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abstract: The biogeography of speciation and what can be learned

about the past mode of speciation from current biogeography of sis-

ter species are recurrent problems in evolution. We used a trait- and

individual-based, eco-evolutionary model to simulate adaptive radia-

tions and recorded the geographical overlap of species during and

after evolutionary branching (speciation). We compared the spatial

overlap among sister species in the fully saturated community with

the overlap at the speciation event. The mean geographic overlap at

speciation varied continuously from complete (sympatry) to none

(allopatry), depending on local and regional environmental hetero-

geneity and the rate of dispersal. The distribution of overlap was,

however, in some cases considerably bimodal. This tendency was

most expressed at large values of regional heterogeneity, correspond-

ing to sharp environmental contrasts. The mean geographic overlap

also varied during the course of a radiation, sometimes with a consis-

tent negative trend over time. The speciations that resulted in cur-

rently observable end community sister species were therefore not

an unbiased sample of all speciations throughout the radiation. Post-

speciation range shifts (causing increased overlap) occurred most

frequently when dispersal was high or when local habitat heteroge-

neity was low. Our results help us understand how the patterns of

geographic mode of speciation emerge. We also show the difficulty

in inferring the geographical speciation mode from phylogenies and

the biogeography of extant species.

Keywords: ecological interactions, evolutionary dynamics, speciation,

adaptive radiation, metacommunity, individual-based modeling.

Introduction

Speciation can be characterized by two critical steps: the
evolution of ecological divergence, which ensures long-
term coexistence, and reproductive isolation, which keeps
the gene pools separate and the species proper (Coyne and
Orr 2004). The relative importance of the two processes
and the biotic and abiotic drivers of speciation has been

studied and debated for more than a century. Because long
(evolutionary) timescale processes are inherently difficult to
study, indirect methods to infer the dominating processes
of speciation have been used, although often on the basis
of questionable assumptions (e.g., Losos and Glor 2003).
It has long been argued that reproductive isolation most

easily evolves if the incipient species are geographically
isolated, to allow for the necessary genetic linkage between
ecological and mating traits (Mayr 1942; Felsenstein 1981a).
It can also be argued that the spatial distribution of newly
formed types, on the way to speciation, plays a large role
for the ecological forces driving the necessary ecological di-
vergence. Several theoretical studies support these ideas by
showing that a spatially heterogeneous environment with
limited dispersal may generate the necessary disruptive se-
lection for the evolution of habitat specialists (Brown and
Pavlovic 1992; Day 2000; Parvinen and Egas 2004; Nilsson
and Ripa 2010). In addition, empirical studies show that
island size (Losos and Schluter 2000) and local habitat het-
erogeneity (Hobohm 2000; Roos et al. 2004; Hughes and
Eastwood 2006) are positively related to local speciation rate.
In contrast, several natural systems with low habitat hetero-
geneity, few geographical barriers, and high dispersal (e.g.,
marine systems) can contain a vast diversity (Rocha et al.
2005; Krug 2011), implying that ecological mechanisms such
as resource specialization and coevolution are in some cases
the main drivers of speciation. In fact, spatial separation
may be the direct consequence of habitat specialization, ei-
ther as a result of coupled evolution of habitat preferences
(Fry 2003; Gavrilets and Vose 2005) or philopatry (Kisdi
2002) or because dispersing individuals fail to establish in
competition with locally adapted types (DeMeester 1996;
Ogden and Thorpe 2002; Dieckmann et al. 2004; Nosil
et al. 2009). The spatial separation of different lineages
may thus be both a cause and a consequence of the eco-
logical divergence.
The geographic distribution of closely related species is

often used to infer underlying evolutionary mechanisms,
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despite its ambiguities. For example, species ranges are
used for ecological niche modeling (Elith and Leathwick
2009) to study patterns of niche conservatism, that is,
whether closely related species are also close in niche space
(e.g., Peterson et al. 1999; Eaton et al. 2008; Nakazato et al.
2010; Couvreur et al. 2011). Also, the geographical overlap
of sister species, especially as a function of time since spe-
ciation, has been used to assess the biogeography of the
speciation process (Barraclough andVogler 2000; Nakazato
et al. 2010; Couvreur et al. 2011; Quenouille et al. 2011).
This approach has been criticized because species ranges
may shift several times on the typical timescale of phylog-
enies, producing a noisy pattern with little information
about the biogeography at the time of speciation (Losos
and Glor 2003; Fitzpatrick and Turelli 2006). On this note,
studies have used simulations to investigate how different
types of range changes may affect the link between end
community patterns and the geographical overlap among
newly formed species (e.g., Barraclough and Vogler 2000;
Phillimore et al. 2008). It can also be questioned to what
extent extant sister species represent an unbiased sample
of all speciation events from a particular phylogeny. Dur-
ing an adaptive radiation (the rapid diversification of a
single ancestral species, driven by ecological opportunity,
within a bounded geographic region), it can be expected
that competition with congeners plays an increasingly im-
portant role as the biodiversity builds up. Consequently,
speciation events that occur late in a radiation, typically
resulting in extant sister species, take place under differ-
ent ecological conditions compared with early speciations
and thus may not be representative for the whole clade
(Quenouille et al. 2011).

