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INTRODUCTION



2 1. INTRODUCTION

1.1. MACROEVOLUTION AND SPECIES DIVERSITY ON EARTH

HE number of species living today has proven hard to estimate [1], and is certainly not
T static. As new species are discovered, some are also undergoing speciation themselves,
while others go extinct without even being surveyed. As a result, species diversity change
over time due to both speciation and extinction. The distribution of species is also
heterogeneous across geography, best illustrated by the correlation of species richness
with latitude [2], and across taxonomy, with a high imbalance between sister taxa being a
common feature of phylogenetic trees [3, 4]. For example, the two orders of Lepidosauria,
Squamata and Rynchocephalia (tuataras), currently include more than 9,000 species for
the former, against a single, or possibly two species for the latter [5]. Such imbalances,
and more generally the distribution of biodiversity today on Earth, is the present outcome
of evolutionary processes that have taken place in the past. Understanding past evolution
is hence key to understand how ecosystems have been assembled.

Explaining the distribution and origins of the diversity of living organisms has been
the central questions of natural history during the past two centuries, and its legacy can
be found in modern macroevolution. Where early naturalists were interested in finding
explanations for current diversity, macroevolution has focused on the formulation of
general rules on how evolutionary processes take place at the multi-million-year timescale.
Gould [6] famously coined the metaphor of the tape of life, emphasizing the importance
of randomness in evolution, and how the face of diversity at a given time is contingent on
past events. In spite of this, macroevolution is likely to have a deterministic component,
as long-term trends in evolutionary changes emerge from regulated, ecological processes
taking place over smaller timescales. The field of macroevolution aims at establishing how
these processes extrapolate over millions of years, and if new patterns and mechanisms
emerge when observing evolution at this coarser level. The study of diversification, in
particular, focuses on observing the dynamics of diversity, observing the trends of change
in multi-million-year diversity levels (patterns) and inferring what mechanisms control
them (processes).

The pace and distribution of speciation and extinction events have shaped diversity in
the past [7, 8], and revealing what ecological mechanisms drive them across taxa will help
to inform how modern ecosystems have emerged and how they are likely to change in
future times. Many insights have been obtained from the study of fossil faunas and floras
and how they changed in composition through geological times. A major step forward
has been the assembly of a continuous diversity reconstruction across diverse, well-
conserved clades and the subsequent study of the patterns they exhibited. Most famously,
Sepkoski’s global reconstruction of marine taxa diversity spanning the entire Phanerozoic
has provided important insights [9-11], along with the emergence of simulations as a
tool for research in evolution. For example, Raup [12] has been able to estimate average,
global extinction rates, while Walker and Valentine [13] used the fossil record along with
simulations to test predictions from ecological niche theory. The main drawback of fossil
studies has been the relative paucity of occurrences [14] — we only observe a fraction of
the taxa that lived at a given time — and the many biases associated with this — the rate of
preservation being highly heterogeneous across time and scale.

This issue has been addressed by using a different source of information — molecular
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phylogenies. Molecular clock models have made it possible to date branching events
in phylogenies reconstructed from extant taxa, making it possible to infer the pace at
which the group diversified in the clade. Much progress has been made following the
derivation of a likelihood expression for birth-death phylogenetic models [15], effectively
making it possible to disentangle rates of speciation and extinction from a phylogeny
[16] and to test for the factors that have driven them. Such inference methods have been
extensively used to study models of range evolution [17, 18], modes of speciation [19, 20],
or the influence of some traits in accelerating the diversification [21, 22].

The dialogue between molecular phylogenies and the fossil record has shown hard to
establish [23, 24], as a result of correspondences between paleontological or morphologi-
cal, and phylogenetic definitions of a species being unclear, although efforts are being
made to reconcile both [25]. Nevertheless, the availability of two sources of information
has helped shaping current knowledge on macroevolutionary trends.

Global trends in diversification have initially been inferred from the observation of the
fossil record. Diversity might be richer today than it ever was before (Benton & Emerson
2007), however it seems evident that diversification is limited by controlling factors.
Sepkoski [9] has noted that, similar to modes of population growth, taxonomic units
are expected to accumulate exponentially under a positive, net rate of diversification.
This prediction is incongruent with the ‘low’ levels of diversity observed today when
compared to the length of the Phanerozoic and the rates estimated from the Cambrian
explosion. In fact, diversity in the fossil record seems to build up following logistic growth,
with taxonomic units accumulating over time until reaching a plateau. Such plateaus of
diversity have been reported for the accumulation of marine orders over the entirety of the
Phanerozoic [9], and marine families during Paleozoic times [10]. Equivalent observations
have been made from molecular reconstructed phylogenies, at lower taxonomic scales,
typically for genera and families [20, 26, 27]. Clades often exhibit logistic-like patterns
of lineage accumulation through time, with bursts of branching early in the phylogeny,
followed by a later slowdown toward the present. This, and the second observation that
diversity rebounds rapidly after episodes of mass extinction [28-30], suggest that diversity
levels impose a negative feedback on diversification, and that diversity is capped at an
equilibrium level where the net diversification rate lies close to zero.

Such patterns of growth suggest a clear parallel with ecological processes observed
at lower scales. In particular, the apparent limit to diversity presents analogies with
environmental carrying capacities from island biogeography theory [31], and has been
interpreted as the result of resource limitations and negative, competitive interactions be-
tween species inside a clade [8, 13, 23]. Due to competitive exclusion, species must occupy
different ecological niches to coexist. The carrying capacity of the diversity-dependent
model can be thought of as the number of niches available to species at a given time. As
the number of occupied niches increase diversification is curbed due to strengthened
competitive interactions. Competition has been proposed to affect either speciation
rates, extinction rates, or both. Speciation can be hampered by the lack of free niches or
ecological opportunities, preventing the survival of incipient species through increased
competition, while increased competition and species packing should also result in re-
duced population sizes, making extinction more likely to happen from external, stochastic
events. A simple way to illustrate this process is a logistic growth model, analogous to the
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one used in population growth modelling and island biogeography. A carrying capacity
is set to represent the maximum number of individuals (or, at the macroevolutionary
scale, species) that can coexist at a given time, typically because of limited resources. As
species accumulate, diversity growth rate (diversification rate) is hampered as diversity
level approaches the carrying capacity. While this phenomenological model has been
shown to provide a good fit to the dynamics of diversification followed by many clades
[9, 32, 33], confirmation of the mechanism behind this pattern is more difficult to infer
due to the paucity of information regarding the evolution of living groups in the past.

In fact, although the most emphasized hypotheses behind diversity-dependence re-
volve around niche dynamics, other mechanisms can produce similar dynamics (reviewed
in Moen and Morlon [34]). For example, Pigot et al. [35] showed that diversity-dependent
diversification slowdowns can also arise solely from allopatric speciation and range dy-
namics. In their model of geographic speciation, speciation probability diminishes as
species pack in a finite area and their range is reduced, leading to lower probabilities
of speciation by vicariance. Levinton [36] has noted that increased extinction through
species packing can also happen in a neutral setting, in the absence of niche dynamics,
as long as the number of organisms a given area can sustain is limited by the biomass of
resources.

Diversity-dependence has become one of the major models of diversification, as it
has a good heuristic value at explaining the diversification slowdowns that seem to be
widespread in both the fossil record and in molecular phylogenies. Since it emphasizes
the importance of resource limitations and competition in controlling species diversity,
it is consistent with major macroevolutionary hypotheses. Early bursts of speciation for
example, are the main feature of adaptive radiations [37], and more generally, the role of
competition as the main driver of evolution at the macro-scale has been formulated in
the Red Queen hypothesis [38], but originates from Darwin [39].

While the prevalence of the general pattern in both molecular phylogenies and fossil
series has been well recognized, its interpretation is still the subject of debate [8]. The
model is, in its inception, phenomenological, meant to provide a coherent ecological
interpretation for the plateaus observed in multi-million years diversity curves. The
breadth of its applicability across the tree of life, how ecological-scale processes combine
and connect to evolutionary rates, and whether the observed patterns are indeed caused
by the hypothesized mechanisms, all remain unclear.

1.2. THESIS OUTLINE

Through the scope of this dissertation, I discuss the implications of diversity-dependent
diversification, both as a phenomenological and a mechanistic model. Each of the follow-
ing research chapters address an aspect of diversity-dependent diversification, in turn
tackling its detectability in molecular phylogenies (Chapter 2), modelling the ecologi-
cal processes that are hypothesized to lead to it (Chapter 3), and challenging a central
assumption of the model and exploring how it impacts inference (Chapter 4). Finally, I
summarise the findings of these three chapters and discuss their implications for the field
of macroevolution (Chapter 5), particularly in regard to recent developments that arose
during the course of the PhD.
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While the diversity-dependent model of diversification has been formulated to explain
the apparent decline of the net diversification rate over the history of a clade, other types
of processes are also relevant to explain this pattern. Namely, the time-dependent cate-
gory of diversification models [40] represents processes where the net diversification rate
can be any arbitrary function of time, for example a logistic decline. Given the similarity
of diversity trajectories produced by both types of models, it is unclear which mode of
diversification is driving the patterns observed in molecular phylogenies. This is impor-
tant, since only diversity-dependence calls for a control of diversity on diversification
rates. In Chapter 2, I focus on characterizing differences between diversity-dependence
and time-dependence and develop a method to reliably infer which better explains the
distribution of branches in molecular phylogenies.

Diversity-dependence is widely accepted as a macroevolutionary consequence of
individuals, and eventually species competing for limited resources. While such an ecolog-
ical scenario intuitively leads to diversity-dependent diversification, whether the simple
exponential or linear forms of diversity-dependence considered in phenomenological
models are consistent with it has seldom been investigated. In Chapter 3, I depart from
the phenomenological view and study an individual-based model, where trait-mediated
interactions between organisms and their environment drive an adaptive radiation in a
finite ecological niche space. As the radiation proceeds, niche space fills up and specia-
tion becomes much more complicated and infrequent, a process that is in line with the
ecological interpretation of diversity-dependence. I measure the evolutionary rates, and
the resulting form of diversity-dependence, that emerge in communities simulated under
this model. I then use model selection and the likelihood of the phenomenological mod-
els to assess how the two main forms (linear and exponential) of diversity-dependence
considered in the literature approximate the measured rates when complete fossil infor-
mation is available, and what rates can be recovered in an empirical situation where only
the reconstructed phylogeny is available.

As discussed above, an expected feature of ecological settings hypothesized to lead
to diversity-dependence in evolutionary rates is the presence of a limited amount of
resources, or equivalently a finite niche space. The vast majority of studies that consider
diversity-dependence either implicitly or explicitly assume that all species in a clade
compete among one another in an exclusive niche space, but there is a priori no reason
to expect that the limits of such niche spaces match taxonomy. In Chapter 4, I extend the
individual-based model used through Chapter 2 to consider the case of multiple clades
evolving in a common niche space. The ecological scenario then approximates diversifi-
cation on islands. I simulate diversification in this model with increasing immigration
intensity and decreasing intensity of competition. I then assess whether ignoring compet-
ing clades impedes the detection of diversity-dependence in the resulting phylogenies,
and whether the shared nature of diversity-dependence can be identified when complete
communities are acknowledged as resulting from a single evolutionary process.

Through these approaches, I hope to bring a better understanding of this major
diversification process and more generally, how ecological dynamics influence macroevo-
lution.
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BRANCHING PATTERNS IN
PHYLOGENIES CANNOT
DISTINGUISH
DIVERSITY-DEPENDENT
DIVERSIFICATION FROM
TIME-DEPENDENT DIVERSIFICATION

Théo Pannetier, César Martinez, Lynsey Bunnefeld, Rampal S. Etienne.

oy Tavwng, Tavvoreng

Greek saying

Branching patterns in phylogenies cannot distinguish diversity-dependent diversification from time-dependent
diversification. Evolution, 2020, 75-1: 25-38 [1].
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ABSTRACT

One of the primary goals of macroevolutionary biology has been to explain general trends in
long-term diversity patterns, including whether such patterns correspond to an up-scaling
of processes occurring at lower scales. Reconstructed phylogenies often show decelerated
lineage accumulation over time. This pattern has often been interpreted as the result of
diversity-dependent diversification, where the accumulation of species causes diversifi-
cation to decrease through niche filling. However, other processes can also produce such
a slowdown, including time-dependence without diversity-dependence. To test whether
phylogenetic branching patterns can be used to distinguish these two mechanisms, we
formulated a time-dependent, but diversity-independent model that matches the expected
diversity through time of a diversity-dependent model. We simulated phylogenies under
each model and studied how well likelihood methods could recover the true diversification
mode. Standard model selection criteria always recovered diversity-dependence, even when
it was not present. We correct for this bias by using a bootstrap method and find that neither
model is decisively supported. This implies that the branching pattern of reconstructed trees
contains insufficient information to detect the presence or absence of diversity-dependence.
We advocate that tests encompassing additional data, e.g., traits or range distributions, are
needed to evaluate how diversity drives macroevolutionary trends.

Keywords — maximum likelihood, simulations, time-dependence, diversity-dependence,
macroevolution, birth-death models
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2.1. INTRODUCTION

TANDING species diversity ultimately results from speciation and extinction events
S of lineages over millions of years. Investigating the dynamics of these events in the
past can therefore help us understand the current distribution of species across the globe,
as these dynamics provide a background against which more fine-grained ecological
and evolutionary processes can be studied. Macroevolutionary research has taken a
“nomothetic” approach to diversification, favoring the study of “cases and events as
universals, with a view to formulating general laws” [2]. That is, studies have sought to
identify consistent trends in past diversity dynamics, and to infer evolutionary processes
that produced them, in the hope of identifying universal rules that govern long-term
evolution across the tree of life.

A common empirical trend is the tendency of diversification to slow down over the
evolutionary history of many groups. This was first identified in fossil data on high
taxonomic levels [3-5], showing that the number of taxa rapidly accumulated after mass
extinction events but eventually slowed down to reach an equilibrium level. Molecular
phylogenies of extant species have also suggested a slowdown of branching events, with
per capita branching events often being more densely distributed near the crown of a
phylogenetic tree than near its tips [6-10].

Various explanations have been offered for this observed slowdown in lineage accumu-
lation [11]. Here we focus on arguably the most important of these: diversity-dependent
diversification. Parallels between diversity curves inferred from fossil data and plateau-
like patterns of community assembly on islands [3, 12] have been interpreted as speciation
and extinction following similar dynamics to immigration and extinction in the theory of
island biogeography [13]. This suggests a model of diversity-dependent diversification,
where the species of an evolving clade compete for ecological resources in a shared niche
space. Competitive interactions inside the clade strengthen as diversification proceeds
and species accumulate, hindering speciation, increasing extinction, or both [3], leading
to the observed slowdowns. Diversity-dependent diversification thus provides an intuitive
framework to interpret macroevolutionary patterns in ecological terms, for instance that
long-term evolutionary trends can be understood by up-scaling competitive interactions.
However, competition for niche space is not the only possible explanation behind di-
versity dependent diversification; it may also be induced by allopatric speciation and
range size dynamics [14]. Furthermore, some mechanisms have been shown to produce
diversification slowdowns that are independent from standing diversity, for example
when diversification is influenced by the age of the clade [15] or by fluctuations in tem-
perature [10]. In fact, any scenario where the rate of diversification declines over time
(i.e., is time-dependent) will cause a slowdown and is sufficient to explain such a pattern.
Hereafter, we refer to the wide range of scenarios where the rate of diversification declines
over time, but independently of the dynamics of diversity as time-dependence. The sim-
plest time-dependent models make no assumption regarding the underlying mechanism,
and hence these constitute suitable statistical null models to control for decelerating,
diversity-independent diversification [16]. Here we study to what extent phylogenetic
branching patterns can inform us whether diversity-dependent diversification is oper-
ating or whether there is some other time-dependent, but diversity-independent factor
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governing the decline of diversification over time.

Diversification models are usually compared by fitting the models to phylogenetic
branching times using maximum likelihood methods, and then evaluating their perfor-
mance with information criteria such as likelihood ratio tests or the Akaike information
criterion (AIC). The method to compute the likelihood of time-dependent models has
been available for a long time [17], but a method to compute the likelihood for diversity-
dependent models has become available only relatively recently [18]. Previously employed
diversity- and time-dependent models assume simple relationships between speciation
and extinction rates and diversity or time, such as a linear or exponential function. The
performance of each model may thus depend largely on the choice of these functions,
rather than on whether the observed pattern is driven by diversity over time, or time alone.
Here, we formulate a time-dependent model where the expected number of species over
time is equal to the expectation under the diversity-dependent model at any point in time,
leaving as the only difference between the two models the presence or absence of a mech-
anism linking species diversity and diversification. This formulation however underlies
an important difference on how diversification is set to slow down in each model. While
the two models share the same expectation, in the truly diversity-dependent process,
the diversification rate adjusts dynamically to the number of species in the tree. In the
time-dependent process by contrast, the diversification rate is set in advance and declines
continuously, following the expected diversity-dependent process, but independently
from the actual number of species in the tree. We used simulations to generate phyloge-
netic trees under both models and fitted both models to each set of trees using maximum
likelihood to compare the models’ performances. Additionally, we used a bootstrap likeli-
hood method to correct for type I errors in the detection of diversity-dependence. We find
that in most cases, we are unable to decisively recover the generating model, and conclude
that diversity-dependence cannot be distinguished from explicit time-dependence from
branching patterns alone.

2.2. METHODS

2.2.1. DIVERSIFICATION MODELS

DIVERSITY-DEPENDENT MODEL

Birth-death diversification models assume a (per capita) speciation rate, denoted by A,
and a (per capita) extinction rate, u. Both rates can be constant, or depend on time or on
other factors, including diversity itself. For the diversity-dependent (DD) model we use the
formulation introduced in Etienne ez al. [18], with a linear, negative diversity-dependent
effect on speciation rate (1y):

N
An =max(0, g — (Ao — o) E)

UN =Ho, 2.1)

where parameter Ay is the speciation rate when N = 0, yy is the (constant) extinction
rate and K denotes the carrying capacity, that is, the value of the diversity N for which
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AN = pn. The model can also be written in the following form:

N
/IN =max(0,/10(1 - F))
UN =Ho, (2.2)

where K’ = /Iﬁﬂio is the maximum number of species in the system (or, more precisely,

the nearest integer larger than K’ is this maximum).

TIME-DEPENDENT MODEL

For the TD model we require that it has the same expected behavior over time as the
DD model, so that the only difference between the models is the presence or absence
of a feedback of diversity on diversification (the N term in the expression of 1y). To
be precise, we required the expected number of lineages alive at time ¢ under the TD
process (Ntp(t)) to be the same as the expected number of lineages under the DD process
(NTp(1), that is, we start both processes with NO species at time ¢ = 0, and we further
require that for any later time before present (¢ < T):

E[Ntp(#)] = E[Npp(8)]. (2.3)
Either of the two processes can go extinct. Hence we need to find Arp(¢) and prp(¢) such

that this condition is met.
From the general birth-death model [19], it follows that

E[Ntp(8)]'(8) = E[Ntp ()] (Arp — D) 2.4)
ElNm(0)'(1)

A = 2.5

0= TENgp(ry) | HTP (2:9)

We assume the time-dependent and the diversity-dependent model share the same,
constant, extinction rate, so that urp = upp = to. The expression for Arp then becomes:

_ E[Npp(D]'(1)

A
2 T EINpp (0]

+ Ho. (2.6)

E[Npp(9)]1(¢) and its derivative are obtained from the master system of the DD model,

introduced in Etienne et al. [18] (see also Supporting Information). The first term in eq.

(6) is initially high: early in the simulation, we expect E[Npp] to be low, but its rate of
change to be fast. As time passes the derivative decreases, and approaches zero when
E[Npp] reaches K. At this point, Atp(%) approaches p and the diversification process
reaches a dynamic equilibrium.

Note that under this process, how Atp changes through time is independent of the
actual diversity in the tree, and as a consequence all realizations of the process will share
the same speciation (and, thereby, diversification) rate through time. This is in contrast
with the DD model, where App tracks diversity in the tree, and therefore, can change from
arealization of the process to the next.
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The two models share the same set of parameters, {1, to, K}. However, parameter
K takes a slightly different interpretation in the TD model: rather than providing a limit
on the number of species, it sets a time scale for the approach to equilibrium diversity.
Parameter K thus modulates the progressive onset of the diversification slowdown in
time.

2.2.2. SIMULATION PROCEDURE

We simulated DD and TD phylogenetic trees using the Gillespie algorithm, as imple-
mented in functions dd_sim and td_sim, respectively, from the R package DDD 4.3
[18].

We set 1p = 0.8 and K = 40 following Etienne et al. [18], so that trees reach carrying
capacity after around 10 myr in the absence of extinction. We then simulated trees for
different crown ages, to capture different phases of the radiation relative to equilibrium
diversity: exponential growth with little diversity-dependence (5 myr), equilibrium diver-
sity reached recently (10 myr), or sometime in the recent (15 myr) or ancient (60 myr)
past.

Varying the crown age with fixed 1y and K thus allowed us to consider trees with an
increasing (DD or TD) slowdown signal.

For each age, we considered four scenarios with increasing levels of extinction (up =
0.1,0.2,0.3 or 0.4), extinction being known to erase information in phylogenetic branch-
ing patterns [16]. Note that we did not vary the speciation rate 1y, because this only
changes how fast trees reach equilibrium diversity, and therefore affects the distribution
of branching times only relatively to the crown age [18]. We also considered four addi-
tional settings (one for each level of extinction) with K = 80 (and crown age = 15 myr), to
assess whether the inference would yield more power for larger trees. For each of these 20
scenarios, we simulated a set of 1000 phylogenetic trees.

We conditioned the simulation process on nonextinction of the trees: when either
crown lineage went extinct during the simulation process, the simulation was stopped
and the whole tree simulated anew. Note that this conditioning is likely to affect the
expected number of species over time to some extent, and was not accounted for in
the formulation of the TD model. It is not possible to choose a TD model for which
the conditional expectation is similar to that of the DD model, because this requires
knowledge of the probability distribution that we did not know yet, but in fact aimed to
find through this procedure.

2.2.3. MODEL SELECTION

Our primary objective was to study whether the phylogenetic trees generated by either
model are indeed best fit by the model that generated them, or whether both models
fit the data. We therefore fitted both models to each set of phylogenetic trees, using
maximum likelihood, and looked at the log-likelihood ratio (LLR) of DD versus TD. Note
that this is equivalent to comparing AIC, because the models have the same number of
parameters.

We used the likelihood formula introduced in Etienne et al. [18] for DD. In the Sup-
porting Information, we derive the likelihood for the TD model with constant extinction
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rate urp(t) = o and the speciation rate given in equation (2.6), based on the general
likelihood for time-dependent models introduced in Nee et al. [17]. The computation of
both likelihoods are implemented in functions dd_loglik and bd_loglik, respectively,
in R package DDD 4.3. The optimization routine for these two likelihood functions is
based on the subplex algorithm, and is implemented respectively in R functions dd_ML
and bd_ML of the same package. Initial parameter values were set to the true values to
ensure relatively fast convergence of the likelihoods. Convergence however sometimes
proved difficult, for example for large trees (i.e. more than a hundred tips), because the
computation of the TD likelihood became challenging for trees of this size, and because
of the presence of local optima in the likelihood landscape. In these cases, we initialized
the optimization with a different value of K (the most influential parameter for the likeli-
hood). First, TD trees were often larger than the carrying capacity would allow in DD (see
"Results" section). In instances where N > K’, the likelihood of either model becomes 0
and we instead set the initial value of K to N' = N ’10/1;0”0 Second, to avoid local optima,
we started the optimization at K = N, which we had observed to often be close to the
maximum likelihood estimate for other trees.

2.2.4. BOOTSTRAP LIKELIHOOD-RATIO TEST

It has been shown in a previous comparison of DD with the constant-rate (CR) model [20]
that DD tends to overfit the data, causing erroneous inference of diversity dependence
when it is not the true model. Because the two models we compare here are by design
much more similar than DD and CR, we expected to encounter the same issue. We ad-
dressed this problem by using a procedure similar to the parametric bootstrap procedure
introduced in Etienne et al. [20]. Instead of using likelihood ratios as a direct model
selection criterion, we used our simulated trees to generate distributions of likelihood
ratios for DD and TD trees (Fig. 2.1). Although DD is expected to receive inflated support
on both DD and TD trees, it is expected to fit better on DD trees, where it is the generating
process, than on TD trees. This expectation can be used to set a model selection criterion
based on the distribution of the LLR for DD and TD trees. We defined the threshold for
the likelihood ratio of DD to TD above which the selected model would be DD to be the
95th percentile of the LLR distribution for TD trees (blue line in Fig. 2.1). This means that
we allow a 5% error: by specification 5% of all TD trees would yield a higher LLR than this
threshold. Similarly, LLR values below the 5th percentile of the LLR distribution of all DD
trees (green line in Fig. 2.1) would be interpreted as evidence for TD; that is, we allow a 5%
error in calling a tree a TD tree when it is actually a DD tree. If an empirical (or simulated)
LLR value falls between these two thresholds, it is not possible to decisively select either
model over the other (gray area in Fig. 2.1).

Furthermore, the fraction of DD trees that exceed the 95th percentile of the LLR distribu-
tion for TD trees is a measure of the power to detect DD. Conversely, the fraction of TD
trees with a LLR below the 5th percentile of the LLR distribution for DD trees is a measure
of the power to detect TD. We denote these two measures by Ppp and Prp, respectively.
If the two distributions largely overlap, then the power is very low. They are equal to our
significance level in case the distributions completely overlap, in which case one can also
conclude that the models are not distinguishable.
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Figure 2.1 | Potential distribution of the logarithm of the likelihood ratios (or, equivalently, the log-likelihood
differences) for diversity-dependent trees (green) and time-dependent trees (blue). For illustrative purposes,
each curve was generated by sampling 1000 values in normal distributions with a standard deviation of 1 and
mean 6.8 (DD) and 4.3 (TD). Vertical dashed lines represent the 5th and 95th percentiles of the DD and TD
distributions, respectively. Empirical log-likelihood ratio values falling to the left of the green dashed line would
point to support of the TD model (blue background), whereas empirical values falling to the right of the blue
dashed line would point to support of the DD model (green background). For empirical values in the gray area,
neither model can be selected and the test is inconclusive.
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Ao Ho K
Family Age | Cladesize | DD D DD D DD D LLR
Parulidae 10.8 115 0.820 | 0.756 | 0.110 | 0.068 | 118.9 | 170.821 | 1.851585
Canidae 7.0 34 7.592 | 8.770 | 0.596 | 0.552 | 33.3 30.924 | 2.604858
Pseudocheiridae | 27.4 16 0.628 | 0.319 | 0.031 | 0.021 15.2 16.828 | 3.312996
Bucerotidae 48.6 59 0.199 | 0.156 | 0.052 | 0.034 | 60.5 85.756 | 1.325633
Indicatoridae 17.1 17 1.543 | 1.174 | 0.233 | 0.244 | 164 13.472 | 2.341508

Table 2.1 | Maximum likelihood DD and TD parameter estimates for each Family, and logarithm of the likelihood
ratio (LLR) of the two models (DD over TD). DD estimates were taken from Condamine et al. [10], while TD
estimates where obtained here (see Methods).

2.2.5. BOOTSTRAP LIKELIHOOD RATIO TEST ON EMPIRICAL PHYLOGENIES

To complement our simulation study, we applied the bootstrap procedure described
above to a set of empirical phylogenies that bore a strong signal for diversity dependence.

