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Introduction

Despite the great interest in biodiversity, several questions re-
lated to the patterns and processes that determine diversity of a
given clade or region still lack a consensual explanation (Coyne
and Orr, 2006; Hillebrand, 2004; Mittelbach et al., 2007). This
is partially due to our limited knowledge on the diversification
dynamics of clades, which ultimately determines species diver-
sity of lineages and different regions. Ultimately, the diversity
of organisms is a result of speciation and extinction processes
(Weir and Schluter, 2007; Mittelbach et al., 2007), which could
be modulated by the existence of a limit in the total number of
species that a certain region can harbor (Marshall, 2007; Rabosky
and Hurlbert, 2015; Harmon and Harrison, 2015), or by a change
in such limit (Marshall and Quental, 2016). Thus, if we aim to
understand how diversity varies through time and/or space, it
is mandatory to understand how the processes of gain and loss
of species are temporally and spatially distributed, and which
factors (biotic or abiotic) can affect speciation and extinction dy-
namics.

Biological interactions can play an important role on the diver-
sification of organisms (Schluter, 2000; Futuyma, 2009; Levin
et al., 2009; Grant and Grant, 2011; Soons et al., 2010; Hendry
et al., 2009; De Le6n et al., 2012; Nosil, 2012; Thompson,
2013). However, macroevolutionary studies have usually fo-
cused on a broad evolutionary perspective (e.g. phylogenies of
big clades) while usually adopting a simple characterization of
species interactions. The gap between diversification dynamics,
and hence macroevolution, and ecological dynamics had also
been accentuated by a somewhat, simplified view of ecologi-
cal systems. For example, ecological studies usually focus on
well-characterized interactions of a very few species, although
more recently ecologists have been able to characterize large



ecological networks (Bascompte et al., 2003; Guimaraes et al.,
2006; Krishna et al., 2008; Heil et al., 2009; Melian et al., 2009;
Davis et al., 2009; Diaz-Castelazo et al., 2010; Guimaraes Jr et al.,
2011; Olesen et al., 2010; Spotswood et al., 2012; Nuismer et al.,
2013). Network theory-based approaches can augment our un-
derstanding of the ecological roles played by different species
but still lacks an evolutionary perspective preventing us to fully
understand how ecological interactions are assembled (Carnicer
et al., 2009, Ricklefs, 2011, Ricklefs and Jenkins, 2011).

Therefore, the main goal of this dissertation is to investigate the
evolutionary consequences of species interactions on diversity
dynamics, the role of diversity dynamics in structuring ecolog-
ical networks, and the ability of current phylogenetic methods
(which are used to answer the other questions) in correctly es-
timating diversification dynamics. To address these topics, the
dissertation is organized in three chapters, in which we investi-
gated the following questions, respectively:

1 - What is the effect of diet on speciation and extinction rates
of birds?

In the first chapter, we used Bayesian models of trait-dependent
diversification and a comprehensive dietary database of all
birds worldwide to assess speciation and extinction dynamics
associated with different avian dietary guilds (carnivores, frugi-
vores, granivores, herbivores, insectivores, nectarivores, omni-
vores, and piscivores).

2 - How accurately do methods that solely rely on molecular
phylogenies detect decline in diversity?

In the second chapter, we evaluated the behavior of two recently
developed methods (RPANDA and BAMM) under two scenar-
ios of diversity decline (i.e. negative diversification rates at the
present). In the first scenario we simulated phylogenetic trees
where diversity decline is solely controlled by decreasing speci-
ation, while in the second scenario it is solely determined by in-
creasing extinction rates through time. We fitted both RPANDA



and BAMM to all trees at all time slices and compared the sim-
ulated and estimated rates to assess parameter estimate accu-
racy, potential biases and hence compare the performance of
both methods. Lastly we compared their diversification rate es-
timates for a comprehensive dataset of 214 empirical trees.

3- What is the role of speciation and extinction, if any, on
building ecological networks? Are ecological network built
in such a way that species belonging to lineages with differ-
ent diversity dynamics play a distinct ecological role on those
ecological networks?

In the third chapter, we investigated the relationship between
evolutionary turnover rates (extinction fraction) and ecological
roles of species within interaction networks (here characterized
by closeness and betweenness centrality measures). We expect
that more central species would belong to lineages with a slower
pace of evolution, i.e., those that are more reliable over evolu-
tionary time and have been, therefore, a more predictable re-
source for plants to rely on.
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Omnivory in birds is a
macroevolutionary sink
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PAULO R.; SEKERCIOGLU, CAGAN H.; QUENTAL, T. B.

This chapter was published as:

Burin, G., Kissling, W. D., Guimarées, P. R., Sekercioglu, C., Quental, T. B., Omnivory in birds

is a macroevolutionary sink. Nature Communications, 7:11250. DOI: 10.1038 /ncomms11250.

1.1 Abstract

Diet is commonly assumed to affect the evolution of species, but
few studies have directly tested its effect at macro-evolutionary
scales. Here, we use Bayesian models of trait-dependent di-
versification and a comprehensive dietary database of all birds
worldwide to assess speciation and extinction dynamics of
avian dietary guilds (carnivores, frugivores, granivores, her-
bivores, insectivores, nectarivores, omnivores, and piscivores).
Our results suggest that omnivory is associated with higher
extinction rates and lower speciation rates than other guilds,
and that overall net diversification is negative. Trait-dependent
models, dietary similarity and network analyses show that tran-
sitions into omnivory occur at higher rates than into any other
guild. We suggest that omnivory acts as macroevolutionary sink
where its ephemeral nature is retrieved through transitions from
other guilds rather than from omnivore speciation. We propose
that these dynamics result from competition within and among
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dietary guilds, influenced by the deep-time availability and pre-
dictability of food resources.

Keywords: Diversification, Macroevolution, Speciation, Extinc-
tion, Birds, Diet, MuSSE

1.2 Introduction

Variation of biodiversity across space and time is a trademark
of the history of life on Earth and ultimately determined by
speciation and extinction rates (Rosenzweig, 1995; Coyne and
Orr, 2006). To better understand the dynamics of biodiversity
we need to understand the roles of biotic and abiotic factors in
determining speciation and extinction dynamics (Benton, 2009).
While examples of abiotic factors affecting diversification dy-
namics are numerous (e.g. Condamine et al., 2013 and refer-
ences therein), few studies have explored biotic influences on
macroevolutionary rates across large spatiotemporal scales (Ver-
meij, 1987; Jablonski, 2008, Gémez and Verdu, 2012). Hence,
the relevance of biotic interactions for diversification dynamics
across deep time scales is still an open question.

Understanding the role of biotic interactions is a daunting task,
given the myriad of interactions (e.g. antagonistic, mutualistic,
competitive) that individuals of a given species can have with
individuals of other species. However, characterizing and un-
derstanding the trophic habits of species is tractable and may
also be of great importance to understand potential adaptive re-
sponses to food availability (e.g. Root, 1967) as well as the effects
of biotic interactions on macroevolutionary dynamics (Price et
al., 2012). As such, the diet of a given species can be used as
a first order proxy to biotic interactions. It summarizes distinct
morphological, physiological and behavioral traits of an organ-
ism, which jointly determine the way it interacts with the biotic
and abiotic environment (Cooper, 2002, O’Donnell et al., 2012;
Abrahamczyk and Kessler, 2014). For example, birds that attend
army ant raids have to deal with the unpredictability of those
raids, and have developed cognitive and behavioral adaptations
to surpass these challenges (O’Donnell et al., 2012). Similarly,
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many nectar-feeding species have evolved beaks that suit the
morphology of the flowers on which they feed (e.g. Abraham-
czyk and Kessler, 2014). Since flowering phenology is strongly
constrained by seasonality, the variability in climate (e.g. in
temperature) strongly determines geographic distributions of
guilds such as nectarivores (Kissling et al., 2012a). More gen-
erally, the long-term availability of particular climates (Kissling
et al.,, 2012b) as well as the spatio-temporal predictability of
food resources (e.g. Karr, 1976, Fleming and Muchhala, 2008)
might influence evolutionary radiations and diversity dynam-
ics (Kissling et al., 2012b; Karr, 1976), with environmental in-
stability setting a potential limit to the degree of specialization
(Macarthur and Levins, 1967).

Dietary strategies have been crucial for understanding species
formation because interspecific competition for similar food
resources can explain character displacement and the evolu-
tionary divergence of species (Brown and Wilson, 1956; Grant
and Grant, 2006). Nevertheless, to date only few studies at
macroevolutionary scales have tested how diets might affect
diversification dynamics across whole clades (e.g. Price et al.,
2012, Rojas et al., 2012; Cantalapiedra et al., 2014). The paucity
of whole-clade investigations relating diet to macroevolution-
ary dynamics is partly due to the lack of data, but also due
to methodological limitations. However, recently developed
methods now allow us to explicitly address (Maddison et al.,
2007, FitzJohn, 2012; Morlon, 2014) or indirectly assess (Rabosky
et al., 2013; Rabosky, 2014) the relationship between trait evolu-
tion and diversification rates, and various authors have there-
fore analysed this relationship. Collectively, those studies re-
vealed the effects of numerous traits on diversification dynam-
ics, including self-incompatibility in Solanaceae (Goldberg et al.,
2010), tank formation and photosynthesis type in bromeliads
(Silvestro et al., 2014b), migratory behaviour in birds (Rolland
et al., 2014), and diet in mammals (Price et al., 2012, Rojas et
al., 2012). Hence, ecological and life history traits play a critical
role for understanding macroevolutionary dynamics and broad-
scale patterns of species coexistence (Morlon, 2014; Barnagaud
et al., 2014).
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One of the few papers that explicitly addressed the effect of diet
on macroevolutionary dynamics has shown that coarse trophic
levels (i.e. herbivores, carnivores, omnivores) are character-
ized by different diversification rates in mammals (Price et al.,
2012). These results suggest that omnivorous mammals have
lower net diversification rates than carnivores and herbivores,
and that transitions into omnivory are more frequent than into
other trophic levels. Using a finer diet classification within rumi-
nants (i.e. giraffes, deer, buffaloes, antelope, etc.), it has further
been shown that different feeding styles underwent differential
diversification rates (Cantalapiedra et al., 2014). However, this
analysis suggested that grazing and mixed-feeding (a combina-
tion of browsing and grazing) have both higher diversification
rates and more transitions into and from these diets than brows-
ing. Overall, these studies highlight the potential association
between dietary guilds and diversification dynamics, but they
also suggest that a more generalist diet (e.g. omnivory or mixed-
feeding) might not have the same straightforward macroevolu-
tionary outcomes at different lineages or hierarchical levels.

Birds represent a good model system for investigating the role
of diet on speciation and extinction (Brown and Wilson, 1956;
Grant and Grant, 2006), and more broadly, to understand the in-
terplay between ecology and diversification. The clade Aves has
an enormous taxonomic diversity (c. 10,300 species) with a large
variability in ecological and life history traits (Sekercioglu et al.,
2004; Kissling et al., 2012a, Barnagaud et al., 2014). The recently
published whole-clade bird phylogeny (Jetz et al., 2012) and
the abundance of ecological information for Aves have allowed
biologists to assess the evolutionary dynamics (either trait-
dependent or trait-independent) of many bird lineages at dif-
ferent taxonomic levels (e.g. Huang and Rabosky, 2014; Garcia-
R et al., 2014, Rolland et al., 2014). Moreover, different types
of diet have evolved multiple times within the clade (Kissling
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et al., 2012a). Dietary adaptations range from specialized feed-
ers such as some insectivores (e.g. swifts and swallows), fru-
givores (e.g., oilbirds), seed predators (e.g., blue macaws), ver-
tebrates (e.g., peregrine falcons), and carrion-feeders (e.g. vul-
tures) that feed preferentially on one particular food type to om-
nivores such as the medium-sized, common raven Corvus corax
(family Corvidae) which have a generalized diet by feeding on
multiple food items, such as insects, fruits, seeds, vertebrates
and carrion (Kissling et al., 2012a). Such variation in the degree
of diet specialization is probably related to different physiolog-
ical and anatomical adaptations required to deal with different
food items (O’Donnell et al., 2012, Abrahamczyk and Kessler,
2014; Roggenbuck et al., 2014). For example, some nectarivo-
rous and frugivorous species show specific preferences for dif-
ferent sugar contents related to enzyme activity and absorption
rates (Martinez del Rio et al., 1992) which might eventually af-
fect their food preference and hence their degree of specificity.

Here, we combine the most complete bird phylogeny (Jetz et
al., 2012) and a comprehensive global dataset of the diets of
the world’s bird species (Sekercioglu et al., 2004, updated with
Hoyo et al., 2013) to investigate the potential effect of different
diets on the speciation and extinction rates of birds, and the evo-
lutionary transition rates between all dietary guilds. Given that
shifts to new diets result in different ways of interacting with the
environment (Root, 1967, Raubenheimer et al., 2009), and that
such shifts might also affect the degree of specialization within
a given lineage (Price et al., 2012, Cantalapiedra et al., 2014; Va-
mosi et al., 2014), we hypothesize that the evolution of differ-
ent diets in birds will result in distinct speciation, extinction,
and transition dynamics. Even though a simple classification
of diet has been shown to affect diversification rates of mam-
mals (e.g. Price et al., 2012), we know virtually nothing about
the macroevolutionary effects of diet on such diverse groups of
vertebrates such as birds where we have a more refined dietary
categorization. Hence, investigating the role of diet on bird di-
versification will not only allow us to understand its effect on
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this extremely diverse lineage but also help us to begin evaluat-
ing how general the observed effects of diets are for macroevo-
lutionary dynamics across tetrapods.

For our analyses, we assigned each species to a different dietary
guild based on its main diet (at least 50% of one particular food
type; see also supplementary material for a sensitivity analy-
sis regarding this dietary classification). When no item com-
prised more than 50% of the whole diet or if a given species
consumed two food types equally, then it was considered an
omnivore. By following this categorization we grouped species
into carnivores, frugivores, granivores, herbivores, insectivores,
nectarivores, omnivores, piscivores and scavengers. We then
fitted Multiple State Speciation and Extinction (MuSSE) mod-
els in a Bayesian framework for 200 randomly sampled phylo-
genetic trees to incorporate phylogenetic uncertainty, and used
the posterior distributions of diversification and transition rates
to infer the relationship between diet and diversification (see
also supplementary material for model testing, adequacy tests
and sub-clade analysis). Additionally, we used network analy-
sis to further quantify the evolutionary diet transitions among
guilds and a principal component analysis of diet scores to as-
sess the multi-dimensional similarity of diets. Our results indi-
cate that dietary habits have influenced the diversification dy-
namics of birds, with omnivores experiencing higher extinction,
lower speciation, and substantially higher transition rates into
omnivory when compared to all other guilds.

1.3 Methods

1.3.1 Dataset

We used the bird phylogeny from (Jetz et al., 2012), which en-
compasses almost all bird species (9,993 species, available on-
line at ). The tree was built using molecular data from 6670
species, and the remaining taxa with no molecular information
were added to the phylogeny based on taxonomic information
and simulated branching times from a pure birth (Yule) model
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of diversification (Jetz et al., 2012). The distribution of these in-
serted species spans the entire tree and virtually all clades (Fig-
ure A.13). The addition of those species should therefore not
bias diversification estimates and at best only homogenize any
real differences between different traits, making our tests more
conservative with respect to finding true differences in diversi-
fication dynamics among guilds. A distribution of 10000 trees
with different topologies was obtained from the original paper
(Jetz et al., 2012). To account for phylogenetic uncertainty, we
randomly sampled 100 trees from this posterior distribution of
trees for each of the two backbone trees, totalling 200 trees. Us-
ing these 200 trees diminishes any possible biases that the in-
sertion process of species with no molecular data could bring
into the phylogeny. We note that the two backbones from (Jetz
et al., 2012) showed a similar amount of differences in topology
then when both were compared to two other recently published
high-order bird phylogenies (Figure A.24; for methods, see sup-
plementary methods in Appendix A).

A comprehensive bird diet database (Sekercioglu et al., 2004; up-
dated with Hoyo et al., 2013) was used with numerical scores
for different food types consumed by birds (including inver-
tebrates; fruits; nectar; seeds; terrestrial vertebrates; fishes;
carrion; plants (non-reproductive) and miscellaneous). The
data came from over 250 ornithological books as well as peer-
reviewed articles compiled in a global ornithological database
by C.H.S. (Sekercioglu et al., 2004; updated with Hoyo et al.,
2013). The literature used includes synthetic works (e.g. Hand-
book of the Birds of the World, Birds of Africa, Birds of South
America, Australia/New Zealand Handbook of Birds, Birds of
Western Palearctic and all the books on bird families), which
provide bird species accounts based on a summary of all liter-
ature on a particular bird species. Therefore, our diet classifi-
cation was based on a comprehensive diet database that sum-
marizes dietary preferences across a species range and across
seasons. The scores of all diet items add up to 10 and repre-
sent the approximate proportion of each food type in the diet
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of a given species. A species was classified into a specific di-
etary guild if it had one food item with a score >5 (for sensi-
tivity analysis see figures A.19 - A.23). Species with only two
equally consumed food items in their diet or with no food item
with a score >5 were classified as omnivores. Thus, all species
were classified into nine dietary guilds: carnivores (feeding pre-
dominantly on vertebrates), frugivores (feeding predominantly
on fleshy fruits), granivores (feeding predominantly on seeds),
herbivores (feeding predominantly on non-reproductive plant
material such as leaves, roots and shoots), insectivores (feeding
predominantly on insects or other invertebrates), nectarivores
(feeding predominantly on nectar), piscivores (feeding predom-
inantly on fish), scavengers (feeding predominantly on carrion)
and omnivores (the species that do not have a predominant
diet). After matching the taxonomy of species with dietary data
with the phylogeny, we finally used a total of 9876 species in all
analyses.

1.3.2 Model fitting and parameter estimates

Multiple State Speciation Extinction (MuSSE) models were fit-
ted across all sampled trees (FitzJohn, 2012). This class of mod-
els estimates the parameter values (speciation, extinction and
transition rates) associated with each trait state in a phylogeny.
The models were implemented in a Bayesian MCMC frame-
work to account for both phylogenetic and rate value uncer-
tainties. Phylogenetic methods might underestimate extinction
rates (Rabosky, 2010; Quental and Marshall, 2010), and to avoid
rates to be equal to O (especially transition rates, that are prone
to be very small in a multi-state model) we used three Cauchy
distributions as hyperpriors. These hyperpriors have a location
parameter fixed to 0 and the scale parameter is estimated from
MCMC analysis. This allowed rates to be very small, but not
zero. All parameters were independently estimated, i.e. with
no constrains. A total of 1,500,000 steps (sampling every 1000th
step) were necessary to achieve an acceptable convergence of the
majority of the parameters. The Bayesian analysis was run for
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separate trees in parallel on four computer servers. All analy-
ses were conducted within the statistical environment R (R Core
Team, 2016) using the diversitree package (FitzJohn, 2012) and
a new script designed to implement the MCMC analysis (avail-
able at ).

There has been recently a debate over the performance of trait-
based models (Maddison and FitzJohn, 2014; Rabosky and
Goldberg, 2015). The main critiques are related to the low pres-
ence of true replicas. Strong phylogenetic signal and few events
of state change in a given character could lead to pseudorepli-
cation (Maddison and FitzJohn, 2014), and a high percentage of
false positives in a class of trait-dependent speciation and ex-
tinction models due to rate heterogeneity throughout the tree
could additionally bias rate estimates (Rabosky and Goldberg,
2015). Although the latter limitation has only been proven to be
true for binary-state characters, some authors suggest that it is
a common limitation among all xxSSE models (Maddison and
FitzJohn, 2014; Rabosky and Goldberg, 2015).

As an alternative to the trait-dependent methods, a recent study
by Huang and Rabosky, 2014 estimated speciation and extinc-
tion rates using BAMM (Bayesian Analysis of Macroevolution-
ary Mixtures — Rabosky, 2014), a trait-independent method that
estimates these rates using reversible-jump MCMC to identify
shifts in diversification rates. With the BAMM results a signif-
icant relationship between the degree of sexual dichromatism
in birds and diversification rates was found using comparative
methods. However, using BAMM as an alternative solution to
xxSSE models does not seem to be fully adequate for our analy-
ses and the phylogenetic structure of the diet traits. BAMM does
not estimate transitions between states of the analysed charac-
ter when estimating speciation and extinction rates, and these
rates seem to have an important role for the macroevolutionary
dynamics in our analyses, and more broadly in evolutionary dy-
namics. Additionally, given the phylogenetic overdispersion of
omnivory in our phylogenetic trees (omnivore species usually
appear as a isolated tip within a clade with species that belong
to a more specialized dietary guild) and how BAMM operates (it
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finds a node where a shift in rate is justifiable) we suspect that it
is virtually impossible to detect rate shifts associated with om-
nivory using BAMM. The reason is that within each group of
species that contains omnivores the statistical power to detect
any shifts in speciation and/or extinction rates for omnivorous
species would be insufficient. We therefore suspect that in such
a phylogenetic trait configuration the diversification rates ob-
tained with BAMM for omnivores would potentially be biased
in different directions depending on the diet of closely related
species. This would turn any posterior analysis unprofitable.
Lastly, a semi-parametric test to detect trait-dependent diversifi-
cation was proposed by Rabosky and Goldberg, 2015 that relies
on the rate estimates derived by BAMM to later estimate the re-
lationship between a binary (or continuous) trait and the diver-
sification rates. This test uses rate regime permutations to build
null distributions of correlation coefficients. Even though this
seems as an interesting alternative, this test was not used here
since it is currently not available for multi-state discrete charac-
ters (Rabosky and Goldberg, 2015, pg. 12).

To assess the reliability of our MuSSE results in relation to the is-
sues raised by (Rabosky and Goldberg, 2015) we performed four
additional analyses. In the first additional analysis, we tested if
rate heterogeneity captured by our empirical phylogenetic trees
might have led MuSSE to detect spurious relationships between
trait states and diversification. To do this, we simulated the evo-
lution of a discrete character with the same number of states
as in our empirical data set on 10 randomly selected empirical
bird trees, using the empirical transition rate estimates. We then
tested for a statistical association between those neutral char-
acters and the estimated rates (supplementary methods in Ap-
pendix Al) to see whether the model detects similar associations
between trait states and speciation and extinction rates.

In the second set of additional analyses (model adequacy), we
simulated 1000 trees using the rates estimated in our main em-
pirical analysis, to check whether the estimated empirical rate
values would generate a proportion of trait (diet) states com-
parable to the empirical proportions (supplementary methods
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in Appendix A2). In the third set of additional analysis (sub-
clade analysis), we ran separate MuSSE analyses for the four
major bird orders (Passeriformes, Piciformes, Psittaciformes and
Charadriiformes) on 10 trees to investigate if the macroevolu-
tionary patterns associated with different diets as obtained from
the whole tree analysis were also recovered at these sub-clades
(see Appendix A3). In the fourth additional analysis, we inves-
tigated the extent to which our results were affected by our di-
etary classification scheme. We used a different classification
scheme to categorize species into discrete dietary guilds and
then estimated all diversification rates using the same proce-
dure as in our main analysis using the 10 sampled trees (see
Appendix AB). The complete description and results of these
tests can be found in the supplementary methods.

1.3.3 Posterior distributions of rates

The posterior distributions of parameters from all 200 trees were
combined into one single posterior distribution for every pa-
rameter (e.g. speciation, extinction and transition rates and hy-
perprior parameters, adding up to 93 parameters in total). For
net diversification rates r (speciation — extinction), the poste-
rior distribution was built by calculating r for each sample of
the MCMC, resulting in the same 1,500 values for each state of
the trait. For all posterior distributions of speciation, extinction,
and net diversification rates the 95%, 90% and 80% credibility
intervals (CI) (highest posterior density) were calculated. All
results and discussion do not encompass rates from scavenger
species because estimates were poor due to small sample size
(33 species).

1.3.4 Comparison of rates of dietary guilds

To test whether or not speciation, extinction and net diversifi-
cation rates of omnivores were significantly different from rates
of all other guilds, we calculated the difference between each
omnivore rate to the rate estimated for each other dietary guild.
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These differences in speciation, extinction and net diversifica-
tion rates were calculated at each sampled MCMC step, building
posterior distributions of differences. These distributions were
then compared and analyzed separately and the omnivore rate
was considered different when the value 0 was not included in
the credibility interval (CI) for each rate difference comparison
(see figure 1.2).

The MuSSE analysis also allowed us to generate estimates for
pairs of transition rates but not to explicitly test for any gen-
eral asymmetry while considering all the transitions at the same
time. Depending on how transition rates are organized among
distinct dietary guilds, some guilds might constitute preferen-
tial routes of transition. In contrast, if there is no consistent pat-
tern in the distribution of transition rates among guilds, no guild
will show a higher transition rate into or from it. To evaluate if
the empirical transition matrix significantly deviates from a null
model where all transitions are expected to be balanced among
nodes, we used a network theory approach. We depicted the
transition rates as weighted links and dietary guilds as nodes
of the transition network. If species from other guilds consis-
tently shift to the same dietary guild, this latter dietary guild
would show high levels of centrality in the transition network.
In the transition network, eigenvector centrality describes how
the transition rates lead, directly or indirectly, to a given dietary
guild. We computed the eigenvector centrality of each dietary
guild (Bonacich, 1972), which varies from O (peripheral dietary
guild) to 1 (central dietary guild). Thus, a highly central dietary
guild can be viewed as an absorbing state to which species from
other dietary guilds may evolve by changing resource use. To
verify the significance of these centrality values, we built a null
distribution of centrality values by randomly assigning to each
link a value sampled from the estimated transition rates without
replacement for each of the 10000 replicas. We then compared
the empirical centrality values to this null distribution and veri-
fied to which quantile the real value corresponded.
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1.3.5 Diet similarity analysis

With the original diet scores for all species, we quantified the
score frequencies of each food item within the diet of all omni-
vore species (supplementary figure 15). This was done to bet-
ter characterize the diet of omnivorous species and to trace diet
similarities between omnivores and all other guilds. We addi-
tionally performed a principal component analysis (PCA) using
the full vector of diet scores (with each food item as a variable)
to characterize omnivorous species and their multi-dimensional
dietary similarity with other guilds (figure A.14). This allowed
us to assess the distribution of dietary guilds in niche space with
reduced multi-dimensionality. We also calculated the Euclidean
distance between each possible pair of species in the orthogonal
space created by the first three principal components (table 1.2).
These distances were then averaged within and between each
and all guilds for further comparison.