We used a trait- and individual-based eco-evolutionary
model, introduced by Day (2000) and extended by Pontarp
et al. (2012b), with a spatially explicit environment to in-
vestigate the biogeography of speciation events during an
adaptive radiation. We defined species as clusters of indi-
viduals having similar traits, and we viewed a cluster that
branched into two distinct clusters in trait space as a speci-
ation event. With this as background, we simulated adap-
tive radiations of competitive metacommunities—a set of
local communities connected by dispersal (Leibold et al.
2004; Urban and Skelly 2006; Urban et al. 2008). First,
we asked how dispersal, the number of available niches
within a habitat (here referred to as local heterogeneity),
and differences between habitats (here referred to as re-
gional heterogeneity) affect the geographical overlap during
speciation throughout the adaptive radiations. Second, we
investigated how well the spatial overlap of sister species
in the saturated and fully evolved metacommunities corre-
sponds to the overlap at speciation of those species and
whether the biogeography of those sister species is repre-
sentative of speciations across the entire adaptive radiation.

Finally, we studied postspeciation range shifts and whether
classical measures of the geographical overlap of end com-
munity sister species as a function of time since speciation
can be used for inference of the biogeographic mode of past
speciation events (Barraclough and Vogler 2000; Nakazato
et al. 2010; Couvreur et al. 2011; Quenouille et al. 2011).

Methods

Similar to several earlier models of competitive interac-
tions and the evolution of resource specialization (Chris-
tiansen and Loeschcke 1980; Brown and Vincent 1987;
Dieckmann and Doebeli 1999; Haller et al. 2013), we as-
sume that local fitness of a particular phenotype is a func-
tion of a single, continuous, evolving trait (e.g., body size)
that maps onto a unimodal resource distribution. We use
the distribution of trait values to define species and speci-
ation events: clusters of phenotypically similar individuals
are viewed as species, and clusters branching into two dis-
tinct clusters are registered as speciation events (see details
below).
The spatial structure in our model consists of five dis-

tinct habitats connected by stepping stone dispersal, each
with a unique resource distribution. Individuals reproduce
according to their local fitness, and a proportion of the
individual offspring disperse to adjacent habitats. Taken
together, the habitats constitute a regional environment
sufficiently coarse grained to allow for the buildup of a rea-
sonably speciose metacommunity (Leibold and Norberg
2004; Urban 2004; Thompson 2005). If the overlap of the
resource distributions among habitats is large, they are eco-
logically similar, and the entire region has relatively low re-
gional heterogeneity. Conversely, if the overlap of the re-
source distributions is low, the regional heterogeneity is
high (fig. 1).
Individuals reproduce according to their fitness, adapt

to their biotic and abiotic environment through muta-
tions, and disperse in space. The adaptive radiation and
the geographical distribution of individuals are driven by
microevolution, and speciation and extinctions are thus
emergent properties of this process.

The Model

The use of local resources for survival and reproduction is
defined by the organism’s ecological trait value (z). This
trait maps onto the local resource distribution and deter-
mines which range of the resources that an individual can
efficiently utilize. Keeping the size analogy, the trait (z)
can, for example, be interpreted as the beak size of a gra-
nivorous bird that utilizes some part of a size distribution
of seeds on an island. Individuals that have similar traits
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Figure 1: Examples of simulated adaptive radiations with the corresponding reconstructions of the phylogenetic trees for high (a) and low
(b) regional heterogeneity. Each colored dot in the figures corresponds to an individual in time (Y-axis) and trait space (X-axis). The color
indicates in which habitat the individual occurs. Nodes and branch lengths in the tree are derived from branching events and time steps
between them. Color coding of leaves and circles in the phylogeny denote habitat occupancy and nodes that correspond to sister species,
respectively. The resource distributions for each color-coded habitat mapped on the trait axis are shown at the left. Modified from Pontarp
et al. (2012b) and chosen for illustration; other parameters can give less distinct clusters.
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in our model compete more for shared resources than less
similar ones.

Local fitness (the expected number of offspring) of a fo-
cal individual is a function of its trait value (matching the
local resource distribution), the traits of all other individu-
als in the same habitat (utilizing the same resources), and
the local resource distribution. These assumptions are ex-
pressed in a model of local fitness according to a fitness
generating function (G function) derived from the classical
Lotka-Volterra competition model (Vincent and Brown
2005):

G(z, z,Zi)p 11 r

�

12

P

j
a(z, zj)

K(z,Zi)

�

, (1)

where

K(z,Zi)pK0e
2½(z2Zi)

2=2j2K �,

a(z, zj)p e2½(z2zj)
2=2j2a�,

(2)

(3)

where z is the trait value of the focal individual, z is a vector
of trait values of all individuals in the same habitat (includ-
ing the focal individual), and Zi is the local optimal trait
value in habitat i. The parameter r denotes the intrinsic
growth rate (equal for all individuals), and K(z,Zi) is the
carrying capacity as experienced by the focal individual.
K0 denotes the maximal carrying capacity (at zpZi), and
the resource availability falls off symmetrically as z deviates
from Zi according to the width of the resource distribution
(jK). The function a(z, zj) gives the competition coefficient
between the focal individual and a competitor with trait zj,
standardized such that a(zj, zj)p 1 and 0 ! a(zi, zj) ! 1
(zi ( zj). If all individuals have the same z value, the sum
in equation (1) evaluates to the number of individuals in
the same habitat, and equation (1) gives the per capita growth
rate of the discrete time logistic equation. Finally, competi-
tion declines with distance in trait space according to aGauss-
ian function with standard deviation ja (eq. [3]).