We took the set of Tetrapod family-level phylogenies compiled from published liter-
ature by Condamine et al. [10], and selected five groups for which the linear diversity-
dependent model with constant extinction (that is, the DD model we used for simulations)
fitted best out of 26 birth-death models. The five groups included three bird families,
Parulidae, Bucerotidae, and Indicatoridae, and two mammal phylogenies, Canidae and
Pseudocheiridae. Bird phylogenies were assembled by Condamine et al. from the bird
phylogeny published by Jetz et al. [21]; and mammal phylogenies were pruned from the
mammalian tree of Rolland et al. [22], itself built from the tree of Bininda-Emonds et al.
[23]). For each group, we extracted the estimated parameter values for the DD model
reported in Condamine et al. [10], and used these as a starting point for fitting the TD
model introduced in the "Time-dependent model" section to each phylogeny (see Table
2.1). We then obtained the LLR distribution for each model by simulating 1000 DD and
TD trees from the corresponding parameter estimates, and fitting both models to each
simulated tree. We computed the decision thresholds as described in the “Bootstrap
likelihood ratio test” section and compared the LLR obtained for the original phylogeny
to decide if DD, TD, or neither, could be selected.

2.3. RESULTS

2.3.1. PHYLOGENETIC PATTERNS OF TIME-DEPENDENT AND DIVERSITY DE-
PENDENT TREES

EXPECTED LINEAGES-THROUGH-TIME PLOTS OF TIME-DEPENDENT AND DIVERSITY DEPEN-
DENT TREES ARE SIMILAR

Both TD and DD trees exhibited the typical pattern of a DD radiation, as described in
Etienne et al. [18]: initial exponential growth (< 5 myr), followed by convergence to
a plateau (> 5 myr) with the pull-of-the-present [17] visible for trees with extinction,
resulting in the typical inverted S-shape. The shape of TD trees reflected our formulation
of the TD model, as the mean TD lineage-through-time (LTT) curves closely matched the
DD LIT curves across all parameter settings (Fig. 2.2).
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Figure 2.2 | Lineages-through-time (LTT) plots of trees simulated under the diversity-dependent (green) and time-dependent (
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The difference between the two curves for parameter settings with extinction (Fig. 2.2,
second through fourth columns, second through fifth rows) is a result of conditioning
the phylogenies on survival during simulations (see the next section). Apart from this,
average DD and TD LIT curves are qualitatively similar.

TIME-DEPENDENT TREES ARE MORE VARIABLE IN SIZE THAN DIVERSITY-DEPENDENT ONES
Despite both models producing similar trees on average, the distribution of tree sizes
reveals a key difference between the two models (Fig. 2.2, right-hand side panels). The
size of DD trees is narrowly distributed around the carrying capacity: virtually all trees
without extinction and older than 10 myr had 40 (Fig. 2.2, E, I, M) or 80 (Q) tips by the end
of the simulation. Extinction introduced more variance, but tree size remained closely
constrained around the carrying capacity (Fig. 2.2, second through last columns). By
contrast, the size of TD trees was broadly distributed for all parameter settings (note
the log-scale on the y-axis), being skewed and having a long tail corresponding to large
trees (especially on Fig. 2.2, M). Both simulation age (Fig. 2.2, fourth row, 60 myr vs.
second and third rows) and extinction (Fig. 2.2, last columns vs. second and third
columns) contributed to this variance. The TD model thus produced a much wider range
of outcomes, with trees often smaller or larger than would be expected under diversity-
dependence. This wider spectrum of realizations of the TD model is a consequence of
the absence of a direct feedback of diversity on diversification and how the speciation
rate changes in each model, as exposed in the “Time-dependent model” section.. In
the DD model, rates are continually adjusted based on the discrepancy between the
standing diversity and the carrying capacity. As a result, the effect of stochasticity is
reduced compared to a TD process; should DD diversification be unusually fast or slow in
a particular time window, then rates will be decreased and increased, respectively, in the
next time window. Given enough time to grow to carrying capacity, the distribution of
tree sizes will be tightly constrained around the carrying capacity (Fig. 2.2), akin to the
dynamics of Ornstein-Uhlenbeck process. In a TD, diversity-independent process, by
contrast, rates are blind to the state of the tree, and any stochastic burst or lag in time to
speciation will alter the course of the radiation from its expected final state. As a result,
tree size ends up more widely distributed around the carrying capacity, and variance
in tree size increases over time, although in a decelerated way (as the speciation rate
decreases over time). This is more akin to a Brownian motion process where drift would
decrease over time toward zero.

This, along with conditioning on survival (see the "Methods" section), explains the
large size of some TD trees in the settings with longer simulation times and a high extinc-
tion rate (Fig. 2.2, second to last columns, second to last rows). Trees that went entirely
extinct through the simulation were simulated anew, pushing the sampled distribution of
tree sizes upwards compared to that of DD trees. This difference increased with the age of
the tree, as trees with longer simulation times were more likely to go extinct before the
present.

2.3.2. MODEL SELECTION
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Figure 2.3 | Distributions of the logarithm of the likelihood ratios (or, equivalently, log-likelihood differences)
for diversity-dependent (green) and time-dependent (blue) trees, respectively. Vertical lines represent the 5th
and 95th percentiles of the distribution for DD and TD trees, respectively. Background colours indicate the
result of the test as in Fig. 2.1. Ppp and Prp labels denote the power of the analysis for DD trees and TD trees,
respectively (see "Methods" section). Numbers right to the x-axis of each plot indicate the number of trees of
each model outside of the plotting area (LLR > 7.5).

RAW LIKELIHOOD RATIOS ARE NOT ADEQUATE SELECTION CRITERIA FOR DISTINGUISHING
DIVERSITY-DEPENDENCE FROM TIME-DEPENDENCE

LLRs were almost always found to be positive (Fig. 2.3), suggesting support for diversity-
dependence over time-dependence even when the tree was simulated under time depen-
dence. This was the case across all parameter settings, with the exception of a few TD
trees of 60 myr with extinction, where LLR values were slightly negative (Fig. 2.3, N-P). The
strongest support for DD diversification (most positive LLR scores) was obtained for older
trees with no extinction (Fig. 2.3, E, I, M, Q), that is, trees that were at equilibrium diversity
at present. For younger trees (Fig. 2.3, A) and trees with extinction (second through last
columns), likelihood ratios were less pronounced, yet still positive. In short, based on
likelihood ratios, diversity-dependent diversification is strongly supported, regardless
of whether it was the simulated mode. Using raw likelihood ratios as a model selection
criterion would then yield a frequency of type-I errors (false-positives) close to 1.

USING LIKELIHOOD RATIOS AS A STATISTIC IMPROVES TYPE-I ERRORS BUT THE MODELS CAN
NO LONGER BE DISTINGUISHED

Using the bootstrap procedure described in the “Bootstrap likelihood ratio test” section
reduced the rate of type-I error to 0.05, by design. However, the distribution of the
likelihood ratio for DD and TD trees largely overlapped for most scenarios (Fig. 2.3),
resulting in the test having a low power (Ppp and Prp) to detect the model used to
generate the trees. The effect of parameters across the different scenarios on the statistical
power of this test appeared to be ambiguous. Without extinction, Ppp and Prp increased
slightly from 5 myr to 10 myr scenarios (Fig. 2.3, A vs. E). Ppp decreased when extinction
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was introduced, but was comparable across extinction levels (Fig. 2.3, B-D and E-H),
whereas Prp was low with or without extinction (Fig. 2.3, A-D, E-H). Ppp did not increase
from 10 myr to 15 myr trees (Fig. 2.3, E-H vs. I-L), despite the latter having been at
equilibrium diversity for a long time (Fig. 2.2, I-L), and was low for all levels of extinctions
(Fig. 2.3, I-L). By contrast, Prp for 15 myr trees was initially relatively high (Fig. 2.3, 1),
but gradually decreased with higher extinction levels (Fig. 2.3, J-L). For 60 myr trees,
without extinction, it was not possible to recover DD for any tree (Ppp =0, Fig. 2.3, M),
as the distribution of the LLR for TD trees displayed a very long tail, thus pushing the
threshold of detection of DD well beyond the distribution of DD trees (Fig. 2.3, M). We
discuss this issue further in the next paragraph, in relation to tree size. Ppp = 0 was
then low for intermediate extinction levels (Fig. 2.3, N-O), and increased sharply for
the highest extinction setting, yielding the highest power across all settings (Fig. 2.3,
P). A relatively high Prp was found for 60 myr trees with no extinction (Fig. 2.3, M).
Intermediate extinction levels appeared to erode Prp (Fig. 2.3, N-O), while, again, the
highest power was found for the highest extinction settings (Fig. 2.3, P).

In summary, the power to detect both DD and TD was low overall, ranging between
0.05 to 0.1 for most settings (Fig. 2.3). Some settings yielded a higher power, but the
power varied inconsistently between Ppp and Prp, or with tree age or level of extinction.
Perhaps surprisingly, the highest power to detect both DD and TD was found for the
oldest trees (60 myr), with high extinction (Fig. 2.3, P), which stands in contrast to the
argument that extinction erodes signal in phylogenetic trees [16, 24]. In this setting, the
distribution of the LLR of DD and TD trees did not overlap much (Fig. 2.3, P). However,
this is likely due to the large mismatch in the distribution of tree sizes we mentioned
earlier, and the result of a different conditioning of the likelihood between the two models
(see "Methods" section), rather than optimal conditions to distinguish the two models.

Tree size did not appear to have an effect on the power of the bootstrap likelihood
ratio test. Despite the settings with K = 80 producing markedly larger trees than settings
with K =40 (Fig. 2.2, I-L vs Q-T), Ppp and Prp were comparable between settings (given
the same level of extinction), with even a slightly stronger signal for trees simulated with
K =40 (Fig. 2.3, I-L vs Q-T), suggesting that larger trees did not contain more information.
We graphically inspected whether either model was easier to recover in larger trees, under
the expectation that larger trees contain more information (Fig. 2.4). In this case, one
would expect large trees to lie on the edges of the LLR distribution in Fig. 2.3, close to,
or beyond the corresponding threshold value. That is, tree size should display a positive
correlation with the LLR in the case of DD trees, and a negative one in the case of TD
trees. We found no correlation between tree size and the LLR in DD trees (Fig. 2.4, top
half). In the case of TD trees, we did find a curious apparent correlation between the
size of the tree and the LLR (Fig. 2.4, bottom half). The correlation only started above
a certain tree size (75 tips for settings with yy = 0, Fig. 2.4, E, I, M and Q), and for most
parameter settings, appeared to be driven by a few outlying, exceptionally large trees (Fig
2.4, A, N-0O, Q-T). Yet in at least one setting (Fig. 2.4, M) this set of large trees with high
log-likelihood ratios was clearly part of the sample. Note that this is also visible in Fig.
2.3 (panel M), as the long tail to the right of the distribution (and causes a null Ppp for
this setting). We fail to understand this result. Apart from this setting, the correlation
only concerns a handful of trees in each setting, and thus does not impact the results of
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Figure 2.5 | Average lineages-through-time (LTT) curves (left column) and distribution of the logarithm of
the likelihood ratio (right column) for simulated trees generated from empirical phylogenies. Color schemes
follow those of Fig. 2.2 and Fig. 2.3, respectively. Red lines denote the LTT (left panels) and inferred likelihood
ratio (right panels) of the empirical phylogenies. The pictures on the rightmost columns were drawn by the
first author and represent a member species from each family. From top to bottom: Setophaga fusca (Miiller,
1776) Nyctereutes procyonoides (Gray, 1834), Petauroides volans (Kerr, 1792), Buceros rhinoceros (Linnaeus, 1758),
Indicator indicator (Sparrman, 1777)

the test. In any case, the correlation does not support larger trees containing a stronger
signal for the original model: these trees are simulated with the TD model, and a high LLR
denotes strong support for the DD model.

2.3.3. DD AND TD ARE INDISTINGUISHABLE FOR EMPIRICAL PHYLOGENIES
ACCORDING TO BOOTSTRAP LIKELIHOOD RATIO TEST

The set of empirical phylogenies covered a broader range of values than the simulation
study (Table 2.1). Yet, when we simulated trees from these parameter values, we found
that the distribution of the LLR for DD and TD trees largely overlapped, in four out of
the five examples (Fig. 2.5, right column), and the LLR for the empirical phylogeny fell
between the decision thresholds (Fig. 2.5). Consequently, for these families (Parulidae,
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Canidae, Bucerotidae, and Indicatoridae) it was not possible to select either model over
the other.

In one instance (Pseudocheiridae) however, the empirical LLR was found to lie above
the 95th percentile of the TD distribution, supporting that this group did experience DD
diversification (Fig. 2.5, central row). Here, again, the power of the analysis did not appear
to vary consistently with any of the parameters, and so the conditions leading to higher
power in the case of Pseudocheiridae do not appear to be tied to this setting presenting
favorable conditions. Pseudocheiridae had a lower carrying capacity (Kpp = 15.2, Krp =
16.8) compared to our simulation settings, yet another family with a comparable inferred
carrying capacity (Indicatoridae, Kpp = 16.4, K7p = 13.5) did not yield a high statistical
power for the test. Pseudocheiridae are relatively old (27.4 myr), but the older Bucerotidae
(48.6 myr) show a weak statistical power. Pseudocheiridae show a discrepancy in the
baseline speciation rate 1y and therefore the initial, net diversification rate (rop = Ag —
Lo) (Table 2.1); the estimate for DD was about twice that for TD. There were two other
phylogenies for which estimates for the net diversification rate diverged substantially
between the two models as well: Canidae (Arg = —1.222) and Indicatoridae (Ar0 = 0.380).
In both cases, the power of the analysis was low (Fig. 2.5).

The average LTT plots for DD and TD trees (Fig. 2.5, left column) were quite different.
This is not due to different conditioning as we described for the simulation study, but
rather reflects that the two sets of trees were simulated from different parameter values
(the maximum likelihood estimates for each model, see “Methods” section). This differ-
ence in the methods made it slightly easier to distinguish the two models in the empirical
study, but it is the most appropriate choice to use the maximum likelihood estimates
from each respective model. In an alternative set of results where we simulated both DD
and TD trees from the maximum likelihood estimates of the DD model, we found that
none of the five families were recovered as DD or TD (Fig. 2.6).

2.4. DISCUSSION

We used simulations to compare DD diversification with TD, diversity-independent diver-
sification. We tailored our TD model to minimize differences between the two models
to focus on differences arising from the contrasting diversification modes: presence
or absence of negative diversity feedback on diversification. Our results indicate that,
across much of the tested parameter space, diversity-dependence cannot be reliably
distinguished from time-dependence without diversity-dependence.

We constrained our models to have a similar branching tempo in order to identify
differences in the branching pattern caused solely by the presence or absence of diversity-
dependence. We did this by equating the expected number of species through time
in both models. We observed that the expected LTT plots were similar, only differing
quantitatively due to conditioning on survival.

Although no differences were apparent at the level of individual trees, we found
that DD diversification produced a much narrower range of branching patterns than
the equivalent TD model. In an empirical context, this feature of DD diversification
would not be observable in an individual phylogenetic tree, which is the typical object of
macro evolutionary inference. Rather, this would only be observable if one considered
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a collection of phylogenetic trees, under the assumption that each diversified with the
same carrying capacity, speciation, and extinction rates. Therefore diversity-dependence
could in principle be detected with data of various clades diversifying under the same
parameters, a situation that is unlikely to occur in the real world. A notable example
would be the scenario considered in the DAISIE model of island diversification [25], where
the rates of speciation and extinction are assumed to be properties of an island, shared by
all the lineages on the island. However, DAISIE typically considers a handful of trees with
few tips, and such data are unlikely to provide the resolution of our simulated trees.

Using likelihood ratios for model selection, following the standard procedure for
testing competing diversification models [26, 27], we found DD diversification to be
better supported across all but a few trees, regardless of whether the trees were simulated
under diversity-dependence or not, yielding consistent false-positives in the latter case.
This confirms the systematic bias in favor of diversity-dependence found in an earlier
comparison of DD and CR diversification [20], and indicates that a direct comparison of
diversity-dependent models with other time-dependent models using likelihood ratios (or
equivalently, AIC values) should be avoided. One may wonder what the origin of this bias
is. Etienne et al. [20] mentioned a violation of the mathematical conditions for a reliable
comparison: the CR model being a special, boundary case of diversity-dependence (where
K is infinite). This violation does not apply here.

We observed that the final size of DD trees was strongly constrained around the car-
rying capacity, whereas TD trees varied widely in size (Fig. 2.2). We interpret this as
diversity-dependence constraining the range of possible realizations of the diversification
process. During DD diversification, the speciation rate is constantly modulated by the
current diversity. That is, should stochasticity produce an excess of speciation or extinc-
tion events, the speciation rate is adjusted accordingly, allowing diversification to proceed
following the expected tempo. Fewer realizations of the stochastic process are probable
under diversity-dependence, so the likelihood that a DD model produced a given tree is
higher than for the equivalent diversity-independent model, when evaluated at the maxi-
mum likelihood parameters. It is important to note that this is not specific to the models
we used here. Rather, this result arises from the definition of diversity-dependence, and
the use of maximum likelihood.

To address this issue, we followed a similar procedure to the bootstrap method sug-
gested in Etienne et al. [20], which guarantees by construction that the type-I errors are
low (they are set by the user). We considered the distribution of likelihood ratios for
DD and diversity-independent trees, and defined thresholds beyond which we would be
confident that a tree was produced under a DD or strictly TD process, akin to the distribu-
tion of a statistic. If the models are distinguishable, one would expect the distribution of
likelihood ratios for DD trees to be right-shifted to some extent compared to TD trees (Fig.
2.1), the model fitting better on trees that were generated under it than on trees gener-
ated under the other model. This was not the case, however: the likelihood ratios were
comparable for the two types of trees, and the distributions overlapped considerably as a
result (Fig. 2.3). Only in the exceptional case of unusually old trees with high extinction
was it relatively often possible to recover the generating model (Fig.2.3, panel P). In this
case diversity-dependence is at its strongest: the speciation rate changes frequently as
diversity drifts around equilibrium diversity, and frequent extinction events trigger new
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speciation events. This result suggests that old groups that retained a stable diversity, with
a high turnover for most of their evolutionary history provide the best power to distinguish
diversity-dependence from a purely TD slowdown. Yet, for this scenario, we observed a
large difference in the expected LTT plots (Fig. 2.2, panel P), and this may be the result
of a differential conditioning on survival between the two models (see Methods). This
difference might cause the gap between distributions observed in Fig.2.3, so we could
not rule out the possibility that the better power to distinguish diversity-dependence
from time-dependence observed for this setting might be the result of an assumption in
our methods. For all other scenarios considered, neither the intensity of extinction, the
amount of time the phylogeny stayed at equilibrium diversity (age of the tree), or tree size
appeared to have a clear effect on the power of the bootstrap likelihood ratio test, and the
chances of correctly inferring diversity-dependence or its absence remained low over the
entire span of our simulations.

Because likelihood-based methods performed so poorly, alternative methods could
be considered to distinguish the two models. One could consider likelihood-free methods.
Approximate Bayesian Computation (ABC) [28-30] and neural network based methods
[31, 32] have been applied to macroevolutionary inference, and have been shown to
yield reliable parameter estimates. ABC estimation of evolutionary rates in particular
has been shown to perform on a par with likelihood-based inference when coupled with
the normalized lineage-through-time (nLTT) metric [28]. This method could be used to
compare support for models, by comparing the average error made by trees simulated
under either process compared to a reference tree for which the original process is known.
We anticipate however that this approach would not be able to distinguish the two models
either, because our likelihood-based analysis has shown that a tree produced by either
model can be similarly generated by the alternative model with different parameters.

In conclusion, our failure to distinguish a DD model from a comparable diversity-
independent model of diversification stems from a lack of information in the branching
patterns of the simulated trees. Nee et al. [17] proved that for each CR birth-death process
there is a pure birth process with a declining speciation rate which gives a mathematically
identical likelihood. This proof has recently been generalized: each TD diversification
model has an infinitely large family of other TD diversification models that have identical
likelihoods [33]. Hence, phylogenetic branching times cannot distinguish between mem-
bers of this family of models. Here we have shown that we can almost never distinguish
statistically between the most often used DD model and a TD diversification model, and
by virtue of the results of Louca and Pennell [33], all the TD models that are congruent
with it. We note that our result is not a mathematical identity, but the models are virtually
indistinguishable in practice.

It could be argued that the TD model we formulated for this comparison is artificial in
construction, and unlikely to represent a realistic biological process. TD models encom-
pass any diversification model where net diversification is formulated as a direct function
of time [6]. Simple TD models specifying linear or exponential changes in rates have
been used efficiently to characterize the temporal features of diversification in empirical
trees [9]. We could have used a similar model here as a control for diversity-independent
diversification slowdowns, as has been done before [16, 34]. Yet, there is no clear bi-
ological reason for a DD or diversity-independent decline to follow simple rules. TD,
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but diversity-independent diversification could be driven by the complex fluctuations
of an environmental variable [35, 36], and the strength of diversity-dependence could
change as the carrying capacity changes over time [37]. For example, consider the situ-
ation where an investigator tests a phylogeny for diversity-dependence by comparing
the fit of the linear DD model used here against a model specifying a linear decline of
diversification over time. Unknown to the investigator, the phylogeny was shaped by
long-term climatic changes (i.e., is TD), but the effects on the branching pattern more
closely match the DD model than the specified linear TD decline, leading to the incorrect
conclusion of diversity-dependence. For this reason, we have based our comparisons
on models that generate the same predictions for the timing of branching. We found
that, in this situation, diversity-dependence does not produce any distinctive feature on a
single tree that would distinguish it from a diversity-independent process with the same
expectation for the number of species over time. Note that, throughout this study, we only
consider the case of negative diversity-dependence, as we are interested in disentangling
the potential causes of diversification slowdowns. Our conclusions would not apply to a
positive DD process [38, 39], where "diversity-begets-diversity." In this case, there would
not be an equilibrium point in the number of species, and variance in tree size would not
be constrained by diversity-dependence.

DD diversification is expected to arise under an evolutionary scenario where diversifi-
cation is driven by competitive interactions, either through ecological opportunities [40],
or the partitioning of resources between related taxa [41, 42]. This simple model generates
predictions beyond the distribution of branches in a phylogeny [11]. For instance, classic
verbal models of adaptive radiation [40, 43] predict that the rate of trait evolution should
slow down over time along with the speciation rate, as progressive niche filling precludes
further innovation [34, 44]. Similarly, the accumulation of trait disparity over time should
follow a damped increase [45]. Studies have reported evidence for joint slowdowns in
lineage and disparity accumulation, [34, 46, 47], but trait evolution slowdowns have also
been reported from groups that do not exhibit diversification slowdowns [44, 48], and a
meta-analysis [49] showed that slowdowns in trait evolution were far from ubiquitous,
even in classic examples of adaptive radiation. This suggests that the interplay between
competition, trait evolution and phylogenetic branching may be complex, and that rates
of speciation and trait evolution are not necessarily coupled [50, 51].

Tests of the expected distributions of traits and branching events through time under
the classic verbal model can be developed using mechanistic models that explicitly incor-
porate how radiating species are expected to compete based on trait similarity. Aristide
and Morlon [52] have recently simulated adaptive radiation under such a model and
found that although diversification slowdowns indeed appeared as a result of competi-
tion, rates of trait evolution seldom slowed down, and disparity only stopped increasing
when hard bounds on trait space were imposed. Incorporating how species interact in
space may however change expectations and the outcomes of any model, for example,
range overlap of competitors is expected to modulate the effect of competition on trait
evolution [53].

Models incorporating trait evolution could make use of tests based on tree topology
to infer diversification mode, particularly as empirical phylogenies have been noted




28 2. DIVERSITY- AND TIME-DEPENDENT DIVERSIFICATION

to be highly unbalanced [54]. Such an option was not available to us as our models
are “species-exchangeable” [26], that is, the identity of each lineage does not affect the
diversification process (as opposed to, for example, trait-dependent processes). It is,
however, available for models where trait values [52] or the spatial distribution [55] of
each lineage is inherited along the branches.

We note that branch-based methods such as the ones used here are still powerful
tests for distinguishing models predicting different tempos of diversification. Should
more precise, biologically grounded predictions for DD patterns be derived beyond
simple linear or exponential relationships, we expect it may also be possible to adapt
existing methods to test for the role of competition in phylogenies. Mechanistic models
considering the underlying ecological and geographic components of diversification
[52, 56, 57] are likely to help test the predictions of verbal models and formulate joint
predictions of patterns across branching, traits and distributions.

2.5. CONCLUSIONS

We constrained the tempo of diversification to be the same across two models of diversifi-
cation. There is little information in the branching pattern that would allow us to detect
the presence or absence of diversity-dependence. This implies that the mode of diversifi-
cation alone hardly leaves a diagnostic signature on the branches of a phylogeny. We have
provided a bootstrap likelihood ratio test to properly identify the presence or absence
of diversity-dependence. This can be used by empiricists, but we have shown that one
will only rarely detect diversity-dependence even if it is present; failure to detect either
presence or absence of diversity-dependence is very likely. We call for the derivation of
more precise predictions for DD diversification, perhaps encompassing multiple data
types, and based on explicit ecological processes. Mechanistic, eco-evolutionary models
that have emerged in the recent literature offer a promising framework for deriving such
predictions.
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SUPPORTING INFORMATION

COMPUTATION OF A(f) UNDER THE TD MODEL

The speciation rate under the TD model is:

E(Npp (1))
Arp(f) = ———— 2.7
(1) ENop (D) + o (2.7)

Evaluating this expression requires knowledge of the expectation Npp and its derivative.
The expected value of N for the DD model is

(X'
E(Npp(1)) = Y_ nPy(1) (2.8)
n=1
where P, (?) is the probability of having n species in the phylogeny at time ¢ [18]. The
derivative of the first order moment is

dE (NDD(t)) dPn ( t)

[K"]
Z 2.9)

dPn(t)

where [K'] is the ceiling value of K. The equation for is (see Etienne et al. [18]):

dPy(1)
dt

=P 1At =D+ Py (Opps1(n+ 1) —(Ap + ) Pr(n (2.10)

where

An=ﬂto(1—%) (2.11)

Inserting Eq.(2.10) in Eq.(2.9) we find that

dE(Npp (1)
dt
Replacing K’ with 1K/ (Ag — 1), the equation becomes:

Ao )
= (Ao — Ho)E(Npp) — 2 EWbp) (2.12)

dE(Npp(1)) _ , ~ (Ao—po) o
dr =(Ao IJO)E(NDD) K E(NDD)
E(N D)

= (AO - HO)E(NDD)(I - m
B Var(Npp) + (E(Npp))*
= (Ao — to)E(Npp)(1 KENoD)

E(N Var (N,
= (Ao — po)EWNpp)(1 - (Npp) _ Var( DD)) (2.13)

K KE(Npp)
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Hence, this equation differs from the deterministic differential equation (i.e. the
logistic equation) by the term MO}‘E# It is a good approximation when the variance
is small compared to K?. However, we do not make use of an approximation because
we can compute the variance, or more directly, E(N?), from the solution of the master

equation Eq. (2.10) and

[K']

E(Njp (1) = ) n®Py(1) 2.14)
n=1
Demonstration:
dE(Npp)(#) i ndPn(t)
dt e de
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Two changes in indices are set: , kK = 72 — 1 in the first sum and [ = 72+ 1 in the third sum.
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The indices in the second and fourth sums are then re-labelled as k and 71, respectively.
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With the rates of the dd logistic model, (Ao, to, K') this formula becomes:
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AEWDRYD _ § a1 £y pet) - 3 laoPi(o)
de k=0 K’ 1=0

o0 A (o) o0
=N Y kPe() =2 Y K*Pe(t)—po Y IPy(1)
=0 K" = =0
A
= AoE(k) - E?E(kz) — oE()
A
= (Ao — H)E(N) — E?E(NZ)

where in the last line we replaced the indices by N

LIKELIHOOD OF THE TD MODEL

The likelihood of a reconstructed phylogeny with branching times ¢;,i = 2...N and current
time T, for a general time-dependent model with rates A(#) and u(#), and conditioned on

survival of the clade from the crown to the present, is derived in Nee et al. [17]:

L= f(t,t3,..., tn; A1), p(#) [survival, crown age)

N
= (N = DA - ultz, T [] Mt P, T) A — ulty, T))
k=3

where

u(t, T)=1-P(t, T)ePHD

and

P(t,T)=(1+0(t,T))"

where we have defined

T
o(t,T) :f u(s)ePts ds.
t

and

T
o, T)= f (u(s) — A(s))ds,
t

(2.15)

(2.16)

(2.17)

(2.18)

(2.19)

(2.20)

To perform likelihood maximization, it is convenient to use the log likelihood, which

is (ignore the first, constant, term log(n —1!) :
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N
logL =2(log(P(t2, T) + p(t2, 7)) + ) (log(A(tx)) +210g(P(tx, T)) + p(ty, T)).  (2.21)
k=3

We then need to evaluate the terms p(t, T), A(#), o (¢, T) and P(t, T). We know from
Eq. (11) that

E(NDD(L‘)))
£,T)=In| —22"2 2.22
e 1) n(E(NDD(T)) 2:22)

and from Eq. (20) and (2.12) that
(Ao — H)E(Npp) — AgE(N x min(1, 54¢))

A(t) = o + (2.23)

E(Npp)(?)

and
K=—20 ik (2.24)
Ao — o

A(#) and p(t, T) can both be determined from the knowledge of the first and second order
moments at the different branching times and at the present time. o (¢, T) and P(t, T) can
in turn be derived from p(t, T).

