3). Instead, GLMs

selected elevational range as the best predictor, followed by

aspect (for MIE) and MAP2 (for NAT). In contrast to SIE

richness, anthropogenic variables such as cover of pasture

and the distance to urbanization had a significant positive

effect on NAT and MIE richness.

Binominal tests revealed a consistent pattern for all three

islands, with most SIEs being more frequent on or restricted to

old terrain (67% and 39% for TFE respectively; 69% and 44%

for LP; and 73% and 33% for EH, Fig. 2). Very few SIE species

showed higher proportional occurrences on young terrain (17

(15%) on TFE, 5 (14%) on LP and no species on EH). Within

TFE, 11 of the 17 SIEs are components of the high-elevation

summit scrub. Of the 159 SIEs across the three islands, only

two (1.3%) were restricted to young terrain: Carduus volutari-

oides Reyes-Betancort, a recently described species, and Kunke-

liella subsucculenta K€ammer, a rare endangered species, found

on the northern slope or coast.

With the exception of the summit scrub, which is lacking

from young terrain on LP, all of the major ecosystem types

occur on both old and young terrain on each island (Fig. 3).

Generally speaking, we can find the full array of habitats

along the elevational gradient on both substrate age groups,

although habitats are not distributed exactly in the same

way. Coastal vegetation on TFE and laurel forest on LP and

EH are more frequent on old terrain, whereas summit scrub

on TFE, thermophilous woodland on LP and pine forest on

EH are more common on young terrain.

Estimated divergence times of all SIEs within the time

calibrated plant lineages (Lotus, Echium, Micromeria), for 24

species (15% of SIEs), were older than the terrain defined as

young (< 0.15 Ma for EP and LP and < 0.5 Ma for TFE),

but younger than the maximum age of the island (see

Appendix S2).

DISCUSSION

Within-island hotspots of SIEs and the importance of

geological age and topography for diversification

Most SIEs on these islands belong to genera that provide

excellent examples of adaptive (ecological) and/or allopatric

(geographical) speciation in the Canary Islands (Gaisberg &

Stierstorfer, 2005; Reyes-Betancort et al., 2008), representing

lineages that have undergone speciation within the

archipelago through cladogenesis, thus forming archipelagic

Table 2 Deviance (%) explained by generalized linear models

including only one single predictor for the three Canary Island
of El Hierro, La Palma and Tenerife, showing the predictive

power of individual explanatory variables selected in the
multimodel inference approach (Table 1) explaining richness of

single island endemics (SIE), proportion of SIE (pSIE), multiple
island endemic (MIE) and native nonendemic plant species

(NAT). The Poisson distribution with log link function was
chosen for SIE models, and the binominal distribution for pSIE

models. All single predictors were highly significant at
P < 0.001. Abbreviations: AGE = geological age, SLOPE = mean

slope, SLOPE:AGE = interaction between mean slope and
geological age, MAP = mean annual precipitation (linear and

quadratic term, MAP2).

Richness AGE SLOPE SLOPE:AGE MAP + MAP2

Tenerife SIE 19 29 33 17

La Palma SIE 32 29 30 9

El Hierro SIE 16 13 17 14

El Hierro pSIE 11 15 17 11

El Hierro MIE 6 32 29 9

El Hierro NAT 2 10 7 19

Table 3 Results of generalized linear models for El Hierro

(EH), showing the best set of explanatory variables explaining
richness of native nonendemic plant species (NAT), multiple

island endemic plants (MIE) and proportions of single island
endemics (pSIE). Akaike’s information criterion corrected for

small sample size (AICc) and AICc weights were used for best set
selection. Poisson distribution with log link function was chosen

in all models. Adjusted McFadden’s Pseudo R2 (Ajd. R2)
indicate the deviance explained in the model. The Poisson

distribution with log link function was chosen for NAT and
MIE models, and the binominal distribution for pSIE models.

