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Aristi Andrikou-Charitidou and Stefanos Sgardelis

Department of Ecology, Aristotle University of Thessaloniki, Thessaloniki, Greece

Phylogenetic diversity aims to quantify the evolutionary relatedness among the species
comprising a community, using the phylogenetic tree as the metric of the evolutionary
relationships. Could these measures unveil the evolutionary history of an area? For
example, in a speciation hotspot (biodiversity cradle), we intuitively expect that the
species in the community will be more phylogenetically clustered than randomly
expected. Here, using a theoretical simulation model, we estimate the ability of
phylogenetic metrics of current diversity to detect speciation history. We found that,
in the absence of dispersal, if the incipient species do not coexist in the region of
speciation (as expected under allopatric speciation), there was no clear phylogenetic
clustering and phylogenetic diversity failed to detect speciation history. But if the incipient
species coexisted (sympatric speciation), metrics such as standardized effect size of
Faith’s Phylogenetic Diversity (PD) and of Mean Nearest Taxon Distance (MNTD) were
able to identify areas of high speciation, while Mean Pairwise Distance (MPD) was a
poor indicator. PD systematically outperformed MNTD. Dispersal was a game-changer.
It allowed species to expand their range, colonize areas, and led to the coexistence
of the incipient species originating from a common ancestor. If speciation gradient
was spatially contiguous, dispersal strengthened the associations between phylogenetic
clustering and speciation history. In the case of spatially random speciation, dispersal
blurred the signal with phylogenetic clustering occurring in areas of low or no speciation.
Our results imply that phylogenetic clustering is an indicator of speciation history only
under certain conditions.

Keywords: phylogenetic diversity metrics, speciation history, simulation model, dispersal, extinction

INTRODUCTION

Phylogenetic diversity is a facet of biodiversity that is worthy of investigation as it incorporates
evolutionary history in community analyses (Webb, 2000; Mazel et al., 2016). Phylogenetic diversity
of natural communities has been used to illuminate the processes governing the assembly and
coexistence of species in ecological communities (Webb, 2000; Hardy and Senterre, 2007) based
on the debated assumption that phylogenetic relatedness reflects ecological similarity (Tucker
et al., 2018). Phylogenetic diversity has been used as a tool in the selection of conservation
targets and designation of protected areas since the 1990s (Faith, 1992; Mazel et al., 2017).
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This led to the development of spatial phylogenetics, with a
line of research focusing on identifying centers of endemism
and distinguishing between neo- and paleo-endemism (Mishler
et al., 2014; Kougioumoutzis et al., 2021). This approach led to
the use of phylogenetic diversity measures to infer biodiversity
cradles (areas where species diversify into new species often
neo-endemics) and museums (areas where species persist over
a long-term evolutionary time) (Dagallier et al., 2020). Despite
the intuitive appeal of this approach, the reliability of current
phylogenetic diversity data to identify such historic signal of
speciation in areas has received limited attention, with studies
focusing mainly on the structure of phylogenetic tree (Mazel
et al., 2016; Eme et al., 2020), while the factors that affect the
efficiency of this surrogacy have not received critical evaluation.

Here, we aim to test if current phylogenetic diversity can
detect speciation history of a region. In simpler terms, is there
an association between phylogenetic clustering of the present
and a community’s history of speciation events? Speciation
is difficult (if not impossible) to be examined empirically,
since it occurs over evolutionary time frames and many other
variables impact the phenomenon in complex ways. Therefore,
we developed a theoretical simulation model to test if there
is a relationship between phylogenetic diversity indices and
history of speciation events, and if so to quantify the relative
efficiency of different phylogenetic diversity indices (reflecting
either the total phylogenetic history of the area or the species
evolutionary pairwise distance). Since phylogenetic diversity and
species richness are closely linked, we examined not the indices
per se but their Standardized Effect Sizes, i.e., their deviation
from random expectations given the species richness, indicating
phylogenetic clustering. We simulated speciation, local extinction
and dispersal in a theoretical model, to assess how different
processes (like dispersal and local extinctions) affect the ability
of phylogenetic diversity to detect speciation history. Our study
focused on how these processes shape the spatial patterns of
phylogenetic diversity.