Recall that the time-dependent model is built from the corresponding diversity depen-
dent model. Because the solution of the diversity-dependent model is heavy to compute,

we evaluate o (¢, T) along with d(i" :

dpP,

dt
dPy
Fri p1 Py
(2.25)
deK’] _ / /
—ar = KT =DAen-1 Prien1 = [K' Qe + pren) P

do(t,1) _ HoE(Npp(£;))
dr E(Npp ()

=Ppadn1(n=D+Ppyipn1(n+1) = Ay + pu)Ppn; Ki >nz=1
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Figure 2.6 | Average lineages-through-time curves (left column) and distribution of the logarithm of the like-
lihood ratio (right column) for simulated trees generated from empirical phylogenies. Here TD trees were
simulated from DD maximum likelihood estimates of the parameters (instead of TD estimates in Fig.5), so that
both DD and TD trees are simulated from the same values. All the legends and colour schemes are identical
between the two figures.
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ABSTRACT

A long-standing question in macroevolution is whether diversification is governed by the
same processes that structure diversity at ecological scales, particularly competition. This
competition has led to the development of a model where diversification rates depend on
diversity, analogous to density-dependence in population growth models. Various versions
of this model have been widely used for inference, where the rate of speciation and/or
extinction can be either a linear or a power function of species number. It is, however,
unknown if either approximates the diversification process that arises from the general
ecological setting proposed to lead to diversity-dependence. This is of concern for inference,
as failure to include a model that appropriately represents the hypothesized scenario is
likely to lead to erroneous inference. Here we use an individual-based model adapted
from adaptive dynamics, where fitness is governed by resource availability and the density
of competitors, to determine the shape of the diversity-dependence functions. We find
that the diversity-dependent rate of speciation produced by the individual-based model
is best approximated by an exponential function of species diversity, consistent with a
view of macroevolution where diversity increases rapidly after mass extinctions or when
new adaptive space becomes available. Although we do find diversity-dependence in the
extinction rate, it remains low over the entire process and erases its own signal, so it cannot
be recovered from reconstructed phylogenies. The support for a linear relationship for
diversity-dependent diversification found in many empirical phylogenies suggests that
either our adaptive dynamics model of speciation is inadequate or there is too little in-
formation contained in reconstructed phylogenies. We indeed find evidence for the latter
when pruning extinct species from our simulated phylogenies, but this does not rule out
the former.
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3.1. INTRODUCTION

HETHER and how multi-million year evolutionary trends observed in fossil diver-
Wsity and reconstructed molecular phylogenies are related to the eco-evolutionary
processes taking place within contemporary communities is a challenging question that
has been the focus of many studies [1-4]. The model of evolution through competition
and exclusion between closely related forms as described by Darwin attests that it was
already a central concern in the Origin of Species [5, 6]. To this day, it remains unclear
how ecological interactions among organisms and their environment scale up to shape
the rates of speciation and extinction that are central to macroevolutionary studies. Pale-
obiologists of the 1970s through 1980s proposed that the diversification of taxa within
clades behaves analogously to community assembly [1, 7], as described in the then-recent
theory of island biogeography [8]. Closely related taxa are assumed to exploit a common
pool of resources available to the clade and occupy exclusive niches. If niche space is
assumed to be limited, expansion of the clade results in saturation of this niche space,
in turn impeding the successful establishment of new species and increasing the risk of
extinction through increased competition intensity. Conversely, extinction of a taxon
relaxes some of the competition pressure and provides the ecological opportunity for
other species to diversify, so that in the long term, the clade tends to reach an equilibrium
diversity. Under this view, diversity feeds back on diversification; i.e., diversification is
diversity-dependent. The model provides a simple, intuitive explanation for how com-
petitive interactions among individuals may have cascading effects on the formation of
clades. Because it is based on the universal ecological principle of competitive exclusion,
it is also applicable to any study system.

Implementations of diversity-dependence as a birth-death model have been widely
used to test for a primary role of competition in a clade’s evolutionary history, both using
reconstruction of fossil diversity [9-11] or the branching patterns of a molecular phy-
logeny [12-15]. Although the verbal model outlined above makes the intuitive predictions
that the rate of speciation should generally decline with the number of species in the clade,
and the rate of extinction should increase, it does not describe any precise relationship
between the rates and the number of species, as this would require making a number
of assumptions regarding the ecological setting, the nature of competitive interactions,
and the mode of evolution of the species considered. Instead, it is usually assumed that
the relationship between the respective per-capita rates of speciation and extinction and
the number of species is simple, most often a linear function. Originating from Sepkoski
[7]’s influential study of temporal patterns of diversity in the marine fossil clades, a linear
function was chosen because of tractability, and in analogy with contemporary models
of island biogeography [8]. Sepkoski himself acknowledged that this constituted an ap-
proximation, justified by the ease of analysis and interpretation such a model permits (for
example, it is easy to predict the equilibrium diversity of the clade). Less frequently, power
functions of the number of species have been used instead, often somewhat confusingly
referred to as the “exponential” [12, 13], or “hierarchical” [16, 17] diversity-dependent
model. Linear and power models predict similar diversity growth curves, but differ in
important aspects as a result of the curvature of both rates in the power model. First,
the initial speciation rate is typically much higher in the power model, resulting in rapid
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(“explosive”) initial growth of the clade [17]. Second, in the power model, species diversity
has a strong effect on the per capita rates when the clade contains only a few species, and
a weak effect when diversity approaches equilibrium, whereas in the linear model these
effects are constant throughout the diversification process [12, 16]. Finally, the dynamics
of the rates beyond equilibrium diversity differ. In the linear model, speciation becomes
zero, such that there exists a theoretical maximum to the possible size of the clade. By
contrast, in the power model both rates are asymptotic, so that the strength of diversity-
dependence itself reaches a maximum. The power diversity-dependent model has a more
substantial biological background, as it was originally derived from a population-level
model of “energy flow” (i.e, resource allocation), in order to establish a mechanistic foun-
dation instead of simply assuming the shape of the relationship [16]. These underlying
population-level processes have however seldom been referred to in later uses of the
model [12, 13, 17].

For the purpose of statistical tests for diversity-dependence against alternative evolu-
tionary scenarios in reconstructed molecular phylogenies, both versions of the model
are often included in the set of candidate models as alternative implementations of the
same hypothesis (a primary role of competition in driving diversification) [13, 15, 18]. In
this context, linear diversity-dependence is often selected over power diversity depen-
dence. For example, Condamine et al. [18] found that linear diversity-dependence in
speciation was selected for 35 phylogenies (out of 218 phylogenies of Tetrapod families),
while power diversity-dependence in speciation was only selected for 1. The choice
of the form of diversity-dependence may rarely matter for the detection of diversity-
dependence from branching patterns in molecular phylogenies: model selection tends
to rank models with linear and power functions of diversity-dependence close to one
another compared to other birth-death models [13, 18], implying that omitting either
model is unlikely to change the qualitative conclusions. Yet, the selection of either model
over the other leads to different interpretations of the ecological mechanisms underlying
diversity-dependence [12]. Importantly, other mechanisms can lead to slowdowns in the
rate of diversification [6, 19], making it unclear whether what is recovered is indeed the
contribution of competition, or an unrelated evolutionary scenario. Time-variable birth-
death models are known to be subject to the issue of unidentifiability, where independent
models representing unrelated evolutionary scenarios will have the same likelihood if they
predict the same average growth of the clade [20, 21]. This issue has been recently shown
to extend to diversity-dependent birth-death models [22]. Because of this, the inclusion of
several models representing the same evolutionary scenario increases the risk of inferring
diversity-dependence when it is in fact absent, should the “true” scenario be congruent
with either of the diversity-dependent models. This issue is not unique to macroevolution,
but instead applies to model selection in general. Burnham and Anderson [23] famously
argued against automated selection procedures, and instead insisted that much attention
should be given to the careful formulation of the set of candidate models. That is, the size
of the set should be limited, and each model should be sufficient in itself to represent a
given hypothesis. This policy has recently been advocated to address unidentifiability in
molecular phylogenies [24]. Unfortunately, there is no clear justification for either form
of diversity-dependence, as it remains unclear which, if any, of the models appropriately
represents the effect of competition between individuals on evolutionary rates [3, 6]. Here,
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we aim to address this gap, and establish what form of diversity-dependence emerges
from the scenario described above. We use an evolutionary individual-based model
(IBM) where differences in reproductive success depend on the profitability of a resource
matched by a trait, modified by Lotka-Volterra-like competition between individuals [25].
The model can be considered a stochastic, finite-population version of the deterministic
models used in adaptive dynamics [26-28], and such models have been used extensively
to study the ecological and evolutionary conditions that lead to the formation of species
[29, 30]. In this context, emphasis has been placed on the first branching event, and
comparatively few studies have studied the macroevolutionary dynamics of such mod-
els. Yet, given enough time and depending on the model parameters, further branching
may occur, such that a clade forms from an initially monomorphic population. Previous
studies have described the interplay between competition and landscape dynamics on
the phylogenetic structure of the resulting communities [25] and the shape of phyloge-
netic trees [31], and the effect of trait dimensionality on the speed of (trait) evolution
[32]. We are aware of only one study describing the relationship between the rates of
speciation and extinction and the number of species in the community [33]. Aguilée et al.
provided a thorough description of the effect and interplay of biotic (competition, and the
build-up of genetic differentiation) and abiotic (structure and dynamics of the landscape)
factors on diversity-dependence. They found that diversity-dependence proceeded in
three phases, corresponding to distinct phases of the building of communities: an initial
adaptive radiation corresponding to the colonisation of all patches, followed by in-situ
competition-driven diversification, and saturation of the local and global communities.
Here, we consider a simpler scenario, with asexual reproduction, a 1-to-1 genotype-to-
phenotype map, a unidimensional ecological trait and no spatial structure. By doing
so, we seek to limit the evolutionary process to the minimal mechanisms described in
the verbal model of diversity-dependence: evolutionary branching proceeds through
competition-induced divergent selection and the partitioning of niche space between the
resulting species, while extinction occurs as a result of stochasticity [28]. Total niche space
and population sizes are limited, such that only a limited number of species can coexist
in the final community, and diversity reaches a dynamic equilibrium [25]. We run the sim-
ulation and measure the rates of speciation and extinction as functions of the number of
species. We use the phylogenies of the resulting communities to assess whether the linear,
power, or exponential function best approximates the diversity-dependent diversification
process that emerges from our evolutionary individual-based model.

3.2. METHODS

3.2.1. INDIVIDUAL-BASED MODEL

We simulated evolving communities using an individual-based version of the Lotka-
Volterra competition model (hereafter, LVIBM).

In this model, individuals are characterised by an ecological trait matching a resource.
The fitness W (z) of an individual with trait value z depends on the density of competitors
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with a similar trait value, and on the resource abundance corresponding to this value:

A(z)

W, = er(l_K(z))

’

where r is the baseline growth rate, A(z) is the total competition intensity for an individual
with trait value z, and K(z) is the abundance of the resource available for individuals with
this trait value. K(z) is modeled as a Gaussian distribution:

(z—zopt)z
- 2
K(2) = Kopre ¥k

where K, is the maximum abundance, corresponding to optimal trait value z,,;, and
the standard deviation o x controls how fast the abundance of the resource declines away
from z,p;. The total competition intensity at trait value z is

N
Al@) =) alzz),

i=1
where N is the number of individuals in the community and,
_ (z-z))*

2
a(z,zj)=e ?%a

is the competition intensity experienced by a focal individual with trait value z, caused by
individual i with trait value z;; 1 = a(z, z;) = 0. Parameter o, controls how fast competi-
tion between individuals declines as the trait distance between them increases.
Generations are discrete and non-overlapping, and reproduction is asexual. In each
generation, the number of offspring each individual produces is drawn from a Poisson
distribution with the fitness of this individual as the mean parameter. Offspring inherit
the trait value of their parent, modified due to mutation; their trait value is sampled from
anormal distribution with the parental trait values as mean and standard deviation o,

Zoffspring = N (Zparent, O'p)

Our formulation of this Lotka-Volterra model is based on the one used by Pontarp et al.
[25], although we modified the fitness function. In Pontarp et al. [25], the fitness function
is of the form
W) =1+r(1- @)
K(z)

Here, we instead used the Ricker model, W (z) = er(l_%), in order to avoid fitness be-
coming negative when % > %, which, although unlikely and probably without much
consequence for the simulation, may happen at the edges of the resource distribution. A
key feature of the model is the presence of an unstable attractor in the fitness landscape,
at point z = z,p;. The phenotypes of individuals are first attracted to this point, but are
eventually pushed away from it as frequency-dependence turns this fitness maximum
into a local minimum. This frequency-dependence causes the population to split into

two phenotypic clusters on either side of the optimum, i.e. evolutionary branching. Here,
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we treat such clusters as species (see next section). The new species may branch further
or not, depending on K(z) and a(z;, z;), and the values of their parameters (here, o, and
ox). Determining the conditions that lead to branching of the initial population has been
the focus of many adaptive dynamics studies, and this has led to key advances in the
understanding of how ecological interactions may cause speciation even in conditions
of sympatry or incomplete isolation. A robust result is that in an asexual reproduction
setting, branching occurs if o4 < 0. In the deterministic version of the model, branch-
ing will keep occurring indefinitely as a result of the symmetric structure of the fitness
landscape [28]. By contrast, stochasticity in the IBM occasionally causes species to go
extinct and smoothens the fitness landscape, increasingly slowing branching (see Chap.
31in [28] for a further description of the process). As a result, the community eventually
reaches a stochastic equilibrium. Here, we are primarily interested in determining the
speciation rate (that is, the pace of the branching events), as well as the rate of extinction,
and how they change with the number of species in the community. This has, to our
knowledge, received comparatively little attention. Similarly, while the existence of an
equilibrium diversity is known, its value and how it changes with the parameters of the
model has not been described, and appears hard to anticipate in a stochastic setting.
To help interpreting our results, we approach this quantity empirically by measuring it
from the output of the simulations. More precisely, in each simulation, we measured the
average diversity at 10 equally distant points in time in the last sixth of total simulation
time. We denote the average of this quantity over all replicate simulations in a set by K,
the “estimated equilibrium diversity”.

3.2.2. SPECIES DEFINITION

Although branching in the trait z is an emergent feature of the model, species need to
be labelled as we do not explicitly model reproductive isolation. Through the course
of simulations, we used morphological divergence along the ecological trait axis for
translating branching events into speciation events. Specifically, speciation was triggered
whenever the two morphologically closest individuals i and j from the same species
were found to diverge in their trait values by more than 6, (that s, |z; — z;j| = 6,). Upon
speciation, we (arbitrarily) assigned the smallest population (cluster) on either side of
the morphological gap between i and j to a new species, or either population at random
if both had the same size. In the resulting phylogenies, this had no influence on the
length of branches and thus did not affect any of the downstream results. Note that
incipient speciation is a feature of the model, as speciation happens some time after
two populations start diverging. Incidentally, speciation may fail, for example if the
morphological gap collapses as a result of external competition pressures, or if either
population goes extinct. However, when speciation does happen, it is permanent: even if
the two species become closer in trait value, they are still assumed to be distinct species.
Extinction happens when all living individuals of a species fail to produce offspring for
the next generation. Note that in our simulations species identity is only a label used
to keep track of phylogenetic relationships between individuals and branches, that is,
two individuals i and j respectively belonging to species A and B have strictly the same
fitness if z; = z;. Importantly, both speciation and extinction are driven by (scramble)
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competition between individuals: speciation results from branching driven by changes in
fitness optima as a result of accumulating local competition intensity, while extinction
happens as a result of species being pushed in low-fitness areas of the adaptive landscape.

3.2.3. SIMULATION PROCEDURE

In order to study whether diversity-dependent diversification and the signal it leaves in
the phylogenetic tree changes with community size, we ran the LVIBM for an array of
values of ok (controlling the width of resource distribution and therefore community
size) and o, (modulating competition intensity, and therefore the number of individuals
that can coexist in a community given o [25]). Specifically, the parameter values we
considered were ok € {1, 2, 3,4, 5} and 04 €{0.1, 0.2, ..., 1}, resulting in a set of 50 param-
eter combinations. We set all other parameters to the following values: r =1, zop; = 0,
Kopt = 1000, following Pontarp et al. [25], and g, = 0.001, o, = 0.1. For each parame-
ter setting, we ran 100 replicate simulations (thus 5000 simulations in total). Starting
communities contained 10 individuals of the same species, each with trait value z = z,p;.

We ran each simulation long enough to allow the community approach equilibrium
diversity (here an emergent feature of the model), based on visual examination of the
lineage-through-time (LTT) plots of preliminary simulations. In each simulation, we
sampled 5% of all individuals in the community at random in every generation where
one or more speciation or extinction event happened. For every individual, we saved its
generation, its species and the ancestral species it originated from to build a phylogenetic
tree of the community.

3.2.4. ESTIMATION OF DIVERSITY-DEPENDENT DIVERSIFICATION

We used the phylogenies obtained from the LVIBM to study what form of diversity depen-
dent diversification emerges from competition among individuals. To be consistent with
diversity dependent birth-death models (hereafter, DDBD models), we made the assump-
tion that both the rate of speciation (1(INV)) and the rate of extinction (p(N)) are functions
of the number of species N. We followed the assumptions made in DDBD models that
the rates were not affected by any other factor, such as (generation) time, the affected
species’ population size, or the distribution of trait values within it, and that all species
in the community were equally likely to be subject to speciation or extinction. For rate
reconstruction, we only retained combinations of o4 and ok that produced communities
larger than or equal to the arbitrary threshold of 8 species (K = 8), trees below this size
probably lack the statistical power to yield reasonable estimates of the rates of speciation
and extinction. To estimate the rates, we recorded the waiting times to speciation and
extinction events and pooled them by the number of species in the community before
the event, across all 100 replicate phylogenies for a given setting. We used two methods
to estimate the rates from waiting times, both based on maximum likelihood. First, by
estimating the rates at each value of N separately, maximizing the likelihood of the mean
waiting times for each value of N. Second, by a standard model selection approach: we
assumed a relationship between the rates and diversity, and then estimated the coef-
ficients of this relationship by maximizing the likelihood of the waiting times for all N
simultaneously, and finally compared the performance of various relationships specified
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by the models. We then compared the rates estimated from both approaches.

3.2.5. ESTIMATION FOR EACH VALUE OF N SEPARATELY

If we assume that the waiting times for the next event are exponentially distributed we
can write down the likelihood for observing, in the simulations, a set of M waiting times
for each diversity value N,
_ i (~AN+uNINE) AP 1=pi _  —(An+un)NEM 1 0 pM  (1-p)M
L—He Gy =e PR T,
1

where p; equals 1 if event i is a speciation event and 0 if it is an extinction event, p is
the proportion of M waiting times that lead to a speciation event, ¢; is the waiting time
until the ith event, Ay is the speciation rate at diversity NV and py is the extinction rate at
diversity N. By maximizing the logarithm of this likelihood with respect to both Ay and

1N, we can get maximum likelihood estimators for these parameters:

p
AN=——,
N Nty

1-p
HN_NtN'

This approach provides estimates of the rates of speciation and extinction correspond-
ing to each value of N, and allows us to characterize the main features of the mode of
diversity-dependence produced by the LVIBM. However, this approach requires knowl-
edge of the number of species alive in the community through time, and thus is only
available for complete trees. We treat the rates estimated from this direct approach as
close to the “true” diversity-dependent rates, and use them as a baseline to compare with
the rates estimated with the approach below.

3.2.6. ESTIMATION OF THE COEFFICIENTS OF RELATIONSHIP BETWEEN THE
RATES AND N USING BIRTH-DEATH MODELS

To assess what type of diversity-dependent functions were most consistent with the
patterns produced by the LVIBM, we maximized the likelihood of the waiting times for
all N simultaneously for various functions. We considered the linear and power (also
known as “exponential” diversity-dependence) functions frequently used in the literature
(e.g. [13, 14]). To investigate the form of diversity-dependence produced by an actual
exponential form of diversity-dependence, we also considered an exponential function
of the number of species. Diversity-dependence of this form is somewhat intermediate
between the linear and power forms, showing asymptotic rates but slower changes in
both rates with diversity than in the power function. We used these functions to formu-
late diversity-dependent speciation and extinction functions (for example, exponential
diversity-dependence on speciation, linear diversity-dependence on extinction). In ad-
dition, we also considered constant-rate (i.e, diversity-independent) extinction, but not
constant-rate speciation, as it is clear from preliminary simulations and previous work
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using similar IBMs [25, 28] that speciation slows down as the community grows. Specia-
tion and extinction functions were then paired together to constitute a set of candidate
diversity-dependent models covering all the 12 possible functions (3 speciation functions
times 4 extinction functions). We parameterized all diversity-dependent functions to
share the same set of four parameters: Ay, to, K and ¢. Ag and py are, respectively the
initial speciation and extinction rates when N = 0 (or when N =1 in the case of the power
functions). K is the equilibrium diversity (i.e., the unique value of N for which Ay = up).
Finally, ¢ controls the value of both rates at equilibrium as a weighted mean of the initial
values of both rates,
= Ak — o

Ao—po’

such that
Ak =tk = Ao+ (1= P)o.

Note that ¢ = 0 implies constant-rate extinction, while ¢ = 1 implies constant-rate specia-
tion. Thus, ¢ measures the relative contribution of speciation and extinction to diversity
dependence in the model. We bounded 0 < ¢ < 1, and thus assumed that diversity-
dependence on speciation is always negative (speciation declines as the community
grows), or absent, and that diversity-dependence on extinction is always positive (extinc-
tion increases as the community grows), or absent. Below, we refer to this equilibrium
rate as Ak, although this is, by definition, identical to ug.

Function Speciation rate Extinction rate
Constant - w(N) = o
Linear AN == (Ao —AR) R () = po + (Ag — po) ¥
Power A(N) = AgN  Tog® W(N) = po N T8
Exponential AN) = )Loefl‘)g(%) ¥ L(N) = o elog(%{)%

Table 3.1 | Speciation and extinction functions used in the birth-death models fitted to the phylogenetic trees
produced by the LVIBM.

In all models with constant-rate extinction, we fixed ¢ = 0 in the speciation function.

3.2.7. COMPLETE PHYLOGENIES

We fitted each of the 12 models to the entire set of 100 replicate complete trees for a given
parameter setting of the LVIBM, that is, the entire set of waiting times, for all N together,
by likelihood maximization.
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We used the optimizer function implemented in R package DDD ([14], with 1,000
sets of random initial parameter values to minimize the chances of finding only a local
likelihood optimum. To restrict the initial values to a range of sensible values, we sampled
them in a preset distribution for each parameter. We defined an auxiliary parameter
A = log(Nmax)

P

; which is an approximation of the average growth rate of the phylogeny

assuming constant-rate diversification, with Ny, denoting the maximum number of
species in the simulation and ,, the simulation time, in generations. We then sampled
initial values for 1y in uniform distribution U(0.5A,2A), so that 1o was roughly consistent
with the size of the tree and the time frame of the simulation. py was sampled from
U(0,0.751), to avoid a high probability of the tree going extinct early (which can be
expected if 1¢ = o). Values of K < Ny, would make the tree implausible, so we sampled
K in Ny,qx(1+T1(0.5,0.3)), where I' is the Gamma distribution, yielding initial values that
were most often equal or slightly larger than Ny, 4, with occasionally larger to much larger
initial values. Finally, ¢ was sampled in U(0,1). For each model, we then selected the
parameter values with the largest maximum likelihood out of the 1,000 optimizations,
and computed AIC scores and the corresponding AIC weights.

3.2.8. RECONSTRUCTED PHYLOGENIES

While the model selection approach outlined above gives insight into the type of diversity
dependence produced by competition, its results are not directly comparable to an exper-
imental situation where one would seek to estimate diversity-dependence from a single
reconstructed phylogeny, where there is no information from extinct lineages. Therefore,
we repeated the model selection procedure on single, reconstructed phylogenies in order
to estimate how much information is lost as a result of competition-driven extinction.
The likelihood for complete trees above cannot be used for reconstructed phylogenies
because past diversity in the clade is not directly accessible from the tree. Instead, we
used the likelihood and optimization procedure introduced in Etienne et al. [14] and im-
plemented in the R package DDD. We expanded DDD to include the diversity-dependent
functions introduced above that were not already available.

3.3. RESULTS

3.3.1. DIVERSITY-DEPENDENCE EMERGES FROM INDIVIDUAL-LEVEL COM-
PETITION

Consistent with expectations from adaptive dynamics theory, diversification (i.e., evolu-
tionary branching) occurred in all communities simulated with the LVIBM if o, < ok (that
is, all but one setting). Equilibrium community size ranged from a median of K = 2 species
to a median of K = 153 (Fig. 3.2). K is strongly linked to the model parameters: wider
resource distributions (larger values of o), and smaller competition kernels (smaller
values of g,) results in larger communities, with very little variability across replicates
(Fig. 3.2). We note, however, that not all communities completely reached equilibrium
diversity by the end of simulations. Equilibrium diversity, as measured by K, appears to
be entirely predictable from the values of parameters o x and o, (Fig. 3.2). We found K
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A ok=10,=0.1 B

Figure 3.1 | Example output of the individual-based model for parameters o x= 1, 04 = 0.1, displaying diversifi-
cation. (A) Sample of the distribution of phenotypic clusters (species) in trait space over 60,000 generations. 5%
percent of all individuals in the community were sampled every 200 generations, and coloured by their species
identity. (B) Complete and (C) reconstructed phylogenies built from the community displayed in (A).
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Figure 3.2 | Estimated equilibrium diversity (K) at the end of simulations from communities simulated with a
range of resource abundance widths (0 g) and competition kernel widths (o), shown on alog10-scale. Boxplots
represent the distribution of K for each of the 100 replicates from the same parameter set, with lines representing
the medians for each parameter set. Parameter sets with a median equilibrium diversity under K = 8 species
(dashed line) were discarded from subsequent analysis.
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is proportional to the ratio between o g, which controls the total amount of phenotype
space (through the total area under K(z), 0 xKop¢ Vv27), and o4, which controls the width
of low-fitness gaps between branches (and thus, how many species can coexist under K(z)
while maintaining non-negative growth). We also note that o, also affected K negatively
independently beyond this ratio, although we could not establish the exact relationship
linking K with the two parameters. This is consistent with the results of Doebeli and
Ispolatov [32] in the context of a multidimensional K(z); they reported the equilibrium
diversity to scale exponentially with the dimensionality of K(z) and to decrease with
increasing o ,. We found that fair predictions of K can be obtained in our results with the
empirical relation,

K=0.0560,""+(550,"% -4.10,") ok.

