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Abstract

Aim: Accounting for geo-environmental dynamics is crucial to understand
community assembly across islands. Whittaker et al. (2008)’s General Dy-
namic Model aims towards this goal. Yet it does not explicitly consider that
most islands belong to archipelagos. We examined how island biodiversity dy-
namics are influenced by the interaction of eco-evolutionary processes acting
at the archipelago level with each island’s geo-environmental dynamics.

Location: Hypothetical archipelagos.
Taxon: Any.

Methods: We used an individual-based model, ecologically neutral within
the archipelago. Several islands emerge in succession with a typical volcanic
ontogeny. We considered both mainland and inter-island dispersal. Geograph-
ically isolated lineages diverged over time, possibly speciating.

Results: We found diversity to be at a dynamic equilibrium. In an ar-
chipelago, islands hosted more diversity and more endemic species, at both
island and archipelago levels, than an equivalently-sized single isolated island.
This was due to an “archipelago effect”: inter-island dispersal increased within-
island diversity through species occurrence on multiple islands; species may
undergo anagenetic changes on the colonised islands, eventually speciating,
thereby increasing archipelago diversity. Biodiversity dynamics of different
islands may differ even on islands with identical geo-environmental dynam-
ics because the archipelago effect varied over time and affected each island
differently (“history effect”). By accounting for these effects, we predicted
detectable deviations from the General Dynamic Model predictions which are
largest for remote archipelagos, with islands located close together, and with
intermediate time of island emergence. In linear stepping-stone archipelagos,
we predicted higher diversity on centrally located islands.

Main conclusions: Our results demonstrate that analyses of insular biod-
iversity data would greatly benefit from explicitly accounting for both ar-
chipelago and history effects. We suggest incorporating variables character-
ising the spatio-temporal structure of the whole archipelago. We discuss pos-
sible difficulties in distinguishing between the archipelago effect and equilib-
rium diversity dynamics.

Keywords: biodiversity dynamics, equilibrium, General Dynamic Model,
island biogeography, island ontogeny, mechanistic model, speciation, species
richness, volcanic island.



1 Introduction

Understanding the processes driving the buildup of species communities in
simple systems such as marine islands remains a central theme in ecology,
biogeography, and evolutionary biology (Losos and Ricklefs, 2009; Warren
et al., 2015; Whittaker et al., 2017). In oceanic islands that were never con-
nected to any continent, the accumulation of species diversity depends on how
the processes of colonisation, speciation, and extinction are shaped by the geo-
graphical context (MacArthur and Wilson, 1963, 1967; Valente et al., 2020).
Yet, discrepancies are often observed between straight island biogeograph-
ical predictions and patterns of diversity across islands, mainly because geo-
graphical settings change over time (Ricklefs, 2004; Whittaker and Ferndndez-
Palacios, 2007; Warren et al., 2010).

Many recent studies in island biogeography have used the General Dy-
namic Model (hereafter, GDM; Whittaker et al., 2008) framework to address
this issue in the case of volcanic oceanic islands. The GDM is a conceptual
model based on the equilibrium theory of MacArthur and Wilson (1963, 1967)
which postulates that island diversity results from a diversity-dependent dy-
namic balance between immigration, speciation, and extinction, where these
eco-evolutionary processes are determined by the size and isolation of the is-
land. One important addition of the GDM to MacArthur and Wilson’s original
model was the incorporation of spatio-temporal changes in island characterist-
ics to account for continuous changes in geographical settings (Whittaker et al.,
2008): the GDM postulates that the surface area, altitude and topographical
complexity of an island changes over the island’s lifetime. The resulting main
prediction is that species richness and the number of endemic species varies
as a hump-shaped function of time (Whittaker et al., 2008; Borregaard et al.,
2017).

The GDM was mathematically (Chen et al., 2011; Valente et al., 2014)
and computationally (Borregaard et al., 2016; Cabral et al., 2019) assessed,
and adapted to different types of islands (e.g. subduction-based arc islands
and continental fragments; Borregaard et al., 2016). Its main prediction was
empirically evaluated using data from many different archipelagos and taxa
(reviewed in Borregaard et al., 2017), mostly using statistical models which
assess the relationship between diversity and two explanatory variables, the
size and the age of the island. The main prediction of the GDM appears to
be reasonably supported by empirical testing, although this is not always the
case (Steinbauer et al., 2013; Borregaard et al., 2017).

One possible reason for this partial mismatch is that the rate of landscape
changes may outpace that of biological processes, causing non-equilibrium dy-
namics (Warren et al., 2015). The discovery of island biotas that are out of
equilibrium have accumulated, encouraging many authors to call for the de-
velopment of a non-equilibrium theory of island biogeography (Heaney, 2000;
Lomolino, 2000; Whittaker, 2000; Heaney et al., 2013; Warren et al., 2015).
However, recent studies at large geographical scales concluded that island biod-
iversity is generally at equilibrium (Valente et al., 2017, 2020).

Another possible reason for the partial mismatch between the GDM pre-
dictions and empirical testing is that many islands are located in archipelagos,



a feature which is not explicitly accounted for in the GDM. An archipelago
is defined as a group of islands which exchange biological information among
themselves (migrants) more often than they do with other landmasses (Whit-
taker et al., 2018). In an archipelago, inter-island dispersal may increase di-
versity at the island scale: any species may occur on several islands. Inter-
island dispersal may also alter endemic status, with single-island endemic
species becoming multiple-island endemic species. Also, the contribution of
demographics due to inter-island dispersal can reduce local extinction rates
(rescue effect; Brown and Kodric-Brown, 1977). Colonist lineages which have
dispersed to different islands within an archipelago can diverge and eventually
become distinct species (within-archipelago speciation). This process may be
hampered, and even prevented, when inter-island dispersal is so frequent that
gene flow homogenises populations (e.g. Casquet et al., 2015). Finally, some
islands may be the first to be colonised, thus serving as a stepping stone that
favours the colonisation of other islands in the archipelago (Shaw and Gillespie,
2016). Because these eco-evolutionary processes act at the archipelago scale,
the archipelago has been increasingly recognised as the relevant scale to study
island biodiversity data (Triantis et al., 2015, 2016; Borregaard et al., 2017;
Whittaker et al., 2018; Ali and Meiri, 2019). In an attempt to account for
archipelago structures, statistical fits to the GDM now often use linear mixed-
effects models with archipelago identity as random variable (Bunnefeld and
Phillimore, 2012; Borregaard et al., 2017). However, we still do not fully un-
derstand how the mechanisms that operate at the scale of an archipelago affect
biodiversity dynamics on islands.

In a theoretical paper, Gascuel et al. (2016) investigated the consequences
of archipelago-specific eco-evolutionary processes on species richness. Using
an individual-based model, these authors showed that greater total diversity
is to be expected in an archipelago than on a single island of the same size
as the whole archipelago, a phenomenon that was linked to the proliferation
of anagenetic species on different islands. In another theoretical study, Joks
and Partel (2018) explored the effect of the relative position of islands in
an archipelago and showed that the spatial configuration of the archipelago
does matter in explaining the composition of species communities. A few
empirical analyses also explicitly accounted for the eco-evolutionary processes
at archipelago scale, overall providing good support for theoretical predictions
(Cabral et al., 2014; Triantis et al., 2015; Ali and Meiri, 2019). However,
one strong limitation of these theoretical and empirical studies is that they
all consider archipelagos as static entities, i.e., they ignore the island geo-
environmental dynamics incorporated in the GDM for a single isolated island.
A step forward was taken by Joks et al. (2021) who showed that archipelago
ontogeny may leave signatures on current biodiversity patterns. Yet, Joks
et al. (2021) restricted their modelling of archipelago-specific processes to the
situation where inter-island dispersal has no evolutionary consequences, i.e. it
neither triggers anagenetic divergence nor delays speciation. The consequences
of the intricate and temporally variable eco-evolutionary processes acting at the
archipelago scale on biodiversity dynamics therefore remain to be elucidated.

In this study, we postulate that considering both the archipelago-specific
eco-evolutionary processes and the whole archipelago ontogeny should lead



to biodiversity dynamics that are distinct from those predicted by previous
studies. Specifically, we hypothesise that:

1. Diversity dynamics lags behind the eco-evolutionary equilibrium.

2. Diversity dynamics on each island deviates from the GDM prediction,
with overall higher diversity, because the archipelago processes trigger
speciation.

3. Diversity dynamics differ on each island in the archipelago because of
continuous alterations of the connectivity patterns as islands emerge,
change size and disappear.

We expect that the spatio-temporal structure of the archipelago influences
the magnitude of the deviations from GDM predictions. Deviations should
be larger when the archipelago-specific eco-evolutionary processes are stronger
than other processes that are not specific to the archipelago scale. Therefore,
we hypothesise that:

4. Deviations from the GDM predictions are larger for archipelagos with is-
lands located geographically closer to each other (4a), that emerge more
rapidly one after the other (4b) and are located farthest from the main-
land (4c). In the case where successively emerging islands are also the
geographically closest islands, like in linear stepping stone archipelagos,
we predict larger deviations from the GDM for the closest (in space and
time) islands (4d).

