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Abstract

Priority effects can play a fundamental role in the assembly of ecological com-
munities, but how they shape the dynamics of biodiversity over macroevolutionary
timescales remains unclear. Here we develop and analyse a metacommunity model
combining local priority effects with niche evolution, speciation and extinction.
We show that by promoting the persistence of rare species, local priority effects
cause the evolution of higher metacommunity diversity as well as major disparities
in richness among evolutionary lineages. However, we also show how classic mac-
roevolutionary patterns of niche incumbency—whereby rates of regional diversi-
fication and invasion slow down as ecological niches are filled—do not depend
on local priority effects, arising even when invading species continuously displace
residents. Together, these results clarify the connection between local priority ef-
fects and the filling of ecological niche space, and reveal how the impact of species
arrival order on competition fundamentally shapes the generation and mainte-
nance of biodiversity.
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to as ‘niche incumbency’—have been invoked to explain
many of the major features of biodiversity (Valentine

Ecological communities are often assembled from the
sequential invasion of species with the order of species
arrival playing a potentially critical role in determining
the outcome of ecological interactions (De Meester et al.,
2016; Fukami, 2015). The impacts of arrival order are
generally discussed in terms of inhibitory priority effects
(hereafter ‘priority effects’) (MacArthur, 1972), whereby
resident species—Dby filling ecological niche space (Odion
et al., 2010; Westoby et al., 1989)—preclude the invasion
of later arrivals. Priority effects have been documented
in many systems and can fundamentally alter the compo-
sition, diversity, evolution and functioning of ecological
communities (Chase, 2003; Fukami, 2015; Urban & De
Meester, 2009; White et al., 2021). Extended over macro-
evolutionary timescales, priority effects—often referred

et al., 2008), from the succession of evolutionary dynas-
ties following mass extinction events (Hull, 2015), to the
unfolding of adaptive radiations (Gillespie et al., 2020;
Stroud & Losos, 2016). Yet, how priority effects shape
patterns of species diversification remain poorly under-
stood because theory bridging this ecological and mac-
roevolutionary divide is lacking.

According to the idea of niche incumbency, an
early radiating or dispersing lineage fills available
ecological niche space, inhibiting the diversification
of other lineages until extinction of the incumbent
leads to renewed ecological opportunity (Alroy, 1996;
Rosenzweig & McCord, 1991). This model provides a
potentially compelling explanation for disparities in
species diversity between early and later originating

This is an open access article under the terms of the Creative Commons Attribution-NonCommercial License, which permits use, distribution and reproduction in
any medium, provided the original work is properly cited and is not used for commercial purposes.

© 2021 The Authors. Ecology Letters published by John Wiley & Sons Ltd.

Ecology Letters. 2021;00:1-12.

wileyonlinelibrary.com/journal/ele 1


www.wileyonlinelibrary.com/journal/ele
mailto:﻿￼
https://orcid.org/0000-0003-4318-6987
https://orcid.org/0000-0002-4830-8966
https://orcid.org/0000-0002-6490-6261
http://creativecommons.org/licenses/by-nc/4.0/
mailto:bouwe.reijenga.18@ucl.ac.uk

PRIORITY EFFECTS AND THE MACROEVOLUTIONARY DYNAMICS OF BIODIVERSITY

u—Wl LEY

clades (Hull, 2015), and why rates of diversification in
adaptive radiations slow down over time (Price, 2008;
Rabosky, 2013; Weir, 2006). Specifically, as species
richness accumulates, local ecological niche space be-
comes filled, inhibiting the expansion of newly formed
lineages, leading to a decline in average species range
size or abundance and thus higher rates of extinction
and reduced opportunities for further speciation (Pigot
et al., 2018; Weir & Price, 2011).

Yet the extent to which these signatures of niche in-
cumbency at the macroevolutionary scale, arise from
local priority effects per se is unclear. One possibility is
that rather than occupied ecological niches resisting in-
vasion, invading species may displace ecologically sim-
ilar residents. This scenario forms a cornerstone of the
‘taxon cycle’ model, in which metacommunity species
richness may be constant over time, but invasions drive
a continual waxing and waning of species distributions
and turnover in local composition (Economo & Sarnat,
2012; Pepke et al., 2019; Ricklefs & Bermingham, 1999;
Wilson, 1959). According to this model, the ‘pressure of
competition’ on species abundance and distribution may
still inhibit species diversification, but this occurs with-
out local residents having any ‘home-field advantage’.