This relation is not entirely satisfactory however, as it does not capture important
predictions from adaptive dynamics: K should equal 1 if o4 = 0, and the number of
species should increase towards infinity as o, approaches zero, independently of the
value of og.

Diversification is definitely diversity-dependent in our simulations. Species- (Fig. 3.3)
and lineage-through-time (Fig. 3.4) plots of the phylogenies built from simulated com-
munities have a shape consistent with diversity-dependent diversification, with initially
fast branching followed by a slowdown of diversification, and the eventual saturation
of the community around K (see [14, 22] for comparison with phylogenies simulated
under a diversity-dependent birth-death model). The average rate of speciation across
replicate communities, as measured from the mean waiting time between successive
events, decreases with species diversity, while the extinction rate tends to increase (Fig.
3.5, Fig. 3.6). The restricted variation in tree size across replicates (Fig. 3.2) is unusual for
a diversity independent process, and instead supports a structuring effect as induced by
the feedback between diversity and diversification in diversity-dependent models [22].

The relationship between species diversity and the per-capita rates of speciation
and extinction is more complex than a simple increase or decrease (Fig. 3.5, Fig. 3.6).
The decline of speciation progresses in two phases. Speciation is initially very high and
decreases quickly with the number of species. During this first phase, the speciation rate
oscillates as it declines (Fig. 3.5, Fig. 3.6). This is a result of the synchronous nature of
this initial phase of the diversification process: branching tends to occur simultaneously
on both crown lineages (Fig. 3.1), causing rapid speciation from e.g. 2 to 4 species. Such
simultaneous branching of crown lineages is typical of the deterministic version of the
model [28]. Oscillations dampen after the few first branching events as stochasticity
causes speciation events to decouple (Fig. 3.1). Remarkably, the average rate of speciation
in this first phase is identical across all values of ok (but not o, Fig. 3.5, Fig. 3.6).
Then, the decline of speciation with diversity itself slows down, and the speciation rate
enters a second phase where it keeps declining at a constant pace with the number
of species. The slope of the decline in that second phase depends on the value of o
and g4, with low values of o and high values of o, being associated with a steeper
slope (Fig. 3.5, Fig. 3.6). Low ok limits the width of exploitable trait space, while high
04 pushes species further apart from one another in trait space. Both thus contribute
to limiting the number of species that can coexist at equilibrium, and increasing the
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Figure 3.3 | Species-through-time plots (STT, that is the number of species in the clade at a given time in the
past) of the phylogenies produced by the LVIBM. Each panel displays the individuals STTs for each of the 100
replicate simulations (black lines), and the average STT (green curve), computed at 1,000 equidistant points in
time, for a given parameter setting.
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Figure 3.3 | Species-through-time plots (STT, that is the number of species in the clade at a given time in the
past) of the phylogenies produced by the LVIBM. Each panel displays the individuals STTs for each of the 100
replicate simulations (black lines), and the average STT (green curve), computed at 1,000 equidistant points in
time, for a given parameter setting.
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Figure 3.4 | Lineage-through-time plots (LTT, that is the number of lineages at a given time in the past that
have extant descendants at the present) of the phylogenies produced by the LVIBM. Each panel displays the
individuals LTTs for each of the 100 replicate simulations (black lines), and the average LTT (green curve),
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intensity of diversity-dependent effects on speciation. In addition, o also affects the
absolute value of the speciation rate: higher competition intensities results in an overall
lower speciation rate (Fig. 3.5, Fig. 3.6). Extinction is initially absent, and only starts
occurring after a few species have branched (Fig. 3.5, Fig. 3.6). On its onset, the rate of
extinction initially increases very fast, but this fast increase also slows down quickly as
more species accumulate in the community. Upon diversity reaching a certain value, the
extinction rate starts increasing quickly again, exceeding the speciation rate (and thus,
setting equilibrium diversity), and keeps increasing steeply beyond this point.

Between these two phases, we observe an intermediate phase of diversity dependence
where the extinction rate is about constant, or follows a hump, increasing at a slower
pace than previously, then decreasing with the number of species shortly before the
start of the second phase of acceleration of extinction. Interestingly, this decrease in
the extinction rate appears to match the pace of the decrease in the speciation rate,
such that the net rate of diversification (speciation - extinction) in this phase is about
constant. This intermediate phase is hard to observe and may not be present in the
smallest communities, where extinction instead seems to increase without interruption,
but in all communities with more than about 20 species, the occurrence of extinction
at a constant-rate is clear. This intermediate phase is only visible in settings producing
large communities. For smaller communities, only a continuous, steep increase of the
extinction rate is visible, as equilibrium diversity is reached quickly after the initial onset
of extinction. Neither o ¢ nor o, appear to have an effect on the absolute rate of extinction,
or the extent of its increase, although this is not clear due to the relatively small number
of extinction events at low levels of diversity (Fig. 3.5, Fig. 3.6). Both parameters appear to
have an effect on how early extinction started to increase, and the duration of the different
phases, through their effect on equilibrium diversity.

Thus, despite important quantitative differences in the diversity-dependent rates
across parameter settings, the form of diversity-dependence emerging from the LVIBM
can be described as a single process, with parameters o and o, controlling (through
equilibrium diversity) the diversity at which the process transits from one form to the
next. In summary, o g and o, modulate the speciation and extinction rates through their
effect on setting the equilibrium diversity of the community: higher values of o increase
it, while higher values of o, decrease it. This in turn influences the slope of the speciation
rate, and the diversity at which the extinction rate accelerates towards infinity (Fig. 3.5,
Fig. 3.6). Independently of the equilibrium diversity, smaller values of o, also increase
the speciation rate overall, while no such effect is visible on the extinction rate.

3.3.2. EXTINCTION MOSTLY CONCERNS EXCLUSION BETWEEN SISTER LIN-
EAGES

It has been suggested that diversity-dependence happens through competitive exclusion,
a view consistent with Darwin’s own proposed process of diversification, and that thus has
been referred to as Darwinian diversity-dependence [6]. In our simulations, we do observe
that species are at a much higher risk of extinction after branching: the distribution of
the length of branches leading to extinction is strongly skewed to the left (Fig. 3.7). This
concerns both the new daughter lineage appearing with the speciation event, and the
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mother lineage undergoing speciation. Extinction events concerning branches younger
than 500 generations concern over 20% of all extinction events, in all parameter settings
(Fig. 3.7). Competition intensity has an important effect on the proportion of these early
extinction events, which made up around 20% of all extinction events as stated above
for o4 = 0.1, and up to 56-57% in settings with o, > 0.6. We examined the contribution
of these short branches to diversity-dependence in the extinction by observing how the
proportion of short-branch extinction events (out of all extinction events) changes with
the value of N (Fig. 3.8). Overall, changes in the proportions have a small amplitude,
staying about constant for much of the range of values of N. A continuous increase of
the proportion of short-branch extinctions with increasing diversity is visible for settings
with o, < 0.2. In those cases, short-branch extinction represents a very low proportion
of extinction events at low diversity, suggesting that competition is sparse enough for
allowing both sister lineages to survive after divergence. For settings with o, > 0.2, the
pattern is instead U-shaped: short-branch extinctions represent the majority to totality
of all extinctions when N is low. Excluding short branches from the data decreases both
the speciation and extinction rate significantly (Fig 3.9). Yet, we observe that diversity-
dependence remains largely unaffected: changes in both rates with values of N are
virtually identical whether short-lived species are excluded from data or not. In summary,
while a significant part of all extinction events concerns the extinction of recently diverged
species as a result of competitive exclusion by their sister lineage, the proportion these
events represent is fairly uniform across diversity bins, and thus does not contribute to
diversity-dependence substantially.
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3.3.3. MODEL SELECTION ON COMPLETE TREES

In all settings, one single model was decisively supported over all others, although this
best model itself varied across parameter settings. The AIC weight for the best model was
over 0.95 in all but one setting (cx =4, 04 = 0.2 where AIC,, = 0.71 for the best model)
(Fig. 3.10). Rather than a much-improved performance in approximating the LVIBM
from the best model compared to others, these large scores appear to be a result of the
large number of observations in the data (i.e., all waiting times between successive events
across 100 replicate simulations, 9.103 to 9.105 observations) and the small variability
across replicates (Fig. 3.2). Reducing the number of observations to solve this issue would
make little sense, as AIC,, scores would then reflect sample size rather than the relative
performance of each model. Below, we interpret the selected model as providing the best
approximation, but rely on inspection of the rates predicted by each function to interpret
how well each type of diversity-dependence approximates the rates emerging from the
LVIBM.

EXPONENTIAL- OR POWER DIVERSITY-DEPENDENCE BEST APPROXIMATES THE FORM OF
DIVERSITY-DEPENDENCE EMERGING FROM THE LVIBM

For all but one combination of o g and 04, the best fitting model contains either exponen-
tial or power diversity-dependence on the speciation rate, and either exponential or power
diversity-dependence on the extinction rate (Fig. 3.10). Linear diversity-dependence in
the speciation rate was supported in only one setting (o =4, 0, = 0.5), while constant-
rate extinction was never supported (Fig. 3.10). The selection of exponential or power
diversity dependence in the speciation rate appears to be driven by the early, explosive
phase of speciation that can be observed from the rates estimated separately (black
lines in Fig. 3.11). Explosive speciation was indeed absent from the speciation rate
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predicted by the linear model (yellow lines in Fig. 3.11). This pattern was instead best
approximated by power diversity-dependence, and to a lesser extent, by exponential
diversity-dependence (Fig. 3.11, pink and blue lines, respectively). This early phase
appears to have a strong influence on the differences in likelihood between the models,
as power diversity-dependence otherwise tended to consistently underestimate the rate
of speciation compared to linear diversity-dependence, particularly in the largest com-
munities. The selection of exponential diversity-dependence seems to be the result of this
model providing estimates intermediate between power and linear diversity-dependence.
For the smallest communities (K < 20 species), estimates of the speciation rate after the
initial phase are closer to those of other models, which may explain why power diversity-
dependence in speciation tends to be selected over exponential diversity-dependence in
these cases (Fig. 3.10).

Exponential diversity-dependence in the extinction rate was selected for all parameter
settings except the four that produced the largest communities (Fig. 3.10), where power
diversity-dependence was instead preferred. Here again, the selection of these two models
over linear diversity-dependence and constant-rate extinction appears to result from
the rapid (rather than gradual) onset of extinction. Without this feature, linear diversity-
dependence, or constant-rate extinction appears to better approximate the extinction rate
observed in the LVIBM (Fig. 3.11), suggesting that model selection is strongly influenced
by these early extinction events. This is particularly visible in the largest communities,
where power diversity-dependence is selected over constant-rate extinction despite the
extinction rate being close to constant for a large part of the diversification process (see
previous section).

The shared features of power and exponential diversity-dependence allow highlight-
ing important aspects of the mode of diversity-dependent diversification that emerges
from competition at the level of individuals: the speciation rate decreases, and the ex-
tinction rates decrease with the number of species. The decline of speciation and onset
of extinction are initially steep, but the rate of change itself declines quickly with the
number of species, although it did not reach zero for the range of values of N covered in
the community data.

DIVERSITY-DEPENDENCE IS MOSTLY MEDIATED BY THE SPECIATION RATE

Estimates of parameter ¢ are well below 0.5 for most parameter settings, indicating a
more important contribution of the speciation rate than the extinction rate to overall
diversity-dependence in diversification, although the value of ¢ increased with higher
values of o (Fig. 3.15). That is, for settings with low competition intensity (o, = 0.1, 0.2),
¢ was estimated as close to zero, such that the extinction rate changed little with the
number of species compared to the speciation rate. Intriguingly, in such settings, es-
timates of ¢ for models containing exponential or power diversity-dependence in the
speciation rate lie close to zero, suggesting nearly-constant extinction. This is consistent
with the rates estimated separately for each N: in settings with low g4, extinction tends
to change very little over intermediate values of N (Fig. 3.6). Yet, the rates associated
with these estimates do differ from constant-rate extinction by an initial rapid increase
(Fig. 3.11), and this appears to be sufficient to prompt their selection over constant-rate
extinction. In communities with high competition intensity (e.g, 04 = 0.7, 0.8, 0.9), by
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contrast, estimates of ¢ are higher, and in some instances, close to 0.5 (Fig. 3.15), indi-
cating that increasing N increases the extinction rate about as much as it decreases the
speciation rate. Again, this is consistent with the rates estimated separately (Fig. 3.10
and black lines on Fig. 3.11), where the fast saturation of niche space resulted in a steep,
uninterrupted increase of the extinction rate from its onset. To summarise, the same
evolutionary scenario (i.e., the LVIBM) leads to a varying degree of diversity-dependence
in the speciation rate versus extinction rate. In general, diversity-dependence affects the
speciation rate more than the extinction rate. Yet if equilibrium diversity is low enough to
be reached quickly, diversity-dependence affects both rates more evenly.

3.3.4. MODEL SELECTION ON RECONSTRUCTED TREES

MODEL SELECTION RECOVERS LINEAR DIVERSITY-DEPENDENCE IN THE SPECIATION RATE
We find that the exponential and power diversity-dependence in the speciation rate are
not recovered in reconstructed trees. Instead, linear diversity-dependence was decisively
supported by average AIC weights across all settings (Fig. 3.12). Contrary to the case
of complete trees, the large support observed cannot be attributed to the large size of
the datasets (models were fitted to each tree separately). Summarising support with an
alternative method, by counting the number of occurrences across replicates of each
model being selected as the best model yields even stronger support for linear diversity-
dependence in speciation (Fig. 3.13). This is in contrast with the very strong support for
exponential and power diversity-dependence found in the case of complete trees, and
suggests that the strong signal for initially explosive speciation that appears to drive the
fit of the model in the complete tree case is lost with extinct lineages in reconstructed
trees.

In many cases, maximum likelihood estimates of K associated with power speciation
models appear unreasonable, taking values over 1,000 species for many trees (Fig. 3.15).
This concerned all parameter settings with o, > 0.1. The implication of these values
would be the near constancy (i.e., no diversity-dependence) of the speciation rate (pink
lines in Fig. 3.14), a conclusion that should be dismissed given the clear deceleration of
speciation observed in the corresponding lineage-through-time plots (Fig. 3.3). Exponen-
tial speciation models display the same issue, to a lesser degree, with estimates of K > 100,
recovering diversity-dependence but still overestimating the equilibrium diversity by
a large factor (Fig. 3.15). By contrast, estimates of K associated with linear speciation
models are always close to the values estimated from the complete trees and estimates
of K (Fig. 3.15). This issue is however insufficient to explain the better fit of the linear
model: in cases where all three speciation models yield credible estimates for K (that
is, settings with o, = 0.1), power and exponential diversity-dependence on speciation
remain poorly supported (Fig. 3.12). Surprisingly, further examination of the estimated
values of the parameters associated with each model does show that explosive speciation
is detected by the exponential and power models in cases where reasonable values were
estimated for K (pink and blue lines in Fig. 3.14). Estimated values of 1 for reconstructed
trees are indeed close to those estimated from complete trees, for all speciation functions
(Fig. 3.15). Estimates from the linear speciation models are particularly consistent with
the values estimated from complete trees. While A, tends to be overestimated in the
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Figure 3.12 | Results of model selection using birth-death models and maximum likelihood, for reconstructed
trees. The width of the bars denotes the total AIC weight for each diversity-dependent function, taken as the
sum of average AIC weights (across all 100 trees) of all birth-death models that included that function.
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Figure 3.13 | Results of model selection using birth-death models and maximum likelihood, for reconstructed
trees. By contrast with 3.12, support for a model is measured as the total number of occurrences of this model
as the best model among the 100 replicate trees.
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Figure 3.14 | (continued) Maximum-likelihood estimates of the speciation and extinction rates obtained from
reconstructed trees (coloured lines). Since models were fitted separately on every tree, plotted are the maximum-
likelihood estimates corresponding to a random sample of 20 trees among the 100 replicates. Rates estimated
independently for each value of N (Fig. 3.6) are plotted (black lines) for comparison.
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case of exponential and power speciation models (up to half an order of magnitude for
exponential models and up to an order of magnitude for power models), the importance
of this bias is reduced by the curvature of the speciation rate specified in those models:
in the end, early explosive speciation is a feature of the resulting speciation rates, and
those match the early phase of the rates estimated separately for all values of N well.
Estimates of the speciation rate in the second phase of its decline with diversity tend to
decouple from the rates estimated from complete trees, largely as a result of extinction
being estimated as absent (see next section). With the exception of settings with o, = 0.1,
both py and ¢ are always estimated as close to zero (Fig. 3.15). In those settings and
models where estimates of K are accurate, the consequence is that the estimated rate
suggests a much steeper decline of speciation with N, and a lower rate of speciation at
equilibrium (N = K) than what is observed in complete trees.

DIVERSITY-DEPENDENCE IN EXTINCTION IS NOT RECOVERED IN RECONSTRUCTED TREES
Maximum likelihood optimization proved challenging for exponential- or power diversity
dependence models. For all models that included either exponential or power diversity
dependence on extinction, solving the ODE numerically became computationally in-
tractable for some values of the parameters of the birth-death models, effectively putting
the optimisation algorithm to a halt. We could not link the occurrence of this issue with
any particular condition of the parameter set. We chose to exclude these models from the
analysis, and proceed with a comparison of linear diversity-dependence on extinction
against constant-rate extinction (right panels in Fig. 3.12). As a result, we were not able
to infer what form of diversity-dependence on extinction would be inferred from the
molecular phylogeny of a clade evolving under a scenario similar to the LVIBM, as we did
for speciation above.

It can however be anticipated that the likelihood of models with the two missing forms
of extinction would be close to models with linear diversity-dependence on extinction (all
of them specifying that extinction should generally increase), rather than constant-rate
extinction. Indeed, we observed this for complete trees (Fig.3.10). We thus treat the linear
model as a proxy for diversity-dependence in general, and model selection becomes a
test for the detection of diversity-dependence in the extinction rate against its absence.

In this perspective, we find that the diversity-dependence in extinction observed
in complete trees is not recovered in reconstructed trees: constant-rate extinction is
decisively supported in all parameter settings (Fig. 3.12). The lack of signal for diversity-
dependent extinction is further confirmed by the values of parameter ¢ estimated for
the three models with linear diversity-dependence in extinction (Fig. 3.15). Despite
substantial variation in the estimated value of ¢ in the complete tree case (see previous
sections), in reconstructed trees ¢ is almost always found to be zero (Fig. 3.15). This
implies that diversity-dependence is carried entirely through the decline of the speciation
rate, and the rate of extinction is effectively constant even in those models that assume
diversity-dependence in extinction (dashed lines in Fig. 3.14).

Furthermore, many models did not recover extinction at all: values estimated for both
parameters ¢ and o were virtually zero (Fig. 3.15). This included models specifying
diversity-dependent extinction, in all settings, as well as models with constant-rate ex-
tinction and either power or exponential diversity-dependence in speciation, in settings
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with o, > 0.1. Only the model with linear diversity-dependence in speciation rate and
constant-rate extinction (that is, the best fitting model in most scenarios) consistently
recovered non-zero extinction ("lc" in Fig. 3.15). Note that the selection of this model
cannot be attributed to the failure of other models to infer extinction: in those settings
(04 =0.1) where power or exponential diversity-dependent speciation models also infer
non-zero extinction ("xc" and "pc" in Fig. 3.15), the linear model is still strongly preferred
(Fig. 3.12).

3.4. DISCUSSION

Diversity-dependence in the net rate of diversification is expected to arise in an ecological
scenario where resources limit diversity through increasing competition. Diversification
is expected to decrease as the number of species in the community increases [34], but the
quantitative relationship between diversity and diversification is not known. Recogniz-
ing a general decrease of diversification as a clade grows does not constitute satisfying
evidence for a central role of competition in the evolution of the clade, because many
unrelated, ecology- and non-ecology-based processes may also produce this pattern
[22, 35]. Yet, only a handful of studies have attempted to measure what form of diversity-
dependence would emerge from an ecological scenario featuring competition [16, 33],
and most studies seeking diversity-dependence in empirical clades assume a linear and/or
power function of the number of species (though see [10] for more mechanistic models of
diversity-dependence). In order to find out what form of diversity-dependence would be
expected if competition indeed drives and limits diversification, and what simple func-
tion best approaches it, we used a simple individual-based model derived from adaptive
dynamics and tracked how the rates of speciation and extinction change with the number
of species in the community. In a first approach, separating the times between events and
estimating the per-capita rates of speciation and extinction independently for each value
of N allowed us to observe variation in the rates without any assumption regarding the
larger trends, and lead us to make two important observations.

First, we obtained qualitative expectations for how the rates of speciation of extinction
should change with the number of species in an evolutionary system where competition
drives evolution. This relation features transitions between different phases rather than
a straightforward, uniform function. The rate of speciation presents two phases: a first
phase presenting initially explosive speciation, followed by a quick but decelerating
decrease, and a second phase where speciation keeps decreasing at a slower, steady pace.
After the first few branching events, the rate of extinction starts increasing quickly, but at
a decelerating pace. When diversity has built up to a certain level, the rate of extinction
accelerates quickly, equalling the speciation rate, which sets equilibrium diversity. The
rate of extinction keeps accelerating if diversity exceeds equilibrium, and at an increasing
rate as diversity while the rate of speciation keeps decreasing at the same pace. Between
these two phases of acceleration of the extinction rate, extinction is either about constant
or increases first and then decreases at a slow pace. Overall, the amount of change in
the speciation rate as diversity accumulates greatly exceeds the amount of change in
the extinction rate, such that diversity-dependence is overall, primarily carried by the
deceleration of speciation. Yet, diversity-dependence in extinction is present, and not
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Figure 3.15 | Maximum likelihood estimates of the birth-death model parameters, shown separately for each
model. Models are named after the speciation and extinction function that compose them ("c" for constant, "1"
for linear, "p" for power, "x" for exponential). Estimates obtained from complete trees are shown as red circles
(one estimate per model and set), and estimates obtained from reconstructed trees are shown as box-plots
(one estimate per model and tree). The green horizontal bar in the K panels denotes K. Note that estimates for

models "lp", "Ix", "px", "pp", "xp", and "xx" are missing for reconstructed trees as we could not obtain estimates
for these models (see main text).
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Figure 3.15 | (continued) Maximum likelihood estimates of the birth-death model parameters, shown separately
for each model. Models are named after the speciation and extinction function that compose them ("c" for
constant, "l" for linear, "p" for power, "x" for exponential). Estimates obtained from complete trees are shown as
red circles (one estimate per model and set), and estimates obtained from reconstructed trees are shown as
box-plots (one estimate per model and tree). The green horizontal bar in the K panels denotes K. Note that
estimates for models "lp", "Ix", "px", "pp", "xp", and "xx" are missing for reconstructed trees as we could not
obtain estimates for these models (see main text).
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Figure 3.15 | (continued) Maximum likelihood estimates of the birth-death model parameters, shown separately
for each model. Models are named after the speciation and extinction function that compose them ("c" for
constant, "l" for linear, "p" for power, "x" for exponential). Estimates obtained from complete trees are shown as
red circles (one estimate per model and set), and estimates obtained from reconstructed trees are shown as
box-plots (one estimate per model and tree). The green horizontal bar in the K panels denotes K. Note that
estimates for models "lIp", "Ix", "px", "pp", "xp", and "xx" are missing for reconstructed trees as we could not
obtain estimates for these models (see main text).
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Figure 3.15 | (continued) Maximum likelihood estimates of the birth-death model parameters, shown separately
for each model. Models are named after the speciation and extinction function that compose them ("c" for
constant, "l" for linear, "p" for power, "x" for exponential). Estimates obtained from complete trees are shown as
red circles (one estimate per model and set), and estimates obtained from reconstructed trees are shown as
box-plots (one estimate per model and tree). The green horizontal bar in the K panels denotes K. Note that
estimates for models "lp", "Ix", "px", "pp", "xp", and "xx" are missing for reconstructed trees as we could not
obtain estimates for these models (see main text).
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negligible. Diversity-dependence in extinction has been observed in the fossil record
[11, 17, 36, 371, but has been poorly supported in molecular phylogenies. Here we show
that competition indeed generates diversity-dependent extinction, although only for the
lower and higher ranges of values of N. Extinction is otherwise roughly constant through a
range of intermediate values of N. The duration of that constant-rate, intermediate phase
relative to the two increasing extinction phases depends on how large is the equilibrium
diversity, which in turn is determined by the ratio ‘TK . As a result, the degree of diversity-
dependence in extinction depends on equ111br1um diversity: when it is low, extinction
increases with diversity consistently, while when it is high, extinction is only diversity-
dependent at low and high values of diversity.

Second, we described how the two parameters of the individual-based model con-
tribute to modulate diversity-dependence. Surprisingly, we found that intense compe-
tition (higher values of o,) reduced the baseline rate of speciation, independently of
diversity (Fig. 3.6), even when the community contains a single species (N = 1). That is,
the level of intraspecific competition directly affects the rate of divergence of populations
within species. This is a counter-intuitive result, as one could expect that intense com-
petition would increase frequency-dependence, strengthening disruptive selection. We
hypothesize that this is a consequence of a smoothening effect of o, on the selection
gradient: large values of o, cause the frequency-dependent component of fitness to
decrease more slowly away from individual clusters; resulting in a flatter fitness gradient,
weaker disruptive selection, and eventually, slower speciation. However, the main effect
of both parameters on the speciation and extinction rates is expressed through equilib-
rium diversity: higher values of ok (increasing the abundance of resources) increase the
equilibrium diversity, while higher values of o, reduce it. More specifically, lower values
of ok and higher values of o, increase the slope of the speciation rate in the second phase
of decline; and advance the onset of the last accelerating phase of extinction, causing
the two rates to intersect at lower value of N. An ongoing debate regarding the nature of
diversity-dependence concerns whether it brings a hard limit on diversity given a finite
niche space, or whether diversification is only reduced further and further as diversity
rises, yet without ever stopping [38—-40]. The communities emerging from the LVIBM
show a clear, predictable equilibrium diversity and thus support the former. Branching
does not continue ad infinitum as would happen in the deterministic version of the model
[28]. An explicit expression of the equilibrium diversity as a function of both seems to
exist, as evidenced by the very low variation in the equilibrium community size across
replicate simulation sharing the same values of the parameters; but we were not able not
identify it entirely.