We used an individual-based model to test these hypotheses. The model
explicitly accounts for the whole life cycle of a volcanic oceanic archipelago
by considering the successive emergence of multiple islands, as encountered
for example in oceanic archipelagos associated with a mantle-plume hotspot,
and by considering a typical volcanic ontogeny for each island. It explicitly
includes inter-island dispersal, its temporal variations, and its evolutionary
consequences. We analysed the dynamics of species richness at island and
archipelago scales, as well as the dynamics of endemic species, tracking the
eco-evolutionary processes that cause the observed diversity dynamics.

2 Methods

We first designed a baseline model of community dynamics in an evolving ar-
chipelago setting. The baseline model is built on five guiding assumptions,
illustrated in Fig. 1: (i) several islands appear and disappear during the life-
time of the archipelago; (ii) each island satisfies the premises of the GDM, in
particular the carrying capacity of each island is seen as a hump-shaped func-
tion of time; (iii) inter-island dispersal depends on the size of the sources and
of the destination, and therefore varies over time in a possibly non-monotonic
way; (iv) colonisation of an island by a species that was previously absent on
that island triggers divergence of the colonist lineage from the source popu-
lation; and (v) speciation is protracted (Rosindell and Phillimore, 2011) and
delayed by gene flow. We detail the assumptions of the model below. The



corresponding technical details are provided in Appendix S1 in Supporting
Information. After analysing the baseline model, we explore more complex
geo-environmental situations.
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Figure 1: Main assumptions of the baseline model. Panel (a) depicts the land-
scape structure. Arrows with the same line style (solid or dotted) indicate a
similar dispersal rate if the islands are of similar size (i.e. arrows with the same
line style indicate identical geographical distances even though the arrows are
of different lengths). Panel (b) shows the landscape dynamics, i.e., the island
carrying capacity over time, with an illustration of the archipelago structure
sampled at the five times indicated by the arrows. Panel (c) outlines the pop-
ulation dynamics. Most processes influence each other through feedback (see
explanation in the text); gray arrows link processes which have a direct influ-
ence on other processes.

2.1 Landscape dynamics

Landscape dynamics consists of the ontogeny of n islands appearing at differ-
ent times during the archipelago’s life cycle. In the baseline model, islands
appear successively with a time interval denoted ;. between the emergence
of each island (see Table S2.1 in Appendix S2 for a summary of the nota-
tion and default parameter values). FEach island undergoes changes in its
geo-environmental characteristics resulting in a varying carrying capacity ex-
pressed as the number of individuals, K (), which is a hump-shaped function
of time. The carrying capacity function follows the life cycle of a volcanic
oceanic island: it reaches its maximum value K., at the beginning of its life,
that is, in a proportion pyn., = 0.2 of its lifetime #;¢.. In the baseline model,
the carrying capacity function parameters have the same value for all islands,
i.e., the geo-environmental dynamics of all the islands are the same.



The distance between emerged islands, d;, is held constant as is the distance
to the mainland, d.. This implies that distances between the landmasses (i.e.,
the landmass of all the islands and that of the mainland) are large compared
to variations in the size of the islands. In the baseline model, the distance
between islands is identical for all pairs of islands, and the distance to the
mainland is the same for all the islands. This geographical configuration is
physically impossible in an archipelago containing more than two islands. We
nevertheless use it, with n > 2 islands, since it avoids any mixed effect due to
a specific spatial structure and thus provides a useful virtual configuration to
investigate intra-archipelago processes. In the second step, we analyse realistic
archipelago structures (see Section 2.4).

We do not take the internal geography of the mainland into account as
it is assumed to be a point with all individuals at the same position. This
assumption is especially realistic for remote archipelagos. We simulate the
mainland species composition as a large neutral metacommunity at equilibrium
with a species-abundance distribution consistent with predictions of the unified
neutral theory of biodiversity (Hubbell, 2001), i.e. a log-series distribution with
a few abundant species and many rare species. This distribution is generated
stochastically at the beginning of each simulation with a metacommunity of
constant size J and a constant fundamental biodiversity number 6. We assume
that the mainland community remains unchanged throughout the lifetime of
the archipelago.

2.2 Population dynamics

The model is stochastic, individual-based, and ecologically neutral within the
archipelago. Generations overlap. Throughout this article, an “individual”
is defined as a propagule in the sense of the smallest number of individuals
comprising a population that can persist. Population dynamics consists of
five possible events on each island: birth of an individual, death of an indi-
vidual, cladogenetic speciation, anagenetic speciation and immigration of an
individual (from the mainland or from an island).

Birth occurs at constant rate 3. New-born individuals inherit the species
identity of their parent. Death is density-dependent at the scale of the island.

We model cladogenesis following Rosindell and Phillimore (2011): each
individual initiates a differentiating lineage at constant rate o. We model
anagenesis following Gascuel et al. (2016): each migrant (from the mainland
or from an island) initiates a differentiating lineage if the migrant species is
new on the destination island. Note that in the case of anagenesis following
inter-island dispersal, it can be considered as cladogenesis from the perspect-
ive of the archipelago. Speciation (cladogenesis and anagenesis) is protracted
(i.e. it takes time; Rosindell and Phillimore, 2011; Gascuel et al., 2016): it is
completed after a constant minimum time 7 plus a variable delay that extends
with (i) increasing gene flow from the same species, and with (ii) decreas-
ing population size of the differentiating lineage, which accounts for the fact
that introgression from one individual has more genetic consequences in small
populations than in large populations.

Dispersal occurs from the mainland to the islands (but not from the islands



to the mainland, i.e., there is no boomerang effect), and between islands within
the archipelago. Each individual emigrates at a constant rate . The number
of emigration events is thus proportional to the size of the source populations.
The probability of successful immigration increases with the size of the destin-
ation island (estimated by its carrying capacity K') because, for dispersal to
be successful, a migrant must disperse in a direction that enables it to reach
its destination, which is more likely if the destination is large and located close
by (target area effect; Gilpin and Diamond, 1976). At the archipelago scale,
since the sizes of all the islands (as source or destination) are functions of time,
dispersal (emigration and immigration) is time-dependent: successful dispersal
varies with the ontogeny history of the whole archipelago and may change in
a complex way.

The success of dispersal decreases with increasing distance between the
source and the target. We use the power-law dispersal kernel from Clark et al.
(1999), which also allows for long-distance dispersal events. We denote ¢ the
parameter controlling the dispersal ability of the species. We account for the
widespread loss of dispersal abilities in island species (Waters et al., 2020) by
assuming that individuals on islands have a lower emigration rate p and a lower
dispersal ability ¢ than individuals on the mainland (Table S2.1). We only use
this assumption for the purpose of illustration; there are empirical cases where,
on the contrary, island species have better dispersal abilities (Whittaker and
Fernandez-Palacios, 2007). Such cases are indirectly visible in our analysis
of archipelagos with different structures because in our model, increasing the
dispersal rate and dispersal ability of island species is equivalent to reducing the
geographical distance between islands: it increases effective dispersal between
islands.

2.3 Null models

We address the consequences of eco-evolutionary processes at the scale of the
archipelago for within-island diversity by comparing the results obtained for
each island with a “single isolated island” null model. This null model cor-
responds to the GDM. The dynamics of the carrying capacity of the single
isolated island resembles that of any island in the baseline model.

We extract the consequences of archipelago structure for diversity at the
archipelago scale by comparing the results of the baseline model with an “island
archipelago-equivalent” null model. This null model corresponds to a single
isolated island whose carrying capacity dynamics is the same as that of the
whole corresponding archipelago (i.e., the sum of K over all islands).

We check whether biodiversity is at equilibrium by comparing the results
of the baseline model with a “static archipelago” null model. This null model
computes the eco-evolutionary equilibrium diversity at each time. To this end,
we sample the archipelago configurations from the baseline model every 10%
generations. For each successive archipelago configuration, we compute the
equilibrium by running a sub-model routine with a static landscape (i.e., is-
lands of constant size) corresponding to the sampled configuration until species
richness reaches equilibrium. We then plot the equilibrium species richness as a
function of time of the main model routine, i.e., as a function of the successive



archipelago configurations. We also compute the static models using the same
approach for the “single isolated island” and “island archipelago-equivalent”
null models.

2.4 Correlated spatial position and emergence time

In addition to the baseline model, we analyse two spatial structures in which
the spatial position of the islands and their emergence time are correlated, as
typically encountered in archipelagos formed by an oceanic plate moving above
a mantle-plume hotspot. First, we consider a linear stepping stone with new
islands emerging in the extension of the stepping stone and with all islands
at the same distance from the mainland, i.e. an archipelago parallel to the
mainland, or so far from the mainland that all the islands can be considered
as being at the same distance from the mainland, such as the Hawaiian ar-
chipelago. Second, we analyse a linear stepping stone perpendicular to the
mainland in which the first emerging island is the one closest to the mainland,
a situation found for example in the Canary Islands archipelago.