Here, we examine how local priority effects shape the
dynamics of biodiversity over macroevolutionary times-
cales by performing experiments on a computer simu-
lated evolving metacommunity. In this model, species
arise through speciation, evolve in their ecological niche
within a bounded niche space and disperse to colonise
new sites. Competitive exclusion caused by niche similar-
ity occurs within sites, with the order of species arrival
determining the outcome of competition. Specifically,
we simulate a model of resident-superiority (RS), char-
acterising a local priority effect, in which species longer
established at a site drive the local extinction of more
recent invaders. We compare this to a model of invader-
superiority (IS), in which more recent invaders drive the
local extinction of longer established residents, akin to
the taxon cycle model. Finally, we examine an interme-
diate scenario of symmetric competition (SC), in which
the probability of local extinction depends only on niche
overlap and is independent of local arrival order.

We note that these different competition scenarios
could arise through a variety of demographic and ecolog-
ical routes. For instance, local priority effects may arise
because residents have a numerical advantage (Hubbell,
2001), modify niche space (Odion et al., 2010; Westoby
et al., 1989), or because invaders are subject to Allee ef-
fects (Henriques-Silva et al., 2019). Invaders may have
a transient competitive advantage if they have escaped
from their natural enemies (enemy release hypothesis
(Colautti et al., 2004; Keane & Crawley, 2002)) or carry
novel weapons (e.g. pathogens; Diez et al., 2010; Lymbery
et al., 2014; Sheppard & Schurr, 2019; Vilcinskas, 2015).
Rather than modelling these underlying processes, we
instead model the effect of arrival order on the outcome

of competition directly, thus enabling us to identify the
unique role of local priority effects on macroevolution-
ary dynamics while holding all other factors constant. In
particular, we focus on establishing how local priority ef-
fects shape the temporal dynamics of species diversifica-
tion, metacommunity species richness and how richness
is partitioned across clades. Through this, we aim to dis-
entangle the macroevolutionary consequences of local
priority effects per se, versus the more general effects of
competition on the evolution of biodiversity.

METHODS

Modelling community assembly and
diversification dynamics

To investigate the macroevolutionary impact of local
priority effects we develop a stochastic, discrete-space,
continuous-time, simulation model of colonisation (),
speciation (1), population extinction (£) and niche evolu-
tion (). The simulation starts with a single lineage oc-
cupying a randomly selected site within a square lattice
(5 x 5 sites), where each site may be thought of as a sepa-
rate habitat patch, island or region that is sufficiently
small that in situ cladogenetic speciation does not occur
(Kisel & Barraclough, 2010). We also explore the effects
of a larger lattice and assuming the lineage initially oc-
cupies all sites (Figure S1, Appendix I). We refer to each
occupied site in a species’ geographic range as a popula-
tion. Colonisation occurs at per-population rate y, and
is modelled by randomly selecting a population from
any species to disperse and then randomly selecting, for
colonisation, an adjacent site (i.e. sharing an edge) un-
occupied by that species. For computational efficiency
only populations with adjacent sites unoccupied by the
focal species can disperse, thus avoiding simulating the
re-invasion of already occupied sites. To examine the ef-
fects of dispersal limitation, we also explore a scenario
where any unoccupied site can be invaded rather than
only adjacent sites (Figure SI, Appendix I).

Speciation occurs at per-population rate A and is mod-
elled by randomly selecting a single population from any
species to become a new lineage. For species consisting
of multiple populations, speciation leads to an increase
in metacommunity species richness (i.e. cladogenesis). If
a species consists of a single population, it undergoes an-
agenetic speciation, whereby the species identity changes
but there is no increase in species number. The ‘budding-
off” of a single population is perhaps most consistent
with a peripatric speciation-mode (Coyne & Orr, 2004)
and can lead to an initially high asymmetry in range size
between sister lineages (Pigot et al., 2010). To investigate
how the initial range size asymmetry influences dynam-
ics, we also consider a ‘vicariance scenario’, simulated by
splitting the species’ range into two approximately equal
size areas (Figure 4, Appendix I).
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Species’ niches, representing the ecological require-
ments of a species (e.g. seed sizes consumed by a graniv-
orous bird), are modelled as Gaussian distributions,
each with optimum x, and constant niche breadth s.
All populations within a species have an identical niche
optimum and breadth. Species niche optima (ancestral
species x; = 0) evolve over time according to Brownian
motion with rate parameter 0. Niche space experiences
soft evolutionary bounds at distance K and -K (K = 5)
from the centre of niche space, meaning that species may
evolve beyond distance K or -K but will experience repul-
sion (a = 1) back towards the boundary (Nicolau, 2002;
Mclnnes et al., 2011; Gavin Thomas pers. comm.). This
model can be biologically interpreted as an adaptive
zone within which species are free to evolve but where
fitness rapidly drops off beyond the boundary (Simpson,
1953). Under this bounded model of niche evolution,
metacommunity richness is expected to reach a dynamic
equilibrium because of the finite number of sites and
constraints on the niche similarity of coexisting species.
To examine the effects of assuming strict ecological lim-
its we also explore an unbounded niche space scenario
(Figures S1 and S6, Appendix I).

