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abstract: Inferring the geographic mode of speciation could help
reveal the evolutionary and ecological mechanisms that underlie the
generation of biodiversity. Comparative methods have sought to re-
construct the geographic speciation history of clades, using data on
phylogeny and species geographic ranges. However, inference from
comparative methods has been limited by uncertainty over whether
contemporary biodiversity data retain the historic signal of speciation.
We constructed a process-based simulation model to determine the
influence of speciation mode and postspeciation range evolution on
current biodiversity patterns. The simulations suggest that the signal of
speciation history remains detectable in species distributions and phy-
logeny, even when species ranges have evolved substantially through
time.We extracted this signal byusing a combinationof summary statis-
tics that had good power to distinguish speciation modes and then used
these statistics to infer the speciation history of 30 plant and animal
clades. The results point to broad taxonomic patterns in the modes of
speciation, with strongest support for founder speciation in mammals
and birds and strongest support for sympatric speciation in plants. Our
model and analyses show that broad-scale comparative methods can
be a powerful complementary approach tomore focused genomic anal-
yses in the study of the patterns andmechanisms of speciation.

Keywords: age-range correlation, allopatric speciation, approximate
Bayesian computation, biogeography, phylogenetic comparative meth-
ods, sympatric speciation.

Introduction

Speciation has an explicitly geographic context, as the spatial
proximity of diverging populations will influence gene flow
and the development of reproductive isolation (Mayr 1963;
Coyne and Orr 2004; Wolf and Ellegren 2016). For example,
populations bisected by physical barriers (vicariant specia-
tion) or established by long-distance dispersal (founder spe-
ciation) experience immediate reproductive isolation, which
may drive speciation (Mayr 1942, 1963; Coyne and Orr
2004). In diverging populations that are broadly overlap-
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ping (sympatric speciation), partially overlapping, or adja-
cent (parapatric speciation), it is expected that ecological or
phenotypic differentiation can drive divergence with gene
flow by reducing contact between co-occurring populations
in time or space or by the development of genetic incompat-
ibilities or decreased hybrid fitness (Turelli et al. 2001; Bol-
nick and Fitzpatrick 2007). Hence, particular geographic
modes of speciation are likely to be associated with particular
evolutionary processes, although the association may not al-
ways be clear-cut (Bolnick and Fitzpatrick 2007; Fitzpatrick
et al. 2009).
Increasingly, detailed molecular and ecological data are

being used to reconstruct mechanisms of population diver-
gence within species or species groups, with an emphasis on
the genomic architecture underlying the inhibition of gene
flow (Savolainen et al. 2006; Seehausen et al. 2008; Luebert
et al. 2013; Jónsson et al. 2014; Egan et al. 2015; Li et al.
2015). However, there remains a great deal of interest in a
more broad-scale, explicitly geographic approach that aims
to reconstruct geographic speciation modes within clades,
using comparative methods and readily available, contem-
porary biodiversity data (Barraclough and Vogler 2000; Fitz-
patrick and Turelli 2006; Phillimore et al. 2008; Anacker
and Strauss 2014; Cardillo and Warren 2016). Comparative
methods for reconstructing speciation modes are based on
the expectation that speciation history should leave a detect-
able signature in present-day patterns of phylogeny and spe-
cies geographic distributions (Lynch 1989; Chesser and Zink
1994; Barraclough et al. 1998; fig. 1). For example, under both
vicariant and founder speciation, recently diverged sister spe-
cies ought to show little or no overlap in their geographic
ranges, whereas sympatric speciation is expected to produce
sister species with complete or near-complete spatial overlap
(Chesser and Zink 1994; fig. 1). Founder speciation is expected
to result in highly asymmetric range sizes among sister spe-
cies, because the process of speciation by long-distance dis-
persal is typically thought of as a daughter species with a very
small initial population being seeded by a more widely dis-
tributed ancestral species (Gavrilets and Hastings 1996), and
we would expect this to also lead to a greater geographic dis-
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tance between sister species ranges at speciation (range isola-
tion). Under vicariant and sympatric modes of speciation, on
the other hand, the relative sizes of sister species ranges could
range from very similar to highly asymmetric (fig. 1).

Early comparative studies made use of these kinds of ex-
pectations to develop summary measures that attempted to
provide diagnostic indicators of the prevailing geographic
mode of speciation in a clade (Lynch 1989). For example,
age-range correlations fit a regression of divergence time
against degree of range overlap among all pairs of species in
a clade, with the expectation that both the intercept and the
slope allowus to distinguish a primarily sympatric fromapri-
marily allopatric speciation mode across the clade (Lynch
1989; Chesser and Zink 1994; Barraclough et al. 1998; Fitz-
patrick andTurelli 2006). However, comparative approaches
to reconstructing speciation history have often returned re-
sults that are equivocal or do not strongly support any par-
ticular hypothesis (Fitzpatrick and Turelli 2006). The major
criticism leveled at comparative approaches based on con-
temporary data is that species distributions are dynamic: the
spatial configurations of geographic ranges soon after the
time of speciation might be erased subsequently by the move-
ment of species range boundaries (Losos and Glor 2003).
This may (for example) lead to secondary transitions to sym-
patry from originally allopatric distributions (Pigot and To-
bias 2014) or to more symmetrical sister species range sizes
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as the smaller-ranged daughter species expands geographi-
cally (Barraclough and Vogler 2000). A critical question, which
has remained largely unanswered by previous comparative
studies, is, To what extent do present-day geographic ranges
of species retain the historic signal of speciation, and to what
extent do they reflect postspeciation range movement and
evolutionary processes? The answer to this question deter-
mines our confidence in the ability of comparative methods
to reconstruct speciation history from contemporary biodi-
versity data.
In large part this will depend on the extent, speed, and