2.5 Numerical simulation methods

We simulate the model forward in time using Gillespie (1977)’s algorithm in
continuous time. We measure time in generations. The simulation program is
embedded in a script written in the R language (R Core Team, 2017) to allow
easy replication and extension.

For each set of parameter values, we run 25 replicate simulations. For each
output, we show the mean value of all the replicate simulations.

Initially the archipelago is empty of individuals. A mainland species-
abundance distribution is generated for each replicate simulation.

2.6 Model analysis methods

The chosen default parameter values (Table S2.1) represent a weakly dispersing
clade, such as snails and flowering plants, whose populations can differentiate
at small spatial scales (Kisel and Barraclough, 2010).

We monitor several outputs that characterise the state and evolution of the
island populations: species richness, proportion of endemic species, proportion
of single- and multiple-island endemics among all species, dispersal rates to a
focal island from the mainland and from the other islands of the archipelago,
rates of anagenesis initiation (after dispersal events from the mainland and
from the other islands) which reflect colonisation rates (i.e. dispersal rates
of species previously absent at the destination), the rate of cladogenesis initi-
ation, rates of speciation from each origin (cladogenesis, and anagenesis after
dispersal from the mainland and from an other island), duration of speciation
(value averaged over the endemic species currently present on each island), and
the rate of species extinction. We measure the outputs for each individual is-
land and at the scale of the archipelago. To better visualise the results, in some
figures, we plot the relative change in local diversity for the archipelago model
compared to the single isolated island model, which is computed as: (species



richness in the archipelago model - species richness in the single isolated island
model) / species richness in the single isolated island model.

We vary all parameters of the model to evaluate their influence on com-
munity dynamics. Results concerning inter-island distance (d;), time interval
between island emergence (finter), and distance to the mainland (d.) are given
in the main text, the results on other parameters are given Appendix S3.

3 Results

3.1 Equilibrium

Comparison of the baseline model with the null static archipelago model (i.e.
a model computing diversity at the eco-evolutionary equilibrium at each time)
shows that species richness is at equilibrium at all times (Fig. 2b,c). Al-
though we cannot prove that non-equilibrium dynamics are impossible in our
model, we never observed any despite exploring a wide parameter space (Ap-
pendix S3). Hypothesis 1 is thus not confirmed. Additionally, species richness
on each island peaked later than carrying capacity except for the last island
to emerge (Fig. 2a,c).

3.2 Deviations from the GDM: the archipelago effect

In the baseline model, we found that as soon as there was more than one is-
land in the archipelago, species richness at the archipelago scale (hereafter,
total diversity) became higher than in the corresponding island archipelago-
equivalent null model (i.e., a single island with the archipelago’s carrying
capacity; Fig. 2b). Similarly, within-island species richness (hereafter, local
diversity) on any island in the archipelago became higher than in the cor-
responding single isolated island null model (i.e., model corresponding to the
GDM; Fig. 2¢). As long as several islands coexisted in the archipelago, the
proportion of endemic species (single- and multiple-island endemics) on any
island was higher than in the single isolated island model (Fig. 2d; see also
Fig. S2.3 in Appendix S2).

Our analysis made it possible to track which of the eco-evolutionary pro-
cesses included in the model causes higher diversity than expected under the
GDM. We call this set of eco-evolutionary processes the “archipelago effect”,
and explain it is as follows: within an archipelago, the occurrence of inter-island
dispersal (Fig. 3a) had two major consequences for diversity. First, some spe-
cies occurred on several islands, which increased local diversity (but not total
diversity). This effect can be seen on the proportion of multiple-island endem-
ics (among all species) which jumped each time a new island appeared while
the proportion of single-island endemics dropped (Fig. 3b). Not all inter-island
dispersal events of locally new species led to a persistent increase of local di-
versity, because the arrival of migrants also amplified the rate of local species
extinction (Fig. 3c). Second, inter-island colonisation (i.e. dispersal of locally
new species) promoted differentiation of anagenetic lineages between islands
(Fig. 3d), some of which led to speciation events (Fig. 3e,f) with a delay due
to inter-island dispersal (gene flow) offsetting differentiation (Fig. 3g). These
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Figure 2: Mean dynamics over 25 replicate simulations of carrying capacity (a),
diversity at the scale of the archipelago (b), diversity on each island (c), and
the proportion of all endemic species (single- and multiple-island endemics) on
each island (d) in the baseline model and in the null models. Islands 1 to 4
correspond to the four islands in the baseline model. Default parameter values

(Table S2.1).

additional speciation events, which can only occur in an archipelago, increased
total diversity, and a fortiori local diversity, as well as endemism (Fig. 2b-d).
The other eco-evolutionary rates that possibly contribute to variations in di-
versity (dispersal from the mainland, anagenesis following mainland dispersal,
and cladogenesis) were identical for each island of the archipelago and for a
single isolated island (Fig. S2.4), and therefore did not contribute to the ob-
served deviations of the diversity dynamics from those expected in the GDM.
The efficiency of the archipelago effect in increasing diversity was determined
by the abundance of inter-island migrants and by the dissimilarity of the com-

11



munity composition of this migrant pool compared to the local community.
Everything else being equal, when an island received a substantial number
of inter-island migrants and/or the migrant community was highly dissimilar
from the local community, inter-island migrants were more likely to be new on
the destination island, which increased local diversity, and also started new dif-
ferentiating lineages, eventually leading to speciation, thereby increasing total
diversity.
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Figure 3: Mean dynamics over 25 replicate simulations of different outputs
that characterise the state and evolution of the population (see Section 2.6)
in the baseline model and in the single isolated island model. The archipelago
effect corresponds to the difference between each island’s output and the same
output for a single isolated island assumed to emerge at the same time. The
proportions of single- and multiple-island endemics (panel (b)) are computed
among all species at the archipelago scale. The rate of anagenesis initiation
due to inter-island dispersal (panel (d)) reflects the inter-island dispersal rate
of locally new species. Default parameter values (Table S2.1). Several islands
coexist between times 50 and 300 (in thousands of generations; Fig. 2a).
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To sum up, we demonstrate that (i) total and local diversity as well as
endemism are higher than expected under the GDM, and that (ii) this is
caused by the archipelago processes triggering speciation, i.e. hypothesis 2 is
confirmed.

3.3 Differences between islands: the history effect

In the baseline model, total and local diversity were generally hump-shaped
functions of time, but included significant deviations from a smooth curve when
new islands emerged (Fig. 2b,c). In addition, despite having identical geo-
environmental dynamics (Fig. 2a), islands within the archipelago had different
biodiversity dynamics (Fig. 2c): they reached different maximum levels of
diversity, did not reach maximum at the same stage of their life cycle, diversity
remained maximum for different length of time, and biodiversity dynamics
followed hump-shaped functions of time with different frequencies of sudden
jumps. The dynamics of the proportion of endemic species also differed on
each island (Fig. 2d and Fig. S2.3).

We tracked which eco-evolutionary processes caused such differences between
islands. We call this set of processes the “history effect”. It has two compon-
ents. First, dependence on time results from the geo-environmental dynamics
of each island (Fig. 2a). This corresponds to the GDM and explains why
local species richness was a roughly hump-shaped function of time (Fig. 2c).
Second, the intensity of the archipelago effect varied over the life cycle of the
archipelago (Fig. 3). The abundance of inter-island migrants received and the
dissimilarity of their community from the local community indeed varied over
time in our simulations. For example, under the archipelago ontogeny of the
baseline model, islands 2 and 3 were those which received the most inter-island
migrants (Fig. 3a), because the cumulative size of their neighbour islands was
high throughout their lifetime (Fig. S2.5). The dissimilarity between the inter-
island migrant community and the local community was also the highest during
the lifetimes of islands 2 and 3 (Fig. 3d). These two islands therefore displayed
the strongest and longest lasting archipelago effect, and the maximum local
diversity was both the highest and the most persistent on these two islands
(Fig. 2¢). Island 1 experienced a stronger archipelago effect leading to local di-
versity which differed more from that expected with the GDM in the later part
of its life cycle. The reverse was true for island 4 which experienced a higher
archipelago effect at emergence. Finally, in the baseline model, islands which
appeared earlier in the life cycle of the archipelago experienced the emergence
of more neighbour islands, and therefore more variations in the intensity of
the archipelago effect (e.g. island 1 vs 4 on Fig. 3a,d). This led local diversity
dynamics to follow a hump-shaped function of time with more frequent sudden
jumps (island 1 vs 4 on Fig. 2c).