Abbreviations: SLOPE = mean slope, AGE = geological age,
ELER = elevational range, MAP = mean annual precipitation

(linear and quadratic term), SPVEG = sparse vegetation cover,
ASP = mean value of landscape aspect, ASPSD = standard

deviation of landscape aspect, CV = coefficient of variation of
mean annual precipitation, PAST = cover of pastures,

DUN = distance to urbanization. All selected predictor were
significant at P < 0.001.

EH NAT EH MIE EH pSIE

AICc w Adj. R2 AICc w Adj. R2 AICc w Adj. R2

0.19

(10) 0.30

0.07

(27) 0.46 0.20 (9) 0.32

Variable Coeff. z-value Coeff. z-value Coeff. z-value

SLOPE

9 AGE

0.28 4.96

ELER 0.08 6.03 0.24 17.31

MAP 0.03 2.02 �0.07 �3.62 0.18 3.25

MAP2 �0.07 �5.01 �0.21 �3.86

ASP 0.17 10.54

ASPSD 0.15 2.88

CV 0.16 3.27

PAST 0.05 3.44

DUN �0.06 �4.00
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neo-endemics (including SIEs and MIEs). Estimated diver-

gence times of these neo-endemics vary depending on the

position in the phylogenetic tree of each lineage (Garc�ıa-

Maroto et al., 2009; Puppo et al., 2014). Anagenetic SIEs (a

category that may include palaeo-endemics) are very rare

(5%) in our study. Hence, our assumption that SIEs gener-

ally evolved in situ is reasonable, although MIEs can, in prin-

cipal, become SIEs by extinction from all but one island

(Whittaker et al., 2008).

Our analyses of SIE distribution and richness patterns are

consistent with hypotheses 1 and 2 in finding that SIEs have

accumulated predominantly on older and topographically

complex terrain, but roughly half of them were also found

on the extensive areas of younger terrain. Species restricted

to young substrate were extremely rare. On each island, SIE

richness was best predicted by geological age or by the

combined effect of geological age and mean slope (Table 1).

This indicates that topography can interact with geological

age in favouring SIE richness, although both of these factors

can independently act as strong drivers of SIE richness. This

was further supported by the inclusion in the models of

topographic complexity, expressed by standard deviation of

landscape slope and aspect on EH and TFE (Table 1).

High topographic complexity represents not only environ-

mental heterogeneity (microclimate, soil conditions), which

is recognized as a strong driver of species richness from the

regional to the global scale (Stein et al., 2014), but also high

geomorphological dynamism related to erosion on steep

slopes. This combination of conditions prevents the forma-

tion of continuously closed forests or shrub communities

where interspecific competition is high, and the reduced

levels of competition creates opportunities for speciation for

immigrated plant species (Kruckeberg, 2002; Silvertown,

2004). The positive correlations of shrub or sparse vegetation

with SIE richness on TFE and LP, respectively, support this

argument. Additionally, high topographic complexity at a

local scale, if lasting long enough, may favour speciation

through ecological and geographical isolation, as steep ravi-

nes and mountain crests can act as barriers for gene flow.

Indeed, studies from continental settings (e.g. Cowling &

Lombard, 2002; Garrick, 2011) have suggested that high

endemism in topographically complex areas can arise from

higher speciation rates and lower extinction. We postulate

that this may hold true for oceanic islands where topo-

graphic complexity is linked to geological age (Whittaker

et al., 2008).

Divergence times of SIEs belonging to the time calibrated

radiated lineages [Lotus (Ojeda et al., 2014), Echium (Garc�ıa-

Maroto et al., 2009) and Micromeria (Puppo et al., 2014)]

indicate an origin of all species congruent with the age of

the older parts of the host island, even for those species that

are currently more abundant on very young terrain, or that

show random distributions. Furthermore, molecular phyloge-

netic studies have indicated Descurainia gilva and Pericallis

multiflora (SIEs from LP and TFE respectively) to be
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ancestral within their monophyletic lineages, indicating their

speciation to have occurred early in the life of each island,

notwithstanding that they are currently more frequent on

young volcanic substrate (Swenson & Manns, 2003; Goodson

et al., 2006). In sum, the evidence strongly supports the

hypothesis that most of the SIEs evolved relatively early in

the island lifespan, although in some cases, particular species

have spread onto younger terrain within the islands.

