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Abstract—Species selection, the effect of heritable traits in generating between-lineage diversification rate differences,
provides a valuable conceptual framework for understanding the relationship between traits, diversification, and
phylogenetic tree shape. An important challenge, however, is that the nature of real diversification landscapes—curves
or surfaces which describe the propensity of species-level lineages to diversify as a function of one or more traits—remains
poorly understood. Here, we present a novel, time-stratified extension of the QuaSSE model in which speciation/extinction
rate is specified as a static or temporally shifting Gaussian or skewed-Gaussian function of the diversification trait. We then
use simulations to show that the generally imbalanced nature of real phylogenetic trees, as well as their generally greater
than expected frequency of deep branching events, are typical outcomes when diversification is treated as a dynamic,
trait-dependent process. Focusing on four basic models (Gaussian-speciation with and without background extinction;
skewed-speciation; Gaussian-extinction), we also show that particular features of the species selection regime produce
distinct tree shape signatures and that, consequently, a combination of tree shape metrics has the potential to reveal the
species selection regime under which a particular lineage diversified. We evaluate this idea empirically by comparing the
phylogenetic trees of plant lineages diversifying within climatically and geologically stable environments of the Greater
Cape Floristic Region, with those of lineages diversifying in environments that have experienced major change through
the Late Miocene-Pliocene. Consistent with our expectations, the trees of lineages diversifying in a dynamic context are
less balanced, show a greater concentration of branching events close to the present, and display stronger diversification
rate-trait correlations. We suggest that species selection plays an important role in shaping phylogenetic trees but recognize
the need for an explicit probabilistic framework within which to assess the likelihoods of alternative diversification scenarios
as explanations of a particular tree shape. [Cape flora; diversification landscape; environmental change; gamma statistic;

species selection; time-stratified QuaSSE model; trait-dependent diversification; tree imbalance.]

The concept of species selection, first introduced
by Stanley (1975) and refined by others (e.g.,
Eldredge and Cracraft 1980; Vrba 1984; Coyne and
Orr 2004; Jablonski 2008), provides a conceptual
framework for understanding the relationship between
traits, diversification, and phylogenetic tree shape.
As appreciated by Rabosky and McCune (2009),
“questions about variation in diversification rates
among clades are fundamentally questions about
species selection and the broader role of process in
generating biodiversity.” In the broadest sense, species
selection refers to the effect of heritable traits and their
environmental interactions in generating differences in
net diversification rate (NDR) among lineages. As such,
it is the macroevolutionary analog of individual-level
natural selection, the critical difference being that,
where natural selection is powered by trait-dependent
differences in individual-level fitness, species selection
is powered by trait-dependent species-level differences
in diversification propensity. While Vrba (1984) was at
pains to distinguish strict-sense species selection, in
which diversification rate differences are modulated
by emergent species-level properties (e.g., range size),
from “effect-macroevolution,” in which interspecific

variation in diversification rate is a product of selection
operating at the level of individual organisms and
modulated by individual-level variation (i.e., natural
selection), many authors prefer to apply the concept in
the broader sense (reviewed in Jablonski (2008); see also
Chevin (2016)) and we follow that approach here.

In the same way that trait-based fitness landscapes
(i.e., adaptive landscapes; Wright 1931, 1932; Simpson
1944) define evolutionary dynamics at the population
level, “diversification landscapes”—curves or surfaces
which describe the propensity of species-level lineages
to diversify as a function of one or more traits—
define the diversification dynamics of clades, and the
shapes of the phylogenetic trees that they generate. The
alternative states of “key innovation” traits, for example,
are causally linked to differences in diversification
rate (Heard and Hauser 1995), and such traits are
expected to generate imbalanced phylogenetic trees
(Slowinski and Guyer 1993; Chan and Moore 2002).
Accordingly, heterogeneous, trait-dependent processes
have repeatedly been shown to explain empirical tree
shapes better than constant-rate birth—death processes
(FitzJohn 2010, 2012a; Goldberg et al. 2010; Johnson
et al. 2011; Freyman and Hohna 2019). While key
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innovations have typically been conceptualized as
discrete and evaluable using methods such as BiSSE
and MuSSE (Maddison et al. 2007; FitzJohn et al.
2009; FitzJohn 2012a), the realization that continuously
varying traits must also influence diversification has
led to the development of quantitative trait-dependent
diversification models (QuaSSE; FitzJohn 2010). An
important challenge of such methods, however, is
that the nature of empirical diversification landscapes
has received little attention and remains poorly
understood (Freckleton et al. 2008; FitzJohn 2010). This
stands in marked contrast to the situation for natural
selection, where the form of the fitness landscape is
encapsulated in terms such as stabilizing, directional
and disruptive selection and where the role of trait-
trait fitness interactions in producing multimodal fitness
landscapes (Wright 1932) is widely appreciated (e.g.,
Arnold et al. 2001, Ridley 2003). Thus, while QuaSSE
implements a number of alternative diversification
functions to describe different diversification landscapes
(i.e., constant, Gaussian, sigmoidal, linear), the biological
underpinnings of these models are sometimes unclear.
It is widely recognized, for example, that empirical
phylogenetic trees tend to be less balanced than those
obtained under a constant diversification function (e.g.,
Guyer and Slowinski 1993; Heard 1996; Blum and
Francgois 2006; Stadler etal. 2016). In addition, the fact that
the constant, sigmoidal and linear functions ascribe non-
zero diversification rates to extreme (including infinitely
large or small) values of the diversification trait seems
unrealistic given the bounded nature of variation in most
biological traits; for example, seed size (Westoby et al.
1992) and leaf size (Parkhurst and Loucks 1972; Jensen
and Zwieniecki 2013).