Each habitat’s resources are distributed and centered
around a unique position, Zi, on the trait axis, positioned
such that the habitats are lined up with a fixed interval,
DZ, between resource peaks (fig. 1). Neighboring habitats
in trait space are also considered neighbors in real space.
Between reproductive events, each individual disperses with
a probability d to a randomly chosen neighboring habitat
(stepping-stone dispersal). The dispersal rate d can be in-
terpreted as a measure of geographical distance between
habitats or the dispersal propensity of the organism.

The relative magnitudes of the parameters defined above
determine local and regional heterogeneity (Pontarp et al.
2012b). The width of the resource distribution (jK) and the
distance between resource peaks (DZ) determine the degree
of resource overlap between habitats in trait space (fig. 1).

If the distance between resource peaks is large and the width
of the distributions is small, then the habitats are ecologically
distinct with small resource overlap. The quotient DZ/jK is
thus a measure of habitat differences in terms of resource
type—here referred to as regional heterogeneity.
A large ja leads to relatively high degree of competition

between individuals with similar traits compared with a
small ja (Geritz et al. 1998). In this sense, ja represents
niche width, and the quotient jK/ja can be interpreted as
the potential for local niche differentiation among indi-
viduals or species—here referred to as local heterogeneity.
As described by Pontarp et al. (2012b), jK/ja affects the
branching process. If ja is larger than or close to jK, there
will only be room (in terms of niche space) for one species
(phenotypic cluster) per habitat and no branching will oc-
cur in the local community. On the other hand, if ja ≪ jK ,
local evolutionary branchings are facilitated (Geritz et al.
1998; Dieckmann and Doebeli 1999).

Simulations

Following Pontarp et al. (2012b), we used the model de-
scribed above to simulate adaptive radiations in spatially
distributed habitats, using different settings of regional het-
erogeneity (range 0.01–0.5), local heterogeneity (range 1–
10), dispersal rate (dp 1025 or dp 1023), and mutation
rate (mp 1024 or mp 1023). Other settings, unless other-
wise stated, were rp 1, K0 p 1,000, jK p 1. An individual
that is optimally adapted to its environment gets, accord-
ing to these parameters, two offspring per time step when
not affected by competition, and its progeny will grow to a
local population size of 1,000, disregarding dispersal and
competition from other morphs. Simulations were run in
MATLAB version 7.12.0 at the Swedish National Infra-
structure for Computing at the Center for Scientific and
Technical Computing at Lund University.
In the beginning of each simulation, the middle habitat

was seeded with 10 optimally adapted individuals (differ-
ent initial conditions were also tested; see “Initial Condi-
tions” in the appendix; appendix available online). Simu-
lations proceeded in alternating phases of reproduction
and dispersal each generation (time step). In the reproduc-
tion phase, each individual produced a Poisson-distributed
number of offspring with a mean equal to the individual’s
fitness (eqq. [1]–[3]). Each offspring inherited the z value
of its parent, unless they mutated with a probability m to
a slightly different trait value where the deviation followed
a normal distribution with mean 0 and standard deviation
of 0.02. This value was chosen to be large enough such that
local adaptation, speciation, and ultimately the adaptive
radiations progressed within reasonable time (in terms of
computational time) but were small enough so that dis-
tinct clusters (species) could be detected. After reproduc-
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tion, the parent generation was discarded, and all off-
spring were born into the habitat of their respective parent
but dispersed with probability d to one of the neighboring
habitats.

The adaptive radiation in our model saturated at some
equilibrium number of species, depending on parameter
values. Saturation does not mean that speciation ceases al-
together, just that further speciation events are cancelled
out by extinctions, caused by demographic stochasticity.
We stopped our simulations when the metacommunity
was saturated, and we refer to the extant species at this
point as the end community and analyzed patterns in over-
lap between end community sister species. More specifi-
cally, the stop criterion was based on the total number
of individuals in the system, which is closely linked to total
richness (fig. A5; figs. A1–A5 available online). If the mean
number of individuals in two sliding windows (5,000 time
steps long, positioned side by side at the end of the simu-
lation) differed by !100 individuals, the simulation was
stopped. In other words, we monitored the adaptive ra-
diations during the buildup of diversity, and the length of
simulations varied throughout parameter space. All simula-
tions were replicated 99 times. The source code is available
at http://dx.doi.org/10.5281/zenodo.18852.