predictability of postspeciation range movement. The the-
oretical expectations are mixed. Closely related species with
conserved environmental niches might track changing cli-
mates in a similar way, maintaining the spatial relationships
of their distributions even as the distributions themselves
change. Alternatively, niche evolution might lead species
along divergent trajectories in response to climate changes
(Ackerly 2003). In most cases, empirical testing of these pro-
cesses is limited to inferences from indirect evidence, and the
evidence to date is also mixed. On the one hand, geographic-
range positions tend to show strong phylogenetic signal, sug-
gesting that current species distributions reflect distributions
at the time of speciation, modified by gradual drift of range
boundaries (Cardillo 2015). On the other hand, it has been
shown that range shifts in response to changing climate, such
as during Pleistocene glacial cycles, have sometimes been
both rapid (Hewitt 2000) and idiosyncratic (Jackson and
Overpeck 2000).
The aims of this study are twofold. The first aim is to in-

vestigate the degree to which the true speciation history of
clades isdetectable, anddifferentgeographicspeciationmodes
distinguishable, from contemporary data on species distri-
butions and phylogeny. To do this, we construct a process-
based simulation model of dynamic range evolution and di-
versification (the DREaD model), in a way that reflects our
expectations of how species ranges evolve and shift follow-
ing speciation events. Our model incorporates some of the
most likely determinants of range movement into the simu-
lation framework: dispersal, niche evolution, and environ-
mental change (Holt 2003; Sexton et al. 2009). By incorpo-
rating these processes and exploring the way they interact to
determine present-day species ranges, our simulationmodel
extends previous efforts to model the geography of specia-
tion, which have focused primarily on random drift (Philli-
more et al. 2008; Cardillo 2015). The second aim of this study
is to use simulation-based inference methods to classify the
geographic mode of speciation in 30 real clades of plants,
vertebrates, and invertebrates to survey patterns in specia-
tion mode across a broad range of taxonomic groups, bio-
geographic regions, andecologies.Wealso askwhether clades
show evidence of a predominant geographic mode of speci-
ation (when most divergences in the clades’ history can be
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Figure 1: Graphical representation of four geographic speciation
modes, with a priori predictions of how these might affect key features
of sister species range geometries (range overlap, range asymmetry,
and range isolation).
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Simulating the Geography of Speciation 000
classified as a particular speciation mode) or whether clades
show evidence of multiple modes in their divergence history.
We use simulation-based inference methods that allow us to
perform model selection in a statistically rigorous frame-
work (Csilléry et al. 2010) to let the data tell us, in a way that
incorporates the complexity and stochasticity of evolution-
ary and biogeographic processes, whether we can reliably
distinguish different geographic modes of speciation in real
clades.
Methods

Simulation Model Parameters

The DREaD model simulates the diversification of a clade
and the evolution of geographic ranges between speciation
events, against the background of a gridded, heterogeneous
landscape in which each grid cell contains a value for a sin-
gle, continuously varying hypothetical environmental vari-
able (for a detailed description of the simulation model, see
the appendix, available online).Wemodeled four distinct spe-
ciation modes—vicariant, sympatric, parapatric, and founder
speciation (fig. 1)—and one mixed model of speciation in-
cluding all four modes. The simulation begins by randomly
generating the grid values for the environmental variable,
with a specified degree of spatial autocorrelation across the
whole landscape, using unconditional Gaussian simulation.
We then seed the clade with an ancestral species, drawing
its attributes (geographic-range boundaries, niche position,
and niche breadth) randomly from uniform distributions.
At each time step, the species is able to expand its range via
dispersal into new grid cells that lie within the range deter-
mined by the clade’s dispersal capacity (D) and have environ-
mental values that fall within the bounds of the species niche
(niche position5niche breadth). Dispersal occurs against a
background of environmental change through time, modeled
in two ways: (1) cyclical, with environmental change modeled
as a sine wave with parameters for amplitude, ENVA, and fre-
quency,ENVF, and (2)directional,with environmental change
modeled as a linear increase with a parameter for the slope,
ENVS. Each environmental-change model was either spa-
tially homogenous, where each grid cell changes by the same
amount at each time step, or spatially heterogeneous, where
the degree of change in each cell is a linear function of its lat-
itude. Hence, we model four different environmental-change
scenarios. Environmental change had the effect of reducing a
species geographic range if the environmental values of occu-
pied cells changed so that they no longer fall within the niche
of the species.