The aim of this article, then, is to explore the impacts
of historical species selection on tree shape, including
both clade balance and branching time distribution,
and on the relationship of diversification rate to values
of the underlying “diversification trait” (i.e., the trait
determining diversification). First, we use model-based
simulations to understand better the manner in which
different species selection regimes influence tree shape.
Then, using a synthesis of our simulation results as an
interpretive guide, we compare the shapes of empirical
phylogenies evolving under contrasting species selection
regimes.

In our simulations, we focus on the Gaussian
diversification function included in QuaSSE because the
boundedness of this function, in our view, renders it
more realistic than unbounded-trait models. Moreover,
the only existing study which to our knowledge
compares the fits of alternative diversification functions
to an empirical data set finds that diversification
in New World rattlesnakes is best described as a
Gaussian function of a multivariate ecological niche axis
(Pyron and Burbrink 2012). Where diversification in this
example is most consistent with accelerated speciation
under intermediate values of the diversification trait,
a pattern consistent with radiation in an adaptive

zone (sensu Simpson 1953) whose ecological extent
(i.e., in terms of the environmental variables that
define it and the organismal traits which enable
its utilization) is normally distributed, Gaussian
diversification might equally arise via reduced extinction
in morphologically average lineages (cf. Liow 2007).
Accordingly, we include both Gaussian-speciation and
Gaussian-extinction scenarios in our simulations. Also,
since we can envisage scenarios in which diversification
rate is maximized under extreme trait values, as in the
case of traits such as dispersal rate, niche specificity
and plant size (Jablonski 2008; Lengyel et al. 2009;
Claramunt et al. 2012; Ebel et al. 2015; Boucher et al. 2017)
which influence genetic differentiation directly through
their effects on gene flow and/or niche partitioning,
we also consider skewed-Gaussian-speciation functions
in our simulations. Such skewed distributions can, of
course, also be modeled adequately as a Gaussian
function of log-transformed trait values (see Oliver et
al. 2007).

Finally, recognizing that environmental conditions
have changed over time and that this may represent a
change in species selection regime, with consequences
for trait-modulated diversification (e.g., Vrba 1985;
Heard 1996), we examine the impacts of these
diversification functions both in a static context and in
a manner emulating a long-term environmental trend.
For this purpose, we develop simulation functions for
a novel, time-stratified extension of FitzJohn’s (2010)
QuaSSE model which incorporates time-dependency
in the function relating speciation and/or extinction
rate to a diversification trait. Long-term environmental
trends are a general feature of Earth history, operating
at a variety of temporal and spatial scales (e.g., Zachos
et al. 2001) and have, in many cases, been thought
to influence diversification and diversity patterns in a
trait-modulated manner. For example, the Cretaceous
radiation of angiosperms, which underpins an extreme
case of phylogenetic imbalance (Darwin and Seward
1903; Sanderson and Donoghue 1994; Davies et al.
2004), has been linked to changes in global climate
and/or atmospheric [CO;] which are thought to have
favored angiosperms on account of their ability to
simultaneously enhance assimilation capacity and water
use efficiency under dropping atmospheric [CO;]
(Franks and Beerling 2009; Brodribb et al. 2009; Brodribb
and Field 2010).

Here, we test the general hypothesis that historical
species selection underpins the tendency for real
phylogenetic trees to be more imbalanced than
expected under a constant-rate model and to have
greater than expected frequencies of deep branching
events. We predict that any non-constant (e.g.,
Gaussian, skewed-Gaussian) diversification function
fosters diversification asymmetries and, as such, has the
potential to produce trees that show greater imbalance,
quantified using Colless (1982) I, metric, than those
generated under a constant diversification function
(i.e., I. >>0; see Supplementary Appendix 1 available
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on Dryad at http://dx.doi.org/10.5061 /dryad.1sf007b,
Fig. 1). In addition, we predict that a temporally
shifting diversification function will tend to exaggerate
imbalance by promoting, consistently over time,
diversification in lineages with extreme trait values.
Following Heard 1996, p. 2146), we also predict
that a directionally changing species selection regime
will produce a correlation (ryg—trit) between species-
specific diversification rates, quantified as the number
of divergence events connecting each species to the
root node (Freckleton et al. 2008), and species-specific
values of the trait(s) responsible for diversification
(i-e., |*rate—traitl >> 0; see Supplementary Appendix 1
available on Dryad, Fig. 1). Finally, following Pybus and
Harvey (2000), we predict that the frequency of deep
branches in the tree, quantified using the gamma (y)
statistic (Pybus and Harvey 2000) depends primarily
on whether extinction is a feature of the diversification
process. Where this is the case, y should be > 0; where
not, it should be < 0 since movement toward the margins
of a bounded, non-constant diversification function
compromises the ability of lineages to speciate toward
the present (see Supplementary Appendix 1 available
on Dryad, Fig. 1).

As an empirical test of our theoretical predictions, we
compare the phylogenetic tree shapes of plant lineages
associating with environments in the Greater Cape
Floristic Region (GCFR) of South Africa, which differ
in terms of their climatic and geological stability from
the Late Miocene onwards. Where the infertile, quartzitic
landscapes of the Cape Fold Mountains are believed to
have remained fairly unchanged geologically for much
of the Cenozoic, on account of their hard rocks (Scharf
et al. 2013), the more fertile, shale and granite geologies
which dominate the intermontane valleys and coastal
plains may have been exposed only recently, possibly
as a consequence of tectonic uplift around the Miocene-
Pliocene boundary (Cowling et al. 2009). In addition,
where the higher elevations of the Cape Fold Mountains
are characterized by a relatively wet and equable climate
resembling that which prevailed in the GCFR during
the Early and Middle Miocene (e.g., Linder 2003), the
lower-elevation areas, particularly in the west, are today
characterized by an acutely summer-arid climate whose
origin can be traced to the Late Miocene (Dupont et al.
2011; Hoffmann et al. 2015). The overall conclusion is
that, where the moist, quartzitic environments of the
Cape mountains have enjoyed relative geological and
climatic stability over the past 10 myr, the lowland and
west coast areas have experienced significant climatic
and geological change.