Species Definition and Data Analysis

The microevolutionary processes (inheritance, mutation,
and selection) generated a clustered distribution of indi-
viduals in trait space. Clusters moved through trait space
following the current selection gradient and occasionally
split into new clusters as a result of disruptive selection
(Pontarp et al. 2012b). Similar to Pontarp et al. (2012b),
we used the clusters as a basis for our species definition.
Species identity was treated as a heritable trait, which did
not change as long as all individuals within a species had
a continuous trait distribution with gaps !0.1 (irrespective
of in which habitat the individuals occurred). As soon as a
gap of at least 0.1 was recorded within a species, that spe-
cies was split into two by altering the species identity of all
individuals. The individuals on one side of the gap were as-
signed to one unique species number, and all individuals
on the other side were assigned to another species number.
At this time, the spatial overlap of the newly formed spe-
cies was recorded (see below). Species gaps were evaluated
in this way every 50 generations. The heritability of spe-
cies identity meant that a species, once identified as such,
was never merged with other species, even though clusters
sometimes converged in trait space because of convergent
trait evolution.

The cluster limit of 0.1 was chosen primarily to agree
with what we could easily identify by eye as separate clus-
ters, but there are also biological reasons to why 0.1—or

something close to that value—was suitable. First of all,
0.1 corresponds to five times the standard deviation of
the mutations. It is thus highly unlikely that a single mu-
tation can lead to a new species, but a smaller limit would
make speciation too easy. Second, a larger gap size than
our chosen value, say at 0.2, means that many speciations
that are easily identified by eye are not detected by our
algorithm. The smallest niche width (ja) we used in our
simulations was exactly 0.1. We thus require a separation
of not more than one niche width to count a cluster as
a species. We also tested the robustness of our results to
this cluster limit (see “Robustness Tests” in the appendix).
We calculated the degree of geographical overlap be-

tween any two species (a and b) as

P

i
na,inb,i

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
P

i
n2
a,i

P

i
n2
b,i

p , (4)

where na,i and nb,i are the number of individuals of cluster
a and b in habitat i, respectively. The sums were taken over
all habitats (ip 1 : : :5). This metric is analogous to the
classic niche overlap index (MacArthur and Levins 1967):
it is 0 if there is no geographical overlap of the two new
species (corresponding to allopatry) and 1 if they have
identical geographical distributions of densities (corre-
sponding to perfect sympatry with no geographical segre-
gation). A possible interpretation, which relates this mea-
sure to other measures, is that each habitat represents a
whole suite of small habitat patches of similar type. The
density in each model habitat is then a mean-field approx-
imation of a more fine-grained spatial structure. Species
occurrence on the smaller scale is a highly stochastic pro-
cess with rapid turnover, governed by demographic sto-
chasticity rather than deterministic interactions. The prob-
ability of finding two species co-occurring in a small-scale
patch is then roughly proportional to the product of their
mean-field densities, and the expression in equation (4)
would amount to the total proportion of small-scale habi-
tats where two species co-occur.
Finally, wemeasured the geographical range size of a spe-

cies as the standard deviation in geographical position of
the individuals, where habitats 1–5 have geographical posi-
tions 1–5, respectively. A species that occurs in only one
habitat will, according to this definition, have a geographi-
cal standard deviation of 0, and a species that is distributed
uniformly in all five habitats will have a standard deviation
of 21/2. We rescaled the range size such that these extreme
values fall between 1 and 5. With this rescaling, our range
size measure can be roughly interpreted as the number of
habitats in which a species occurs with more than just a
small proportion. To obtain a single value of the range
size of a single speciation event, we used the mean range
size of the two newly formed species.
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Results

Biogeographic Patterns of Speciation

Depending on parameter settings, the mean geographic
overlap at speciation covered almost the entire range from
no overlap (0) to complete overlap (1). Note, however,
that the distribution of overlaps sometimes was highly bi-
modal and that the change of the mean could be due to a
shift in the balance between the two extremes (see below).
Figure 2 shows the mean overlap of all speciation events
that occurred throughout a radiation as a function of the
regional (X-axis) and local (Y-axis) heterogeneity. The four
panels show different combinations of high and low dis-
persal rate (d) and high and low mutation rate (m). As ex-
pected, the overall level of spatial overlap was higher in
the high dispersal cases (fig. 2b, 2d compared with fig. 2a,
2c). The rate of mutation had a more complicated effect, in-
creasing the overlap when habitat heterogeneity was low
and regional heterogeneity was high and decreasing when
habitat heterogeneity was high and regional heterogeneity
was low (fig. 2a, 2b compared with fig. 2c, 2d). This pattern
will be explained below. The mean geographic overlap at
speciation increased most clearly with increasing local het-
erogeneity (fig. 2) because of an enhanced local disruptive
selection and increased possibilities for local coexistence
(see also Geritz et al. 1998; Dieckmann and Doebeli 1999).
Regional heterogeneity had a somewhat more compli-

cated effect on the geographical overlap. At low levels of
local heterogeneity, the geographical separation of newly
formed species was maximized when regional heteroge-
neity was intermediate (lower part of parameter space;
fig. 2). An increased regional heterogeneity increases the
total number of speciations as a result of a larger number
of unique niches available. These new speciations will at
intermediate levels of regional heterogeneity be predom-
inately allopatric because of contrasting local selection
gradients. When the regional heterogeneity is large, how-
ever, species are less adapted to neighboring habitats. Suc-
cessful dispersal events become less frequent, especially if
dispersal is rare, and local sympatric speciation may oc-
cur before a successful invader becomes established. This
effect is most pronounced if the first colonizer can—
because of strong local competition at low levels of local
heterogeneity—monopolize the habitat and thereby pre-
vent further invasions (De Meester et al. 2002; Urban and
De Meester 2009). Overall, these results are consistent with
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those of Doebeli and Dieckmann (2003), who concluded
that the conditions for parapatric speciation, with a small
spatial overlap, are most found at intermediate levels of
spatial heterogeneity.