While it is clear that equilibrium diversity is a linear function of ok, the relation
between the former and o, has a more complex form (that is, K = a ok f(0g4)). Our
approximations for these functions are useful to anticipate the size of the community
and choose the parameters of the model accordingly, but neither is satisfying from a
biological perspective. Ultimately, an expression of the equilibrium diversity should
be identifiable from the relation between the parameters and the equilibrium number
of individuals in the community (i.e., the carrying capacity), which is easy to find: by
dividing the area of the resource kernel (K(z)) by the area of the competition kernel
(a(2)), it follows that N = K, ,g—i. This relation was verified in our simulations, although
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the equilibrium number of individuals was consistently very slightly below the number
predicted by this relation. At equilibrium, most species do not appear to be at a limiting
population size, such that the community could in theory contain many more species, if
existing populations were further divided between more species. Because the number of
individuals in the community and the range of viable trait values (z such that K(z) = 1)
can both be identified, the crucial next step to identify a relation between equilibrium
diversity and the parameters of the model would then be to determine how individuals
are distributed in clusters (species) in the trait space and through time. In particular, we
note that species are separated by gaps in trait space, putting an effective limit to the
number of phenotypic clusters (i.e, species) that can coexist inside the range of viable
trait values. The question may then be to identify the relation between the width of these
gaps and the abundance of the species adjacent to it. While we have not succeeded in
characterizing this distribution here, we hope to pursue our efforts in this direction in the
future.

A number of mechanistic models of diversification have been developed in the recent
years [25, 31, 34, 41]. Here, we chose to base our model on a stochastic version of the
coevolutionary models considered in adaptive dynamics studies. The choice of this
model was motivated by its relevance and its simplicity: branching (i.e., diversification)
occurs as a consequence of the Lotka-Volterra dynamics taking place at the level of
individuals, which are controlled solely by the ratio %. The dynamics of branching
are themselves controlled by this ecological component, along with the growth rate
and the rate of mutation, both of which we fixed in this study. The core of this model
rests on a Lotka-Volterra coevolutionary component, that is the ratio of the competition
kernel (a(z)) and niche (resource abundance) kernel (K(z)), which allows us to make
connections with community- and general ecology theory. Future developments could
iteratively challenge the assumptions of the model, for example switching to a sexual
mode of reproduction [29], adding a spatial component [25], or explicitly modelling
genetic determinism, in each case studying how each development would affect the
evolutionary rates and form of diversity-dependence observed. Finally, the foundation of
the model in adaptive dynamics allows us to draw predictions from existing knowledge
of adaptive dynamics; for example, the equations describing the speed of evolution of
the trait along a branch (and thus, the pace of divergence) are known [28], and from
this we can anticipate that increasing the rate of mutation (within the limit of keeping
mutations “rare”, a fundamental assumption of adaptive dynamics that is a requirement
for branching to occur) in the present model should accelerate evolution, and, as a
result, divergence and speciation. Eventually, we hope that this work will contribute to the
foundation of a mechanistic, multi-level theory of macroevolution. A call for such a theory
has been made by several authors recently [3, 41, 42]. In such a view, IBMs such as the one
presented here could be used to derive macroevolutionary predictions from ecological,
contemporary models, and such predictions could be confronted to empirical patterns
observed in the fossil record, the distribution of branches in phylogenetic trees and the
range and trait distribution along the tips of phylogenetic trees. Eventually, a clearer view
could emerge from iterative modifications of these initially simple models. This is nothing
new of course, as studies aiming towards this goal have been (e.g., [16, 34]) and continue
[33, 43] to be undertaken, but a synthetic theory has yet to emerge. Arguably, the pace
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of branching events depends to some extent on the shape of the resource distribution
function, K(z). In the present LVIBM, the resource distribution is assumed to follow
a Gaussian function, a choice that is aligned with classic ecological theory. Whether
or not the Gaussian function constitutes an appropriate modelling choice is a debate
that exceeds the scope of this paper, but it is interesting to note that K(z) functions
emerging from consumer-resource models are rarely Gaussian [28]. For example, multi-
modal, or skewed resource distribution functions are not biologically unreasonable.
This may certainly impact the pace of branching events: a multi-modal function may
cause successive bursts-and-slowdowns as the clade expands into sections of trait space
associated with different peaks; with a skewed distribution, branching will halt earlier on
one side of the optimum, and continue longer on the other, stretching the sequence of
speciation events on a longer time frame. Whether and how this is in turn affecting the
form of diversity-dependence in the speciation rate, however, is unclear to us, as out of
consistency with the birth-death models we have made the assumption that time does
not affect the probability of speciation other than through diversity N(¢), and thus we
have not studied how the time sequence of events may affect diversity-dependence. The
present work constitutes, to the best of our knowledge, the second attempt after Aguilée
et al. [33] to describe the rates of speciation and extinction, and the form of diversity-
dependence that emerge from these coevolutionary models. The individual-based model
by Aguilée et al. [33] shares the same foundation as the one we used here (namely, the
fitness function is based on the ratio 2((2), but is more complex, differing from ours
in two key aspects. First, their model included a spatial component, with several sites
and shifting connections between them. Second, individuals in their model reproduced
sexually, and reproductive isolation was modelled explicitly. Valuable insights can be
gained from a comparison of the results of our two studies. Despite of the differences
between the models, we note a striking similarity between our respective results: the
form of diversity-dependence reported by [33] features several phases between which the
relation between diversity and the speciation and extinction rate changes. Specifically,
they distinguished three phases. First, a phase of “geographic adaptive radiation”, where
the initial colonization of all the sites and the resulting divergence in allopatry causes
speciation to be explosive and quickly decreasing, while extinction is virtually absent.
Following this, diversification enters a “niche self-structuring” phase, where local (within
sites) adaptation and competition result in a quick increase of extinction, followed by
about constant-rate speciation and extinction. Finally, as local niches saturate, speciation
slows down, while extinction blows up, precipitating equilibrium diversity. As described
above, we did find the same variations in the rates of speciation and extinction with
diversity, with the exception that in our results, we did not find the speciation rate to
be constant, and its slowdown phase instead appears to start immediately after the
initial explosive phase. It is also possible that this discrepancy is due to a different
interpretation of our respective results: we note that depending on the parameter values,
constant-rate speciation is not always visible in the results of Aguilée et al. (Fig S5 in
[33]). Consistent with our results, Aguilée et al. [33] also reported an effect of Z—I‘: on
total diversity, the speciation rate and the extinction rate (Fig. S5 in [33]). Their results
also show a predictable relation between g—Z and equilibrium diversity (Fig. S4, panel h)
that is at least qualitatively consistent with our results (compare with Fig. 3.2). Taken
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together, the similarities in the variations of rates between their model and ours suggest
a general pattern of diversity-dependence for this class of models, and this is probably
something one wants to look for as evidence for diversity-dependence. The ad hoc nature
of this pattern we uncovered however implies it cannot be tested directly. In section
3.4.1 we discuss how well it is approximated by traditional phenomenological models of
diversity-dependence.

We found that a significant proportion of extinction events concern recently diverged
species through exclusion by their sister species, with a strong effect of the intensity
of competition on the frequency of extinction of these short-lived species (the propor-
tion of these events grow from 20% to 57% in settings with the largest values of o).
This is consistent with the concept of “ephemeral speciation” [6, 44] and Darwin’s own
model of macroevolution [5, 45], which Rabosky [6] described as a mechanism by which
diversity-dependence takes place (that is, “Darwinian diversity-dependence”). Excluding
ephemeral species from the data does reduce both the speciation rate and the extinction
rate in equal measure, but does not change their qualitative variations with the values
of N (Fig. 3.9). The different phases of speciation and extinction we have described
above can still clearly be identified (Fig. 3.9). Therefore, while ephemeral speciation
is an ubiquitous feature of the diversification process produced by the LVIBM, it does
not qualitatively change the relation between the speciation or extinction rate and the
number of species, so that its contribution to diversity-dependence is negligible. This
finding is at odds with the results of the lineage-level mechanistic model of Aristide and
Morlon [41], where an increase in the extinction of incipient lineages was largely respon-
sible for diversity-dependence. Arguably, the frequency of ephemeral species is sensitive
to the species recognition threshold we have used. Graphically, we have observed that
populations diverging from one another within species (before speciation is recognized,
i.e., incipient species) are equally likely to go extinct, such that there is a continuum in
the distribution of length of branches going extinct before or after speciation. Ezard et al.
[46] have shown how the choice of the criterion used to delineate species in the fossil
record can affect the measured rates of speciation and extinction, including the slope of
diversity-dependence. Here, justifying our species delimitation criterion is made easy
by the morphological patterns produced by the LVIBM: the distribution of individuals
in trait space and through time forms fairly discrete, separated clusters of individuals
(Fig. 3.1). The only arbitrary choices we have made are to consider that species persist
through speciation events as one of the resulting diverging lineages, and the speciation
recognition threshold, which we chose to fix to 8(z) = 0.1 following Pontarp et al. [25].
Arguably, the latter is affecting the rates of speciation and extinction we have measured:
lowering the threshold would result in the recognition of incipient species as full species,
thus adding many speciation and extinction events to the data. However, while changing
the value of 8(z) = 0.1 would certainly increase or decrease the base rates of speciation
and extinction, it would not change the relation between the rates and N, and we are
confident that the form of diversity-dependence we report is robust to this parameter.
The ubiquity of extinction of ephemeral species was also reported by Aguilée et al. [33],
and thus it seems to be a feature of this class of coevolutionary models.
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3.4.1. EVALUATING THE SUPPORT FOR PHENOMENOLOGICAL MODELS

The description of the form of diversity-dependence that emerges from the LVIBM we
have carried out above has yielded valuable insights, suggesting some signature features
of this evolutionary scenario to search for in empirical data. In the absence of an explicit
expression for the rates of speciation and extinction, however, it is not possible to test
support for this model in empirical data directly. Phenomenological models of diversity-
dependence by contrast have been routinely used to test for diversity-dependence in
phylogenies and fossil diversity are valuable to assess general trends in the data, but
lack strong theoretical foundation. Since the initial propositions of Sepkoski [7] and
Maurer [16] for the linear and power forms of the model respectively, there has been no
investigation of whether these two models indeed constitute satisfying approximations
of the assumed diversification mechanism. Critically, uncertainty has persisted over
which version of the model is the appropriate form to represent the effect of competi-
tion: the two models have largely been used interchangeably, and often simultaneously,
with identical conclusions in case either was found to better fit the tree. At times [13],
quantitative differences have been mentioned (the rate of decline of speciation declining
with N in the power model), but the potential implications have seldom been explored.
In the presence of perfectly complete data, our model decisively supports either the
exponential version we have introduced, or the power version, depending on the choice
of parameters of the LVIBM. Support appears to result from the very high speciation
rate at low diversity present in the simulations, which linear diversity-dependence does
not capture satisfyingly. While speciation does decline fast with the number of species,
the decline of speciation with N itself does not decelerate in simulations, as would be
expected in the power model, and instead speciation past the initial explosive phase is
best approximated by the linear model, and to a lesser extent the exponential model.
Selection of exponential diversity-dependence therefore appears to be a matter of trade-
off between these two features, the exponential model producing diversity-dependence
intermediate between those specified in the power and linear models. Considering that
none of the three types of functions capture all features of the rates estimated for each N
individually, and the discrepancy between the two phases of speciation, perhaps the most
appropriate birth-death model would be one including a transition between two modes
of diversity-dependence. Birth-death models featuring temporal transitions between
evolutionary modes have been developed (BAMM, [47]). Although BAMM (or any other
model) does not incorporate transitions along diversity rather than time, and developing
such a framework is beyond the scope of this study, comparing the fit of such a model to
the ones we have included here could bring interesting insights. In the meantime, among
models featuring a single mode of diversity-dependence, exponential or power diversity-
dependence appears to provide the best approximation. In any case, the strong signal
for explosive speciation is at odds with results reported from reconstructed phylogenies
where, as we discussed in the introduction, linear diversity-dependence in the speciation
rate is most often found to fit the phylogeny best. This discrepancy between our results for
complete trees and empirical findings can be resolved by considering that reconstructed
trees are only a limited subset of the evolutionary history of the clade. Indeed, when we
perform the model selection procedure again after pruning extinct lineages from the trees,
we find decisive support for linear diversity-dependence on speciation. This implies that
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while the signal for early explosive speciation is present, support for it is lost.

Arguably, the completeness of our assessment of phenomenological models for re-
constructed trees was restricted by the two unresolved computational issues mentioned
in the Results section. Below we expand a bit further on these issues, including what
we suspect caused them and potential tracks to address them. First, for most trees and
parameter settings, maximum likelihood estimates of the equilibrium diversity associated
with exponential or power diversity-dependence on speciation are extremely high, and
functionally equivalent to infinity, indicating no diversity-dependence on speciation.
Paradoxically, values of parameter ¢ associated with this are also close to zero, indicating
no diversity-dependence on extinction either. This apparent paradox can be resolved
by considering the asymptotic behaviour of the speciation rate under these models. As
shown by the values of maximum-likelihood estimates of the initial extinction rate py,
the signal for weak, or even absent extinction from the reconstructed trees is strong. As a
result of the formulation of the models (see Section 3.2.6), low values of y are only possi-
ble if K is very high (in fact, yy = 0 is only possible if K is infinite). A potential solution
to this would be to alter the diversity-dependent model and use parameters that are not
susceptible to this behaviour. For example, one could define K as the value of N for which
the speciation is a certain fraction of the initial speciation rate Ay, thus circumventing
the issue by decoupling speciation from extinction. Such a model could be helpful to
quantify diversity-dependence, but unfortunately loses the biological interpretation of
the equilibrium diversity.

Second, the likelihood could often not be computed for models that incorporated
exponential or power diversity-dependence on extinction, and we excluded these 6 mod-
els from the initial set of candidate models. The issue appears to originate from the
extinction rate growing very large under some values of the parameters explored during
optimisation. High extinction requires keeping track of the probabilities of a larger set
of possible states, such that the size of the system of equations grows and integration of
the likelihood becomes computationally challenging. An evident solution would be to
attempt to limit the size of the system of equations to a maximum value, and forego the
computation of probabilities associated with high (and unlikely) values of N. Because
this will inevitably bias the likelihood to some extent (as we do not calculate part of the
probability density function at every step), making it difficult to apply in practice. Never-
theless, the results we do have at hand suggest that our conclusions are robust to these
missing results. In the few cases where we did obtain reasonable estimates of the carrying
capacity for models that incorporated exponential or power diversity-dependence on spe-
ciation, linear diversity-dependence was still largely preferred. Constant-rate extinction
was largely preferred over linear diversity-dependence on extinction, such that it appears
unlikely that any other form of diversity-dependence on extinction would fit the data
better.
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ABSTRACT

Diversity-dependent diversification has emerged as a prime hypothesis for interpreting di-
versity patterns in molecular phylogenies and the fossil record, thereby offering a universal
model for how competition at the ecological level may regulate evolution on geological time
scales. It is often assumed that diversity-dependence operates in a clade-specific manner,
with members of a clade competing exclusively with one another. This assumption is how-
ever rarely satisfied. Islands present the ideal ecological setting to explore the consequences
of relaxing this assumption, with their finite set of resources and discrete, polyphyletic
communities. Here, we use an individual-based evolutionary model with trait-dependent
competition to simulate diversification on an island. Evolutionary branching emerges from
competition, so that immigrating populations eventually form a community with multiple
clades, and the island’s niche space is progressively partitioned among the descendant
species. We study the phylogenetic structure of the resulting communities for a range of
scenarios with varying intensities of competition and immigration. First considering each
clade as independent, we assess how breaking the assumption of only intra-clade compe-
tition affects the detection of diversity-dependence. Then, assuming interaction between
clades, we assess how well the shared nature of diversity-dependence can be recovered. We
find that inter-clade competition does not affect one’s ability to detect diversity-dependence
in single trees, compared to trees of similar size diversifying in isolation. Shared diversity-
dependent effects are well recovered in equilibrium communities. Despite the presence
of common niche space, at half the equilibrium diversity only mixed support for shared
diversity-dependence is found, owing to effectively limited interactions among clades before
late stages of diversification of the community.
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4.1. INTRODUCTION

LASSICAL birth-death models of diversity-dependent diversification have almost
C invariably assumed that diversity-dependence operates on a clade-by-clade basis
[1-3]. In such models, the rates of speciation and/or extinction are a function of the
number of species alive in the clade (IV), such that all members of the clade, but no
other species, contribute to, and suffer equally from diversity-dependent effects. That is,
niche space is modelled as a property of the clade, rather than the environment, and the
carrying capacity operates at the clade level (i.e., is "clade-specific" [4]).

While the assumption of diversity-dependence taking place solely within a clade may
be reasonable in some cases (for example, when a lineage accesses a new, exclusive niche
space through the evolution of a key innovation, [5]), it is in general incompatible with
the observation that competition for resources may just as well involve distantly-related
taxa [6, 7], and there is evidence for macroevolutionary outcomes from such interactions
(e.g., character displacement, [8]).

A few diversity-dependent models of diversification relaxing this assumption have
been considered. As a first example, Silvestro et al. [9] introduced a model where the
diversity of putatively competing clades contribute to the carrying capacity of each other
through Lotka-Volterra-like terms. The strength of each interaction is a parameter of the
model and can be inferred from fossil assemblage data. Second, a model including several
regimes of diversity-dependence within a single clade has been proposed. In Etienne
and Haegeman [5], sub-clades may break away from the niche space of the parent clade,
from this point evolving with a separate carrying capacity. Finally, Xu and Etienne [10]
considered a model where lineages in a single clade shift back and forth between two
habitats, each associated with its own carrying capacity. However, these models are the
exception rather than the rule, which may be due to the fact that interactions between
clades are typically intricate and difficult to recognise, even in present-day communities.
Given the difficulty of accounting for past competition, a first valuable step would be to
assess whether existing methods may be helpful in recognising diversity-dependence
involving multiple clades, and how they are affected by a violation of the assumption of
monophyly of competition.

We consider the scenario where an experimenter seeks to test for diversity-dependence
on a clade of interest. Species in this clade present particular adaptations that allow them
to exploit a specific set of resources within a limited niche space, and thus present the
expected conditions for diversity-dependence to take place, with each new species con-
tributing towards a carrying capacity (sensu MacArthur and Wilson [11]) defined by the
niche space. Unknown to the experimenter however, other, unsampled clades have en-
tered the same niche space via an equivalent set of adaptations and also contributed
to saturation of carrying capacity, and the diversity-dependent effects experienced by
the focal clade. In such a scenario, a first natural question would be whether the failure
to account for competition originating from external clades would affect detection of
diversity-dependence. On the one hand, it could be expected that not including all clades
contributing to diversity-dependence could result in a loss of signal. On the other hand,
competitive pressures from unsampled species would lead to a faster build-up of compet-
itive effects, resulting in intensified diversity-dependence and a stronger signal than if the
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clade was diversifying on its own.

We remark that the scenario described above also applies well to diversification on
islands, the niche space then being defined by the island area and the set of resources
available on it, while the acquisition of adaptations that allow entering the niche space are
equivalent to immigration events. In an island setting, the limited and discrete area makes
the assumption of a single niche space shared by the entire community (i.e, a carrying
capacity, sensu MacArthur and Wilson [11]) reasonable. Indeed, islands have been used
extensively to study the macroevolutionary consequences of ecological interactions [12].
As such, methods developed for analysis of island communities may constitute valuable
tools for the study of diversity-dependence involving multiple clades.

The analysis of diversification of island communities is precisely the focus of the
DAISIE (Dynamic Assembly of Island biota through Speciation Immigration and Ex-
tinction, Valente et al. [13]) modelling framework. DAISIE extends the classical island
biogeography model of MacArthur and Wilson [11] with a macroevolutionary compo-
nent, accounting for phylogenetic relations between species on the island, and thus
the contribution of speciation (in addition to immigration and extinction) to diversity.
The likelihood for the model is known [13] and has been used to test for hypothesized
scenarios of diversification on the island, including diversity-dependence [13, 14].

However, DAISIE normally assumes diversity-dependence operates separately for
each clade on the island; that is, diversity dependence is clade-specific (hereafter, CS).
Island species descended from a single immigrant contribute to saturation independently
for every clade, although the value of the carrying capacity is the same for every clade. In
other words, each clade exploits an exclusive section of the set of resources available and
competition between clades is assumed to play a limited role in the community. It has
not been described how departures from this model of diversity-dependence operating
separately for every clade, such as the scenario described above, affect inference of
diversity-dependence or other aspects of the model, such as estimates of the rates of
immigration, speciation and extinction. Yet, this may be relevant to many island systems
where total area is small, or the distribution of resources is homogeneous. The model
has recently been extended [4] to model a scenario where a single carrying capacity is
defined for the whole island, and all clades contribute to it. That is, diversity-dependence
is island-wide (IW), and its effects are shared among all clades.

This version of the model is appropriate to describe diversification in the scenario we
described above, and it would thus be interesting to assess whether a comparison of both
versions of DAISIE could correctly identify the shared regime of diversity-dependence;
that is, if the IW version model would be preferred over the CS one. Using island commu-
nity data directly simulated with the IW model, Etienne ez al. [4] found that the generating
model (IW) could be identified with a power of 72% when accepting a 5% error rate.
However, no detailed analysis has been done where the inference model is not identical
to the generating model, which is obviously always the case in reality.

To explore this further, here we extend a Lotka-Volterra individual-based model of
trait evolution under competition [15] to consider the case of multiple clades diversi-
fying in sympatry in a common niche space, i.e., an island in the ecological sense. By
introducing immigration, we allow populations unrelated to one another to enter the
shared niche space and diversify, eventually forming a polyphyletic assemblage of clades
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that potentially all interact with one another. We track the growth of the community
and the sequence of speciation and extinction events from the initial colonisation of the
island until the saturation of the community, and build phylogenies for each clade in the
simulated communities.

We then use the simulated phylogenies to answer three lines of question. First, can
diversity-dependence be detected when considering each clade separately (with the
R package DDD, Diversity-Dependent Diversification, [2]), ignoring the presence and
contribution to diversity of other clades in the same community? Second, when account-
ing for the whole community as the product of a common diversification process (i.e.,
with DAISIE), can the shared, island-wide nature of diversity-dependence be recognised?
Third, what biases are introduced when acknowledging the community as the product of
a common diversification process but failing to account for a single regime of diversity-
dependence? That is, what are the consequences for modelling diversity-dependence as
clade-specific when the generating process is closer to an island-wide process?

4.2. METHODS

4.2.1. GENERAL APPROACH

We analyse the form of diversity-dependence observed in our simulated multi-clade
island communities in two ways. First, we use the single-tree diversity-dependent model
from Etienne et al. [2] to assess whether diversity-dependence is recovered from single
clades, mimicking a scenario where an experimenter is unaware of external clades and
their contribution to competitive pressures on the clade of focus. Second, using DAISIE,
we test whether the island-wide nature of diversity-dependence (hereafter, IW) is correctly
detected, or whether a scenario with clade-specific diversity-dependence (hereafter, CS)
is instead supported more strongly.

We also examine the resulting maximum likelihood estimates for the DAISIE and DDD
model parameters, with an emphasis on the equilibrium diversity parameter K. In the
IW setting of DAISIE, K (hereafter, Kjy) is defined at the level of the island, such that
species from all clades contribute to it. In the CS case, DAISIE assumes K (hereafter, K¢s)
to be defined for every clade, but with an identical value across all clades. We assess
whether each of Ky, the product of K¢s and the number of clades, or the sum of Kppp
(equilibrium diversity parameter for the diversity-dependent model) across all clades in a
community accurately approximates the (known) equilibrium diversity of the community.

We repeat the analyses across communities simulated with a range of equilibrium
diversity values (predicted based on the parameters of the individual-based model) and
rates of immigration. In each case, we repeat the analyses both for communities that have
reached equilibrium diversity, and the same communities at a time where diversity has
only reached half the equilibrium value.

4.2.2. INDIVIDUAL-BASED MODEL

We simulated the assemblage and evolution of island communities using a modification
of the individual-based model in Pannetier et al. [15], which implements a classic form
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of competitive interactions, where the fitness of every individual is proportional to the
abundance of the value of the resource it exploits, and is penalised by a function of the
density of competitors exploiting a similar resource value. Models of this form have been
used widely in ecology, including for modelling the evolution of communities [16], and
notably have served as the basis for the deterministic models used in adaptive dynamics
[17, 18]. We summarise the model below, but refer the reader to Pannetier et al. [15] for
more details.

1. Reproduction is asexual, and generations are discrete and non-overlapping. Ev-
ery generation, all individuals in the community produce a number of offspring
sampled from a Poisson distribution, with mean parameter W (z), the fitness of
the individual with trait value z. Offspring inherit the phenotype z of their parent,
modified by a random mutation sampled from a normal distribution with mean 0
and a standard deviation of 0.001.

2. The fitness function W, is defined as
_AR)
W, = er(l Ktz)), where

3. K(z) is the Gaussian resource distribution function, defined as
_ (zfzop;)z
K(z) = Kopre 20% , with Kopt, Zopt and o g the height, mean and standard devi-
ation parameters of the Gaussian function, respectively. Here, we set K, = 1000,
Zopr=0and og =3.

4. A(z) is the Gaussian competition function, defined as
A(2) =Y N a(z,z),and
_ (z-2;)
a(z,zj)=e 203 where 04 is the standard deviation parameter of the Gaussian
(its heightis 1).
We consider an array of values for o4, which we use as a parameter of the IBM as a
whole (see section 4.2.3).

5. Speciation and extinction: individuals each bear a species label, inherited from the
mainland immigrant and passed down to all descendants, until speciation takes
place. Species labels are only used to keep track of ancestry and build phylogenies,
and play no role in the ecological components of the simulation. That is, all indi-
viduals with the same trait value z contribute and suffer equally from competition
regardless of the species to which they belong. Diversity-dependence is thus not
assumed, but can only be an emergent property.

Branching occurs as a result of divergent selection. When a fitness optimum is
reached, local density-dependence pushes a (so far monomorphic) population to
split into two clusters of individuals, a well-known feature of this class of models
[16, 18]. These new populations repel one another and progressively diverge. When
they diverge by more than an arbitrary threshold 8, = 0.1, cladogenetic specia-
tion happens. Unlike in Pannetier et al. [15], where only one of the two resulting
branches was assigned to become a new species, here we assign both diverging
populations to new species, to be consistent with how cladogenesis is modelled in
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DAISIE [13]. Extinction simply happens when the last individual of a species dies
without producing any offspring.

In order to create a polyphyletic community, we introduced immigration from an
external, static mainland community consisting of a pool of 1000 species. Each mainland
species was assigned a range of trait values defined by a Gaussian distribution represent-
ing within-species variation, with a fixed standard deviation o, = 0.01. The mean value
of the distribution was sampled separately for each mainland species from a uniform
distribution delimited by the minimum and maximum values of z that could support at
least 5 individuals (that is, z and —z such that K(z) = 5).

Throughout the simulation, immigration events were sampled from a geometric
distribution with probability I', the immigration rate. At every immigration event, a
single individual was sampled from the pool of mainland species, with its trait value
sampled in the distribution of that species, and added to the island community. The
island community was initialised with an immigration event of 10 individuals from the
same species, with the same trait value, sampled as described above.

To be consistent with the set of events considered in DAISIE, we allowed island popu-
lations to undergo anagenetic speciation (i.e., formation of a new species through branch-
ing), in addition to the cladogenetic speciation described above. Anagenesis happened
when the mean trait value of an island population differed from that of its mainland
ancestor population by more than 8, = 0.1, upon which the island population was consid-
ered to have diverged enough from its mainland relative to be assigned to a new species.
If the trait value would later become more similar to the mainland population again, the
species is still assumed to be different, as it is expected to have evolved in other aspects,
or that the difference in trait value has led to irreversible reproductive isolation.

We defined clades as the set of species that descended from a unique species on the
mainland, including sub-clades that descended from successive immigrating populations
of the same species from the mainland. The mainland species itself was included in the
clade only if it was present in the island community at the end of the simulation, that is, if
it had immigrated on the island and not undergone speciation.