Since these two sets of environments are dominated
by vegetation types (fynbos heathlands in wet,
quartzitic mountain habitats; succulent and asteraceous
renosterveld scrubland in summer-arid, fertile lowland
habitats) which are floristically distinct at the genus and
family levels (Bergh et al. 2014), it is possible to identify
lineages which have diversified primarily within
the context of comparative environmental stability
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FIGURE 1. Trait-dependent diversification models employed
in simulations. a) Under the “Gaussian-speciation” model with no
extinction, speciation rate (\) varies as a Gaussian function of a
diversification trait (x), while extinction rate (n) is independent of
x and set to 0. The value of x is allowed to “evolve” according to
a Brownian motion process with a diffusion parameter B, and the
maximum speciation rate (Ayqx = [0.1, 0.6]) is associated with the mean
of the Gaussian function f(x) whose variance (c2) was set to 0.1 in our
simulations. b) Under the “Gaussian-extinction” model, . varies as an
“upside-down” Gaussian function of x while ) is independent of x and
set to 0.6. The minimum extinction rate (pi, = [0, 0.5]) is associated
with the mean of the function f(x). ¢) Under the “skewed-speciation”
model \ varies as a skewed-Gaussian function of x whose skewness
parameter (o) was set to 10 or -10 in our simulations. Extinction is
independent of x and set to 0. d) The “Gaussian-speciation” model
with random extinction is identical to the Gaussian-speciation model
with zero extinction, but differs in having \yqy =[0.3, 0.8 and p. =0.2.
e) Finally, under shifting species selection, the diversification function
moves by a set amount (i.e., Ryj), in a positive direction, every 1
myr. Thus, the value of x which maximizes diversification shifts over
time.

(fynbos lineages) and those which have diversified
under more changeable conditions (succulent and
renosterveld lineages). We predict that differences in
the environmental histories of such lineages will be
recorded in the shapes of their phylogenetic trees.
Specifically, where the long-term stability and associated
low extinction rates (Dynesius and Jansson 2000;
Latimer et al. 2005) associated with fynbos environments
should generate trees with I, y, and 7y—tmit close
to zero, the greater long-term dynamism of succulent
karoo/renosterveld environments should produce trees
with I¢, v, and |Fyate—traitl >> 0.
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MATERIALS AND METHODS

Simulations

As noted already, we extended FitzJohn's (2010)
quantitative state speciation and extinction (QuaSSE)
model to incorporate time-dependency in the simulation
function that relates a quantitative diversification trait x
to the diversification rates of the birth-death process. In
our time-stratified QuaSSE model, each epoch or time
interval k is assigned a separate function f;(x) that relates
the speciation (M) and extinction (j.x) rates to the value
of x during time interval k. Time-stratified phylogenetic
models have been widely used to model biogeographic
processes (Ree and Smith 2008; Landis 2017) but have
not hitherto been applied within a state-dependent
speciation and extinction framework. By keeping fi(x)
constant for all time intervals we can simulate trees and
traits evolving under a static species selection regime
and the time-stratified model then collapses into a
standard QuaSSE model. Alternatively, by defining fi (x)
to be different in each of the k time intervals we can
simulate diversification and trait evolution within a
dynamic diversification landscape in which the species
selection regime changes with time. The diversification
trait x itself evolves randomly (Brownian motion) and
independently along the branch segments generated
by the birth—death process, potentially generating
asymmetries in diversification rate across the nodes of
the tree.

For the simulations presented in this study, fi(x)
was specified in three ways. Under the “Gaussian-
speciation” model, p is independent of x but )\ varies
as a Gaussian function of x with a maximum speciation
rate Mgy (Fig. 1a). Specifically,

firto) = )\maxe% <X76Mk ) .

This model was applied both in the absence (Fig. 1a)
and presence of random background extinction (Fig. 1b).
In contrast, under the “Gaussian-extinction model,” \j
is independent of x but wj varies as an “upside-down”
Gaussian function of x whose optimum corresponds to
a minimum extinction rate p,; (Fig. 1c). In this model,
) is constant and positive, with px~\ for x far from
the optimum and pg <\ for x close to the optimum.
Thus, while NDR varies as a Gaussian function of
x under both the Gaussian-speciation and Gaussian-
extinction models, in the first, NDRy,x is a consequence
of increased speciation (i.e., hyux — u) and in the second
it is a consequence of reduced extinction (i.e., A —
Wmin). Finally, under the “skewed-speciation” model,
p is independent of x but )\, varies as a skewed-
Gaussian function of x with a maximum speciation rate
Mmax (Fig. 1d). In this case, the location of the \jgx
relative to the bounds of the distribution is defined by
the skewness parameter o, with the skewed-Gaussian
function reducing to a normal Gaussian function when
a = 0. For the purpose of our simulations, we set a=10
or —10, which locates the Amax near the lower or upper

bound, respectively (Fig. 1c: o =—10). We did not explore
the effects of a skewed-extinction model.