Modelling the effects of niche overlap and
arrival order on population extinction

A population suffers extinction at per-population rate £,
with the extinction of a species occurring when its last
population is extirpated. E; is a summation of the rate of
population background extinction p, " which is constant
across populations and over time, and also the rate of
population competitive exclusion £,

Ei:ﬂbg+Qi

where Q, depends on a constant » and the niche overlap
(OVL) between the focal species (i) and other residents at

a site:
0 ovr!
i_ﬂcomp OVL’f+l//ﬂ

Shape parameter f was set a priori (f = 30) so that Q fol-
lows a sigmoidal increase with increasing OV'L. This corre-
sponds to a model of limiting similarity where the duration
of coexistence declines rapidly beyond a threshold of niche
overlap y (Pigot and Etienne 2015). The overlap between
Gaussian distributions is given by the cumulative normal
function ® and is equal to 2® (- |x, - xj|/2s), where x; and
x; are the respective niche optima and s the niche breadth
(Clarke et al., 2017, Inman & Bradley, 1989). OV'L is mod-
elled as the unique intersection of the cumulative normal
distributions of species i and, j, and j,, the two resident
species that are its immediate neighbours in niche space

(i.e. the species with the nearest positive and negative niche
optima):

)xi - xjﬂ| |xj1 - sz
OVL, = ] e vl I R P
ne (nearestzneighhours} [ 2s ] [ - ]

Here the first term refers to the summed overlap between
focal species 7 and its nearest neighbours and the second
term to the overlap between the nearest neighbours. We
only consider nearest neighbours (Figure 1) as the niches of
all species have identical width, and therefore OV L denotes
the total overlap in niche space, which leaves 1 — OVL
as the unique niche space occupied by the focal species.
Biologically, we interpret this unique niche space as the
uniquely exploited resources by which a population can
sustain itself. However, our model could be extended to
consider diffuse competition (Nuismer & Harmon, 2015).
To address the effect of arrival order on competition
we track the timing of species colonisation at each site
(Figure 1). Following both anagenetic and cladogenetic
speciation, newly formed species retain the arrival times
of the parent species at the sites where they occur. When a
species recolonises a site where it had previously become
extinct, the time since arrival for this species is reset to
zero. Under resident-superiority (RS), we disregard the
niche overlap OVL from species that arrive later than
focal species 7, thus reducing the strength of competition
experienced by longer standing residents (Figure la). In
contrast, under invader-superiority (IS), we disregard
the niche overlap OV'L from species that arrived earlier
than focal species i, thus reducing the strength of com-
petition experienced by recent invaders (Figure 1b). In
the symmetric competition model (SC) the focal species
experiences competition from either the earlier or later
arriving species selected at random. In this way, we keep
the identity of competitors and intensity of competition
the same, but disregard arrival order when determining
the outcome of competition (Figure 1c; Appendix II).

Exploration of parameter space and
summary statistics

We simulated the model in continuous time using the
modified Gillespie algorithm (Allen & Dytham, 2009;
Gillespie, 1977) (Appendix II). For each of the three
models of competition, we examine varying rates of (a)
speciation (4 = 0.01, 0.02, 0.04, 0.08, 0.16, 0.32, 0.64),
(b) population background extinction (ybg = 0, 0.005,
0.0125, 0.025, 0.05, 0.075, 0.125), (c) rate of niche evolu-
tion (6 = 0.125, 0.25, 0.50, 0.75, 1.00, Figure S2), and (d)
the level of niche overlap at which the rate of popula-
tion competitive exclusion Q is half,uwmp (w=0.125, 0.25,
0.5, 0.75, 0.875, Figure S3). We keep species niche breadth
(s = 0.15), colonisation rate (y = 0.25) and the constant
controlling the rate of competition exclusion (ycomp =5)
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A 1 2 3
(b) Invader superiority
A 12 3