METHODS

The Model
We developed a simple theoretical model simulating the
processes of speciation, local extinctions, and dispersal to explore
the relationship between speciation and phylogenetic diversity
after 300 time steps. The model was employed to a hypothetical
one-dimensional landscape, consisting of 90 cells. Cells were
divided into three groups with different speciation rate reflecting
a “gradient speciation landscape”: (i) high speciation rate (first
30 cells), where two speciation events occurred in one randomly
selected cell per time step, i.e., 20 events per cell after 300
time steps on average, (ii) low speciation rate (next 30 cells),
where one speciation events occurred in a randomly selected
cell, i.e., 10 events per cell after 300 time steps on average,
and (iii) no speciation (last 30 cells). Speciation was spatially
autocorrelated. Note that due to stochasticity, the number of
speciation events varied among the cells of each group. In
this landscape, we ran different sets of simulations by varying

initial local species richness, size of the initial species pool,
local extinction rate, and dispersal. For simplicity, we examined
each variable independently keeping the values of the remaining
variables fixed (50 repetitions per set). We also examined the case
of “random speciation hotspots” where we had 30 cells of high
speciation, 30 cells of low speciation and 30 cells of no speciation,
but the spatial arrangements of these cells were random, i.e.,
the speciation level of a cell provided no information about the
speciation level of its neighbors.

In the first step, we generated a random coalescent
phylogenetic tree, using rcoal function of package ape (Paradis,
2012). Pilot studies showed that using different models for
generating random phylogenetic trees influenced our results
quantitatively but not qualitatively, possibly because our analysis
did not focus on the structure of the phylogenetic tree but on
the spatial patterns of phylogenetic diversity (Supplementary
Material). From the initial tree we estimated the minimum
branch length, and at each time step we added one fifth of
this length to the branch length of all tips of our tree. All the
species in the initial tree defined as the original species pool were
randomly assigned to cells (local species richness), considering
that all species were represented with equal probability and all
cells were equally probable to host a species. In the simulations
exploring the effect of the species pool size, total species richness
ranged from 100 up to 1,600 species, and when fixed, the value
was set to 400 species. The initial local species richness was a
fraction of the original species pool and ranged between 20 and
200 species (default value = 40). All cells started off with similar
number of species, and similar levels of phylogenetic diversity.
Each species consisted of a number of local populations (i.e.,
the species presence in the different cells). All processes were
simulated to operate at the local scale, i.e., speciation, extinction
and dispersal affected these local populations.

The focus of our simulation is the spatial patterns of speciation
and how they are reflected in the spatial patterns of phylogenetic
diversity. Following the generation of the phylogenetic tree and
assembly of local communities of similar levels of phylogenetic
and taxonomic diversity, we simulated random speciation events
by selecting one of the species in a cell and adding a new tip in
the existing one of the tree with the bind.tip function of package
phytools (Revell, 2012). The probability of each species in the
cell to be selected was equal. In other words, as the local species
richness increases the probability for a given species to undergo
speciation decreases. These events occurred in a cell, but the
tree was the same for all cells. Based on the classic definition,
allopatric speciation corresponds to the isolation of two initial
populations belonging to the same ancestral species, given that
isolation is long enough to ensure reproductive isolation, results
in the emergence of two new incipient species with disjunct
distributions (Mayr, 1942; Gavrilets, 2003; Harrison, 2012). In
our simulations, we considered as the "allopatric" speciation
mode the case where isolation of a local population in one cell
led to a speciation event where one of the incipient species was
found in that cell while the other incipient species was found
only outside that cell. The “allopatric” mode of speciation can
occur effectively, only when the ancestral species occurred in
at least two distinct cells. Sympatric speciation is “speciation
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without geographic isolation” (Mayr, 1942). Here, we considered
as “sympatric” speciation mode the case when both new incipient
species occurred in the cell where the speciation event took place,
with the one incipient species occurring only there and the other
occurring throughout the ancestral species’ extent.

Local extinction was defined as the probability of a local
population to go extinct, i.e., the presence of the species in other
cells was not affected by the local extinction event. At each time
step, all local populations faced the same probability of extinction.
Therefore, species present in many cells had lower probability to
go extinct from the entire landscape than species present in only
few cells. We simulated a range of local extinction probability
values from 0.05% up to 1% (default value = 0.1%).

Similarly, dispersal was simulated as a local scale
phenomenon. At each time step, each local population may
disperse to one of its adjacent cells with a probability that was
equal for all species and set at 5%. We tested other dispersal
rates (5, 10, 15, and 20% probability that a local population
will disperse to an adjacent cell), but the results were only
regarding the role of the spatial pattern of speciation hotspots
(i.e., “gradient speciation landscape” vs “random speciation
hotspots”). Given that our hypothetical landscape is a torus,
there was no effect of the margins. Dispersal probability equal
to zero represented the case of no dispersal, in which at least
one of the new incipient species was local endemic of the region
where they appeared.