We ran two simulation experiments. The first was
designed to assess how different species selection
regimes, as specified by the Gaussian-speciation,
Gaussian-extinction, and skewed-speciation functions,
influence tree shape, where each species selection regime
is held constant over time. For this comparison, we
used as a control a model in which diversification is
trait-independent (i.e., constant model). For all models,
simulations were done for NDR or NDRy;;4y in the range
[0.1, 0.6]. In the case of the Gaussian- and skewed-
speciation models, p was set to 0 and Ay to [0.1, 0.6],
while for the Gaussian-extinction model, \ and baseline
n were both set to 0.6, with the “upside-down” extinction
function specifying pi, in the range [0, 0.5]. In addition
to the above, the Gaussian-speciation model was also
run with w=0.2 and Ay to [0.3, 0.8] in order to assess
the effects of background random extinction on pattern.
Since the diffusion parameter () of the diversification
trait x determines whether and how quickly a lineage
is able to reach the bounds of a diversification function,
whose variance (cg) in this study was fixed arbitrarily
at 0.1, the static peak simulations were run using values
of § in the range [0.005, 5.0] which matches a range of
empirical estimates (8 =0.007 —2.08; Ackerly 2009).

One hundred replicate simulations were run for
each combination of N or Ajgx, b Or W, and B, each
simulation being run over 10 myr, and initiating with x=
0 and a cladogenetic event on the root node. For each
completed replicate, both the actual and reconstructed
(i.e., excluding extinct lineages) trees were recorded, as
were the values of the diversification trait at each internal
and terminal node. For those parameter combinations in
which >10 replicate simulations gave rise to two or more
species, the following were determined: 1) the mean tree
size (N; the number of “extant” species); 2) the mean
tree imbalance, quantified using the Yule-normalized
Colless (1982) index (I.); 3) the mean gamma (y) statistic
(Pybus and Harvey 2000); and 4) the mean correlation
(77ate—trait) Of the terminal diversification trait values with
the number of internal nodes separating each terminal
from the root (cf. Freckleton et al. 2008).

A second simulation experiment was used to test the
effect of a temporally changing species selection regime
on tree shape. For this purpose, we made use of the same
diversification functions as before (with both positively
and negatively skewed versions of the skewed-speciation
function), but these were now shifted in a positive
direction (i.e., toward larger positive values of x) every
1 myr during the course of the 10 myr simulation run
(Fig. le). Since B and the shift rate of the diversification
function (Rgy; determined as the magnitude of the shift
at the start of each 1 myr interval) jointly determine the
ability of a lineage to track the changing species-selective
conditions, simulations were run for a range of values
of both these parameters (g =[0.005,5.0]; Rshift =[0,1.0]).
NDR was set to [0.2, 0.4, 0.6] and, except in the case of
Gaussian-speciation, for which the effects of both p =0
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and p =0.2 were evaluated, . was set to 0. As in the first
experiment, one hundred replicate simulations were run
for each parameter combination, and the same outputs
reported as before.

The determinants of variation in mean I;, y, and
Trate—trait UNder static species selection were evaluated
using linear models. To assess the impact of random
extinction (W=0 or 0.2), which was done only for
Gaussian-speciation, these took the form: response
variable ~ NDR * B * n. To assess the impact of
diversification model (Gaussian-speciation, skewed-
speciation, Gaussian-extinction), however, they took
the form: response variable ~ NDR * f * model.
Models were simplified using backward stepwise
regression, excluding first non-significant interactions
and thereafter non-significant main effects, as suggested
by Crawley (2007). In addition, one-sample t-tests were
used to assess, for each diversification function, p and
p (the last only in the case of Gaussian-speciation),
whether the mean I, y, and 70 _s4i (across all NDR)
differed significantly from zero.

For the purpose of interrogating the factors
influencing tree shape under shifting diversification,
we focused on trees generated under NDR = 0.6 which
showed the clearest trends. This was necessary because
Rspify elicited complicated, nonlinear responses in all
three response variables (i.e., mean I, v, and 70— trait)-
Since the response curves obtained under Gaussian-
speciation comprised a series of linear phases (see
Results section), these responses were first decomposed
using breakpoint regression analysis, with the Davies
(2002) test providing an assessment of breakpoint
significance. Thereafter, the determinants of I, v,
and 7ygpe— gt Were determined for the initial, pattern-
generating phase using linear models of the form:
response variable ~Rgyip * B * p. Comparable models

were not produced for the other diversification functions
(i.e., skewed-speciation and Gaussian-extinction)
because the initial phase was less apparent.

Finally, to assess the extent to which trees generated
under contrasting species selection regimes differ in
shape we used linear discriminant analysis (LDA),
applied to I, v, and 70— trgi¢ ScOres, to visualize trees
obtained under the five diversification functions. For
this purpose, we examined all trees with >20 species
generated by the second simulation experiment under
negatively skewed (N=762) and positively skewed-
speciation (N =479), and 1000 trees with >20 species
selected randomly from each of the tree sets generated
under Gaussian-speciation with p=0 and p=0.2, and
under Gaussian-extinction. Since I, y, and 7yte—tait
are influenced by Ry, separate LDAs were done for
Rgpift <0.05, 0.05 <Rgpifr <0.15, 015 <Rgpip <0.25, and
Rspify > 0.25. In addition, Box and Whisker plots and one-
way analysis of variance (ANOVA) were used to compare
the I, v, and 7,440 _t14ir SCOTeEs of trees obtained under each
diversification function.

All simulations were run in R version 3.3.1 (R
Core Team 2016) making extensive use of functions

included in the packages ape version 3.5 (Paradis et al.
2004), diversitree version 0.9-10 (FitzJohn 2012b), phytools
version 0.5-38 (Revell 2012), picante version 1.6-2 (Kembel
et al. 2010), and geiger version 2.0.6 (Harmon et al. 2008).
Statistical analyses were also run in R, with breakpoint
regressions done using the package segmented version
0.5-4.0 (Muggeo 2003, Muggeo 2008). Code for the
time-stratified QuaSSE model and for replicating
our simulations can be found in the code repository:

https:/ / github.com/w{8/species_selection_tree_shape.