To sum up, we demonstrate that (i) diversity dynamics differ on each island
in the archipelago, and that (ii) this is caused by continuous alterations of
the connectivity patterns over the archipelago life cycle, i.e. hypothesis 3 is
confirmed.
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3.4 Archipelagos with different structures
3.4.1 Inter-island distance

When islands were geographically very close to one another, we found that
the archipelago effect and its variations over time led to marked deviations
from GDM predictions (Fig. 4a), i.e., hypothesis 4a is confirmed. In this
geographical context, islands exchanged many migrants, which led to a high
proportion of species occurring on multiple islands and to a high rate of speci-
ation, despite the fact that speciation was significantly delayed by inter-island
dispersal (Fig. S2.6). Consequently, local species richness was found to be
very high compared to that on a single isolated island (Fig. 4a). Because the
rates of inter-island dispersal and of speciation varied considerably over time
when islands were located close to one another (i.e., there was a strong history
effect; Fig. S2.6), local diversity dynamics followed hump-shaped functions of
island age with very clear sudden jumps, and differed markedly between islands
(Fig. 4a).

3.4.2 Time interval between the successive emergence of islands

When islands emerged rapidly one after the other (i.e., large temporal overlap
between the existence of the islands), we found a striking increase in diversity
compared to the GDM prediction (Fig. 4b), which was due to a strong ar-
chipelago effect (Fig. S2.7). However, we also observed almost no difference
in diversity dynamics among islands (Fig. 4b), because the history effect was
identical for all islands (Fig. S2.7). This could make the deviations from the
GDM predictions difficult to detect despite their magnitude. Hypothesis 4b is
thus only partially confirmed.

3.4.3 Distance to the mainland

When the archipelago was located farther from the mainland than in the
baseline model, we found that the increase in diversity compared to the GDM
prediction was larger (Fig. 4c), i.e. hypothesis 4c is confirmed. The archipelago
effect per se did not vary with the distance from the mainland (Fig. S2.8), but
the importance of the archipelago effect compared to mainland dispersal (and
its evolutionary consequences) was higher when the archipelago was located
farther from the mainland. Dispersal from the mainland was indeed lower in
this case, which resulted in fewer continental species, thus in increased pro-
portion of endemic species (Fig. S2.8). In turn, this led to fewer lineages
diverging from the mainland eventually leading to speciation, and hence to a
lower contribution of mainland species to diversity dynamics.

3.4.4 Correlated spatial position and emergence time

In the case of an archipelago shaped like a linear stepping stone parallel to
the mainland (or so far from the mainland that all islands can be considered
as being at the same distance from the mainland), the archipelago effect was
concentrated among the islands located closest together (geographically and
temporally; Fig. S2.9), resulting in larger deviations from the GDM prediction
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Figure 4: Mean dynamics over 25 replicate simulations of local diversity in an
archipelago where islands are located closer to each other than in the baseline
model (a; inter-island distance d; = 10), and of local diversity in an archipelago
where islands emerge successively faster than in the baseline model (b; time
interval between island emergence tiy: = 10%). In panel (c), the archipelago
is located farther from the mainland than in the baseline model (distance to
the mainland d. = 250). To better visualise the results, this panel shows the
relative change in local diversity for the archipelago model compared to the
single isolated island model, computed as: (species richness in the archipelago
model - species richness in the single isolated island model) / species richness
in the single isolated island model. The distance to the mainland is the same
in the single isolated island model and in the corresponding archipelago model.
In all panels, the other parameters are set to default values (Table S2.1). All
panels show the results for the archipelago model; panels (a) and (b) also
include a line for the single isolated island model; panel (c) also includes the
results of the baseline model for comparison.

for centrally placed islands (islands 2 and 3; Fig. 5a). Hypothesis 4d is therefore
confirmed for such archipelagos. Larger deviations from the GDM prediction
resulted in higher local diversity in centrally located islands than in islands at
the margins of the archipelagos (Fig. 52.9). Because the latter islands received
fewer inter-island migrants than the former, the archipelago effect was weaker
and their species richness was consequently also lower (Fig. S2.9), even when
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Figure 5: Relative change (mean over 25 replicate simulations) in local di-
versity for the archipelago model compared to the single isolated island model
in an archipelago shaped like (a) a linear stepping stone parallel to the main-
land or so far from the mainland that all islands can be considered as being
at the same distance from the mainland, e.g. the Hawaiian archipelago, or
like (b) a linear stepping stone perpendicular to the mainland where the first
emerging island is closest to the mainland, e.g. the Canary Islands. We plot
here the relative change in diversity to better visualise the differences with
the GDM predictions. It is computed as: (species richness in the archipelago
model - species richness in the single isolated island model) / species richness
in the single isolated island model. In panel (b), the average distance between
the islands and the mainland is d. = 150 like in the baseline model, which
means that the distance between the first (respectively, last) emerging island
and the mainland is less (respectively, more) than 150. The relative change in
diversity is computed for each island with the single isolated island model at
the same distance to the mainland as for the island considered. In both panels,
the distance between neighbour islands is d; = 20 like in the baseline model,
which means that the distance between non-neighbour islands is greater than
20. The other parameters are set to default values (Table S2.1).

the islands emerged simultaneously (Fig. S2.10).

In the case of a linear stepping stone archipelago perpendicular to the
mainland, with the first emerging island the closest to the mainland, we also
observed larger deviations from the GDM prediction for centrally located is-
lands (Fig. 5b), i.e. hypothesis 4d is also confirmed for this kind of archipelago.
The influence of diversity originating from the mainland is the strongest for
the first island to emerge, because it is also the closest to the mainland. As a
consequence, deviations from the GDM prediction for this island were smaller
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in a stepping stone perpendicular to the mainland than in a stepping stone
parallel to the mainland (Fig. 5).

4 Discussion

The General Dynamic Model (GDM; Whittaker et al., 2008) predicts that
species richness on a volcanic oceanic island will be a hump-shaped function
of time resulting from the geo-environmental dynamics of the island. Using
a theoretical approach, we show (i) that, for individual islands within an ar-
chipelago, significant deviations from this prediction are to be expected, with
higher diversity than that predicted for a single isolated island, and (ii) that,
even if the geo-environmental dynamics of islands within an archipelago are
identical, their biodiversity dynamics may be strikingly different (Fig. 2). We
demonstrate that these differences arise from of an “archipelago effect” caused
by inter-island dispersal and its evolutionary consequences, combined with a
“history effect” which makes the archipelago effect vary over time (Fig. 3).
These results are entirely consistent with the view that the archipelago may
be, at least in some cases, a more suitable scale than the island to under-
stand island biodiversity data (Triantis et al., 2015, 2016; Borregaard et al.,
2017; Whittaker et al., 2018; Ali and Meiri, 2019). Below, we argue that both
archipelago and history effects should be explicitly taken into account to under-
stand insular biodiversity patterns, and we stress under which circumstances
it is most valuable to do so.

The archipelago effect highlighted in our model results from (i) inter-island
dispersal which increases local diversity through species occurrence on mul-
tiple islands, and (ii) species undergoing anagenetic changes within islands
they have colonised, eventually leading to speciation, thereby increasing di-
versity at the archipelago scale. An analogous effect was described by Haydon
et al. (1993) in the context of an archipelago with a vicariant history (an
initial island continuously splitting itself into smaller units while the size of
the archipelago remained constant), and also by Gascuel et al. (2016) who
modelled an archipelago with islands that remained stable over time. The
archipelago modelled here is fully dynamic in the sense that we explicitly con-
sider the geo-environmental dynamics of each individual island. Consequently,
the archipelago effect varies over time. Unless islands appear simultaneously
and are located the same distance from the nearest landmass, this effect will
influence each island differently, even islands that share exactly the same geo-
environmental dynamics.

The non-equivalence of islands in an archipelago has consequences for some
common practices used to evaluate the GDM. First, using a space-for-time sub-
stitution (where nearby islands of different ages are considered representative
of different times in the life cycle of an island; Borregaard et al., 2017) may be
flawed and should thus be avoided. Old and young islands of the same size may
experience different archipelago effects during their lifetime and should thus
not be considered as representative of different stages of the same island life
cycle. Our analysis of archipelagos with different structures (Fig. 4) showed
that differences in species richness trajectories between islands are especially
large — and thus that the space-for-time substitution approach is probably

17



not suitable — for remote archipelagos in which the islands are close to one
another in comparison to the dispersal distance of the organisms considered
(i.e. conditions for a strong archipelago effect), and with intermediate time
intervals of island emergence (i.e. condition for a strong history effect meaning
the archipelago effect will influence each island differently).

The second consequence for the practices usually used to evaluate the GDM
is that area and time, the two explanatory variables usually used to charac-
terise island biodiversity patterns in the GDM framework (Whittaker et al.,
2008; Borregaard et al., 2017), may actually not be sufficient: the structure
and history of the whole archipelago, i.e. the archipelago and history effects,
should also be included in the analyses. The archipelago effect is accounted
for indirectly in statistical analyses when evaluating the GDM with mixed-
effects models where archipelago identity is considered as a random variable
(Bunnefeld and Phillimore, 2012; Borregaard et al., 2017). Our results in-
dicate that deviations from the GDM predictions may be explained by the
strength of inter-island migration, the dissimilarity of the migrant pool from
the local recipient community, and their variations over time. Therefore, we
suggest it would be useful to incorporate fixed effect variables that reflect these
biological processes affected by the spatial and temporal structure of the ar-
chipelago. Again, we expect this approach to be especially advantageous for
remote archipelagos where the islands are located close to one another and
emerge at intermediate time intervals.