12 3

“,

‘ay

Impact of arrival order on the outcome of competition. An exemplar community is represented consisting of three species

with niches distributed across an arbitrary axis and competition occurring between nearest neighbours. The order of arrival presented here is
arbitrary (i.e. unrelated to niche position), and is denoted above each species, with 1 indicating the first species to arrive and 3 the last species
to arrive. The identity of the species that is excluded from the community by competition (dashed species) depends on both niche overlap and
the order of arrival according to three alternative scenarios: (a) resident-superiority, where the species that arrived earlier outcompetes the
neighbouring species that arrived later driving it locally extinct; (b) invader-superiority, where the species that arrived later outcompetes the
neighbouring species that arrived earlier; and (c) symmetric competition, where competitive exclusion is independent of arrival order and only

dependent on overlap in niche space.

fixed, as their effects are expected to be partially redun-
dant with other parameters. For instance, increasing the
colonisation rate y will have a similar effect to reducing
the rates of speciation A, population background extinc-
tion Hpg and niche evolution o, while increasing niche
breadth s would have a similar effect to reducing y or
increasing p,,,, -

Throughout we record composition at each site,
metacommunity and site-level species richness, species
range sizes (i.e. number of occupied sites) and phylo-
genetic relationships. We track the actual rate of col-
onisation and population extinction over time and use
the complete fossil phylogeny to calculate the rate of
species extinction and cladogenetic speciation (hereaf-
ter, ‘speciation’) (Ezard & Purvis, 2009). Subsequently,
diversification rate is calculated as the speciation rate
minus extinction rate in the fossil phylogeny and the
rate of branching in the reconstructed phylogeny (i.e.
containing only extant species). Rates are reported as
either the ‘metacommunity rate’ (i.e. the total across
the metacommunity), the average ‘per-lineage rate’,
or, when accompanied by the corresponding model
parameter symbol, the ‘per-population rate’ used as
model input. From the reconstructed phylogeny, we cal-
culate phylogenetic imbalance using the Sackin index.
Positive (negative) values indicate a more uneven (even)
distribution of species among lineages than expected
under a constant rate pure-birth model of speciation
(Appendix III) (Blum & Frangois, 2005). Simulations
are terminated when either (a) all species have gone

extinct, or (b) the elapsed time 7 is reached. Based on
preliminary simulations we set 77 = 360 to ensure we
reach a stochastic equilibrium in each parameter and
metric. To establish identical (fossil) crown ages we
track time starting at the first cladogenetic speciation
event. To allow diversification patterns to be meaning-
fully summarised, simulations resulting in fewer than
three extant species at time 7" were repeated, although
under the chosen parameters this rarely occurred.
Simulations are repeated until we obtain 100 success-
ful realisations for each parameter combination. These
realisations are used to investigate the null hypothesis
that diversification dynamics are independent of the
presence of priority effects.

RESULTS
Temporal dynamics of species richness

Under all competition scenarios (resident-superiority,
invader-superiority and symmetric competition), spe-
cies richness follows a similar temporal trajectory at
both the metacommunity and local level (Figure 2,
Figures S1-S3). Early in the radiation, richness accu-
mulates rapidly (Figure 2j) because most sites contain
few if any species, rates of population extinction are
lower than rates of colonisation (Figure 2a and b), and
species average range size thus expands (Figure 2i).
This leads to low rates of species extinction and an
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FIGURE 2 Dependence of macroevolutionary dynamics on the presence or absence of priority effects. Priority effects are represented
by the RS model (blue) and is compared to the opposite scenario of IS (red) and an intermediate SC (yellow) model, where the probability of
competitive exclusion is independent of arrival order. Each plot shows the results for a different macroevolutionary rate or pattern, with the
x-axis representing the time from the crown age to the present day. (a-d) total metacommunity rate and (e-h) mean per-lineage rate of (a,e)
population extinction; (b,f) colonisation; (c,g) cladogenetic speciation (bold) and species extinction (dashed/shaded); (d,h) diversification; (i)
average range size; (j) metacommunity and average local species richness; (k) Sackin index of phylogenetic tree imbalance, where the dashed
line represents the imbalance expected under a pure-birth model. Values show the mean trend for 500 replicate simulations under: y = 0.25,
4=0.02,y=0.25,6=0.25, and Hyy = 0. See Appendix III for details on metrics used.