After 300 time steps, we pruned the phylogenetic tree
to remove the extinct from the landscape species, and for
each cell we estimated three phylogenetic diversity indices
quantifying different facets of phylogenetic diversity: Faith’s
(1992) phylogenetic diversity metric (PD), mean pairwise
distance (MPD), and mean nearest taxon distance (MNTD).
Faith’s (1992) PD reflects the cumulative evolutionary history of
all species in a community, and was calculated as the sum of the
branch lengths of a phylogenetic tree connecting species of each
cell. MPD is a divergence index defined as the mean pairwise
phylogenetic distance of all species of each cell (Webb, 2000).
The MNTD quantifies the phylogenetic distance to the nearest
relative of each species in the community (Webb, 2000). Given
that the phylogenetic diversity indices are correlated to species
richness (Tucker et al., 2018), we estimated the Standardized
Effect Size (SES) of all indices using the null model taxa.labels
that shuffles the location of each species in the phylogenetic
tree retaining the community structure (199 runs). In our null
models, if a certain species was not present at any cell at time step
300, it was removed from the phylogenetic tree and the relevant
branch lengths were not used to compute the Standardized Effect
Sizes. The calculations were performed with the picante package
(Kembel et al., 2010).

Analysis
We evaluated the ability of phylogenetic diversity indices at
time step 300 to reflect the speciation history by exploring
the relationship between the SES of phylogenetic indices and
the number of the speciation events that occurred in each
cell with linear model analysis. The species richness in each
cell is the product of speciation, extinction and dispersal, but

we were interested in quantifying the ability of the index to
detect speciation history of each cell. The indices’ efficiency was
quantified by the goodness of fit of the linear model coefficient of
determination (R2). We considered that the index did not detect
speciation events in the case of non-significant relationship. To
estimate the importance of the different factors in shaping the
efficiency of each index we used linear regression with the index
efficiency as dependent variable and the value of the different
factors as independent when all other factors were fixed to
their default values.

RESULTS

In the absence of dispersal, the standardized effect sizes of
phylogenetic diversity indices PD and MNTD detected the
speciation hotspots when speciation was simulated as “sympatric”
(Figure 1; for PD p < 0.0001, R2 = 0.67; for MNTD p < 0.0001,
R2 = 0.57; and for MPD p = 0.18, R2 < 0.01), while they failed to
detect the speciation signal in the case of "allopatric" speciation
(Figure 2 left column). Among the three indices analyzed, the
SES of PD systematically outperformed the SES of MNTD,
whereas SES of MPD was weaker and tended to give insignificant
associations. Therefore, we will focus our results on the SES
of PD and of MNTD.

In the absence of dispersal and the “sympatric” speciation
mode, the initial local species richness (all else equal) had
a conspicuous effect on the ability of phylogenetic clustering
to detect speciation (for SES of PD Figure 2B, p < 0.0001,
R2 = 0.62, for SES of MNTD p < 0.0001, R2 = 0.54). Given
that the speciation rate (the number of speciation events) is
fixed for each cell, regardless of the initial species richness of
the cell, or the initial species pool size, the probability for a
given species to undergo speciation is in fact decreasing for
an increasing initial local species richness. On the other hand,
the size of the initial species pool (all other factors fixed) did
not greatly affect the efficiency of phylogenetic indices (for SES
of PD Figure 2D, p = 0.0007, R2 = 0.03, for SES of MNTD
p = 0.0041, R2 = 0.02), highlighting that the ratio of original
species richness to speciation events matters. Perhaps, this is due
to the simulation method of speciation process followed here,
and using a proportional speciation rate (all species keep the
same probability to speciate a given time) might lead to different
results. Regarding local extinctions, given that local populations
of all species had equal probability to go extinct, the effect of
local extinctions on the ability of phylogenetic diversity indices to
detect speciation history was significant but weak, with increased
local extinction probability being associated with lower efficiency
(for SES of PD Figure 2F, p< 0.0001, R2 = 0.17, for SES of MNTD
p = 0.0013, R2 = 0.03).