4.2.3. SIMULATIONS
We simulated island communities with a range of predicted equilibrium diversities,
K € {20, 30, 50, 80, 100}
using the equation from Pannetier et al. [15]
K=0.0560,"*+(5.50,°% -4.10,%%) 0,

where parameter o, defines the width of the competition kernel a(z;, z;), and thus
sets the intensity of competition, and parameter ok sets the width of the resource dis-
tribution function K(z) (see Section 4.2.2). Higher values of o ¢ contribute to increase
the size of the community, while higher values of o, reduce it. We set o g to 3 and solved
for the value of o, that would predict the desired value of K to the third decimal. We
obtained the following values:
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o4 €1{0.369, 0.267,0.172,0.112, 0.091}

To explore the effect of the immigration intensity and the importance of priority on
the assembly of the island community, we considered increasing rates of immigration:

Fe{l.17%,5107% 1.10°%,1.1072%}.

In addition, we also ran a set of simulations with I" = 0, where immigration thus hap-
pened only once (the initial population), to serve as a single-clade basis for comparison.
The number of simulations was set to give enough time to communities to reach K, based
on growth of communities observed in Pannetier et al. [15], the number of generations
ranging from 110,000 generations for o, = 0.091 to 350,000 for o, = 0.369.

We simulated 100 replicate communities for each of the resulting 25 combinations of
0, and I'. Because saving all states of the entire community was computationally unfea-
sible, throughout the simulations, we sampled 5% of all individuals in the community
every 200 generations. To guarantee that all species present in the community at this time
would be represented in the sample, we enforced that every species would be represented
by at least 1 individual in the otherwise random sample.

We repeat all downstream analyses (next sections) on both communities at equilib-
rium, and half-equilibrium diversity, which we denote by f =1 and f = 0.5, respectively.
To obtain half-equilibrium (f = 0.5) diversity communities, we simply trimmed the final
communities to the first time the community reached half the equilibrium diversity. For
each replicate community (both at equilibrium and half-equilibrium diversity), we built
the phylogenies (which may have consisted of just a single lineage, represented at a single
sampling time) that descended from each immigrant sampled in the output.

4.2.4. DETECTING DIVERSITY-DEPENDENCE ON SINGLE TREES

We used the R package DDD version 5.0 [2] to fit a diversity dependent model of diversifi-
cation to each tree in the simulated communities that contained at least four species at
the end of simulations, using maximum likelihood. In this way we sought to explore how
diversity dependence is recovered when diversity dependence is erroneously assumed to
operate exclusively within a clade, such that each tree is treated as having undergone an
independent evolutionary process.

DDD offers options to model multiple forms of diversity-dependence, for example as a
linear or exponential function, both for speciation and extinction. Both for computational
tractability, and because we are not interested in comparing between different forms of
diversity dependence, we only considered linear diversity dependence in speciation and
constant-rate extinction,

A=Ao(1- E]
K
H=Ho

Along with the diversity-dependent model above, we also fitted (still using DDD) a

constant-rate diversification model to each tree, with

A=Ao
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K= Ho

The diversity-dependent model then contains three parameters, Ao, the initial (clado-
genetic) speciation rate when N = 0, o, the rate of extinction and K (hereafter, Kppp)
the equilibrium diversity. We obtained the maximum likelihood for the two models and
computed their likelihood ratio.

As described in Pannetier et al. [15] (and [19]), the appropriate test for diversity-
dependence requires performing a bootstrap likelihood ratio test, involving running
simulations under both models with the parameter values estimated from the tree to
obtain the two distributions of the likelihood ratio under the hypotheses of presence or
absence of diversity-dependence. This should be repeated for each tested tree within
each replicate communities, requiring a computational time that we could not afford.
While we cannot obtain a decision criterion and decisively test for diversity-dependence,
the likelihood ratio nevertheless remains an indicator of strength of the signal of diversity-
dependence. Arguably, clades showing a clearer signal for diversity-dependence should
return a likelihood ratio with a higher (more positive) value. Thus, we compare the
likelihood ratios obtained in the multiple clade case (I' > 0) against the single clade case
(T = 0). For this analysis, we only considered a single value of the competition kernel
width o4 = 0.091, corresponding to an equilibrium diversity of about K = 100 species, as
for smaller communities a large proportion of the single trees tended to be too small to
meaningfully fit DDD under high-immigration settings.

4.2.5. FITTING DAISIE

We fitted the DAISIE model (using the package of the same name, version 4.0.5) to the out-
put communities to examine whether island-wide or clade-specific diversity-dependence
would be inferred. Contrary to DDD, the DAISIE framework takes as input a set of phy-
logenies comprising all lineages currently alive on the island (phylogenies may contain
a single lineage), information on the time of immigration of their ancestor (colonisa-
tion time), and endemicity status, that is, whether island populations have conspecific
populations on the mainland or not. DAISIE accounts for both cladogenetic speciation
(i.e, branching), which happens at rate A¢, and anagenetic speciation, which happens at
rate A%, whereby a non-endemic island population diverges enough from its mainland
relatives to be recognised as a different species.

We fitted two versions of the DAISIE model, clade-specific (CS) and island-wide (IW),
to the same sets of phylogenies produced by simulations. The two versions of DAISIE
differ only in whether the variable N corresponds to the number of species in a clade (CS)
or in the entire community (IW) and whether the carrying capacity K was defined at the
clade (CS) or island (IW) level. As with DDD, we assumed a linear diversity-dependence
on (cladogenetic) speciation and constant-rate extinction, and assumed constant-rate
anagenesis:

N
c_g¢C
Ac=2g(1- E)
H=Ho
A= A8

DAISIE also allows the (per-species) immigration rate to be diversity-dependent,
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or constant. We assumed diversity-dependence in the immigration rate, because,
while immigration in the IBM was modelled with a constant factor (I'), most of the
immigration events in later stages of the simulation are expected to be unsuccessful due
to species interactions, and hence unlikely to be recorded in the output. Note that the
carrying capacity K parameter in y is the same as the one used for the speciation rate Ag,
computed at either the clade (CS) or island (IW) level. Each version of the model thus
comprises five parameters: Aj and yo, respectively the initial cladogenesis and initial
immigration rates when N = 0, yo, the rate of extinction, A{, the rate of anagenesis,
and Ky or Kcs. We obtained the maximum likelihood for each of the two models
(and associated estimates of the parameters) and computed their likelihood ratio. The
integration of the likelihood of DAISIE, and a fortiori its optimisation are computationally
demanding, particularly for the IW version of the model, and this severely limited our
ability to cover the breadth of the parameter space. As a result, we limited the analysis to
the smallest and largest communities (that is, simulated with o4 = 0.369 and o4, = 0.091),
and two values of the immigration rate, I' = 0.0001 and I" = 0.001.

4.3. RESULTS

4.3.1. GENERAL STRUCTURE OF SIMULATED COMMUNITIES

We first describe the general structure of the communities observed in simulations, as
these may help the interpretation of downstream results. By the end of the simulation,
the total number of species in the community was not growing substantially (Fig. 4.3),
and we interpret this as communities being near, or at equilibrium diversity. We note that
this equilibrium diversity then approaches, but always differs from the value predicted
(K) with the equation reported in section 4.2.3 (Fig. 4.2A). N exceeds K for all but the
smallest value of o, (largest communities), where communities are instead smaller at
equilibrium than predicted (Fig. 4.2A). These discrepancies between the predicted and
observed value appear to be due to inaccuracy of our predicting function K, rather than
an effect of the introduction of immigration and the presence of multiple clades, which
was absent from the model in Pannetier ez al. [15]. Indeed, discrepancies persist even in
settings with I' = 0 (Fig. 4.2A), where the diversification process should thus be strictly
equivalent to the model considered in Pannetier et al. [15]. In the next sections, we thus
use the average community size at present as a proxy for equilibrium diversity. We use
this value, instead of K, as a reference point to extract half-equilibrium communities (see
Methods) and compare it to the equilibrium diversity estimated with parameter K of the
birth-death models.

The simulated island communities are largely shaped by incumbency and priority
effects. The partitioning of trait space among clades and, consequently, the number and
size of clades in the community are established early (Fig. 4.1). Early immigrants almost
always establish successfully on the island, and the probability of successful colonisation
of the island quickly drops with time (Fig. 4.5) as trait space progressively fills with clades
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descended from previous immigrants (Fig. 4.1). Immigrant populations landing in an
occupied section of trait space are unlikely to establish due to competitive exclusion from
resident populations (Fig. 4.5). Eviction of a resident clade by an immigrant is rare, but
contrary to our expectations, it does occur in simulations with high immigration (Fig. 4.1,
see for example the purple- and ochre-coloured clades replacing the maroon-coloured
clade near z = —1 in panel E, and the pink-coloured clade around z = —0.5 in panel O).
This outcome is quite exceptional because for the vast majority of immigration events,
resident populations prevent immigrant populations from establishing on the island (Fig.
4.5).

Following colonisation of the island, clades that descend from early colonist popula-
tions expand in trait space, branching and growing along the way, until reaching either the
limit of viable trait space (that is, z such that K(z) = 1) or a section of trait space already
occupied by another clade (Fig. 4.1), halting the clade’s expansion in both cases (Fig. 4.4).
From this point on, the range of trait space occupied by each clade changes only little,
and slowly (Fig. 4.1). Yet, it was not as static as expected, as clades either expanded at
the expense of their neighbours, or shrunk to the benefit of their neighbour (Fig. 4.1, Fig.
4.4). No apparent growth pattern is observable in this phase, and clade size appears to
change in a random direction as a result of all individuals having the same competitive
ability. Clades do not overlap in trait space, except on the edges of their ranges for com-
munities with a small o, (Fig. 4.1), and only transiently; hence trait space is at any time
clearly partitioned between the clades in the community (Fig. 4.1). As a result of these
incumbency effects on colonisation and inertia in clade growth, the cladistic assemblage
of the community and distribution of the number of species between clades establishes
early, and tends to change little past the initial phase of filling of niche space (Fig. 4.4).
Notably, the largest clades often descend from the earliest colonists (Fig. 4.4), having
benefited from a longer phase of unbounded growth before their diversification is limited
by neighbouring clades.

With these dynamics in mind, it is easy to interpret the effect of the individual-based
model parameters, I' (immigration rate) and o, (width of the competition kernel). By
reducing the time between successive immigration events, increasing the immigration
rate reduces the incumbency advantage of the first immigrant clades, and leads to an
earlier saturation of niche space. The immigration rate thus largely controls the degree
of partitioning of total niche space. Communities simulated with low values of I" tend
to be dominated by only a few, large clades, while communities simulated with high
values of I' comprise more, smaller clades, with a tendency for a more even distribution of
species diversity between clades. Interestingly, more frequent immigration does appear
to increase species diversity on the island, although this effect is very small (and is hardly
visible in Fig. 4.2A).

Higher values of o, increase the intensity of competition, pushing neighbouring
species further away from one another in trait space. In addition to reducing the size
of communities at equilibrium, an interesting consequence of this effect was that com-
munities simulated with larger competition width tend to comprise a larger proportion
of single-species clades, or singletons, particularly when immigration is high. Such sin-
gletons may be important for the inference made with DAISIE. Indeed, because DAISIE
assumes that cladogenesis always results in island-endemic species, only singleton clades



98 4. ISLAND-WIDE DIVERSIFICATION DYNAMICS FROM AN IBM

are susceptible to be present on both the mainland and the island, and to undergo anage-
netic speciation (see Methods).

The same dynamics and influence of parameters holds true for half-equilibrium
communities. As diversity initially grows quickly within communities, half-equilibrium
diversity is reached early in the simulations, such that the phylogenetic branches are not as
long relative to time as for equilibrium communities. The exception concerns singletons,
which are already found in communities simulated with high o, and otherwise rare
in communities with a low value of 0. By definition, trait space is half empty in these
communities, such that at this stage many clades are still expanding in trait space in
one or both edges. Although some have already come in contact with competing clades
some time in the past, for most clades, the timing of half-equilibrium diversity appears to
correspond to a stage where contact has not yet occurred, or only recently.

4.3.2. SUPPORT FOR DIVERSITY-DEPENDENCE IN SINGLE TREES

For equilibrium communities (Fig. 4.6, f = 1), log-likelihood ratios suggest that the
phylogenies of island clades carry a strong signal of diversity-dependent diversification.
Log-likelihood ratio scores were high overall for most trees, suggesting support for the
diversity-dependent model over the constant-rate model (Fig. 4.6). It is not possible
here to establish what score would motivate selection of the diversity-dependent model
(even when using the selection criteria of the likelihood ratio test or, equivalently, the
AIC), because direct comparison of likelihoods of diversity-dependent models against
diversity-independent models is biased in favour of diversity-dependence [19], even when
both models predict the same expected pattern of diversification [20]. Determining a
decision threshold would require simulating the distribution of likelihood ratios under
both models, a computationally demanding endeavour we could not afford here. Instead,
we use the threshold value found by Etienne et al. [19] for the Sefophaga warbler phylogeny
as a (cautious) basis for comparison. Etienne et al. [19] found a log-likelihood ratio above
about 5 to be strong evidence for diversity-dependence, comparing the fit of the same
two models we used in the present study (linear diversity-dependence on speciation and
constant-rate diversification) on diversity-dependent phylogenies simulated with K = 25.
The distribution of the log-likelihood ratio for trees of comparable size (25 species) in our
simulations resembled that of trees simulated with diversity-dependence (Fig. 4.7 and
Fig. 3 in Etienne et al. [19]), and the score almost always exceeded 10, suggesting that
diversity-dependence would be recovered with confidence.

Regardless of the appropriate threshold value, more positive log-likelihood ratio scores
indicate stronger support for diversity-dependence. Trees from simulations with higher
immigration rates clearly show weaker log-likelihood scores, suggesting that immigration,
and thus, the presence of multiple clades in the same niche space, erodes the signal of
diversity-dependence in single trees. Yet, tree size appears to play a large role in log-
likelihood ratio scores (Fig. 4.7), such that a higher immigration weakens the signal only
through further subdivision of the niche space among more clades (Fig. 4.4), making
diversity-dependence more difficult to detect when considering single (smaller) trees.
When considering trees of similar size, the distribution of log-likelihood ratio scores
does not differ much across values of I' (Fig. 4.7). Thus, higher immigration makes
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Figure 4.1 | Examples of communities generated by the individual-based model. One replicate community (out
of 100) is shown for each combination of the two parameters of the IBM. Branches are coloured by clade (not by
species), each descended from a single mainland species. Grey vertical lines indicate the point in time where
the number of species reaches half the equilibrium diversity.
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for equilibrium (f = 1) and half-equilibrium (f = 0.5) communities. The dashed horizontal line denotes the
predicted equilibrium diversity, K (see methods).

diversity-dependence more difficult to detect, when considering clades separately, by
reducing the size of individual clades. Irrespective of the intensity of immigration, for
large enough trees (e.g., 15 to 20 tips), log-likelihood ratios scores remain high, and we
expect that diversity-dependence would still be recovered from single trees. High log-
likelihood ratio scores for equilibrium communities are consistent with the strong pattern
of diversification slowdown observed in the corresponding species-through-time plots
(Fig. 4.4 and Fig. 4.3). As described in the previous section, most clades initially grow
quickly, before reaching approximately stationary diversity early in the simulation (Fig.
4.4). This results in trees with a tendency for branches to be shorter close to the root of
the tree, a pattern typical of diversity-dependent trees [5, 20] and otherwise very unlikely
to be generated under constant-rate diversification.

Support for diversity-dependence is, as expected, much weaker for half-equilibrium
communities (Fig. 4.6, f = 0.5). Except for the zero-immigration reference case (top
row in Fig. 4.6), for almost all trees, log-likelihood ratio scores remain below 10, with
a median score close to (I' = 0.0001) or below 5 (all other values of I'), falling around
the grey area where stronger support for diversity-dependence may be explained by a
bias alone. While the scores do suggest that diversity-dependence would be selected
over the constant-rate model, the absence of a clear decision threshold implies that
this is not conclusive. A higher rate of immigration does erode the signal for diversity-
dependence in half-equilibrium communities too, yet here again this appears to be largely
explained by tree size (Fig. 4.7). Plotting log-likelihood ratio against tree size confirms
that weaker scores in half-equilibrium communities are not explained by the smaller
size of trees compared to the equilibrium diversity case (Fig. 4.7). Instead, the growth
curves of trees from half-equilibrium communities display a weaker pattern of slowdown
of diversification, and are thus more consistent with constant-rate diversification than in
the equilibrium case (Fig. 4.4).
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Figure 4.4 | Number of species in each clade for some example island communities. Each coloured line
represents the number of species in a single clade. The communities shown as example are the same as in Fig.
4.1.
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Figure 4.5 | Probabilities for an immigration event to result in successful colonisation of the island. Colonisation
was considered successful if any descendant of the immigrant population was still present in the community
2,000 generations after the immigration event.
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(CR) diversification, computed separately for the trees of each clade and across the 100 replicate communities.
Positive scores denote stronger support for DD. All communities included in this plot were simulated with
0q =0.091.
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4.3.3. ESTIMATES OF THE EQUILIBRIUM DIVERSITY FROM SINGLE TREES

For all trees containing at least 4 species, maximum likelihood analysis from DDD always
estimated Kppp to be near the size of the tree at present (Fig. 4.8), both for equilib-
rium (f = 1) and half-equilibrium (f = 0.5) communities, implying that these trees have
reached equilibrium diversity.

Because the individual-based model does not define an equilibrium diversity at the
clade level, interpreting a Kppp value as an intrinsic limit to the growth of the correspond-
ing clade is bound to lead to a misunderstanding of the diversification dynamics. Yet,
in the case of equilibrium communities, the inferred values of Kppp correctly suggest
that clade diversity has reached an equilibrium value, a conclusion that is consistent with
the roughly static diversity of the these trees (Fig. 4.4). Incidentally, summing estimates
of Kppp across all clades in the community would yield a correct approximation of the
global equilibrium diversity of the community. Taken in a community context, Kppp
could then inform about the proportion of niche space occupied by a clade. Interpret-
ing Kppp in the same way for half-equilibrium communities would however lead to
erroneous conclusions: here too, the estimated values suggest single clades (and, when
summed, communities) are close to their equilibrium diversity, whereas most of the
clades can (and will) grow approximately twofold.

4.3.4. SUPPORT FOR IW VERSUS CS DIVERSITY-DEPENDENCE

The optimisation of the likelihood of DAISIE on the phylogenetic data of the communities
simulated with the IBM was computationally intensive, and, in some cases, not possible
to complete within the time frame set (10 days, the maximum duration allowed for a job
on the high performance cluster at the University of Groningen). For communities with



4.3. RESULTS 105

low immigration (I' = 0.0001), we obtained maximum likelihood estimates for all but one
to two replicate communities for each set of parameters, both for the CS and IW models.
For communities with high immigration (I' = 0.01), we obtained results for the CS model
for 91/100 (o4 = 0.369) and 83/100 (o, = 0.091) replicates. For the IW results, however,
all optimisations failed as a result of the likelihood itself being intractable. Clearly, this
was a result of the large number of clades in these communities (Fig. 4.2), irrespective
of the total number of species. Indeed, the size of the system of differential equations
that needs to be integrated to obtain the likelihood grows quickly with the number of
clades. This is because the model has to compute probabilities under both a scenario
where speciation has taken place (and led to a now extinct species) and where it has not
yet taken place between the colonisation time and the first branching time, thus doubling
the number of equations for each colonisation event. For a community containing n
single-species clades for example, the size of the system would be of the order of 2” s,
where s corresponds to the size of the system for a single clade, typically s = 100. For
04 = 0.091, T = 0.01, communities contained up to 24 clades (and 98 species), such
that computing the likelihood requires integrating approximately 1.68 billion differential
equations simultaneously.

Log-likelihood ratios strongly favoured IW diversity-dependence over CS diversity-
dependence for the vast majority of communities at equilibrium (Fig. 4.9, f =1). Only in
the setting with o, = 0.369, I = 0.0001 did a sizable fraction of replicate communities yield
mixed support for either version (40/96 replicates have a log-likelihood ratio between -5
and 5), and strong support for CS for a few replicates (5/96 replicates with a log-likelihood
ratio exceeding 5, top-left panel in Fig. 4.9). For the three remaining parameter settings,
log-likelihood ratio scores are almost always (that is, for at least 93% of the replicate
communities) below -10, well beyond what could be explained by a potential bias in
favour of the IW model, which would result in the decisive selection of island-wide
diversity-dependence under any criterion. Support for either model is much more mixed
when considering communities at half their equilibrium diversity (Fig. 4.9, f =0.5). The
distribution of log-likelihood ratios changes primarily across widths of the competition
kernel o, rather than the immigration rate. For o, = 0.369, most of the communities
have negative likelihood-ratio scores (over 85%, median = -1.56 and -1.75 for I' = 0.0001
and I" = 0.001, respectively), suggesting stronger support for the IW model. However,
support remains mixed (resp. 95% and 88% of the scores are above -5), and in the absence
of theoretical or bootstrap-generated distributions for the expected scores under the IW
and CS hypotheses, call for caution in interpreting these results. As such, we deem the
comparison inconclusive. For o, = 0.091, while support for either model is in general
mixed (78% and 71% of scores between -5 and 5 for I = 0.0001 and I' = 0.001, respectively),
alarge fraction (50% and 75%, respectively) of the communities support CS better than IW.
In many cases (19% and 26%, respectively) log-likelihood ratio scores exceed 5 log-units
of difference, suggesting that CS diversity-dependence is selected with confidence.

4.3.5. EQUILIBRIUM DIVERSITY ESTIMATES FROM FULL COMMUNITY DATA

Maximum likelihood estimates of the island-wide K (Ky,) are consistently similar to, or
slightly under the total number of species in the community at present (Fig. 4.10A). For
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f =1 communities, this would lead to the (correct) conclusion that the community are
close to their equilibrium diversity (Fig. 4.3). However, this result also extends to f = 0.5
communities, suggesting prematurely that communities had already reached equilibrium,
while (by definition) diversity would still double before reaching equilibrium. This sug-
gests that while DAISIE does recognise the effect of diversity-dependence on the growth
of the community, it tends to interpret the presence of a slowdown of diversification as
the community having reached equilibrium, regardless of the actual level of saturation.
This echoes an identical conclusion already found for single trees, using DDD [19].

The corresponding estimates of a clade-specific equilibrium diversity (K¢s) are in fact
strongly correlated with the number of species in the largest clade (Fig. 4.10B, left panels),
irrespective of the total number of species in the community. This result holds both for
equilibrium and half-equilibrium communities. This appears to be a result of the model
recognising that diversification has slowed down as a result of diversity-dependence,
and attempting to accommodate for this under the constraint of a separate equilibrium
diversity for every clade. Given the smaller clades seem to have reached an equilibrium,
Kcs must be as small as possible, yet any value significantly smaller than the largest
clade size would make the latter extremely unlikely to be realised. For communities
at equilibrium, this would erroneously suggest equilibrium has not been reached yet
and the community would be bound to grow further, as while the largest clade would
be close to equilibrium, any smaller clade could still expand before reaching this value.
We also note that the issue highlighted above for the IW model also applies to the CS
case: the largest clades in half-equilibrium communities are inferred as close to their
(clade-specific) equilibrium value. This suggests that K¢g is poorly informative about
the general state of the community when the diversification process departs from the
assumption of an equal carrying capacity across all clades. In either case, assessing the
community’s total K using these estimates (by multiplying K¢s by the number of clades)
would result in a dramatic overestimation of the community’s equilibrium diversity.

4.3.6. ESTIMATES OF OTHER DAISIE PARAMETERS

INITIAL IMMIGRATION RATE

In contrast to other parameters of DAISIE, we do know the true value for the initial (i.e.,
before the onset of any diversity-dependent effect) immigration rate yy: this is simply
the IBM parameter I' divided by 1000 (that is, the number of species on the mainland, v
being a per-species rate). o has little effect on the estimated values of yy. Estimates of yg
from the CS model are always lower than estimates from the IW model (Fig. 4.11D, orange
versus purple boxes), and estimates from half-equilibrium communities are always higher
than estimates from equilibrium communities. This results in separate conclusions for
both kinds of communities: in communities at equilibrium, the immigration rate is
accurately estimated by the IW model, while the CS model always underestimates it (Fig.
4.11D, f =1). This situation is reversed in half-equilibrium communities: y is accurately
estimated with the CS model, while it is most often overestimated with the IW model
(Fig. 4.11D, f = 1), although the bias is smaller than that for the CS model in equilibrium
communities. It is possible that some estimates of y are biased upwards as a result of a
discrepancy between DAISIE and the simulations: we started each simulation with an
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immediate colonisation event, while DAISIE does not assume the island to be colonised
immediately unless the immigration rate is very high. It is not clear to us however how
this affects differences between estimates from the IW and CS models.

INITIAL CLADOGENESIS RATE

Cladogenesis constitutes the main contributor to species diversity (relative to immigra-
tion), and accordingly, estimated values of the initial cladogenesis rate A{ (that is, the
rate of cladogenesis when N = 0) are high relative to yy and other parameters of the
model. Estimates of 1§ from the CS model are consistently smaller than estimates from
the IW model (Fig. 4.11A, purple versus orange boxes), although the difference is typically
around an order of magnitude for equilibrium communities (f = 1), and even less for half-
equilibrium communities (f = 0.5). A is always estimated higher for half-equilibrium
communities compared to equilibrium communities (Fig. 4.11A). This corresponds to
a steeper slope of the diversity-dependent cladogenesis rate, and is consistent with the
lower values estimated for the carrying capacity K (Fig. 4.10). There are no substantial
differences in the distribution of the estimates between low and high immigration rates.
Maximum-likelihood estimates of A§ from communities simulated with the higher value
of o, were generally lower than those simulated with the lower value of o4, by up to an
order of magnitude (Fig. 4.11A, bottom row versus top row), a result consistent with the
observation from Pannetier et al. [15] that larger competition kernels reduce the overall
rate of branching irrespective of diversity-dependence.

EXTINCTION RATE

The distribution of maximum-likelihood estimates of the (constant) extinction rate
primarily changes across values of o, while the rate of immigration T', has little effect on
the distribution (Fig. 4.11B). For communities at equilibrium, narrow competition kernels
(04 =0.091) are associated with higher estimates for extinction than for wide competition
kernels (o, = 0.369) (Fig. 4.11B, bottom row versus top row). More importantly, while for
narrow competition kernels the IW and CS models yield convergent estimates of extinc-
tion, the distributions largely differ for wide competition kernels. o, = 0.369 estimates
from the CS model are very imprecise, covering a wide range of values, and are often very
low, with a median below 1078 (Fig. 4.11B, purple boxes in top row), suggesting extinction
is a negligible process when compared to other parameters of the model. Extinction
estimates in half-equilibrium communities are higher than in equilibrium communities,
although this is likely a result of the higher values jointly estimated for cladogenesis
(see previous section), resulting in a comparable net rate of diversification. Consistency
between CS and IW estimates for o, = 0.091 communities, and discrepancy between CS
and IW for o, = 0.369 communities are also found in half-equilibrium communities, with
the extinction rate often estimated as negligible by the CS model in the latter case (Fig.
4.11B). While we do not have a "true" value for the extinction rate for comparison (as we
do for the immigration rate), it is clear from the branching aspect of the communities that
extinction does happen frequently in these communities, such that estimates from the
IW model are in this case likely to be closer to the truth.
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ANAGENESIS RATE

Anagenesis describes the transformation of an island population of a mainland species
into an endemic species on the island, that is, speciation without branching. Because any
subsequent cladogenesis event always result in new species, overriding the signature of
anagenesis, the rate of anagenesis can only be inferred from single-species clades on the
island. Maximum-likelihood estimation of the (constant) anagenesis rate, A is, unlike
other parameters, highly imprecise. The distribution of estimates always encompasses
three to four orders of magnitude (Fig. 4.11C). A higher rate of anagenesis is consistently
recovered for low-immigration communities compared to high-immigration communi-
ties, for half-equilibrium communities compared to equilibrium communities, and by
the CS model compared to the IW model (Fig. 4.11C). In all these cases, the difference
between the medians is, however, less than an order of magnitude, and these differences
can be considered negligible. Instead, as for extinction, the main axis of variation is
between communities simulated with different values of o,. In the 4 = 0.091 settings,
the median estimated anagenesis rate lies around 1078 (Fig. 4.11C, bottom row), such
that anagenesis can be considered negligible compared to cladogenesis (107 to 1073)
(Fig. 4.11A). Diversity in these communities indeed mostly originates from cladogenesis.
By contrast, in o, = 0.369 communities, where endemic singletons often constitute a
large fraction of the community, median estimates are often estimated as comparable, or
even higher than the initial rate of cladogenesis (107* to 1073, Fig. 4.11C, top row). The
large amount of uncertainty in A§ estimates may be attributable in the long branches of
singletons (Fig. 4.1, panels B and D): anagenesis may have happened any time between
colonisation times and the present, such that the likelihood may be rather flat with respect
to the value of the rate of anagenesis.