Concurrently, at each time step, one of six different events
can occur: vicariant, sympatric, parapatric, or founder specia-
tion; extinction; or no event. Speciation probability ismodeled
as a Gaussian function of range size, in which the per-lineage
This content downloaded from 134.12
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speciation rate is greatest at intermediate range sizes (Ro-
senzweig 1978; Gaston 1998). The probability of stochastic
extinction decreases logarithmically with range size, so the
per-lineage extinction rate is greatest in narrowly distributed
species and reaches 0 in species with range sizes equal to or
larger than a minimum range size threshold m (Rangel et al.
2007; appendix). The predominance of a particular speciation
mode is enforced by setting the values of the speciation rate
constant (l) separately for each speciation mode. A mixed
model of speciation is determined by setting equal l values
for all modes.
The basic geographic modes of speciation in the simu-

lation model are sympatric, parapatric, founder, and vicar-
iant. Each of these modes is modeled as follows.
Sympatric. Under the sympatric model, one daughter

species maintains the range of the parent and the other
occupies a range that lies completely within the boundaries
of the parent species range. This is chosen by randomly
drawing four coordinates from within the parent species
range, which form the boundaries of the daughter species
range.
Parapatric. Parapatric speciation occurs via budding at

the range periphery. The new species is formed by creating
an abutting range that may partially overlap the parent spe-
cies range. This is done by selecting a cell within dispersal
distance, D, from the parent species range boundary and
drawing four distances from a uniform distribution (from 1
to D) from this point to be the range boundaries of a new
quadrant.
Founder. Founder speciation follows a founder-event model,

where dispersal events can found a new species in noncon-
tiguous geographic space. Founder speciation proceeds by se-
lecting a cell within the domain to be colonized with a prob-
ability inversely related to the shortest distance from the parent
species range. The range boundaries are drawn by selecting
four distance values from a uniform distribution (from 1 to
D) from the colonized cell.
Vicariant. Vicariant speciation is modeled in two differ-

ent ways, depending on the geometry of the species range.
First, if the species range is a single contiguous area, vicariant
speciationwill occur via bisection of this range, whereby a line
is drawn randomly through the species range, dividing it into
two. The bisection is ambiguous with respect to the range size
asymmetry of the daughter species ranges. The secondmethod
of vicariant division is used if a species range is fragmented. In
this case, the parent species range is split so that each daughter
species range is composed of a cluster of range fragments that
are in closer spatial proximity to each other than to the sister
species range. Clustering is performed with a k-means method
(Hartigan and Wong 1979) on the X-Y coordinates of the
range fragments.
We model phylogenetic signal of the niche at speciation

as follows. Under vicariant speciation, immediately follow-
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ing speciation both daughter species niche positions are
recentered toward the mean environmental value of the
new species range. Under founder, parapatric, or sympatric
speciation, the niche position of the budded daughter spe-
cies (the smaller-ranged daughter species) is recentered.
The degree to which the species shifts its inherited niche po-
sition value toward this new value is modeled with the pa-
rameter PS, the proportion of the step between the current
niche position and the mean environmental value that the
new species will take. A PS value of 1 means that the species
will move completely toward the mean, while a value of
0 means that the new species will inherit the same niche po-
sition as the parent. In this way, the PS parameter controls
the strength of “punctuational” evolution of the niche at
speciation events. We also model evolution of the niche
along the branches of the phylogeny by allowing a species
niche position and niche breadth to drift independently un-
der a modified random-walk model of trait evolution, con-
trolled by the rate parameters NEP (for niche position) and
NEB (for niche breadth). Species niche positions and breadths
drift randomly under the single condition that the environ-
mental value of at least one grid cell within the species range
must remain within the species niche (niche position5niche
breadth).
Running the Simulation Model

We simulated range evolution and speciation under differ-
ent scenarios of environmental change, niche evolution, dis-
persal rate, clade size, and geographic speciation modes. Pa-
rameters were sampled from uniform prior distributions;
Sobol sequences were used to efficiently explore parameter
space (Burhenne et al. 2011; appendix), reducing the num-
ber of simulation replicates required to effectively explore
parameter space. We ran the simulation 36,000 times, until
a clade of size n was generated (table A1; tables A1–A3 are
available online), discarding 269 simulations that could not
be completed because the parameter combination led to to-
tal clade extinction more than five times successively. This
led to roughly 7,200 replicates for each speciation scenario,
which is considered adequate for model selection in an ap-
proximate Bayesian computation (ABC) framework (Pudlo
et al. 2016). At the completion of each simulation, we re-
tained the resulting phylogeny, each tip species final geo-
graphic range, the environmental grid, and a data frame con-
taining information on the final niche position, niche breadth,
range size, and mode of speciation at each node in the phy-
logeny. From this output we generated 30 summary statistics
(table A2) that describe aspects of species geographic-range
overlap, range size asymmetry, range isolation, range size,
and phylogenetic tree shape, within each clade. We reduced
these 30 summary statistics to a set of 14, using a variable se-
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lection procedure (appendix; table 1). Our simulations were
written and implemented in R, version 3.4.2.
Analysis of Simulation Outputs

We compared the distributions of each summary statistic for
simulated clades generated under different geographic speci-
ation modes, using pairwise Kolmogorov-Smirnov tests (KSts).
Our simulations generated large sample sizes (∼7,200 repli-
cates for each speciation scenario), which may return signif-
icant P values even when the effect sizes are small. To re-
duce the chance of misinterpreting significant differences,
we ran the analysis across 500 randomly subsampled simu-
lation replicates 100 times and took the mean values of the
test statistic and P value. Next, we asked whether the signal
of speciation is stronger than the signal of geographic-range
evolution in present-day (simulated) data, by exploring which
model parameters explained the greatest amount of varia-
tion in the summary statistics, independent of all other model
parameters. To do this, we used a hierarchical partitioning
protocol (Chevan and Sutherland 2017) that assesses all pos-
sible combinations of independent variables (model param-
eters) on the response (summary statistics) in a generalized
linear modeling framework and partitions the variance ac-
cording to a goodness-of-fit statistic (R2). This allows for the
independent assessment of each parameter’s contribution
while removing the effects of multicollinearity (MacNally
2000). Hierarchical partitioning was implemented in the
R package hier.part (Walsh and MacNally 2013).
Empirical Data Collection