At high levels of local heterogeneity, the local disrup-
tive selection is always relatively strong, making sympatric
branching more likely throughout the range of regional
heterogeneities (fig. 2). When the regional heterogeneity
at the same time is low, there is little difference between
habitats and two separating branches can readily co-occur
over a suite of habitats, which means the range size at spe-
ciation is large (fig. A1). As regional heterogeneity increases,
the spatial distribution of the two new species becomes
less similar, which we record as a lower degree of overlap
(fig. 2b). This decreasing trend is reversed if the mutation
rate is high (fig. 2c, 2d), which enhances local sympatric
branching, which in turn has opposing effects at different
ends of the regional heterogeneity scale. At the lower end,
local branching may occur in a single habitat of a well-
spread species, which counts as an overlap below 1. At a
higher level of regional heterogeneity, most species are pres-
ent in only one habitat, and a local branching event counts
as fully sympatric. The decreasing trend in overlap is also
reversed if the rate of dispersal is decreased (fig. 2a) and
for similar reasons. A low rate of dispersal prevents the es-
tablishment of new morphs in all suitable habitats, which
decreases the recorded overlap of speciations, especially at
low regional heterogeneity.

Above, we presented the mean geographic overlap
throughout the adaptive radiation. There was, however,
a large variation among the speciation events for all pa-
rameter settings, except when the mean was close to 0 or
1. The distributions of geographical overlap of new spe-
cies were sometimes strongly bimodal, as mentioned above
(fig. 3). In such cases, a change in the mean overlap corre-
sponds to a shifting balance between the two extremes—
predominantly sympatric speciation on the one hand and
allopatric speciation on the other. The bimodality occurred
mainly in parameter settings with large regional heteroge-
neity and low dispersal. Such circumstances hamper suc-
cessful establishment in other habitats, especially if it is al-
ready occupied by an incipient sister species. Mizera and
Meszéna (2003) obtained similar results from a model of
evolutionary branching along a continuous spatial gradi-
ent. In their model, a decreased spatial tolerance (equiva-
lent to an increased spatial heterogeneity in our model)
resulted in species with less spatial overlap (Mizera and
Meszena 2003, their fig. 8). An interpretation of these re-
sults is that sharp environmental contrasts—or, equiva-
lently, strong trade-offs in habitat-related traits—promotes
a dichotomy in biogeographic speciation patterns. The bio-
geographic mode of speciation is either allopatric or sym-
patric, in the latter case driven by local disruptive selec-

tion. The more precise environmental setting of a partic-
ular system, such as the potential for local niche partition-
ing, will determine which pattern dominates—sympatry or
allopatry.
The geographical overlap of speciation was also depen-

dent on when in the cladogenesis they happened. In fig-
ure 4, the mean overlap is plotted as a function of the num-
ber of species in the system for nine different parameter
combinations. When regional heterogeneity was low, there
was a clear trend of decreasing overlap at speciation as di-
versification progressed. This is at least partly due to the
increasing local competition, which prevents the establish-
ment of new morphs in all suitable habitats, as discussed
above. Another mechanism is the decreasing population
size toward the end of a radiation, due to the increased
local competition, which makes dispersal and establish-
ment in neighboring habitats less likely. When regional
heterogeneity was high, we saw an oscillating mean over-
lap, matching the temporal patterns of colonization into
novel habitats, as the diversity increases (fig. 4; see also
fig. 1). A plausible explanation for these patterns is the se-
quential colonization of habitats, each followed by fast lo-
cal radiation. The sympatric speciation events that follow
colonization will, however, slow down as diversity builds
up locally because of the mechanisms mentioned above,
leading to these oscillations.
Finally, the range overlap of newly formed species had a

tendency to increase with time since speciation, in partic-
ular when dispersal was high and local heterogeneity was
low (fig. 5). Low local heterogeneity implies in our model
strong local competition between similar species and that
later ecological divergence promotes coexistence. At low
levels of dispersal and high mutation rates, there were
many allopatric speciation events simply because spatially
separated populations drifted apart (not shown). These
species never separated ecologically to a degree that local
coexistence was possible. Instead, they could persist in al-
lopatry for long times, without an increase in overlap.

