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ABSTRACT  

Aims: The General Dynamic Model of oceanic island biogeography (GDM) predicts how 

biogeographical rates, species richness, and endemism vary with island age, area, and isolation. 

Here, we used a simulation model to assess whether the isolation-related predictions of the GDM 

may arise from low-level process at the level of individuals and populations.  

Location: Hypothetical volcanic oceanic islands. 

Methods: Our model considers (i) an idealized island ontogeny, (ii) metabolic constraints, and 

(iii) stochastic, spatially-explicit, and niche-based processes at the level of individuals and 

populations (plant demography, dispersal, competition, mutation, and speciation). Isolation 

scenarios involved varying the distance to mainland and the dispersal ability of the species pool.  

Results: For all isolation scenarios, we obtained humped temporal trends for species richness, 

endemic richness, proportion of endemic species derived from within-island radiation, number of 

radiating lineages, number of species per radiating lineage, and biogeographical rates. The 

proportion of endemics derived from mainland-island differentiation and of all endemics steadily 

increased over time. Extinction rates of endemic species peaked later than for non-endemic 

species. Species richness and the number of endemics derived from mainland-island differentiation 

decreased with isolation as did rates of colonization, mainland-island differentiation, and 

extinction. The proportion of all endemics and of radiated endemics, the number of radiated 

endemics, of radiating lineages, and of species per radiating lineage, and the within-island 

radiation rate all increased with isolation.  
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Main conclusions: Our results lend strong support to most of the isolation-related GDM 

predictions. New insights include increasing proportion of endemics, particularly those arising 

from mainland-island differentiation, across isolation scenarios, as well as extinction trends of 

endemics differing from the overall extinction rates, with a much later peak. These results 

demonstrate how simulation models focusing on low ecological levels provide tools to assess 

biogeographical-scale predictions and to develop more detailed predictions for further empirical 

tests. 

Keywords: BioGEEM, general dynamic model, interspecific competition, island biogeography, 

isolation effects, metabolic theory, oceanic islands, plant endemism, process-based models, 

speciation rate 
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INTRODUCTION 

Geographical isolation is one of the key drivers of species diversification in both islands (Heaney, 

2000; Whittaker & Fernández-Palacios, 2007; Rosindell & Phillimore, 2011) and continents 

(Linder, 2005; Rieseberg & Willis, 2007; Pennington et al., 2010). Mechanisms by which isolation 

promotes evolutionary divergence include founder effects and genetic drift (non-adaptive 

speciation; Rundell & Price, 2009). Evolutionary divergence is particularly promoted at species’ 

range margins or in populations isolated by vicariance (Rosen, 1978; Wiley, 1988), including 

within-island geographical isolation (e.g. Malhotra & Thorpe, 2000). Such allopatric 

differentiation is largely dependent on dispersal barriers that limit gene exchange between 

populations (Wiens & Donoghue, 2004; Cowie & Holland, 2006). Isolated populations may be 

also subject to differential selective pressures, which may trigger adaptive  speciation (Rundell & 

Price, 2009). These mechanisms are characteristic of remote oceanic islands and responsible for 

their high endemism (Whittaker & Fernández-Palacios, 2007; Steinbauer et al., 2012), thus 

providing model systems for investigating isolation effects (MacArthur & Wilson, 1967; Weigelt 

& Kreft, 2013; Warren et al., 2015).  

Island biogeography theory holds that geographical isolation from source areas reduces 

colonization rates to islands and the species richness at the dynamic equilibrium between 

colonization, speciation, and extinction, while increasing the relative contribution of within-island 

radiation (MacArthur & Wilson, 1967; Rosindell & Phillimore, 2011). These effects on speciation 

have been verbally formalized within the General Dynamic Model of oceanic island biogeography 

(GDM), the distinguishing feature of which is to posit that diversity patterns within and across 

archipelagos are also influenced in a predictable fashion by the geodynamics of oceanic islands 
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over their lifespan (Whittaker et al., 2008, 2010). The resulting biogeographical predictions has 

made the GDM a powerful framework for studying island (reviewed in Borregaard et al., 2017). 

However, the GDM has not yet been thoroughly assessed by niche-based, spatially, and 

demographically explicit simulation models that focus on the processes occurring at the level of 

individuals and populations. Here, we use such a model to evaluate GDM-based predictions 

related to mainland-island isolation. 

For remote volcanic islands, the GDM predicts humped trends in richness and endemism 

(richness and proportion) as a function of the rise and decline of island area, elevation, and habitat 

heterogeneity over an island’s lifespan (Whittaker et al., 2008, 2010). Varying isolation is 

hypothesized to affect biogeographical patterns by changing the amplitude but not the shape of the 

temporal trends (Whittaker et al., 2008). More recently, Borregaard et al. (2016) used an 

assemblage-level simulation model to explore GDM properties, in particular examining isolation 

effects, and alternative island ontogenies. Together, these simulations supported the internal logic 

of the GDM by revealing that more isolated islands had lower species richness, colonization, and 

extinction rates, as well as a higher proportion of single-island endemics, number of endemic 

species, and speciation rates (Borregaard et al., 2016). Consequently, isolation should decrease 

overall species numbers over ecological time scales (MacArthur & Wilson, 1967), but increase the 

number and proportion of endemic species at the evolutionary time scale (Heaney, 2000; Rosindell 

& Phillimore, 2011). A substantial part of the increase in endemism is typically explained by 

radiating lineages filling niches that would be occupied by colonist species on less isolated islands 

(Whittaker, 1972; Heaney, 2000; Givnish et al., 2009; see also Emerson & Gillespie, 2008). An 

increase of endemism with isolation has been shown, however, to happen even in the absence of 
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niche evolution (i.e. emerging from neutral evolutionary dynamics only; Rosindell & Phillimore, 

2011).  

Mechanistic simulation models have been identified as a promising avenue to test the GDM 

predictions (Borregaard et al., 2016, 2017). Such models can overcome limitations of space-for-

time substitutions where islands of different ages within and across archipelagos are used as 

surrogates for the long-term dynamics of single islands (Borges & Brown, 1999; Borregaard et al., 

2017; Leidinger & Cabral, 2017). Mechanistic models allow exploration of variations in input 

factors and parameters, and the control of confounding effects. The latter may include: varied 

intra-archipelagic spatial settings (Cabral et al., 2014; Weigelt et al., 2016), island-hopping 

followed by parallel radiations (Losos & Ricklefs, 2010), rescue effects (Brown & Kodric-Brown, 

1977), and the eco-evolutionary history specific to each island, archipelago, and taxon (Whittaker 

& Fernández-Palacios, 2007; Bunnefeld & Phillimore, 2012).  

Isolation is multifaceted, requiring multiple metrics for its measurement (Weigelt & Kreft, 

2013) and alternative ways of simulation within models (cf. Borregaard et al., 2016). In a 

companion paper to the present paper, Cabral et al. (submitted) present a BioGeographical Eco-

Evolutionary Model (BioGEEM) that builds on previous population- and niche-based models for 

species’ range dynamics (Cabral et al. 2011; Sarmento Cabral, 2013; Zurell et al., 2016) and for 

metacommunity dynamics (Cabral & Kreft, 2012). BioGEEM goes beyond these precursor models 

by adding evolutionary and environmental processes. This enables the exploration of how 

temporal and spatial patterns at population, species, community, and entire island assemblage 

levels emerge from population-level processes at evolutionary timescales. Cabral et al. 

(submitted), report that these patterns cannot be realistically generated if any of the integrated 

processes is switched off and that the emergent temporal trends at the island assemblage level are 
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consistent with most GDM temporal predictions of species richness and biogeographical rates. 

However, they investigated one isolation scenario, and it is thus the main aim herein to investigate 

isolation effects in general and to evaluate GDM predictions related to isolation in particular. 

BioGEEM is designed for terrestrial seed plants and has a hierarchical structure that links 

ecological and evolutionary processes to local temperature and body mass via metabolic trade-offs 

based on the metabolic theory of ecology (Brown et al., 2004). All biogeographical patterns are 

not imposed, but emerge from processes operating at local scales and low levels of ecological 

organization, e.g. individual dispersal, resource competition, and local population dynamics. 

BioGEEM thus differ from previous island models that focus on geologically static islands 

(Kadmon & Allouche, 2007; Hortal et al., 2009; Rosindell & Phillimore, 2011; Rosindell & 

Harmon, 2013), do not incorporate evolutionary processes (Kadmon & Allouche, 2007; Hortal et 

al., 2009; Rosindell & Harmon, 2013), simulate ecologically neutral processes (Rosindell & 

Phillimore, 2011; Rosindell & Harmon, 2013; Valente et al., 2014, 2015; Borregaard et al., 2016), 

and/or are spatially-implicit (Valente et al., 2014, 2015; Borregaard et al., 2016). The combination 

of properties and assumptions derived from low-level theories (e.g. metabolic, niche, and 

coexistence theories) to obtain patterns predicted by high-level theories (e.g. island biogeography) 

makes BioGEEM useful to generalize insights about biodiversity dynamics across ecological 

levels (Evans et al., 2013; Cabral et al., 2017, submitted). Here we use BioGEEM to assess the 

GDM-based hypotheses for isolation effects related to eight biogeographical variables (Table 1) 

with a simulation experiment varying island isolation in two ways: via distance to the mainland 

and via dispersal ability of the species source pool.  
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MATERIALS AND METHODS 

Modelling approach 

We summarize the BioGEEM model below. A detailed description and parameter settings can be 

found in Cabral et al. (submitted) and in Appendix S1 in Supporting Information (code available at 

https://github.com/julianoscabral/BioGEEM). 

State variables and scales 

The model is grid-based (Fig. 1a), with a cell size of 1 km2. Each island cell has an elevational 

level, associated with a mean annual temperature (25 ˚C at the lowest elevation). The model agents 

are stage-structured plant populations (seeds, juveniles, and adults), given in number of 

individuals. Populations belong to species, defined by combinations of autecological attributes 

(hereafter: species properties): environmental requirements (maximum cell suitability, optimum 

temperature, temperature tolerance, optimum island side, and island side tolerance), short- and 

long-distance dispersal abilities, Allee threshold, body sizes (seed, juvenile, and adult), and 

phenological ordering. Habitat requirements depict preferences associated with elevation (i.e. 

temperature) and with island side (as a surrogate for other environmental variables, such as wind 

and precipitation). Body mass and local temperature determine all demographic transitions, 

mutation rates, the space exploited by an individual, carrying capacity, and time for speciation. 