We used the outcomes of the simulation model to infer spe-
ciation modes in a selection of empirical data sets. We col-
lected spatial and phylogenetic data for 30 clades (six plant,
two fish, one invertebrate, four amphibian, four reptile, five
mammal, and eight bird clades), selected to cover a range of
taxonomic groups and levels, clade sizes, and geographic re-
gions (appendix; table A3). All selected clades were mono-
phyletic and densely sampled, with all clades having 180%
of known species included and most having 190%. Spatial
data for species distributions were obtained, where possible,
as spatial polygons from the International Union for theCon-
servation of Nature (IUCN; http://www.iucnredlist.org) or
BirdLife (2016), which depict species range extents based
on both occurrence data and expert assessment of species
contemporary distributions. Where range polygons were
not available, we used point occurrence records downloaded
from the Global Biodiversity Information Facility (GBIF;
http://www.gbif.org) and cleaned of obvious outliers or sup-
plied from the supplemental materials of an associated article
relating to the clade. Spatial polygons were estimated from
occurrence points with a fixed-k convex-hull method (Getz
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Simulating the Geography of Speciation 000
andWilmers 2004). From the spatial and phylogenetic data we
obtained the same summary statistics as from the simulated
data.
Model Selection

To infer the predominant speciation mode in the empiri-
cal data sets, we used three likelihood-free model selection
and model classification techniques: a machine-learning lin-
ear discriminant analysis (LDA) and two ABC approaches.We
tested the discriminatory ability of our candidate summary
statistics to distinguish speciation modes for each method by
using a leave-one-out cross-validation procedure, calculat-
ing the rate of model misspecification for each geographic
speciation mode (the reclassification accuracy). We then in-
ferred the geographic mode of speciation in the 30 empirical
data sets, using LDA, implemented with the caret package in
R (Kuhn 2016), and two ABC methods (multinomial logistic
regression [mnL], and neural net [NN]), implemented with
the abc package (Csilléry et al. 2012). An illustrated example
of the simulation and model selection pipeline can be seen in
figure 2. Derived summary statistics for both empirical and
simulated data are deposited in the Dryad Digital Repository,
https://dx.doi.org/10.5061/dryad.d9j09bm (Skeels and Cardillo
2019; data tables A and B, respectively).
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Results

Simulation Results: Speciation Mode, Range Evolution,
and Biodiversity Summary Statistics

Across our simulated data set, many of the summary statis-
tics exhibited enough variation between speciation modes
to provide discriminating power. Variance partitioning showed
that, of the parameters included in the simulations, the geo-
graphicmode of speciation had the largest independent effect
on 12 of the 14 summary statistics (fig. 3A), while the rate of
niche position evolution explained more of the variation in
two summary statistics, RDintercept and TOmean (see table 1 for
abbreviations). Pairwise KSts confirmed that distributions
of the 14 retained summary statistics were significantly differ-
ent between speciationmodes (fig. 4). The KSts identified two
summary statistics (ROintercept and Asymintercept) that were able
to distinguish between the five speciation models in 9 of the
10 pairwise comparisons and a further two (ARCslope and
TOmean) that were able to distinguish between models in at
least eight comparisons.
There were a number of broad patterns evident in the

summary statistics generated from our simulated data set.
(1) Founder speciation led to the highest degree of range
isolation and lowest range overlap. (2) Vicariant speciation
resulted in larger absolute range sizes, low rates of range
Table 1: The 14 summary metrics used for the study of the geographic mode of speciation with description and supporting references
Summary metric
 Abbreviation
 Description
Age-range correlation (ARC)
 ARCslope, ARCintercept
 Slope and intercept of regression between phylogenetic node age
and geographic-range overlap (RO) among nodal descendants
(Fitzpatrick and Turelli 2006)
Sister species RO# divergence
times
ROintercept
 Intercept of regression between sister species RO and divergence
times; similar to ARC but uses only sister species
Mean sister species RO
 ROmean
 RO p proportion of range of the smaller-ranged sister species
found within the larger-ranged sister species
Sister species sympatry proportions
 RO90, RO100
 Proportion of species that have RO ≥ .9 or RO p 1.0