The Geographical Distribution of Sister Species
in the Fully Diversified Community

We next evaluate the possibility to infer the geographical
mode of speciation from the range overlap of end com-
munity sister species. The linear relationship (computed
on data from multiple simulations) between sister species
overlap and time since speciation ranged from positive to
negative throughout our parameter space, with a tendency
for positive trends when regional heterogeneity was low
(fig. 6). When analyzing the change in overlap from the
time of speciation event until the end of the simulations
for specific sister pairs, information that is normally not
available in data from natural systems, we also found both
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Figure 3: Distribution of the geographical overlaps (ranging from 0 to 1) at speciation for nine parameter combinations of local and regional
habitat heterogeneity. a and b show results from simulations with low (mp 1024) and high (mp 1023) mutation rates. The high dispersal case
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positive and negative trends (gray lines in fig. 6). More
specifically, figure 6a shows settings with a low rate of dis-
persal and a low rate of mutation. Postspeciation range
shifts are in this case rare and highly stochastic. If they
occur, they can both increase and decrease the range over-
lap (fig. 6a). Figure 6b shows the case with a low mutation
rate but a relatively high dispersal rate. This is the case
with the strongest relationships, which may lead to cor-
rect inference on speciation biogeography. Especially the
cases with a low local heterogeneity (fig. 6b, bottom row)
show strong positive trends, correctly indicating a low geo-
graphic overlap at speciation. These are also the cases when
we generally found long-term, persistent trends in range
overlap with time since speciation (fig. 5). At higher levels
of local heterogeneity, the postspeciation range shifts were
too rapid to be detected on a long timescale (fig. 6b, mid-
dle and top rows). The end community sister species were
in those cases all sympatric, indicating sympatric specia-
tion. That conclusion is, however, misleading at interme-
diate levels of local heterogeneity, where the overlap at speci-
ation was on average less than sympatric (fig. 6b, middle
row; see also fig. 2b). At the higher mutation rate (mp 1024),
the patterns were similar but slightly more noisy (appen-
dix, fig. A3).

A technical comment: the power of any statistical test
heavily depends on the sample size. In our case, the cir-
cumstances that lead to consistent trends are exactly the
cases with very few sister species in the end communities.
A regression test with data from a single adaptive radia-
tion is therefore futile. We simply have to conjecture that
a larger-scale system, real or simulated, would produce
patterns consistent with our results but with larger statis-
tical power.

Discussion

The Model Captures the Essentials

Simulating the assembly of evolving communities and meta-
communities is a powerful tool when trying to understand
the link between process and pattern in natural systems
(Gotelli et al. 2009). For example, several studies have inves-
tigated the drivers of richness patterns between regions
(Goldberg et al. 2005; Roy and Goldberg 2007; Yoder and
Nuismer 2010). Others have studied community assembly
along environmental gradients (McPeek 2008; Stegen et al.
2009, 2012a, 2012b), and Birand et al. (2012) examined spe-
ciation, extinction, and range sizes. Similar to these studies,
we simulate assembly processes such as competition and co-
evolution of multiple species (see also Nuismer et al. 2010)
and analyze the emergent biogeographical patterns.We com-
bined a trait-based eco-evolutionary modeling approach,
similar to previous studies on speciation in single-species

systems (Dieckmann and Doebeli 1999), and large-scale
metacommunity modeling (e.g., McPeek 2007; Stegen and
Hurlbert 2011; Pontarp et al. 2012b). The theoretical foun-
dations of this approach are well established (Dieckmann
et al. 2004; Vincent and Brown 2005; Gavrilets 2014):
density-dependent competition for available resources and
regional spatial structure determine the rate of adaptation,
local radiation, and patterns of local and global coexistence.
The simulation approach also allows for stochastic demo-
graphic effects, especially when population sizes are small
and the fitness landscape is shallow (Johansson and Ripa
2006; Claessen et al. 2007). This means that the most rele-
vant ecological and evolutionary processes—such as dis-
persal, selection, local adaptation, speciation, and demo-
graphic stochasticity, identified by Vellend (2010)—are
included in our model.

Model Assumptions

Our model is built from basic principles of eco-evolutionary
dynamics, an approach that is well established and con-
sidered useful when studying general rules and patterns
(Gavrilets 2014). However, this generality is associated with
assumptions that may or may not impact the results. First,
similar to, for example, Haller et al. (2013), we neglect ge-
netic mechanisms and sexual reproduction. Our results con-
sequently do not encompass mechanisms such as recom-
bination (which may prevent speciation) and nonecological
speciation (e.g., Dobzhansky-Mueller incompatibilities). Sim-
ulation studies show that asexual speciation is generally eas-
ier than the speciation of sexually reproducing species in
both sympatry (Dieckmann and Doebeli 1999) and para-
patry (Doebeli and Dieckmann 2003; Heinz et al. 2009).
The evolution of mating traits leading to speciation beyond
a first speciation event is, however, poorly understood. As
an example, if a magic trait mechanism evolves such that
there is strong assortment on the evolving ecological trait,
further speciation is prevented because of strong stabilizing
sexual selection (Ripa 2009). Bolnick (2006) circumvents
this problem by letting all necessary genetic variation be
available in the ancestral population. This leads to a rapid
segregation into a suite of coexisting species but is never-
theless followed by evolutionary stasis. Aguilee et al. (2009)
present a model where an adaptive radiation proceeds de-
spite a strong assortative mating. This is made possible
through strong external forcing—populations go through
periods of complete allopatry and complete sympatry. Sym-
patric speciation is in principle impossible in this model.
Birand et al. (2012) study a model where speciation is driven
by local adaptation coupled with the evolution of habitat
preference as well as mating traits. Recognizable species
evolve, but reproductive isolation is almost entirely accom-
plished through strong habitat preferences, not mate prefer-
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ence (Birand et al. 2012). Notably, sympatric speciation is
not possible since local coexistence is not possible in this
model. Rettelbach et al. (2013) demonstrate that several bio-
geographic speciation modes indeed are possible within a
single model, even including the complications of sexual
reproduction, but their results still only apply to a single spe-
ciation event. We could, within the limited current under-
standing, think of no simple model design that would with
high probability generate the type of scenarios we were af-
ter. Because our goal was to study the fundamental eco-
evolutionary drivers of the geographical mode of specia-
tion during adaptive radiations in heterogeneous habitats,
we thus used an asexual model, focusing on the ecologi-
cal drivers of speciation. The effects of sexual reproduction
and different mating systems will have to be left for future
studies.