These metabolic constraints account for increasing metabolism with temperature and decreasing 

metabolic rate with body mass (Brown et al., 2004). Demographic transitions are germination, 

sexual maturation, reproduction, and density-independent mortality. A cell can hold one 

population per species, but as many species as there is space available. Due to different individual 

body masses and allometrically associated exploited space, metabolic constraints, and local 
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suitability (Appendix S1), the number of species within a cell can vary, but can reach the hundreds 

(Cabral & Kreft, 2012; Cabral et al., submitted). Consequently, species assemblages emerge from 

local resource competition (Cabral & Kreft, 2012; Cabral et al., submitted). The state variables 

comprise the spatial distribution of seed, juvenile, and adult abundances of each species and the 

unoccupied area. Each time step represents one year and a complete simulation runs over 2.21 

million time steps (based on the age of Madeira Island; Appendix S1). In a companion study, 

which is devoted to presenting BioGEEM and assess the necessity of its mechanistic complexity, 

the temporal extent has been modified in exploratory experiments, revealing little impact on the 

emergent patterns across ecological levels (Cabral et al., submitted).   

Initialization 

Simulations are initialized with a pool of 1000 species present in all mainland cells. The mainland 

has no biotic or abiotic dynamics and is composed of two rows of cells, each row with 13 cells, 

and thus serves only as a geographical starting point for long-distance dispersal (see Cabral et al., 

submitted). Species properties are randomly drawn within realistic value ranges. For example, 

body mass varies from a few grams to several tons, mean dispersal distance varying between a few 

meters and a few hundred meters (details in Cabral & Kreft, 2012), whereas habitat requirements 

accommodate the environments present in the island. The range for long-distance dispersal ability 

allows for colonization events even in the most isolated islands. Hence, the value ranges are based 

on logical boundaries set by the experiment or by empirical evidence (Appendix S1). For example, 

if long-distance dispersal ability fails to allow for colonization, then the islands remain 

unoccupied. Moreover, species properties vary from representing specialists (e.g. narrow 

temperature amplitudes) to generalists (e.g. all temperatures and island sides). For each species, 
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the habitat suitability matrix, H, is initialized based on the species' environmental requirements. A 

species-specific dispersal kernel D is initialized as a two-dimensional, grid-based Clark’s 2Dt 

kernel, with two parameters, α and p, which describe short- and long-distance dispersal, 

respectively (Fig. 1b; Clark et al., 1999; Nathan & Muller-Landau, 2000). The stage-specific 

abundance matrices (seeds, juveniles, and adults) and the matrix with the area occupied by all 

individuals are initialized empty. 

Processes 

At each time step, a series of processes are executed in the following order: dispersal from 

mainland, population update 1, reproduction, intra-island dispersal, mutation, speciation, 

population update 2, and environmental dynamics. In each process, the state variables of each 

species are updated following the species phenological ordering: 

Dispersal from mainland: a random number of seeds per mainland cell from ten random 

mainland species are dispersed to the island according to D per time step over the entire simulation 

period.  

Population update 1: abundance matrices are updated by: i) turning juveniles to adults, ii) 

applying density-independent mortality to remaining juveniles, iii) germinating seeds, and iv)  

applying seed mortality.  

Reproduction: the number of seeds produced by adults of each species in each cell follows the 

Beverton-Holt reproduction function, extended with Allee effects (Cabral & Schurr, 2010).  

Intra-island dispersal: the produced seeds are dispersed within the island following D.  
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Mutation: as a previous step to within-island radiation (see ’Speciation’), each seed dispersed 

can randomly become mutant via point-mutation (Rosindell & Phillimore, 2011). Mutation rates 

were metabolically constrained (e.g. higher for smaller plants and for higher temperatures – Brown 

et al., 2004) and calibrated to allow mutation events to happen almost every time step in large 

populations (Appendix S1). Mutant seeds received random properties according to phylogenetic 

constraints (values within ±50% of ancestral values). The H, D, and abundance matrices for these 

mutant individuals are initialized. 

Speciation: two modes of speciation are considered: mainland-island differentiation (simulated 

as neutral process) and within-island radiation (adaptive within-island diversification). These 

processes relate to the anagenetic and cladogenetic speciation sensu Stuessy et al. (2006), but are 

better described by their geography as regionally allopatric and regionally sympatric speciation, 

respectively (see a terminology review in Emerson & Patino, 2018a; see also Meiri et al., 2018 and 

Emerson & Patino, 2018b). In BioGEEM, mainland-island differentiation is neutral and non-

adaptive, whereas within-island radiation is non-neutral and adaptive (i.e. niche evolution). For 

simplicity, we refer to species emerging from these two speciation modes as ‘differentiated 

endemics’ and ‘radiated endemics’, respectively. The submodel checks whether enough time has 

passed to update mutant individuals (for within-island radiation) or colonizers (for mainland-island 

differentiation) as a distinct species (i.e. 'protracted speciation'  ̶  Rosindell & Phillimore, 2011). 

The time for speciation follows metabolic constraints to account for longer generations of larger 

species (Brown et al., 2004). Mainland-island differentiation is delayed by gene flow from the 

mainland.  
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Population update 2: after species status update, the submodel applies density-independent 

mortality to adults and updates the seed bank.  

Environmental dynamics: environmental events mimicked the geological trajectory of an 

idealized hotspot oceanic island (Whittaker & Fernández-Palacios, 2007; Whittaker et al., 2008), 

namely island growth due to volcanic activity followed by a slower erosion-dominated phase. The 

island grows and shrinks by gaining or losing belts of cells, respectively, and by increasing or 

decreasing elevation and thus local temperature accordingly. Islands grow every 0.13 Ma for the 

first 0.78 Ma, after which the island shrinks due to erosion every 0.26 Ma until the end of the 

simulation (Appendix S1). After every environmental event, H is recalculated for every species. 

Output 

The model records time-series of species richness (total, differentiated, and radiated endemics), 

number of endemic lineages (species evolving from the same ancestor), number of species per 

endemic lineage, and the number of colonization, speciation, and extinction events.  

Study design 

All intervals for drawing species properties and the scenario specifications are provided in 

Appendix S1. We studied a source pool with the following characteristics: i) moderate niche 

conservatism and dispersal ability, ii) most potential ranges overlapped in mid elevations, iii) 

biomass spanned from small herbs to big trees, iv) without intraspecific variability, v) including 

annual and perennial species. Whereas these specifications can be varied in future study designs, 

particular situations (e.g. archipelagic dynamics, human-driven environmental, and biotic change) 

and guilds (e.g. epiphytes, lianas, parasites, and perennial semelparous species) would require 
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further model development. To test our hypotheses (Table 1), we set up four isolation scenarios 

(Fig. 1). The scenarios encompassed a full-factorial design, varying the shortest distance between 

the island at maximum size and the mainland (150 vs. 300 cells), as well as the dispersal ability of 

the mainland species pool (high vs. low long-distance dispersal ability). Greater long-distance 

dispersal ability (phigh) was obtained by systematically varying the dispersal parameter p for all 

species of the mainland source pool from the scenario with low long-distance dispersal ability 

(plow): phigh = plow – 0.2 (plow values in Appendix S1). Note that although 150- or 300-cells distance 

might seem close to the mainland, isolation was assured by generally low long-distance dispersal 

ability. All islands had a maximum size of 11×11 cells. This size was arbitrary but enabled enough 

habitat heterogeneity (six different temperature belts), while remaining computationally feasible 

even for the least isolated, most species-rich islands). Larger islands were also investigated in 

exploratory scenarios in our companion study, yielding similar spatio-temporal trends in emergent 

patterns (Cabral et al., submitted). 

The simulation experiment comprised 20 replicate runs per scenario, with each replicate having 

a different species pool. Outputs for each time step were averaged over replicates. To make results 

comparable to GDM predictions, we calculated colonization, speciation, and extinction rates by 

summing up the number of colonization, speciation, or extinction events within time intervals. 

Here, we arbitrarily chose these time intervals to be 0.01 Myr, which enabled the island to 

experience rare colonization events and potential speciation in small herbs (i.e. 104 generations – 

see Rosindell & Phillimore, 2011). We considered only successful colonization, i.e. germination 

and establishment.  
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We focused on the general trends emerging from a mechanistic simulation experiment across 

hypothetical isolation scenarios with complete knowledge of assumptions, parameters, and output 

and thus did not statistically compare the scenarios, as spurious statistical significance can be 

achieved simply by increasing the number of replicates or by setting more extreme scenarios 

(Murray & Corner, 2009; White et al., 2014). Therefore, our robust nonparametric comparisons 

provided in Appendix S3 must be interpreted with caution. Consequently, emergent patterns can 

be regarded as explorative predictions from our own model. To adequately confirm these 

predictions, time-series of the studied variables for islands with known archipelagic dynamics will 

be required. Here, we use standard deviation error bars to indicate the expected degree of overlap 

among scenarios. It is important to note that previous studies based on the same hierarchical model 

showed that patterns emerging across multiple ecological levels, e.g. population, species, 

community, and entire insular species assemblages, generally agreed with general empirical 

evidence and theoretical expectations (Cabral & Kreft, 2012; Cabral et al., submitted). BioGEEEM 

has been shown to generate many of the temporal predictions of the GDM while producing 

insightful divergences (Cabral et al., submitted). Therefore, the explorative isolation scenarios 

shown here provide an application of a theoretically sound model whose generality has been 

demonstrated across ecological levels.  
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RESULTS 

The number of species and of the endemic species subset showed a humped relationship with 

island age (Fig. 2). Richness peaks lagged behind maximum island size – a pattern that was most 

pronounced for more isolated islands and for radiated endemics (Fig. 2). Except at the very final 

stages of the island, when species numbers converged, more isolated islands had lower total 

species (Fig. 2a) and differentiated endemic richness (Fig. 2b) but higher radiated endemic 

richness (Fig. 2c). These trends were obtained when varying other isolation mechanisms (e.g. 

number of species in the species pool, number of species dispersed from the mainland, and smaller 

mainland area – Appendix S2). 