1.4 Results

1.4.1 Dietary guilds

Bird species are not equally distributed among dietary guilds.
Both the total number of species and the phylogenetic signal
strength differs among guilds (Table 1.1). This suggests that dif-
ferent dietary guilds might in fact have different diversification
dynamics. The three most common dietary guilds are insec-
tivores (55%), omnivores (12%) and frugivores (12%), and the
least common is the scavenger guild (0.3%). Below we exclude
scavengers from the results and discussion because their diver-
sification rates were poorly estimated due to small sample size
(33 species grouped in a few lineages such as New World and
Old World vultures, some crows and a few phylogenetically iso-
lated species). In general, all dietary habits seem to have mul-
tiple origins in Aves. However, there are at least two distinct
evolutionary conservatism patterns in diets across the bird tree
of life. Whereas omnivores are largely spread randomly across
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the bird phylogeny, all other dietary guilds are phylogenetically
clustered to some extent (Table 1.1, Figures A.1 - A.9).

TABLE 1.1: Number of species, percentage of total species per
dietary guild, and mean phylogenetic signal of each dietary
guild. Phylogenetic signal (measured as character dispersion
D of a binary trait) was averaged over 10 random trees (5
from each backbone). Negative D values indicate phyloge-
netic clustering whereas highly positive values indicate phylo-
genetic overdispersion. Values not different from 0 indicate that
the character evolves according to a Brownian Motion process,
whereas D not significantly different from 1 indicates randomly
distributed states on the tree. (*: values different from 1 but not
from 0; **: values different from both 0 and 1; significance was
the same for all trees).

Dietary Guild Number of Species (% of total) Phylogenetic Signal (D value)

Carnivores 280 (3%) -0.2762*
Frugivores 1141 (12%) -0.03879*
Granivores 824 (8%) -0.02475*
Herbivores 189 (2%) 0.04889*
Insectivores 5409 (55%) -0.05087*
Nectarivores 542 (5.7%) -0.3661*
Omnivores 1159 (12%) 0.52702**
Piscivores 232 (2%) -0.13848*

1.4.2 Diversification rates

Our results reveal that the net diversification rate of omnivores
is lower than that of any other dietary guild (Figure 1.1). Un-
derlying these dynamics is a lower speciation rate and a higher
extinction rate of omnivores compared with other guilds (Fig-
ure 1.1). Additionally, the net diversification rates for all di-
etary guilds are positive except for omnivores, where the me-
dian value of the net diversification rate is negative (Figure 1.1).
Even though the distribution of net diversification rates for om-
nivores includes zero (specifically when looking at the posterior
distribution peak, Figure 1.1), this guild is the only one that has
a large portion of negative values in its diversification rate pos-
terior distribution. This reinforces the idea that omnivores have
different dynamics, with net diversification rates being signifi-
cantly lower than in other guilds.
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The posterior distributions of all rates for almost all guilds are
mono-modal, suggesting that parameter values well represent
the estimated value for each rate. The main exception is the
speciation rate for herbivores (Figure 1.1). Other distributions
that are not mono-modal are the extinction rates for both insec-
tivores and omnivores (Figure 1.1). In the case of herbivores,
the distribution has a large uncertainty that results from com-
bining mono-modal posterior distributions for individual phy-
logenetic trees that converged into different values. For insec-
tivores and omnivores, the bi-modality of the extinction pos-
terior distributions also arises from combining several mono-
modal distributions from all sampled trees. However, this bi-
modality represents the effect of phylogenetic uncertainty and
not the non-convergence of estimates, reinforcing the impor-
tance of our implemented modeling framework which explicitly
includes sources of phylogenetic uncertainty.
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FIGURE 1.1: (a) Posterior distributions of net diversification rates for
each dietary guild and (b-i) corresponding posterior distributions of
speciation and extinction rates. Bars on (a) represent the 95% cred-
ibility interval of each distribution and the dots the median of the
posterior distribution. In (b-i) colour-filled curves represent specia-
tion rates and white-filled curves represent extinction rates. The filled
and empty dots represent median values for speciation and extinction
rates, respectively.
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Figure 1.2 shows the credibility intervals at different significance
levels (95%, 90% and 80%) for the posterior distributions of dif-
ferences between the rates of all guilds as compared to those of
omnivores. This reveals that net diversification, speciation and
extinction of omnivores differ from other guilds in most cases
(Figure 1.2). Omnivores show a statistically significant lower di-
versification rate than all other guilds except insectivores where
this difference is marginal (Figure 1.2a). A similar pattern is
found in speciation rates, where omnivore rates are lower than
those of granivores, herbivores, nectarivores and frugivores (at
95% credibility interval (CI) for the first three guilds and 90% CI
only for the latter — Figure 1.2b). Even though extinction rate
differences are not as striking for some guilds as those for spe-
ciation rates (compare Figure 1.2c and Figure 1.2b), omnivores
show higher extinction rates than carnivores, frugivores, grani-
vores, nectarivores and piscivores (at a 90% CI). Omnivores also
have extinction rates that are marginally higher than those of
herbivores and insectivores.

Quantifying the transitions into different dietary guilds reveals
a prevalence of transition rates into omnivores rather than into
any other dietary guild (Figure 1.3; Figures A.11 and A.12). Her-
bivores and granivores show the highest transition rates into
omnivory, insectivores almost no transitions into omnivory or
any other diet, and other dietary guilds intermediate transition
levels into omnivory. Overall, these results suggest that all di-
etary guilds preferentially shift into omnivores, except insec-
tivores. This is also supported by a network analysis which
shows that eigenvector centrality (a measure of whether net-
work nodes —here dietary guilds— behave as preferential end-
points within a network) of omnivores is equal to 1, which is
significantly higher than expected by chance (permutation test
with 10000 permutations, p<0.0001 — Figure A.10). Estimates for
all other guilds show centrality values that are not significantly
different from the null model (Figure A.10). It is interesting to
note that the estimates of transition rates into omnivory suggest
that the overall rate of transition into omnivory (summing up
the transitions from all guilds) is at the same order of magni-
tude as the speciation rates for other guilds (compare the side
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FIGURE 1.2: Differences between net diversification (a), speciation
(b) and extinction (c) of all dietary guilds relative to omnivores. The
differences in rates are calculated by incorporating phylogenetic un-
certainty and therefore represent a posterior distribution of differ-
ences between the rate estimates of each guild compared to the rate
estimate of omnivores. Different transparencies for the colors indicate
different credibility intervals, and the dashed line indicates 0 (no dif-
ference). Positive values mean that the considered rate is higher for
each guild than the same rate for omnivores. Omnivores generally
show lower speciation and higher extinction rates, although differ-
ences are significant at different degrees of credibility depending on
the guild.

panels of Figure 1.1 with Figure 1.3).

1.4.3 Dietary niche overlap

Each species has its dietary preferences described by a vector
of diet items (i.e. vertebrates, fruits, seeds, invertebrates etc.)
whose scores sum up to 10, and each of these scores represent
the proportion that a given food item is consumed in the diet of
a given species. To explore the multi-dimensional dietary sim-
ilarity among guilds we used a principal component analysis
(PCA) on the complete vector of diets for each species. This
analysis shows that within the first three PCA axes the omni-
vores occupy intermediate positions relative to all other dietary
guilds, having a considerable overlap with them. In contrast,
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other guilds show little overlap with each other at least in one of
the three PCAs (Figure A.14). Higher overlap of omnivores with
other guilds is also reflected in the mean Euclidean distance be-
tween each species in the orthogonal space formed by the first
three PCA axes (Table 1.2). Omnivorous species show greater
mean distance within their own guild than do non-omnivorous
species within their own guilds. Additionally, average distances
between omnivores and species within each other guild are usu-
ally similar while the average distances between species of spe-
cialized guilds and of other guilds (including omnivores) can
be highly variable and for many comparisons higher (Table 1.2).
These results mean that omnivore guild is more centrally posi-
tioned in a coarse dietary space (see also figure A.14). Finally, we
also explored the patterns of overlap between omnivores and
species of other guilds. All omnivores include at least some in-
sects in their diet (Figure A.15). Fruits and grains also show con-
siderable prevalence in their diet, but carrion is rarely consumed
by omnivores (Figure A.15). Overall, these results support the
idea that diet overlap of omnivores with other guilds is high.
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1.4.4 Model performance and adequacy

Our four auxiliary analyses showed that, in our particular case,
it is very unlikely that the statistical methods (MuSSE) and the
diet classification scheme produced spurious associations be-
tween diet and diversification dynamics. First, we show that
simulations using empirical transition rates and no association
between speciation/extinction rates and trait states do not re-
cover the speciation and extinction dynamics seen in the empir-
ical analyses (figures A.16 and A.17). Second, a model adequacy
test suggested that the simulations using all estimated param-
eters produced a range of diet proportions that encompass the
proportions of diets as observed in the empirical dataset (fig-
ure A.18). Third, the diversification dynamics observed in sub-
clades of the whole phylogenetic tree showed partial concor-
dance with our main results, especially that extinction rates of
omnivores tend to be higher than those of any other dietary
guild (figure A.19). The results for speciation and transition
rates within species-rich sub-clades (Passeriformes, Piciformes,
Psittaciformes and Charadriiformes) were inconclusive and dif-
ficult to interpreted (see supplementary results in Appendix A
and figure A.19). Higher transition rates into omnivory were
sometimes also recovered in these sub-clades, but for the sub-
clade analysis, as opposed to the whole tree analysis, specia-
tion rate became relatively more important on generating om-
nivore species than the transition rates. This change in rela-
tive importance (speciation being the main process of forma-
tion of new omnivore species) suggests that the speciation and
transition dynamics are interrelated, making a comparison with
the full phylogenetic tree not straightforward (see supplemen-
tary results in Appendix A for further discussion). Finally, we
performed a fourth test to evaluate the sensitivity of our diet
classification scheme. Using a more inclusive categorization
of omnivory did not change our main results, i.e. that om-
nivory can be seen as a macroevolutionary sink (figures A.20
- A.24). Hence, for the analysis presented here we suggest that
the MuSSE model provides reliable rate estimates and that the
qualitative results and conclusions derived from the whole tree
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analysis are robust. We therefore focus the discussion only on
the main results.

Nectarivores

0.0
./004/"017

Herbivores

FIGURE 1.3: Network depicting the estimated transition rates (links)
between dietary guilds (nodes). The intensity of each directed link is
proportional to the median of the posterior distributions of transition
rates. All transition rates smaller than 0.001 were omitted in the figure
for better visualization. Numbers above the links correspond to the
median value of the posterior distribution of the corresponding rate.
Transitions towards omnivores are more common than any other di-
rection of transition, and omnivory is the only guild that is signifi-
cantly more connected than expected by chance (null model analysis,
p<0.0001).
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1.5 Discussion

Diet has a clear association with the diversification dynamics of
birds. Most prominently, omnivores show lower (and even neg-
ative) net diversification rates compared to the positive rates of
all other guilds (Figure 1.1). Our results suggest that this dis-
tinct evolutionary dynamic exhibited by omnivores arises from
the interplay between significantly lower speciation rates and
significantly higher extinction rates when compared to other
guilds (Figure 1.2). Estimating speciation and extinction rates
from molecular phylogenies has limitations (Rabosky, 2010, but
see Beaulieu and O’Meara, 2015), but we highlight that our main
conclusions are based on qualitative differences between omni-
vores and other dietary guilds rather than on the precise rate es-
timates. Interestingly, we further observed that transitions into
omnivory occur at much higher rates than into any other guild
(Figure 1.3) and that those transition rates occur in the same
order of magnitude as the estimated speciation rates of other
guilds. This result suggests that omnivory acts as a macroevo-
lutionary sink where generalized diets are only transient. This
sink behavior might be a more widespread pattern in tetrapods
because similar dynamics have also been suggested for mam-
mals (Price et al., 2012).

Lower speciation rates and higher extinction rates of omnivores
in mammals (Price et al., 2012) were obtained by defining om-
nivory as eating similar proportions of plant and meat com-
pared to two other trophic levels (i.e. carnivores and herbi-
vores). However, at lower taxonomic levels within the mam-
malian tree of life such results differ among lineages. For in-
stance, diversification rates have also been found to be lower
for more generalized bat lineages that complement their frugiv-
orous diet with other food items (i.e. nectar and pollen) rela-
tive to more specialized frugivore lineages (Rojas et al., 2012).
In contrast, in ruminants the grazing and mixed-feeding strate-
gies have both higher diversification rates than browsing (Can-
talapiedra et al., 2014). In general, lower diversification rates of
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omnivores could be explained by the ecological tenet that gen-
eralist species might be at a disadvantage when competing with
specialists (Btichi and Vuilleumier, 2014). Such a “jack-of-all
trades is a master of none” mechanism (species that can utilize
several resources while performing poorly at utilizing specific
resources; MacArthur and Pianka, 1966) could leave a signature
at the macroevolutionary scale.

According to (Godoy et al., 2014), two main characteristics de-
termine the coexistence probability of two or more species in the
same place: niche overlap and competition asymmetry. We sug-
gest that omnivorous species are at competitive disadvantage
relative to species of more specialized guilds due to both factors.
For niche overlap, our diet similarity analysis shows that om-
nivorous birds have a considerable degree of diet overlap with
species from at least two other dietary guilds. In fact, omnivo-
rous species have, on average, equivalent distances to other om-
nivorous species or to species belonging to other guilds (Table
1.2), indicated by similar average pairwise distances. Addition-
ally, omnivory has a more central position than other guilds on
all three PCA axes of the diet analysis, and always some de-
gree of overlap with other dietary guilds (Supplementary figure
14). When considering competitive asymmetry, species within
specialized dietary guilds should also show different levels of
specialization. For example, within insectivores there are some
highly specialized lineages. True antbirds (Thamnophilidae) are
specialized on eating mostly terrestrial invertebrates escaping
from army ant raids in tropical forests (O’Donnell et al., 2012),
and flycatchers (e.g. family Tyrannidae) are highly adapted
to catching their insect prey in flight. Dietary specialization
therefore plays an important role for competitive dynamics and
thereby might also influence evolutionary dynamics.

From an ecological point of view, several authors have pro-
posed that the fitness of specialists (usually assessed via pop-
ulation size) is higher when compared to generalists (Wilson
and Yoshimura, 1994, Straub et al., 2011). This can be explained
by trade-offs between performing well at acquiring a narrow
range of resources (e.g. hosts, food items, etc.) or having a
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wide range of resources at the cost of being worse at acquiring
them. When a specialist and a generalist species compete for
the specialist’s preferred resource, the specialist species should
ecologically outperform the other (Straub et al., 2011). This ex-
planation might be particularly true if resources are constantly
available, e.g. in relatively stable or aseasonal environments.
In contrast, specialists might be at disadvantage in places or at
times where the preferred resource is scarce or unpredictable
(Brown and Wilson, 1956; Wilson and Yoshimura, 1994).

If we expand this competitive scenario to a situation where om-
nivores share their resources with multiple different special-
ists, we hypothesize that over longer time scales omnivores
would be systematically at a competitive disadvantage due to
both high niche overlap and competition asymmetry. This
would ultimately lead to very low abundances of generalist
species (Straub et al.,, 2011) and possibly to local extinctions
(Hardin, 1960). The simultaneous competition with multiple
species might therefore translate into higher extinction rates at a
macroevolutionary scale, resulting in a high macroevolutionary
cost to omnivores. Assuming this scenario of multi-species com-
petition, an omnivore would be a “jack-of-all-trades” (a species
that can utilize several resources; MacArthur and Pianka, 1966)
trapped in an arena of ecological competition with multiple
competitors belonging to different guilds. Such a “master of
none” mechanism (i.e. species perform poorly at utilizing spe-
cific resources; MacArthur and Pianka, 1966) would lead to
macroevolutionary consequences at the species level, where the
“jacks of all trades” should show low speciation and/or high
extinction rates.

As outlined above, we suggest that higher extinction rates of
omnivorous birds are the result of competition with species
from multiple guilds. However, the generality of such a mech-
anism remains to be tested more widely given that a potential
association between lower diversification rate and a more gen-
eralized dietary guild has so far only been examined in mam-
mals (e.g. Price et al., 2012) and birds. Assuming that body
size is a proxy for ecological niche (Bonner, 2011), mammals
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might be responding to a similar mechanism as proposed here.
Mammalian omnivorous species show both lower diversifica-
tion rates (Price et al., 2012) as well as intermediate and over-
lapping body masses (i.e. intermediate and overlapping ecolog-
ical niches) when compared to herbivores and carnivores (Price
and Hopkins, 2015). Hence, inter-guild competition might be an
overlooked mechanism that is potentially important to explain
lower diversification rates of omnivorous species. Although
species level mechanisms or outcomes were at first widely re-
jected as being drivers of macroevolutionary dynamics, they are
now considered important mechanisms (6; Vrba, 1984; Rabosky
and McCune, 2010) and the ever-growing empirical studies that
show a pattern of trait-based diversification (Goldberg et al.,
2010, Rolland et al., 2014; Cantalapiedra et al., 2014) suggest that
it might indeed be a common phenomenon in determining the
evolutionary success of lineages with different traits (Coyne and
Orr, 2006; Rabosky and McCune, 2010).

Along with increased extinction rates, we also detected lower
speciation rates of omnivores relative to other guilds. The mech-
anism behind the association between low speciation rates and
omnivory is more elusive, but given that speciation and extinc-
tion rates are usually linked by the same mechanisms (Stanley,
1990, Gilinsky, 1994), it is possible that inter-guild competition
might also play a role here. If each guild is an adaptive zone
(sensu Van Valen, 1985) where the speciation process results in
the crowding of this adaptive zone, then higher rates of speci-
ation from multiple specialized guilds might result in a com-
pound “crowding” effect that reduces speciation rates of omni-
vores at the macroevolutionary scale. Alternatively, the lower
speciation rates of omnivores could also be explained by higher
extinction rates at the population level, whereby populations
experiencing high competition with multiple species are likely
to go extinct. In this scenario, some populations that are going
through a speciation process might not have enough time to be
fully separated into two different species, resulting in lower spe-
ciation rates at the macroevolutonary scale, a process that might
be referred to as ‘ephemeral speciation” (Rosenblum et al., 2012).
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Given the macro-evolutionary “costs” associated with om-
nivory (i.e. low speciation rates and high extinction rates),
it might seem surprising that this dietary guild still consti-
tutes such a considerable portion of extant bird diversity (1158
species, circa of 12%; see Table 1.1). From a deep-time perspec-
tive, a lineage with low diversification rates —especially those
with negative rates— should eventually disappear or at best re-
duce its diversity due to species sorting (Leibold et al., 2004;
Jablonski, 2008). We hypothesize the reason why omnivory has
not disappeared lies in the high transition rates into omnivory.

Our results show that transition rates into omnivory are sig-
nificantly higher than into any other dietary guild (Figure 1.3)
and that they occur at the same order of magnitude as the
speciation rates for other guilds. Moreover, network analy-
sis reveals that omnivory is the most central guild and that
diet shifts occur from all other dietary guilds into omnivory
more than one would expect by random (Supplementary figure
10). This suggests that omnivore lineages preferentially orig-
inate at the macroevolutionary scale via transitions, and not
through speciation. The reason why such transition rates are
so high could depend on selection driven by resource compe-
tition at the individual level. Omnivory could be favoured at
times or places with low abundance of a preferred resource or
when resource availability is highly unpredictable (Macarthur
and Levins, 1967; Wilson and Yoshimura, 1994). For instance,
climate variability (e.g. seasonality) clearly influences resource
availability and specialists might only survive if their resources
are continuously available and highly predictable (Macarthur
and Levins, 1967, Karr, 1976). For example, specialized nectari-
vores and frugivores only survive in places where seasonality is
low and hence resource availability relatively constant (Kissling
et al.,, 2012a). Granivores benefit in dry climates where seeds
are constantly available, whereas insectivores perform well in
the tropics where insects are available all year round (Kissling
et al., 2012a). Hence, a low spatio-temporal predictability of re-
sources as well as high environmental instability is likely to ben-
efit omnivores by setting a limit to the degree of specialization
(Macarthur and Levins, 1967). At macroevolutionary scales, this
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will influence diversification dynamics and increase transition
rates into omnivory.

A mixed-feeding diet has been shown to be beneficial for in-
dividuals belonging to different herbivore species across dif-
ferent animal groups (MacAarthur and Levins, 1964; Ballabeni
and Rahier, 2000, Lefcheck et al., 2013). If individual-level se-
lection is indeed an important factor for avian transitions into
omnivory, we can expect ancestral lineages to feed on resources
that were temporally limited, unpredictable, difficult to digest
or with poor nutrition. In birds, most transitions into om-
nivory come from granivores and herbivores, and herbivores
are represented with only few species (Table 1.1). Given such
low frequency and the fact that feeding exclusively on leaves
might represent a poor diet (Gaekde et al., 2002), selection pres-
sure to add new, perhaps more nutritious, food items could in-
deed drive the evolution of omnivory from herbivorous ances-
tral lineages. In the case of granivores, it is more likely that
resource availability plays an important role, but analogously
to the hypothesis of transitions from herbivores this hypoth-
esis remains to be properly tested. Interestingly, the transi-
tions into omnivores (Figure 1.3) and the detailed information
on their diets (Supplementary figure 15) suggest that transi-
tions into omnivory systematically include the addition of in-
sects. Insects might represent a predictable and protein-rich re-
source, but insectivory might also pose evolutionary challenges
such as the digestion of lipids (Afik and Karasov, 1995) and the
potential competition with more specialized insectivore species
(O’Donnell et al., 2012).

We propose that the diversification dynamics of different di-
etary guilds are driven by resource competition caused by deep-
time temporal and spatial changes in resource availability and
predictability. These fluctuations in resource availability and
predictability might create evolutionary pressures at two lev-
els of organization. At the individual/population level, these
fluctuations might promote transitions into omnivory in times
of food resource scarcity by selecting individuals/populations
that do not rely on single food items (Traveset et al., 2015). At
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the species level, the same climate and resource fluctuations
might result in more favorable conditions that would eventu-
ally bring back omnivore species in contact with species belong-
ing to multiple dietary guilds. In times or places with rela-
tively small changes in resource availability and predictability,
the more specialized guilds can rapidly (re)colonize areas where
omnivores emerged, possibly preventing the transitions of om-
nivores back into other more specialized guilds due to the ve-
locity of migration in relation to selection. This would explain
the higher extinction rates of omnivores. Such a selection mo-
saic (sensu Thompson, 2005) of resource distribution and com-
petition would therefore mediate the macroevolutionary fate of
omnivores and specialized dietary guilds (Price et al., 2012).

Even though it is challenging to directly test mechanistic hy-
potheses at a macroevolutionary scale, we suspect that such
a competitive mechanism acting at both the species and indi-
vidual level should not only result in specific macroevolution-
ary patterns (e.g. higher extinction rates of omnivores), but
also in macroecological predictions. At broad spatial scales,
we therefore predict that the spatial distribution of omnivorous
species peaks in places where co-occurrence of specialized di-
etary guilds is low. For instance, the relatively stable, long-term
(Cenozoic) availability of rainforest climates in South America
(Kissling et al., 2012b) coincides with a low diversity of omni-
vores and high diversity of species belonging to specialized di-
etary guilds such as granivores, frugivores, nectarivores, insec-
tivores and carnivores (Kissling et al., 2012a).

Expanding these ideas into the Anthropocene where human-
driven global change is homogenizing biological communities
and eliminating the resources of many specialist species, we
expect that a shift in the competitive dynamics between gen-
eralists and specialist species will occur. Globally, generalist
bird species are at a much lower risk of extinction than spe-
cialists, and in birds there is an observed positive relationship
between increased specialization and increased risk of human-
driven extinction (Sekercioglu, 2011). Hence, ongoing human-
driven changes are likely to distort future macroevolutionary
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dynamics by changing diversification rates and favoring gen-
eralist species at the expense of specialists.

Irrespective of the mechanism, our results support the notion
that omnivory is a macroevolutionary sink, i.e. a transient state
in bird evolutionary history. This dynamic seems to be af-
fected by two different hierarchical processes. On the one hand,
species sorting through higher extinction rates and lower specia-
tion rates will lower species richness of omnivores through time.
On the other hand, selection —presumably driven by changes in
resource abundance and predictability— brings species diver-
sity of omnivores back and results in higher transition rates into
omnivory at the macroevolutionary scale. The ecological mech-
anisms behind these macroevolutionary dynamics are difficult
to test, but the available data suggest that the interplay between
intra- and inter-guild competition might lie at the heart of this
macroevolutionary game of the “jack-of-all trades is a master of
none”.
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Chapter 2

How well can we estimate diversity
dynamics for clades in diversity
decline?

BURIN, GusTtAvO; ALENCAR, LAURA R. V.; CHANG,
JONATHAN; ALFARO, MICHAEL E.; QUENTAL, TIAGO B.