4.4. DISCUSSION

Contributions of distantly-related clades to competition pressures is an aspect of diversity-
dependence often overlooked by existing models. To represent this scenario, we simulated
island communities by introducing immigration in an individual-based model where
diversity-dependent diversification emerges from individual-level competition in a single,
finite niche space. We used birth-death methods to analyse whether diversity-dependence
in diversification could be detected from the phylogenetic data extracted from island
communities, and whether its shared nature could be recognised.

The taxonomic composition of the resulting simulated communities was primarily
shaped by priority of colonisation of the niche space. The intensity of immigration early
in the simulations determined both the cladistic diversity of the community (Fig. 4.2),
and the species diversity inside clades (Fig. 4.4), which were inversely related. The largest
clades in the communities were often the first ones to have colonised the niche space
(Fig. 4.4 and Fig. 4.1), as a result of having more time to grow unbounded before en-
countering competition, compared to clades immigrating later. Most of the niche space
filled relatively early in the simulation, and colonisation of sections of niche space already
occupied by resident populations was very unlikely to succeed, such that immigration did
not contribute much to diversity in later stages of diversification. The cladistic composi-
tion of the community seldom changed throughout the simulation (Fig. 4.1), while the
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number of species within each clade changed only slowly (Fig. 4.4). Crucially, niche space
was partitioned very clearly, each clade occupying a limited and exclusive range of trait
values. Once established, the portion of niche space occupied by each clade did evolve
slowly, such that while diversity inside clades could change substantially throughout the
simulation, it was, for many clades, almost stationary.

Results from the comparisons of maximum likelihood scores of birth-death models
suggest that phylogenetic data extracted from communities that have reached equilib-
rium carry a strong signal to identify diversity-dependence. First, considering trees from
each clade in the community separately, it is clear that a model with diversity-dependent
diversification will be largely preferred over a model with constant-rate diversification,
as long as the tree is reasonably large (a rough benchmark could be above 15 species,
Fig. 4.7) to be used to test for evolutionary hypotheses. That is, failing to account for
the contribution of unknown, competing clades to diversity-dependence does not im-
pede the detection of diversity-dependence from a single focal clade. Second, when all
trees from the same community are considered together, IW diversity-dependence is
largely preferred over a CS form of diversity-dependence. That is, there is a strong signal
indicating that all clades evolve and compete in a common niche space.

These conclusions are, however, challenged by the results we obtained from phylo-
genetic data of communities at half the equilibrium diversity. For these communities,
we find only mixed support for diversity-dependence on the basis of single trees, and
mixed support for CS against IW diversity-dependence on the basis of whole-community
trees. The apparently contradictory results between equilibrium and half-equilibrium
communities can be reconciled when considering the dynamics of the communities in
trait space (Fig. 4.1, vertical bar). At the stage corresponding to half-equilibrium com-
munities, for many parameter settings individual clades are still expanding in trait space
and/or have only come in contact with competing clades recently. As a result, inter-clade
competition may only play a small role in diversity-dependence relative to intra-clade
competition at this stage. We interpret that mixed support for IW diversity-dependence
in half-equilibrium communities may stem from an effectively low level of competition
between clades at this stage of community diversification, rather than a lack of statistical
power. IW diversity-dependence may be a better descriptor of the diversification process
in later stages of the community (i.e., close to equilibrium), where the main limitation to
clade expansion is the presence of other clades (Fig. 4.1).

While likelihood ratio scores generally point towards mixed support for both forms of
diversity for half-equilibrium, for a significant proportion of communities simulated with
o4 =0.091, likelihood ratios even suggest that clade-specific diversity-dependence may
in fact be a better description of the dynamics. Some differences in the maximum likeli-
hood estimates of DAISIE parameters also point towards this interpretation. Maximum-
likelihood estimates of the initial immigration rate, y,, were most accurate for the IW
model for equilibrium communities, while for half-equilibrium communities estimates
from the CS model yield less bias (Fig. 4.11D), suggesting the CS model may be more
adequate in the latter case. The same pattern is found for maximum likelihood estimates
of the initial cladogenetic rate A{, although in this case we lack a reference value to as-
sess which estimates are closer to the truth (Fig. 4.11A). However, other results indicate
that the CS model is inadequate to describe the data produced by the individual-based
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model. Both for half-equilibrium and equilibrium communities, under high competition
(04 = 0.369) maximum likelihood estimates of the extinction rate are highly imprecise,
and for a large portion of communities approach zero (Fig. 4.11B), contradicting the
occurrence of extinction events observable in trait space (Fig. 4.1). More importantly, CS
estimates of the equilibrium diversity K¢cs are consistently close to the size of the largest
clade in the community (Fig. 4.10B). In communities at equilibrium, interpretation of this
value would suggest other clades could still grow substantially, while it is clear from diver-
sity growth curves that communities are near saturation (Fig. 4.3). In half-equilibrium
communities, these estimates are equally uninformative. This is of concern, as this model
underlies the default implementation of diversity-dependence in DAISIE. Relaxing this
assumption itself presents a conceptual challenge. Computational concerns aside, one
could imagine implementing a version of the model where each clade possesses its own
parameter for the carrying capacity (as suggested for example in Etienne et al. [4]), but
this is likely to result in overfitting the data. As a compromise, one could instead specify
an expected distribution of the carrying capacities in the community, thereby allowing for
different values of the CS carrying capacities while limiting the number of parameters in
the model). Upcoming developments of DAISIE are indeed proceeding in this direction
(Lambert, J., personal communication), and it would be interesting to apply such a model
to the communities produced by the IBM.

Unfortunately, the IW version of DAISIE, as well as the single-tree diversity-dependent
model, appear to be subject to a similar tendency to suggest equilibrium prematurely. For
equilibrium communities, estimates of Kppp and Ky correctly point towards saturation
of the community. The same conclusion is however suggested when inference is per-
formed again on communities at the stage of half-equilibrium diversity. It appears that
diversity-dependent models have a tendency to suggest saturation whenever evidence for
a slowdown of diversification is observed, even though diversity is still increasing. This
echoes previous findings for the single-tree diversity-dependent model, which has been
reported to have a tendency to estimate a ratio of saturation N/K close to 1, particularly
when the level of extinction is significant [2, 19], which is the case of our simulated com-
munities. Therefore, we reiterate these authors’ warnings against direct interpretation
of these estimates, as this would result in type-I errors when attempting to determine
whether equilibrium has been reached, or the degree of occupancy of niche space.

Aside from the abovementioned issues with estimates of equilibrium diversity and
extinction in small communities, DAISIE estimates are, overall, fairly robust to misspec-
ification of the form of diversity-dependence. Consistent differences are found in the
distribution of maximum likelihood estimates for the initial cladogenesis rate A, constant
anagenesis rate A7, and initial immigration rate y between CS and IW DAISIE, but in
most cases differences in the median were small, in the worst case (o, = 0.369,I" = 0.001
equilibrium communities for Aj and yq estimates) spanning an order of magnitude and a
half (Fig. 4.11). Estimates of constant-rate extinction for larger communities (with low
competition, o, = 0.091) converge across both versions of the model.

In this study, we explored the performance of birth-death models in recovering the
presence and type of diversity-dependence using phylogenetic data from simulated com-
munities. Such validation tests are common when developing phylogenetic comparative
methods. Contrary to common practice, however, here we did not use data that were
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directly generated under the model of interest (as in, for example, Etienne et al. [2], Maliet
et al. [21]). Instead, we used phylogenies generated under an individual-based model
of competition, where the form of competition differs somewhat from what is specified
in DAISIE: competition only immediately affects the fitness of phenotypically similar
individuals (and species), while in phenomenological models (DAISIE and DDD), compe-
tition affects all species equally. Still, in both cases total diversity is bounded (explicitly by
parameter K in DAISIE/DDD, and by total niche space in the IBM), and new species con-
tribute to saturating diversity, eventually limiting diversification even in phenotypically
distant clades. As such, the phenomenological models represent different implemen-
tations of the same biological scenario (shared diversity-dependence across multiple
clades). We have found this approach to be valuable from two perspectives. On the one
hand, it is encouraging to find that the IW version of DAISIE is decisively preferred over
the CS version for communities at equilibrium, indicating that the model may be used to
infer shared forms of diversity-dependence. This is noteworthy, as the implementation
of shared diversity-dependence differs between the simulation and the inference model,
and phylogenetic birth-death models have been noted to be sensitive to departures from
the evolutionary scenario described in the model [22-24]. On the other hand, the low
support for island-wide diversity-dependence for half-equilibrium communities shows
that DAISIE inference may be affected by the structuring of the community in (niche)
space. Here, both DAISIE-IW and the IBM represent a scenario where competition for
niche space between clades is bound to limit their growth, such that diversity-dependent
effects are expected to take place. Yet, the models differ in the onset of those effects, as
DAISIE assumes an instantaneous and homogeneous feedback of community growth on
the diversification of every clade in the community. By contrast, in the IBM, the onset of
diversity-dependent effects is steep and they only take place when clades come in contact
in niche space, such that island-wide DAISIE appears to be inadequate to describe the
communities until a late stage of diversification. Despite the evolution of half-equilibrium
communities conforming to the process tested with DAISIE-IW, the results may motivate
rejection of the hypothesis of island-wide diversity-dependence. Note that this is not
necessarily an error: at this stage, there are indeed few IW diversity-dependent effects.
This case illustrates how testing models using data that conform to the evolutionary
hypothesis at hand, but otherwise depart from the precise model in other respects, may
help highlighting how the model is susceptible to behave in a range of realistic scenario,
and improve interpretation of its results. A related approach is using so-called robustness
analyses, where the effects of processes not captured by the model (e.g., changing island
are over time [25], or the presence of an unmeasured trait influencing diversification [26])
on the results of inference are iteratively measured.

Arguably, our conclusions are in part contingent on the particular community struc-
ture produced by the IBM we have used, and its assumptions. For example, our finding
that the contribution of other clades to diversity-dependence may be ignored when study-
ing single trees is largely a result of the clear partitioning of niche space into subspaces
exclusively occupied by a single clade. In turn, this is a result of the unidimensional trait
space, and the small mutational steps we considered. It is easy to imagine that both multi-
dimensional trait dynamics, or occasionally larger mutational step would contribute to
a disparate distribution of clades in trait space. Yet, we expect that by enabling more
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interactions between species from different clades, a more heterogeneous distribution
of clades in trait space would in fact strengthen the signal for IW diversity-dependence.
From the single-tree perspective, we expect an intertwined distribution to facilitate the
detection of diversity-dependence, by contributing to a faster deceleration of diversifi-
cation (that is, a steeper slope of the diversity-dependent functions) compared to the
partitioned case.

In this study of island communities, we mean islands to be considered in the broadest
sense, representing island communities proper, as well as island-like systems [27], that is,
any scenario where a community evolves in a discrete and isolated section of niche space.
Hence this model also covers scenarios where new adaptive zones [28, 29] are made
accessible to a lineage via the expression of a key innovation [5, 30, 31]. That is, modelled
niche space does not necessarily correspond to spatially isolated habitats, but instead,
isolated sections of phenotypic space that require specific combinations of adaptations.
Whether geographically or only phenotypically isolated, such niche spaces are expected
to provide ecological opportunity [32-34], and their access is expected to trigger adaptive
radiations in lineages that do access them, followed by a progressive slowdown of diversi-
fication as the niche space fills with species and competition intensifies [35-37]. As such,
these scenarios form the conceptual basis for the expectation of diversity-dependent
diversification [1, 2, 36]. Studies of diversity-dependent diversification carried out on
the phylogenies of specific groups typically assume the exclusivity of the niche space to
the clade of interest, such that members of the clade only contribute to and suffer from
the effects of competition with other members of the clade [9]. This assumption seems
unrealistic, as island communities usually comprise taxonomically diverse assemblages
[13], and independent lineages may adapt to a similar ecology, leading to competition
of phylogenetically distant groups inside a common niche space [38]. This is in fact
a recurrent theme in paleobiology, where inter-clade competition is often invoked to
explain the simultaneous expansion and decline of ecologically similar clades [9, 39, 40].

Here, we explored how existing birth-death methods currently used to model diversity-
dependent diversification can inform us when diversity-dependence is shared across
multiple clades. Considering the scenario where an experimenter is interested in studying
the diversification of a single, monophyletic clade (for example, when attempting to
explain the main forces that have shaped the evolutionary history of a particular taxon),
our results suggest that the influence of external, unknown competing clades can largely
be ignored.

The main limitation to this approach is computational: optimisation of the likelihood
for a single community may take up to 10 days at a time, severely limiting thorough
exploration of the behaviour of the model in the parameter space. The size of the system
of equations to integrate grows quickly with the number of clades, making it unfeasible in
practice to obtain the maximum likelihood for settings with a high rate of immigration (or
equivalently, a high rate of phenotypic transitions to the niche space). On the one hand,
this is regrettable since DAISIE could allow harnessing phylogenetic data in such systems,
where the high degree of partitioning is likely to result in trees too small for single-tree
approaches. On the other hand, systems with high immigration may by definition depart
from the isolated island systems that is the object of study. In the analogous phenotypic
space system, one may question whether a high rate of transition into an isolated niche
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space makes it an isolated space at all.

A significant challenge when considering isolated phenotypic niche spaces lies in
the delimitation of such finite niche spaces. That is, how may one identify which clades
are likely to have interacted and evolved in a common space, in the absence of the
clear conditions provided by the island system proper? While the comparison of the
likelihoods of DAISIE-CS and DAISIE-IW we have performed here can help confirming or
contradict the coherence of a hypothesized assemblage, we do not know the sensitivity
of this analysis to the erroneous inclusion or omission of some clades. It is tempting to
attempt to delimitate same-niche assemblages by iteratively including and excluding
taxa in the phylogenetic data and repeat the likelihood comparison of CS against IW
diversity-dependence. We argue that this should be avoided, as it is likely to result in
spurious positive results, by chance. Instead, DAISIE-IW can be used to test for a common
regime of diversity-dependence on a cladistic assemblage a priori suspected to have
evolved in a common niche space, and should be confronted to other lines of evidence,
for example spatial distribution.

One such line of evidence that we have not exploited here is the distribution of traits
across species. In biological systems where trait evolution approaches the conditions
modelled in our IBM (that is, a single ecologically-relevant trait with small and frequent
mutations), the distribution of traits, both inside and across clades should bear strong
phylogenetic signal. The distribution of clades themselves should seldom overlap, and
form a more or less contiguous occupation of trait space. Admittedly, this can only hold
in ecological systems where variation in the resource acquisition traits can be measured
along a single axis, as in our model (i.e., the ecological trait is unidimensional).

In this study, we have explored how two birth-death methods that assume that
diversity-dependence operates on a single-clade basis, interpret phylogenetic data gen-
erated under a model that departs from this assumption, instead defining a single
niche space shared between multiple clades. We have found that detection of diversity-
dependence from single clades should be seldom impacted by the presence of other
clades to competition, even though their contribution to diversity-dependent effects are
not accounted for. This is partly due to the tendency for members of a clade to cluster
together in trait space as a result of phylogenetic effects. Shared diversity-dependence is
easily detected when considering the set of phylogenies from all clades in the community,
but only when the community has reached equilibrium diversity, while the set of phyloge-
nies from half-equilibrium communities seldom support shared diversity-dependence.
We observe that at this stage, despite the shared resources and trait space, clade growth is
hampered by intra-clade rather than inter-clade competition, the latter only becoming
a prevalent factor in diversity-dependence at later stages, when available niche space
saturates. This assessment of available inference methods is thus encouraging to evaluate
the contribution of competition to diversification where multiple clades may interact.
Our methodology provides a case for further integration of individual-based models
in macroevolutionary studies. Here, the implementation of competitive interactions
forming the conceptual basis for the expectation of diversity-dependence reveals a shift
between the mode of diversity-dependence as niche space saturates. We expect that
individual-based models may similarly help validating or refining expectations from
verbal models of macroevolution.
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SYNTHESIS

5.1. SUMMARY OF FINDINGS

Competition has historically occupied a central position in evolutionary theory, starting
with Darwin’s own view that (ecological) similarity between forms prevents their survival
and coexistence, promoting divergence between closely related forms. The driving role of
competition remains central in the modern ecological and evolutionary paradigm [1-3],
particularly at large scales where the distribution of biodiversity is interpreted through the
lens of competitive exclusion [4] and its consequences perhaps most notably, character
displacement [5, 6]. As a result, it is not surprising that when global compilations of fossil
occurrences first became available and enabled studies of the evolution of taxonomic di-
versity itself, paleobiologists largely interpreted the observed taxonomic diversity curves
in terms of competitive exclusion and niche partitioning [7-10]. The most prominent
example of this is the diversity-dependent diversification model [8, 11], which surmises
the existence of a (local or global) bounded niche space, in which the diversification of
clades causes rising competition pressures, in turn impeding further diversification. With
the advent of phylogenetic comparative methods [12, 13], the diversity-dependent model
as a birth-death model [14, 15] has offered an unprecedented framework to explain how
ecological processes may have influenced the branching patterns observed in molecular
phylogenies, and by extension the distribution of species across taxonomy. Yet, it is
unclear how much the model can help inference on the role competition played in past
diversification, for two reasons. First, it is uncertain how much information can really be
inferred about past evolutionary processes in the presence of the limited subset of evolu-
tionary history contained in molecular phylogenies [16-18]. Second, the nature of the
model itself is ambiguous, on the one hand proposing a more mechanistic interpretation
to diversification relative to other models, while on the other hand remaining verbal and
vague in its formulation [19]. In this thesis, I have tackled both issues, in an effort to obtain
a better understanding of this unique model and its interpretation. I first compared the
likelihood of a diversity-dependent model against that of a solely time-dependent model
calibrated to produce the same expected number of species over time (Chapter 2). I
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sought to evaluate whether the feedback of diversity on diversification introduced any
identifiable signal in the branching patterns of molecular phylogenies. I found that it
does not, or at least not in the information used to compute the likelihood. That is, when
evaluating evidence for a role of competition in shaping the diversification of a clade, one
may only rely on the expected branching pattern over time predicted by the diversity-
dependent model. If there is any reason to believe that a similar branching pattern can be
produced by a model that does not invoke diversity-dependence, then the two cannot be
distinguished. As a result, it is crucial to obtain precise predictions for how those rates
should vary over time. In turn, this requires obtaining well-identified predictions for the
form of diversity-dependence that is expected if competition is indeed driving diversifi-
cation. For this reason, in Chapter 3, I turned to the question of whether the power and
linear functions of species diversity currently used to test for diversity-dependence in
empirical phylogenies, as well as an exponential function, are consistent with the form
of diversity-dependence that emerges from an individual-based model of diversification
where competition does drive diversification. I found that the rates of speciation and
extinction emerging from the model present features that are not captured in the simple
functions. Among these, the exponential, or in the case of the larger phylogenies the
power function, best approximates diversity-dependence from the IBM on the basis of
the complete phylogeny, including perfect knowledge and placement of fossil taxa on the
phylogeny. When fossils are not known, however, we find that linear diversity-dependence
on speciation coupled with weak, constant-rate extinction fits the phylogenies without ex-
tinct species best. This paradoxical conclusion appears to be due to the loss of information
about the early diversification process. Interestingly, it is entirely consistent with results
frequently observed for empirical phylogenies. This suggests that the frequent selection
of linear diversity-dependence in molecular phylogenies point towards an evolutionary
process close to the one captured in our model, with competition indeed having played
an important role in the diversification of such clades. Diversity-dependence assumes
that diversification takes place in a niche space, which in many scenarios is likely to be
invaded by multiple, unrelated clades. Yet, methods implementing the model, including
the ones I used throughout the thesis, assume diversity-dependence operate solely within
single clades. It is not known how such methods may be affected by this assumption not
being satisfied, and whether a common regime of diversity-dependence across multiple
clades can be identified at all. In Chapter 4, I introduced stochastic immigration in the
individual-based model of the previous chapter to generalise the model to the case of
multiple clades diversifiying in a common niche space, in an evolutionary scenario akin
to diversification on islands. After extracting the phylogenetic trees from the community;,
I found that detection of diversity-dependence on the basis of single trees is not affected
by the presence of other competing clades, or failure to account for their presence clades,
and that immigration only reduces the signal through causing smaller tree sizes. Using
methods from island biogeography to account for communities as evolutionary units,
I found that shared diversity-dependence can be detected with confidence, but only
in communities that have reached equilibrium diversity. Results are inconclusive for
communities at half-equilibrium diversity, although this appears to be due to effectively
little competition between clades at this stage, suggesting that the method is robust to
false positives.
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During the course of this PhD project, an influential paper [20] was published and sparked
much debate and uncertainty over the future use of birth-death models to test macroevo-
lutionary processes. In their work, Louca and Pennell [20] provided an elegant mathe-
matical demonstration that for any tree there are an infinite number of time-dependent
birth-death models that have the same exact likelihood. This infinite set of models has
in common that they produce the same expectation for the lineage-through-time curve
(that is the accumulation through time of lineages that have descendants that are alive at
present). Such models are called congruent. Models discussed in Louca and Pennell [20]
cover all time-dependent models, that is, any birth-death model where the speciation
and extinction rates can be written as functions of time (A(f) and p(t), respectively).
This includes the time-dependent model introduced in Chapter 2, of course, as well as
the constant-rate model opposed to diversity-dependence in Chapter 4. Whether these
conclusions extend to the diversity-dependent birth-death models that are the focus of
this thesis is not immediately obvious, as these models cannot be written as an explicit
function of time unless extinction is zero [14, 15]. While we do not provide mathematical
proof, the results from Chapter 2 suggest it is indeed the case: when a time-dependent
model is designed to produce the same expected number of species over time (and so,
the same lineage-through-time curve, LTT), the distribution of log-likelihood ratios for
the trees produced by either model almost entirely overlap. This suggests that DD models
might indeed be included in the congruence classes discussed in Louca and Pennell [20],
and as such, cannot be distinguished from time-dependent models producing the same
expected LTT.

However, it is clear from the likelihood scores that the two classes of models are not
congruent in a strict sense: the likelihood of a diversity-dependent model is not equal to,
but substantially higher than the likelihood of a time-dependent model producing the
same expected LTT, as we have seen in Chapter 2. While we have shown that bootstrapping
likelihood ratios offers a solution around this, the issue remains unresolved. In Chapter 2,
we have shown that this bias is related to the smaller variance in the distribution of LTTs
produced by diversity-dependent models, causing the probability of any realisation of the
diversification process to be more elevated than for an equivalent process with a wider
range of possible realisations. In turn, this is due to the carrying capacity K being an
attractor of N in diversity-dependent models. This suggests a link between the variance of
the probability distribution of tree sizes and the likelihood of diversity-dependent models,
which to the best of my knowledge has not been formally identified, i.e., described in an
equation.

The variance of tree sizes does not play a part in comparisons of the likelihoods of
purely time-dependent models. As Louca and Pennell [20] pointed out, the likelihood only
depends on the expected LTT, and the probability distribution of tree sizes of congruent
time-dependent models is identical (section S.1.7 in [20]). This last point further confirms
that diversity-dependent models are not congruent with time-dependent models: they
produce a markedly different distribution of tree sizes (Fig. 2.2 in Chapter 2), particularly
in conditions that give enough time for trees to reach carrying capacity. The formulation
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of time-dependent models constrained to have the same variance in tree size as a diversity-
dependent model was investigated as part of preliminary work to Chapter 2 (Martinez
and Etienne, unpublished results). While mathematically possible, such models are
biologically unsatisfactory: either the rates are negative, or the process lacks any species
turnover when diversity is expected to reach equilibrium.

If the variance in tree size in a diversity-dependent model influences its likelihood,
then this should also be accounted for in comparisons between different diversity-
dependent models, as it can be expected that they predict different distributions of
possible tree sizes. For example, the distribution of sizes of a set of stochastic trees can
be expected to be more spread around the equilibrium diversity K in the case of expo-
nential diversity-dependence compared to linear diversity-dependence (although this
will depend on the parameter values). Because the value of the speciation and extinction
rates for N > K typically tends towards an asymptote in the exponential case, the relative
slope of the two rates is much less steep than in the linear case. As a result, diversity-
dependence is weaker, in the sense that trees are more likely to reach a size above the
equilibrium value than in the linear case.

Such an effect may also be playing a part in the comparison of likelihoods of diversity-
dependent models that we carried out on reconstructed trees in Chapter 3. In turn, this
provides an alternative explanation (compared to the already proposed explanation of a
loss of information about the early diversification process) to why the likelihood of the
linear model is higher for reconstructed trees, despite the power and exponential models
better approximating the emergent rates of speciation and extinction when complete fos-
sil data are available. We can also expect that biases in the comparison of the likelihoods
of diversity-dependent models extend to the models considered in DAISIE, including the
clade-specific and island-wide models used through Chapter 4 [21]. This is unlikely to
change our conclusions, as we have been aware of the presence of such a bias and we
have been conservative in the interpretation of likelihood ratio scores.

Should a link between the variance of tree sizes expected under a diversity dependent
model and its likelihood be formally identified, then one could imagine using it to imple-
ment a correction for the bias in favour of more constraining diversity-dependent models,
for example by adding a penalty term to the likelihood. This would make a tractable
alternative to the computationally costly bootstrap procedure used in this thesis.