The proportion of endemics increased over time and with isolation (Fig. 3a). This increase was 

mostly driven by differentiated endemics, for which there was little difference among isolation 

scenarios (Fig. 3b). In contrast, the proportion of radiated endemics showed either increase, 

stabilization, or a shallow humped relationship with island age, with more isolated islands 

attaining higher proportions (Fig. 3c). The number of radiating lineages exhibited a delayed 

humped temporal trend. Islands isolated by distance had the highest values (Fig. 3d). The number 

of species per radiating lineage showed a humped relationship with island age, but varied less 

clearly with isolation, with only the islands isolated by both distance and dispersal having 

evidently higher values than the other islands (Fig. 3e). 

Temporal trends in colonization rates were humped for all isolation scenarios, but the 

maximum values strongly decreased with isolation (Fig. 4a). Similar temporal trends were 

obtained for extinction rates, but with overall lower values during the growth phase and higher 

values during the erosion phase (Fig. 4b). Mainland-island differentiation rates peaked at 
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intermediate island age and monotonically decreased thereafter, with increasing isolation 

decreasing the maximum value (Fig. 4c). Within-island radiation rates peaked at intermediate 

island age, with the amplitude of the curve increasing with isolation (Fig. 4d). Extinction rates of 

endemics increased over time, showing one first small peak by the time of the first erosion step 

and a second higher peak by the time of the last erosion step (Fig. 4e). Only the most isolated 

islands did not show the first small peak (Fig. 4e). All islands showed a general positive net 

change in species richness during the growth phase and a general negative net change during the 

erosion phase, with isolation decreasing the amplitude of the temporal dynamics (Fig. 4f). The 

increase in species richness during the growth phase was led by colonization rates, which were 

higher than speciation rates.  

DISCUSSION 

Species richness 

The results for species richness supported the expected pattern of negative relationships with 

isolation (Table 1, Fig. 2a). Moreover, all isolation scenarios showed similar humped temporal 

trends in species richness, as predicted by the GDM (Fig. 2a; Whittaker et al., 2008; Borregaard et 

al., 2016; Cabral et al., submitted) and expected based on empirically well-supported, positive 

relationships between species richness and island area, elevation, and habitat heterogeneity (e.g. 

Kreft et al., 2008; Hortal et al., 2010). These findings are consistent with the spatially-implicit 

model of Borregaard et al. (2016), but the obtained delayed peaks contrast with early peaks during 

island ontogeny empirically shown by e.g. Steinbauer et al. (2013) and Lenzner et al. (2017). 

Simulation experiments and empirical patterns must be compared with caution, as empirical 

estimations of species carrying capacity (a central component of the GDM – Whittaker et al., 
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2008) entail shortcomings arising from the space-for-time substitution. For example, if the growth 

phase is several times shorter than the erosion phase, species richness is expected to peak 

relatively early. This would happen for two main reasons. First, different habitats would be 

available earlier for colonization (e.g. lower environmental filtering). Secondly, early colonization 

should be particularly true within archipelagos, as colonization from the local source pool 

provided by nearby islands may be comparatively rapid. Further simulation experiments may 

tackle these issues by comparing scenarios with different relative lengths of growth phase 

compared to the erosion phase and considering a second, more closely located species source pool 

to mimic nearby older islands. BioGEEM focuses on single islands and species carrying capacity 

is an island property emerging from the environmental dynamics. These model features assure that 

how the species carrying capacity changes and is filled does not depend on archipelago effects but 

directly on available resources, environments, species properties, and on eco-evolutionary 

processes. This is an advantage over spatially-implicit, neutral approaches, which often constrain 

species carrying capacity via an imposed parameter for the maximum number of individuals or 

species (e.g. in Borregaard et al., 2016) and without considering individual traits (Leidinger & 

Cabral, 2017). 

Both mechanisms of isolation (by distance and by dispersal ability) seemed interchangeable, as 

the scenarios with either isolation mechanism revealed very similar, intermediate values. Simpler 

island simulation models have also supported the negative effects of isolation on species richness, 

despite accounting for isolation only indirectly by imposing variation in colonization rates or in 

island occupation at model initialization without explicitly considering geographic distances or 

species traits (Chen & He, 2009; Rosindell & Phillimore, 2011; Rosindell & Harmon, 2013; 

Borregaard et al., 2016). These simpler approaches impose isolation effects, limiting insight into 
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the underlying eco-evolutionary processes. Here we have shown that BioGEEM can also generate 

lower species richness in exploratory scenarios considering alternative isolation mechanisms, 

namely fewer mainland cells, dispersing species per time step, and species in the source pool 

(Appendix S2). Whereas we have limited these analyses to explore isolation effects of single 

islands without considering intra-archipelagic dynamics, the approach can potentially be used to 

assess processes at the intra-archipelagic level, including island hopping, parallel radiations, taxon 

cycles, and island merging (cf. Cabral et al., 2014; Weigelt et al., 2016). The largely unappreciated 

complexity of isolation and related eco-evolutionary mechanisms hightlights that we should be 

cautious in interpreting results from correlative studies, as islands might be under the influence of 

different isolation mechanisms over time. The development and use of more sophisticated, 

dynamic models of isolation offers a promising research avenue as most simulation models and 

correlative studies assume simplified isolation mechanisms (but see e.g. Weigelt & Kreft, 2013). 

Endemic richness 

Endemic richness was humped in all isolation scenarios and had a delayed peak compared to 

species richness (Fig. 2b-c; Steinbauer et al., 2013; Borregaard et al., 2016; Cabral et al., 

submitted), as predicted by the GDM (Whittaker et al., 2008). Our results for endemic richness 

supported the hypothesis on positive isolation effects for radiated endemics only (Table 1). The 

opposing effects of isolation on differentiated and radiated endemic species richness (negative and 

positive, respectively) support previous findings of neutral models where considering islands that 

are already isolated (as anagenetic and cladogenetic species, respectively - Rosindell & Phillimore, 

2011). For weakly isolated islands, these neutral models demonstrated that intense gene flow from 

the mainland prevents both speciation modes (Rosindell & Phillimore, 2011). As isolation 



19 

 

increases, reduced gene flow facilitates mainland-island differentiation. On already isolated 

islands, the further increasing isolation leads to a lower number of colonizing species, and thus a 

lower number of potentially endemic species differentiated from mainland populations. 

Simultaneously, radiating species start to fill empty niche space (Rosindell & Phillimore, 2011). 

This switch in predominant speciation mode emerges in neutral models simply by lowering 

colonization rates (Rosindell & Phillimore, 2011). While also capturing this switch, niche-based 

models explicitly integrate adaptive radiation and trait evolution (Cabral et al., submitted). Such 

evolutionary dynamics can be further assessed along environmental gradients (Cabral et al., 

submitted), an advantage over most previous island models, which are generally spatially-implicit 

besides being neutral (see Leidinger & Cabral, 2017 for a review of island models). Therefore, 

future experiments comparing niche- and neutral-based models could shed more light on the 

relationship between habitat heterogeneity and trait evolution. This is important for assessing 

GDM predictions, including that adaptive radiations occupy 'empty niches'. However, it should 

also be noted that the GDM also accepts a role for non-adaptive radiation by intra-island isolation 

mechanisms, i.e. bottlenecks and genetic drift in small isolated habitats, especially during the 

phase of maximum topographic complexity (see Fig. 5 in Whittaker et al., 2008). Further 

simulation experiments could include such intra-island isolation mechanisms and could assess 

GDM assumptions related to eco-evolutionary trait and niche patterns by varying, e.g. the trait 

composition of species pool, the within-island environmental dynamics, and extreme isolation 

scenarios (e.g. including islands initially connected with the mainland – Ronsindell & Harmon, 

2013). Nevertheless, Cabral et al. (submitted) already showed that diverging species tend to be 

ecologically distinct from co-occurring species, thus better occupying the niche space, as assumed 

by the GDM.  
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Proportion of endemic species 

The proportion of endemic species varied depending on speciation mode (Fig. 3), supporting the 

hypothesized effect of increased endemism with isolation mostly for radiated endemics and to a 

lesser extent for all endemics (Table 1). In our experiments, the overall endemism was mostly 

driven by mainland-island differentiation, which consistently increased over time (see also Cabral 

et al., submitted), but did not conspicuously vary between isolation scenarios (Fig. 3b). Empirical 

evidence also suggests no isolation effects on the proportion of differentiated endemics (Stuessy et 

al., 2006). These differences between isolation effects depending on speciation mode have not 

been explicitly stated by the GDM (Whittaker et al., 2008), although by the GDM logic the 

endemism in more isolated islands is increasingly more related to within-island radiation (see also 

Heaney, 2000), while the relative contribution of mainland-island differentiation should indeed 

increase slightly in the final phase of the island lifespan (prediction 9 of the GDM; Whittaker et 

al., 2008). Moreover, the higher proportion of all endemics obtained with increasing isolation was 

mostly driven by within-island radiation (Fig. 3a-c), supporting the important role of within-island 

radiation in filling empty niches on isolated islands (Whittaker et al., 2008). The higher prevalence 

of within-island radiation on remote, high-elevation islands is assumed to be driven by limited 

gene flow and greater ecological opportunities (Heaney, 2000; Stuessy et al., 2006; Whittaker & 

Fernández-Palacios, 2007; Price & Wagner, 2011). Also in their neutral and environmentally-static 

simulation analysis, Rosindell and Phillimore (2011) indicated a gradual replacement of endemics 

differentiated from mainland populations by endemics derived from within-island radiation with 

increasing isolation. Indeed, Cabral et al. (submitted) have shown that radiated endemics seem to 

prevent colonization of non-endemics (i.e. potential differentiated endemics) by being better 

adapted to local environments and communities than these naturally recurrent colonizers. Evidence 



21 

 

of this was given by the explorative scenarios manipulating the underpinning low-level processes 

(e.g. switching off speciation or competition - Cabral et al., submitted). Experiments varying 

isolation mechanism under different competition scenarios could provide insights about the 

increase with isolation in endemism derived from within-island radiation.  