The role of ecological factors and habitat availability

Mean annual precipitation was found to be an important

driver of SIE richness. A hump-shaped relationship with

precipitation was also observed for NAT on EH, which is

consistent with previous Canarian studies (Ar�evalo et al.,

2005; Otto et al., 2013). The highest precipitation and species

richness levels were documented at intermediate elevations on

the Canaries, where hydrological and thermal stress are low

and productivity is highest, consistent with the water–energy
dynamics model (Field et al., 2005). Similar elevation–
richness patterns have been reported from other oceanic

archipelagos and continents (Kessler, 2002; Price, 2004).

SIE distributions on old and young terrain were not sim-

ply explained by habitat availability, that is, SIEs are not

more frequently found on old terrain because particular

habitats that favour speciation are more abundant there.

High proportions of endemism in plants have been assigned

to the thermophilous woodland and the summit scrub and

relatively lower diversification rates to the laurel forest

(Zobel et al., 2011; Steinbauer et al., 2012). In our study

islands, thermophilous woodland and the summit scrub are

somewhat overrepresented on young terrain, and laurel forest

towards old terrain, which is the opposite of what the habitat

availability hypothesis would predict.

Processes of immigration, speciation and extinction

at an intra-island scale

The GDM suggests that immigration is highest in the earliest

phase of an oceanic island’s development and that diversifi-

cation rates are highest during island ‘immaturity’ (Whit-

taker et al., 2008), contributing to attainment of peak

richness prior to the phase when extinction dominates as the

island shrinks. Following this logic, local species densities

may be anticipated to continue to increase for much of the

island’s life span, particularly so in the most topographically

complex areas. Interestingly, richness of NATs and of MIEs

per grid cell on EH were found to be statistically indepen-

dent of geological age, implying that these more widely

distributed Canarian species generate local species density

patterns that lack a significant historical legacy, and thus can

be interpreted directly in relation to local environmental

conditions.

Our data are largely supportive of a process of spillage of

SIEs from older to younger substrates (intra-island progres-

sion rule; Funk & Wagner, 1995): a process which offers new

opportunities for local adaptation and for hybridization

between forms that have begun to, or have achieved, allopa-

tric speciation (e.g. Brochmann et al., 2000). Our findings

support the importance of including geological dynamics in

explanatory models of speciation processes within oceanic

islands (Carson et al., 1990; Gaisberg & Stierstorfer, 2005;

Stuessy, 2007; Reyes-Betancort et al., 2008). Further support

for this idea comes not only from recent phylogenetic studies

on plant lineages on the Canary islands included in this anal-

ysis (Garc�ıa-Maroto et al., 2009; Ojeda et al., 2014), but also

from recent faunistic studies that show the imprint of geo-

logical history on within-island diversification (within genera

and within species) on the Canary Islands (Juan et al., 2000;

Emerson, 2003; Mac�ıas-Hern�andez et al., 2013) and on other

oceanic archipelagos (Vandergast et al., 2004).