This chapter is currently under its second round of review at Systematic Biology

2.1 Abstract

The fossil record shows that the vast majority of all species that
ever existed are extinct and that most lineages go through an
expansion and decline in diversity. However, molecular phylo-
genies have largely failed to correctly infer extinction dynamics
rendering themselves potentially unsuitable for detecting pat-
terns of diversity decline, especially if we want to recover how
rates have changed through time and the relative importance
of changes in speciation and extinction in governing diversifi-
cation dynamics. Two recently developed methods (RPANDA
and BAMM) that permit extinction to be higher than speciation
might be able to detect these decline patterns based solely on
molecular data, although neither method have been thoroughly
tested. Here we investigate the behavior of those two meth-
ods under two scenarios of diversity decline (i.e. negative di-
versification rates at the present). In the first scenario we sim-
ulate phylogenetic trees where diversity decline is solely con-
trolled by decreasing speciation, while in the second scenario
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it is solely determined by increasing extinction rates through
time. Because phylogenetic trees might capture the clade di-
versity trajectory at different phases each tree was trimmed in
different points in time to simulate molecular phylogenies with
different underlying intensities of diversity loss. We fit both
RPANDA and BAMM to all trees at all time slices to compare
the simulated and estimated rates to assess parameter estimate
accuracy, potential biases and hence compare the performance
of both methods. Lastly we compared their diversification rate
estimates for a comprehensive dataset of 214 empirical trees.
Our results show that both methods perform equally well in
the varying speciation scenario, and were able to properly re-
construct the diversification dynamics for the whole history of
clade. For the varying extinction scenario rates at the present
are reasonably well estimated, but both methods wrongly as-
sign the variation in net diversification to a change in specia-
tion instead of the simulated change in extinction. Diversifi-
cation estimates for empirical trees revealed differences in the
identification of declining clades between the methods: increas-
ing extinction was identified in 67 and 13 out of 214 trees for
RPANDA and BAMM, respectively and decreasing speciation
rate was identified in 48 and 160 out of 214 trees for RPANDA
and BAMM, respectively. We suggest that under a simple di-
versification scenario both methods might be able to estimate
negative diversification rates at present, but could fail to infer
how rates change at deep time and might need additional in-
formation in empirical analyses. This behavior of assigning the
variation on net diversification rate to speciation when extinc-
tion varies challenge not only the idea that slow-downs in spe-
ciation are a common macroevolutionary phenomenon but also
our hope for molecular phylogenies to properly estimate diver-
sification dynamics when it is driven by changes in extinction
rate.

Keywords: Diversification, Diversity Decline, Macroevolution,
Speciation, Extinction, RPANDA, BAMM, Simulations, Verte-
brates
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2.2 Introduction

Understanding how biodiversity changes over geological time
scales is of key importance to understand the mechanisms that
shaped past and current biodiversity. Most species to ever exist
on the planet have gone extinct, and extinction shapes clade-
level diversity patterns as well (Raup, 1986; Foote, 2007; Liow
and Stenseth, 2007; Quental and Marshall, 2013); Silvestro et
al., 2015. Traditionally, paleontologists have assessed extinc-
tion and origination using the fossil record to understand the
deep time processes that shape biodiversity. These studies have
helped to clarify several extinction-related processes including
mass extinction events and biodiversity rebounds (Roopnarine,
2006; Stanley, 2007), the possibility that diversity might regulate
itself (Sepkoski 1978, 1979, 1984; Alroy, 1996), that the diversity
dynamics of different clades might be interconnected (Liow et
al., 2015; Silvestro et al., 2015) and the fact that the diversity de-
cline might be controlled by both a drop in speciation as a rise in
extinction (Gilinsky and Bambach, 1987; Quental and Marshall,
2013).

The fossil record provides the most direct way of estimating ex-
tinction and speciation through time (Nichols and Pollock, 1983;
Quental and Marshall, 2009; Quental and Marshall, 2010), how-
ever the degree of incompleteness of the record may potentially
limit inferences of such rates (Peters, 2005; Alroy et al., 2010).
Over the last several decades methods that explicitly account for
sampling and preservation biases have been developed (e.g. Al-
roy, 1996; Foote, 2007; Silvestro et al., 2014a; Starrfelt and Liow,
2016); however these methods still require a minimum amount
of stratigraphic information. Hence many groups do not have
a fossil record good enough to allow researchers to reliably de-
scribe patterns and infer processes that might govern biodiver-
sity dynamics.

The advent of statistical methods that promise to estimate spe-

ciation and extinction rates solely from molecular phylogenies
(Nee et al., 1994; Stadler, 2013b; Morlon, 2014; Rabosky, 2014)
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and the unprecedented recent accumulation of molecular phylo-
genies represent an alternative with potentially a much broader
taxonomic range than the fossil record. From simple constant-
rate birth-death models (Nee et al., 1994) to complex bayesian
models (Rabosky, 2014), through trait-dependent speciation and
extinction (FitzJohn, 2012), these models have been heavily used
in the past two decades. The use of those phylogenies have not
only allowed researchers to evaluate the diversification dynam-
ics of several types of organisms with a poor fossil record such as
birds for instance (Huang and Rabosky, 2014; Burin et al., 2016),
but also opened up the possibility for broader generalizations
due to the paramount quantity of molecular data.

Several authors have cautioned against the ability of birth-death
models to properly infer extinction rates (Rabosky, 2010, but
see Beaulieu and O’Meara, 2015 and Rabosky and Goldberg,
2015) and hence properly detect diversity decline (Quental and
Marshall, 2010). In fact, with few exceptions, most studies us-
ing molecular phylogenies either suggests very small extinction
rates (e.g. Rabosky, 2014; Alencar et al., 2016) or that diver-
sity is either increasing or at best plateauing (e.g. Morlon et
al., 2010; Rabosky, 2014). These diversification patterns could
be due to limitations inherent from the available data (Ricklefs,
2007; Barraclough and Nee, 2001), to a general interest in ra-
diating lineages, but could also be due to the inability of the
methods available at the time to properly detect decline in di-
versity from molecular phylogenies. Those patterns are clearly
inconsistent with what we known from the fossil record, and
this inconsistency has in fact spurred the development of new
tools that allow extinction to be higher than speciation (Morlon
et al., 2011; Rabosky, 2014).

Studies have suggested that molecular phylogenies alone are
not enough to fully assess the diversification dynamics of clades
(Quental and Marshall, 2010), especially if the clade of inter-
est is thought to be in diversity decline (i.e. clades that had a
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higher species diversity in the past than they have today) (Quen-
tal and Marshall, 2011). However, two recently developed meth-
ods are theoretically able to detect diversity decline in molecu-
lar phylogenies (Morlon et al., 2011; Rabosky, 2014). The first
method is a likelihood-based model that allows the fitting and
selection of multiple models on a priori selected trees (Morlon
et al.,, 2011; Morlon, 2014); this method is implemented in the
RPANDA package (Morlon et al., 2016), and we will refer to it
as 'RPANDA’ for simplicity. The second method, BAMM (Ra-
bosky, 2014) relies on a reversible-jump MCMC algorithm to
detect shifts in diversification rates and get average rates for
the whole tree. As both methods were primarily tested using
the cetacean phylogeny (Morlon et al.,, 2011, Rabosky, 2014),
the contrasting results sheds light on their differences. In their
initial study, Morlon et all (2011) showed that RPANDA recov-
ered a diversity decline for Cetaceans and, across some sections
of biologically relevant parameter space. Conversely, BAMM’s
cetacean rate estimates suggest expanding diversity (Rabosky;,
2014). The fossil record on the other hand suggests that a drop
in speciation is of primary importance in the decline dynamics
not only for cetaceans (Quental and Marshall, 2010), but also
for many other organisms (Gilinsky and Bambach, 1987; Quen-
tal and Marshall, 2013; Silvestro et al., 2015; Silvestro et al.,
2014a). Given that molecular phylogenies allow researchers to
indirectly estimate the contribution of speciation and extinction
regimes, it is possible that such methods might have a difficult
time in properly estimating their individual changes. Addition-
ally, apart from Cetacea, other examples of diversity decline de-
tected in molecular phylogenies either using the RPANDA or
BAMM are extremely rare (see Discussion). In contrast clades
declining in diversity comprise a pattern commonly seen in the
fossil record. Although such rarity is not direct evidence, given
what we know from the fossil record it is unlikely that almost
all clades ever studied using molecular phylogenies belong to a

dynamics of either expansion or equilibrium diversity (Quental
and Marshall, 2010).

An additional challenge to the estimation of extinction from
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molecular phylogenies lies in the changing phylogenetic signa-
ture of the diversification dynamics as the diversification pro-
cess unfolds (Liow et al., 2010; Quental and Marshall, 2011).
It is therefore possible that the success of birth-death meth-
ods in properly inferring the extinction and speciation regimes
changes as times goes by. Despite the existence of methods that
can now theoretically detect decline in diversity, and the explo-
sion in diversification studies, the paucity of examples estimat-
ing diversity decline from molecular phylogenies is in strong
contradiction with the overwhelming signal of decline seen in
paleontological studies. Apart from those studies mentioned
above, we are unaware of any other study that has systemati-
cally investigated the effect of time on our ability to infer the
diversification dynamics, in particular for a decline scenario.
We feel that none of those two methods were properly tested
regarding their ability in estimating diversification rates in di-
versity decline, specially if we consider different moments of a
given diversification processes. In fact only one study (Morlon
etal., 2011) has directly investigated with simulations our ability
to detect diversity decline, although with a parameter space a lot
more restricted than the one used here (see methods). More im-
portantly, if indeed those methods have a difficult time estimat-
ing extinction rates (Rabosky, 2010), their ability to unravel the
separate dynamics of speciation and extinction under a scenario
of diversity decline, where extinction clearly plays an impor-
tant role, deserves full attention and a thorough investigation.
If the current, state-of-the-art birth-death methods can reliably
estimate diversification from molecular phylogenies, in particu-
lar the ability to distinguish expansion, equilibrium and decline
diversity scenarios, they could allow researchers to scan the tree
of life with no taxonomic limitation, opening up the possibility
for broad generalizations.

Here we present a broad analysis to compare the ability of the
two most recent and promising methods on estimating diversifi-
cation dynamics, with special attention to their ability to detect
diversity decline and properly infer the role of speciation and
extinction on controlling such dynamics. We address three main
questions: 1) Do any of the two recent frameworks (RPANDA
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and BAMM) show a better performance when estimating rates
of diversification under different scenarios of decline in diver-
sity? 2) Can we use both methods to tell apart scenarios in which
decline is caused by decreasing speciation rates from scenar-
ios in which the decline is determined by increasing extinction
rates, therefore being able to correctly reconstruct the diversity
trajectory in deep time? 3) Does the ability of each method to
properly infer changes in speciation and extinction rates, and
their net result, depend on the intensity of the decline? To ad-
dress these questions, we investigate a range of evolutionary
scenarios over a comprehensive parameter space at different
points in time in a clade’s history to determine when declines in
clade diversity are detectable and how reliable are the dynam-
ics inferences. Under the light of the results from the simulation
dataset, we analyzed a comprehensive dataset of empirical trees
to address how both methods perform in "real world" scenarios.

2.3 Material and Methods

2.3.1 Workflow

The workflow for the simulation portion of our study consists
of four major steps (Fig. 2.1). First, we simulated 2000 trees
for each of two different diversification scenarios. In the first
scenario the decline in diversity comes from varying (decreas-
ing) speciation and constant extinction rates (hereafter called
SPuvar), and the second scenario consists of constant specia-
tion and varying (increasing) extinction rates (hereafter called
EXwvar). Throughout this paper, we will consider a tree to be in
decline in diversity if the estimated extinction rate is higher than
the speciation rate at the present (i.e. at the tips of the tree). Sec-
ond, we perform a “time travel procedure” wherein each simu-
lated tree is trimmed in a pre-determined point in time to emu-
late what a given molecular phylogeny would look like in dif-
ferent phases of the decline process. Third, we fit both methods
to the simulated trees, in order to obtain the diversification rates
estimates. Finally, we analyze the performance of the models
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by evaluating the relationship between estimated and simulated
rates.
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FIGURE 2.1: Schematic representation of the workflow of the study.
The top panel represents the main steps of tree simulation and rate es-
timation (with I - IV being the main sections of the protocol described
below), and the bottom panels show a cartoon example of the diver-
sity trajectory we simulated as well as an example tree showing the
time slices used on the study. (80% Rising = 80% of peak diversity in
the diversity expansion phase; 80%/50%/20% Left = 80% /50%/20%
of peak diversity in the decline phase).

I: Simulations

The first step consisted of simulating trees for two different di-
versification scenarios: the first scenario was characterized by
an exponential decline on speciation rates and constant extinc-
tion rates through time (SPvar, 2.1), whereas the second scenario
consisted of constant speciation rates and saturating increase on
extinction rates over time (EXwvar, 2.1). We chose the saturating
increase instead of an exponential increase for the EXvar sce-
nario so the variation in net diversification between both scenar-
ios would follow the same pattern. For these two scenarios, four
parameters (initial and/or final speciation and extinction rates)
were combined three by three according to each scenario: for
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TABLE 2.1: Models of rate variation from the root to the tips and
ranges of the uniform distributions from which each parameter
was sampled in the two simulated scenarios (SPvar and EXvar)

Rate Variation Parameter Range
Speciation Extinction A o 7 B
0-10 0-2
— —at — -
SPoar A(t) = Aoe ult) = p (initial) 0-1 (constant) NA
0-10 0-10
= = — _ﬂt -
EXvar At) = A p(t) = pp — (ppe™"") (constant) NA (final) 0-1

SPuar, we used two parameters for speciation rates (initial spe-
ciation \y and decaying rate ) and one parameter for extinction
rates ;. In the second scenario (EXvar), we used one parameter
for speciation rates (\) and two for extinction rates (initial ex-
tinction 1) and increase rate (3). These values were sampled ran-
domly for each of the simulations (simulation process described
below) from uniform distributions bounded by the values pre-
sented in 2.1.

Based on the range of values shown in Table 2.1, we simulated
2000 trees for each scenario. For each simulation, we followed
the same three steps: (1) The three parameters necessary for
the simulations were randomly sampled from uniform distri-
butions with limits described in Table 1. With the combination
of the three parameters, we calculated the time expected for the
tree to reach its peak diversity, i.e., the time when speciation and
extinction rates are equal (¢,c.x), as well as the expected maxi-
mum number of species. (2) We then estimated the time where
the tree is expected to have only 20% of its diversity after pass-
ing its peak diversity, and designated this the total simulation
time. (3) Finally, we ran each individual simulation using their
three sampled parameters and the time of 20% after passing
its peak diversity. For the simulations we used a script kindly
provided by Dr. Hélene Morlon, that is available on github ().
Should the simulated tree reach more than 20000 species at any
point in time, or should the tree go extinct before the defined
time, the sampled parameters were recorded, discarded and the
steps 1-3 were repeated to generate all the 2000 viable trees.

The simulations for both scenarios allowed us to explore two
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different regions of the parameter space. Due to particular dif-
ferences between the models for varying speciation and varying
extinction and our desire to have a similar change in net diver-
sification the values chosen for the uniform distribution from
which extinction rates (1) was sampled were distinct from the
range of values chosen to speciation rates (). It is important to
note that in one scenario we have fixed extinction (or speciation)
while in the other we had varying extinction (or speciation);
hence it is difficult to compare the explored parameter spaces
between the two scenarios (Fig. 2.2 panels a and b). Given the
simulations limitations related to either phylogenies dying be-
fore the stipulated time or growing extremely large, the param-
eter space explored is constrained among certain values. We
also note that in the varying extinction scenario (EXvar) the final
values of extinction can be extremely high and a lot higher than
many empirical estimates. This is also the result of the model
particularities where the only way to make the net diversifica-
tion rate change in a similar fashion as in the other scenario (e.g.
for this rate to be negative for the final part of the life of the
tree, and to guarantee that the tree survives and diversifies) is
to start with high values of constant speciation and a consider-
able rise in extinction from its initial value of zero. Although
some of those final extinction rate values might seem unrealistic
(in the order of 10 species per lineage per million years), for the
purpose of model performance comparison they should not be
a problem. For example, one could rescale the process to unfold
at 10 times slower by decreasing the rates by a factor of 10. That
would make the rate absolute values similar to empirical ones
but the relative relationships between the rates would remain
similar to the ones presented here. Lastly it should be noted that
those extremely high extinction values are only experienced at
the end of the simulation process.

II: Time travel, pruning and summary statistics

Since the historical information stored in a phylogeny changes
through its evolutionary history, our studied assessed model
performance at four different phases in the history of the clade.
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Thus the following step of the protocol consisted of using the
2000 simulated trees that are in a late stage of decline that cor-
responds to 20% of its diversity after passing its peak diversity
(hereafter called 20left, which refers to the percentage of peak
diversity remaining) and time-travelling back to the expected
times when each of these trees would have had lost 50% and
20% of peak diversity (hereafter called 50left and 80left, respec-
tively, which refers to the percentage of peak diversity left), as
well as when the trees would have had 20% less species than
at their peak diversity during the expansion phase (hereafter
called 80rise, which refers to the percentage of peak diversity
attained at this time slice prior to the decline - see fig. 1 for
all time slices). So, analogously to step (2) of the simulation
step (see above), we estimated the time when the trees were
expected to have reached 50% and 80% of the peak diversity
in the decline phase and 80% of peak diversity in the expan-
sion phase, and then used the function timeSliceTree from the
paleotree package in R (Bapst, 2012) to slice the 2000 trees in
the corresponding periods in the past to generate new trees. To
properly do this we kept the extinct species in the original sim-
ulations (dropping them before time traveling would yield trees
that were not the perfect representation of that tree at a given
point in the past). After the time-traveling step for both scenar-
ios, the extinct species were pruned from all of the 16000 result-
ing complete trees, and these trees were used in the final step of
the workflow. Those trees represent what would be a molecular
phylogeny had one capture the processes at that particular point
in time.

We characterized all simulated trees at both scenarios and at all
time slices using three frequently used features: number of tips,
age of the tree, and the gamma statistics (Pybus and Harvey,
2000). The gamma statistics is known to be strongly dependent
on tree size (number of tips); therefore, we used a version of the
gamma value that is standardized in relation to the maximum
possible value of gamma (Quental and Marshall, 2011) for a tree

with the same number of tips, calculated according to equations
(1) and (2):
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III: Model fitting and parameter estimation

Parameter estimation in RPANDA and BAMM reflect the differ-
ences in the underlying statistical frameworks of these methods.
RPANDA'’s parameter estimation is based on a model selection
approach, based on Maximum Likelihood estimation. In this ap-
proach, the user provides one or more models (functions) of rate
variation through time, and RPANDA estimates the parameter
combination that maximizes the likelihood of each model (Mor-
lon et al., 2016). This is valid for both speciation and extinction.
In contrast, BAMM is a Bayesian method that uses a reversible-
jump MCMC algorithm to explore the posterior distributions
of parameters, while it simultaneously tests for the presence of
shifts in the diversification regime within the tree and test differ-
ent diversification models for each regime (Rabosky, 2014). For
each regime, BAMM estimates the parameters of an exponential
increase or decrease in speciation (following the model present
in the first cell of Table 2.1), and the parameters for a constant
extinction model. In all cases model and parameter estimation,
was restricted to trees with more than two tips (but note that the
vast majority of trees had a lot more tips than that; see fig. 2.2).
Based on the differences between the two methods, we adopted
a slightly different approach for each one, which are described
in the corresponding sections.

RPANDA — To estimate speciation and extinction regimes we
performed model selection using RPANDA by testing all possi-
ble pairwise combinations between constant and time-varying
speciation and extinction rates, using all the four rate variation
models presented in table 1. We called each of the pairwise com-
binations as: BOTHcst (both rates constant); SPvar (varying spe-
ciation and constant extinction); EXvar (constant speciation and
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varying extinction); BOTHuvar (both rates varying). Thus, for
each of the 16000 trees (which include trees in all time slices) we
provided the 4 model combinations and selected the best model
based on the Akaike’s Information Criterion corrected for finite
sample sizes (AICc). RPANDA estimates the values for the pa-
rameters at the present and the rate of change for those models
where one or both of the rates vary through time. To infer the
rates at the origin of the clade we used the parameter estimates,
the corresponded model, and the simulated time for each in-
dividual tree of interest. All RPANDA analyses were done in
parallel within R environment (R Core Team, 2016) using the
packages dplyr, foreach, doMC and RPANDA (Wickham and
Francois, 2016; Analytics and Weston, 2015a, Analytics and We-
ston, 2015b; Morlon et al., 2016).

These fitting exercises included the true simulated combination
of rate variation models plus 3 more (see 2.1). We used AAICc
greater than 2 to pick the best model, irrespective if it was the
true simulated model. The best model was then used as the best
estimate for each individual tree. We could have otherwise used
only the simulated model but that would make the comparison
with BAMM unfair given that in reality we do know which one
is the true model and BAMM in fact cannot perform model test
among different models provided by the user.

BAMM — To estimate the speciation and extinction regimes in
BAMM we obtained the mean speciation and extinction rates at
the tips and at the root of the tree, as well as the increase/decay
parameter for speciation. The control files containing impor-
tant information for BAMM such as prior parameters and chain
length were set individually for each tree using parameters es-
timated using the BAMMtools package (Rabosky et al., 2014),
and all BAMM analysis were run in parallel using the GNU par-
allel shell tool (Tange, 2011) and the latest BAMM version (2.5;
Rabosky, 2014). After running BAMM, the resulting files were
imported in R and processed to retrieve the rates using the pack-
age BAMMtools (Rabosky et al., 2014).

We should also note that the scenario with only varying spe-
ciation (SPvar) yields the most direct comparisons between the
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methods, given that the current version of BAMM does not al-
low a test for varying extinction rates. Even though the varying
extinction scenario (EXvar) is only implemented in RPANDA,
we decided to also use BAMM to estimate rates under this sce-
nario not only to compare the methods, but more importantly to
understand the behavior of both methods in a potentially more
complicated scenario. This is justified given that it is an evo-
lutionary plausible scenario, and from a given molecular phy-
logeny there is no a priori justification to exclude such scenario
as a potential one.

Empirical trees —We fitted both RPANDA and BAMM to 214
empirical trees. The trees used here are the same as the trees
used by Lewitus and Morlon, 2016, and include trees of all five
major vertebrate groups (fishes, amphibians, reptiles, birds and
mammals). For RPANDA, we fitted all four models used in the
simulation analysis plus a fifth model that represented an ex-
ponential increase in both speciation and extinction (hereafter
called BOTHexp). Different from our simulations, which only
had diversity decline, a scenario of increasing expansion in di-
versity is possible. For BAMM, we estimated the set of parame-
ters for each tree individually using the BAMMTtools package for
R. Since there was only one tree (Muridae, 680 species) slightly
larger than the recommended size for the "expected number of
shifts" parameter to be set as 1, we used 1 for all trees. The es-
timated rates were then summarized following the same proto-
col as for the simulated trees, the only addition being that for
the empirical trees we estimated the values for each parameter
via model averaging, in addition to analyzing the results for the
best selected model (AAICc > 2; only the best model was con-
sidered for trees with AAICc < 2). These estimates consisted
in the parameter values in each of the four models averaged
by their respective Akaike weights. We do not know which
model is the true model that shaped the diversity of each empir-
ical clade, whereas for the simulated dataset we knew the true
model in each scenario. Therefore, we used the model averag-
ing approach only for the empirical estimates. Lastly, we fitted
linear models to the each of the estimated rates of both meth-
ods (speciation, extinction and net diversification) both at the
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tips and at the root to help us better understand the differences
between the parameter estimates.

IV: Performance Analysis

All the results from the parameter estimation for all 16000 trees
were tabulated, and used to evaluate the performance of the two
methods both visually through estimated by simulated plots,
and using goodness of fit metrics such as sum of squared devi-
ations from the perfect fit (when estimated = simulated). Addi-
tionally, we considered that a tree was in diversity decline (here-
after called only "decline") when the extinction rate at present is
higher than the speciation rate at present for all analyzed time
slices.

2.4 Results

2.4.1 Simulations

Our results indicate that the collection of viable trees allowed
us to greatly expand the parameter space explored by Morlon
et al (2011) and explore the total parameter space delimited by
the values present in table 1 in a comprehensive manner (figure
2.2a and b). Our simulations also resulted in trees with simi-
lar size and depth distributions for both scenarios (figure 2.2c
and d), with trees ranging from 2 to more than 6000 species, and
from 3.3 to 100 million years of age. Hence the simulations of
both scenarios resulted in a virtually indistinguishable distribu-
tion of phylogenies with respect to total time and richness. The
branching patterns on the other hand are very different. The
standardized gamma statistics distributions of both scenarios
have very little overlap (figure 2.2e), being predominantly neg-
ative for SPovar and positive for more than 98% of the trees at
EXvar.
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2.4.2 Fitting

We present the results of three out of the four time slices (80rise,
80left and 20left, respectively). The results for the 50left time slice
are qualitatively similar to the ones presented below and hence
are only presented in the supplemental material (figs. B.1-B.4).
The predominantly positive estimated values of net diversifica-
tion rates for the 80rise time slice indicate that there is no bias
towards falsely detecting decline for both methods in both sce-
narios (panels a and d of figures B.1 and B.2), nor any bias in es-
timating individual rates of speciation and extinction (figs. B.3
and B.4 panels a, d, g and j). Hence we focus on the two other
time slices, which represent our main interest in diversity de-
cline.

SPvar — RPANDA selects the "true" model for the vast majority
of the trees (91% for the 80left time slice and 87.5% for the 20left
time slice - Table 2.2). The good performance of RPANDA on
estimating net diversification is due to the non-biased and accu-
rate estimation of both speciation and extinction rates at present
(Fig. 2.3 panels b, ¢, g, h and i, and figs. B.1, B.3, B.4, and B.5),
with a very small bias for both rates in the smaller trees (figs. B.3,
and B.4). Extinction rate is frequently estimated to be very close
to zero when the BOTHcst model is selected. Thus, RPANDA
does not detect decline for a few trees in both time slices, espe-
cially when the best model selected is BOTHcst. RPANDA esti-
mates of net diversification show little bias for both time slices
(80left and 20left - figs. B.1, and B.5). When the most complex
model (BOTHuvar) was selected, the estimates of net diversifi-
cation are highly negative, overestimating the pace of diversity
decline for those trees (fig. B.1 panels B, and C), especially for
moderately sized trees.