Empirical Comparison

For the purpose of comparing phylogenetic tree shape
between plant lineages that diversified in historically
stable fynbos environments and those that diversified in
climatically or geologically changeable succulent karoo
or renosterveld environments we assembled a set of
14 published plant phylogenies (Table 1) meeting the
following criteria:

1. Diversification centered in the GCFR of South
Africa and originating from a GCFR-optimized
ancestor.

2. Sampling completeness of GCFR species >65%.
To assess sampling completeness we used,
as a baseline, the species lists presented in
Manning and Goldblatt (2012) and Snijman (2013).
For consistency, infraspecific taxa were ignored
throughout.

3. Dated molecular phylogeny publicly available, in
electronic format.

4. Root node >10 Ma. Since succulent karoo
and renosterveld landscapes were transformed
by climatic and geological events taking place
probably 5-8 Ma, these events would not be
sufficiently well recorded in the trees of lineages
originating after about 10 Ma (e.g., Babiana;
Schnitzler et al. 2011).

Since we were explicitly interested in the impacts of
within-GCFR environmental history on tree shape, the
phylogenetic tree of each sampled lineage was pruned
to include only species arising from the primary GCFR-
centered radiation of the lineage. Thus, both non-GCFR
species as well as GCFR species secondarily derived
from non-GCEFR lineages were removed. Also, where a
species was represented by multiple accessions, all but
one of these was removed, the retained accession being
randomly selected.

Relying on descriptive accounts (Table 1), each
species was then coded in terms of its natural
occurrence (presence/absence) in fynbos, renosterveld,
and succulent karoo vegetation, as defined by Bergh et al.
(2014). Based on this coding, each species was assigned a
“fynbos-association score” characterizing it as occurring
exclusively in fynbos (1), exclusively in succulent karoo
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or renosterveld (0), or in both of these vegetation classes
(0.5). For each lineage, the fynbos-association scores
of individual species were then averaged to obtain a
fynbos-association score for the lineage as a whole. The
significance of this variable as a predictor of phylogenetic
tree shape variation was then assessed by regressing the
I, and vy of each lineage’s phylogenetic tree against its
fynbos-association score.

Finally, recognizing the potential role of increasing
seasonal aridity as a driver of diversification in
the succulent karoo and renosterveld floras we
assessed whether species-specific diversification
rates are correlated (Freckleton et al. 2008) with
species-level variation in habitat seasonality (i.e.,
Trate—trait) and whether this is more pronounced in
succulent karoo/renosterveld-associated lineages than
in fynbos-associated lineages. For this purpose, we
first characterized each species in terms of its mean
precipitation seasonality (mean coefficient of variation
in monthly precipitation) and its mean summer
precipitation amount (mean amount of precipitation
in the driest quarter). Then, having determined the
Trate—trait Of €ach lineage for each of these variables, we
regressed the 7, _t,ir values of the various lineages
against their fynbos-association scores. Species were
characterized climatically using GIS functions included
in the raster package version 2.6-7 (Hijmans 2016) for R.
Since sulfficiently precise (i.e., > 2000 m precision) digital
locality data, based on specimens lodged in regional
herbaria, were available for only 10 of the 14 lineages
surveyed (Table 1; data sourced from Hoffmann et al.
(2015) and Verboom et al. (2015)) this analysis was, of
necessity, restricted to this subset of lineages.

RESULTS

Simulations

As predicted by theory, the mean I; of trees generated
under a constant diversification function with p=0
(i.e., Yule process) does not differ significantly from 0
(Supplementary Appendix 1 available on Dryad, Fig. 2;
t=0.561, P=0.587). In contrast, trees generated under
static Gaussian- and skewed-speciation functions with
pn=0havemean I > 0 (Fig.2;t=5.931 t0 50.818, P < 0.001)
for all values of the Brownian diffusion parameter, f.
Also, with the sole exception of trees generated under
p=0.005 (t=1.849, P>0.05), a static “upside-down”
Gaussian-extinction function produced trees with mean
I, >0 (Fig. 2; t=2.884 to 5.930, P=0.016 to <0.001). In
the absence of extinction, mean I. increases linearly
with NDR, but this relationship is dependent on both
diversification function and p (Table 2a). Specifically, for
trees generated under a Gaussian-speciation function,
mean I. increases linearly with NDR under p=0.05,
0.1, and 0.5 but not under other values of B. The
reason for this is that intermediate B (i.e., p=0.05, 0.1,
and 0.5) enables some lineages to move toward the

margins of the diversification function while others
remain near the peak, thereby setting up diversification
asymmetries. Under B <0.05, in contrast, imbalance is
negligible because all lineages remain near the peak,
and under B> 0.5 it is negligible because many lineages
move to the margins. For trees generated under skewed-
speciation, however, a positive relationship between
NDR and B is apparent only at low f (i.e., $=0.005 or
0.01; Fig. 2). This is because the density distribution
described by this function is much narrower than that
associated with the Gaussian-speciation function (Fig.
1la,c). Although the introduction of random background
extinction (n=0.2) weakens the relationship of mean I,
to NDR for trees generated under Gaussian-speciation,
a positive association persists (Table 2b) but this is only
significant for $=0.05 (Supplementary Fig. S2 available
on Dryad). Even for trees generated under p =0.2, mean
I is significantly greater than 0 for all B (t=>5.980 to
14.549, P <0.001) except p=5 (t=6.608, P=0.096).