The diversification rate on oceanic islands probably

depends on the taxon, as well as on the climatic and geologi-

cal history of the island and of the whole archipelago. Stein-

bauer et al. (2013) found that both number and proportion

of SIEs on oceanic islands peaked at around 10 Myr, indicat-

ing that diversification can continue for spans far longer than

either EH or LP have yet existed. The high number and

proportion of SIEs on TFE might be explained by the much

greater geological age, but probably also by the more com-

plex geological history of the island. On TFE, supposedly

two or three palaeo-islands existed for several million years

before they coalesced into the contemporary island. These

fragments, then aged 5-6 Myr, were not covered subse-

quently by more recent volcanic materials. As predicted by

our downscaled GDM, these areas with the longest temporal

windows for speciation and highest topographic complexity

actually exhibit the highest concentration of SIEs of all three

islands (Trusty et al., 2005). However, we may also assume

that the speciation process will be initiated on quite young

substrates as some plant genera with very high diversification

rates have been reported for the Canarian (Echium by

Garc�ıa-Maroto et al., 2009) and for the Hawaiian archipelago

(e.g. Bidens by Knope et al., 2012), with explosive speciation

within < 1 Myr.

To summarize, our results are broadly consistent with our

initial expectations and with the GDM and show that it may

be possible to downscale the model to island fragments of

different age. Our analyses are restricted to just three of the

Canary Islands (El Hierro, La Palma and Tenerife), and thus

capture only the beginning of the ontogenic trajectory,

missing the over-mature and highly eroded old-age stage of

flattened landscapes characteristic of Fuerteventura and Lan-

zarote. The issue of how the age of individual landscape

units determines species distributions should be viewed

within the GDM framework in relation to within-island pat-

terns of migration, extinction and speciation, on the one

hand, and between-landscape differences in carrying capacity.

The latter is determined by properties such as topographic

range (linked in turn to habitat and climatic diversity) and

geochemical and hydrological properties of the soils. These

factors can be anticipated to vary with terrain age but they
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will also be a function of the nature of the volcanism (e.g.

chemical and physical properties of the lava) and the geo-

morphological processes that created the different sections of

terrain in the first place. Thus, further empirical and theoret-

ical work may be needed before a downscaled model of the

GDM can be considered general.

Human influence

Variables related to anthropogenic activities and disturbance

were not selected in the models of SIE richness, or of pSIE,

for EH, and made only minor contributions to the SIE rich-

ness models for LP or TFE. Hence, we reject our last hypoth-

esis of a strong negative effect of human disturbances on

overall patterns of SIE richness.

We should caution that our approach to measure

human influences is crude and may not adequately capture

the effects of historical and pre-historical goat grazing,

anthropogenic fire use and certain types of habitat trans-

formation on islands that have been settled for possibly

around 2,500 years (see e.g. de Nascimento et al., 2009;

Garz�on-Machado et al., 2010). For instance, topographically

complex terrain can provide shelter for susceptible native

plant species from non-native herbivores, the negative

impacts of which have been demonstrated in several

Canarian studies (e.g. Garz�on-Machado et al., 2010; Irl

et al., 2014). However, we regard it as implausible that

most of the 112 SIEs (70%) that are currently more fre-

quent on, or even restricted to, old terrain were once

abundant on very young substrate and then completely or

partly eliminated by animal browsing in the past. We

argue that although such negative effects of non-native

herbivores on SIE distributions might exist in particular

cases, they do not depend on substrate age and, therefore,

should not strongly bias our results. Fire disturbance, on

the other hand, is only important in pine forest and rarely

impacts the other Canarian ecosystems: hence fire also

seems an unlikely general alternative hypothesis to explain

the observed SIE pattern.

CONCLUSIONS

We have extended the spatio-temporal framework of the

GDM, by down-scaling its dynamics to fragments with dif-

ferent geological histories within a single island. We consider

our findings, although based on crude analyses, to be broadly

consistent with the predictions of the core GDM. Our analy-

ses illustrate the role of biogeographical processes within

islands and the potential to develop a multiscalar theory of

oceanic island biogeography. Hence, we argue that renewed

attention should be given to analysing geological/geomor-

phological and evolutionary dynamics within islands, focuss-

ing on the frequency, intensity and extent of volcanic

eruptions and other major landform-changing events (e.g.

mega landslides), not merely on the maximum age of the

island or archipelago.
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