A first step in this direction was taken by Cabral et al. (2014) and Triantis
et al. (2015). Cabral et al. (2014) analysed diversity data from vascular plants
across several archipelagos, and included variables characterising the spatial
structure of the archipelagos in their analyses (e.g. the number of islands, mean
inter-island distance). Their finding are consistent with our predictions, except
for one: they found that within-archipelago structure has only a weak effect
on local diversity, whereas we predict the contrary. This discrepancy may be
explained by the method used by Cabral et al. (2014) to estimate local diversity
(i.e. the average number of species per island in each archipelago, not the
actual local diversity) which ignores the fact that within an archipelago, every
island has a different set of neighbour islands, a factor we show to be extremely
important to explain local diversity patterns. In other words, Cabral et al.
(2014) accounted for the archipelago effect, but not for how it can combine with
the history effect. Triantis et al. (2015) also analysed island biodiversity data
from several archipelagos using variables characterising the spatial structure
of the archipelagos. However, these authors did not include a history effect
since they only considered the current state of the archipelagos. Thus, these
promising approaches could be improved by accounting for variations in the
archipelago effect over time (i.e. also including the history effect).

Using a different approach (comparison of observed data with data sim-
ulated with an agent-based model), Joks et al. (2021) studied the effect of
the geological history of several archipelagos and of sea level fluctuations on
current biodiversity patterns. Inter-island migration is included in a similar
way in their study and in our model (i.e., migration depends on the size of
the original population and on the size of the destination island), but Joks
et al. (2021) did not include its evolutionary consequences where migration
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both triggers divergence and delays speciation (i.e. they modelled a restricted
archipelago effect). The authors concluded that archipelago history may affect
current biodiversity patterns to different degrees depending on the structure
of the archipelago and on the diversity metrics considered. Despite the differ-
ences in model assumptions, our conclusions are thus in line with theirs, again
underlining the advantage of taking the history of the archipelago into account
to understand biodiversity patterns.

Our analysis of archipelagos with different structures led to some predic-
tions of biodiversity patterns that appeared largely supported by empirical
data. Recently, Ali and Meiri (2019) found that terrestrial reptile biodiversity
on individual islands in oceanic archipelagos that are difficult to reach (for
example because they are located far from the mainland) originates mainly
from intra-archipelago dispersal, followed by within-island anagenetic events.
This result is consistent with our prediction that the relative influence of the
archipelago effect will be stronger on remote archipelagos than on those that
are located close to the mainland. In their study of island bird biodiversity,
Valente et al. (2020) found a positive effect of archipelago isolation on rates of
anagenesis, a result that is in line with our prediction. In the case of stepping-
stone archipelagos, we predicted higher diversity on islands that are located
centrally compared to islands located at the periphery of the archipelago. Sev-
eral empirical studies have observed biodiversity patterns consistent with this
prediction although they argued that this was a possible effect of the chrono-
logy of island emergence (Gillespie, 2004; Cameron et al., 2013). Theoretical
investigations by Gascuel et al. (2016) offered another possible explanation: di-
versity is higher on centrally located islands because of their greater connectiv-
ity to other islands, which strengthens the archipelago effect they experience.
Our results suggest that this biodiversity pattern could be best explained by a
combination of the two previous explanations. We indeed found that (i) the di-
versity dynamics of geographically similarly located islands (symmetrically to
the centre of the archipelago) depends on the time of their emergence (Fig. 5),
as expected if the chronology of island emergence is important, and that (ii)
centrally located islands host more species even when the islands appear simul-
taneously (Fig. S2.10), as expected if there is an important archipelago effect.

Deviations from the GDM expectations could result from non-equilibrium
biodiversity dynamics (Warren et al., 2015). The debate about whether island
biodiversity is at equilibrium is still not over as different studies obtained
opposing results, without converging towards a single explanation for these
discrepancies (Heaney, 2000; Rabosky and Glor, 2010; Bonnet-Lebrun et al.,
2017; Marta et al., 2019; Valente et al., 2017, 2020). Unfortunately, our model
cannot help solve this issue: the invariant observation of equilibrium dynamics
in our results does not prove that non-equilibrium dynamics do not exist. Our
results nevertheless shed some light on the debate: we observed equilibrium
diversity dynamics which have the characteristics of non-equilibrium dynamics,
i.e., species richness and the speciation rate peaked later than species carrying
capacity (Fig. 2 and Fig. 3), a pattern only generated by the archipelago effect.
Confusion and misinterpretation of the signatures of non-equilibrium dynamics
and of the archipelago effect varying over time are therefore possible. This
again suggests it may be essential to take details of spatio-temporal structure of
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the whole archipelago into account to understand insular biodiversity patterns.
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Appendix S1 Detailed methods

1.1 Landscape dynamics

Following Valente et al. (2014), the island carrying capacity function on island

1 is defined as .
g
Krnax (%) (1 _ t_tli:ﬁftart)
K;(t) = - = (S1.1)

()" (#4)

g+h g+h

where g = % =g/m, m= 15";&’;, K hax 18 the maximum of the
carrying capacity %unctlon tstart 18 the birth date of the focal island, ¢y is its
lifetime, ppay is the proportion of the island lifetime at which the maximum car-
rying capacity is reached, and t,,.x = tstart + Pmaxtiife 1S the corresponding date.

The values of the parameters can differ between islands in the archipelago.

1.2 Population dynamics

The model is ecologically neutral within the archipelago, which means that the
species identity of an individual in the archipelago has no effect on the rate
at which events affect the individual. Individual rates may however depend
on the environment. Consequently, the rates of events are identical for all
individuals on a given island, but may vary between islands.

On an island ¢ with carrying capacity K; and population size N;, each
individual dies at rate () = Sexp(—v(1 — N;/K;)). The parameter v adjusts
the strength of density-dependence: the smaller the 7, the more likely the
population may not have reached its carrying capacity. Because K; and N;
vary over time, the death rate 6 may also change over time.

When an individual starts a differentiating lineage via anagenesis or clado-
genesis, it becomes a “variant” of the same species. Several variants of the



same species may exist on different islands (due to anagenesis and/or clado-
genesis) and on the same island (due to cladogenesis). Following Gascuel et al.
(2016), when a variant appears we assign it a “speciation clock” initialised
at 7, the minimum time required for speciation, and the speciation clock de-
creases as time goes by. When a migrant arrives in an island where the species
is already present, we randomly choose which local individual of the same spe-
cies the migrant hybridises with, independently of the variant identity. The
migrant becomes an individual of the population with which it has hybridised
(i.e. we change its variant identity if it was a different variant of the same
species), and we delay the speciation clock of the population with whom the
migrant has hybridised by a/N, where N, is the size of this population. One
hybridisation event therefore delays less speciation in large populations than
in small populations, which models the stronger dilution of migrant genes in
larger populations. The value of a makes it possible to adjust the strength
with which dispersal delays speciation. Its default value is 100, which means
that one migrant in a population of 100 individuals delays speciation by one
generation. A larger value of a corresponds to a longer delay. The state of the
speciation clock is inherited by the offspring from the parent at birth events.
When the speciation clock of a variant reaches zero (note that variants may go
extinct before their speciation clock reaches zero) all individuals of the variant
become a new species, never seen before on the mainland or in the archipelago.
Speciation is irreversible, gene flow has no effect once speciation is achieved.

We include the target area effect (Gilpin and Diamond, 1976) in the mod-
elling of dispersal. Following MacArthur and Wilson (1967), at each dispersal
event we evaluate the probability of going in the right direction (i.e. allow-
ing migrants to arrive on the island after a linear journey) as the ratio of the
range of departure directions allowing to reach the destination to all possible
directions. We assume that the destination is a circular island, located far
enough from the source so that its curvature can be ignored, as illustrated
in Fig. S1.1. The probability of dispersing in the right direction is therefore
p(K,d) = 2 = W},,/Ed where K is the size of the destination estimated by its
carrying capacity and d is the distance between the centre of landmasses. We
assume that there is no masking effect of one island behind any other island.

We use the power-law dispersal kernel from Clark et al. (1999): the prob-
ability of successful dispersal between two landmasses separated by a distance
dis f(c,d) = m where ¢ is the parameter controlling the dispersal
ability of the species.

Taking into account that each individual emigrates at rate u, the dispersal
rate from landmass ¢ (either the mainland or an island) to island j (no return to
the source, i.e. j # 1) is A(7,7) = pN;p(K;,d) f(c,d) where N; is the population
size of the source and K is the carrying capacity of the destination.