In the SPvar scenario, RPANDA detected a single best model for
the majority of trees (table 2.3). Additionally, it is worth noticing
that even when more than one model were equally likely, the

true model was among the best models for the vast majority of
trees (table B.1).
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TABLE 2.2: Number of trees for which RPANDA choses each

of the four tested models as the best model in both scenarios.

First row indicates the true simulated model in each scenario.

Numbers in bold show the instance where the correct model
was chosen.

SPvar EXvar
Model  80rise 80left 20left 80rise 80left 20left

BOTHcst 335 79 108 673 222 443
EXvar 69 1 3 10 10 34
SPvar 1538 1821 1749 1210 1635 1376

BOTHovar 58 99 140 107 135 147

TABLE 2.3: Number of trees for which RPANDA choses each
number of equally likely models based on the AICc differences

(AAICc > 2)
Number of Equally
likely models SPoar EXoar

80rise  80left 20left 80rise 80left 20left
1 1282 1466 1601 856 1125 1274

2 641 530 368 912 795 637

3 73 3 18 190 68 77

4 4 1 13 42 12 12

Similarly, BAMM is able to detect decline (negative diversifica-
tion at present) for most trees in both time slices (fig. B.1 panels
e, and f). However BAMM produced slightly negatively biased
estimates (fig. B.1 panels e, and f, and fig. B.8). This bias is more
evident for small trees (up to 100 tips), and also at the 80/eft time
slice (fig. B.8). Interestingly, both speciation and extinction rates
seem to be overestimated for trees up to 1000 tips, and this bias
is seen more clearly at the 20left time slice although the number
of trees is small and hence biases harder to infer (fig. 2.3 panels
e, f, k, and |, and figs. B.6 and B.7). Surprisingly, our results
indicate that this bias seems to be stronger for speciation rates
than for extinction rates (fig. B.6 and B.7). Nevertheless, the bi-
ases in both rates seem to be coupled, i.e., the overestimation
in both rates for the same tree is proportional, since the net di-
versification rates are much less biased than each rate alone (fig.
B.8).
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of the trees for better visualization.
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The two methods estimated different amounts of extinction ex-
perienced by the clade. For example, in the 80left and the 20left
time slices RPANDA does not seem to be too affected by the
increased amount of historical extinction, showing a similar
ability to detect negative diversification in both time slices (al-
though the number of trees for which the method chooses the
simplest model - BOTHcst- increases at the 20left time slice -
table 2.2). Conversely, BAMM seems to benefit from the in-
creased relative importance of extinction, detecting decline for
more trees at 20left than at 80left time slice (fig. B.1 panels e, and

f).

For both methods, the estimated speciation and extinction rates
at the root of the trees (reconstructed values for RPANDA and
estimated values for BAMM) are very similar to the simulated
values, regardless of the time slice for both methods (figure B.9).
RPANDA tends to overestimate speciation rates at the root more
than BAMM, probably as a consequence of those rates being the
result of an extrapolation using the selected model, and also in-
fluenced by the propagation of the error in the estimates of the
rate at the present and the decay/increase parameter. This over-
estimation is greater when the best model selected has variation
in extinction rates (BOTHuar). Accordingly, estimated extinction
rates at the root are underestimated when the BOTHvar model
is selected, being very close to 0.

EXvar — For the varying extinction scenario (EXvar), both meth-
ods perform worse in estimating the net diversification rate es-
timates. RPANDA rarely selects the “true” model as the best
model (table 2.2); at both the 80left and 20left time slices the vary-
ing speciation model (SPvar) is the preferred model for most
trees (table 2.2), followed by the model with both rates constant.
In this varying extinction scenario it is also worth noting that the
method fails to detect the true simulated model for about 99.6%
of the trees at the 80left time slice and for about 98.3% at the
20left time slice. Additionally, in the EXvar scenario RPANDA
detects a single best model for much less trees than in the other
scenario (table 2.3). Moreover, for the trees for which one or two
models were selected as best (AAICc < 2), the true (simulated)
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model is almost never among them (table B.1). Lastly, the esti-
mates under the true model in this scenario (EXwvar) are biased
towards underestimation for both speciation and extinction at
present (fig B.10 panels G-L). This underestimation is more se-
vere for extinction rate, and these biases combined make esti-
mates of net diversification rates at the present to be positive
under the true model for the majority of the trees (fig B.10 pan-
els I, and L). Hence RPANDA seems unable to detect varying
extinction rates.

Although RPANDA detects diversity decline (negative diversifi-
cation rates at present) for most trees with the best model, in the
EXuvar scenario it does by selection the wrong model (see table
2.2). Itis interesting to note that RPANDA shows two distinct bi-
ases for net diversification rate estimates: it either estimates net
diversification rates to be considerably more negative than the
simulated values (regardless of tree size), or it tends to estimate
this rate to be a lot less negative, or even positive, for a con-
siderable amount of trees, especially those trees up to 1000 tips
(fig. B.13). Nevertheless, the estimates for both speciation and
extinction rates are non-biased when we look at all estimates to-
gether (figs. B.11, and B.12). This implies that for any given tree
RPANDA estimates of at least one of the two rates at present
for most trees is considerably different from the simulated one
(even accounting for the inherent stochasticity of the process,
that makes the realized rates to be not exactly the same as the
simulated rates).

Like RPANDA, BAMM is able to detect negative net diversifi-
cation rates for most trees, even if the implemented model is
not the correct one (BAMM only has varying speciation rate and
constant extinction). However, BAMM estimates of net diversi-
fication rates seem to be slightly less biased in all tree sizes (fig.
B.16). For BAMM the bias seems to be unidirectional, where es-
timates of net diversification rates tend to be less negative than
the simulated values (fig. B.16). This bias difference is clearer
for small trees. Speciation and extinction rates are slightly un-

derestimated at the 20/eft time slice for trees up to 100 tips (figs.
B.14 and B.15).
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Overall both methods seem to be more likely to detect diversity
decline at the 20left time slice than at the 80left time slice. Inter-
estingly RPANDA seems to detect negative diversification more
often than BAMM at the 80left time slice, but the opposite hap-
pens at the 20left. At 80left time slice RPANDA fails to detect
decline for 201 trees, and BAMM f{ails to detect decline for al-
most a quarter (446) of the trees. Conversely, RPANDA fails to
detect decline for 160 trees and BAMM for 316 trees at the 20left
time slice (fig. B.2).

In the EXvar scenario, speciation rates at present are reasonably
well estimated in both methods (Fig. 2.4) although the net di-
versification rate is poorly estimated). However, both speciation
and extinction rates at the root are very poorly estimated (figs.
B.17 and B.18). In fact both methods infer a considerable drop in
speciation and a relatively constant extinction at both time slices
for most trees, although the simulated model had constant spe-
ciation rate and variable extinction. RPANDA only correctly es-
timated extinction rates at the root for the few trees for which
models with varying extinction rates were selected (143 trees
for 80left and 181 trees for 20left - table 2.2); on the other hand,
BAMM does not allow for extinction to vary, which forces the
method to estimate root extinction to have the same values than
in the present.

2.4.3 Analysis of empirical trees

The analysis of empirical trees revealed that both methods do
not recover the same diversification dynamics for the same col-
lection of trees. RPANDA indicates a decline in diversity (net
diversification smaller than -0.01) for 67 of the 214 analyzed
clades, whereas BAMM detects decline for only 13 clades from
the same dataset (see also figure B.19). Moreover, for only 8 trees
was a negative net diversification rate inferred from both meth-
ods (see also figure B.19). This difference in assigning a negative
diversification for a different number of trees is likely to result
from very different estimates of extinction rate at present (figure
2.5b and 2.5¢), here also revealed by a very low statistical asso-
ciation between extinction rate estimates at present (table 2.4).
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FIGURE 2.5: Estimated rates for BAMM (y axis) and RPANDA (x
axis) for (a and d) speciation rates at the tips and the root respectively,
and for (b - ¢ and e -f) extinction rates at the tips and the root respec-
tively. The x-axis of panels b and e were rescaled for better visualiza-
tion, since there are estimated extinction rates from RPANDA that are
greater than 10 events/lineage*MY (up to more than 1500 in the detail
of figure c). The red line represents the perfect correlation (estimates
from BAMM and RPANDA are equal), and the blue line represents
a linear fit between the two variables. R2 values are shown in table
4. Speciation rates are similar between the two methods, whereas ex-
tinction can be quite distinct between the two methods.
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TABLE 2.4: Estimated R? for the linear regression between rate
estimates of BAMM and RPANDA for each rate and at each
point in time (tip or root). Tip represents estimates at present
and “root” at the start of the history of the clades. Values in
bold are significant (p < 0.05), and values in both bold and italic
are considered being small regardless of being significant (p <

0.05).
A 1 Net Diversification
Tip Root Tip Root Tip Root
Full Dataset 0.278 -0.004 0.009 0.418 0.23 -0.003
Without BOTHexp 0.876 -0.006 0.012 0.602 0.33 -0.004
Without varying o e 0659 07 0692 0.239 0.433
extinction
Only varying 02 0009 0018 0019 0.122 0.003
extinction

The lack of correlation between extinction rate estimates at
present might visually seem strongly influenced by the fitting
of one particular model, BOTHexp (see Fig. 2.5), but even af-
ter removing the trees that fit this model the correlation is still
very low and non-significant (see “without BOTHexp” results
for “Tip” on Table 2.4). We note that the model BOTHexp (ex-
ponential increase in both rates) resulted on quite high extinc-
tion rates at present (31 trees with extinction rates higher than
5 events/lineageMY), and sometimes on very unrealistic esti-
mates (see the eleven outliers on the sub-panel on figure 2.5¢).
Those likely represent poor estimates albeit coming from the
best model (e.g. for the 11 trees with extinction rates higher
than 500 events/lineageMY, in 8 trees the AAIC is higher than
2 for the next best model). We also note that about half (23 out
of 43) of those trees which fitted the BOTHexp model tended
to show small rates of extinction through most of the clade’s
history and that the very high rates at present are produced
by a recent and abrupt rise in extinction (fig. B.23). This rein-
forces the idea that although those might be the best model they
might not be a good model for those trees. Lastly, RPANDA
frequently estimated very small values for extinction rates at
present (e.g. 113 trees with extinction estimates equal or less
than 0.01), while BAMM extinction rate were infrequently esti-
mated to be so close to zero (e.g. 2 trees with extinction estimates
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equal or less than 0.01). RPANDA on the other hand suggested
a broader variation in extinction rates for the same collection of
empirical trees than BAMM (figure 2.5). This discrepant extinc-
tion pattern clearly reflects the lack of correlation on extinction
estimates between both methods.

Estimates of extinction rate at the root between the two meth-
ods are correlated (figure 2.5e and table 2.4), but it is important
to consider some key model aspects that might facilitate this as-
sociation. In RPANDA, three (EXvar, BOTHuvar, BOTHexp) out
of the five tested models are strongly constrained to start with
very low (or zero) extinction rates. The other two models (SPvar,
BOTHcst) are basically the same scenarios allowed in BAMM.
Hence this high association is somewhat driven by those trees
that fitted those two models, and by the fact that extinction rates
are usually estimated to be low at the root or constrained to be
zero (figure 2.5). As expected if we consider only models that
vary extinction, we see that the association is lost (table 2.4).

Speciation rates at present were estimated to be reasonably sim-
ilar between both methods (figure 2.5a; table 2.4), especially if
we remove the trees that RPANDA fitted the BOTHexp model
which typically resulted in very high, and some times unrealis-
tic, extinction rate estimates (table 2.4). The correlation between
the estimates of net diversification at present are, as expected,
somewhere in between (figure B.19; table 2.4). One should note
that the surplus of trees with negative net diversification rates
when using RPANDA comes, from the most part, from those
trees that fitted models with increase in both rates, the BOTHexp
model (43 out of 67 trees; see also table B.2).

When looking at the dynamics through time the discrepancy
between the two methods is clearly accentuated for speciation.
While RPANDA finds more instances of diversity decline (67 vs
13; see also figure 2.6) than BAMM, most of those trees with
negative diversification rates derived from the RPANDA anal-
ysis do not show a decrease in speciation (note on figure 2.6a
that most cases which the best model suggests diversity decline
-red and light green points- are in the quadrants of rise in spe-
ciation, above zero on the y-axis). In fact, only 16 out of the 67
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trees (23%) for which RPANDA detected diversity decline have
a drop in speciation rate (figure 2.6a- red and green points below
zero on the y-axis; table B.2). BAMM on the other hand, inferred
a decrease in speciation for all 13 trees which it inferred diversity
decline (blue and light green points in figure 2.6a). More strik-
ing, if we look to all empirical trees (not only those that were
inferred to be in diversity decline), RPANDA suggests that the
vast majority of trees (166 out of 214 — 77%) titted models where
speciation was either constant (123 out of 214 - 57%) or increas-
ing (43 out of 214 - 20%), not decreasing (figure 2.6a). BAMM
on the other hand suggested that the majority of empirical trees
(160 out of 214 — 75%), irrespective if those are or not in diversity
decline, showed a relative decrease in speciation comparable to
the changes in rates estimated by RPANDA (figure 2.6a; most
points below zero on the y-axis). As expected, this discrepancy
is also reflected in the estimates of speciation rate at the root
where we see no association between speciation rate estimates
at the root (figure 2.5 and table 2.4), even if we remove the re-
sults from the BOTHexp model (table 2.4). It is interesting to note
that if RPANDA fits a model that is implemented in BAMM (e.g.
SPoar), then the estimates are quite similar (green points in fig-
ure 2.6b). In fact if we plot the estimates derived solely from
SPvar model in RPANDA against the BAMM estimates, we see,
as expected, a very good association (fig. B.20).

As expected, the association between diversification rate esti-
mates is lower at the root than at the present (fig. B.19; table
2.4). It is worth mentioning that very few empirical trees (5 for
RPANDA and 13 BAMM) suggest negative net diversification at
the root (fig. B.19) and that BAMM only detected rate shifts for
14 empirical trees. We also note that when we used model aver-
aging to get estimates derived from RPANDA to compare it to
the estimates from BAMM we find the same results as presented
here with the best model (figs. B.21 and B.22; table B.3).
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2.5 Discussion

The fossil record shows that most of the organisms that roamed
the planet are now extinct (Raup, 1986). It also shows that some
extant groups were more diverse in the past than they are to-
day, and that full lineages have gone extinct (Foote, 2007; Liow
and Stenseth, 2007; Quental and Marshall, 2013; Silvestro et al.,
2015). This overwhelming rock evidence of extinction contrasts
with: (i) the phylogenetic perspective of diversification that usu-
ally suggests extremely low extinction rates (Quental and Mar-
shall, 2010); (ii) a similar signature (at least when using a sim-
ple metric) between clades on equilibrium and clades experi-
encing diversity decline (Quental and Marshall, 2011); (iii) the
view that extinction rates should not be estimated from molecu-
lar phylogenies (Rabosky, 2010). Although the development of
new methods (Morlon et al., 2011; Rabosky, 2014) allow diver-
sity decline to be estimated in principle, the question of whether
extinction dynamics can be properly estimated from molecu-
lar phylogenies remains contentious (Nee et al., 1994; Rabosky;,
2010; Quental and Marshall, 2010; Morlon et al., 2011; Beaulieu
and O’Meara, 2015; Rabosky, 2016, Moore et al., 2016; Rabosky
etal., 2017). By the virtue of knowing the true dynamics, simula-
tion studies should be very valuable on investigating our ability
to detect negative diversification rates based solely on molec-
ular phylogenies, but to date only one exist that apply recently
developed methods to a wide range of parameter space (Morlon
et al., 2011).

2.5.1 Simulation perspective on our ability to infer negative
diversification rates

Morlon et al (2011) suggested that RPANDA was able to detect
diversity decline. However this study was limited in several
important respects: (i) parameter space was restricted relative
to biologically relevant values of speciation and extinction (ii) it
did not consider method performance as a function of time to-
wards clade decline (iii) it only examined performance of a sin-
gle method. Hence we believe our results greatly contribute to
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our understanding of how well we can detect diversity decline
using molecular phylogenies not only because it is the first to
test the ability of BAMM to detect negative diversification rate,
but also because it expands the findings by Morlon at al (2011).
Unexpectedly, we now show that even when the wrong model
is chosen (even if we consider the general dynamics given by
BAMM which does not directly fit models), the overall inference
of negative net diversification at present is not strongly affected,
at least for the scenarios simulated here. Moreover, our results
indicate that the different phase of a tree’s history (our scenarios
at 80rise, 80left, 50left and 20left time slices) has only a slight im-
pact on the ability of both models in detecting diversity decline
in the both simulated scenarios.

This is surprising given that the phylogenetic overall signature
of diversification dynamics (the branching patterns) changes as
the diversification processes unfolds and the clade ages, a pat-
tern previously revealed by changes in the gamma statistics
(Liow et al., 2010; Quental and Marshall, 2011). It is also worth
mentioning that both methods are able to properly infer the pos-
itive diversification rates when the dynamics is still in the diver-
sity rise phase prior to reaching the peak diversity (the 80rise
time slice). The fact that the overall branching signal changes as
the dynamics unfolds (Liow et al., 2010; Quental and Marshall,
2011) allied to the fact that the tested methods are able to in-
fer negative diversification at present suggest that the methods
studied here might be able to infer the dynamics in the recent
past. It is important to note that this does not guarantee that the
overall inference of the temporal dynamics and the accuracy of
estimates of individual rates are always reliable.

2.5.2 Can we properly infer the diversification dynamics of
clades in decline?

Our simulation results confirms the finding of Morlon et al
(2011) that if one is simply interested in detecting diversity de-
cline, here inferred by a recent negative diversification rate, both
methods might be appropriate if the assumptions undertaken
here are met by the empirical data. On the other hand, our
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results suggested that the accuracy of the methods in depict-
ing the temporal dynamics, either by choosing the best model
(in the case of RPANDA) or by estimating the rates at both the
present and at the root of the trees (in the case of BAMM) varied
drastically according to the scenario explored. We clearly show
that when extinction was allowed to vary (EXvar scenario), both
methods performed worse than when extinction was held con-
stant (SPvar scenario). This is not surprising for BAMM given
that varying extinction rate is not implemented (although it
could have inferred variation in extinction rates by detecting
shifts in diversification regimes), but the inability of RPANDA,
which does not have such limitation, to infer varying extinction
rates suggests that this limitation might be more related to the
nature of the data than to the method or implementation used.

Under the EXvar scenario, speciation rate estimates at the root
(tig. B.17) are significantly higher than the true values for both
BAMM and RPANDA, and both methods suggested a signifi-
cant drop in speciation rate (figure 2.4 and fig. B.17) when in re-
ality speciation was constant. Moreover, the prevalence of mod-
els chosen by RPANDA with varying speciation in the simulated
varying extinction scenario (EXvar) indicates that RPANDA de-
tected variation in net diversification but explained it as dy-
namically changing speciation rate. Given that those methods
rely on indirect inference of the past, the amount of informa-
tion available for both methods becomes thinner as we move
towards the root of the tree. In fact both RPANDA and BAMM
showed greater associated error for parameters at the root re-
gardless of the simulated scenario (figures B.9 and B.18), a pat-
tern similar to what was found by Moore et al. (2016). This
might not be surprising but we argue that it represents one im-
portant aspect of the two methods, and (likely) the nature of sig-
nal in phylogenetic data sets. Methods based on molecular phy-
logenies could be seen as binoculars with limited range: they
allow researchers to infer important aspects of the recent his-
tory of a clade, but it loses power and focus as one tries to look
towards the deep past.
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On the other hand, it is interesting to note that the gamma statis-
tic (Pybus and Harvey, 2000) for those simulated trees under
the EXvar scenario are virtually all positive (fig. 2.2), not neg-
ative as one would expect for a declining speciation rate sce-
nario (Rabosky and Lovette, 2008), at least when extinction rate
is relatively low with respect to speciation rates (Quental and
Marshall, 2009). Although time could have easily eroded this
signal for lineages under the saturation (Liow et al., 2010), the
results shown here (see also Quental and Marshall, 2011) sug-
gest that for a scenario of declining diversity driven by a tem-
poral drop in speciation rate the gamma values should remain
negative irrespective of how much history has been unfolded.
Hence although fitting complex models to the varying extinc-
tion simulated scenario suggested a scenario of varying specia-
tion, the signal revealed by the gamma statistic would strongly
caution against this interpretation given that virtually all trees
under this scenario had a positive gamma value. We note that
the signal of gamma tells us nothing about how extinction varies
through time, neither if a given clade is in decline of diversity or
not (Quental and Marshall, 2010), but we suggest that gamma
statistics coupled with BAMM or RPANDA could improve our
ability to detect diversification dynamics when clades are in de-
cline. While BAMM and RPANDA are able to detect negative
net diversification rates, gamma values could help indicate if
the decline does indeed comes from a scenario of significant de-
crease in speciation rate (see results, Fig. 2.2).

2.5.3 Comparing the performance of both methods in empir-
ical phylogenies

The diversification dynamics inferences on empirical trees sug-
gest that the two methods behave very differently and infer very
different dynamics for the collection of clades analyzed here.
This is especially evident when we compare extinction rates at
present (figure 2.5 b and c), although not surprising given that
BAMM, differently than RPANDA, forces extinction to be con-
stant. This different treatment of extinction dynamics clearly
affected the ability to detect diversity decline, and depending
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on the method used one would have a very different view of
how common is diversity decline in the real world (31% vs 6%
of clades in diversity decline, for RPANDA and BAMM respec-
tively). This casts serious doubts on our current ability to es-
timate extinction rates (Rabosky, 2010) and, more importantly
to the argument here, detect diversity decline based on current
available methods.

Given what we know from the fossil record (Quental and Mar-
shall, 2010; Silvestro et al., 2014a; Sakamoto et al., 2016), and
the fact that RPANDA is more flexible (e.g. user can supply a
different models such as exponential or linear variation in ex-
tinction), it would be reasonable to expect that that RPANDA
performs better than BAMM in detecting decline. On the other
hand, our results from the simulated dataset show no clear ev-
idence of differences in performance between both methods, at
least on the simple scenarios simulated here. Moreover, we do
not know the true diversification history behind the empirical
trees, so it would be premature to say that RPANDA estimates
for the empirical trees are better than BAMM, but the compari-
son is informative nonetheless.

Apart from our ability/inability to infer diversity decline from
molecular phylogenies it is also interesting to note the discrep-
ancy of speciation dynamics between both methods. Our anal-
ysis suggests that although speciation rates are reasonably sim-
ilarly estimated at present also for the empirical trees, the deep
time dynamics of speciation is, for most clades, inferred to be
very different depending on the method used: BAMM tends
to suggest an overwhelming drop in speciation, irrespective if
the lineages were in diversity decline or not, RPANDA does
not. It is particularly important to note that this discrepancy
between the two methods is specially striking when at least one
of the methods suggests diversity decline (compare the colored
points to the grey points in figure 6a). Moreover, this discrep-
ancy seems to be driven by the important difference on how the
two methods model extinction rates because most discrepant
estimates in speciation dynamics come from those cases where
RPANDA inferred changes in extinction (figure 2.5 b-c).
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Our RPANDA speciation results on the empirical trees are also
in direct conflict with what was found previously in terms of
speciation dynamics (McPeek, 2008; Phillimore and Price, 2008;
Morlon et al., 2010; Quental and Marshall, 2010). Previous work
has suggested that a decrease in speciation rate would be a per-
vasive phenomenon in nature, either indirectly by looking at the
gamma statistics (McPeek, 2008; Phillimore and Price, 2008) or,
more importantly, directly by fitting complex models (Morlon
et al., 2010). That said, it is important to note the differences in
those approaches: the method used in Morlon et al. (2010) is
based in a coalescent model that did not allow (at least in that
particular paper) extinction rates to be higher than speciation
rates, whereas RPANDA (Morlon et al., 2011) used in our study
is based in a birth-death model that allows net diversification to
be negative. Taken together, these results either suggest that: a
drop in speciation is a common phenomena and that speciation
dynamics is misfit by RPANDA for clades in diversity decline;
or that a drop in speciation is not so prevalent and RPANDA
properly recovered diversity decline for the empirical trees ana-
lyzed here.

One could argue that the collection of trees analyses by Mor-
lon et al (2010) and the ones analyzed here are not identical,
but given the large number of trees analyzed in both studies
we suspect this would not explain this difference. More impor-
tantly, gamma statistics for empirical phylogenies suggest that
the vast majority of trees have a negative gamma (171 out 214,
about 79%) and of those about 41 % reject the null model of
constant diversification rate (see table B.4). This suggests that a
drop in speciation could be a rather common phenomena in the
empirical trees analyzed here. On the other hand model fitting
for RPANDA suggests that a drop in speciation is less common
(about 48 of 214 trees, circa of 22%). This prevalence in spe-
ciation drop is also found in the BAMM analysis here, but we
should note that RPANDA, as expected due to its model selec-
tion framework, is more conservative to infer a drop in specia-
tion rate than BAMM.
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The discrepancy in rate estimates from both methods could po-
tentially result from rate heterogeneity in the empirical phylo-
genies and how the methods deal with it (e.g. radiating sub-
clades that would mask a potential diversity decline of a com-
plete clade - see Rabosky, 2014). In fact the cetacean analysis
done by Morlon et al (2011), which recovers diversity decline
for some lineages, implicitly incorporated potential rate hetero-
geneity by sub-dividing the whole clade based on their ecology,
and analyzing those clades (which included paraphyletic ones)
separately. We suspect this does not explain the discrepancy in
both methods because our results show that only 14 out of 214
analyzed trees showed significant rate heterogeneity among the
tree. Nevertheless, we highlight that by allowing researchers to
arbitrarily "break” the tree into sub-clades and to test different
models (scenarios) of rate variation RPANDA can be an impor-
tant tool for hypothesis testing in macroevolution.