accelerating rate of speciation at both the metacom-
munity and lineage level (Figure 2c and g). As local
richness accumulates, there is an increase in the rate
of population extinction (Figure 2e), eventually con-
verging on the rate of colonisation (Figure 2f), so that
average range size peaks and subsequently declines
(Figure 2i). The decline in average range size causes an
increase in per-lineage rate of species extinction, de-
crease in speciation (Figure 2g), and a decline in the
metacommunity and per-lineage rate of diversification
(Figure 2d and h). While a diversification slowdown is
also evident in the reconstructed phylogeny, this pat-
tern is eroded over time under the IS and SC models as
high rates of species extinction prune the oldest line-
ages from the tree (Figure S4d). Eventually local sites,
and then the metacommunity, reach a dynamic equi-
librium in which species richness fluctuates stochasti-
cally around a steady state (Figure 2j).

Metacommunity and local species richness

Although the temporal accumulation of species rich-
ness is qualitatively similar across competition sce-
narios, local and metacommunity richness varies
(Figure 2j). Equilibrium species richness, at both local
and metacommunity scales, is highest under the RS
model, lowest under the IS model, and intermediate
for the SC model (Figures S1-S3). These differences in
richness arise despite each model being governed by
identical ecological limits and parameters, and is due
to the substantially faster rate of species extinction in
the SC and IS models (Figures 2c,g and 3). When in-
vaders can displace residents, species occupying a sin-
gle site can be driven to extinction. In contrast, when
priority effects operate these rare species are resistant
to competitive displacement and so, notwithstanding
stochastic background extinction, can accumulate in
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FIGURE 3 Impacts of priority effects on diversification dynamics. Phylogenetic trees from a single exemplar simulation are shown for
respectively the IS (a and b) and RS (c and d) model. In (a and c) fossil trees are shown including extinct lineages, while (b and d) show the
reconstructed phylogeny (i.e. including only extant lineages). Coloured bars at the tips of the phylogeny in (b and d) indicate the species range
sizes at the present. The exemplar trees were simulated under the following parameter values: w = 0.25,1=0.02, y = 0.25, 6 = 0.25, and Hpy = 0.
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FIGURE 4 Influence of the rate of population background extinction, speciation and speciation-mode on the relative metacommunity
species richness expected under the IS and RS model. (a) peripatric and (b) vicariance speciation-mode. On each plot, the y-axis and x-axis
denote the speciation 4 and population background extinction My TatES respectively, both calculated relative to the rate of colonisation, kept
constant at y = 0.25. Colours indicate the ratio between the average metacommunity richness for the RS and IS model calculated across 100
replicate simulations at 7= 360. The parameters used in Figure 2 are highlighted with an asterix (*). Competitive intensity (y = 0.25) and rate of
trait evolution (¢ = 0.25) are kept constant for all simulations.
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FIGURE 5 Influence of the rate of population background extinction, speciation and speciation-mode on phylogenetic tree imbalance

expected under the (a and ¢) IS and (b and d) RS model and under (a and b) peripatric and (c and d) vicariant speciation-modes. On each plot,
the y-axis and x-axis denote the rate of speciation 1 and population background extinction Hpg respectively, both calculated relative to the

rate of colonisation, kept constant at y = 0.25. Colours indicate the Sackin index of phylogenetic tree imbalance. To better visualise patterns,
negative (blue = balanced) and positive (red = unbalanced) values of the Sackin index were rescaled by the highest balance or imbalance values
respectively before plotting. The parameters used in Figure 2 are highlighted with an asterix (*). Competitive intensity (w = 0.25) and rate of

trait evolution (¢ = 0.25) are kept constant for all simulations.

the metacommunity (Figure 3). The persistence of
these rare species boosts the total number of popu-
lations in the metacommunity leading to higher
metacommunity rates of population extinction and
colonisation under the RS model (Figure 2a and b),
but lower per-lineage rates of population extinction,
colonisation and speciation (Figure 2e—g). Because
single-site endemics only undergo anagenesis, meta-
community rates of speciation are unaltered by the
persistence of rare species and are thus similar across
models (Figure 2c¢).

