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6
FURTHER CONSIDERATIONS

REGARDING SPECIES

DIVERSIFICATION MODELLING

The formation of different languages and of distinct species, and the proofs that both have
been developed through a gradual process, are curiously parallel.

Darwin C. 1879

The intersection between macroevolution and statistical modelling represents a fun-
damental and growing area of research for the understanding of how species diversified.
In this thesis, using combinations of statistical methods, I have presented methodological
tools that will contribute to the study of species diversification in a rather general way,
i.e., applying to a wide variety of scenarios in macroecology and macroevolution. Still,
despite the potential of the methods presented here, we have focused all the applications
on a particular class of models which considers diversity as the primary driver of diversifi-
cation. Diversity dependent diversification models possess attractive properties in both
evolutionary biology and mathematics.

In evolutionary biology, the incorporation of diversity-dependent diversification mod-
els is a sensible, quantitative way to test the influence of ecological limits on diversification.
Until now, diversity-dependent diversification models have used species richness as a
proxy for diversity. This is a substantial simplification considering that different species
may contribute differently to ecological limits; by considering only species richness we as-
sume that all species in a clade compete in the same way for the same niches. Throughout
this thesis, I have incorporated phylogenetic diversity, generalising diversity-dependent
diversification models, the inference of which has so far not been possible with current
statistical methods. With the incorporation of phylogenetic diversity we take into ac-
count the genetic difference among species. Phylodiversity in combination with species
richness includes dynamic carrying capacities instead of fixed ones. When considering
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74 6. FURTHER CONSIDERATIONS REGARDING SPECIES DIVERSIFICATION MODELLING

pairwise phylogenetic diversity, we also consider variable ecological interactions among
species.

Mathematically, both species richness and phylogenetic diversity are relevant proper-
ties of phylogenetic trees. Moreover, given that this information is provided by the tree
itself, there is no need for imputing other unobserved variables than the extinct species.
This is relevant for the accuracy of the methods. Its simplicity provides an elegant way
to deal and incorporate other factors, such as ecological similarities between lineages.
As William of Ockham suggested, a mathematical model should aim for capturing the
behaviour of a complex system with a maximum level of simplicity (Schaffer, 2015). Our
generalisations to diversity dependent diversification models share these properties.

The applications presented here represent a contribution to statistical network sci-
ences in biology. We do not only demonstrate the feasibility of optimisation methods
such as the EM and the SGD algorithms in point processes describing trees, but we also
provide insights into the design of efficient data augmentation algorithms for trees and
networks.

The journey of this thesis has met with a lot of trial and error, exploring several ap-
proaches that end up not being as appropriate as the MCEM and SDG methods described
in Chapters 2, 3 and 4. In practice what I have presented in this thesis is a small fraction
of what I have tried in order to provide an efficient way to perform statistical inference on
species diversification processes. Moreover, I am aware that this is a small contribution
and a first step into the long-term development of a general theory that will eventually
improve the methods here presented. In the next sections, I discuss the limitations of
these methods and possible directions for improvement and development.

6.1. LIMITATIONS IN SYSTEMATIC BIOLOGY AND DIRECTIONS

FOR IMPROVEMENT

6.1.1. INCOMPLETE SAMPLING AND DIFFERENT LEVELS OF ORGANISMS

Throughout this thesis, I have assumed that the phylogenies contain all the extant
species of the biological system of interest. In practice, that is seldom true. Even though
phylogenies are becoming every year more complete and accurate, incomplete sampling
is the most probable situation for most of the phylogenies, especially in groups such as
insects or non-vertebrates, to name two examples. Assuming that the sampled phylogeny
is complete is a common practice, but further research should consider the consequences
of incomplete sampling in phylogenetic analysis. Some authors have considered incom-
plete sampling in their methodologies (Carstens and Knowles, 2007; Wiuf, 2018), but there
is still a long way to go.

For the methodologies here presented, the natural extension to consider incomplete
sampling would be to slightly modify the data augmentation scheme proposed on sec-
tion 3.3.3, allowing a less restrictive space of trees, where the sampled full trees do not
necessarily have the same number of species at present. The theory and implementation
of this extension are easy, but assumptions need to be made. For instance, some current
methods provide the option to add ”the number of missing species” at present, this is a
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very strong assumption. A more relaxed assumption would be to assume a probability dis-
tribution to the species sampling scheme. Such an assumption is also possible to include
in our frameworks in a nearly straightforward mathematically and computationally way;
in contrast, biologically, the assumed probability distribution would always be debatable.

6.1.2. EXTINCTION DYNAMICS

In order to compare and analyse the generalisations presented here, I decided to focus
in all models on dynamic speciation rates while the extinction rates are assumed to be
constant. However, the methodologies presented in this thesis are more general and in
principle can deal with non-constant extinction rates. In all illustrations and experiments,
the same methods can be used for non-constant extinction rates with almost no additional
work. I suggest that further research incorporates this characteristic when testing the
hypothesis of non-constant extinction rates. A natural generalisation that align with this
thesis would be the diversity-dependent extinction models, supposing a linear extinction
rate as a function of diversity (i.e species richness and phylogenetic diversity).

6.1.3. IMPLEMENTING THE GENERAL CLASS OF MODELS

The methods presented here have been developed to answer the question: ”What
factors can play a role in species diversification?” As mentioned in the introduction,
despite the great potential of the general class of models that our new inference methods
accommodates, I did all the illustrations in diversity-dependence models or generalisa-
tions of them. In future work, depending on the focus of the different required analysis,
incorporating extreme events, climate or other time-dependent functions, individual
characteristics of species or other factors could be incorporated.