2.5.4 Final remarks: how reliable are estimates of diversifica-
tion dynamics.

The last decades have witnessed the constant development of
new comparative methods (FitzJohn, 2012; Morlon et al., 2011;
Rabosky, 2014), and the turmoil of optimistic and pessimistic
views on how well can we infer diversification dynamics solely
from molecular phylogenies. This field has recently arrived to
its final frontier, the idea that one could detect diversity decline,
a scenario where the recent is experiencing more extinction than
speciation even though no direct information on extinction is
stored in phylogenies. Only one study (Morlon et al., 2011) has
explicitly test the ability of those models on properly detect neg-
ative diversification rates, and only a few empirical studies have
in fact detect this scenario. In addition to showing to be possible
to detect diversity decline, our study reveals important caveats
to interpreting the diversification signal such as detecting the
rate variation scenario behind the diversity decline for instance.
Nevertheless, we think the “jury is still out” on this matter.
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Here, for the first time to our knowledge, we explicitly test the
ability of BAMM (Rabosky, 2014) to detect negative diversifi-
cation rates. Although our simulation results suggest that we
might be able to answer the simple question “are we able to de-
tect diversity decline or not”, we also show that the inferred dy-
namics might be utterly wrong, and that the empirical pattern
of drop in speciation previously thought to be prevalent might
in fact result, at least in part, from model “misbehavior” by mis-
takenly attributing changes in extinction to changes in specia-
tion. It is important to see our simulations results bearing in
mind all assumptions and simplifications made in our study. We
simulated simple scenarios without rate heterogeneity among
lineages, which might be a reasonable assumption for small or
medium size clades.

When we compare the performance on empirical trees, which
by definition, do not need to follow the simple dynamics used
in our simulations, we recover very different views of diversi-
fication dynamics, in particular the deep time dynamics. This
reinforces our argument that we should question the ability of
current methods to properly infer not only the past dynamics,
but also if clades are or not in diversity decline. After all the two
methods tested here would lead to very different estimates of
diversity decline prevalence.

Irrespective of the true underlying diversification dynamics in
empirical trees, the great discrepancy between the two meth-
ods (and to previous gamma statistics results) casts doubt on
our ability to simultaneously infer past dynamics and current
dynamics, especially for clades experiencing diversity decline.
Furthermore, based on our results we reinforce that researchers
should try to use external sources of information (e.g. fossil
record when available) when trying to reconstruct diversifica-
tion dynamics in deep time. This might be especially relevant
when there is evidence for considerable variation in extinction
rates. Nevertheless both methods indeed allow us to detect de-
cline of diversity in the present. Therefore we suggest that sim-
ple auxiliary tests such as the gamma statistic may enhance our
power to interpret the results of complex evolutionary models
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for deeper time scales, in particular for clades with poor fos-
sil record. Although we remain pessimistic about our ability
to properly infer the diversification dynamics in deep time of
clades experiencing or not diversity decline, we believe that our
results might help map the scenarios where those models are
more likely to be close to reality. Additionally, and perhaps
more optimistically, we suggest that current phylogenetic meth-
ods might properly infer very recent dynamics.
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Chapter 3

The Role of Diversification Rates
on the Assembly of Frugivory
Networks

BURIN, GUSTAVO; GUIMARAES, PAULO R.; QUENTAL,
TIAGO B.

3.1 Abstract

Biological interactions are a key aspect determining how com-
munities are organized. However, most studies with an evo-
lutionary perspective focus on one or few pairs of species at
a time. Although network theory provides tools to assess the
dynamics of multiple species interacting with each other, those
studies typically lack an evolutionary perspective. Here we in-
vestigated the relationship between evolutionary turnover rates
(extinction fraction) and ecological roles of species within frugi-
vore interaction networks (closeness and betweenness central-
ities). We hypothesize that more central species would belong
to lineages with a slower pace of macroevolution, i.e., those
that are more stable over evolutionary time and, therefore, are a
more reliable resource for plants. We found a significant nega-
tive association between the ecological role a species play in fru-
givory network and the diversification dynamics associated to
that species for temperate networks. This suggests that species
belonging to evolutionary unreliable lineages are restricted to
more peripheral roles in the ecological network . Additionally,
we found that annual precipitation and precipitation seasonality
modulate this relationship in the temperate region. In this case
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an increase in precipitation and in precipitation seasonality, led
to a stronger association between ecological role and diversifi-
cation dynamics. No significant association between ecological
role and evolutionary dynamics is recovered for tropical net-
works, suggesting that this evolutionary effect to be only rele-
vant where the availability of potential dispersers is both phylo-
genetically and numerically more restricted. We propose that in
tropical regions, where the richness of frugivorous bird species
is a lot higher, the evolutionary reliability of specific disperses
lineage is not relevant because there are plenty opportunities
for plants from several different lineages, even if each individ-
ual disperser lineages is considered evolutionary unreliable. In
temperate networks on the other hand, plant species depend
strongly on the presence of a few disperser species and hence
the evolutionary reliability of their lineages ends up playing an
important role in network assembly. In summary, we recover an
association between a local ecological structure and a long-term
evolutionary effect, which suggests that evolutionary reliability
might be relevant to understand current structure of ecological
networks

3.2 Introduction

Since the publication of “On the origins of species” by Charles
Darwin in the 19th century, biological interactions have been
widely studied as one of the motors of diversification. Partic-
ular interest has been paid to competitive interactions (Schluter,
2000), and the well-studied Galapago’s finches illustrate very
well the importance of intra-specific and inter-specific compe-
tition on species and morphological diversification (Futuyma,
2009; Levin et al., 2009; Grant and Grant, 2011). In this case, dif-
ferent species in the genus Geospiza posses different beak mor-
phologies and different lines of evidence suggest that these dif-
ferences were selected in response to an evolutionary pressure
imposed by the competition for different food resources (Soons
et al., 2010; Grant and Grant, 2011). Additionally studies within
populations of the same species suggest that competition for
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food resources can also result in disruptive selection (Hendry
et al., 2009; De Leo6n et al., 2012) and morphological differences,
illustrating the first steps of the process of ecological speciation
(Nosil, 2012; Thompson, 2013).

Similarly, predation and parasitism have also been implied as
evolutionary forces playing an important role in diversifica-
tion. For example, the escape-and-radiate coevolution hypoth-
esis, originally proposed to describe the interaction between
plants and herbivore insects, states that the evolution of defense
against natural enemies result in the radiation of those plant lin-
eages into several species (Ehrlich and Raven, 1964). This ra-
diation then sets the stage for a subsequent radiation of insect
lineages that subsequently evolve resistance to those defenses
(Ehrlich and Raven, 1964). Therefore antagonistic interactions
might in fact act as a diversification motor resulting in diversifi-
cation of lineages and morphological evolution.

Even though competition, parasitism and predation have
been shown to structure natural communities (Thébault and
Fontaine, 2010, Lavergne et al., 2010) and act as evolution-
ary motors (Switzer et al., 2005; Futuyma and Agrawal, 2009;
Hendry et al., 2009; De Le6n et al., 2012; Nosil, 2012; Thomp-
son, 2013) less attention has been paid to mutualistic interac-
tions. Mutually beneficial interactions, like pollination or seed
dispersal, are probably as frequent as antagonistic interactions
and hence must also be a relevant evolutionary force. In fact the
vast majority of species throughout the world are believed to be
involved in at least one mutualistic relation (Levin et al., 2009).
However this type of interaction has only recently been fully
acknowledged as a fundamental force generating and maintain-
ing current and past biodiversity patterns (Levin et al., 2009).
According to Levin (2009) mutualisms can be seen as a biolog-
ical market (see also Noé and Hammerstein, 1994) where each
species offers some “product” that it is easy for it to produce
in exchange for some other resource that cannot be easily pro-
duced by itself. Within this “market”, relationships between
species are created with varying degrees of dependence for each
participant.
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Mutualistic interactions between animals and plants represent
important examples of such mutualistic relationships. For ex-
ample, vertebrates (especially birds) represent very important
fruit dispersers in tropical forests (Jordano, 1992). Its importance
is highlighted by the fact that around 70-94% of tropical woody
plant species are dispersed by vertebrates (Jordano, 1992), and
by the fact that about 30% (> 3000) of all bird species have fruits
at least as part of their diet and therefore may act as seed dis-
persers or predators (Kissling et al., 2009).

Due to observational and methodological limitations, (such as
extensive fieldwork) most studies of species interactions focus
on two, or at the very best, few species at a time. Therefore
these studies only partially capture the relevance of species in-
teraction given that species in the wild form multi-species in-
teraction networks. More recently, ecological studies have in
fact investigated large ecological networks (Bascompte et al,,
2003; Guimaraes et al., 2006; Krishna et al., 2008; Heil et al.,
2009; Melian et al., 2009; Davis et al., 2009; Diaz-Castelazo et al.,
2010; Guimaraes Jr et al., 2011; Olesen et al., 2010; Spotswood
et al., 2012; Nuismer et al., 2013) and have shown that these
networks usually have non-random structures which reflects in-
herent properties of the communities such as degree of network
modularity and nestedness.

From these networks it is thus possible to analyze the proper-
ties and the consequences of these interactions in a broad eco-
logical scale. For example, many networks have ben shown to
be highly modular networks, composed by subsets of species,
which weakly interact with other subsets of the same network
(Olesen et al., 2007). Others have shown to be highly nested
indicating the existence of specialist species, which directly in-
teracts with only a subset of species, which on its turn inter-
act with more generalist ones (Bascompte et al., 2003). Unfortu-
nately the vast majority of current studies consider the network
as a static (under an evolutionary perspective) object, evaluat-
ing them solely in ecological time scales (Carnicer et al., 2009).
It has become clear that we need more integrative studies of
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ecology and evolution to properly understand several ecolog-
ical patterns (Ricklefs, 2011; Ricklefs and Jenkins, 2011) and the
study of species interaction and ecological networks should be
no exception. A few fossil networks have been characterized
(Roopnarine et al., 2007, Roopnarine, 2010; Dunne et al., 2008),
but those are far from being able to fully integrate an historical
perspective to properly understand what are the evolutionary
forces that build ecological networks.

The fossil record and/or molecular phylogenies provide the
needed historical information, but these two types of data have
rarely been integrated into ecological network studies of ex-
tant taxa. Although molecular phylogenies do not directly store
information of extinct species, the development of mathemati-
cal tools have allowed the estimate of speciation and extinction
rates (Harvey et al., 1994, Stadler, 2009; Morlon et al., 2011; Con-
damine et al., 2013; Stadler, 2013a for a review of several tools).
In fact, recently developed methods (Rabosky, 2014; Morlon et
al., 2016) might even allow us to identify decline in diversity (ex-
tinction rates higher than speciation rates) using solely molecu-
lar phylogenies. The performance of these very recent methods
have been recently tested and the results are encouraging (but
see chapter 2). Lastly, related methods have been developed
enabling us to map specific traits (e.g. different ecologies) on
phylogenies and assess how those might affect the speciation
and/or extinction rates of lineages (Paradis, 2005; FitzJohn et
al., 2009; Pyron and Burbrink, 2012; Rabosky et al., 2013) as well
as potentially reconstruct past ecologies (Pagel, 1999; FitzJohn,
2010; FitzJohn, 2012; Lartillot and Delsuc, 2012). For example;
Price et al., 2012 have shown that dietary adaptations strongly
affect diversification rates in mammals. These authors show that
herbivores diversify faster than carnivores and omnivores, and
also that the transitions between these three diet strategies hap-
pen at different paces, where the highest rate of change is from
herbivory to omnivory. In the first chapter of this dissertation,
we found that omnivorous bird species show smaller (even neg-
ative) net diversification rates when compared to other dietary
guilds (Burin et al., 2016), and that species richness is main-
tained at high levels due to high transition rates into omnivory.
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Therefore, we infer that omnivory acts as a "macroevolutionary
sink".

Given that mutualisms with plants have shown to be very im-
portant on the diversification of vertebrates (Gémez and Verdd,
2012), that the diversity and strength of ecological interactions
might change through time, and that those interactions shape
ecological networks (Diaz-Castelazo et al., 2010), we should ex-
pect that the ecology of different species might affect the diver-
sity dynamics of different lineages and that different diversity
dynamics of different lineages might be a relevant historical as-
pect when ecological networks are assembled. Here we used
both molecular and ecological data to investigate the role of di-
versification dynamics on structuring extant frugivore ecolog-
ical networks. We hypothesized that species belong to a lin-
eage with a lower pace of diversification (low extinction and low
speciation rates) would be a more reliable resource for plants,
and therefore would play central roles in the networks, whereas
more peripheral species would no have such evolutionary re-
strictions. We also expect that the regional pool of species might
influence and modulate this potential relationship between the
species ecological roles and the background rates. In other
words, it is possible that background rates have an “absolute”
effect (e.g. only species belonging to lineages with a given
value of rates play a given ecological role) or that the effect of
background rates is relative to what is regionally available (e.g.
species that play a central role are the ones with the lowest rates
among those in the region).

3.3 Methods

3.3.1 General Approach

To investigate the potential effect of diversification rates on
building current ecological networks we first characterized each
frugivore species with respect to its potential ecological role
in the network and then estimated the speciation and extinc-
tion rates related to each bird lineage using an almost complete
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molecular phylogeny (see below). We then tested for a corre-
lation between the network metric and the macroevolutionary
rate (see figure 3.1 for a cartoon version of the general approach)
using phylogenetic generalized least square tests (PGLS - Mar-
tins and Hansen, 1997). Phylogenetic correction was used be-
cause the network metrics showed significant phylogenetic sig-
nal.

o Low centrality
O Medium centrality

O High centrality

Low net diversification rate
Medium net diversification rate
High net diversification rate

~ Ecological link (interaction)
— Correspondant species

Centrality
Centrality
L
Centrality

Rates Rates Rates

FIGURE 3.1: Schematic view of hypothetical phylogeny and net-

work, showing the species correspondence between the two types of

data. Species with an * are species for which no network data is avail-

able. B) Possible correlations between diversification rates (speciation
and extinction) and centrality values.

Instead of speciation and extinction rates themselves, we used
as our evolutionary metric called “epsilon” which is an extinc-
tion fraction. This is nothing more than the relative magnitude
of extinction with respect to speciation rate. This rate is typically
described as “turnover” rate and gives a sense of how labile a
given lineage is. To our purposes, this better represents what
we would call evolutionary reliability of a given lineage.
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3.3.2 Diversification Rates

To estimate speciation and extinction rates we used the most re-
cent and virtually complete bird phylogeny (Jetz et al., 2012).
The phylogeny comprises the vast majority of bird species (9993
species in the phylogeny from an estimated total of 10,064
species — 99.3%) (http:/ /www.birdlife.org/). To tavoid any po-
tential bias that introduced by adding species withoud DNA
sequences (using a birth-death algorithm) on our estimates of
speciation and extinction rates (Rabosky and Goldberg, 2015),
we used the tree that contains only species with molecular data
was available. We analyzed the bird molecular phylogeny us-
ing a novel Bayesian framework (BAMM v. 2.5; Rabosky, 2014)
to estimate the rates of speciation and extinction while explic-
itly taking into account the sampling fraction of species. The
incompleteness (about 1/3 of species without DNA data) was
accounted for by informing the percentage of missing species
within each clade of the maximum clade credibility tree ob-
tained by Jetz et al. (2012). Rabosky (2014) have developed an al-
gorithm that finds subtrees within a phylogeny which share spe-
ciation and extinction rates through a bayesian framework us-
ing reversible-jump Markov Chain Monte Carlo sampling. This
model allows us to identify groups with similar diversification
dynamics. As output, this method detects sub-clades that share
similar diversification dynamics and to a certain degree also the
rates of speciation and extinction associated to each tip of the
phylogeny.

Since BAMM is a method built within a Bayesian framework,
each diversification shift configuration has an associated poste-
rior probability, and each configuration can assign different di-
versification rates to a particular species or clade. Since we do
not know which is the true configuration (and there is no prac-
tical need to know it), we will use the mean rates averaged by
the marginal posterior probabilities of each distinct shift config-
uration. Lastly, we calculated our rate of interest (epsilon - ex-
tinction fraction) dividing the mean extinction rate by the mean
speciation rate for each species. This rate is typically described
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as “turnover” rate and gives a sense of how labile a given lin-
eage is. To our purposes, this better represents what we would
call evolutionary reliability of a given lineage.

3.3.3 Ecological Networks

To evaluate the ecological role of different species we used 34
different frugivory networks compiled by Pigot et al., 2016 that
comprise both temperate and tropical areas and a total of 546
unique bird species (838 total unique interactions). Some net-
works were simple binary networks (11 networks) but others
were quantitative networks (23 networks) that measured the
strength of each interaction. To characterize each species ecolog-
ical role within the compiled networks we investigated the dif-
ferent properties of nodes and edges (species and interactions,
respectively). We calculated both closeness and betweenness
centralities. Such measures will provide us with information re-
lated to the position each species takes part on the network as a
whole (Bliithgen et al., 2008; Spotswood et al., 2012). To be able
to combine the ecological roles estimated for different networks
(that have different properties such as number of species, con-
nectance, etc.) into a single analysis, we obtained z-scores (Ole-
sen et al., 2007) for each species metric by network. This was
done by first calculating the difference between the centrality of
each species to the average centrality for the network it belongs,
and then dividing this difference by the standard deviation of
the centrality values for the respective network. Both centrality
values were calculated with the quantitative networks (N = 23)
and with binary networks (N = 34, which include the binarized
quantitative network by assigning 1 to existing interactions re-
gardless of the intensity).

Some species (N = 154) are present in more than one network.
Using all centrality values for a given species in the same analy-
sis could add undesired phylogenetic pseudo-replication to our
analysis, and could possibly mask any important signal. There-
fore, we generated 100 datasets where in each one we sampled
one centrality value for species that were present in multiple
networks. For each of these 100 datasets we proceeded with the
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FIGURE 3.2: Global maps of the four environmental variables used.
a) Annual Mean Temperature, b) Annual Precipitation, ¢) Tempera-

nn

ture Seasonality, d) Precipitation Seasonality. The "x" indicate the lo-

cation of the networks compiled by Pigot et al. 2016. Note that the

location of some networks fall very closely to each other, and are dif-
ficult to visualize individually.

standard approach described above, and the results are shown
using the mean parameter values and mean p-values (see table
3.1 in results).

3.3.4 Co-Factors

Because both the intensity and quality of ecological interactions
are known to vary between latitudes, landscapes and even al-
titudes (Roslin et al., 2017) we analyzed tropical and temperate
networks separately and used several climatic variables as co-
factors. All models were tested using annual mean temperature,
temperature seasonality, annual precipitation and precipitation
seasonality as environmental co-factors (figure 3.2). The climatic
data were obtained from the WorldClim database version 2.0
(Fick and Hijmans, 2017).
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Furthermore each network was also characterized regarding
their degree of modularity and nestedness. Modularity values,
as well as the null distribution for modularity were obtained
using the software MODULAR (Marquitti et al., 2014), and the
nestedness values (NODEF2) were calculated using the nested
function in the R package bipartite (Dormann et al., 2009; R
Core Team, 2016). The null models are essential for character-
izing both modularity and nestedness because these two met-
rics are highly dependent on the number of species and the con-
nectance of the networks. Therefore, we calculated the z-score
of the two metrics by comparing the empirical values with the
mean and standard deviation of random networks generated
using the same number of species and connectance of each em-
pirical network.

Both types of co-factors (environmental and network traits) and
their respective interactions will be used to test our hypothe-
sis, i.e. 6 models for each latitude (Temperate and Tropical)
and for each metric (closeness and nestedness), totaling 24 mod-
els. These 24 different models will be tested using the cen-
trality values calculated both from the binary network dataset
and the quantitative dataset to assess how much information
is lost when not taking into account the intensity of interac-
tions. Lastly, we also calculated the z-score values for epsilon
in the same way we did for the centrality metrics, and repeated
the model testing using these transformed values instead of the
raw rates. This allowed us to test if it is the absolute magni-
tude of the evolutionary rates that matter or if it is the relative
rates among the regional pool of species. For each of the 6 types
of model within each latitude zone (tropical vs temperate) and
each metric, we used a significance threshold of 0.0083 as a cor-
rected value for the multiple comparisons.
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3.4 Results

3.4.1 Diversification Rates

Our most comprehensive database (34 binary networks) is con-
sisted of 546 bird species, spread through out the bird phy-
logeny (figure 3.3). Those species belong to 61 families and
11 orders, with a predominance of passeriform species (407
species). From those 546 species, 78 does not have molecu-
lar data available and were therefore not in the molecular phy-
logeny. We did not include these species in the correlation tests,
but they were used to calculate the z-score centrality (see next
section). The best shift configuration from BAMM indicated
28 diversification regime shifts in the phylogeny (figure 3.4).
We should note there is even more rate heterogeneity between
species since we used the rates averaged across all shift configu-
rations. In fact when we calculated the epsilon values for all the
species used in the correlation analysis, we see quite a range of
values (figure 3.5).

3.4.2 Network Metrics

There are substantial differences regarding the data and the met-
ric we use to characterize the ecological roles of species within
networks. Figure 3.7 shows both the closeness and betweenness
centrality values for each species calculated when using the bi-
nary (x axes) and quantitative (y axes) network data (network
size-corrected values on panels a and b, and z-scores on panels
c and d). It is possible to note that the while closeness values
are consonant within networks regardless of the dataset used,
the association for betweenness values is much weaker (figure
3.7 panels a and b), due to the large number of zeros for be-
tweenness centrality. This large amount of very small values are
linked to the fact that almost all networks are not significantly
modular (table C.1). This pattern is maintained also when we
look the z-scores of the values, where the z-scores of closeness
centrality seem to be more correlated within networks than do
the z-scores of betweenness centrality (figure 3.7 panels c and
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FIGURE 3.3: Distribution of species with network data in the molec-
ular phylogeny of birds.

d). Information (number of species, number of interactions, lo-
cation, etc.) about all networks, as well as estimates of nest-
edness and modularity are present in table C.1. Interestingly,
closeness and betweeness are not associated in a linear fashion
(tigure 3.6), which suggests they potentially measure different
ecological aspects.

None of the PGLS tests using betweenness centrality were sig-
nificant after a posteriori corrections for multiple testing (fig-
ures 3.8-3.9). However, we found significant correlations be-
tween closeness centrality and extinction fraction associated
with water availability parameters. For temperate networks
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FIGURE 3.4: Diversification rate distribution (a: speciation, b: ex-

tinction) on the pruned phylogeny containing only the species that

are present in the networks. The red circles indicate shifts in diversi-
fication regimes.

the strongest significant correlations between closeness central-
ity and extinction fraction where found when annual precipita-
tion and precipitation seasonality were used as the co-factors,
in both cases for the quantitative dataset. For annual precipi-
tation all three parameters (extinction fraction, annual precipi-
tation and the interaction between the two) were significant (p
< 0.003), whereas for the precipitation seasonality, only the in-
teraction parameter was significant (p < 0.004) (table 3.1; figure
3.9). For tropical networks, only the model that contained an-
nual mean temperature as a co-factor for the binary dataset was
recovered as significant (see table 3.1), and only the interaction
parameter was below the significance threshold (p < 0.006).
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FIGURE 3.6: Betweenness versus closeness centrality z-score values

for a) binary networks, and b) quantitative networks. Due to the large

amount of zeroes for betweenness centrality (which drives the mean

close to this value), we see a plateau around 0 in the y-axis for small
closeness values.
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FIGURE 3.7: Comparison between centrality values for both size-
corrected and z-score values calculated using both the binary (x axes)
and quantitative (y axes) datasets. Panels a and b show closeness and
panels ¢ and d show betweeness. Colors in each graph denote a dif-
ferent network, and the lines indicate a linear trend for each network.

According to the most significant model, both extinction frac-
tion and annual precipitation have a negative correlation with
closeness centrality, and the interaction between epsilon and
precipitation is positive (table 3.1). This means that the greater
the annual precipitation for a given temperate network, the
less negative is the relationship between extinction fraction and
closeness centrality (figure 3.11). In the model with precipita-
tion seasonality as the co-factor, the only significant relationship
is the interaction between the co-factor and extinction fraction
(in this case negative), which suggests that there is no signif-
icant relationship between epsilon and closeness centrality for
places with low to average precipitation seasonality, and that
the slope of this relation changes toward negative values as rain-
fall seasonality increases. The same can be said about the effect
of temperature seasonality in tropical areas, meaning that the
slope of the relationship between closeness and epsilon changes
toward negative values as seasonality in temperature increases.
We also note that all significant or nearly significant correlations,
after multiple test correction, involved the raw values of epsilon,
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FIGURE 3.8: Relationship between z-score values of betweenness

centrality for binary networks and: a) raw extinction fraction (extinc-

tion/speciation), and b) z-score values of extinction fraction (devia-

tions from mean rates divided by standard deviation of rates, both for

each network). Temperate networks consistently show negative cor-

relations, and tropical networks show positive correlations, although
none of them are significant.

and that no correlation was found when using the z-score trans-
formed epsilon (table 3.1). Lastly, we note that most significant

or nearly significant correlations involved the temperate region
(table 3.1).

It is worth noticing that out of the 24 performed tests using
both data from binary and quantitative networks, only one test
was significant using data from the binary networks (even when
considering the tests that were significant without accounting
for multiple comparisons), and still only the interaction param-
eter was significantly different from 0 (table 3.1). Additionally,
even if we also consider the tests that were marginally signifi-
cant (without accounting for multiple comparisons) in a conser-
vative scenario, it is important noticing that all significant tests
are related to closeness centrality (table 3.1). Additionally, sim-
ilarly to Mello et al., 2015, we did not find a significant correla-
tion between diet specialization and centrality (figures C.1-C.2).
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FIGURE 3.9: Relationship between z-score values of betweenness

centrality for quantitative networks and: a) raw extinction fraction

(extinction/speciation), and b) z-score values of extinction fraction

(deviations from mean rates divided by standard deviation of rates,

both for each network). Temperate networks consistently show neg-

ative correlations, and tropical networks show positive correlations,
although none of them are significant.