Number and extent of radiating lineages 

Results for the number of radiating lineages supported the hypothesis of positive isolation effects, 

particularly for distance-related isolation (Table 1, Fig. 3d). Only a minority of colonizing plant 

lineages on isolated islands are prone to diversification, while most lineages do not diversify and 

only produce differentiated endemics (compare Fig. 2a and 3b-c; Stuessy et al., 2006; Price & 

Wagner, 2011). In the companion paper, we showed that some lineages only radiate under low 

competition/colonization conditions (Cabral et al., submitted). In fact, a few genera and families 

have been shown to be radiation-prone wherever arriving in remote archipelagos, such as the 

Hawaiian, Society, and Marquesas Islands (Price & Wagner, 2004, 2011; Lenzner et al., 2017). 

Therefore, while knowledge about speciation on islands is constantly improving (e.g. Igea et al., 

2015), future studies could investigate to what extent radiation-proneness is lineage-specific and 

mediated by traits. Potential scenarios that could be simulated to address this question are 

simulating each lineage separately to control for competition effects and in multiple environmental 

settings to control for niche availability. In all these scenarios, the complex relationships between 

speciation modes can thus be addressed by integrating ecological, evolutionary, and environmental 

processes and by acknowledging species differences. 

Results for the number of species per radiating lineage were complex, with an overall humped 

temporal trend (as Whittaker et al., 2008), but only partially supporting positive isolation effects, 
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with an unexpected interaction between temporal and isolation effects (Fig. 3e; Table 1). Here, the 

isolation mechanism influenced the amplitude of the temporal trends, with an increase in species 

radiations becoming evident only for the most isolated islands (Fig. 3e). That is because islands 

isolated by just one isolation mechanism may still receive enough colonizers that occupy available 

niches. In contrast, islands isolated by both distance and dispersal can foster larger radiations than 

other islands due to less competition and greater ecological opportunities (e.g. empty niches; 

Whittaker & Fernández-Palacios, 2007). Therefore, large radiations may be evidence of multiple 

isolation mechanisms combined.  

Biogeographical rates 

Emergent colonization rates supported the predicted negative isolation effects (Fig. 4a, Table 1). A 

decrease in colonization rates with isolation agrees with the predictions of both the equilibrium 

theory of island biogeography (MacArthur & Wilson, 1967) and the GDM (Whittaker et al., 2008; 

Borregaard et al., 2016). Higher colonization rates on growing islands are consistent with reduced 

environmental filtering due to higher habitat heterogeneity and with a higher chance of a dispersal 

unit hitting the island (i.e. the target area effect - Lomolino, 1990), whereas a decrease in 

colonization rate in the erosion phase reflects the prior occupancy of the island, including by 

island-adapted endemics (Cabral et al., submitted). Environmental filtering and the target area 

effects are not explicitly considered by the GDM (Whittaker et al., 2008). However, Borregaard et 

al. (2016) considered a simplified environmental filtering by correlating colonization rates with 

species carrying capacity. To further disentangle habitat heterogeneity and target area effects, 

follow-up simulation experiments could compare different scenarios of environmental 

heterogeneity vs. areas. 
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Extinction rates followed colonization rates, also supporting hypothesized negative isolation 

effects (Fig. 4b, Table 1). When assessing only the extinction rates of endemic species, the 

hypotheses were generally supported, but with unanticipated peculiarities. These were the 

presence of two peaks, with the highest being the second one at very advanced island age, and 

overall less difference between scenarios, except for the fact that the most isolated islands did not 

show the first peak but had the most evident negative isolation effect (Fig. 4e, Table 1). Potential 

explanation for the late peak may be that the surviving radiated endemics are those that cope best 

with the island environment, (e.g. small size, limited environmental heterogeneity), and thus their 

extinction would mostly happen under critical levels of those environmental features (see also 

Cabral et al., submitted). This is further supported by the fact that extinction of endemics in the 

most isolated scenario did not show the first small peak after the first erosion step (Fig. 4e) even 

though it had the highest number of radiated endemics (Fig. 2c). Additionally, the overall lower 

species richness of this scenario (Fig. 2a) may also contribute for a low competitive pressure (e.g. 

no species saturation), ultimately allowing endemics to better survive in isolated islands. Hence, 

the distinction between types of extinction and isolation mechanisms is important. While endemic 

species can go globally extinct, particularly in less isolated islands, non-endemics may go locally 

extinct but then re-colonize the island. Where colonization rates are much higher than speciation 

rates, overall extinction rates mostly reflect the extinction of non-endemics and thus follow 

colonization rate trends. Our simulations mostly follow these conditions of higher colonization, as 

overall extinction rates more closely followed the colonization trend than the trend of extinction of 

endemics (Fig. 4a-b,e). If speciation rates have values comparable to or higher than colonization 

rates, such as in Borregaard et al. (2016), overall extinction rates reflect trends of speciation rate 

and extinction of endemics. Furthermore, the overall non-zero rate of net richness change (Fig. 4f) 
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indicate that a dynamic equilibrium cannot be achieved in our ever-changing island. Even if 

environmental dynamics are excluded, islands might steadily accumulate species due to speciation 

(Cabral et al., submitted). Future model developments might explore how the different 

biogeographical rates and the dynamic equilibrium vary with processes not implemented here, 

such as disturbances. 

Emergent speciation rates supported the hypothesis of positive isolation effects only for 

radiated endemics, particularly for the most isolated islands (Fig. 4c-d, Table 1). These simulation 

outputs permitted these different modes of speciation to be followed explicitly and thus allowed 

mainland-island differentiation to be more fully unpacked and scrutinized than hitherto possible 

from either the simple graphical depictions within the original paper or previous high-level 

simulations (Whittaker et al., 2008; Borregaard et al., 2016). In this sense, the increase in within-

island radiation rates with isolation (Fig. 4d) was in accordance with empirical and modelling 

evidence (Heaney, 2000; Whittaker et al., 2008; Rosindell & Phillimore, 2011; Borregaard et al., 

2016). For the mainland-island differentiation rate, the negative isolation effect has been 

previously obtained by neutral models for islands that are already isolated enough to foster 

radiations (Rosindell & Phillimore, 2011). Moreover, once the island is in the final phases, 

opportunities for within-island radiation (i.e. habitat heterogeneity) decline, whereas the steady 

accumulation of endemics by mainland-island differentiation can continue a bit longer, meaning 

that it should contribute relatively more to endemism during this phase (Whittaker et al., 2008). In 

BioGEEM, the emergence of these differences between mainland-island differentiation and 

within-island radiation (simulated as neutral and non-neutral processes, respectively) indicates that 

the relative contribution of neutral and non-neutral dynamics in real islands might indeed vary 

over time and isolation mechanism. 
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Limitations and perspectives 

The main limitation of BioGEEM is its complexity and data requirements for parameterization and 

validation (cf. Dormann et al., 2012). Nevertheless, Cabral et al. (submitted) demonstrated that the 

model matches empirical evidence and theoretical predictions at multiple ecological levels and that 

all simulated processes are necessary to simultaneously generate realistic patterns (i.e. 'pattern-

oriented' modelling, sensu Grimm & Railsback, 2012). Therefore, scenario-based simulation 

experiments with a realistic model, such as presented here, can increase our understanding of how 

multiple processes and drivers interact. They also generate hypotheses to be assessed when 

appropriate data become available. For these tasks, important properties of BioGEEM compared to 

previous, simpler models are species differences and the spatially-explicit simulation of 

population-based processes (e.g. resource competition, stage transitions, individual dispersal).  

The advantage of simulating processes at lower ecological levels is exemplified by the explicit 

separation of isolation factors – the abiotic component of physical distance and the biotic 

component of dispersal ability. In BioGEEM, island colonization becomes a high-level process 

emerging from multiplying the geographical distance from mainland with the individual dispersal 

ability. This made the biogeographical process of colonization more explicit regarding the 

underlying mechanisms than previous models, which impose rates for colonization and thus are 

more phenomenological than mechanistic. Whereas these different isolation mechanisms seem 

interchangeable for the higher level emergent patterns (e.g. total species richness), they can show 

differences for patterns depicting particular subsets, such as the number of radiating lineages and 

species per radiating lineage (Fig. 3). These model features align with current trends towards 

improving structural realism in ecological modelling (Grimm & Berger, 2016; Cabral et al., 2017) 
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and ensure that biogeographical patterns are emergent system properties and not imposed via 

biogeographical parameters (i.e. colonization, extinction, speciation rates as model parameters 

instead of emergent variables). Models imposing biogeographical parameters tend to be neutral 

(for all processes, including dispersal), and thus future experiments with BioGEEM could add 

scenarios with neutral within-island radiation to compare emergent patterns with previous island 

models. 

Another possibility in the future would be to vary isolation over time. Isolation dynamics are 

not explicitly assumed by the GDM and thus not accounted for in the present study. However, 

isolation changes at various time scales, from recently increased source pools via human-induced 

activities and dispersal (i.e. alien species; Kueffer et al., 2010), over climate-mediated changes in 

sea levels (Fernández‐Palacios et al., 2015; Weigelt et al., 2016), to deep-time scales of plate 

tectonics, archipelagic dynamics, and eco-evolutionary changes in the source pool. Moreover, 

intra-archipelagic isolation may play an important role for trends of single-island endemics (Cabral 

et al., 2014; Borregaard et al., 2016), and, thus, further insights might be gained by disentangling 

isolation in relation to intra-archipelagic vs. mainland source pools. Inter-island dispersal within 

archipelagos has rarely been considered (Leidinger & Cabral, 2017), but we anticipate that its 

explicit consideration should contribute to earlier colonization in young islands and associated 

decrease in single-island endemism for older islands (Whittaker et al., 2008; Borregaard et al., 

2016). Extending integrative process-based frameworks, such as ours, to include archipelagic 

dynamics should enable scrutiny of inter-island isolation dynamics, opening ground for theoretical 

developments and conservation assessments (e.g. due to human-induced sea level changes and 

alien species).  



27 

 

Conclusions 

The emergent patterns generally supported the temporal trends of and isolation effects on island 

floras as predicted by the GDM. However, noteworthy details that emerged included an 

unexpected steady increase in the proportion of endemic species, particularly endemics 

differentiated from mainland populations, and different extinction trends of endemics compared to 

those of non-endemic species. The divergences from expectations (summarized in Table 1) 

provide insights about isolation mechanisms and bring up new questions that can be investigated 

in future simulation experiments. For example, future scenarios can focus on disturbances and 

disturbance-adapted widespread species in the final stages of island ontogeny as well as dispersal 

from and to nearby large islands (as originally envisaged in the GDM) to explicitly investigate 

their role in shaping the very initial and final stages of speciation, colonization, and extinction. 