Difference between sister species

RO and sister species–outgroup
RO
TOmean
 Mean of the difference in the RO between sister species and the RO
of each sister species with an outgroup species; scaled between
21, where sister species ranges overlap completely with outgroup
ranges and not at all with each other, and 1, where sister species
ranges completely overlap with each other and not at all with
outgroup ranges (Cardillo 2015)
Range asymmetry# divergence
times
Asymslope, Asymintercept
 Slope and intercept of regression between range asymmetry
and divergence times
Mean and SD of standardized
range size
RSmean, RSSD
 Standardized range size for each species p (range size)/(largest
range size in clade); measured across all tip species in the
phylogeny
SD of standardized distance
between sister species ranges
RDSD
 Standardized range distance p (minimum distance between sister
species ranges)/(maximum distance between two species in
the clade)
Range isolation# divergence times
 RDintercept
 Intercept of regression between standardized range distance
and divergence times
Sackin’s index
 SI
 Phylogenetic tree imbalance (Blum and François 2005)
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Figure 2: Schematic of the simulation procedure (A), simulation output (B), and model selection procedure (C). A, Simulation workflow: at
each time, step each species geographic range (i) can expand via dispersal (ii) or change as a result of changes in the distribution of suitable
habitat (iii); the probabilities of each event are assessed, and one event is selected (iv) from niche evolution (v), extinction (vi), or speciation
(vii). This algorithm is repeated until a clade of a given number of species is generated. B, Simulation output: the simulation generates a set of
species distributions (i) and a phylogenetic tree (ii). Summary metrics are then derived from the final output, including range overlap#node
age (iii), temporal distribution of nodes (g; iv), and distribution of sister species range overlap and range size (v). C, Model selection procedure:
data processing and model validation (i), generating summary statistics for clades of interest (ii), implementing model selection procedures
(ABC p approximate Bayesian computation; NN p neural net; mnL p multinomial logistic regression; LDA p linear discriminant analysis; iii),
and identifying support for different geographic speciation modes based on posterior probabilities (iv).
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Simulating the Geography of Speciation 000
asymmetry, and more balanced phylogenetic branching.
(3) Sympatric speciation resulted in the highest degree of
range overlap and the lowest range isolation. (4) Parapatric
speciation resulted in highly imbalanced phylogenetic trees
and asymmetrical range sizes (fig. 3B).

The relative difference between summary statistics for
different speciation modes was generally consistent for dif-
ferent values of key model parameters (e.g., the degree of
range overlap was higher in sympatric than in vicariant spe-
ciation modes at different rates of niche position evolution;
fig. 3B). However, variance partitioning showed that both the
rate of niche position evolution (NEP) and the rate of dispersal
(D) explained a considerable amount of variance in a number
of summary statistics (fig. 3A). Other parameters, including
the rate of niche breadth evolution and the environmental-
change model, also explained a considerable amount of vari-
ance in some parameters, although this was less consistent
across summary statistics (fig. 3A). Investigating relation-
ships between estimated summary statistics and parameter
values for key range evolution parameters for each speciation
mode separately, we found that the same values for several
summary statistics could be produced by different speciation
modes at different values of niche position evolution (NEP)
and dispersal (D). This shows the interactive effect of specia-
tion mode and range/niche evolution (e.g., range size asym-
metry is similar when speciation is sympatric and dispersal
rates are low, compared to when speciation is parapatric and
dispersal rates are high; fig. 3B). Higher rates of niche evo-
lution led to increased range isolation, decreased range size
and range overlap, and greater asymmetry of range sizes.
Dispersal rate, on the other hand, had an opposing effect, in-
creasing range overlap and range size while decreasing range
isolation and range asymmetry. Furthermore, some sum-
mary statistics did not show clear directional trends with
model parameters or did not shift in parallel across speciation
modes. For example, phylogenetic tree shape (SI) showed an
increasing trend with niche evolution rate for the vicariant
speciation model but no trend for other speciation models
(fig. 3B).
Empirical Results: the Geography of Speciation
across Plants and Animals

We asked whether biodiversity summary statistics for 30 dif-
ferent clades, spanning a broad range of plant and animal
taxa, are consistent with a single predominant mode of speci-
ation within clades. We used three alternative model selection
methods to infer the support for different speciation modes.
We found that mammal clades tended to show strongest sup-
port for a founder mode of speciation, with two clades, the
Madagascan lemurs (Lemuridae) and the Australian diproto-
dont marsupials (Diprotodontia), also showing strong sup-
port for vicariant speciation, especially under the two ABC
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methods, mnL and NN (fig. 5). Similarly, bird clades showed
strongest support for founder speciation, except for the Aus-
tralian robins (Petroicidae), which showed equivalent levels
of support for vicariant, mixed, and founder speciation, and
the indigobirds/whydahs (Vidua), which showed strongest
support for vicariant speciation with mnL and for both mixed
and vicariant speciation modes with LDA and NN. Founder
speciationwas also strongly supported in three of the four rep-
tile clades, while support for different speciation modes was
more variable among the amphibian, fish, and insect clades.
Among plant genera, three (Protea, Hakea, and Bursera)
showed support for sympatric speciation under all threemeth-
ods, one (Sidalcea) for parapatric speciation, and two (Banksia
andMimulus) for a mixed model of speciation, although LDA
strongly supported sympatric speciation in these two genera.
In only one of the 30 clades we tested (Myobatrachidae) was
there strong support for a vicariant speciation mode across
all three methods. Relative levels of support for different speci-
ation modes tended to be consistent among the three meth-
ods (LDA, mnL, and NN), although in general, the LDA
methodmore frequently attributed strong support to a single
speciationmode, whileNNwasmore likely to apportion sup-
port more evenly among several modes.
Model classification accuracy was assessed with a cross-

validation procedure for each method (LDA, mnL, and
NN). We found that reclassification accuracy was signifi-
cantly better than random (k 1 0:6, P ! :001 across three
methods), and we were able to predict the correct model
of speciation geography in 69%–71% of simulations. Vi-
cariant speciation had the highest reclassification accuracy
of all speciation models (184%), followed by sympatric
(178%), founder (173%), parapatric (161%), and finally
the mixed model (!46%). Model adequacy was assessed
graphically by plotting the predicted values for the first
two axes of an LDA for the empirical data sets onto the sim-
ulated data sets (fig. 6). The empirical data sets fall within
the range of our simulateddata inall cases, sowe can conclude
that our simulations generated realistic biogeographic patterns
(Pudlo et al. 2016).