The higher metacommunity richness under the RS
model is evident across a broad region of parame-
ter space (Figures S1-S3), but varies according to key
model parameters (Figure 4). With high rates of popula-
tion background extinction Hipgs the strength of priority

effects is reduced leading to more similar metacommu-
nity richness across competition scenarios (Figure 4). In
contrast, when the rate of speciation A is low relative to
the rate of colonisation y the relative metacommunity
richness of the RS model is increased. This is because
species with similar ecological niches rapidly come into
contact following speciation leading to faster species ex-
tinction in the SC and IS models. The role of priority ef-
fects in boosting richness by reducing species extinction
is highlighted by comparing a peripatric and vicariance
speciation-mode (Figure 4). With vicariant speciation,
fewer single-site endemics that are vulnerable to extinc-
tion are generated, and thus although still present, the
difference in metacommunity richness between the RS
and IS (and SC) models is reduced (Figure 4, Figure S1
and S5).
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Phylogenetic tree imbalance

Priority effects have a major impact on phylogenetic im-
balance (Figure 3). In the IS and SC models, phylogenies
are more balanced than expected under a pure-birth
model (Figure 2k). This is because species on phyloge-
netic branches that have diversified more rapidly, will
experience more intense competition from relatives,
leading to smaller species ranges and thus lower rates
of speciation and higher rates of species extinction. This
negative feedback on diversification leads to a more even
distribution of richness among clades (Figure 2k). In
contrast, under the RS model, phylogenies may either be
more unbalanced or balanced than a pure-birth model
depending on the speciation-mode (Figure 5b and d).
With peripatric speciation, species with large geo-
graphic ranges undergo faster rates of speciation, pro-
ducing multiple daughter species which initially occupy
only a single site. Under the RS model, these rare species
are unable to expand their range until they have diverged
sufficiently in their niche to coexist with the parental lin-
eage, but are also relatively resistant to extinction. Thus,
by enforcing differences in range size generated during
speciation, priority effects lead to large asymmetries
in rates of diversification across lineages and thus un-
balanced trees (Figures 2k, 3 and 5b). In contrast, with
vicariant speciation, sister lineages have similar range
sizes and thus rates of diversification. This symmetry
is enforced by priority effects leading to balanced trees
(Figure 5d). The impact of priority effects on phyloge-
netic tree shape vary depending on rates of population
background extinction u, < and speciation A. When pop-
ulation background extinction is rapid Hpg the impacts
of priority effects are eroded, leading to trees that con-
verge on similar levels of balance to the IS and SC mod-
els (Figure 5a and b). Equally, when speciation A is rapid
relative to colonisation Y, the impacts of priority effects
in driving extreme tree shapes is reduced. This is because
species are unable to spread and attain large ranges be-
fore speciating, reducing among lineage heterogeneity in
range size and thus equalising rates of diversification.
This latter scenario may characterise oceanic islands
when colonisation events are rare, but speciation then
proceeds rapidly due to an absence of gene flow.

DISCUSSION

Local priority effects have been identified as an impor-
tant process in understanding the assembly and diversity
of ecological communities (Fukami, 2015). However, the
impact of local priority effects on the origins and main-
tenance of biodiversity over macroevolutionary time-
scales has remained unclear. Here we bridge this gap,
by developing a theoretical model of an evolving meta-
community in which the presence of local priority effects
can be modified in order to identify their unique role in

generating broad-scale macroevolutionary patterns. We
demonstrate that while the temporal dynamics of spe-
cies accumulation is remarkably insensitive to the exist-
ence of local priority effects, they can profoundly shape
metacommunity species richness and how this richness
is partitioned among clades.

Our model assumes that metacommunity richness is
subject to ecological limits, set by the finite number of
local sites and limits to niche similarity among coexisting
species. When clades evolve under these conditions, our
model produces the classic signature of an adaptive ra-
diation, whereby rates of diversification slow down over
time and clades approach an equilibrium species richness
(Moen & Morlon, 2014; Rabosky, 2009). This pattern is
often attributed to ‘niche incumbency’, in which early
evolving species pre-empt ecological niche space (Price
et al., 2014). This verbal model of niche incumbency is
best captured by our resident-superiority scenario, in
which longer established resident species benefit from a
local priority effect and deterministically exclude more
recent invaders with similar ecological niches. However,
our results show that a slowdown in diversification rate
does not require—and thus does not provide evidence
for—the existence of local priority effects because the
same temporal pattern arises even when more recent in-
vaders stochastically (symmetric competition), or deter-
ministically (invader-superiority), displace residents.