Dispersal was a game-changer. With dispersal, the efficiency
of phylogenetic clustering to detect speciation hotspots
strengthened considerably (Figure 3) and the "allopatric" mode
of speciation displayed as strong associations as the "sympatric"
mode of speciation. The effect of initial local species richness
(for “allopatric” mode of speciation: SES of PD Figure 3A,
p = 0.0040, R2 = 0.04, for SES of MNTD p = 0.0002, R2 = 0.07; for
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FIGURE 1 | The relationship between the standardized effect size of PD (A), MNTD (B), and MPD (C) and the number of speciation events per cell. The linear
regression was significant in the case of the standardized effect size of PD (p < 0.0001, R2 = 0.67), and of MNTD (p < 0.0001, R2 = 0.57), but not significant in the
case of MPD (p = 0.18, R2 < 0.01). Initial species pool 400 species, initial local species richness 40 species, local population extinction probability 0.1%, no
dispersal and sympatric speciation mode.

“sympatric” mode of speciation: SES of PD Figure 3B, p = 0.55,
R2 < 0.01, for SES of MNTD p = 0.0275, R2 = 0.02) and initial
local species pool weakened (for “allopatric” mode of speciation:
SES of PD Figure 3C, p = 0.0515, R2 = 0.01, for SES of MNTD
p = 0.0004, R2 = 0.04; for “sympatric” mode of speciation: SES of
PD Figure 3D, p = 0.55, R2 < 0.01, for SES of MNTD p < 0.0001,
R2 = 0.07). The role of local populations extinction probability
did not appear to alter compared to no dispersal, with increased
extinctions being associated with lower efficiency (for “allopatric”
mode of speciation: SES of PD Figure 3E, p < 0.0001, R2 = 0.05,
for SES of MNTD p = 0.0003, R2 = 0.04; for “sympatric” mode of
speciation: SES of PD Figure 3F, p < 0.0001, R2 < 0.10, for SES
of MNTD p < 0.0001, R2 = 0.05).

Dispersal plays an important role on whether phylogenetic
clustering reflects speciation. Dispersal allows the two incipient
species originating from the same ancestor to coexist. But
dispersal could allow this coexistence to take place in areas
where no speciation events occurred. So to elucidate the role
of dispersal, we examined two cases when speciation hotspots
were spatially contiguous, and there it became apparent that
dispersal increased the effectiveness of phylogenetic clustering

to detect speciation hotspots up to a point, in our case
∼5% (Figures 4A,C). But more illuminating is the case
where speciation hotspots were randomly distributed across
the landscape, where even low levels of dispersal meant that
coexistence of related incipient species could occur in all areas
irrespective of their speciation history, and thus phylogenetic
clustering failed to detect the speciation history (Figures 4B,D).

DISCUSSION

Our simulations support the use of current phylogenetic
clustering as indicator of a region’s speciation history, but
only under specific conditions. The intuitive expectation
that speciation events in an area may lead to declines in
phylogenetic diversity (after accounting for the species richness,
i.e., phylogenetic clustering) (Davies and Buckley, 2011) applies
when both the incipient species coexist in the same region of high
speciation and not elsewhere. This occurs in our model when
speciation is sympatric and there is no dispersal, or when there
is a spatially contiguous speciation gradient and local dispersal
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FIGURE 2 | Without dispersal, the effect of the initial local species richness for fixed species pool (A,B), the size of the initial species pool for fixed species richness
per cell (C,D), and the probability of local extinctions (E,F) on the efficiency of the standardized effect size of PD as indicator of speciation history (quantified using
the coefficient of determination R2). The allopatric speciation mode results are in the left column, while the sympatric speciation mode results in the right column. To
assess the role of each factor independently we kept all the other values fixed at their default values (initial local richness = 40 species, species pool size = 400
species, probability of local extinction = 0.1%.

allows the introduction of the second incipient species in the
region of the first incipient species and vice versa.

In allopatric speciation, geographical isolation of a species
in a region leads to local differentiation that over sufficient
evolutionary time results in reproductive isolation from the
initial species and hence, the ancestral species leads to two
new incipient species with disjunct distributions (Harrison,
2012). In this case, the two incipient species do not coexist
in the same region (Wen et al., 2014). Therefore, the total
phylogenetic diversity of the community is not significantly
affected, and the phylogenetic diversity indices cannot detect
the speciation gradient, unless the second incipient species is
introduced in the region. On the other hand, the two incipient
species coexist in the area in the sympatric speciation (Skeels and
Cardillo, 2019). Thus, overall phylogenetic diversity of the area

is significantly lower than random assemblages with the same
species richness and SES of PD and MNTD phylogenetic diversity
indices capture the speciation signal. The PD systematically
(albeit slightly) outperformed MNTD in terms of efficiency,
while MPD index weakly detected the speciation signal and
was an unreliable indicator. This difference in efficiency may
be due to MPD being more strongly influenced by the deep
branching structure of the tree and thus by basal clustering
rather than what happens in the tips of the phylogenetic
tree, in contrast to PD and MNTD that are less sensitive to
internal branching and therefore more sensitive to patterns
occurring at the tips of the tree, like recent speciation events
(Mazel et al., 2016).