Unfortunately, this would not be of great help with reliably identifying the diversity-
dependence against time-dependence from phylogenetic data. While diversity dependent
models seem to evade the congruence issue highlighted in Louca and Pennell [20], the
core of the issue discussed by these authors does apply all the same. Given an arbitrary
diversity-dependent diversification model, there will always be a time-dependent model
(and all models in its congruent class) that predicts the same expected lineage-through-
time curve, and thus, a model that is as likely to produce any single arbitrary tree. Finding
a solution to the likelihood bias will, at best, result in the likelihood of two such models
being the same, as the results from Chapter 2 suggest. Thus, addressing the issue of
identifying whether the slowdown of diversification observed in many trees is caused by
diversity-dependence (and, a fortiori, by competition) requires addressing the issue of
(un)identifiability in phylogenetic data.
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Because the core of the identifiability issue highlighted by Louca and Pennell [20] will
not be resolved by either the acquisition of higher quality data (larger, or better sampled
trees) or further development of likelihoods methods, it is not surprising that the solution
proposed by different authors consist of the reinterpretation of existing methods. In a
response to Louca and Pennell [20], Morlon et al. [22] have remarked that the vast majority
of all possible birth-death models existing in a given congruence class bear no tangible
biological meaning, and thus can be dismissed. On this basis, Morlon et al. [22] argue
that meaningful macroevolutionary inference using model selection on the likelihood
time-variable birth-death models can still be performed, if one takes great care in the
formulation of a priori hypotheses. That is, the set of candidate models to be compared
should only contain a few models, and each should on its own represent an a priori
credible evolutionary scenario explaining the diversification of the studied clade. The
formulation of the hypotheses each model represents thus requires expert knowledge
about the biology of the clade, encouraging closer collaboration between macroevolution
experts and specialists of the studied group. Such collaboration indeed appears to have
been a policy for many contributions to the field [23]. Given this, following likelihood
optimisation and model selection, the best fitting model may indeed be congruent with
an infinite set of alternative birth-death models depicting very different variations of
speciation and extinction, but few to none of them would make any sense in light of
natural history. This view largely echoes the case made by Burnham and Anderson
[24] against automated selection procedures in the context of statistical modelling on
ecological data, and their advocacy of strong emphasis on prior knowledge to build a
minimum set of candidate models ahead of model selection.

I do share this view, although I feel that the use of theory-backed models in macroevo-
lution could be pushed further. For example, Morlon et al. [22] illustrate their case with
the use of a time-dependent model where speciation declines over time, as representing
the hypothesis of adaptive radiation or (competition-driven) diversity-dependence. As
we have argued in Chapter 2, such a vague decline of diversification over time is also likely
to be produced by a wide range of alternative scenarios. Rather than this, I feel that an
appropriate model should incorporate finer-scale variations, consistent with what would
be expected from background theory. This was, in part, the motivation behind Chapter
3. There, we measured the diversity-dependent rates of speciation and extinction that
emerged from an ecological scenario fitting the verbal model behind diversity-dependent
diversification (described in e.g. Sepkoski [8]). The consistent direction of the effects of
parameters 0, and ok on the rates of speciation and extinction, the similarity of the rates
we measured compared to those found by Aguilée et al. [25], as well as the predictability
of the equilibrium diversity all suggest that the rates of speciation and extinction could
be derived from the fitness function W (z). A diversity-dependent model including these
two rates, if they could be identified, would make a much more robust case for com-
petition and niche saturation dynamics driving diversification if selected on the basis
of the likelihood, compared to an arbitrary diversity-dependent model. Although there
could always be a time-dependent model producing the same pattern, it would be hard
to justify biologically.
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Yet even if explicit expectations for the net rate of diversification over time can be
derived from individual-based models, the a priori approach advocated in Morlon et al.
[22] does not address one crucial argument made in Louca and Pennell [20]. Beyond
the risk that the "true" model may be congruent with many other birth-death models
representing completely different evolutionary histories, Louca and Pennell [20] warned
against the much more worrisome implication that congruence may entirely bias model
selection. Maximum likelihood may not necessarily select the candidate model that best
approximates the “true” model, but instead the candidate model that best approximates
a model congruent with the “true” model. An illustration of this is found in the common
finding that rates of extinction estimated from reconstructed phylogenies are often virtu-
ally zero. Estimated zero extinction can be explained by considering that the congruent
model may feature a negative extinction rate, which is biologically meaningless, but can
be accommodated by the likelihood function [26]. Because the maximum likelihood
of the model lies somewhere in the negative-extinction section of the likelihood land-
scape, constraining extinction to not be negative results in the maximum likelihood being
zero-extinction. Here, we do find zero-extinction in our results from Chapter 3. This
result is incoherent with the repeated occurrence of extinction events we observed in
the complete trees and thus possibly the outcome of a congruence issue, as in the cases
shown in Louca and Pennell [26].

It is more likely, however, that zero-extinction results from the fact that the birth-
death models we used do not account for the delay between the split of populations
and the completion of speciation that takes place in the IBM, i.e., protracted speciation
[27]. This causes an additional apparent slowdown of diversification close to the present
(as initiated, but uncompleted speciation events are not recognised yet), erasing the
pull-of-the-present effect that contains information on the rate of extinction [13]. Note
that these two factors are not mutually exclusive.

Alternatively, zero-extinction in our results may also result from the data not con-
forming to one important assumption of birth-death models (both diversity-dependent
and time-dependent): that all lineages at a time are equally likely to undergo speciation
or extinction. The distribution of branch lengths in trait space in our results suggest
this assumption is violated in the communities produced by our IBM (Fig. 3.1, Fig. 4.1).
Lineages lying on the outer sections of trait space present longer branches, and appear
less likely to undergo speciation or extinction than lineages in the central section. This
suggests an interesting feature to look for when trying to identify the effect of competition
in real-world phylogenies. It is hard to anticipate the impact this has on the inference we
performed, but model selection on birth-death model is known to be sensible to such
violations [28, 29].

5.3.1. DIVERSITY-DEPENDENCE AND TAXONOMY — MAPPING NICHES ON
THE TREE OF LIFE?

In order to evaluate how important the role of competition has been in generating and
regulating diversity through geological time, future research will have to elucidate how
to best map diversity-dependence on taxonomy. That is, how to best sample higher-
order phylogenies to extract clades that constitute pertinent evolutionary units where
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diversity-dependence may take place?

Simulations of diversity-dependent diversification (e.g., the three research chapters
of this thesis) most often start with one (or more rarely, a few) progenitor lineage(s)
with no ancestor entering a formerly pristine niche space. By contrast, empirical ap-
plications of the model are carried out on monophyletic phylogenies that are always a
sampled sub-clade of a larger clade that has presumably experienced a separate mode
of diversification. Typically, these clades correspond to a particular taxonomic rank.
While taxonomists certainly do not delimit taxa at random, relying on morphological
similarity and homogeneity of the length of branches between lineages, the sampling
choice remains somewhat arbitrary with respect to evolutionary processes. Often, taxa
contain organisms with disparate ecologies, and little attention has been given in tests of
diversity-dependence to evaluate the chances that the taxon being studied encompasses
a pertinent evolutionary unit.

On the one hand, as was the subject of Chapter 4, a monophyletic clade may fail
to include lineages that are also taking part in competition with members of the taxon.
This may concern lineages from a sister taxon or much more distantly related species.
As we have discussed, there is little chance that this would affect one’s ability to detect
diversity-dependence in the focal taxon. On the other hand, a lineage in the clade may
have migrated or expressed novel resource-acquisition traits, thereby switching to a new
niche space and resulting in the sub-clade descended from it breaking away from the
dynamics of the main clade. Depending on the timing of this decoupling, prolonged
growth may hide the signature of a slowdown in diversification in the main clade, and
in general lead to misinterpretation of what aspects of the ecology of the clade limits
expansion. Etienne and Haegeman [30] introduced a diversity-dependent model that
accounts for, and can detect such shifts in the regime of diversity-dependence undertaken
by sub-clades, but the rapid growth of the number of parameters with the number of
distinct regimes of diversity-dependence limits statistical power to detect more than one
or two shifts for all but very large taxa [30, 31].

At a larger taxonomic scale, this method (or other methods that similarly incorporate
shifts of the rate of diversification, e.g. BAMM [32]) could be applied to identify which
sub-clades form cohesive diversity-dependent units, and whether or not they correspond
well with lower taxonomic units. Etienne and Haegeman [30] have however cautioned
that the number of parameters in the model grows fast with the number of possible shifts
(and thereby, the number of possible niche spaces), such that the power to detect a large
number of different regimes may be very limited. The approach of the ClaDS model
[33] may offer a solution to this issue. In this model, instead of a few clade-wide rate
shifts, small and incremental changes in the diversification rate occur at every node in the
phylogeny, the extent and magnitude of these changes being controlled by the model’s
few parameters. This calls for a change in the interpretation of the results: instead of
delimiting clades that experience different, discrete evolutionary modes, the output of the
model provides estimates for the rate of diversification associated with each tip, which
are then to be interpreted as consistent (or not) with different modes by the experimenter.

At least one rate-shift-based method has been used for this purpose. Humphreys and
Barraclough [34], Barraclough and Humphreys [35] have used an extension of a species
delimitation method to identify to detect a shift in the branching rate along a phylogeny
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[36], in an effort to identify taxonomic ranks above species that form cohesive evolutionary
units, and thus could correspond to the invasion of a new niche space. In higher clades of
mammals, they [34] found that most of the evolutionary units identified corresponded to
the Family or genus taxonomic rank, rather than unnamed clades. A preliminary analysis
conducted on an incomplete phylogeny of land plants [35] similarly identified Families
as evolutionary units, providing support for taxonomic levels corresponding to coherent
evolutionary units. Two issues stand, however, in my opinion, even if these findings
were found to generalise. First, the rank found to correspond to an evolutionary unit
is not consistent across large clades: Family appears to be the most relevant rank in
ungulates, while genus appears more relevant in lagomorphs [34], and as a result, the
risk of choosing a taxonomic rank above or below the actual clade corresponding to a
pertinent niche space persists. Second, the distribution of ecological and morphological
traits in mammals is not consistent with the hypothesis that identified evolutionary units
correspond to niche spaces, with greater variability within than between evolutionary
units, with the exception of body size in ungulates [34].

The identification of clades corresponding to niche spaces within which diversity-
dependence would take place may indeed require the joint examination of eco- mor-
phological and geographical data along with the distribution of phylogenetic branches.
The diversity-dependent models that have been used throughout this thesis do not in-
corporate evidence from, nor make any predictions for trait data. Instead, they implicitly
subscribe to the view, common in community phylogenetics [37], that phylogenetic
relatedness is a good proxy for trait proximity, and thus the probability or intensity of
competition. Yet, it makes little sense to test for the effect of competition between lineages
that occur on different landmasses, or exploit vastly different resources. A promising
step towards this can be found in the model of Drury et al. [38], which allows testing
for the effect of competition on the distribution of trait values at the tips of a phylogeny,
while explicitly taking into account whether lineages are sympatric or not. Their ap-
proach however assumes no effect of competition on the diversification rate (i.e., no
diversity-dependence), taking the phylogeny as static data, rather than the realisation of a
stochastic process. By contrast, the SSE (state-dependent speciation and extinction) class
of diversification models consider branching patterns and the distribution of traits as a
joint realisation of the same stochastic evolutionary process [28, 39-41]. While rates of
speciation and extinction are constant for a given trait value or area, the models could in
principle be extended to incorporate diversity-dependence, with a different equilibrium
diversity defined for each value of a categorical trait (e.g., diet type). Such a model would
approach the process modelled in Etienne and Haegeman [30] and as a result, I expect it
would similarly suffer from limited statistical power, albeit the added resolution provided
by the incorporation of trait data may help mitigating this. Alternatively, separate tests
for an effect of competition could be conducted on trait and branching patterns, using
each as a separate line of evidence. For example, in the results of Humphreys and Barra-
clough [34] above, branching patterns appear to be consistent with clade diversifying in
separate niche spaces, while the distribution of traits inside and between clades seems to
contradict this.

The field of phylogenetic comparative methods is currently undergoing a lot of self-
reevaluation, reconsidering what models can and cannot tell us about past evolutionary
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processes from current biodiversity patterns [18, 20, 22, 42]. I expect that individual-based
models may play an important part in future developments [43], helping to flesh out
working, testable hypotheses about the macroevolutionary consequences of ecological-
scale processes from intuitions and verbal models, and I hope that the studies that
constitute this thesis may contribute to such developments.
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SUMMARY

A puzzling feature of biodiversity is the large disparities of species richness and age be-
tween taxa. Explaining the distribution of diversity across clades is a challenging line
of research, yet two facts are clear. First, global biodiversity has undergone extensive
turnovers through geological time: through speciation and extinction, clades have con-
tinuously expanded and shrunk. The fossil record is rich with examples of clades that
were once dominant actors of ecosystems across the globe, but are nowadays reduced
to a handful of species, or have gone extinct entirely. Second, speciation and extinction
do not seem to happen at random, and some groups appear to have been more likely to
speciate rapidly in a short amount of time, while others have declined. These imbalances
suggest the existence of overarching controls that influence the probability of species to
speciate or go extinct. This was at least the stance taken by early paleobiologists, who have
undertaken to uncover these processes from the diversity patterns observed in the fossil
record. In an effort to reconcile macroevolution with the ecological processes known
to regulate diversity in contemporary communities, paleobiologists have interpreted
the growth of clades as analogous to the growth of populations. A pervasive pattern
that seems to emerge across taxonomic scales was the tendency of diversity to reach
plateaus, which out of consistency with island biogeography theory was interpreted as
clades reaching equilibrium diversity. Under this view, the total niche space available to
species in a clade is limited, and the growth of the clade results in the intensification of
competitive interactions, in turn hampering further diversification. Diversity feeds back
on diversification, reducing the rate of speciation and/or increasing the rate of extinction,
such that diversification is diversity-dependent. Macroevolution has since expanded to
include the study of diversification patterns in the distribution of branches in molecular
phylogenies. Diversity-dependence remains a popular model of diversification, as it offers
a straightforward and widely applicable framework for interpreting macroevolutionary
patterns in term of ecological processes.

Diversity-dependent diversification has been invoked to explain why an important
fraction of the molecular phylogenies of living taxa exhibit longer branches closer to the
present, opposite to the pattern expected if diversification happened at a constant-rate.

131



132 6. SUMMARY

Diversity-dependence is consistent with this, because diversification would slow down
over time as species accumulate, but so would any other mechanism predicting a slow-
down of diversification over time without reference to species diversity. Because these
two competing hypotheses would then predict a similar pattern, it is not obvious whether
one would be able to distinguish phylogenies that experienced diversity-dependent di-
versification from those that did not. In Chapter 2, we introduce a time-dependent, but
diversity-independent model calibrated to produce the same expected diversification
pattern. We simulate phylogenetic trees according to either this model or the diversity-
dependent model it is based on and use maximum-likelihood based model selection to
study whether this method could correctly identify the model that produced the tree. We
find that a strong bias exists in favour of diversity dependence, as the diversity-dependent
model was selected for almost all trees, regardless of the generating model, such that
model selection of diversity-dependent models based on the likelihood ratio (or the
Akaike Information Criterion derived from it) should be avoided. The existence of this
bias was known for comparisons of diversity-dependence against constant-rate diversifi-
cation, and here we show that it extends to any comparison between diversity dependent
and diversity-independent models. To circumvent this, we used the results from simu-
lated trees to generate the distributions of the log-likelihood ratio scores expected under
either model, and assess whether a given score would be more consistent with diversity-
dependence or time-dependence. We found that the distributions nearly always almost
entirely overlap, such that it is not possible to tell apart slowdowns that result from
diversity-dependence from an equivalent decline of diversification over time.

The issue originates in part from the absence of precise predictions for the diver-
sification patterns expected under diversity-dependence, other than a general decline
toward the present. The models used by researchers for testing for a role of competition
in shaping phylogenies typically assume a linear or power-like relation between diver-
sification and the number of species. Yet, it is not known whether these functions are
indeed consistent with competition playing a driving role in diversification. In Chapter 3,
we measure the form of diversity-dependence in evolutionary rates that emerges from
an individual-based model (IBM) where competitive interactions play a key role in both
speciation and extinction. Reconstruction of the rates, when estimated point-by-point (as
opposed to assuming a model) point out to more complex relations than linear or power
functions, suggesting several phases of diversity-dependence where the slope of the rela-
tion between diversification and diversity changes at several points as diversity builds up
in the clade. Because the obtained rates cannot be used directly for inference in empirical
phylogenies, we then turn to the question of which diversity-dependent function best
approximates it. In an ideal setting where complete information about extinct lineages is
available, the form of diversity-dependence produced by the IBM is best approximated
by an exponential function of the number of species, both for speciation and extinction.
By contrast, after phylogenies are pruned of extinct lineages, model selection suggests
linear diversity-dependence in the speciation rate, a result that is consistent with what is
commonly inferred in empirical phylogenies. This suggests that the support for diversity-
dependence often found in molecular phylogenies is in fact consistent with competition
of the form implemented in our IBM driving speciation and extinction. Alternatively,
this may stem from phylogenies of extant species not preserving information about the
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early diversification process, where the linear and exponential models differ the most. In
either case, diversity-dependence in the extinction rate is never recovered in phylogenies
without fossils.

In Chapter 4, we studied the consequences of an assumption often made when testing
for diversity-dependence in the phylogeny of living taxa: that competition takes place
solely between members of the clade of interest. It is clear, from both present and fossil
communities, that competition often involves distantly related species. The opposite
scenario, where multiple unrelated clades contribute to a shared regime of diversity-
dependence as a result of competing inside a common niche space, corresponds to the
evolution of communities on islands. We introduced immigration to the individual-
based model considered in Chapter 3 and assessed how the shared regime of diversity-
dependence affected the inference of diversity-dependence in the resulting phylogenetic
trees. Likelihood methods considering diversification in single trees (i.e., DDD, as used in
Chapter 2 and 3) suggest that phylogenies retain a strong signal of diversity-dependence,
even when it is incorrectly assumed to operate on a single-clade basis. Using likelihood
methods developed for the analysis of diversification of island communities (DAISIE), we
find that the shared nature of diversity-dependence is well detected when communities
have reached equilibrium diversity. Shared diversity-dependence is not detected in an
earlier phase of diversification, but the distribution of individuals in trait space suggest
that inter-clade competition is only of secondary importance at this stage. This study
and its conclusions illustrate how individual-based models can provide insights into the
behaviour of a verbal model, and what phenomenological, inference-oriented models
derived from it are able to recover.







SAMENVATTING

Een raadselachtig kenmerk van biodiversiteit is het grote verschil in soortenrijkdom en
leeftijd tussen taxa. Het verklaren van de verdeling van diversiteit over clades is een
uitdagende onderzoekslijn. Twee feiten zijn duidelijk. Ten eerste heeft de biodiversiteit
wereldwijd in de loop van de geologische tijd grote veranderingen ondergaan: door
soortvorming en uitsterven zijn clades voortdurend uitgebreid en geslonken.

Fossielen laten voorbeelden zien van clades die ooit een dominante rol speelden in
ecosystemen over de hele wereld, maar die nu gereduceerd zijn tot een handvol soorten,
of geheel uitgestorven zijn. Verder lijken soortvorming en uitsterven niet willekeurig te
gebeuren, en sommige groepen lijken meer kans te hebben gehad om in korte tijd snel
nieuwe soorten te vormen, terwijl andere juist achteruit zijn gegaan. Deze disbalans in
soortendiversiteit suggereert het bestaan van overkoepelende sturingsmechanismen die
van invloed zijn op de waarschijnlijkheid dat soorten worden gevormd of uitsterven. Dit
was althans het standpunt van vroege paleobiologen, die deze processen trachtten af te
leiden uit de diversiteitspatronen die in het fossielenbestand zijn waargenomen. In een
poging om macro-evolutie in verband te brengen met de ecologische processen waarvan
bekend is dat zij de diversiteit in hedendaagse gemeenschappen reguleren, hebben pale-
obiologen de groei van clades geinterpreteerd als analoog aan de groei van populaties
.Een alomtegenwoordig patroon dat zich op alle taxonomische schalen openbaart, is
dat diversiteit naar een plateau toe gaat. Net als in eiland-biogeografietheorie werd dit
geinterpreteerd als dat clades een evenwichtsdiversiteit bereiken. Volgens deze hypothese
is de totale niche-ruimte die beschikbaar is voor soorten in een clade beperkt, en de
groei van de clade resulteert in een intensivering van competitieve interacties, hetgeen
weer verdere diversificatie belemmertm omdat de snelheid van soortvorming afneemt
en/of de snelheid van uitsterven toeneemt. Kortom de snelheid van diversificatie is af-
hankelijk van diversiteit. Macro-evolutie heeft zich sindsdien uitgebreid tot de studie van
diversificatiepatronen in de verdeling van takken in moleculaire fylogenieén. Diversiteits-
athankelijkheid blijft een populair model voor diversificatie, omdat het een eenvoudig en
breed toepasbaar kader biedt voor de interpretatie van macro-evolutionaire patronen in
termen van ecologische processen.
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Diversiteitsafthankelijke diversificatie is aangevoerd om te verklaren waarom een be-
langrijk deel van de moleculaire fylogenieén van levende taxa langere takken vertonen
dicht bij het heden, in tegengestelling tot het patroon dat verwacht zou worden als di-
versificatie met een constante snelheid zou plaatsvinden. Diversiteitsathankelijkheid is
hiermee in overeenkomst, omdat diversificatie zou vertragen als soortendiversiteit groeit,
maar dat zou ook gelden voor elke ander mechanisme dat een vertraging van diversificatie
in de loop van de tijd veroorkzaakt zonder invloed van soortendiversiteit. Omdat deze
twee concurrerende hypothesen dan een vergelijkbaar patroon zouden voorspellen, ligt
het voor de hand on te onderzoeken of het mogelijk is om fylogenieén te onderscheiden
die diversificatie-athankelijkheid hebben ondergaan en fylogenieén die dat niet hebben
ondergaan. In Hoofdstuk 2 introduceren we een tijds-afthankelijk, maar diversiteits-
onafhankelijk model dat gecalibreerd is om hetzelfde verwachte diversificatiepatroon te
produceren. Wij simuleren fylogenetische bomen volgens dit tijds-afhankelijke model
of volgens het diversiteits-afhankelijke model waarop het gebaseerd is, en gebruiken
op maximum-likelihood gebaseerde modelselectie om te bestuderen of deze methode
het model dat de boom gegenereerd heeft correct kan identificeren. Wij stellen vast
dat er een sterke bias bestaat ten gunste van diversiteits-afhankelijkheid, aangezien het
diversiteits-afhankelijke model voor bijna alle bomen wordt geselecteerd, ongeacht het
genererende model, zodat modelselectie van diversiteits-afhankelijke modellen op basis
van de likelihood ratio (of het Akaike Informatie Criterium) moet worden vermeden. Het
bestaan van deze bias was bekend voor vergelijkingen van diversiteitsathankelijkheid
met diversificatie met constante snelheid, en hier tonen wij aan dat het ook van toepas-
sing is op elke vergelijking tussen diversiteitsafhankelijke en diversiteitsonafthankelijke
modellen. Om dit te omzeilen gebruiken wij de resultaten van gesimuleerde bomen
om de verdelingen van de log-likelihood ratio scores te genereren die verwacht worden
onder beide modellen, en te beoordelen of een gegeven score meer consistent zou zijn
met diversiteit-afhankelijkheid of tijds-afhankelijkheid. We vinden dat de verdelingen
elkaar altijd bijna volledig overlappen, zodat het niet mogelijk is om vertragingen die
het gevolg zijn van diversiteits-afhankelijkheid te onderscheiden van een equivalente
afname van diversificatie in de tijd. Het probleem komt gedeeltelijk voort uit het ont-
breken van precieze voorspellingen voor de diversificatiepatronen die verwacht worden
onder diversiteitsafhankelijkheid, anders dan een algemene afname naar het heden toe.
De modellen die door onderzoekers worden gebruikt voor het testen van een rol van
competitie in het vormen van fylogenieén, nemen gewoonlijk een lineaire of machtsre-
latie aan tussen diversificatie en het aantal soorten. Het is echter niet bekend of deze
functies inderdaad consistent zijn met het feit dat competitie een stuwende rol speelt
in diversificatie. In Hoofdstuk 3 meten we de vorm van diversiteits-afthankelijkheid in
evolutionaire snelheden die naar voren komt uit een individu-gebaseerd model (IBM)
waar competitieve interacties een sleutelrol spelen in zowel soortvorming als extinctie.
Reconstructie van de snelheden, wanneer punt-voor-punt geschat (in tegenstelling tot
het aannemen van een model) wijzen op complexere relaties dan lineaire of machtsfunc-
ties, die meerdere fasen van diversiteits-afthankelijkheid suggereren, waarbij de helling
van de relatie tussen diversificatie en diversiteit op verschillende punten verandert als
de soortendiversiteit in de clade toeneemt. Omdat de verkregen snelheden niet recht-
streeks kunnen worden gebruikt voor inferenties in empirische fylogenieén, bekijken wij
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vervolgens welke diversiteit-afhankelijke functie deze het best benadert. In een ideale
setting waar volledige informatie over uitgestorven lineages beschikbaar is, wordt de
vorm van diversiteits-afhankelijkheid die door de IBM wordt geproduceerd het best bena-
derd door een exponentiéle functie van het aantal soorten, zowel voor soortvorming als
voor uitsterven. Daarentegen, als de uitgestorven takken uit de fylogenieén weggehaald
zijn, suggereert modelselectie een lineaire diversiteits-afhankelijkheid in de snelheid
van soortvorming, een resultaat dat consistent is met wat gewoonlijk wordt afgeleid uit
empirische fylogenieén. Dit suggereert dat het bewijs voor diversiteits-afhankelijkheid die
vaak wordt gevonden in moleculaire fylogenieén consistent is met competitie (in de vorm
zoals geimplementeerd in onze IBM), als stuwende kracht in soortvorming en uitsterven,
althans niet. Een andere mogelijkheid is dat dit wordt veroorzaakt doordat fylogenieén
van bestaande soorten geen informatie bevatten over het vroege diversificatieproces,
waarin de lineaire en exponentiéle modellen het meest van elkaar verschillen. In beide
gevallen wordt de diversiteit athankelijkheid in de snelheid van uitsterven nooit hersteld
in fylogenieén zonder fossielen.

In hoofdstuk 4 bestuderen we de gevolgen van een aanname die vaak wordt gemaakt
bij het testen op diversiteits-afhankelijkheid in de fylogenie van levende taxa: dat compe-
titie alleen plaatsvindt tussen leden van de betrokken clade.

Het is duidelijk, zowel voor de huidige als voor de fossiele gemeenschappen, dat
concurrentie vaak verwante soorten betreft.

Het tegenovergestelde scenario, waarbij meerdere niet-verwante clades bijdragen aan
een gedeeld regime van diversiteit-afthankelijkheid als gevolg van competitie binnen een
gemeenschappelijke niche-ruimte, komt overeen met de evolutie van gemeenschappen
op eilanden.

Wij introduceren immigratie in het op individuen gebaseerde model dat in Hoofdstuk
3 werd beschouwd, en beoordelen hoe het gedeelde regime van diversiteits-athankelijkheid
de gevolgtrekking van diversiteits-afhankelijkheid in de resulterende fylogenetische bo-
men beinvloedt.

Waarschijnlijkheidsmethoden die diversificatie in afzonderlijke bomen in aanmerking
nemen (d.w.z. DDD, zoals gebruikt in Hoofdstuk 2 en 3) suggereren dat fylogenieén een
sterk signaal van diversiteits-afhankelijkheid behouden, zelfs wanneer ten onrechte wordt
verondersteld dat dit op een single-clade basis werkt.

Met behulp van waarschijnlijkheidsmethoden die zijn ontwikkeld voor de analyse van
diversificatie van eilandgemeenschappen (DAISIE), vinden wij dat het gedeelde karakter
van diversiteits-afhankelijkheid goed wordt gedetecteerd wanneer gemeenschappen een
evenwichtsdiversiteit hebben bereikt. Gedeelde diversiteit-athankelijkheid wordt niet
gedetecteerd in een eerdere fase van diversificatie, maar de verdeling van individuen
in de eigenschappenruimte suggereert dat inter-clade competitie in dit stadium slechts
van secundair belang is. Deze studie en haar conclusies illustreren hoe op individuen-
gebaseerde modellen inzicht kunnen verschaffen in het gedrag van een verbaal model, en
wat fenomenologische, op inferentie gerichte modellen die daarvan zijn afgeleid, kunnen
herstellen.
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