The dynamic nature of insular environments, isolation, and area at evolutionary time scales causes 

the theoretical dynamic equilibrium to change continuously and consequently those ecological 

processes may only crudely, or rarely reach an equilibrium, and this is also reflected by our 

findings. Therefore, an adequate representation of persistent non-equilibrium conditions and the 

relevant processes affecting individuals and populations seems crucial to improving our 

understanding of biodiversity dynamics on islands and beyond.    
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Table 1. Hypotheses of isolation effects based on the GDM (Whittaker et al., 2008; 1 

Borregaard et al., 2016) for eight biogeographical variables, the model output used for their 2 

evaluation, and the overall support based on trends of emergent model output. BioGEEM 3 

generates time-series of all variables from eco-evolutionary dynamics under the GDM 4 

assumption of humped environmental ontogeny, but many listed hypotheses are expected 5 

from island biogeography in general. We adopted the simplest calculation of the rates to make 6 

these comparable to GDM predictions, given as the number of events occurring within 7 

arbitrary time intervals. We adopted simple hypotheses, as by the GDM logic more detailed 8 

expectations, particularly for temporal trends, would require a more detailed depiction of 9 

island ontogeny within an archipelagic setting (e.g. dispersal from and to nearby islands). We 10 

simulated two speciation modes, namely mainland-island differentiation and within-island 11 

radiation, with species emerging from these processes referred to as ‘differentiated endemics’ 12 

and ‘radiated endemics’, respectively. 13 

Variable Model output Hypothesis Model support  

Species 

richness 

Number of species Negative  Full 

Endemic 

richness 

Number of differentiated and 

radiated species  

Positive Partial; true for radiated endemics; 

opposite for differentiated 

endemics 

Proportion of 

endemics     

Percentage of all endemic, 

only differentiated, only 

radiated species richness in 

relation to all species 

Positive Partial; mostly for radiated 

endemics 

Radiating 

lineages  

Number of lineages showing 

within-island radiation 

Positive Partial; more evident for distance-

related isolation 

Radiation 

extent 

Number of species per 

radiating lineage 

Positive Partial; more evident for extreme 

isolation in intermediate island 

ages 

Colonization 

rate 

Number of colonization 

events per time interval 

Negative  Full 

Extinction 

rate    

A. Number of all extinction 

events per time interval 

Negative  Full 

B. Number of extinction 

events of endemic species per 

Negative  Partial; more evident for extreme 

isolation, with a late peak. Other 

scenarios showed also a lower 
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time interval early peak. 

Speciation 

rate    

Number of mainland-island 

differentiation and within-

island radiation events per 

time interval 

Positive Partial; mainland-island 

differentiation showed a negative 

trend with isolation; within-island 

radiation showed positive effects 

for extreme isolation 

 1 

FIGURE LEGENDS 2 

Figure 1 Isolation scenarios. (a) Distance scenarios based on the distance d from the island 3 

centre to the mainland: d=300 vs. d=150 cells. (b) Distance scenarios based on the dispersal 4 

ability of the mainland source pool of species: short-distance vs. long-distance dispersal 5 

ability (thin and fat kernel tails, respectively).  6 

Figure 2 Temporal trends in species numbers of four different isolation scenarios. Time-7 

series of: (a) number of all species; (b) number of endemics derived from mainland-island 8 

differentiation and (c) number of endemics derived from within-island radiation. Isolation 9 

scenarios were given by changing the distance d from mainland and long-distance dispersal 10 

ability of the source pool. Time-series were averaged within environmental time steps and 11 

over 20 replicate runs. Vertical bars indicate the standard deviation across replicates, with 12 

some jitter added to improve visualization among bars. We show the island size trajectory 13 

(minimum of one cell and maximum of 121 cells) in light grey in (a) and a shaded grey area 14 

indicating with maximum island size in (b) to put the biodiversity trends in relation to the 15 

environmental dynamics. Note in (a) that two intermediate scenarios (d = 150 cells, low 16 

dispersal and d = 300 cells, high dispersal) are barely distinguishable. 17 

Figure 3 Speciation-related trends. Proportion of (a) all endemics, (b) differentiated, and (c) 18 

radiated endemics (in each case as a function of all species). (d) Number of radiating lineages. 19 

(e) Number of species per radiating lineage. Note the steady increase in proportion of 20 

endemics in (a), mostly due to endemics differentiated from mainland populations (b), despite 21 
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overall humped richness trends shown in Fig. 2. Isolation scenarios were given by changing 1 

the distance d from mainland and long-distance dispersal ability of the source pool. Time-2 

series were averaged within environmental time steps and over 20 replicate runs. Vertical bars 3 

indicate the standard deviation across replicates, with some jitter added to improve 4 

visualization among bars. We show the island size trajectory (minimum of one cell and 5 

maximum of 121 cells) in light grey in (a) and a shaded grey area indicating with maximum 6 

island size in (b-d) to put the biodiversity trends in relation to the environmental dynamics. 7 

Figure 4 Biogeographical rates. (a) Colonization rates. (b) Extinction rates. (c) Mainland-8 

island differentiation rates. (d) Within-island radiation rates. (e) Extinction rate of endemics. 9 

(f) Net richness change: colonization + speciation − extinction rates. Isolation scenarios were 10 

simulated by changing the distance d from mainland and long-distance dispersal ability of the 11 

source pool. Rates are given in species per year, averaged within environmental time steps 12 

and over 20 replicate runs. Vertical bars indicate the standard deviation across replicates, with 13 

some jitter added to improve visualization among bars. We show the island size trajectory 14 

(minimum of one cell and maximum of 121 cells) in light grey in (a) and a shaded grey area 15 

indicating with maximum island size in (b–f) to put the biodiversity trends in relation to the 16 

environmental dynamics. 17 

 18 

 19 

 20 

 21 
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Figure 3  6 
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Figure 4  19 
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SUPPORTING INFORMATION 22 

Assessing predicted isolation effects from the general dynamic model of island 23 

biogeography with an eco-evolutionary model for plants 24 

Juliano Sarmento Cabral, Robert J. Whittaker, Kerstin Wiegand, Holger Kreft 25 

Appendix S1 Detailed model description. 26 

We provide a model skeleton, including three tables with lists of the state variables (Table 27 

S1.1), model parameters (Table S1.2), and model specifications related to variables and 28 

assumptions assigned for the study design (Table S1.3). The model is stochastic and the 29 

random variates are assigned from different distributions. Binomial distributions are applied 30 

to demographic transitions and involve taking transition rates (adequately converted into 31 

probabilities) and applying them to count variables (i.e. number of individuals) to obtain the 32 

number of successful transitions. Poisson random variates are drawn for dispersal and 33 

mutation processes and involve taking fractional count data (e.g. after multiplying count data 34 

with a rate) to obtain a similar integer count number (more appropriate for population 35 

dynamics than fractional number of individuals). A Poisson distribution is also more 36 

biologically reasonable for dispersal because it is left-skewed, which indirectly simulates 37 

eventual seed mortality before, during, or after dispersal. 38 

 39 

 40 

 41 

 42 
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Model description 43 

State variables and scales 44 

The model is grid-based, with cell size of 1 km × 1 km, which is large enough to sustain 45 

viable populations and small enough to distinguish between short-distance and long-distance 46 

dispersal (Cabral & Kreft, 2012). The agents of the model are populations, which are stage-47 

structured (seeds, juveniles or adults) and given in number of individuals. Populations belong 48 

to species, which are conceptualized as specific combinations of the following properties: 49 

maximum cell suitability, optimum temperature, temperature amplitude, optimum island side, 50 

island side amplitude (environmental requirements), life form, mean dispersal distance, 51 

dispersal kernel thinness, strength of Allee effects, stage-specific body masses, and 52 

phenological ordering related to other species (Table S1.2). Optimum island side and island 53 

side amplitude represent requirements other than temperature affecting species distributions 54 

on islands, such as sunlight exposure as well as windward and leeward differences in 55 

precipitation (Whittaker & Fernández-Palacios, 2007). The cell area is used as the interaction 56 

currency (Kissling et al., 2012), for which populations competed. A cell can hold a single 57 

population per species, but as many populations, and thus species, as there is area available. 58 

Consequently, the coexistence of multiple species in a grid cell and in the island, and thus 59 

whole communities, directly emerges from the resource competition among their populations 60 

(Cabral & Kreft, 2012). Island cells have an elevational level and an associated mean 61 

temperature.  62 

The mean dispersal distance and the dispersal kernel thinness (a shape parameter) describe 63 

short- and long-distance dispersal, respectively. For this purpose, a dispersal kernel D is 64 

generated for each species following a two-dimensional (i.e. grid-based) Clark’s 2Dt kernel 65 

(Clark et al., 1999). Therefore, the model simulates in a general theoretical framework the 66 
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dispersal within an island (short-distance dispersal) and between mainland and island (long-67 

distance dispersal). The utilization of a general function for the dispersal kernel and the 68 

stochastic assignment of dispersal parameters to each species, systematically generate 69 

dispersal variation within the mainland and island species pools, avoiding arbitrary dispersal 70 

rules among cells.  71 

Body mass and local temperature determine the area that an adult, Aa(i,j), or a juvenile, Ay(i,j), 72 

of species j in cell i utilizes to exploit resources, following: 73 

A(i,j) = Au/(bAB(j)
 −3/4eE/kBT(i)),                74 

where Au is the cell area (106 m2), E the kinetic energy (0.63 eV), kB the Boltzmann constant, 75 

T(i) the temperature in cell i, bA the proportionality constant for the area exploited by an 76 

individual and B(j) the body mass of species j. For Aa, we use the adult body mass Ba, whereas 77 

for Ay we use By. Aa and Ay are fractional areas of single individuals (the fraction occupied 78 

only by them). We arbitrarily set bA = 0.3 g3/4 ind. to yield, at 303.15 K (30 ˚C), exploiting 79 

areas of 20, 0.6 and 0.02 m2 per individual for the largest adult trees, shrubs and herbs, 80 

respectively.  81 

Demographic (germination, sexual maturation, reproductive and density-independent 82 

mortality) and mutation rates (1) as well as time for speciation completion (2) follow the 83 

metabolic theory (Brown et al., 2004; Savage et al., 2004; Allen et al., 2006; Marbà et al., 84 