In our model, extinction was simulated as a local phenomenon
that did not differentiate between species and was spatially
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FIGURE 3 | With a 5% probability of dispersal for each local population to its nearest neighbor cell, the effect of the initial local species richness for fixed species
pool (A,B), the size of the initial species pool for fixed species richness per cell (C,D), and the probability of local extinctions (E,F) on the efficiency of the
standardized effect size of PD as indicator of speciation history (quantified using the coefficient of determination R2). The allopatric speciation mode results are in the
left column, while the sympatric speciation mode results in the right column. To assess the role of each factor independently we kept all the other values fixed at their
default values (initial local richness = 40 species, species pool size = 400 species, probability of local extinction = 0.1%).

uniform (i.e., we did not include in our simulations extinction
gradients or biodiversity museums). Spatially uniform
extinction lowered the total species richness of each region
and decreased the size of the total species pool, making
deviations from random expectations more difficult to detect
due to small numbers. So, the efficiency of phylogenetic
diversity to detect speciation declined but the effect was
not very strong.

In the absence of dispersal, the efficiency of phylogenetic
clustering to detect speciation gradients becomes more
pronounced as the ratio of speciation events to original
species richness increases. It is this ratio, rather than the size of
the total species pool throughout the landscape, that significantly
affects the efficiency of phylogenetic indices. At the community
level, if speciation events are few compared to the community’s
total species richness, their contribution to phylogenetic diversity

patterns is very small. Therefore, the standardized effect size of
indices is closer to random expectations.

Dispersal plays an important role in this phenomenon
changing the picture drastically. Dispersal provides a rescue
effect to counteract local extinctions, as well as means for
range expansion, thus nullifying the effect of initial species
richness. In allopatric speciation, the new incipient species
originating from the same ancestral species do not coexist,
and thus they do not affect phylogenetic clustering. But even
moderate levels of dispersal, will allow the introduction of the
absent incipient species in the speciation hotspot leading to
phylogenetic clustering. But simultaneously, dispersal will allow
the incipient species to expand their range and colonize new
areas. This reinforces the possibility that the incipient species
originating from the same ancestral species will coexist in
areas with no speciation, and thus phylogenetic clustering may
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FIGURE 4 | The effect of dispersal probability on the efficiency of the standardized effect size of PD as indicator of speciation history, for allopatric mode of
speciation (A,B) and the sympatric mode (C,D), when speciation hotspots were spatially continuous (A,C) and when they were random (B,D). All other factor fixed
at their default values (initial local richness = 40 species, species pool size = 400 species, probability of local extinction = 0.1%).

be observed in areas of low or no speciation. This renders
the role of spatial pattern of speciation very important. If
speciation occurs in a spatially autocorrelated way (e.g., along
geographic latitude), then areas adjacent to speciation hotspots
will also be speciation hotspots (albeit for other species), and
thus the phylogenetic clustering in a speciation hotspot will
increase, even if this increase is not due to speciation per
se. If speciation occurs in a spatially random way the results
will be drastically different, and dispersal will blur the signal
of speciation leading to phylogenetic clustering in areas of
no speciation, making phylogenetic clustering an unreliable
indicator of past speciation history.

Our model is the simplest model, i.e., the model with the
fewer assumptions that allowed us to disentangle the effect of
speciation. All other processes (initial biodiversity, extinction,
dispersal) were spatially uniform. Our model did not incorporate
any spatial structure in the original distribution of the species
(but dispersal led to spatially autocorrelated species ranges).
Also, species traits (e.g., extinction risk, dispersal, speciation
probability) were equal among species and had no phylogenetic
signal. Future work will look into relaxing these simplifying
assumptions and investigate their importance.

Concluding, the use of phylogenetic clustering of current
biodiversity as an indicator of the regions’ speciation history
should be done with caution, since allopatric speciation does
not lead to phylogenetic clustering in the absence of dispersal;
and if there is dispersal and past speciation is not spatially
autocorrelated, phylogenetic clustering may occur in regions of
low or no speciation.
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