Second, the linear arrangement of habitats and the step-
ping stone dispersal algorithm do not apply universally.
Both altitudinal and latitudinal gradients do, however, in-
volve a linear arrangement of habitats, where the end hab-
itat cannot be colonized without colonizing intermediate
habitats first. Furthermore, there is a range of other realis-
tic scenarios that our model does not consider (e.g., over-
lapping generations, temporally variable environments,
and trophic interactions). These are all relevant and impor-
tant to consider when we aim to understand the full scope
of the speciation process. However, trying to include more
detail in our model is not practical and would detract from
our goal of understanding the fundamental eco-evolutionary
drivers of geographical mode of speciation during adaptive
radiations in heterogeneous landscapes.

Local Heterogeneity Enhances Local Branching

The relationship between local heterogeneity and sympat-
ric speciation is well understood in theory (Geritz et al.
1998; Dieckmann and Doebeli 1999). In our model, this
process is contingent on the quotient jK/ja, which we vary
in our analysis. There is also empirical support for the
conclusion that local habitat heterogeneity enhances local
speciation rate (Hobohm 2000; Roos et al. 2004; Hughes
and Eastwood 2006). The mechanistic explanation for such
patterns has mainly been that a large local heterogeneity
corresponds to low local competition between diverging
types, which enhances local coexistence and ultimately sym-
patric speciation. In other words, speciation is a local process
driven by character displacement caused by local competi-
tion. The resultant species will be sympatric and, at least ini-
tially, endemic to one habitat.

We also recognize that our fixed parameters, K0 and r,
may affect local diversification. K0 regulates the number
of individuals in each species. The number of species in
a local community is saturated when the speciation rate

equals the extinction rate. A small K0 leads to a higher ex-
tinction rate because of demographic stochastic events
and a slower speciation rate for the same reason (Claessen
et al. 2007). A higher K0 will thus lead to a larger num-
ber of species at saturation. A high r value increases the
strength of selection, which may increase the speciation
rate and therefore species richness in the saturated com-
munity. Despite these effects, however, we do not expect
that changing K0 or r will affect the qualitative patterns
in our results.

Regional Heterogeneity Has Ambiguous Effects

Increased regional heterogeneity has two different effects.
First, it facilitates allopatric speciation, which is theoreti-
cally well understood in the sense that an increased dif-
ference between habitats implies stronger disruptive selec-
tion and enhanced conditions for evolutionary branching,
at least up to a point where the difference between habitats
is too large (Meszéna et al. 1997; Nilsson and Ripa 2010).
Second, larger differences between habitats promote hab-
itat monopolization and local, sympatric speciation (De-
Meester 1996). Large differences also cause direct habitat
filtering (Pontarp et al. 2012b). As the habitats become
increasingly distinct, it becomes increasingly difficult to
invade neighboring habitats, and local niches are predom-
inantly filled through local radiation after colonization.
Many local communities appear to be habitat filtered (Em-
erson and Gillespie 2008; Vamosi et al. 2009; Pontarp et al.
2012a). For example, high-altitude habitats are occupied
by sets of closely related species among bees (Hoiss et al.
2012), hummingbirds (Graham et al. 2009), and ants (Mac-
hac et al. 2011).

Dispersal Enhances Spatial Overlap
and Decreases the Number of Species

An increased dispersal rate resulted in increased range
overlap at speciation (fig. 2) as well as increased range
sizes at speciation. Apart from that, the dispersal rate only
marginally influenced the effects of the other parameters
in the model. A number of studies using a similar approach
have shown that the possibility for evolutionary branching
decreases with increased rate of dispersal (e.g., Brown and
Pavlovic 1992; Mizera and Meszena 2003; Parvinen and
Egas 2004). Figure 4 indicates that increased dispersal does
decrease the number of species in the fully saturated commu-
nity. Few previous studies have addressed the effect of dis-
persal on the spatial overlap at speciation (but see, e.g., Pigot
et al. 2010). Others have shown that gene flow, caused by dis-
persal, can disrupt speciation (Slatkin 1973; Felsenstein
1981b; Lenormand 2002). The reason for this can, for exam-
ple, be genetic recombination and loss of reproductive isola-
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tion. Here we do not take such mechanisms into account,
since we use an asexual model.