Discussion

Detecting the Geographic Mode of Speciation

Comparative analyses to recover the prevailing geographic
mode of speciation in clades have been limited by uncer-
tainty over how much of the historic signal of speciation is
retained in contemporary biodiversity data and how much
is eroded by postspeciation geographic-range movement
(Losos and Glor 2003). Previous attempts to model these
processes have gone some way to reducing the uncertainty,
but their interpretation has remained rather ambiguous be-
cause models have been based on a limited set of processes,
have typically applied only one or two summary statistics to
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Simulating the Geography of Speciation 000
recover signal from contemporary data, and have focused on
hypothesis testing rather than model comparison and selec-
tion (Barraclough and Vogler 2000; Fitzpatrick and Turelli
2006; Phillimore et al. 2008; Cardillo and Warren 2016). Fig-
ure 3B illustrates why previous studies based on one or two
biodiversity summary statistics have often lacked power to
discriminate geographic speciation modes. Interactive effects
between speciation mode and range evolution mean that
models with different speciation modes can return similar
values for summary statistics, depending on the range of
dispersal and niche evolution parameters.

Our simulation model (DREaD), together with model se-
lection methods based on 14 summary statistics that cap-
ture aspects of species range sizes, proximity, and overlap
and their phylogeny, show that the signal of speciation
mode can indeed be detected in contemporary biodiversity
data. Several of our analysis results point to this conclusion.
First, the geographic mode of speciation had the strongest
independent effect on the majority of summary statistics,
compared to other simulation model parameters (fig. 3A).
Second, simulations under different speciation modes pro-
duced summary statistics with consistently different distri-
butions (e.g., figs. 3B, 4). Third, the cross-validation proce-
dures under both LDA and ABCmethods had a considerably
higher-than-random reclassification accuracy. This allowed
us to infer the geographicmodes of speciation in 30 empirical
clades across a broad range of plant and animal taxa. The
results point to a predominance of founder speciation in
animals and of sympatric speciation in plants.
Broad-Scale Patterns in Speciation Mode

Our reconstructions of geographic speciation modes for
plant and animal clades reveal broad-scale taxonomic pat-
terns in speciation mode across a wide range of organisms.
For much of the twentieth century, allopatric speciation was
widely considered the most likely mode of speciation, at
least in animals, because of the theoretical requirement
for disruption to gene flow in order to generate reproduc-
tive isolation (Mayr 1963). This idea has been supported by
several comparative studies of speciation mode in mammals
and birds (Fitzpatrick andTurelli 2006; Phillimore et al. 2008)
and is supported for many vertebrate clades in our study. De-
spite the importance of allopatry in the formation of incipient
This content downloaded from 134.12
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species, debate over the relative importance of vicariance ver-
sus dispersal has been of interest in biogeography, as these
different mechanisms relate to fundamentally different pro-
cesses—geographic isolation is environmental in the case of
vicariant speciation (e.g., mountains, rivers, coastlines) and
essentially biological in the case of founder speciation, since
dispersal is associated with the mobility of individual organ-
isms. Our result is consistent with recent evidence for the fre-
quency of founder-event speciation in model-based biogeo-
graphic analyses (Cowie and Holland 2006; Matzke 2014),
suggesting that the preponderance of allopatric speciation
might be explained by the continual dispersal “attempts” be-
ing made by individual organisms driven beyond their range
limits (propagule pressure; Levin 2006), compared to the rel-
ative infrequency of the geological events that cause a popula-
tion to be subdivided (Gaston 1998).
More recent theoretical developments have shown that

speciation can occur with geographic-range overlap and
the opportunity for gene flow (Gavrilets et al. 2000; Baack
et al. 2015). A number of studies have demonstrated this
empirically (e.g., Barluenga et al. 2006; Savolainen et al.
2006; Seehausen et al. 2008; Peakall et al. 2010) and sug-
gest that it may be common, especially in higher taxa such
as plants (Anacker and Strauss 2014; Grossenbacher et al.
2014) and, under certain conditions, in animals (Bush
1994; Via 2001; Nosil 2008; Rosser et al. 2015). Our results
support this suggestion by inferring a prevailing sympatric
mode of speciation for many of the plant clades we exam-
ined as well as for several herptile clades (Anolis, Litoria,
and Plethodon) and the rockfish genus Sebastes. Many of
these groups are hypothesized to have diversified by mech-
anisms of ecological divergence, a key step in establishing a
unique species identity in the face of gene flow. The Carib-
bean lizard genus Anolis is, in fact, a textbook case study for
repeated speciation by the divergence of co-occurring is-
land populations into habitat-specific ecomorphs (Mahler
et al. 2010). Sympatric speciation has always been consid-
ered to be more prevalent in plants than in animals, because
of strong divergent or disruptive selection that can be exerted
by ecological mechanisms such as differences in flowering
times or soil type specialization (Savolainen et al. 2006)
and because plants are considered prone to speciation by ge-
nome duplication leading to polyploidy (Rieseberg and Willis
2007).
Figure 3: A, Independent effect (% of variance explained) of each simulation model parameter on 14 summary statistics (table 1) describing
spatial and phylogenetic biodiversity patterns; B, relationship between five summary statistics and two key model parameters, niche position
evolution (NEP) and dispersal rate (D), for each of the five speciation modes. Summary statistics can be classified as describing either
measures of range overlap (horizontal green line in A), range isolation (blue line), range size (yellow line), range asymmetry (purple line),
or phylogenetic tree shape (orange line). B depicts the loess curves for one summary statistic from each of these categories to give a graphical
impression of the general trends: ROintercept, a measure of range overlap (i), Asymintercept, a measure of range size asymmetry (ii), RDintercept, a
measure of the distance between sister species ranges (iii), RSmean, a measure of the average range size (iv), and Sackin’s index (SI in A), a
measure of phylogenetic tree imbalance (v). Env. change p environmental change.
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Geographic-Range Evolution