2007; McCoy & Gillooly, 2008): 85 

Rate(i,j) = b0B(j)
−1/4e−E/kBT(i)  ,              (1) 86 

Time(i,j) = b0B(j)
1/4eE/kBT(i)  ,              (2) 87 
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where b0 is the proportionality constant of the respective rate (constant across species, but 88 

varies depending on the process). Proportionality constants vary between taxa or 89 

biogeographical regions (Brown et al., 2004; Gillooly & Allen, 2007), but the model 90 

considers values generating realistic rates (details within the respective process section).  91 

Main state variables comprise the spatial distribution of seed, juvenile, and adult abundances 92 

of each species and the non-occupied space (the complete list is given in Table S1.1). The 93 

model assumes time steps of one year for ecological processes and over hundred years for 94 

island processes (see 'Island dynamics'). One complete simulation runs over millions of years. 95 

Process overview and scheduling 96 

After initialization, processes take place once per time step in the following sequence: 97 

dispersal from mainland (colonization), population update 1 (sexual maturation, juvenile 98 

survival, germination and seed survival), reproduction, intra-island dispersal, mutation, 99 

speciation, population update 2 (adult survival, seed bank update), and island dynamics.   100 

Initialization 101 

The simulation is initialized by reading in 1) the gridded map, 2) mean annual air temperature 102 

at the lowest elevational level, T1, 3) the species number of the initial source pool, Ssp, and 4) 103 

value intervals to randomly draw the species properties from a uniform distribution (Table 104 

S1.2).  105 

Each species receives a lineage ID (from 1 to Ssp), a dispersal kernel D, and a habitat 106 

suitability matrix, H. Habitat suitability of species j in cell i, H(i,j), is truncated between 0 and 107 

1 (0≤ H(i,j) ≤ 1) in all suitable island sides following: 108 

 H(i,j) = O(j) – ((O(j)/Te(j))(|T(i) – To(j)|)), 109 
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where O(j) is the maximum habitat suitability, Te(j) the temperature amplitude, and To(j) the 110 

optimum temperature for species j. Seeds can germinate where H(i,j)>0 (T(i) within To(j)±Te(j)). 111 

The optimal island side (North, East, South or West) and the island side amplitude (one-four 112 

sides) determine which sides of the islands are suitable for each species (i.e. H(i,j) = 0 for non-113 

suitable island sides). Species with island side amplitude of two and three have their 114 

secondary preferred island sides adjacent to the optimum island side. As a result, species vary 115 

from extreme specialist (one elevation belt in only one island side) to widespread generalist 116 

(all elevations and island sides).  117 

For each species, the abundance matrixes for adults, Na, juveniles, Ny, and seeds, Ns, and the 118 

area occupied by all individuals of all species, At, are initialized empty. 119 

Dispersal from mainland 120 

At each time step, ten random species disperse from each mainland cell f a random number of 121 

seeds drawn from a uniform distribution. For dispersing species j at island cell i, the number 122 

of colonizing seeds is: 123 

Sc(i,j) = Poisson(
f

D(i,f) Uniform(1,10000)),  124 

where D(i,f) is the dispersal probability from mainland cell f to island cell i, the uniform 125 

distribution provides an integer number of seeds in the lack of explicit population dynamics in 126 

the mainland and the Poisson distribution generates an integer number of incoming seeds 127 

from the fractional number of dispersing seeds. Because we do not simulate ecological 128 

dynamics on the mainland, the upper boundary for this uniform distribution reflected the 129 

maximum number of individuals of the largest possible adult (i.e. a big tree exploiting 100 130 

m2). Because the mainland has two columns of cells (see Fig. 1c of the main text), the number 131 

of offspring dispersed to the island can greatly exceed this upper boundary of the distribution. 132 
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Both number of dispersing species per time step and seeds per mainland cell are arbitrary, but 133 

enable enough effective colonization events at small island sizes and highest isolation and 134 

computational feasibility for larger and less isolated islands. If Sc(i,j) >0, the number of seeds 135 

of species j in cell i, Ns(i,j), is updated:  136 

Ns(i,j) = Ns(i,j) + Sc(i,j). 137 

If Ns(j)>0 for the first time, the model calculates the time step the new colonizer species 138 

should achieve mainland-island differentiation through equation (2): 139 

Gdifferentiation(j) = tc(j) + bspecBa(j)
1/4eE/kBTo,  140 

where tc(j) is the time step when species j colonized the island and bspec the proportionality 141 

constant specific for the time of speciation completion. We set bspec = 1.88 10 -7 g1/4 year-1 to 142 

yield, at 303.15 K, time of speciation completion of 10000 years (Rosindell & Phillimore, 143 

2011) for the herb species with the lowest adult body mass. 144 

Population update 1 145 

Firstly, following the phenological species order, area occupied by all individuals of all 146 

species in cell i is calculated:  147 

At(i) = 
j

 (Na(i,j) Aa(i,j)
 + Ny(i,j) Ay(i,j)),  148 

where Na(i,j) is the number of adults and Ny(i,j) the number of juveniles of species j in cell i. 149 

Abundance matrixes are then sequentially updated by A) turning juveniles to adults, B) 150 

applying density-independent mortality to remaining juveniles, C) germinating seeds, and D) 151 

applying seed mortality. Transition rates are converted to probabilities following the function: 152 

F(r) = 1 − e−rq, where r is the transition rate and q the cycle length of our Markov model (1 153 
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year or time step). We use binomial distribution for probabilities, as the number of successful 154 

transitions arises from the number of trials, i.e. number of individuals, tried against their 155 

respective metabolic transition rates. 156 

A) Na(i,j) = Na(i,j) + Nm(i,j),  157 

where Nm(i,j) is the number of juveniles becoming adults: 158 

Nm(i,j) = Binomial(Ny(i,j), F(gr(i,j))), 159 

where gr(i,j) is the transition rate from juvenile to adult of species j in cell i, given by equation 160 

(1) with By(j) as body mass and bgr  being the proportionality constant specific for gr. We 161 

arbitrarily set bgr = 3.53 109 g1/4 year-1 to yield, at 303.15 K, gr=1 for the lightest herb juvenile. 162 

At(i) is re-calculated. If At(i) >Au, the exceeding adults are excluded from Na(i,j) until At(i)=Au.  163 

B) Ny(i,j) = Binomial((Ny(i,j) − Nm(i,j)), 1− F(my(i,j))),  164 

where my(i,j) is the juvenile mortality rate of species j in cell i, given by equation (1) with By(j) 165 

as body mass and bmort,juv being the proportionality constant specific for juvenile mortality 166 

rate. We set bmort,y = 3.53 109 g1/4 year-1 to yield, at 303.15 K, my=1 for the lightest herb 167 

juvenile. At(i) is re-calculated. 168 

C) Ny(i,j) = Ny(i,j) + Ng(i,j),  169 

where Ng(i,j) is the number of germinating seeds: 170 

Ng(i,j) = Binomial(Ns(i,j), F(ge(i,j))),                    171 

where ge(i,j) is the germination rate of species j in cell i, given by equation (1) with By(j) as 172 

body mass and bge  being the proportionality constant specific for ge. We arbitrarily set 173 

bge = 8.5 109 g1/4 year-1 to yield, at 303.15 K, ge=1 for the lightest herb seed (lighter seeds 174 
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germinate faster, Norden et al. 2009). At(i) is re-calculated. If At(i)>Ac, the exceeding juveniles 175 

are excluded from Ny(i,j) until At(i)=Au. 176 

D) Ns(i,j) = Binomial((Ns(i,j) − Ng(i,j)), 1− F(ms(i,j))),  177 

where ms(i,j) is the seed mortality rate of species j in cell i, given by equation (1) with Bs(j) as 178 

body mass and bmort,s being the proportionality constant specific for seed mortality rate. We 179 

set bmort,s = 8.5 109 g1/4 year-1 to yield, at 303.15 K, ms=1 for the lightest herb seed. The 180 

exclusion (i.e. death) of germinating and maturating individuals due to the lack of available 181 

space mimics self-thinning mechanisms and generated density-dependent mortality 182 

(Antonovics & Levin, 1980). Annual herbs germinate and reach maturity within the same 183 

time step. 184 

Reproduction 185 

Following the phenological species order and for each grid cell, the number of seeds produced 186 

by species j in cell i (Sp(i,j)) follows the Beverton-Holt model (Beverton & Holt, 1957) 187 

extended for Allee effects (Courchamp et al., 2008; Cabral & Schurr, 2010):  188 

Sp(i,j)= (Na(i,j)Rmax(i,j))/(1+k(Na(i,j) – c)2), 189 

where Rmax(i,j) is the maximum reproductive rate of species j in cell i, k is a modified carrying 190 

capacity and c a modified Allee threshold (Cabral & Schurr, 2010). The Rmax(i,j) is given by 191 

formula (1) with Ba(j) as body mass and bRmax being the proportionality constant specific for 192 

Rmax. bRmax is 1.5 1012 g1/4 year-1, in agreement with herb data (Hendriks & Mulder, 2008). k is 193 

given by: 194 

k = 4(Rmax(i,j)– ma(i,j))/(ma(i,j)(K(i,j) – Ct(i,j))
2), 195 

and c by: 196 
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c = Ct(i,j) + √((Rmax(i,j)– ma(i,j))/(ma(i,j)k)),  197 

where ma(i,j) the adult mortality rate, K(i,j) the carrying capacity and Ct(i,j) the Allee threshold of 198 

species j in cell i. The ma(i,j) is given by equation (1) with Ba(j) as body mass and bmort,a being 199 

the proportionality constant specific for adult mortality rate. We set bmort,a = 5.25 109 g1/4 year-200 

1 to yield, at 303.15 K, ma=1 for the lightest adult herb. Ct (i,j) is given by: 201 