While a static “upside-down” Gaussian-extinction
function consistently produced trees with mean y>0
(Fig. 2; t=15.323 to 24.683, P <0.001), static Gaussian-
and skewed-speciation functions with p. =0 yielded trees
with mean y <0 for all B (Fig. 2; t=—6.552 to -2539.257,
P <0.001). Both patterns represent departures from trees
generated under a Yule process, in which mean vy
is indistinguishable from 0 (Supplementary Appendix
1 available on Dryad, Fig. 2; t=—1.611, P=0.138). A
linear model reveals that, in the absence of extinction,
mean vy is not related to NDR but is influenced by the
shape of the diversification function and B, and the
interaction of these variables (Table 2a). The introduction
of random background extinction (u=0.2), however,
produces a significant interaction between NDR and ,
with the mean vy of trees generated under pn=0.2 being
positively related to NDR (Table 2b; Supplementary
Appendix 1 available on Dryad, Fig. 3). This effect is
especially apparent under low g, which underpins both
the negative relationship between mean y and B, and a
tendency for mean y to be consistently greater than 0
only when p <0.1 (t=23.285 to 5.076, P=0.005t0 <0.001;
otherwise, for >0.1: t=-2.900 to 1.141, P=0.273 to
0.964).

Mean #p0—trsi¢ is close to 0 for trees generated
under static Gaussian- and skewed-speciation, both in
the absence (Fig. 2) and presence (Gaussian-speciation
only) of random background extinction (Supplementary
Appendix 1 available on Dryad, Fig. 3). The same
is true for trees generated under an “upside-down”
Gaussian-extinction function (Fig. 2). Indeed, across all
three diversification functions, mean tyjt_se differs
significantly from 0 only in trees generated by skewed-
speciation under p=0.005 (t=-3.653,P=0.004) and
p=0.1 (t=-3.313, P=0.008) and by normal-extinction
under =0.01 (t=-2.441, P=0.035), and the deviations
in these instances are slight (<0.1). Although linear
models identify mean 0 _t14i¢ as being influenced by an
interaction of B, NDR and either diversification function
(Table 1a) or extinction (Table 1b), these inferences
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FIGURE 2.

Variation in the mean size (species number, N; log-scale), mean Yule-normalized Colless’ index (I), mean gamma statistic (y), and

mean diversification rate-trait correlation (ryse—trair) Of trees generated under static Gaussian-speciation with p = 0 (black-filled circles), under
static skewed-speciation with p = 0 (gray-filled circles), and under static Gaussian-extinction with » = 0.6 (open circles). Results are presented for
B =[0.005, 5], and plotted against maximum net diversification rate (NDRyax = Muax — L OF X — iyin ). Each point is a summary of trees generated by
100 replicate runs, excluding any runs going extinct or yielding a single species. Solid and dashed lines indicate significant bivariate relationships

based on the Gaussian- and skewed-speciation data.

are misleading as they are a consequence of extreme
Trate—trait Values associated with exceptionally small (two
or three species) trees generated under Gaussian- and
skewed-speciation when f > 0.1.

The I, vy, and 7y44—tri¢ signatures obtained under a
temporally shifting species selection regime are more
complex than those obtained under static models owing
to the nonlinear responses of these variables to Ryyf

(Fig. 3). In simulations conducted in the context of a
Gaussian-speciation function with NDR = 0.6, at least
for p <0.1, the relationships of mean I, y and 7,4t 145 to
Rspify reflect three linear phases which are discernible
using breakpoint regression (Fig. 4; Davies test: P<
0.05). Starting from Ry =0 and with increasing Ry,
these describe: 1) a sharp initial increase in mean I,
and 7ygpe—trait, With mean y being maintained at a high
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TABLE2.  Best-fit linear models describing the responses of I, y,
and 740t as functions of (a) NDR, B, and diversification model (=
0) under a static diversification scenario; (b) NDR, n (0 and 0.2), and B
under the Gaussian-speciation model; and (c) Rpist, 1 (Oand 0.2) and
during phase 1 (Ryift < Rerit; see text) of a shifting Gaussian-speciation
model with high NDR (0.6)

Term I Y

Trate—trait

(a) Static Gaussian- and skewed-speciation (. =0), Gaussian-
extinction

Intercept 0.122** —0.541%* —0.019
NDR 0.662*** — —
Model (skewed- 0.124* —0.604*** —
speciation)
Model (Gaussian- 0.032 1.571%* —
extinction)
B 0.038* —0.203*** —
NDR: Model —0.217 — —
(skewed-
speciation)
NDR: Model —0.791%** — —
(Gaussian-
extinction)
NDR: B —0.096* — —
Model (skewed- —0.019 0.058* —0.027*
speciation): p
Model (Gaussian- 0.013 0.180*** —
extinction): B
NDR: Model — — —0.028*
(skewed-
speciation): p
NDR: Model — — —
(Gaussian-
extinction): B
Model adjusted r? 0.534** 0.930%** 0.014
(b) Static Gaussian-speciation: p. = 0 and 0.2
Intercept 0.099* —0.5277* —0.003
NDR 0.728*** — —
v 0.638* 3.406*** —
B 0.062* —0.218*** 0.052*
NDR: p —2.728*** 2.788** —
NDR: B —0.166** — —0.141*
wp 0.284* — —2.082***
NDR: p: B — — 3.945%**
Model adjusted r? 0.230%* 0.661*** 0.107***