1.3 Null models

The null model “island archipelago-equivalent” is a single isolated island whose
carrying capacity at all times equals the sum of the carrying capacities of all
the islands in the corresponding archipelago. To compute the probability p of
going in the right direction to reach an island when dispersing (see Section 1.2
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Figure S1.1: Assumptions used to compute of the probability to disperse in
the right direction to reach a given island.

in this appendix), we do not assume that the island archipelago-equivalent is
a circular island as we would normally, because this would lead to a lower
probability p than for the corresponding archipelago. Instead, we assume that
p in the island archipelago-equivalent model equals p in the corresponding
archipelago. Therefore, comparing the results of the baseline model at the
scale of the archipelago with the island archipelago-equivalent model allows us
to extract the consequences of intra-archipelago processes only.

In the null “static” models, for each archipelago configuration sampled, we
run the sub-model routine with a static landscape for 5.10* generations. We
observed in each replicate simulation (checked by hand) that species richness
reached its equilibrium value within the first 2.5.10* generations. Then we
compute the equilibrium value for species richness as its average over the next
2.5.10* generations (i.e. from generation 2.5.10* to generation 5.10%).

1.4 Numerical simulation methods

We simulate the model forward in time using Gillespie (1977)’s stochastic
algorithm in continuous time. At any time, four events can happen in the
archipelago: the birth of an individual at rate NS (where N is the size of
the total population of the archipelago), the death of an individual at rate
> (N:d(2)) (where N; is the size of the population on island 4), the initiation
of a cladogenesis event at rate No, and the dispersal of an individual at rate
>i 22 Ai,j) (i being the mainland or an island, and j being an island).
The rate at which each event occurs is detailed in Section 1.2 in this appendix.
We pick the time until the next event from an exponential distribution with
mean 1/(NB+3 2, (N;id(i))+No+32, > .. Ai, 7). The occurring event is then
randomly chosen proportionally to the rate of each possible event. Completion
of speciation is not an event in the sense of Gillespie (1977)’s algorithm because
it does not occur stochastically with a defined rate.



Because the carrying capacity of the islands changes continuously, the land-
scape changes at each event. However, we update the landscape only once every
generation. If a speciation clock reaches zero, we make the speciation event
happen at the time the landscape is updated. This means that, in our simula-
tion algorithm, the landscape changes and the completion of speciation events
can be delayed by up to one generation compared to the exact algorithm. This
approximation allows us to save considerable computing time and has no effect
on the results (Fig. S1.2).

island 1

island 2

island 3

— island 4
- - smaller update interval

Local diversity

T T T T T T
0 50 100 150 200 250 300 350
Time (in thousands of generations)

Figure S1.2: Mean dynamics over 25 replicate simulations of local diversity in
the baseline model (solid lines) and in the same model but in which the land-
scape is updated every 0.1 generation (dashed lines) instead of every genera-
tion. The two cases are superimposed. Default parameter values (Table S2.1).

We measure time in generations: the generation time is equal to one time
unit of the simulation real time divided by the per-capita death rate. As the
death rate can vary over time, we approximate it by the constant per-capita
birth rate, which is expected to have the same value when the population is
at its ecological equilibrium. This assumption is reasonable since our results
show that simulated communities are indeed at equilibrium (Fig. 2b,c).

The core of the simulation algorithm is coded with the C language. We
use the GNU Scientific Library (Galassi et al., 2009) for random number gen-
eration. We generate the mainland composition with a re-coding in C of the
rand.neutral () function from the R package 'untb’ (Hankin, 2009). The C
code is embedded in a script written in the R language (R Core Team, 2017)
to allow easy replication and extension of the simulations. We analyse the
outputs of the model using R scripts.

1.5 Model analysis methods

Some of the outputs characterising the state and evolution of the population
are rates (dispersal rates, etc.). These outputs are measures of the real rates
(i.e. number of observed events per time unit), not measures of the expected
rates (i.e. the ones used to simulate the model).

We collect the value of the outputs every 25 generations. During this
time interval, for most outputs, either one or zero event occurs (e.g. one
or zero individual migrates from the mainland). This makes it difficult to
visualise variations in the outputs over evolutionary significant times at a 25-



generation resolution and therefore difficult to interpret. Consequently, for
each output, we compute its temporal mean on a sliding temporal window
of size x generations: at time t, the value of a given output corresponds to
its mean from ¢ to t + z (or from ¢ to the maximum time of simulation for
t + x greater than this maximum time). This smooths the variations of the
output concerned, making it possible to visualise and interpret its variations
over time. The size of the smoothing window depends on the output: an
output corresponding to less frequent events requires an average over a larger
window to allow visualisation of its variations. We use a smoothing window
of 50 data points (i.e. average over x = 50 x 25 = 1250 generations) for all
outputs, except for the speciation rates and the speciation duration for which
the smoothing window is of 150 data points (3,750 generations), and except
on Fig. 4c and Fig. 5 where we use a smoothing window of 200 data points
(5,000 generations) to facilitate visualisation of the results.



Appendix S2 Supplementary tables and figures

Table S2.1: Parameters and default numerical values for the baseline model.

Parameter Definition Default value

n Total number of islands 4

tinter Time interval between island emergence 5.10%

e Lifetime of an island 2.10°

Prmax Proportion of the island lifetime at which the max- 0.2

imum carrying capacity is reached

Kinax Maximum carrying capacity of an island 2.10*

d. Distance to the mainland 150

d; Distance between islands 20

J Metacommunity size on the mainland 106

0 Fundamental biodiversity number on the mainland 20

I6; Per-capita birth rate 1

¥ Strength of mortality density-dependence 0.1

o Per-capita cladogenesis initiation rate 5.107°

T Minimum duration for speciation 500

« Strength with which dispersal delays speciation 100

L Per-capita rate of emigration 1 (from the mainland)
or 0.1 (from an island)

c Individual dispersal ability 25 (from the mainland)

or 10 (from an island)
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Figure S2.3: Mean dynamics over 25 replicate simulations of single-island en-
demic species, of all endemic species, and of all species on islands 1 to 4 (panels
(a)-(d)) in the baseline model. In each panel, we also plot the dynamics of
endemic species and of all species in the single isolated island model (gray
curves) transposed over time so that the emergence time of the single isolated
island matches the one of each island in the archipelago. Default parameter
values (Table S2.1). Note that, in our model, newly formed species are ne-
cessarily initially single-island endemic species, and if they do not become
extinct, they necessarily disperse to other islands sooner or later, becoming
multiple-island endemic species at that time. Consequently, the number of
single-island endemic species observed on each island of the archipelago may
be lower than on a single isolated island, as shown here, despite the formation
of more single-island endemic species on each island of the archipelago than
on a single isolated island.
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Figure S2.4: Mean dynamics over 25 replicate simulations of various outputs
characterising the state and evolution of the population (see Section 2.6 in the
main text) in the baseline model and in the single isolated island model. In
all panels, the curve of the single isolated island is almost entirely hidden by
the curve of island 1. Default parameter values (Table S2.1). Several islands
coexist between times 50 and 300 (in thousands of generations; Fig. 2a).
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Figure S2.5: Dynamics of the total area of the archipelago (a), of cumulative
size of the neighbour islands (b) and of cumulative size of the neighbour islands
times the square root of the size of the focal island (c; given the model design
detailed in Appendix S1, the amount of inter-island migrants received by a focal
island is expected to be proportional to the cumulative size of the populations
of the neighbour islands and proportional to the square root of the size of the
focal island) for the baseline model. Default parameter values (Table S2.1).
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Figure S2.6: Mean dynamics over 25 replicate simulations of various outputs
(see Section 2.6 in the main text) in an archipelago where the islands are
located farther from one another than in the baseline model (left panels; d; =
50) or closer (right panels; di = 10). The other parameters are set to default
values (Table S2.1). Except for the fourth and last rows, the outputs are
plotted for the archipelago model and for the single isolated island model.
The fourth row shows the proportion of single- and multiple-island endemics
among all species at the archipelago scale. The last row shows total diversity
in the archipelago model and in the island archipelago-equivalent model.
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Figure S2.7: Mean dynamics over 25 replicate simulations of various outputs
(see Section 2.6 in the main text) in an archipelago where islands emerge
faster one after the other than in the baseline model (left panels; tipier = 10%)
or slower (right panels; ¢y = 10%). The other parameters are set to default
values (Table S2.1). Except for the fifth and last rows, the outputs are plotted
for the archipelago model and for the single isolated island model. The fifth
row shows the proportion of single- and multiple-island endemics among all
species at the archipelago scale. The last row shows total diversity in the
archipelago model and in the island archipelago-equivalent model.
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Figure S2.8: Mean dynamics over 25 replicate simulations of various outputs
(see Section 2.6 in the main text) in an archipelago located farther from the
mainland than in the baseline model (left panels; d. = 250) or closer (right
panels; d. = 100). The other parameters are set to default values (Table 52.1).
Except for the last row, the outputs are plotted for the archipelago model and
for the single isolated island model. The last row shows total diversity in the
archipelago model and in the island archipelago-equivalent model. Distance to
the mainland is set for the null models like in the corresponding archipelago
model.