Under the resident-superiority model, as niche space
becomes more densely packed, the invasion of local
communities is increasingly inhibited, resulting in aver-
age species range size declining as new species arise but
are unable to expand. In contrast, when invading species
are competitively equivalent (symmetric competition)
or superior (invader-superiority) to residents, there is a
constant turnover in the identity of species occupying a
site, as new lineages arise, invade and displace residents.
Species originating later in the radiation can just as read-
ily invade a site as could species at the start of the radia-
tion. Yet, despite these contrasting dynamics, the effects
of heightened competition in depressing the average
range size of species is the same. When invading species
are competitively equivalent or superior, then as niche
space becomes increasingly densely packed, the gain
in range size made by one species invading a site is bal-
anced by a reduction in the range size of the resident spe-
cies that the invader displaces. In addition, the benefits
of being an invader are temporary, because recent invad-
ers to a site will themselves become longer established
residents and in turn be displaced (Sheppard & Schurr,
2019). Thus, over time, increasing niche packing drives a
similar decline in average range size, and a concomitant
reduction in speciation rate and increase in species ex-
tinction rate, regardless of whether local priority effects
operate or not. This conclusion is not dependent on as-
suming a strict ecological limit to metacommunity di-
versity, because we find the same result when ecological
niche space is unbounded (Figures SI and S6).
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In addition to a temporal slowdown in diversification,
the resistance of more diverse systems to external invasion
has also been taken as evidence for local priority effects
(Betancur-R et al., 2012; Brockhurst et al., 2007; Fukami
et al., 2007; Gillespie, 2004; Tanentzap et al., 2015). To
test this possibility, we conducted a post hoc analysis in
which we tracked the survival of an introduced alien
lineage—and its descendants—originating from out-
side the metacommunity (Appendix IV). We found that
across all competition scenarios, the survival time of the
invading alien lineage is lower when introduced later
in the radiation (Figure 6). Under resident-superiority,
this is unsurprising because when niche space is densely
packed, the alien lineage will be quickly outcompeted by
an ecologically similar resident. By contrast, while the
alien invader will always displace the local competitor
under the invader-superiority model, its chance of long-
term survival is also diminished because it can in turn
be displaced, and thus potentially driven extinct, by an-
other invader originating from within the metacommu-
nity. Such a reduction in survival time, would be seen as
a reduction in invasion success (Duncan et al., 2019) and
implies that when local priority effects are absent, a form
of priority effect (e.g. numerical dominance) can emerge
at the scale of the entire metacommunity.

While neither the temporal accumulation of species
during adaptive radiations nor the greater resistance
of diverse regions to invasion provide evidence of local
priority effects, we find that other commonly observed
macroevolutionary patterns do depend on how arrival
order within sites alters competitive outcomes. The tree
of life is highly unbalanced, with most species concen-
trated in a few highly diverse clades, indicating substan-
tial heterogeneity in net diversification across lineages
(Blum & Frangois, 2006; Mooers & Heard, 1997). Our
results show that when ecological niches are limited but
invaders can displace residents, phylogenies are more
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balanced than expected under a pure-birth model. This
is because lineages which diversify more rapidly experi-
ence more intense competition leading to a negative feed-
back on further diversification. However, when priority
effects are present, the opposite pattern of strong phylo-
genetic imbalance can arise, suggesting priority effects
may be an important factor contributing to the disparity
in species richness observed across clades.

Our results further show that this imbalance arises
because local priority effects lock in asymmetries in
range size between species generated during speciation.
In particular, when speciation involves the divergence of
single populations (e.g. peripatry), priority effects lead
to high phylogenetic imbalance because these rare lin-
eages can persist over time but are less likely to diversify
than the more widespread parental lineage (Figure 3).
In contrast, under vicariant speciation, in which species
ranges are split symmetrically, priority effects instead
result in trees that are highly balanced, with clade diver-
sity more evenly distributed than expected under a pure-
birth model (Figure 5). Thus, our results show that local
priority effects lead to high phylogenetic imbalance by
re-enforcing pre-existing asymmetries in diversification
rates, rather than generating these asymmetries in the
first place.