3.5 Discussion

The vast majority of fruits we see today are dispersed by birds
(Jordano, 1992), and this association is widespread in different
biomes throughout the planet (figure 3.2). In fact, bird and plant
evolutionary histories have been linked through their ecological
interactions for millions of years and have resulted in adapta-
tions in both sides of this interaction (Snow, 1981). Our results
indicate a potential influence of the evolutionary reliability on
the assembly of ecological networks that dependents whether
the network is found on tropical or temperate environment. We
suggest that in temperate regions species that belong to evolu-
tionary unreliable lineages typically do not play a central role
(higher values of closeness) on frugivore networks. Conversely,
species that belong to evolutionary reliable lineages might end
up being either more central or peripheral within its ecologi-
cal network. Such association is modulated by water availabil-
ity, shown here by a significant interaction between epsilon and
both annual precipitation and precipitation seasonality.
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FIGURE 3.10: Relationship between z-score values of closeness cen-

trality for binary networks and: a) raw extinction fraction (extinc-

tion/speciation), and b) z-score values of extinction fraction (devia-

tions from mean rates divided by standard deviation of rates, both for

each network). Temperate networks consistently show negative cor-

relations, and tropical networks show positive correlations, although
none of them are significant.

Water availability is known to help trigger different phenologi-
cal phases of plants, and the effects of lack of enough water in
the soil might last for years after a drought event (Bréda et al,,
2006). Thus, low water availability might impose severe restric-
tions to fructification, and therefore change the tempo and du-
ration of the fructification phase as well as the amount of fruits
(Kissling et al., 2007; Waide et al., 1999; Field et al., 2005). So
ultimately water regimes might strongly influence the timing of
such interactions, the amount of resources for dispersers, and
consequently the reliability of partners in the long run (Thomp-
son and Willson, 1979. For temperate regions where water is not
as abundant as in the tropics, we see evidence that places with
lower the annual precipitation might prevent unreliable evolu-
tionary partners to enroll a more central positions in ecological
networks. This is supported by the most significant model (table
3.1), in which both epsilon and annual precipitation have neg-
ative correlation to centrality, and the interaction between the
rate and the climate shows that high annual precipitation acts
on erasing this negative association. Similarly, the significant
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FIGURE 3.11: Relationship between z-score values of closeness cen-

trality for quantitative networks and: a) raw extinction fraction (ex-

tinction/speciation), and b) z-score values of extinction fraction (de-

viations from mean rates divided by standard deviation of rates, both

for each network). Temperate networks consistently show negative

correlations, and tropical networks show positive correlations, al-
though none of them are significant.

interaction between epsilon and precipitation seasonality rein-
forces the idea that water availability modulates the relationship
between epsilon and closeness. In this case, the higher the sea-
sonality the less likely it is for evolutionary unreliable species
to assume more central roles in the network (table 3.1). Under
this water availability hypothesis we expect fructification to be
different among different places with different water regimes,
leading to perhaps shorter fructification periods and/ore less
fruits in places with less and more seasonal water regimes. This
would affect the assembly of frugivores and the establishment of
such interactions, which could also leave spatial pattern of such
association between water regimes and dispersers availability.

In fact; Kissling et al., 2012a found that net primary productiv-
ity (estimated using actual evapotranspiration) and precipita-
tion are positively correlated with frugivore bird species rich-
ness for different biomes, whereas climate seasonality has a neg-
ative relation with richness. Thus, as temperate climates tend
to show lower precipitation and higher seasonality than trop-
ical climates (Hurlbert and Haskell, 2002; Currie et al., 2004),
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temperate biomes have lower frugivore species richness than
tropical ones (Kissling et al., 2012a). The opposite effects of an-
nual precipitation and precipitation seasonality on the correla-
tion between centrality and extinction fraction indicate that the
more similar the climate of a temperate region is to a “stereotyp-
ical” tropical climate, the less significant the association between
ecological role and evolutionary dynamics (positive interaction
coefficient associated to negative individual parameters - table
3.1). In fact, it is important to highlight that most correlations
for tropical regions are not significant, with the exception of the
interaction between epsilon and temperature seasonality (table
3.1).

This potential influence of resource availability on modulating
the role of evolutionary rates on network assemblage is also
reflected in our results describing how temperature seasonal-
ity modulates the relationship between closeness and epsilon
in the tropics. Low climatic seasonality (especially in tempera-
ture) is typically associated with tropical climates (Hurlbert and
Haskell, 2002; Currie et al., 2004), hence the significant negative
interaction between epsilon (extinction fraction) and tempera-
ture seasonality in tropical regions suggests that the higher the
seasonality the more negative the association between closeness
and epsilon. In other words, the more similar the climate of
tropical networks gets to an archetypical temperate locality, in
terms of temperature seasonality, the more likely we see the re-
lationship recovered for temperate networks.

It is curious to note that evolutionary reliability is only relevant
on assembling networks in the temperate zone and not in the
tropics. We suspect this is due to a higher diversity of frugivo-
rous bird in the tropics (Kissling et al., 2012a) and the fact that
frugivore birds in the tropics are, on average, more specialized
in fruits than birds that eat fruits in the temperate zone (Wheel-
wright, 1988). When looking at our own data, we in fact cap-
ture a higher degree of frugivory in tropical species (figure C.2),
which suggests that the frugivore networks studied here are in
fact very different in nature, and their assembly should reflect
differences not only in environment but evolutionary history
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(which determines diversity) between the tropics and the tem-
perate zone.

We argue that a bigger and phylogenetically more diverse pool
of frugivore species in the tropics would permit species belong-
ing to evolutionary unreliable lineages to engage into more cen-
tral roles in tropical ecological networks. In this case if a species
goes extinct and no other species within the same lineage is
present, this role could be taken (or is already also done) by
a species in a different lineage. We could refer to this pattern
to some sort of “evolutionary benefit of the commons”, where
ecological redundancy among several unrelated lineages over-
comes the evolutionary unreliability of a single lineage. In the
temperate zone on the other hand, the pool of disperser species
is a lot smaller, and potentially phylogenetically more restricted.
Hence species belonging to lineages that are evolutionarily less
reliable do not establish a more central role. This somehow
evokes a mechanism of species sorting. Our data indeed sug-
gests that the tropics have a more phylogenetically diverse pool
of frugivores, comprising 43 bird families from eight Orders,
while the temperate networks contains species from only 16
families from three orders.

Here we envision species sorting acting as a filtering process,
which would result on a network being structured around more
reliable lineages, and rendering species that belong to evolution-
ary unreliable lineages to end up in the periphery of the net-
work. Individual selection could cement the interaction among
reliable species and reinforce the empirical association we de-
scribed here between evolutionary reliability and ecological
role. It is worth noting that temperate species are not strongly
frugivorous, that fruits are not available all the time, and that the
more central temperate species are not necessarily the most fru-
givore species in the temperate zone networks (figure C.2). We
argue that this reinforces the idea that reliability and not host-
plant specificity is indeed an important aspect to the assembly of
temperate networks. Irrespective of the nature of selection (in-
dividual or higher level) we do recover an association between
a local ecological structure and a long-term evolutionary effect,
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which suggests that evolutionary reliability might be relevant to
understand current structure of ecological networks.

Other interesting aspects are worth mentioning. First the
strongest correlations between evolutionary aspects and ecolog-
ical aspects for temperate regions are those using a quantitative
dataset and not binary one. The discrepancy between the quan-
titative and qualitative ecological datasets highlight that the fre-
quency of interactions, used as a proxy for interaction strength,
not only changes the way we describe the role a species play
within a network (figure 3.4), but also affect our ability to under-
stand the potential mechanisms responsible for building those
ecological roles. The idea that different datasets might lead to
different ecological interpretations of species is also evident on
the absence of correlation between the binary and quantitative
measures of betweenness (figures 3.6-3.8). One should note that
quantitative measures of ecological interactions are not free of
problems, and that those might be especially sensitive to inter-
action sampling in the field.

Another aspect of our results worth mentioning is the fact
that most significant interaction between evolutionary reliabil-
ity (epsilon) and a centrality measure happened with closeness
and not with betweenness. A closer look at the centrality mea-
sure their definition and ecological meaning of those metrics
might help understand this. The closeness centrality represents
the sum of the shortest distances (here measured by the num-
ber — and weights in the quantitative dataset - of links con-
necting species) between a given focal node (here species) to all
other nodes (here species) in the same network (Bavelas, 1950;
Sabidussi, 1966; Mello et al., 2015). Therefore a bird species
with higher closeness centrality is typically directly linked to
more plant species and indirectly to more dispersers, than one
with lower closeness value. Hence high centrality species that
are evolutionary reliable typically guarantee a partner for many
plant species and, perhaps help hold the whole network to-
gether, as expected by our hypothesis. A species with high be-
tweenness centrality connects different parts (such as modules)
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of a network (Mello et al., 2015), and hence would have the po-
tential to hold a similarly important ecological role. We should
note though, that almost all of our networks did not show sig-
nificant modularity (table C.1). Hence it might not be surprising
that, for the collection of trees we analyze, the betweenness cen-
trality does not depict important variation in species” ecological
role. In fact, many species show betweenness values that are
zero, and we only see an association between closeness and cen-
trality for values of betweenness that are considerably higher
than zero (figure 3.7). A future avenue would be to estimate
the ecological role of species using other metrics (degree, eigen-
value, katz, page-rank, etc.) and representing a more “global”
role using orthogonal projections of all metrics with principal
component analysis (PCA) (Sazima et al., 2010).

Lastly, the lack of significant correlations between centrality and
the z-score values of diversification rates is also noteworthy (ta-
ble 3.1). By using the raw and z-score values for epsilon, we are
in fact testing whether there is a general mechanism underlying
the assembly of the networks (the absolute diversification dy-
namics matters) or if the species sorting process is more related
to the available pool of species. In the second case to play cen-
tral roles within a network a species would preferentially come
from lineages that have the slower pace in relation to the other
species present in the area. Our results indicate that the mecha-
nism that sorts species seems more general. We note that this is
somewhat a weak statement given that most of our correlations
are somewhat weak and that many co-factors are not significant.

We should also say that our correlations strongly depend on our
ability to estimate evolutionary rates. There is an ongoing de-
bate about whether it is possible or not to estimate extinction
rates from molecular phylogenies (Rabosky, 2010; Beaulieu and
O’Meara, 2015, Rabosky, 2016). Nevertheless, our results from
chapter 2 indicate that both speciation and extinction rates (and
consequently net diversification rates) can be well estimated,
even in a scenario of decline of diversity. We also note that if
the rates are well estimated relative to each other (which is less
demanding than asking for the absolute true values), then the
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general pattern and interpretations described here should be the
same.

We acknowledge that we tested simple climatic variables and
that future improvements may come from generating better,
more complex models, as well as from new attempts to char-
acterize the ecological role of frugivorous species by using mul-
tidimensional centrality components. Nevertheless, we believe
the results presented here represent an important advance link-
ing ecological and evolutionary dynamics of bird-plant inter-
actions. We showed that that stricter, more seasonal climatic
conditions restrict species belonging to evolutionarily unreliable
lineages, to occupy central roles in frugivory networks. Addi-
tionally, our results showed that this evolutionary effect is ab-
sent in tropical networks possibly because the tropics have a
richer and phylogenetic more diverse pool of disperser species,
generating an “evolutionary benefit of the commons” which
might overcome any negative effect that evolutionary reliabil-
ity of specific lineages might impose on network assembly.
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Conclusions

In each of the three chapters of this dissertation, we addressed
different aspects of important macroevolutionary questions.
Our results provided new information about the roles of diet
on the diversification of birds (chapter 1), as well as preliminary
insights on the processes behind the assembly of frugivory net-
works (chapter 3). Additionally, we were able to extensively test
methods that are widely used to estimate speciation and extinc-
tion in a scenario commonly overlooked by neontologists (chap-
ter 2).

The results from the first chapter suggest that omnivory is as-
sociated with higher extinction rates and lower speciation rates
than other guilds, and that overall net diversification is likely to
be negative. Trait-dependent models, dietary similarity and net-
work analyses also showed that transitions into omnivory occur
at higher rates than into any other guild. Based in all these re-
sults, we suggest that omnivory acts as macroevolutionary sink
where its ephemeral nature is retrieved through transitions from
other guilds rather than from omnivore speciation. We propose
that these dynamics result from competition within and among
dietary guilds, influenced by the deep-time availability and pre-
dictability of food resources.

In the second chapter, we show that both methods perform
equally well in the varying speciation scenario, and were able to
properly reconstruct the diversification dynamics for the whole
history of clade. We also showed that for the varying extinc-
tion scenario, that rates at the present are reasonably well esti-
mated, but both methods wrongly assign the variation in net di-
versification to a change in speciation instead of the simulated
change in extinction rate. Diversification estimates for empiri-
cal trees revealed differences in the ability of those two meth-
ods in identifying a declining in diversity: increasing extinction
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was identified in 67 and 13 out of 214 trees for RPANDA and
BAMM, respectively and decreasing speciation rate was iden-
tified in 48 and 160 out of 214 trees for RPANDA and BAMM,,
respectively. We suggest that under a simple diversification sce-
nario both methods might be able to estimate negative diversi-
fication rates at present, but could fail to infer how rates change
at deep time and might need additional information in empiri-
cal analyses. This behavior of assigning the variation on net di-
versification rate to speciation when extinction varies challenge
not only the idea that slow-downs in speciation are a common
macroevolutionary phenomenon but also our hope for molec-
ular phylogenies to properly estimate deep-time diversification
dynamics when it is driven by changes in extinction rate.

Lastly, in the third chapter we found a significant association
between the ecological role a species play in frugivory network
and the diversification dynamics associated to that species be-
longs in temperate networks, but not in tropical networks. Ad-
ditionally, we found that climatic variables (namely annual pre-
cipitation and precipitation seasonality) modulate this relation-
ship in the temperate regions. In this case an increase in precip-
itation and in seasonality, led to a stronger association between
ecological role and diversification dynamics. We propose that in
tropical regions, where the richness of frugivorous bird species
is a lot higher, the evolutionary reliability of specific disperses
lineage is not relevant for plant species because there would
be plenty opportunities from several different lineages, even if
each lineages is considered evolutionary unreliable. In temper-
ate networks on the other hand, plant species depend strongly
on the presence of a few disperser species and hence the evolu-
tionary reliability of their lineages ends up playing an important
role in network assembly. In the temperate zone species belong-
ing to evolutionary unreliable lineages are restricted to more pe-
ripheral roles in the ecological network.

We believe the results and discussions present on this disserta-
tion can help us better understand the roles of speciation and
extinction in shaping current biodiversity. Moreover, the results



3.5. Discussion 103

also highlight some future avenues for new studies, such as in-
vestigating the role of dietary specialization on diversification,
testing for complex effects of climate and dietary specialization
in the assembly of interaction networks, as well as detecting lim-
itations of current phylogenetic methods that may foster further
method development.
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FIGURE A.1: Distribution of carnivore species within the Jetz et al.
phylogeny. The phylogeny presented here was randomly sampled
from the 10000 trees from the collection using the Ericson backbone.

FIGURE A.2: Distribution of frugivore species within the Jetz et al.
phylogeny. The phylogeny presented here was randomly sampled
from the 10000 trees from the collection using the Ericson backbone.
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FIGURE A.3: Distribution of granivore species within the Jetz et al.
phylogeny. The phylogeny presented here was randomly sampled
from the 10000 trees from the collection using the Ericson backbone.

FIGURE A.4: Distribution of herbivore species within the Jetz et al.
phylogeny. The phylogeny presented here was randomly sampled
from the 10000 trees from the collection using the Ericson backbone.
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FIGURE A.5: Distribution of insectivore species within the Jetz et al.
phylogeny. The phylogeny presented here was randomly sampled
from the 10000 trees from the collection using the Ericson backbone.

FIGURE A.6: Distribution of nectarivore species within the Jetz et al.
phylogeny. The phylogeny presented here was randomly sampled
from the 10000 trees from the collection using the Ericson backbone.
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FIGURE A.7: Distribution of omnivore species within the Jetz et al.
phylogeny. The phylogeny presented here was randomly sampled
from the 10000 trees from the collection using the Ericson backbone.

FIGURE A.8: Distribution of piscivore species within the Jetz et al.
phylogeny. The phylogeny presented here was randomly sampled
from the 10000 trees from the collection using the Ericson backbone.
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FIGURE A.9: Distribution of scavenger species within the Jetz et al.
phylogeny. The phylogeny presented here was randomly sampled
from the 10000 trees from the collection using the Ericson backbone.
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FIGURE A.10: Boxplots of null distributions of centrality values for

each node in the transition network. The dots represent the calculated

values for the data. Horizontal lines represent mean values, whereas

the intervals indicated by dashed lines and ticks represent 1.5 times

the interquartile range from the first (lower limit) and third (upper
limit) quartiles.
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FIGURE A.11: Posterior distributions of transition rates into each
one of the diets coming from all other guilds. X-axis is truncated for

better visualization.
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FIGURE A.12: Posterior distributions of transition rates from each
one of the diets going into all other guilds. X-axis is truncated for
better visualization.
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FIGURE A.13: Distribution of species without molecular data (3323

species, in black) and with molecular data (6670 species, red). The

species without molecular data were inserted into the molecular phy-
logeny through a Yule process.
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FIGURE A.14: First 3 principal components of PCA using the scores

of each food item for omnivore species as variables plotted against

one another. It is possible to see that herbivores and piscivores are

similar to omnivores in all combinations, potentially reflecting the

high transition rates from these two guilds into omnivores. Also pos-

sible to see that omnivory overlaps with more than 2 guilds in all
axes.
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FIGURE A.15: Dietary composition of omnivorous birds (n = 1158
species). Frequency distribution of scores for each food item in the
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FIGURE A.16: Flowchart indicating the simulation protocol. Sim-
ulated scenarios where rates of diversification were not associated
with trait states were unable to produce simulations that were sim-
ilar to empirical data. Even with the 8 viable simulations for fitting,
we could not observe any similarity between those fittings and the
empirical results (posterior distributions do not show omnivores [or
any other guild] as having negative net diversification rates, nor they
show one guild with clearly distinct rates). The lack of viable simula-
tions and differences in rate estimates and trait state distributions in-
dicate that without an associated speciation and extinction dynamics
the transition rates alone together with the empirical tree topologies

cannot recover the observed empirical patterns.
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FIGURE A.17: Net diversification rates for all guilds in each of the

8 remaining simulations of character evolution using empirical tran-

sition rates. In none of the simulations it is possible to observe om-

nivores showing a distinct evolutionary dynamics in relation to all

other guilds. Moreover, no dietary guild showed a predominantly

negative net diversification as seen in the empirical data for omni-
vores.
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FIGURE A.18: Posterior predictive distributions for model ade-
quacy. Distribution of proportions that each diet represents in the
1000 simulated trees using estimated empirical rates. The black dots
represent the proportion of diets present on the data used in the study.
Simulations produced proportions that encompass the empirical val-
ues. Although the figure scale is not adequate to see all the propor-
tion distribution simultaneously, the empirical piscivores proportion
is within the range, close to the upper limit of simulated proportions.
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FIGURE A.19: Posterior distributions of speciation, extinction and
net diversification rates (panels a, ¢, e, and g) and transition network
(panels b, d, f, and h) for each of the 4 analyzed subclades: (a-b)
Passeriformes; (c-d) Piciformes; (e-f) Psittaciformes; (g- h) Charadri-
iformes. Extinction rates show a similar trend to the main study, usu-
ally being higher in omnivores, whereas speciation and net diversi-
fication rates show inconclusive patterns. Transition networks for
Charadriiformes (h) show a pattern similar to the whole tree, while
the other three networks show different patterns.
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FIGURE A.20: Distribution of dietary diversity indexes for omni-

vores classified using different classification schemes. The number

on the top represent the number of species classified as omnivores in

each scheme. It is possible to see a steeper decrease in the average in-

dex when increasing the threshold from 70% to 80%. This reinforces

our criterion in using 50% as an upper limit for a given item to be
consumed in the diet of an omnivore species.
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FIGURE A.21: Combined posterior distribution of net diversifica-

tion rates for each dietary guild using the new classification scheme

(70% threshold). Omnivores still have lower net diversification rates
when compared to all other guilds.
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FIGURE A.23: 95% credibility intervals for the posterior distribu-
tions of differences between speciation (a), extinction (b) and net di-
versification (c) of all guilds in relation to omnivores using the new
classification scheme (70% threshold). Omnivores still show either
smaller speciation and/or greater extinction rates when compared to
other guilds, which results in an overall low net diversification.
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FIGURE A.24: Network of estimated transition rates between diets

using the new classification scheme (70% threshold). Omnivores keep

being the preferential target in transitions even in this new classifica-
tion scheme, reinforcing their role as macroevolutionary sinks.
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FIGURE A.25: Representation of the Robinson-Foulds distances be-
tween the two backbone trees (Hackett and Ericson, as used in our
work) and two recently published high-order phylogenies (Prum,
Javis) as well as simulated trees (Max Simulated). The distance val-
ues represent the number of permutations needed to transform one
tree into another tree. The results show that the relative difference
between the two backbones is similar to the difference between each
backbone and either one of the two new phylogenetic hypotheses.
This suggests that phylogenetic heterogeneity (or uncertainty) as in-
corporated in our analysis (the use of trees from both backbones)
encapsulates an amount of phylogenetic dissimilarity that is compa-
rable to the one captured when comparing the backbone trees with
other phylogenetic hypothesis.
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A.2 Supplementary Table

TABLE A.1: Number of simulations with each ancestral state

Diet Number of Simulated Trees

Carnivores 30

Frugivores 120

Granivores 80

Herbivores 20
Insectivores 550
Nectarivore 57

Omnivores 120

Piscivores 20

Scavengers 3

A.3 Supplementary Notes

A.3.1 Assessing xxSSE model limitations
Assessing the coupling between speciation/ extinction and transition rates

Our results indicate that 29 out of the 180 simulations had at
least one guild missing. The considerable percentage of simu-
lations with missing guilds (approximately 16%) is already in-
dicative that transition dynamics alone (without a coupled spe-
ciation and extinction dynamics) rarely reproduce the empirical
distribution of diets observed in extant species.

From the 40 randomly selected simulations that contained all
guilds, our results showed that 32 out of those 40 simulations
where we fitted MuSSE did not provide reliable results. The
MCMC chains for those took as much as 20 times longer than the
viable ones to reach the same number of iterations and showed
no sign of convergence. This poor performance for those MCMC
chains is caused by recurrent unrealistic estimated rate values
such as speciation rates of 10? species per lineage per million
years. This is a reflection of underrepresentation of some guilds,
which renders the estimate unreliable. Again, this lack of con-
vergence can be interpreted as evidence that transition rates
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alone are not capable to generate scenarios similar to the one
seen in the empirical tree.

Taken together, those two previous results suggest that when
simulations ignored the rates of speciation and extinction asso-
ciated with trait states, the vast majority of these simulations
resulted in scenarios, which differed from the empirical data ei-
ther in relation to the proportion between guilds and/or from
the perspective of rate estimates, to the point that those were
not used or had to be discarded to the fitting exercise (Figure
A.16).

The fitting of MuSSE was only possible on 8 simulations and in
none of these remaining simulations we observe negative diver-
sification rates for omnivores (Figure A.17). In fact, no trait state
was estimated to be associated with negative net diversification
rates on those 8 simulations, and the rate estimates were not
even vaguely similar to the empirical estimates. With respect
to our empirical case, these simulation results suggest that the
transition dynamics (without changes in speciation and extinc-
tion due to trait states) and the specific tree topology alone are
not capable of reproducing the empirical diversification dynam-
ics (Figure A.17). Thus, we suggest that our results are unlikely
to be caused by model misbehavior, but rather by an association
between trait states (diets) and diversification rates.

Posterior predictive simulations to test for model adequacy

The results from the simulation that used the empirical rate esti-
mates associated with different dietary guilds produced a distri-
bution of proportions between guilds that lies around the pro-
portions observed in the empirical data (Figure A.18). This indi-
cates that the rates estimated by our analysis can generate plau-
sible scenarios (Figure A.18). We interpret this result as evidence
that the models used to characterize the diversification dynam-
ics associated with the different dietary guilds are adequate.
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Model fitting in sub-clades

The results from the sub-clades analyses showed a similar pat-
tern for the extinction regimes associated with omnivory. Here,
as in the main analysis of the whole tree, extinction rates as-
sociated with omnivory tended to be either indistinguishable
from other guilds or higher than in other guilds (Figure A.19).
The exceptions were the extinction rates of herbivores in both
Passeriformes (Figure A.19a) and Psittaciformes (Figure A.19¢).
We suggest that these very high extinction rate estimates for
herbivores result from the small number of herbivore species
present in each of those orders (12 species in Passeriformes and
10 species in Psittaciformes) and therefore are in fact unreliable
estimates.

Figure A.19 also shows that estimates of speciation rates of
omnivores are either not significantly different or higher than
the speciation rates of other guilds for all four orders (Figure
A.19a,c,e,g). This is different from what we discovered in the
main analysis, but we note that the transition dynamics between
guilds are also different from the dynamics estimated for the
whole tree with the exception of Piciformes, which show transi-
tions towards omnivory. We suspect that using sub-clades will
lead the models to preferentially assign the origin of new om-
nivore species to speciation rather than to transitions because
fewer transitions remain at the sub-clade level.