12



Stepping stone parallel to the mainland

(@

Stepping stone perpendicular to the mainland

(b)

Local diversity
0 2 4 6 8 10
0 2 4 6 8 10

(©

(d) W

Proportion of all endemics
00 02 04 06 08 10
00 02 04 06 08 10

dispersal

0.0 0.2
0.2

0.0

Rate of inter—island

mler-lsFand dispersal
0.002
0.002

0.000
0.000

150 200 2% 300 350
150 200 250 300 350

Rate of speciation due to

Rate of mainland dispersal

0.0 0.2
0.0 0.2

o
a
3
"
S
3
-
@
S}
N
S
3
N
5
S}
@
8
3
©
&
3
o
a
&
o
15}
8
"
@
3

200 250 300 350

o

sz | (0}

o8

g3

85y o

823 S

58

o2

o'z

of

g

€28 g e O N
g . . , ; ; : g

200 250 360 350

o
@
)
=3
S
-
o
)
»
=3
3
~
X
)
W
a8
3
w
&
)
o
@
)
-
54
3
-
Q
3

o | (n)
=
g%
858 8
228 8
253 s
5=
08
5
[\
s s
8 8
< =
° 0 50 100 150 200 250 300 350 ° 0 50 100 150 200 250 300 350

) 9
]1(0) R
2 o 0
5 92 9
2
5 2 ]
3
2w v
o o
0 50 100 150 200 250 300 350 0 50 100 150 200 250 300 350
Time (in thousands of generations) Time (in thousands of generations)

Figure S2.9: Mean dynamics over 25 replicate simulations of various outputs
(see Section 2.6 in the main text) in an archipelago shaped as a linear stepping
stone parallel (left panels) or perpendicular (right panels) to the mainland. In
the latter case, the average distance between the islands and the mainland is
d. = 150 like in the baseline model, which means that the distance between the
first (respectively, last) emerging island and the mainland is less (respectively,
more) than 150. In both kinds of archipelagos, the distance between neighbour
islands is d; = 20 like in the baseline model, which means that the distance
between non-neighbour islands is more than 20. The other parameters are set
to default values (Table S2.1).
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Figure S2.10: Mean dynamics over 25 replicate simulations of local diversity in
an archipelago shaped as a linear stepping stone parallel (a) or perpendicular
(b) to the mainland. In both cases, all the islands appear simultaneously at
time 0 (i.e. tiner = 0). In the stepping stone perpendicular to the mainland, the
average distance between the islands and the mainland is d. = 150 like in the
baseline model, which means that the distance between the first (respectively,
last) emerging island and the mainland is less (respectively, more) than 150.
In both kinds of archipelagos, the distance between neighbour islands is d; =
20 like in the baseline model, which means that the distance between non-
neighbour islands is more than 20. The other parameters are set to default

values (Table S2.1).
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Appendix S3 Robustness of the conclusions and
parameter space exploration

Our conclusions are necessarily limited by the assumptions of the model, which
we intentionally designed to be as simple as possible. In particular, we only
considered the geo-environmental dynamics of volcanic oceanic islands. We
cannot completely exclude that our conclusions do not hold for other kinds
of islands, but this should be carefully checked. The assumption of ecological
neutrality within the archipelago is obviously another limitation. This assump-
tion implies that our conclusions can be reasonably applied to a given clade,
with species with comparable ecological characteristics, but not to an entire
island community. The neutrality assumption was necessary to properly under-
stand the archipelago effect combined with the history effect. Understanding
how these effects interact with ecologically non-neutral dynamics is a next
step, which could be done for example by combining our approach with the
one of Cabral et al. (2019a) and Cabral et al. (2019b) who explicitly considered
ecologically non-neutral processes in a single isolated dynamic island.

Diversity dynamics are variable between replicate simulations (Fig. S3.11).
This means that empirical observations in any particular archipelago may differ
from the average trends shown in the main text. However, the conclusions
drawn from our analysis of the mean dynamics of diversity remain valid when
considering variability between replicate simulations. For example, when there
is an archipelago effect, the dynamics of the range of local diversity values
corresponding to 80% of the replicate simulations of the baseline model do
almost not overlap the range of local diversity values corresponding to 80%
of the replicate simulations of the single isolated island model (Fig. S3.11b).
Therefore, our conclusions are robust provided that several archipelagos are
analysed together.

We varied all parameters of the model to evaluate their influence on com-
munity dynamics. The main text shows the effect of varying the distance
between islands (d;; Fig. 4a and Fig. S2.6; the values explored ranged from 5
to 200), of varying the time interval between island emergence (tinger; Fig. 4b
and Fig. S2.7; the values explored ranged from 0 to 1.5.10%) and of varying the
distance to the mainland (d.; Fig. 4c and Fig. S2.8; the values explored ranged
from 50 to 2,000). Below we show the effect of varying the other parameters
of the model. For each of these other parameters, we show the dynamics of
local diversity, of total diversity and of the proportion of all endemic species
for one value higher than the one used in the baseline model and for one value
lower. The higher and lower values are chosen such that they show typical
results among all the values tested. We mention the range of numerical values
tested in the text. When necessary, we show other outputs that are useful
to understand the observed biodiversity dynamics. The only exception is the
parameter 3, the per-capita birth rate: because the value of this parameter
scales time (Appendix S1), all parameters and outputs are measured in rela-
tion to the value of 5. Thus it does thus not make sense to look at the effect
of variations of 3.
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Figure S3.11: Dynamics of diversity at the scale of the archipelago (a), diversity
on each island (b), and the proportion of all endemic species (single- and
multiple-island endemics) on each island (c¢) in the baseline model and in the
null models. Solid curves show the mean over 25 replicate simulations of the
outputs, and shades show the range of values corresponding to 80% of the
replicate simulations. Default parameter values (Table S52.1).

Total number of islands (n). The values explored ranged from 1 to 14.
When there are few islands in the archipelago (Fig. S3.12, left columns), the
pool of inter-island migrants is small and little diversified. The archipelago
effect is thus weak and diversity remains limited. When there are many islands
in the archipelago (Fig. S3.12, right columns), the archipelago effect is strong
and diversity is higher. With eight islands emerging successively at regular
time intervals, some of the intermediate islands are equivalent in the sense that
they live in an archipelago with the same structure (as witnessed by the regular
variations in the total size of the archipelago, Fig. S3.12h). These islands
are subject to the same archipelago effect and thus show similar biodiversity
dynamics (Fig. S3.12d).

Rate of emigration (p). The values explored ranged from 0.5 to 10 (emig-
ration from the mainland) and from 107 to 5 (emigration from an island).
We keep the same ratio of the emigration rates from the mainland and from
an island as in the baseline model to model the syndrome of loss of dispersal
abilities in island species. For a higher emigration rate, the proportion of en-
demic species is lower (Fig. S3.13f) because of more frequent dispersal from
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Figure S3.12: Mean dynamics over 25 replicate simulations of various outputs
(see Section 2.6 in the main text) in an archipelago with fewer islands (left
panels; n = 2) and more islands (right panels; n = 8) than in the baseline
model. The other parameters are set to default values (Table S2.1). The
outputs are plotted for the archipelago with the modified value of n and with
the value of the baseline model.

the mainland, and diversity is higher (Fig. S3.13b,d) due to more frequent
speciation events by anagenesis following mainland dispersal and inter-island
dispersal (Fig. S3.13h,j,1). The dynamics of biodiversity are more different
between islands for a higher value of u (Fig. S3.13d), which indicates a larger
contribution of the archipelago effect to explain diversity dynamics. This is
because the distance between islands in an archipelago is shorter than the dis-
tance between the islands and the mainland. Dispersal is thus more likely to
be successful between islands than from the mainland, so that an increase in
the emigration rate benefits inter-island dispersal (and hence the archipelago
effect) more than mainland dispersal.