In Figure 6.1 I illustrate a process where each species has a binary trait represented by
a circle or a triangle. This can be, for instance, presence/absence of legs in squamates
or viviparity. Given that the species-level covariate data is typically only available at
the present, as shown in Figure 6.1a, there are a large number of compatible covariate
histories over which any inference procedure should integrate. In principle, our emphasis
simulation and inference framework is capable of dealing with such situations, but it
is not clear to what extent the methods presented here can handle a large number of
species-level covariates and it is expected that if the unavailable data on these covariates
is large, the integration across them will be challenging.

6.2. DIRECTIONS FOR STATISTICAL METHODS

I have presented a number of statistical methods, which I would classify in three
categories: statistical network processes modelling, data augmentation algorithms and
parametric statistical inference. These methodologies open up an endless set of combina-
tions.

In the statistical modelling I consider the theory of point process, assuming that speci-
ation and extinction can be realistically generated by combinations of non-homogeneous
Poisson processes. That theory was primarily developed by Yule in the 1920s, Kendall
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(A) (B)

Figure 6.1 | a) Extant phylogenetic tree without extinctions and b) complete phylogentic tree with extinctions.
Both trees are shown with a binary trait indicators.

in the 1940s and Nee in the 1990s. All this work and subsequent developments have
solved a great variety of problems, but there has never been any attempt to define a
general class of species diversification models, as I have tried to present in this thesis.
One of the main reasons why inference in this class of models has remained elusive is the
complexity involved in the underlying system of stochastic differential equations given
by the combination of point processes involved in the macroevolutionary dynamics. I
have provided an alternative to direct likelihood calculations, by means of an importance
sampling simulation scheme. In principle, this may allow to integrate inference of a
general class of species diversification models in one single framework. Still, a lot of work
is needed; for instance, in the NHPP I do not allow multiple speciations at the same time
or protracted speciation, i.e., speciation events that take time (i.e. not instantaneous).

For statistical inference I have proposed two alternatives to calculate and optimise the
likelihood of the species diversification process under incomplete information. One is the
MCEM algorithm developed in Chapters 2 and 3. The other is the SGD method developed
in Chapter 4. These approaches are two examples of likelihood methods combined with
data augmentation through simulations. Both are methods to optimise the likelihood and
find the maximum likelihood estimator for complex processes where the likelihood of the
observed process is impossible to be calculated directly, but for which the augmented
process likelihood is much easier. Other approaches, such as Bayesian approaches or
alternative optimisation algorithms such as the SAEM algorithm or its variations, have
not been fully explored in this thesis.

Data augmentation algorithms (DAAs) are powerful statistical tools for studying the
full or augmented process likelihood, as they provide a solution in cases where the like-
lihood for the original data is difficult or impossible to calculate, such as is the case in
general species diversification processes where only the reconstructed tree is available. In
this thesis I have provided two DAAs: (i) a uniform sampler that augment trees indepen-
dent of the model parameters by simulating branching times and topology uniformly and
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(ii) an efficient importance sampler that considers the parameters of the diversification
model in order to sample trees in close accordance to the generative process. Although I
have implemented the DAA inference methods in an R package, computational efficiency
was not the main focus of this thesis and I believe that this can be improved as well.

6.3. EVOLUTIONARY TREES APPLICATIONS, BEYOND BIOLOGY

The theory presented in this thesis describes a theory of diversification in a general
sense. Thus, nothing stops us from applying this framework in contexts different from
evolutionary biology where also diversification processes take place. One can think of
language evolution (Greenhill et al., 2010; Whitfield, 2008; Zhang et al., 2020) or cultural
evolution (Creanza et al., 2017), to name just two examples. More abstractly, tree-like
diversification happens in many different processes. In Figure 6.2 I show nine tree-
shape phenomena taken from many different fields. This is a small sample of tree-like
diversification in nature.

Figure 6.2 | 1. Image of river from space. 2. Tree. 3. Human bronchus (upside down). 4. Upward lightning. 5.
Coral. 6. Slime mold. 7. Mocha diffusion. 8. Lichtenberg figures on wood. 9. Human neuron. 10. Cracked ice.
11. Waterfall - Katsushika Hokusai (1831) (upside down)
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Moreover, even within biology, multiple other applications can benefit from the
statistical methodologies here presented. In this thesis, we have focused on species-level
trees. However, diversification processes happen at all levels of organisms and scales of
times (Aldous et al., 2008; Stadler and Bokma, 2013).

6.4. NETWORK SCIENCES APPLICATIONS, BEYOND TREES

Trees are the most common representation for the diversification of species. How-
ever, other mathematical objects have been suggested to describe species diversification,
such as phylogenetic networks, phylogenetic cactus or phylogenetic corals (Ragan, 2009;
Podani, 2017), among others. Statistical network science is a growing area of research
(Molontay and Nagy, 2019) and it has great potential to contribute to the field of evolution-
ary phylogenetics (Huson and Bryant, 2006; Chamberlain et al., 2014; Kunin et al., 2005;
Bandelt, 1995). Moreover, biological networks can also be potential drivers of evolutionary
processes and thus incorporated as covariates in species diversificaion models (Farajtabar
et al., 2017).

In Figure 6.3, I show an example of a phylogenetic network where different biological
process are incorporated, generalising a phylogenetic tree (Schliep et al., 2016). I am
convinved that all methods presented in this thesis can be generalised to networks in a
mathematically natural way. Future research should consider this direction as another
generalisation for species diversification models in order to describe macroevolutionary
processes more realistically.

Figure 6.3 | Phylogenetic network from Schliep et al. (2016)
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