Although themode of speciation was the major driver of spa-
tial and phylogenetic patterns in our simulated data, there
were strong interactive effects of niche evolution and dis-
persal with the mode of speciation. Niche position evolution
was negatively correlated, and dispersal positively correlated,
with range overlap, such that low rates of niche evolution (i.e.,
niche conservatism: Wiens 2004) and a high rate of dispersal
were both associatedwith a higher degree of range overlap be-
tween closely related species. The explanation of this effect in
our simulation model also suggests a plausible biological sce-
nario in the real world, as follows: if allopatric sister species
inherit a similar environmental niche from their common an-
cestor, then in a spatially autocorrelated landscape the most
suitable habitat for a species is likely to be found within the
range of its sister species. A high dispersal capacity will offer
many opportunities for sister species ranges to move back
into sympatry (Pigot and Tobias 2014). This suggests that
the degree of spatial autocorrelation in key environmental-
niche variables for a given clade may be important: if niches
are conserved, stronger spatial autocorrelation should exert a
pressure for distributions of sister species to overlap. A fur-
ther process that could counteract this pressure for sister spe-
cies to overlap is biotic interaction. We did not incorporate
biotic interactions (such as interspecific competition) into
This content downloaded from 134.12
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our model because they add a substantial layer of complexity
and are probably best tackled as a separate question, but it is
conceivable that in some cases, competition serves to mini-
mize range overlap and maintain allopatric distributions
(Pigot and Tobias 2013; Wisz et al. 2013; Pigot et al. 2018).
We suggest that this should be an important avenue for fur-
ther development of our model.
Environmental-change parameters did not exert a strong

influence on the distribution of the summary statistics, possi-
bly because of a filtering effect. If a species cannot disperse
rapidly enough to track environmental change, there will be
a high probability of its extinction, leaving no record in con-
temporary phylogenetic and geographic data. Furthermore,
species that are severely affected by climatic change may be
a phylogenetically biased sample, if closely related species in-
herit from their common ancestors (1) a similar capacity to
disperse, (2) similar ecological traits that put them at risk of
extinction, or (3) the occupation of similar habitats that
are differentially threatened (Parmesan 2006). Depending
on the phylogenetic conservatism of key environmental-
niche traits, we might therefore expect closely related species
to show similar responses to environmental fluctuations.
In some cases, this could elevate the probability of extinc-
tion of the entire clade, while in others it may serve to
maintain the relative spatial relationships of species ranges.
Model Assumptions and Caveats

Like anymodel of complex systems, the DREaDmodel nec-
essarily makes a number of simplifying assumptions. As
mentioned above, we omit the possible role of biotic inter-
actions in limiting species range boundaries. Additionally,
our modeling approach follows, a priori, the simplifying as-
sumption that speciation can be categorized into a set of
discrete geographic modes. The geography of speciation,
however, could instead be described by a continuum from
complete spatial separation to complete overlap (Fitzpatrick
et al. 2009). There is empirical evidence to suggest that many
speciation events may be best explained with varying degrees
of range overlap along this continuum (Pinho andHey 2010).
Furthermore, each individual speciation event may involve a
protracted process inwhich populations pass through various
stages of allopatry and sympatry. For example, gene flow be-
tween populations may recur at different stages of the speci-
ation process (Rundle and Nosil 2005; Nosil 2008), with ge-
netic variation accumulating in allopatry, then becoming sorted
into sympatric populations through introgression (Feder et al.
2005; Poelstra et al. 2018). In such cases, whether we can iden-
tify the one predominant geographic mode of speciation is
unclear. Our model is phenomenological and simulates di-
vergence at the lineage level rather than the population level,
so we cannot rule out more complex speciation histories of
the clades we have investigated. We believe that there is some
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Figure 4: Number of significantly different comparisons of the dis-
tribution of 14 summary statistics (table 1) between each pair of spe-
ciation modes in the simulated data set; 10 pairs in total. Significance
was tested with Kolmogorov-Smirnov tests.
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value in classifying speciation modes into discrete categories
at this level of investigation. For example, if speciation is com-
pleted in sympatry, then a spatial model of sympatric speci-
ation may adequately capture the spatial patterns of diver-
gence, even if the processes by which those patterns emerge
are not explicitly considered. Nevertheless, we acknowledge
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that definitions of allopatry and sympatry often fall in a gray
area that defies simple categorization.
We treat speciation mode as a categorical parameter in