Individual dispersal ability (c). The values explored ranged from 5 to
100 (individuals emigrating from the mainland) and from 1 to 40 (individuals
emigrating from an island). We keep the same ratio of the dispersal ability
of individuals from the mainland and from an island as in the baseline model
to model the syndrome of loss of dispersal abilities in island species. Given
that in the baseline model, the dispersal ability of individuals from islands is
close to the distance between islands (¢ = 10 and d; = 20), increasing the
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Figure S3.13: Mean dynamics over 25 replicate simulations of various outputs
(see Section 2.6 in the main text) in an archipelago with a lower value of p (left
panels; p = 0.5 for emigration from the mainland and g = 0.05 for emigration
from an island) and a higher value (right panels; p = 5 for emigration from
the mainland and p = 0.5 for emigration from an island) than in the baseline
model. The other parameters are set to default values (Table S2.1). The
outputs are plotted for the archipelago with the modified value of 1 and with
the value of the baseline model.

dispersal ability does not significantly alter inter-island dispersal (Fig. S3.14j).
However, it significantly increases dispersal from the mainland (Fig. S3.14h),
resulting in a smaller proportion of endemic species (Fig. S3.14f) and higher
diversity (Fig. S3.14b,d). When dispersal abilities are reduced compared to the
baseline model, dispersal from the mainland is reduced (Fig. S3.14g), leading
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to a bigger proportion of endemic species (Fig. S3.14¢). Inter-island dispersal
is also reduced (Fig. S3.14i), leading to a lower speciation rate (Fig. S3.14k).
Overall, these effects reduce diversity (Fig. S3.14a,c).
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Figure S3.14: Mean dynamics over 25 replicate simulations of various outputs
(see Section 2.6 in the main text) in an archipelago with a lower value of
¢ (left panels; ¢ = 12.5 for individuals emigrating from the mainland and
¢ = b5 for individuals emigrating from an island) and a higher value (right
panels; ¢ = 50 for individuals emigrating from the mainland and ¢ = 20 for
individuals emigrating from an island) than in the baseline model. The other
parameters are set to default values (Table S2.1). The outputs are plotted for
the archipelago with the modified value of ¢ and with the value of the baseline
model.
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Strength of density-dependence of mortality (v). The values explored
ranged from 107° to 5. A lower value of 7 is expected to more easily allow
deviation from demographic equilibrium. For a low value of v the populations
indeed do not reach equilibrium (Fig. S3.15g). Because population size almost
always remains below the demographic equilibrium, species richness is lower
than in the baseline model (Fig. S3.15a,c).
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Figure S3.15: Mean dynamics over 25 replicate simulations of various outputs
(see Section 2.6 in the main text) in an archipelago with a lower value of v
(left panels; v = 1073) and a higher value (right panels; v = 1) than in the
baseline model. The other parameters are set to default values (Table S2.1).
The outputs are plotted for the archipelago with the modified value of v and
with the value of the baseline model.

Rate of cladogenesis initiation (o). The values explored ranged from
1077 to 1073, With a higher value of o, cladogenesis is initiated more often.
The corresponding rate of speciation is higher (Fig. S3.16h), which results in a
greater diversity and a higher proportion of endemic species (Fig. S3.16b,d,f).
Because cladogenesis has the same dynamics on all islands (it depends on pop-
ulation size, and all islands have the same carrying capacity function) and be-
cause for higher values of ¢ cladogenesis becomes the main process at the origin
of diversity, diversity dynamics tend to look similar on all islands (Fig. S3.16d),
i.e. the relative contribution of the archipelago effect in explaining diversity
dynamics diminishes.
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Figure S3.16: Mean dynamics over 25 replicate simulations of various outputs
(see Section 2.6 in the main text) in an archipelago with a lower value of o (left
panels; 0 = 107%) and a higher value (right panels; o = 5.107%) than in the
baseline model. The other parameters are set to default values (Table S2.1).
The outputs are plotted for the archipelago with the modified value of ¢ and
with the value of the baseline model.

Minimal duration for speciation (7). The values explored ranged from
100 to 5,000. When the minimum duration for speciation is longer, speciation
fails more easily (Fig. S3.171) because of extinction of the diverging popu-
lations before speciation is achieved. Consequently, the archipelago effect is
weaker (Fig. S3.17j) despite the unchanged quantity of inter-island migrants
(Fig. S3.17h). This reduces both local and total diversity and the proportion
of endemic species (Fig. S3.17b,d,f). In brief, the archipelago effect is weaker
due to the reduced diversity of the pool of inter-island migrants.

Strength with which dispersal delays speciation (). The values ex-
plored ranged from 1 to 5000. Compared to the baseline model, a larger value
of a delays more speciation (Fig. S3.18j), which thus succeeds at a lower rate
(Fig. S3.18h). The archipelago effect is consequently reduced. However, in the
range of values explored here, the consequences for biodiversity dynamics are
limited (Fig. S3.18a-f).

Mainland metacommunity size (J). The values explored ranged from
10* to 108%. When the size of the mainland increases, mainland dispersal in-
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Figure S3.17: Mean dynamics over 25 replicate simulations of various outputs
(see Section 2.6 in the main text) in an archipelago with a lower value of 7
(left panels; 7 = 250) and a higher value (right panels; 7 = 2000) than in the
baseline model. The other parameters are set to default values (Table S2.1).
The outputs are plotted for the archipelago with the modified value of 7 and
with the value of the baseline model.

creases, which reduces the proportion of endemic species (Fig. 53.19f). Com-
bined with increased diversity of mainland migrants, this leads to a higher
rate of speciation due to mainland dispersal (Fig. S3.19h). By contrast, the
archipelago effect does not depend on J, as evidenced for example by the
unchanged speciation rate due to inter-island dispersal (Fig. S3.19i,j). As a
result of both processes, total and local diversity increase with increasing J
(Fig. S3.19a-d) but the relative contribution of the archipelago effect in ex-
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Figure S3.18: Mean dynamics over 25 replicate simulations of various outputs
(see Section 2.6 in the main text) in an archipelago with a lower value of «
(left panels; & = 1) and a higher value (right panels; o = 5000) than in the
baseline model. The other parameters are set to default values (Table S2.1).
The outputs are plotted for the archipelago with the modified value of o and
with the value of the baseline model.

plaining diversity dynamics is lower at higher values of J, which explains why
the local biodiversity dynamics are more similar between islands (Fig. S3.19d)
compared to the dynamics with a lower value of J (Fig. S3.19¢) .

Mainland fundamental biodiversity number (8). The values explored
ranged from 10 to 100. With a higher value of #, the mainland is more diverse
so that migrants from the mainland are more likely to be new to the archipelago
(Fig. S3.20g,h), which tends to increase diversity in the archipelago. However,
this effect is offset by a higher species extinction rate (Fig. S3.20i,j), leading
to diversity dynamics that remain unchanged compared to the baseline model
(Fig. 53.20a-f). The value of 6 does not affect the archipelago effect.
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Figure S3.19: Mean dynamics over 25 replicate simulations of various outputs
(see Section 2.6 in the main text) in an archipelago with a lower value of .J
(left panels; J = 10°) and a higher value (right panels; J = 107) than in the
baseline model. The other parameters are set to default values (Table S2.1).
The outputs are plotted for the archipelago with the modified value of J and
with the value of the baseline model.

Lifetime of an island (#jf). The values explored ranged from 2.10* to
4.10°. To separate the effect of the lifetime of an island from all other factors,
here we covary tjf and tier sSuch that islands coexist for the same proportion
of their life as in the baseline model. The results in Fig. S3.21 show that, in
this case, varying tj only has a scaling effect on the time axis.

Maximum island carrying capacity (Kmax). The values explored ranged
from 5.10% to 4.10*. As expected, the value of K. scales diversity and the
proportion of endemic species (Fig. S3.22).

Proportion of the island lifetime at which the maximum carrying
capacity is reached (pPmax).- The values explored ranged from 0.1 to 0.3.
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Figure S3.20: Mean dynamics over 25 replicate simulations of various outputs
(see Section 2.6 in the main text) in an archipelago with a lower value of 6
(left panels; # = 10) and a higher value (right panels; § = 100) than in the
baseline model. The other parameters are set to default values (Table S2.1).
The outputs are plotted for the archipelago with the modified value of 6 and
with the value of the baseline model.

A shift in the time at which the islands reach their maximum carrying capacity
results in a proportional shift in the time at which diversity reaches maximum
(Fig. S3.23).
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Figure S3.21: Mean dynamics over 25 replicate simulations of various outputs
(see Section 2.6 in the main text) in an archipelago with a lower value for #);,
and tier (left panels; tye = 10° and tipe, = 2.5.10%) and a higher value (right
panels; tj. = 4.10° and tjuer = 10°) than in the baseline model. The other
parameters are set to default values (Table S2.1). The outputs are plotted for
the archipelago with the modified values of ¢}z and tiyer, and with the ones of
the baseline model.
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Figure S3.22: Mean dynamics over 25 replicate simulations of various outputs
(see Section 2.6 in the main text) in an archipelago with a lower value of K.y
(left panels; Kn.x = 10%) and a higher value (right panels; K., = 4.10%)
than in the baseline model. The other parameters are set to default values
(Table S2.1). The outputs are plotted for the archipelago with the modified
value of K.« and with the value of the baseline model.
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Figure S3.23: Mean dynamics over 25 replicate simulations of various outputs
(see Section 2.6 in the main text) in an archipelago with a lower value of
Pmax (left panels; pymax = 0.1) and a higher value (right panels; pypax = 0.3)
than in the baseline model. The other parameters are set to default values
(Table S2.1). The outputs are plotted for the archipelago with the modified

Time (in thousands of generations)

value of pn.x and with the value of the baseline model.
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