Speciation Mode Is Not an Inherent Species Trait

Our simulations show that allopatric, sympatric, and in-
termediate types of speciations can occur at the same time,
within a single adaptive radiation. Small shifts in local cir-
cumstances, such as the invasion or local extinction of a
competitor, can shift the speciation pattern from one to
the other. We also found consistent temporal trends in
overlap at speciation, also explained by the changed ecolog-
ical and evolutionary circumstance throughout a radiation.
Thus, it cannot be expected that any particular clade or or-
ganism type always displays the same biogeographic pat-
tern at speciation.

The Distribution of Geographic Range
Overlap Is Sometimes Bimodal

For some parameter settings, the distribution of geo-
graphic overlap at speciation was bimodal, such that the
overlap was either very small (allopatric) or very large (sym-
patric). The tendency for bimodality was the strongest when
regional heterogeneity was high and dispersal was low. In
line with previous studies (e.g., Mizera and Meszéna 2003;
Rettelbach et al. 2013), these results suggest that sharp envi-
ronmental contrasts and strong trade-offs in habitat-related
traits promote a dichotomy in biogeographic speciation pat-
terns, while less sharp contrasts may facilitate a more con-
tinuous distribution of speciation mode ranging from sym-
patry to allopatry. While this conclusion is rather intuitive,
the exact details of when and how to expect a bimodality
of range overlaps remains an open question. We have dem-
onstrated the phenomenon in a large-scale simulation, and
others have made ground-breaking numerical work on
smaller systems (Mizera and Meszéna 2003; Rettelbach
et al. 2013), but a more complete understanding will have
to be left for future studies, let alone the ultimate confron-
tation with data.

The Overlap of Extant Sister Species Says
Little about the Overlap at Speciation

Patterns of the spatial distribution of sister species and
measures of time since speciation have been used to infer
the biogeographic speciation pattern (allo- or sympatric).
A positive relationship between sister species overlap and
time since speciation is commonly interpreted as allopat-
ric speciation followed by increased overlap due to range
shifts (Losos and Glor 2003). A negative relationship has
been interpreted as sympatric speciation followed by de-
creased overlap, also due to range shifts (Barraclough and

Vogler 2000; Quenouille et al. 2011). However, these inter-
pretations are controversial and depend on assumptions
of, for example, limited or constant range shifts in species
and constant eco-evolutionary circumstances throughout
the cladogenesis. Losos and Glor (2003) argued that the ob-
served large variation in geographical overlap is due to
postspeciation evolution and repeated, more or less ran-
dom range shifts. Contrasting patterns with both positive
and negative trends in, for example, African rain forest
trees (Couvreur et al. 2011) and studies where no pattern
is found (Nakazato et al. 2010) make the big picture am-
biguous.
We did see positive trends in overlap as a function of

time since speciation, especially when the dispersal rate
was high, the local heterogeneity was low, and the muta-
tion rate was low (fig. 6b). In other cases, however, the re-
lationship was often too noisy to be informative, or the
range shifts were too fast to be detected on a long time-
scale (as argued by Losos and Glor [2003]). Furthermore,
the end community sister species may not be represen-
tative of all the speciation events throughout an adaptive
radiation. In our model, they tended to arise in the late
part of the adaptive radiation (fig. A2), and there were
in some cases trends in mean overlap over time (fig. 4).
Given the highly idealized situation—no observation er-
ror, a single evolving trait without complexities such as
genetic constraints or environmental fluctuations—we con-
clude that the slope of the relationship between time since
speciation and current range overlap is sufficiently vari-
able to discourage any strong inference on the biogeogra-
phy at speciation.

Conclusions

The link between the past mode of speciation and current
biogeography of sister species is of fundamental interest to
evolutionary biologists. The understanding of the causal
link between environmental properties, eco-evolutionary
processes, and biogeography do, for example, underpin
current methods that use the geographic distribution of
extant species to infer evolutionary processes. The very
fundamentals of this link are, however, largely unknown
(e.g., Losos and Glor 2003; Fitzpatrick and Turelli 2006),
and in line with previous criticism, our results discourage
such inference. We show that overlap at speciation can
vary continuously with local and regional environmental
heterogeneity, dispersal, and species richness. The mean
overlap may also vary during the course of a single radia-
tion, and the speciation events that give rise to end com-
munity sister species are thus a biased sample of all spe-
ciation events throughout the radiation. This provides
explanations for why it can be difficult to infer, for exam-
ple, the geographical speciation mode from patterns in ex-
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tant species biogeography. With this said, we do, however,
see the value of inferring processes that are difficult to
study in nature from observational data, given that such
inference is well founded in theory. We thus encourage
both empirical and theoretical studies to explore the link
between process and pattern during assumptions and sce-
narios different from the ones studied here.
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“The collector of fresh-water specimens is constantly meeting unexpected forms, especially among the smaller organisms, and of these
no order of animals furnishes a wider variety or more curious adaptations than the fresh-water Crustaceans embraced in the old group
Entomostraca. . . . To the microscopist particularly they are available as a never-failing field for study, since a cup of water from almost
any source will contain abundant material for a day’s work.” From “Fresh-Water Entomostraca” by C. L. Herrick (The American Naturalist,
1879, 13:620–628).
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