If C(j)<0, Ct (i,j) = C(j) K(i,j), whereas if C(j)>0, Ct (i,j) = C(j),  202 

where C(j) is the strength of Allee effects on species j. K(i,j) is given by the local available 203 

space (corrected for habitat suitability and area occupied by non-conspecifics) divided by the 204 

area exploited by an adult of species j: 205 

K(i,j) = ((Au –(At(i)–(Na(i,j) Aa(i,j)
 + Ny(i,j) Ay(i,j))))/Aa(i,j)) H(i,j). 206 

This shows, jointly with the density-dependent mortality (see 'Population update 1'), how 207 

space is used as an interaction currency (Kissling et al., 2012).  208 

Intra-island dispersal 209 

The number of seeds of species j arriving in cell z is: 210 

Sd(z,j)=
i

 D(z,i) Sp(i,j),  211 

where D(z,i) is the per-seed probability of dispersal from island cell i to island cell z. 212 

Mutation 213 

For simplification and yet effectiveness, the model considers a point mutation process 214 

(Hubbell, 2001; Etienne et al., 2007) to initiate the speciation mode of within-island radiation. 215 

The number of mutant seeds from a given ancestral species j in cell z is: 216 
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M(z,j) = Poisson(Sd(z,j) F(v(z,j))),  217 

where v(z,j) is the point mutation rate of species j in cell z, given by equation (1) with Ba(j) as 218 

body mass and bv being the proportionality constant for v. We arbitrarily set 219 

bv = 5 10−2 g1/4 year−1, which allows for speciation to happen several times during the 220 

simulation period. The Poisson distribution transforms the non-integer λ into an integer 221 

number of realized mutants, considering that there cannot be fractional individuals while 222 

considering that mutation is a rare event. 223 

If M(z,j)>0, the mutant proto-species received random habitat requirements, an ID, and is 224 

initialized (see 'Input' and 'Initialization'). However, to account for physiological and 225 

demographic similarity due to phylogenetic relatedness, species traits of the mutant 226 

individuals are randomly drawn within the ± 50% value intervals around the ancestor's trait 227 

values. This value for species conservatism is arbitrary, but it avoids the sudden evolution of 228 

traits totally different from the ancestors’ traits, while still allowing large differences in traits 229 

that are common on islands. Finally, we calculate the time step at which the proto-species 230 

should be considered a species based on equation (2): 231 

Gradiated(j) = t + bspecBa(j)
1/4eE/kBTo,  232 

where t is the time step. 233 

Speciation 234 

For mainland-island differentiation, we first update the time for differentiation completion, 235 

considering the speciation delay caused by colonizers from the mainland: 236 

Gdifferentiation(j) = Gdifferentiation(j) + I(j) bgf Ba(j)
1/4eE/kBTo,  237 
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where I(j) is the number of colonizer species j and bgf  the proportionality constant specific for 238 

the delay in the time of speciation completion due to gene flow from the mainland. We set 239 

bgf = 1.88 10 -4 g1/4 year-1 to yield, at 303.15 K, a delay of 10 years per colonizing individual 240 

(Rosindell & Phillimore, 2011) for the lightest herb species. The total delay can at maximum 241 

re-start the counting for the time of speciation. Because gene flow is only effective if 242 

colonizers reach sexual maturity, we calculate I(j) as the number of adults proportional to the 243 

number of colonizing seeds that recruit and reach sexual maturity compared to non- colonizer 244 

individuals: 245 

I(j) =
i

 Nm(i,j) (

 


i

 Ng(i,j) (
i

 Sc(i,j)/

 


i

 Ns(i,j)) / 
i

 Ny(i,j) )  246 

If the species j survives in the island until Gdifferentiation(j) is reached, then it becomes a 247 

‘differentiated endemic’, reproductively separated from the mainland ancestor and received its 248 

own ID.  249 

For within-island radiation, if the proto-species j survived until Gradiated(j) is reached, then it 250 

becomes a radiated endemic, reproductively separated from the ancestor. Gene flow from the 251 

mainland does not affect within-island radiation. Overall, point-mutation and the protracted 252 

speciation processes follow previous neutral models and adequately represented mainland-253 

island differentiation and within-island radiation (Boone, 2010; Rosindell et al., 2010; 254 

Rosindell & Phillimore, 2011). 255 

Population update 2 256 

Abundance matrices are updated by A) applying density-independent mortality to adults, 257 

Na(i,j) = Binomial(Na(i,j), 1− F(ma(i,j))), and B) incrementing the seed bank, 258 

Ns(i,j) = Ns(i,j) + Poisson(Sd(i,j) − M(i,j)). 259 



54 

 

Cabral, JS et al. Isolation effects on island diversity Journal of Biogeography 

Island dynamics 260 

To mimic island growth (Whittaker & Fernández-Palacios, 2007), each island starts with a 261 

single cell that grows regularly by adding concentric belts of cells around the margins and 262 

uplifting the interior belts. Thereafter, island size remains temporarily stable, followed by an 263 

erosion phase (Price & Clague, 2002). At erosion steps, one belt of cells disappears from the 264 

island margin, and the mean elevation of the remaining cells therefore decreases. We 265 

associate a temperature decrease of 1 K for inner concentric belts following uplifts and an 266 

increase of 1 K following erosion events. Such a lapse rate (ca. 120-130 m elevational 267 

difference) per cell belt is arbitrary and chosen for computational convenience, but generates 268 

enough habitat heterogeneity to accommodate species ranging from extreme specialists 269 

(restricted to one elevational belt at only one side of the island) to complete generalists 270 

(occurring in all elevations and island sides). Every time step we check whether it is an island 271 

dynamics' step. Our islands have a “life expectancy” based on the Portuguese island of 272 

Madeira, which is ~57 km along the longest axis. The age of Madeira has been estimated to 273 

be at least 4.6 Myr and the last voluminous eruptions happened ~ 0.7 Ma (Geldmacher et al., 274 

2000). To calculate a standard growth step (the addition of belt of cells to island margins), we 275 

thus divided the age at the time of the last voluminous eruptions (3.9 Myr) by the longest 276 

radius (~30 km) of Madeira. This yielded 0.13 Myr for each km belt added to the island. 277 

Although we do not have information on how much of its surface the island has lost since the 278 

last eruption, we use this estimation to arbitrarily fix the growth step to 0.13 Myr. Both the 279 

stable period and the erosion steps are assumed to be the double of the island dynamics' step 280 

to mimic the generally slower effects of erosion compared to volcanism (Price & Clague, 281 

2002; Whittaker & Fernández-Palacios, 2007). See Figure S1 below for area parameters and 282 

the area trajectory of the island over time. After every island growth or erosion event, the 283 

matrix H is recalculated for every species due to changes in the temperature. 284 



55 

 

Cabral, JS et al. Isolation effects on island diversity Journal of Biogeography 

 285 

Figure S1. Island size (in number of cells) over time. (a) Simulation grid at maximum island 286 

size, where s is the maximum distance between island centre and edge (s = 5 cells). Grid 287 

dimensions are described by s and distance d from the island centre to the mainland: 288 

(2s+3) (s+d+4) cells. The island is initially a single cell at s+1 cells from the left, top, and 289 

bottom borders of the grid, and the mainland is at the right grid margin with two columns of 290 

cells. (b) Island size over time (in Myr). 291 
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Table S1.1. State variables of the model. State variables are spatially explicit and, except for 293 

At, also species-specific. 294 

State variable (unit) Observation 

Area occupied by all individuals At (m
2) Calculated according to population densities 

Density of adults Na (ind.) Calculated every time step; output variable 

Juveniles becoming adults  Nm  (ind.) Calculated every time step 

Density of juveniles Ny (ind.) Calculated every time step; output variable 

Seeds germinating Ng (ind.) Calculated every time step 

Seed bank Ns (ind.) Calculated every time step; output variable 

Colonizer seeds Sc (ind.) Calculated every time step 

Seeds produced Sp (ind.) Calculated every time step 

Incoming dispersed seeds Sd  (ind.) Calculated every time step 

Mutant seeds M (ind.) Calculated every time step 

Carrying capacity K (ind.) Calculated every time step 

Allee threshold Ct  (ind.) Calculated every time step 

 295 

 296 

 297 

 298 
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Table S1.2. Species properties. The value column gives the interval from which the feature value is randomly drawn (uniform distribution). 299 

Additional information as well as justifications are given as observations. 300 

Species feature (or parameter) Value Observation 

Optimum temperature To * 291.15-298.15 K  18-25 ˚C; this generates tropical species, reflecting that fact that tropical islands 

are the most common type of island (Weigelt et al., 2013). 

Temperature amplitude Te* 0-7 K This gives the niche specialization regarding temperature (Cabral & Kreft, 

2012).  

Optimum island side North, East, South, West This represents requirements other than temperature (e.g. windward and 

leeward differences in precipitation and wind - Whittaker & Fernández-

Palacios, 2007). 

Island side amplitude 1-4 This gives the degree of island side specialization. Secondary sides are adjacent 

to the optimum side. 

Maximum habitat suitability O * 1-100% This accounts for non-climatic habitat limitations (rocky outcrops or water 
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bodies, Cabral & Kreft, 2012). 

Mean dispersal distance α ** 0.001-0.05 km This provides the short-distance dispersal ability (Clark et al., 1999), 

particularly within the source cell (Cabral & Kreft, 2012), and influences the 

dispersal within the island. 

Dispersal kernel thinness p ** 0.35-1 (adimensional) This provides the long-distance dispersal ability (Clark et al., 1999; Cabral & 

Kreft, 2012) and influences the dispersal from the mainland to the island. 

Allee effects strength C ** –1 - 0.25 (adimensional); 

If C > 0, re-draw: 0-1000 ind. 

When C tends to −1: no Allee effects. If C > 0: very strong Allee effects. Strong 

Allee effects account for potential failure in colonizing the island due to the 

necessity of a minimum viable population size being achieved (see Courchamp 

et al., 2008). 

Phenology ** 1st-Ssp
th Where Ssp is initial species number. This generated the order in which species 

are simulated during demographic submodels (Cabral & Kreft, 2012).  

Life form ** Tree, shrub or herb; This controlls the intervals to draw the body masses; with trees, shrubs and 

herbs having the same frequency of species to reflect tropical forests (Cabral & 
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Annual or perennial for herbs. Kreft, 2012). 