Although these sub-clade results indicate some differences to
the whole tree analysis, the direct interpretation of the sub-
clade analysis in xxSSE models other than BiSSE may not be
as straightforward as previously advocated for BiSSE (Rabosky
and Goldberg, 2015). For a binary-state character all sub-clades
of a given tree will have the same number of states (two) as the
whole tree, but when working with multi-state characters this
might not be necessarily true (for example the order Passeri-
formes comprise more than half of all bird species, but no car-
nivore, piscivore or scavenger species are present). Second, as
previously mentioned, dividing a tree into sub-clades might ob-
scure the dynamics of transitions, because a state that might
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have had multiple origins in the whole tree might be perceived
as having few transitions in a sub-clade that has, for example,
just one or very few transitions. Finally, when looking at sub-
clades some states may be very under-represented. According
to (Rosenzweig, 1995), the low relative number of species in a
given state leads BiSSE models to incorrectly estimate the pa-
rameters. This might be also the case in other xxSSE models,
especially when the absolute number of species is low (for ex-
ample the very low number of herbivore species in both Passer-
iformes and Psittaciformes, i.e. 12 and 10, respectively). Given
those constraints, we do not expect that the sub-clade analysis
always replicates the results from the whole tree analysis. There-
fore, the results from this analysis should be taken with caution
when using a MuSSE model.

General conclusion on the use of MuSSE in our data

To conclude, the first two sets of tests provided good evidence
for the proper behavior of the model to estimate true state-
dependent speciation, extinction and transition rates. The re-
sults from the sub-clade analysis were rather inconclusive, al-
though some trends (e.g. extinction regimes) were similar to the
whole tree analysis. We suggest that the overall signal from the
sensitivity analyses provides evidence that the model is provid-
ing reliable results, and that the qualitative results and conclu-
sions drawn from the whole tree analysis are robust.

A.3.2 Sensitivity analysis for dietary classification

The results shown in figures A.20 - A.24 suggest that a more
inclusive categorization of omnivory would result in the same
patterns as observed in the main analysis. In this new classifi-
cation scheme, omnivores also showed either lower speciation
and/or higher extinction rates when compared to all other di-
etary guilds. This ultimately results in a lower (and again even
negative) net diversification rate for this guild. Additionally,
the observed transition rate patterns are similar to what we re-
cover in our main analysis and support the scenario that poses
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omnivory as a macroevolutionary sink. We therefore suggest
that our main conclusions are independent to the classification
scheme used.

A.3.3 Comparison of backbone trees

It is possible to see that the two backbones used on our study
show a level of phylogenetic dissimilarity that is comparable to
the one captured when comparing those backbones to other re-
cent phylogenetic hypothesis (figure A.25). This suggests that
phylogenetic uncertainty incorporated in our analysis (the use
of trees from both backbones) is comparable to the ones cap-
tured from the two other phylogenetic hypotheses.

A4 Supplementary methods

A.41 Assessing xxSSE model limitations

We ran three sets of tests to evaluate to what extent the issues
pointed out by Rabosky and Goldberg, 2015 might have affected
our results and conclusions. These tests were suggested by those
authors as a way of diagnosing possible biases on parameter es-
timation due to background rate heterogeneity in phylogenetic
trees. For two sets of tests (Al and A3) that require empirical
trees, we used 10 randomly sampled trees (5 from each back-
bone) from the 200 trees used in the study. Since the second set
of tests (A2) consists of simulated trees, it does not require the
use of empirical trees.

Assessing the coupling between speciation/ extinction and transition rates

The recent study by Rabosky and Goldberg, 2015 criticizes the
indiscriminate use of the xxSSE models for testing hypotheses
about character state-dependent diversification rates. The main
argument is that xxSSE models tend to exhibit high Type I error
rates, i.e. detecting a character state-dependent diversification
rate when there is no association between characters and rates
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(‘false positives’). Given the clear relevance of such a potential
problem, Rabosky and Goldberg, 2015 suggested to simulate
"neutral characters" on empirical trees, with the aim to inves-
tigate if xxSSE models would attribute different diversification
rates for different character states even in the absence of a direct
association. As an example, Rabosky and Goldberg, 2015 sim-
ulated the evolution of a binary neutral character (without an
influence on speciation or extinction) on a phylogeny of extant
whales to quantify the Type I error rate using the BiSSE model.
Their simulations involved only trait evolution (no birth-death
process) and assumed symmetrical transition rates. We sug-
gest that this way of implementation is inappropriate for testing
Type I error rates in xxSSE models.

In the case of the xxSSE models, to properly test for a Type I
errot, the null model should be constructed with the premise
that the tree itself was generated by a constant-rate birth-death
process. If this is ignored, a potential false association between a
simulated neutral character and rates of diversification (referred
to as Type I error rates by Rabosky and Goldberg, 2015) could be
either the result of model misbehavior (suggested by Rabosky
and Goldberg, 2015) or result from violating the constant-rate
birth-death process. The empirical trees used in our work, like
most phylogenies for species-rich clades, are clearly subject to
rate heterogeneity (Jetz et al., 2012, Huang and Rabosky, 2014)
and hence deviate from the null scenario of constant-rate birth-
death process. However, developing a null model that incorpo-
rates the rate heterogeneity as commonly seen in empirical trees
to verify a potentially spurious association is not an easy task.
Hence, rather than trying to develop a test to detect Type I er-
rors, we think it is more appropriate to evaluate the reliability of
empirical results by firstly decoupling the transition dynamics
from the speciation/extinction dynamics and secondly testing
whether similar associations between trait states and speciation
and extinction rates can be recovered. The latter ones are ulti-
mately the processes that determine rate heterogeneity seen in
empirical trees.

We therefore propose a small modification to Rabosky and
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Goldberg, 2015’s protocol to assess the reliability of xxSSE mod-
els when dealing with specific empirical trees. Given the in-
tricate roles of diversification and transition rates on generat-
ing the empirical distribution of trait states on the tips, which
will eventually be used to test the reliability of the xxSSE mod-
els, we suggest to control for the effect of asymmetric transition
rates. This can be done by simply using the empirical transition
rates instead of symmetrical transition rates when simulating
trait evolution. This gives a more reliable assessment of the risk
of detecting a spurious association between diversification rates
and given trait states. Note that this, as in the case of Rabosky
and Goldberg, 2015, is not a test of Type I error in a purely statis-
tical sense, but rather a test if the empirical pattern can be gener-
ated by a lack of association between trait states and speciation
and extinction rates simulated via trait evolution on empirical
trees. In the case of decoupled dynamics described above, if
an association between speciation/extinction rate and trait state
similar to the empirical ones is recovered then the there is weak
support for the inferences derived from the use of xxSSE models
to our empirical data. On the other hand, if the decoupled dy-
namics simulations produce a scenario very different then the
ones recovered in the empirical analysis the empirical hetero-
geneity in the trees should not affect the performance of xxSSE
models and our empirical analysis can be considered robust and
reliable.

To test for spurious association between diversification rates
and trait states when using MuSSE models in our empirical data
we thus simulated the evolution of a nine-state trait (i.e. di-
etary guilds) evolving in 180 randomly selected trees from the
200 trees used in the main paper (90 from each backbone result-
ing in equal number of trees, twenty, for each of the nine possi-
ble ancestral state). In these simulations, we used the transition
rates as estimated from MuSSE rather than symmetric transi-
tion rates. The ancestral states for each of the simulations were
equally distributed among the nine states (20 simulations with
each state as ancestral state). From the simulations containing
all guilds (n = 151; see below), we randomly sampled 40 simula-
tions (20 from each backbone, due to computational constraints)
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and ran the same procedure as in the main paper to estimate
speciation, extinction, and transition rates. We then counted
how many simulations would show a similar dynamics to our
empirical results that would have arisen from a scenario where
rates of diversification were not associated with trait states.

Posterior predictive simulations to test for model adequacy

For the second set of tests, we simulated 1000 trees using the
tree.musse function from the diversitree package. These trees
were simulated using the mode of the empirical posterior distri-
butions of all rates. This simulation function requires an ances-
tral state to be given to each simulation. Hence, following Price
et al. 2012 SI, we have used the proportions of all 9 diets seen
on extant species as ancestral states (table A.1). We then cal-
culated the proportion of each diet in each simulated tree, and
checked whether the proportion between diets created by the
simulations lies around the proportion found in extant species
as a way of checking for the adequacy of the estimated parame-
ters.

Model fitting in sub-clades

According to Rabosky and Goldberg, 2015, if the macroevolu-
tionary patterns we observe in a given tree are created by spu-
rious association between trait states and diversification, the
chances of observing the same macroevolutionary pattern in
both the whole tree and in sub-clades of the same tree are quite
low. Therefore in the last set of tests, we selected 4 of the 5 major
bird orders (namely Passeriformes, Piciformes, Psittaciformes
and Charadriiformes) as in Rolland et al., 2014. We did not use
the order Apodiformes because it is predominantly composed
by either insectivorous or nectarivorous species, with very few
exceptions. Hence, testing for associations between traits and
diversification in Apodiformes would (a) not include the dietary
guild of omnivores, and (b) require the BiSSE model (which has
been shown to have serious biases and hence was not used in
our analysis).
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For each one of the 4 selected sub-clades we used the same 10
randomly selected trees mentioned above, and the same proto-
col used to analyze the whole tree. Hence, we ran each MCMC
chain for 2000000 generations, sampling every 1000th iteration.
The combined posterior distribution of all rates (speciation, ex-
tinction, net diversification rates) and also the posterior distri-
bution of the differences between the rates in each present diet
in relation to omnivores in each of the 4 sub-clades were then an-
alyzed to check whether or not different diversification regimes
are associated with omnivory as apparent for the whole tree.

A.4.2 Sensitivity analysis for dietary classification

To verify if our results are robust to different dietary classi-
fications (especially concerning omnivorous species), we per-
formed the same analysis as in our main analysis, but using
a new threshold for assigning a species as an omnivore. Be-
fore running this sensitivity analysis, we investigated the ef-
fect of different dietary classifications on the average diversity
of the omnivore diet, to characterize how different classification
schemes would change the level of “generalization” for the om-
nivore diet and see which new schemes would consist on scenar-
ios worth investigating in further detail. We used the original
dataset (scores greater than 5) and created four other datasets
(main diet scores greater than 6, 7, 8 and 9), representing differ-
ent degrees of restriction to the “omnivore” guild. In the five
datasets we characterized the degree of diet diversity for the
omnivore dietary guild by calculating the Shannon index using
the scores of all food items for each omnivore species (note that
the definition of omnivory and hence the number of omnivore
species changes among different datasets). We then compared
the distribution of Shannon indexes of omnivorous species in
the five datasets to identify the best schemes to perform a sen-
sitivity analysis. Results showed that for the first three thresh-
olds the average dietary diversity of omnivores decreased gen-
tly (Supplementary Figure 20), but a steeper change in the av-
erage diet diversity was apparent when using scores of 8 or 9
as a threshold (highly specialized species). Given this result we
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focused our sensitivity analysis on the other lower categories
(6 and 7). Due to computational limitations, we used only the
dataset with score 7 as a threshold for the sensitivity analysis
because this provided the highest sensible option. We should
also note that the threshold value used in our main analysis
(50%) maximizes the average diet diversity among omnivorous
species (Figure A.20).

For the sensitivity analysis, we ran the MuSSE analysis for the 10
randomly selected trees using this new dietary classification. To
evaluate the results we combined the posterior distributions of
all rates (speciation, extinction, net diversification and transition
rates) and also the posterior distribution of the differences be-
tween speciation, extinction and net diversification rates of each
guild in relation to omnivores, to check for significant differ-
ences in these rates. As in the main analysis, the results for scav-
engers are not included due to the small number of species and
the small statistical power to reliably estimate the rates. The re-

sults for the sensitivity analysis are shown in figures A.20, A.21,
A.22, A23 and A.24.

A.4.3 Comparison of backbone trees

Two new high-order phylogenies were recently published aim-
ing to resolve the deep-time phylogenetic relationships in birds
(Jarvis et al., 2014, Prum et al., 2015). To examine how differ-
ent the two backbones (Hackett, Ericson) used by Jetz et al,,
2012 (both used in our work) are to these new trees, we selected
two random trees from each backbone (note that all trees within
the same backbone will have the identical higher-level organiza-
tion) and then pruned those trees down to a tree that contained
the same species of both new trees: 1- Jarvis et al., 2014 with 48
terminals; 2- Prum et al., 2015 with 198 terminals. The trees were
then used to calculate the Robinson-Foulds distance between all
three pairwise combinations within each tree size class (Robin-
son and Foulds, 1981). This distance represents differences in
topology between two trees, and is calculated by counting the
number of permutation operations that need to be performed to
transform one tree into the other (Robinson and Foulds, 1981).
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Since the difference between trees is expected to grow with tree
size, these distances cannot be compared between different tree-
size classes (i.e. here the trees with 48 and 198 terminals, re-
spectively). Moreover, these Robinson-Foulds distances cannot
be easily interpreted without a reference scenario. We therefore
simulated 1000 random topologies for each tree size (48 and 198
terminals) using a constant-rate birth-death model, and later cal-
culated the distances between each of the three empirical trees
in each size class (Ericson, Hackett and Jarvis for the 48 termi-
nals class, and Ericson, Hackett and Prum for the 198 terminals
class), using all 1000 simulated trees from the respective size.
This was done to provide a maximum expected value of dis-
tances for each size class, so that the absolute distance values
could be better compared (Figure A.25).
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FIGURE B.1: Estimated versus simulated net diversification rates at

present for the SPvar scenario for RPANDA (panels a, b, and c) and

BAMM (panels d, e, and f). Estimates are for the 80rise time slice

(left column), 80left time slice (middle column), and 20left time slice

(right column). For all RPANDA panels (a, b, ¢, g, h, and i), colors

denote the best model selected, and in all panels the red line denotes
the "perfect fit’ (estimated rate equal to the simulated rate).
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FIGURE B.2: Estimated versus simulated net diversification rates at

present for the EXvar scenario for RPANDA (panels a, b, and c) and

BAMM (panels d, e, and f). Estimates are for the 80rise time slice

(left column), 80left time slice (middle column), and 20left time slice

(right column). For all RPANDA panels (a, b, ¢, g, h, and i), colors

denote the best model selected, and in all panels the red line denotes
the "perfect fit’ (estimated rate equal to the simulated rate).
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FIGURE B.3: Distribution of standardized ([estimated - simu-
lated]/simulated) speciation rate differences for RPANDA at the 80
left (panels A-D) and 20left (panels E-H) time slices in SPvar scenario.
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FIGURE B.4: Distribution of standardized ([estimated - simu-
lated]/simulated) extinction rate differences for RPANDA at the 80
left (panels A-D) and 20left (panels E-H) time slices in SPvar scenario.
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scenario.
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FIGURE B.6: Distribution of standardized ([estimated - simu-
lated]/simulated) speciation rate differences for BAMM at the 80 left
(panels A-D) and 20left (panels E-H) time slices in SPvar scenario
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FIGURE B.7: Distribution of standardized ([estimated - simu-
lated]/simulated) extinction rate differences for BAMM at the 80 left
(panels A-D) and 20left (panels E-H) time slices in SPvar scenario.
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FIGURE B.10: Estimated versus simulated speciation (panels A, D,

G and J), extinction (panels B, E, H and K) and net diversification

(panels C, F, I, and L) for the true (simulated) model for RPANDA in

the 80left (panels A-C and G-I) and 20left (panels D-F and J-L) at the
SPvar (panels A-F) and EXvar (panels G-L) scenario.
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FIGURE B.11: Distribution of standardized ([estimated - simu-
lated]/simulated) speciation rate differences for RPANDA at the 80
left (panels A-D) and 20left (panels E-H) time slices in EXvar scenario.



B.1. Supplementary Figures 149

A Ntip < 100 E Ntip < 100
> 751 > 200 -
= £ 150-
O 501 )
03; 083- 100 1
I 2] : I 50-
0- l T T 0- T T T
0 4 8 0 4 8
Mu Standardized Difference Mu Standardized Difference
B 100 < Ntip < 500 F 100 < Ntip < 500
> 300 - > 200
S 200- o
> >
D 100 o 1007
LL LL
O- T T T 0- T T T
0 4 8 0 4 8
Mu Standardized Difference Mu Standardized Difference
c 500 < Ntip < 1000 G 500 < Ntip < 1000
> 150 A . > 40 1 .
e 2 301
© 100 [
;’-J- q?.)- 20-
— 50 —
i : (C 101
0- l T T 0- T T T
0 4 8 0 4 8
Mu Standardized Difference Mu Standardized Difference
D Ntip > 1000 H Ntip > 1000
150 A : 4-
) : )
S 100 2 3
() (D)
> - 2
g so- g .
LL LL
0- T T T 0- T T T
0 4 8 0 4 8
Mu Standardized Difference Mu Standardized Difference

FIGURE B.12: Distribution of standardized ([estimated - simu-
lated]/simulated) extinction rate differences for RPANDA at the 80
left (panels A-D) and 20left (panels E-H) time slices in EXvar scenario.
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FIGURE B.13: Distribution of standardized ([estimated - simu-

lated]/simulated) net diversification rate differences for RPANDA at

the 80 left (panels A-D) and 20left (panels E-H) time slices in EXvar
scenario.
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FIGURE B.14: Distribution of standardized ([estimated - simu-
lated]/simulated) speciation rate differences for BAMM at the 80 left
(panels A-D) and 20left (panels E-H) time slices in EXvar scenario.
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FIGURE B.15: Distribution of standardized ([estimated - simu-
lated]/simulated) extinction rate differences for BAMM at the 80 left
(panels A-D) and 20left (panels E-H) time slices in EXvar scenario.
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FIGURE B.16: Distribution of standardized ([estimated - simu-

lated]/simulated) net diversification rate differences for BAMM at

the 80 left (panels A-D) and 20left (panels E-H) time slices in EXvar
scenario.
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FIGURE B.17: Estimates of speciation rates at the root for RPANDA

(upper panels) and BAMM (lower panels) for the 80left (panels A, E,

C and G) and 20left (panels B, F, D and H) time slices in the SPvar
scenario.
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FIGURE B.19: Estimated rates for BAMM (y axis) and RPANDA (x
axis) for (A - B) Net diversification at the tips, (C - D) net diversifica-
tion rates at the root (original in C). Panels A and C are the full plot,
whereas panels B and D show detailed views of the other panels. The
red line represents the perfect association (estimates from BAMM and
RPANDA are equal), and the blue line represents a linear fit between
the two variables. R? values are shown in supplementary table 1.
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timated rates for BAMM (y axis) and RPANDA (x axis) for (a and d)

speciation rates at the tips and root, respectively; (b and e) extinction

rates at the tips and root, respectively; and (c and f) net diversification

at the tips and root, respectively. The red line represents the perfect

correlation (estimates from BAMM and RPANDA are equal), and the
blue line represents a linear fit between the two variables.



Appendix B. Supplementary Material - Chapter 2

160

0 g 0I- §I- 0z- Sz- 08—
L ! ! ! ! ! !

0 0T- 0z- 0g- Ov— 0S- 09—

° e
< 2 °
LS 8 & .. Fs
8
° N L
td
= (DRI 2 ~ °
N 2 8 . 5
5 N
° L
B3 °
A @ o \ | o
~. B . B
LS S~ ° 2 . R
] - I L
= N N
.................... ° NS e
"8 & 8
aepnosaong aepinog aepLojeuIquog aepiuojag aepibiakyreg
0 0- 0z- 0e- Op- 05 s ot- st- 0 01- 0z- 0~ Ov- 05— 0 o1-  0z-  0e-  Ov- s ot- st-
L L L L L ! L L ! L L L L L ! L L L L ! L L !
° °
° 8 rs
- g
8
o g RRRENN
o { = See | o
I8 S &
° e N
2 g
LS s @ °
R N 2
5
°
o B =4
= R - R s N
.................... = & 2
aepipeg aepljaly aeplaply aepipody
0 0T- 0z- Oe- Op- 05— 09- OL- o-  0z-  0e-  Ov- 0 s- o1- st- 0 or- 0z- oe- s o-  s- o0z-
P T R R R R L L L ! L L L | L L L | L L L !
caaemm | 8 ° °
PO e ° 8 °
S
8
S [ °
-2 2 N o T
..l 2 s N
L o o AN ° So
b, N N
> = - o N
o
o N - R
L ° <
> < S N
> 8 °
N o
o N s
L < ° N
® & ~Le ° ,,
- e
sepreuy sepiposiy QepiuIpadly aepipnely
0 s o0- S- 0z- S o0z- or- 09- 0 0z- or- 09- o8- 0 o 0z 0e- Or- 05 o1- 0z- oe-
L L L L L | L L ! L L L L ! L L L L L ! L L !
= 2 P - o
.................. + 2 ° e
& < S
Lo
s o
2 2
=4 =
o &
F o ° s
5
° 8
-5 5
.................... 3 | -
L s ° @
8 5
................. e
N

aepireydasony

oepuasuadioy

aepuydioy

sepiziuedy

aepIWos0IqY

ST0 PTO €70 ZI'0 TT0 0T0

800 00 000

0£0 §20 0Z0 STO 0T0 SO0 000 2T

0£0 820 920 ¥ZO 20

z€0

(Sayex uonOUNXd :SAUT] pal ‘sajel uonenads :saur] Moe[q) sean Teorrrdws (e Jo sjord awm ySnoayy aey €7 g AANOI]



161

.1. Supplementary Figures

(SeeI UOTOUTIXd :SAUT] Pal ‘sajer uonerdads :saurf yoeyq) saax Tesrrtdws (e jo sjord awm y3noryy ajey (¢ g IMNOI]

0 G- 0T~ SI- 0z- Sz- 0ge- Se- 01— 0z- oge- ov- ot- 0c- 0ge- ov- ot- 0z- oe- ov- 05— o S- o1 ST-
2 L b
8 2
] FS
2 ° r 8
14 o
L s -
2 :
e re
L8 ° L
~ o
2
o 3
8 re
° °
g 8 i S
° L8
L s 2
o ]
P - T B I EE [T
.................. L g 5 o
2
seplerebonayd aepiupeseyd sepineD
0 S- 01- GI- 0z- Sz- 0g- ST- G- 0T~ ST- 0g- Sg- 0g- Ge- o1- 0z- oge- ovr- 0 S- o1~ ST-
....... e aae e o - M
=3 = =3
M8 - | e kg
8
°
L2 5 ° °
G Me e
° 5
L2 °
8 rs L s
3 2
e o
.................... L2 L g
B ® 8 °
g
o w o e
F o I B 2
B
aepaydoassd aeplwodonuad aepigaD
0 o1~ 0z- og- o1~ 0z- (U or- o S- 01— ST- - o1~ ST- o o1~ 0z- og- or- 0S-
..... ey S o
° o L g
2 g 8
Lo
° 3
2 R o
SN o
o o @
2 2
Lo
° o
F c o
5 2 HE
o
.................... ° o
F e =
E 8
5
aeplwojsoe) aepijeulpied aepiAwoided aepibjnwude)
0 G- 0z- - - €= b= G- 9- G- 01— ST- 02— G2 0T- 0z- 0e- Ov- 0S- 09— 0 S- 01- SI- 0z- Gg¢- 0e-
o
: °
s ° g L g
L g g
e 3
° 2 L8
L s o 8
8 g
8 °
° 2 2
g
& o
Lo &
=3 o =3
g © LS
8
....... | o o e o TToTTTTTTTTomTmmmTeT
g = I 5

aepiuoyded

oepiued

aepibeydadwed

aepinesed

0z STO

sz0

00 STO 010 SO0

SZ0

ST

900 $0'0 200

800



Appendix B. Supplementary Material - Chapter 2

162

(sa1eI1 UOTIOUTIXD :SAUT] PaI

0 g 0I- S§I- 0Z- Sz- Oe-
L ! ! ! ! ! !

‘sajer uoryeads :saury yoe[q) sean Teorrrdws (e jo sjord awm ySnomyy ayey €7 g AMNOI]

200 000

T T
900 Y00

T
800

sZ0  vZ0 €20

920

$00 200 000

900

200 000

700

aeplapawolq

0T0 800 900

aepioealq

0z- or— 09- 08-
! ! ! !

05

8T0 910 +T0 20 010

0z'0

200 900 SO0 Y00

800

aepuniseq

[ o1- 0z- [
L ! ! !