our model to compare whether one particular speciation
mode predominates in the evolutionary history of each
clade or a mixed model of speciation better explains the
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Figure 5: Posterior probabilities for inferred geographic speciation mode for 30 plant and animal clades. The height of the colored bars
indicate the relative support for each speciation mode under each of three model selection methods: linear discriminant analysis (LDA),
multinomial logistic regression (mnL), and neural net (NN). Clades are grouped by higher taxa: plants, mammals, birds, reptiles, amphibians,
fish, and invertebrates. Founder speciation shows the strongest support in birds, mammals, and reptiles, whereas sympatric, parapatric, and
mixed speciation modes tend to prevail in amphibians and plants.
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data in amodel selection framework. However, as themixed
model had poor reclassification accuracy in the simulation
analysis, there may be a bias toward underrepresentation in
the posterior probabilities of our model selection proce-
dure. This may partially explain the tendency for greater
support for single speciation modes in the clades we inves-
tigated. We suggest that a future avenue of research should
be to allow the frequencies of different speciation modes
(l parameter) within a clade to be estimated from the data.
In fact, several model-basedmethods for reconstructing an-
cestral ranges already do this (e.g., DIVA: Ronquist 1997;
DEC: Ree and Smith 2008). However, these methods differ
from DREaD in that they treat geographic ranges as the
occupancy of discrete biogeographical regions; they do not
explicitly model speciation as a function of the configura-
tion of species ranges in continuous space and are aimed at
This content downloaded from 134.12
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reconstructing large-scale biogeographic shifts rather than
the geographic mode of speciation.
As well as the relative values of l between modes, the ab-

solute rate of speciation and the function linking range size
to the probability of speciation require further exploration.
The justification of a peaked relationship between range size
and speciation is largely based on theory regarding the place-
ment of barriers and the likelihood of vicariant speciation
(Rosenzweig 1978; Gaston 2003); however, whether we ex-
pect the same relationship to holdwith other speciationmodes
is unclear, as there is little empirical evidence on which to base
the parameterization of this model component. It is possible
that different relationships between speciation mode, range
size (and other features of species biogeography), and specia-
tion rate may lead to patterns in summary statistics different
from thosewe observed. The rate of speciation relative to other
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rates in DREaD (e.g., niche evolution, dispersal, or environ-
mental change) may also affect the relative impact of these
parameters on biogeographic patterns, although we did not
explore this in depth. There are still relatively few spatially ex-
plicit studies that have integrated multiple macroevolutionary
and biogeographic processes (but see, e.g., Qiao et al. 2016;
Rangel et al. 2018), so there ismuchwork to be done to under-
stand how these dynamics interact to influence present-day
patterns in species distributions (Weber et al. 2017).

Another area of uncertainty is the sensitivity of our
results to the way species geographic ranges are defined.
In particular, the use of polygons that define a species extent
of occurrence may overestimate the degree of range overlap
between two species and hide the microallopatry that may
occur at much finer spatial scales (Cardillo and Warren
2016). For example, although we found strong support
for a sympatric model of speciation in Sebastes rockfish,
previous studies have suggested that species in this group
have partitioned geographic space in three dimensions
along a depth gradient and that their distributions may be
better explained by a parapatric model of speciation (Ingram
2011). Furthermore, there may be a difference between us-
ing polygons that have been determined by expert assess-
ment (e.g., IUCN) and using those that are modeled from
species occurrence records (e.g., convex hulls), as these
may infer range boundaries at different resolutions, poten-
tially biasing hull methods toward nonallopatric speciation
modes. However, it is far from clear what the appropriate
spatial resolution is for the measurement of geographic-
range overlap to infer speciation mode, and we suspect that
the answer is context dependent, depending on the pat-
terns of habitat use and dispersal capabilities of the spe-
cies involved. The application of simulation models such as
DREaD may allow this to be tested in silico to inform future
studies.
Conclusions

Losos and Glor (2003, p. 221) asked the question, “Can a null
hypothesis that speciation was not sympatric be rejected if
sympatric species are found to be sister taxa?” As allopatric
speciation is typically considered the “null model” of specia-
tion (Coyne and Orr 2004), the burden of evidence has been
on finding strong support for nonallopatric speciation (Bol-
nick and Fitzpatrick 2007). Comparative approaches to un-
derstanding speciation geography have stalled in the past de-
cade, partly because existing methods have had relatively
little discriminatory power.We have shown that, by adopting
an approach based on simulation and model selection in-
creasingly advocated in biogeography (Goldberg et al. 2011;
Matzke 2014; Qiao et al. 2016; Sukumaran et al. 2016; Cabral
et al. 2017), Losos and Glor’s question can be rephrased as
“Given the observed data and a model of geographic-range
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evolution, what is the support for allopatric speciation relative
to other models?”Our results suggest that a broad-scale com-
parative approach to understanding speciation processes can
indeed be powerful and informative.
In recent years, much of the research on speciation has

shifted away from tests with an explicitly geographic focus to-
ward questions about regions of the genome that show evi-
dence of divergence among populations in the context of gene
flow and selection (Feder et al. 2012, 2013; Seehausen et al.
2014; Wolf and Ellegren 2016; Foote 2018). We see broad-
scale comparative methods and taxonomically focused ge-
nomic and population genetic studies as complementary.
At present, a broad taxonomic overview of inferred speciation
modes can be achieved only by using geographic and phylo-
genetic data, and the outcomes of such analyses can serve to
generate hypotheses about speciationmechanisms that might
then be testable in particular species groups through the use
of genomic data.
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