Adult body mass Ba ** 101-103 g for herbs; 

103-105 g for shrubs; 

105-107 g for trees. 

In accordance with Cabral & Kreft (2012). 

Juvenile body mass By ** Ba/5 Arbitrary: chosen to generate higher mortality rates than adults (Cabral & Kreft, 

2012). 

Seed body mass Bs ** If Ba < 5.5 104 g:  

2.14 10-3Ba
1/2; 

If Ba ≥5.5 104 g: 0.01-30 g. 

For Ba <5.5 104 g, the allometric relationship follows Hendriks & Mulder 

(2008). For Ba ≥5.5 104 g, we consider seed mass variation of trees (Muller-

Landau et al., 2008). 

* Habitat requirement;  ** species trait 301 
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Table S1.3. Study design variables with respective specifications and justifications. Boundaries can be set either as absorbing (individuals 302 

dispersing beyond the grid boundaries are lost) or periodic (individuals dispersing beyond the grid boundaries reappear in the opposite boundaries). 303 

Increasing landscape sizes, and initial source pool as well as periodic boundaries greatly increase computation time. Considering the standard lapse 304 

rate of 6.49 K per 1,000 m, the 1 K difference assigned between subsequent elevational levels means ca. 150 m difference.  305 

Variable Specification Justification 

Boundaries  Absorbing Defined to generate feasible simulation time and to account for geometric and edge effects 

(Cabral & Kreft, 2012). 

Cell area Au 1  106 m2 Defined to account for enough space (as competition currency, Kissling et al., 2012) to sustain 

viable populations even for large species (e.g. trees, Cabral & Kreft, 2012) and to distinguish 

between short- and long-distance dispersal ability (Cabral & Kreft, 2012). 

Lowland temperature T1 298.15 K (25 ˚C) Tropical island, reflecting that fact that tropical islands are the most common type of island 

(Weigelt et al., 2013). 

Temperature decrease per 1 K Defined for computation convenience to generate enough habitat heterogeneity on the island and 
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altitudinal level intraspecific metabolic variation (Cabral & Kreft, 2012). 

Number of replicates 20 Chosen to generate feasible simulation time (ca. two weeks per simulation run), while 

contemplating enough stochastic variation arising from the spatiotemporal dynamics.  

Mainland source pool Ssp 1,000 species Defined to generate feasible simulation time, while enabling enough colonization events even for 

small and isolated islands. This assumption acts as an alternative isolation scenario (Figure S3 of 

the Appendix S2). 

Number of mainland cells 26 Given by 2(2s +3), where s is the island 'radius' (Fig. 1 of the main text). This assumption acts as 

an alternative isolation scenario (Figure S3 of the Appendix S2). 

Number of dispersing 

species per time step 

10 Defined to generate feasible simulation time, while enabling enough colonization events even for 

small and isolated islands. This assumption acts as an alternative isolation scenario (Figure S3 of 

the Appendix S2). 

Maximum island length  11 Given by 2s +1 (Fig. 1 of the main text). Defined to generate feasible simulation time while 

enabling enough habitat heterogeneity.  
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Island dynamics step 0.13 Myr Defined to generate feasible simulation time, based on the island of Madeira (see 'island 

dynamics' section of this appendix).  

Niche conservatism 50% Value gives the ± CI around the traits of the ancestor species (see main text). Defined arbitrarily 

to account for phylogenetic constraints (niche conservatism), whereas allowing for enough trait 

evolution. 

Distance to mainland d 150 vs. 300 cells Experimental design (see main text). This assumption was varied to derive two contrasting 

isolation scenarios. 

Long-distance dispersal Low vs. high Experimental design (see main text). This assumption was varied to derive two contrasting 

isolation scenarios. Higher long-distance dispersal ability (phigh) was obtained by systematically 

changing the dispersal parameter p for all species of the mainland source pool from the scenario 

with long-distance dispersal ability (plow): phigh = plow – 0.2 (plow values are given in Table S1.2). 

 306 

 307 
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Appendix S2 Variation in mainland and dispersal settings.  1 

Figure S1 Total and endemic richness under variation of mainland settings. a) Total richness. 2 

b) Richness of differentiated endemics. c) Richness of radiated endemics. The reference 3 

scenario had islands with d = 300 cells, s = 5 cells, and low dispersal ability, as well as 26 4 

mainland cells (arranged in 2 columns – Figure S1 of Appendix S1), 10 random species from 5 

the source pool dispersed per time step, and 1000 species in the source pool. The other three 6 

scenarios had the same island configuration, but varied in the mainland assumptions (legend 7 

in c): half of the number of cells in the mainland (mainland consisting in only one single 8 

column), half the number of dispersing species per time step (5 species), and half the number 9 

of species in the source pool (500 species). Note that different mainland assumptions had 10 

similar effects as the island isolation scenarios of the main experimental design, with the 11 

number of species in the source pool having the most impact. Functioning as isolation 12 

scenarios, mainland scenarios that resulted in highest isolation showed lower total richness, a 13 

delayed richness peak, the lowest number of differentiated endemics, and the largest number 14 

of radiated endemics. Time series were averaged over 5 simulation runs of the same mainland 15 

species pool and within each geological step (period with maximum island size indicated by 16 

the grey vertical bar). For the scenario with half species pool we randomly selected 500 17 

species of the reference species pool. 18 
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Appendix S3 Supporting tests.  1 

Table S3.1 Comparisons between isolation scenarios of mean values of all studied variables 2 

within the period after the first erosion time step (i.e. during the 7th environmental step; ca. 3 

0.8-1.2 Myr). This environmental step generally showed the largest differences between 4 

scenarios for most variables (Figs. 2-4 of the main text). For number of radiating lineages, we 5 

considered, however, the 9th environmental time step (ca. 1.4-1.6 Myr) and for within-island 6 

radiation rate the 6th environmental time step (ca. 0.6-0.8 Myr) for showing the largest 7 

differences between scenarios. Tests involved simultaneous multiple comparisons of means 8 

for general linear models using Tukey contrasts under non-normality, heteroscedasticity and 9 

variable sample size (Herberich et al., 2010). For isolation scenarios, Disp. + and Disp. – 10 

mean species source pools with high and low long-distance dispersal ability, respectively, 11 

whereas Dist. + and Dist. – means islands located near (d=150 grid cells) and far (d=300 grid 12 

cells) from the mainland, respectively. Scenarios that were not significantly different from 13 

each other are grouped under the same lettering in the mean ± SD columns. Note that the 14 

intermediate isolation scenarios were always similar and that the scenario with the most 15 

isolated islands (Disp. –; Dist. –) was almost always significantly different. Other time steps 16 

were also tested, but with either similar results or without significant differences (not shown). 17 

Variable Scenario Mean ± SD Variable Scenario Mean ± SD 

Species 

richness 

Disp. +; Dist. + 289±41 a Number of 

species per 

radiating 

lineage 

Disp. +; Dist. + 3±1 a 

Disp. +; Dist. – 240±34 b Disp. +; Dist. – 3±1 a 

Disp. –; Dist. + 238±31 b Disp. –; Dist. + 3±1 a 

Disp. –; Dist. – 172±14 c Disp. –; Dist. – 4±2 a 

Differentiated 

species 

Disp. +; Dist. + 142±23 a Colonization 

rate 

Disp. +; Dist. + 9 10–4±1 10–4 a 

Disp. +; Dist. – 123±19 b Disp. +; Dist. – 5 10–4±7 10–5 b 
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richness Disp. –; Dist. + 124±16 b Disp. –; Dist. + 5 10–4±8 10–5 b 

Disp. –; Dist. – 88±9 c Disp. –; Dist. – 3 10–4±6 10–5 c 

Radiated 

species 

richness 

Disp. +; Dist. + 13±7 a Extinction rate Disp. +; Dist. + 1 10–3±2 10–4 a 

Disp. +; Dist. – 18±8 a Disp. +; Dist. – 7 10–4±9 10–5 b 

Disp. –; Dist. + 15±6 a Disp. –; Dist. + 7 10–4±9 10–5 b 

Disp. –; Dist. – 26±10 b Disp. –; Dist. – 4 10–4±6 10–5 c 

Percentage of 

endemic 

species (%) 

Disp. +; Dist. + 53±2 a Mainland-

island 

differentiation 

rate 

Disp. +; Dist. + 8 10–4±1 10–4 a 

Disp. +; Dist. – 58±2 b Disp. +; Dist. – 6 10–4±8 10–5 b 

Disp. –; Dist. + 59±2 b Disp. –; Dist. + 6 10–4±1 10–4 b 

Disp. –; Dist. – 66±4 c Disp. –; Dist. – 3 10–5±5 10–5 c 

Percentage of 

differentiated 

endemic 

species (%) 

Disp. +; Dist. + 49±2 a Within-island 

radiation rate 

Disp. +; Dist. + 3 10–5±2 10–5 a 

Disp. +; Dist. – 51±3 ab Disp. +; Dist. – 3 10–5±2 10–5 ab 

Disp. –; Dist. + 52±2 b Disp. –; Dist. + 3 10–5±2 10–5 ab 

Disp. –; Dist. – 51±4 ab Disp. –; Dist. – 5 10–5±3 10–5 b 

Percentage of 

radiated 

endemic 

species (%) 

Disp. +; Dist. + 4±3 a Extinction rate 

of endemics 

Disp. +; Dist. + 1 10–4±5 10–5 a 

Disp. +; Dist. – 8±4 ab Disp. +; Dist. – 1 10–4±4 10–5 a 

Disp. –; Dist. + 6±3 b Disp. –; Dist. + 1 10–4±4 10–5 ab 

Disp. –; Dist. – 15±6 c Disp. –; Dist. – 7 10–5±5 10–5 b 

Number of 

radiating 

lineages 

Disp. +; Dist. + 4±2 a Net richness 

change 

Disp. +; Dist. + –1 10–4±8 10–5 a 

Disp. +; Dist. – 6±3 ab Disp. +; Dist. – –8 10–5±6 10–5 a 

Disp. –; Dist. + 6±3 ab Disp. –; Dist. + –9 10–5±7 10–5 a 

Disp. –; Dist. – 7±3 b Disp. –; Dist. – –2 10–5±8 10–5 b 
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