(c) Shifting Gaussian-speciation: Rt < Rerir; v =0 and 0.2;
NDR =0.6

Intercept 0.256™** —0.152%* 0.055%**
Renife 2.908*** —0.783** 1.989**
n — 9.011** —
B 72117 —2.315"* —0.679***
Ranifeie —1.871 —11.210"** —1.487%*
RsniptB —24.616"** — —8.407%
w:p —15.895%** —46.585*** —
Rspigrie:B — 121.261%** —
Model adjusted 12 0.768*** 0.935*** 0.875%**

Notes: For (a) diversification model is a three-level factor, with
Gaussian-speciation specified as the reference model. Best-fit models
were determined using stepwise model simplification under the
Akaike Information Criterion. Coefficients are provided only for
retained terms, with significance indicated as follows: *P < 0.05;
P < 0.01;**P < 0.001. Overall adjusted 7 and significance are
indicated below each model.

value; 2) a sharp decrease in all three variables; and 3)
convergence of all three variables to apparent asymptotes
(this phase is not apparent in all plots). The initial
increase in mean I and 744,415+ (phase 1) arises because
low to moderate Ry promotes, consistently over time,

diversification in lineages with extreme trait values
(large trait values in the case of a positive shift). Beyond
some threshold Ry (hereafter termed Rcyit), however,
B is insufficient to enable the diversification trait to
keep abreast of the shifting diversification function,
resulting in a sharp reduction in tree size and consequent
declines in mean I, y, and ;40— g3t (phase 2). Consistent
with this interpretation, R.; is positively related to
(Supplementary Appendix 1 available on Dryad, Table
1, Fig. 4).

Focusing on phase 1 of the Gaussian-speciation
simulations conducted under f < 0.1, a linear model
confirms the dependence of both mean I and ;50— it
on Ry (Table 1c), both variables attaining their
maximum values around Rg;; (Fig. 4). It also shows
that these relationships are controlled by B, with higher
p (i.e, p = 0.05 or 0.1) producing shallower phase 1
curves. Importantly, however, because = 0.05 or 0.1
generates appreciable imbalance (high mean I.) even
in the absence of a shift (i.e., Ry =0; static Gaussian-

speciation, Fig. 2), and because R, is positively related
to B, the maximum imbalance generated under a
Gaussian-speciation model with f=0.05 or 0.1 (ie.,
mean I.>1.2) actually exceeds that generated under
lower B. Whereas the maximum imbalance achieved
under g =0.005 or 0.01 is attributable exclusively to the
shape of the Gaussian-speciation function (observable
in the static mode; Fig. 2), under $=0.05 or 0.1 it is a
product of both the shape of the Gaussian-speciation
function and the directionally shifting nature of this
function (Figs. 3 and 4). Under § > 0.1, the clearly phased
relationship of mean I to Ry disappears (Fig. 3),
presumably because high p moves more lineages to the
margins of the diversification function, compromising
diversification rates and mean I.. Gaussian-speciation
trees consistently attain their highest y values while
Rspift <Reri (ie., phase 1), the mean y values of such
trees being less than but close to 0 for trees generated
under p=0 and >0 for trees generated under p=0.2
(Supplementary Appendix 1 available on Dryad, Fig.
5). Under Rgpift > Reyit, however, reduced diversification,
associated with an inability of lineages to keep abreast
of Rsnifts produces trees which are small and in which
most cladogenesis occurs before the diversification
function has had a chance to shift appreciably. Such
trees have lower vy, typically with mean y <<0.

The relationships of mean I; and y to Ry for trees
generated under a skewed-speciation function differ
from Gaussian-speciation trees principally in that strong
imbalance and y close to 0 are produced only under
p=0.005 and 0.01 and Ry close to 0 (Fig. 3). This is
consistent with the observation of high-I. trees being
generated under static skewed-speciation when 8 =0.005
or 0.01. As with Gaussian-speciation (phase 2), the
decline in mean . and y with increasing Ry coincides
with a reduction in tree size which is, again, attributable
to the inability of the diversification trait to keep up with
the shifting diversification function. Here, however, the
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FIGURE 3.

Variation in the mean size (species number, N; log-scale), mean Yule-normalized Colless” index (I.) mean gamma statistic (y),

and mean diversification rate-trait correlation (ryte—trait), plotted against the shift rate of the diversification function (Rs), of trees generated
under shifting Gaussian-speciation with p. =0 (black-filled circles), under shifting negatively skewed-speciation with u =0 (gray-filled circles),
and under shifting Gaussian-extinction with \ = 0.6 (open circles). Results are presented for g = [0.005, 5] and only for simulations run under

NDRmax ()\max -
yielding a single species.

effect is more immediate owing to the narrowness of the
skewed-speciation function. Interestingly, in contrast to
mean I, and y, mean ¥yt Shows an initial increase
with Ry Although we examined the effects of both
negatively and positively skewed-speciation functions,
we found no substantial differences and so present
results only for the former.

Although trees generated under the “upside-down”
Gaussian-extinction function show similar relationships

W or A — Win) = 0.6. Each point is a summary of trees generated by 100 replicate runs, excluding any runs going extinct or

of mean I, and 740 _ g5t tO Rspift as do those generated

under Gaussian-speciation, they differ in that the
peak I. and 7y44—trit associated with R are much
more subdued (Fig. 3) and inconsistently significant
(Supplementary Appendix 1 available on Dryad, Fig. 6).
In terms of y, however, Gaussian-extinction trees differ
markedly from Gaussian-speciation trees, in having
mean y>0. In a similar manner, Gaussian-speciation
trees generated in the presence of random extinction (. =
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FIGUre 4. Application of breakpoint regression to the relationships of mean Yule-normalized Colless’ index (I), mean gamma statistic

(v), and mean diversification rate-trait correlation (rrte—trit) to the shift rate of the diversification function (Rgz), for trees generated under
Gaussian-speciation functions with p = 0 and p = 0.2. Results are presented for p = [0.005, 0.1] and only for simulations run under NDRux =
0.6. Each point is a summary of trees generated by 100 replicate runs, excluding any runs going extinct or yielding a single species. Bold circles
indicate the positions of breakpoints identified as significant by the Davies (2002) test.