900 SO0 00 €00

200

aepiAwoual)

sepnaoud

0 s 0T- SI- 0z- Sz- Oe-

sepieI)

0£0 SZ0 0Z0 STO 0T0 SO0 000

S00 000

0Z0 ST0 070

sz0

00

T0

z0

aepinoy

sepiquiniod

2epy0ansio

sepiuoold

sepuolyosAIyD

€0 Z0 TO 00

¥'0

£0'0 00 100-

500

§20 020 ST0 OT0 SO0 000



163

.1. Supplementary Figures

o 01T~ 0z- oge- or- 0 01— 0¢- 0ge- Ov- 0S- 09- O0L- S- ot- ST- 0c- 0z- Opy- 09- 08- 00T- 0CI- 0 S- ot- ST- 0z-
L L L L ! , P TR R S T T S T L L L ! L R R L L L L L !
s L & S
2 3 ° 3
2 2 = 2
8
° °
° s <
2 8 o 8
= F o
o g
°
H8 S
° 2
& Le
L s 8 -
8 g
8
°
el = L2 °
||||||||||||||||| - @ B o e e e e e e m - o B
3
aepunesoyla aepiAwoan aeplixefen aepibereo
0 o1~ ST- §- 0T- SI- 0g- Sg- oe- S- o1 ST- 0z- S¢- 0 S- o1- ST-
L L L ! L L L ! P T S S R L L L L ! L L L !
................... L o
°
° g -
8 ° ° BRI
~ & o
~ - il N
° s AN N
o . | - g
. 5 2
=3 L & ~
R s . 2 ’
N & 2 N
° N 8
2 Y
E 8 °
F S
< \
° \ \
3
8
aepiueuIny aepije4
o o0- 0z 0~ Op- 05 0 o1-  0z-  0e-  op- - - 8- o1- - 0 o1- o0z- 0g-
L L L L L ! L L L L ! L L L L L L | L L L L L Lo L L L !
- © o
2 T~ o =3
o . BN I~ =
2 L IS e N E (R
8 N
L o
° IS °
re N 2
2 L o
5 ° &
s
~ o
o A F o o
° o S ® @
2 8 .
8 o . -
< N .
Fe "\ © °
° ° £ I R &
& & I~
aepluodfes oepip|ns3 aeplageunsy aepnuoziyiei3
0 S 0I- SI- 0z- S2- 08~ Se- 0 ot- ST- 0z- 0o o 0z- 0e- Op-  0S- 0T- 0z- 08~ Op- 05— 09- [ 5 ot- ST-
P S T S SR ST S L L L L L L L L ! P T S W S L L L !
................... L o g gy mmmuvC Ve Ceeesaaaas | ©
°
Q n =
8 8 N
8 - N
5 8
° o o N
o ° S
8 N
° B N
L8 g .
° © ~
S
g Fs P S
38
L & 8
° 8
2 8
||||||| * A
»
- g &
aeppojoiqul aepizuaqul aepunuojequ3 aepif1oeposayina|3 aepiAwiyo3

(SeeI UOTOUTIXd :SAUT] Pal ‘sajer uonerdads :saurf yoeyq) saax Tesrrtdws (e jo sjord awm y3noryy ajey (¢ g IMNOI]

900 00 200 000

L0 90 S0 ¥0 €0 Z0 TO 00 800

880 980  ¥E0  2€0

or'o

20

£0

90

20



Appendix B. Supplementary Material - Chapter 2

164

- v 9- 8 01— 2I- 0 s- o1- ST- 0 s 0 SI- 02— G- 0 s o1-  S1-  0z- 0 s 0~ & 0z G-
L L L L L L L ! L L L L ! L L L \ ° L L L L L !
) —te [—==< oo o R
5 emmmmm ° 2Ll 3
- S -t 4 =
< = . B s - -
-~ D [ N I
S~ L o P o \ 8
~.. o » . M8
~ \
) ° \ ° B
2 <
- © Vb 8
Lo ° B
~ 2 \
\ -
| o ° V[ & e
@ @ | I _
° 8
ES
aepiyouyioe oepue oepiue aepuoydons| aepupu|
0 0T- 0z- 08~ Ob- 0S- 09— 0 z- - 9 8 01— - 0 0- 0z 0~ Op- 05— 5= o1- S1- 0 0T- 0z- 06~ Op- 0S- 09- 0L
T S S R T L L L L L ! L L L L ! L L ! P T SR S T R T
.............. peveveweweny BY ° SYPSTIITTIEY &
LS ° R
° 8 3
LS E]
8 -
°
S 8
- @ 8
F o ° -
S °
o g
° M= S 3
I 8 5 @
° ° -
LS 3
° 8 8
.................... Fs
8 ° L
R g s
8
aepiuenB| aepua| aepuneln| aepousAH epIOUAH
0 z- - o 0 01 0z- 0E- Op- 05— 09- 0 s- o1- S1- 0 S ot- ST- 0z- 0 o1- 0z- oe- o-
L L ! 5 TR L L L ! L L L ! L L L L
3 - o [covoizaa== p————
2 ° ° smmess
2 -
e mmmmm————— - 8 3 N
PR - ° ° -
. | .l 2 °
.. 2 ~ I 8 ]
/ L N °
g ° r
° N e 3
g N °
8 3
® ° @ o
- = 8
° 8
3
° 8 e
] ° 5
5 [ 8 o
° )
2 8
epneqolAH aepneqoIpAH epIUILIOH seplulpunIH aepuapisoddiH
or-  0z-  0e-  Op- S- 01~ ST- 0z- Sz- OE- s~  0- sI-  0z-  Sz- - v- 9- 8- 01— 2ZI- YI- 0 - 0~ ST-  0z- Sz
L L L ! L L L L L ! L L L L ! P S SR T R B L L L L L !
°
° ° Fs °
-8 I 8 2
2 8 5
° -
~.. rs °
e Seel 8
- - °
S ° F s o
] 8 2
8
° b 2
L N F e ° -
3 . & 2
° N L2
°
- s ° S o
Fo o b
= <
a °
.............................. - I R
B
sepiuweIBexaH sepIWoaIoH sepisadion sepino sepiue|eIn

(Sayex uOnOUNXD :SaUT] pal ‘sajel uonenads :saur] oe[q) sean Teorrrdws (e Jo syord awm ySnomy aey €7 g AANOIL]

900 $0'0 200

800

00

200 000

800 900 ¥00

oro



165

.1. Supplementary Figures

- v- 9= 8 o0l 2T~ ¥I- 0 o1- oz- oe- s- o1- ST- 0 o1- 0z-  o0e-  ov- [ 0z- ov- 09-
T S T S S L L L ! L L ! L L L L ! L L !
o [ Tiioioooooes ° o [rmmmee e °
Fg | <---* PR g
LS = ° g
] 2 8
]
° ~
5 ° g
5 8
° w 0 | |ttt
& o I
& 8
°
.................... LS N oo
8
SepIYIIRUON epISSO|ON [epiuIn aepidosaiy epIONIBN
-  o1- §I-  0z- Sz 0 s o~ §I- 0z Se- o1- 0z- og- 0 5= o- s~ 0z- oz- or- 09- 08
L L L L ! L L L L L ! L L ! 5 L L L L ! L L L
°
° 8 2 °
I 8 - 8 .-
Teel &
° °
s ° S 8 N
N S 2
N °
e M o 2 .
F8 2 g 2 N
N o ° \
° N ° S
-8 N 3 8 3
°
° <
o ® g
- N (A
B °
&
aepibeydipy aepipodefapy
ot- [ og- 0 - 01— S-  0z- G- - 0z- sz- 0g-
L L ! L L L L L ! T T T .
......... S ——— I S
° 2
)
8
@
° ° o
LS <
8 = 2 8
°
I 3
Fo
g 5 8 .
2 g
° 8
I 8 8 o
® s
....... ° oo
He » o 8
aepiouodeep aepluaydsoioe @ aepipodoioep
ot- o0z- [ op- 0 - 0I1- SI- 0z- G- 08 5= o1- ST- 5= ot- ST- o2-
L L L L L L T L ! . L L ! L L L L ! L L L !
° °
2 ° N °
° 3 R
3 ° ..
8 -
8 ° ~. °
8 . @
° N
LS S o N
® - g <
° o
2 °
° ~ 8
| R .
g 2 o
® 8
L 2 g ° N
3 N R L R 5 O B e
aepigkl oepisio aepy|Ia1sna0T aepuoda aepunwa

(SeeI UOTOUTIXd :SAUT] Pal ‘sajer uonerdads :saurf yoeyq) saax Tesrrtdws (e jo sjord awm y3noryy ajey (¢ g IMNOI]

S0T'0 0010 5600

[ax0)

ot S00 000

ST

800 $0'0 000

210



Appendix B. Supplementary Material - Chapter 2

166

(sarex uondUTIX

sepibeydosni

sepidediosniy

sepuniy

0 s~ 0- SI-  0z-  Se- 0 5 o1- S1- 0z- o1- [ og- ov- 0 s 0I- &I- 0z- Sz- 08~ 0 z- - 9- 8-
L L L L L ! L L L L ! L L L ! . L L L L L L ! L L L L !
° )
- 2 = °
-8 8 | kg eeszmmmemmmmses -
°
° S e - -
8 a L s
° | o r
e g 3 g
© | 2
. -
Fg o LS
°
P e [ B i L
8
aepued seploesipered sepijeydaskyoed sepiEIo
0 s~ 01— SI- 02—  Se- 0 B o1- s 0z- o1- 0z- oe- ov- 0 S 01— SI- 0z- Sz- 06~ SE- 0 0z- op- 09- 08—
L L L L L ! L L L L ! L L L ! T S T R S S L L L L !
T e -
° b .
LS -
8 ° -
- B °
8 o L
° - S
I 8 ° L=
F s o
@ -
° N -
Fe \ -
R . ° @
- .
° R \
° Nk r
8 ° \ e
F g \
P a \
& [T
° Lo L
g &
sepUsLISO 2BPHUOPOIO 2epILoIOYPO aepiyoeneqnoAN
0o z- v 9- 8 01— 2I- 0 o1- oe- op- ot- 0z- oe- 0 £ o1- S1- 0z- 0 s~ 01-  §I- 02— S-
L L L L L L L L L L ! L L ! L L L ° L L L L L !
. - o -
- ) ° LI R L
o 2 BN ~ el
. E - Lg He
N L o N @ ~.
N > ° L o S r
3 N =
L o 8 N o
o S F e Lo
N N B
N | o S . v < F
N ® g D °
N . ° \ -8 \
\ e
- ° . M5 \
° 3 N o N -
L - .
» \
° L o -5
[ N 8 ° L
N - e
N
aepualdAN aeplAwosaN aepleleN aeplRISNIN
0 0T- 0z- 0e- Oy- 05~ 09— 0 S o-  sI-  0z- op- 0 s- ot- ST- o0z- 0 S 01— ST- 0z- Sz- 08~ Se-
L L L L L L ! L L L L ! L L L ! L L L L ! T S S TR A R T
JRFCOI RV | o ) | o °
8 rs L
@
F oo °
Fg -
5 °
Fos | o &
5 5 i
.. ° L
o 8 - 5 Le
- 8
Lo ® - FS I
~ 8
8 - Le | ---------cccmmmea o
L s 5 &

sepidoowiop

:saur pai ‘sayes uonerdads saurf doelq) seax) resrdus [re jo syord swm ySnomnyp ayey (€7 TANOI]

900 ¥00 200 000

800

200 100 000 100-

£0'0

0T 50

ST

500 ¥00 €00 200 100 000



167

.1. Supplementary Figures

s- o1- ST- s- o1- ST- 0z- 0 s- ot- ST- 0 0z- ov- 09- o08- ozt~ [ ot- o0z- oe- oy-
L L L L L ! L L L ! P S T S T R o L L L !
o | TTTTTT T e | o =S [E
s 5 8 5
L8 °
° g
8 L s 8
8
s = o
- 2 & 3
® s b
° © °
3 re o g
I | &
F s F °
B 3
° L& &
.................... | & s ° el =)
L & g
aepuoayid oepidid aepld
S sz-  og- 5- o1- ST- 0 S o1- ST- 0z- §-  0- SI-  0z-  Se-
L L L L L ! L L ! L L L L L ! L L L L ! L L L L !
L o PO Uy UV U U U U TETPUUYEURUY S-SR [y g gy e L o
° °
3
F oo s
. | o g ° A
Sl » s 8
o IS o
Lo & -8 2 .
N ° N
3 N
Lo » -8 ° N
N ES F & ° N
\ | o 8
\ 8 ES
° L
- 8 ° \
S <
F & 5
oepiwoisoiAud aepidoosojiAyd aepnewosoukiyd aeplooyd aepiueiseyd
o1-  §T-  0z- Sz 5= o1- ST- 0 o1- o2- og- ov- 0 - 0= &I~ 0z- Se- 0 o1- oz- og- ov-
L L L L ! L L L L L L Lo L L L L L ! L L L !
)
° ° 2 °
8 8 - &
LS o ° o ~.
® 8 2 8
° -
F o ° °
= 2 o 2
F s
- S o @ 3
8 Fs L 8
2 °
) ° o E
e ) Fs 8 .
S N
2 L
sepuabueleyd aepIeIod0IveRYd sepunelad sepiad
0T- 0z- 0~ Op- 05~ 09- - o1- S1- 0 5= ST- 0 o1-  0z-  0g-  Op- - v- 9= 8  o0I-
L L T T I 1 1 ! L 1 L ! L L L L ! L L L L !
L o °
2 L
2 Lg | s s
e - ° 8
° ~. F2
Fg - s N
8 N N
)
° N ~
° Fo °
.= g o 3
2 i S S
° L o
Fe s IS
- °
& v le 2 N
° L . @ .
8 VLo N
° [ \
5

aepiiuiyorIad

seplpwelad

aeplausollad

oeplassed

sepinied

(SeeI UOTOUTIXd :SAUT] Pal ‘sajer uonerdads :saurf yoeyq) saax Tesrrtdws (e jo sjord awm y3noryy ajey (¢ g IMNOI]

005 00e 00t

00L

00

20

SZ0 020 ST 0T0 SO0 000

80 L0 90 S0 ¥0 €0 Z0 TO



Appendix B. Supplementary Material - Chapter 2

168

0 g 0I- &I- 0z- S2- 08~ o1- 0z- og- 0 0z- oy- 09- 0 o o-  §1-  0z- 0 s o1- ST-
L L L L L L ! L L ! L L L ! L L L L ! L L L !
- e °
B ki i ° e ST, ° L s
5 8
~ L -~
-~ Tl RN
° I - L o N
5 5
&
> ~ -
L s N
° ® N LS
[ 8
5
Lo B AN - N
°
-te i I )
F o &
aepioedojoos aepupuewEeS aepiydojouiyy
0 s 0I- SI- 0z- Se- o o1- ST- 0z- 0 o1- 0z- 0e- op- 0 s 0T- &I- 02— Sz- OE- 0 s- 01— &-  0z- Sz
L L L L L ! L L L ! L L L L ! L L L L L L ! L L L L L !
........ ervreyereysrereseseTeuy B Y °
° - PR
g S 8 ciemmem s
8 s--
.. °
L oo ° A
o 5 AN o
& S rs
. °
s ) N °
g F i
N &
°
B ° °
B | <
F &5 8 3
°
o B ° -
2 ®
8
aepndAiooulyy aepley aepipodobid aepnououdid
0 o0~ 0z- 08~ Op- 0S- s~ o-  &- 0z 0o s o1 0z-  sz- 0 - 0- SI-  0z-  S2- 0 o1- 0z- oe- op-
L L L L L ! | L L L ! L L L L L ! L L L L L ! L L L L !
L 2 ° S
)
2 ° 2l 8 o
F g
| o - ° ° 8
8 ~ &
- ~.. - ° °
~ -3
e . 2 5 S
° * . ° °
- ° N [ -
8 > @ g
°
° N
Fg . H \ 8 F g
8
\ °
LS e R
.................... 2 5 i JE R (Y s
F g
8
aepiyoukylouoid aepipodosald sepuIsyoopnasd aepiuofooid aepiLe||@20id
0 s- 01— SI-  0z-  Se- o1- 0z- oe- 0 s o1-  ST-  0Oz- 0 0z-  op-  09- 08— 0 s o0 s§T- 02— Se-
L L L L L ! L L ! . L L L L ! ° L L L L ! . L L L L L !
s 5 s
2 ° e
2 2
°
F g ° -
2
8 2 S
° ° 2
° 2
F g 2
S -
° °
§ °
° 8 S -
Fe e -
8
e °
° S ® | &
-2 S
.................... H oo e ——— oo
2epI0J0l0d aepipadioipod 2epIaoo|d aepnuopoyiald aepuiaisAield

(Sayex uOnOUNXD :SaUT] pal ‘sajel uonenads :saur] oe[q) sean Teorrrdws (e Jo syord awm ySnomy aey €7 g AANOIL]

800 900 ¥00 200

ot

900  $00 200 000

800



169

.1. Supplementary Figures

(SeeI UOTOUTIXd :SAUT] Pal ‘sajer uonerdads :saurf yoeyq) saax Tesrrtdws (e jo sjord awm y3noryy ajey (¢ g IMNOI]

0 S 0I- SI- 0z- Sz- O£
L ! ! ! ! ! !

o
L

0T- 0z- 0e- Ov- 0S- 09- 0/-
T TR TR T S S

0 s ot- ST- 0z:

o S s
8 2 2 2
8 e
° °
°
8 8 8
° °
< ) °
° 2 &
2 2
2 2
g °
° AR : ° °
8 B ~
N °
3 °
° <
3 - © 8
® A S PN [
H 5
aepiuweul] epIyIuIoNSaIY L aepidneiyl
o o 0z~ 0s- Or- 05~ 0 01~ 0z- 0g- Op- 03~ 09 5= ot~ ST- o §-  0- SI-  0z- Se-
L 1 1 1 1 L 1 1 1 1 1 4 1 1 1 1 1 Loy 1 1 1 L 1 1 1 1 1
° 8 [ Fg [ °
° 2
° N
b 3 8
-~ ° © °
~. N
2 &
.~ °
N [ ° ©
N ° - s g
/ - ° 8
2 3
N = @ ®
° 8
° )
B ° = =
. T ° | [
B 8
&
aepiiydouwrey aeppaiual aepidrel aepinAs aeplns
0 - §T-  0z-  Se- 0 - o1- ST- oz- 0 o1- oz- oe-  or- §- 0T~ ¢T- 02— Se- 08~ Ge- 0 ot~ 0z- og- or-
L L L L L ! L L L L ! L L L ! T S S R T S ) L L L L !
................ my PN -} o ES
°
8 s
3
8
°
8 o g o
3 [
5
°
? °
=
° = 2
8 S °
S
L J 1 N N B BT T 1 [
....... 8 - °
o g B
aeping epluns aepibus ° aepiosiuayds aepioefeds
4 oT-  0z-  0e-  Op- 0 5= ot- S1- [ 0z or- 08- 00T~ §- 0= §I- 0z G- 0 0T- 0z- 08~ Op- 05—
L L L L ! L L L L ! L L L L ! L L L L ! L L L L L !
° [=J e ——————— °
5 ° 5
G 4
8
- N
8
° 8
8 °
N o 8
N, g
N 2
N ° I g
e 8
AN ° 8 °
\ . .
. 5 S
\ 8
. e
- @ L LR T P T
5 g g
oepios oepluedis aepiseqas 2epLqUI0dS

ST 0T S0 00

sz 02

0e

00 200 000

900

Y10 zro oto

910

¥0'0 200 000

900



~
L p
= (Sayex uOnOUNXD :SaUT] pal ‘sajel uonenads :saur] oe[q) sean Teorrrdws (e Jo syord awm ySnomy aey €7 g AANOIL]
RS
1
~
=
3
=
nMa
~
<
-~ 0z - 9 8 0I- 2I- 0 g o0 &I- 0z- Sz¢- Oe- 0  0z- ov- 09~ 08— 00— 0 s~ 0~ S- 02— Sz
n L L L L L L L L L L L L ! L L L L L TR L L L L L !
) = . [ g
m 8
°
) Fe | o e ra
— 8 N °
g, ] - &
Q Fe re s °
=S N | &
LS N
%) - e 3 5 - S
L N (RSP F °
8 g §
aepidoisisoz aepiydiz aeplisnuex SEPLIBAIA @
.VA 0 s 01— SI- 0z- Sz- OE- B o1- ST- 0 o1-  0z- 0~  Ov- 05— 0 s 01- SI- 0z- Sz- Oe- §- 0T- SI- 02— Sz- Og-
o} L L L L L L ! L L ! L L L L L ! L L L L T T T S T T
S e —— . .
i~ R E - : :
9 - I —_ g =
Q S F oo AN °
oY . [ : ¢
2 °
< ® r 5 - -
° ° B ° <
8 & 8 RN L2
° L ° N °
S b AN
....... ) F g e g e
DepIUoBIIA 2epINpIA aepluolniadsapn aepluelen © aepiuuek]
0 s- 01— ST-  0z-  Se- oT-  0z-  0s-  Op- 0 s o0 SI- 0z- Sz- 0g- 0 s- o1- ST- o0z- o-  0z-  0e-  Op-
L L L L L ! L L L ! 5 L L L L L L ! L L L L ! L L L !
....... ° 8 e S L e
8
- . -
n b °
I &
°
g s - s 2
° N
LS N °
. 8 L . N -
8 - m I
.................... o L= N
&
sepipint. sepiredn). sepiuobol oepnApojBoiL
)
DN
i



B.1. Supplementary Figures 171

A B
0.25 1 0.25 1
© o]
£ £
£ £
3 3
- 0.001 - 0.001
i) i)
O o
o o
o] o] o
@) @)
—-0.25 1 —-0.25 1
-0.50 -0.50 1
No Décline De'cline No Décline De'cline
RPANDA BAMM

FIGURE B.24: Distribution of standardized gamma values for em-
pirical trees with or without decline for both RPANDA (a) and
BAMM (b).
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B.2 Supplementary Tables

TABLE B.1: Number of trees for which the true model was be-
tween the two equally likely models.

20left  50left 80left 80rise

SPvar 1935 1987 1987 1808
EXvar 99 48 32 108

TABLE B.2: Number of trees for which RPANDA detected each
tested model as the best model, separated by whether the tree
was inferred to be in decline or not.

Decline No Decline Total

BOTHcst 5 113 118
EXvar 3 2 5
RPANDA  gpya; 6 30 36
BOTHvar 10 2 12
BOTHexp 43 0 43
Total 67 147 214

TABLE B.3: R? values for the linear models between rate esti-
mates of BAMM and model-averaged rates of RPANDA. Values
in bold are significant (p < 0.05).

Lambda Mu Net Diversification
Tip  Root Tip Root Tip Root
Full Dataset 0.374 -0.004 0.014 0.433 0.293 -0.004
Without BOTHexp 0.759 -0.006 0.0004 0.608 0.334 0.003
Without varying extinction 0.727 0.092 0.0002 0.671 0.259 0.012

Only varying extinction 0.549 0.627 -0.023 0.437 0.456 0.513
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C.1 Supplementary Figures
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FIGURE C.1: Distribution of z-score values of a) betweenness and
b) closeness centrality according to the dietary diversity of species.
The indices of dietary diversity consist in the Shannon diversity index
calculated using the dietary vectors of each species according to the
database used in the first chapter. The histograms on the upper row
represent the distribution of dietary diversity indexes.
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Abstract

To understand how diversity varies through time and/or space
we need to understand speciation and extinction dynamics, and
ultimately which factors (biotic or abiotic) affect such dynam-
ics. It has been argued that biological interactions play an im-
portant role on the diversification of organisms, but macroevo-
lutionary studies have usually adopted a simple characteriza-
tion of species interactions. On the other hand ecological stud-
ies usually focus on well-characterized interactions of very few
species. A network approach can augment our understanding
of the ecological roles played by different species but it still lacks
an evolutionary perspective preventing us to fully understand
how ecological interactions are assembled. Using the available
phylogeny, dietary data for virtually all bird species (approx-
imately 9965 species) and a large collection of frugivory net-
works, we tested the effect of diet on the diversification of birds,
and the relationship between ecological roles within interaction
networks and diversification dynamics of frugivorous species.
Lastly, using computational simulations, we assessed the per-
formance of two state-of-the-art methods to estimate diversifi-
cation rates using molecular phylogenies. We suggest that om-
nivory acts as macroevolutionary sink where its ephemeral na-
ture is retrieved through transitions from other guilds rather
than from omnivore speciation. We propose that these dynamics
result from competition within and among dietary guilds, influ-
enced by the deep-time availability and predictability of food
resources. We also observed that in the temperate zone, lin-
eages with high-paced evolutionary dynamics (e.g. higher turn-
over rates) typically do not occupy central roles in frugivory net-
works, and that these restrictions are modulated by water avail-
ability /predictability. Lastly, we found that the two state-of-the



194

art phylogenetic methods perform equally well in diversity de-
cline scenarios when estimating current rates, but both fail to
detect the true diversification trajectory when extinction rates
vary in time. This dissertation contributes to the understanding
of biotic and abiotic mechanisms driving both the diversification
and the assembly of interaction networks, and also provides im-
portant information on the reliability of diversification rate esti-
mates by current, widely used methods.
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Resumo

Para entendermos como a biodiversidade varia no tempo e/ou
no espago precisamos entender a dindmcia de especiagdo e
extingdo, e quais fatores (bidticos ou abidticos) afetam essa
dindmica. Acredita-se que as intera¢des bioldgicas desempen-
ham um papel importante na diversificacdo de organismos,
porém estudos macroevolutivos usualmente adotam caracter-
izagdes simples de intera¢des entre espécies. Por outro lado,
estudos ecolégicos comumente focam na descricdo detalhada
de interagdes entre poucas espécies. Uma abordagem de re-
des pode aumentar a compreensdo dos papéis ecoldgicos de-
sempenhados por diferentes espécies, mas a pouca énfase em
abordagens evolutivas em estudos de redes biolégicas nos im-
pedem de compreender completamente como essas redes sado
montadas. Usando a filogenia e dados de dieta disponiveis para
virtualmente todas as espécies de aves (aprox. 9965 espécies),
e uma grande colecdo de redes de frugivoria, investigamos o
efeito da dieta na diversificagcdo de aves, e testamos a relacdo en-
tre papéis ecoldgicos em redes de interagdo e a dindmica da di-
versificacdo de espécies frugivoras. Ainda, usando simulag¢des
computacionais, avaliamos a performance de dois métodos am-
plamente utilizados para estimar taxas de diversificagdo usando
filogenias moleculares. Sugerimos que onivoria atua como um
ralo macroevolutivo, onde sua natureza efémera é recuperada
através de transi¢des de outras guildas de dieta ao invés de
através da especiacdo de espécies onivoras. NOs sugerimos que
essa dindmica resulta da competigdo intra- e entre guildas, in-
fluenciada pela disponibilidade e previsibilidade de recursos
em ampla escalas de tempo. No6s também observamos que em
regides temperadas, linhagens com uma dindmica evolutiova
mais rdpida (maiores taxas de substitui¢do de espécies) em geral
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ndo ocupam papéis centrais em redes de frugivoria, e que es-
sas restricdes sdo principalmente modificadas por disponibili-
dade/previsibilidade hidricas. Por fim, observamos que ambos
os métodos filogenéticos testados tem desempenho igualmente
bom para estimar taxas atuais, porém ambos falham em detectar
a trajetéria da diversificagdo quando as taxas de extingdo variam
no tempo. Essa tese contribui para o conhecimento de mecanis-
mos bidticos e abidticos que afetam tanto a diversificagdo quanto
a montagem de redes de interagdo, e também prové informacdes
importantes acerca da confiabilidade das estimativas de taxas de
diversificacdo advindas dos métodos atuais amplamente utiliza-
dos.
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