Although the total number of species that could the-
oretically be packed into the metacommunity is con-
stant across our models, local priority effects lead to
a higher metacommunity richness at equilibrium be-
cause rare species are more resistant to species extinc-
tion and can thus accumulate over time. In contrast,
when invaders can displace residents, species endemic
to a single site are at risk of being driven to extinction.
Previous ecological studies have shown how priority
effects can lead to stronger spatial turnover in species
composition (Fukami & Morin, 2003; Morton & Law,
1997; Steiner & Leibold, 2004), particularly when there
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FIGURE 6 Success of invaders from outside the metacommunity in the presence and absence of priority effects. Colours represent the
three modes of competition: IS (red), SC (yellow), and RS (blue). The x-axis indicates the time from the start of the simulation when an invader
from outside the metacommunity is introduced. The y-axis indicates the survival time of the invader or any of its descendent lineages. Bar
width indicates the percentage of n = 1000 invaders that are extant at that time. A rapid decrease in bar width indicates a reduced survival time
of invaders and thus lower invasion success. See Appendix IV for further details.
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is a diverse species pool, because of greater variability
across sites in the order of species arrival (Chase, 2010;
Fukami, 2015; Steiner, 2014). Our macroevolutionary
model highlights an alternative mechanism linking
the strength of priority effects to species turnover and
richness. Specifically, by reducing rates of species ex-
tinction, local priority effects lead to the greater per-
sistence of rare species and the evolution of a more
diverse species pool.

Our macroevolutionary model incorporating spe-
cies diversification and niche evolution extends purely
ecological models of local priority effects. The distinct
signatures in phylogenetic tree shape and species ranges
left by priority effects (Figure 2, Figure S4), provide
potential candidate metrics to empirically evaluate the
strength of priority effects in natural communities. We
note that these signatures do not rest on our comparison
between priority effects and deterministic displacement
by invaders, as they are also evident when competitive
outcomes are independent of arrival order. However,
our model also makes a number of simplifications. For
instance, we do not consider how selection at the level
of individuals could drive the ecological divergence of
local populations (i.e. character displacement) (Brown &
Wilson, 1956; Stroud et al., 2019) nor do we allow for in-
creasing niche specialisation in response to competition.
To some extent, our species-level model may capture the
effects of selection for divergent niches, because species
with similar ecological niches suffer greater extinction.
Furthermore, while allowing individual level selection
would likely allow a denser packing of the metacommu-
nity as species can mutually adjust their niches, we do
not expect that this would qualitatively alter our main
conclusions.

Here, we formulated a computational experiment
that allows the effects of arrival order on competition
to be manipulated, holding constant other factors such
as the strength of competition and the ecological limit
to diversity. While this allows us to identify the unique
role of local priority effects in shaping macroevolution-
ary dynamics, our model is silent regarding the specific
mechanisms that cause the competitive superiority, or
indeed the equivalence, of residents or invaders. Yet,
it is possible that different mechanisms could lead to
contrasting dynamics. For instance, the strength of pri-
ority effects may vary with the relative population size
of the invader and resident (Fukami, 2015), or length
of time they have been established (Svoboda et al.,
2018). Equally, the success of invasive alien species has
often been explained as a temporary fitness advantage
(Hawkes, 2007; Sheppard & Schurr, 2019). However,
whether this advantage dissipates because of a loss of
fitness in the invader (e.g. natural enemies adapt to
the invader), rather than an increase in fitness of the
residents (e.g. residents adapt to the enemies carried
by the invader), may have different implications for
the resistance of the community to further invasions

or the potential for the resident species to themselves
become invaders at other sites. Here, we purposefully
bypassed the modelling of these ecological and demo-
graphic processes, but incorporating these features is
an important avenue for future research (Aguilée et al.,
2018).

CONCLUSION

Our study represents a first attempt to integrate macro-
evolution into a metacommunity framework to test how
local priority effects influence biodiversity dynamics.
While our results suggest that certain macroevolution-
ary patterns—such as the enormous disparity in rich-
ness across clades—may be most consistent with the
existence of strong priority effects operating within local
communities, we find that local priority effects are not
required to explain other classic features of adaptive ra-
diations, including slowdowns in rates of diversification
and the greater resistance of diverse regions to invasion.
We show that even when local communities are governed
by a constant turnover in composition driven by the
continuous invasion of new species—as envisioned in
Wilson's (1959) taxon cycle model—niche incumbency at
the macroevolutionary scale arises as an emergent prop-
erty of competitive pressure within the metacommunity.
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