0.2) show subdued I, signatures and higher y relative to
those generated under p =0 (Supplementary Appendix
1 available on Dryad, Fig. 5).

Across the full range of Ry, B, and NDR studied
(simulation experiment 2), and considering only trees
with >20 species (N = 4241), the sets of trees generated
under the five diversification models (i.e., Gaussian-
speciation with p=0 and with pn=0.2; positively
and negatively skewed-speciation; Gaussian-extinction)
show separation in LDA ordination space but with
considerable overlap, especially at low Ry (Fig. 5).
This separation, which is more apparent in large trees
(>100 species; Supplementary Appendix 1 available on
Dryad, Fig. 7), is a consequence of significant differences
(one-way ANOVA; P <0.001 for all comparisons) in the
I, v, and Tygpe—trair signatures of these models (Fig.
6), which we summarize in Figure 7. Where y>0 is
a typical outcome of diversification with extinction
(i.e., Gaussian-extinction or Gaussian-speciation with
extinction), y < 0is more typical of Gaussian- or skewed-
speciation without extinction. Also, where high mean
Ttrait—rate (€.8., >0.25) is indicative of shifting species

selection under Gaussian- and skewed-speciation, both
with and without background extinction, this is less true
of Gaussian-extinction. Finally, where high mean I. (e.g.,
>0.5) is a common property of trees generated under
Gaussian- or skewed-speciation, this is not a feature of
trees generated under Gaussian-extinction.

Empirical Comparison

The 14 Cape plant phylogenies used to assess our
model-based predictions have fynbos-association scores
ranging from 0.38 (Moraea; species occur mostly in
non-fynbos habitats) to 1.00 (Tetraria; species occur
exclusively in fynbos) (Table 1). Within the same tree
set, tree imbalance (I;) ranges from -0.5 (Tetraria) to
8.32 (Moraea), while y ranges from -4.15 (Protea) to
3.44 (Gladiolus). Consistent with our hypothesis, both
I. (linear regression: slope = —6.819 P=0.007, adj. r>=
0.428) and vy (linear regression: slope = —5.867, P=
0.037, adj. r>=0.258) are negatively related to fynbos-
association score, with y>0 in lineages having low
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Ordinations of trees with >20 species generated under Gaussian-speciation (with p = 0 and p = 0.2), skewed-speciation (negatively

and positively skewed), and Gaussian-extinction, based on linear discriminant analyses applied to I, v, and 7ate—trait SCOTes. Separate analyses
were done for Ryt < 0.05,0.05 < Ryt < 0.15,0.15 < Ryt < 0.25, and Rgpipe > 0.25, each column presenting the result of a different analysis. Within
each column, the trees associated with each model are plotted separately (rows 1-5) and together (row 6). Within each plot the x- and y-axes

describe the first and second linear discriminant functions, respectively.

fynbos-association scores and y <0 in lineages having
strong fynbos associations (Fig. 8a,b). These patterns
are robust to the omission of Moraea which occupies
an outlying position in several plots (I.: slope =
—4.002, P=0.039, adj. r2=0.273; y: slope = —8.289, P=
0.007 adj. r2=0.447). In addition, consistent with the
positive dependence of I on NDR observed in our
simulations, the relationships of I to fynbos-association
score are strengthened by the inclusion of tree size
as a co-predictor (additive model), whether Moraea is

included in the comparison (slopesyupos association score =

—6.783, P <0.001; slopeyyee size =0.037, P=0.001, adj. r>=
0.766) or not (slopesnpos association score=—5-416, P =0.006;

slopetree size =0.026, P=0.039, adj. 2 =0.489).

Treating summer precipitation amount and
precipitation seasonality as diversification traits
we found that, where non-fynbos lineages tend to
show negative 7yp—trit With respect to summer
precipitation amount and positive 7yt With
respect to precipitation seasonality, this is not true for
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FIGURE6. Box and Whisker plots depicting the distributions of I, v, and ryafe—rair Of trees with >20 species generated under Gaussian-speciation
(with p =0 and p =0.2), skewed-speciation (negatively and positively skewed), and Gaussian-extinction. The data are presented separately for

Ryt <0.05, 0.05 < Ryt < 0.15,0.15 < Ry <0.25, and Ry > 0.25.

fynbos-associated lineages (Fig. 8c,d). These trends
are significant, but only with the exclusion of Moraea
(precipitation seasonality: slope = -0.846, P=0.019, adj.
r?>=0.509; driest quarter precipitation: slope = 0.986,
P=0.016, adj. 7> =0.526).

DiscussioN

Species Selection Regime Affects Tree Shape

Empirical phylogenetic trees tend to be less balanced
(e.g., Guyer and Slowinski 1993; Heard 1996; Blum and

Frangois 2006; Hagen et al. 2015; R et al. 2016) and have
greater frequencies of deep branching events (Etienne
and Rosindell 2012; Hagen et al. 2015; R et al. 2016) than
trees generated under a constant birth—death process.
Our simulations reveal that both these properties of
empirical trees are generated by models that treat
diversification as a trait-dependent process. Specifically,
we show that trees generated under both Gaussian- and
skewed-speciation achieve mean I >> 0 and mean y <<
0 under some values of the trait diffusion parameter f.
The latter, which represents the evolutionary rate of the
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FIGURE7.  Schematic summary indicating the mean Yule-normalized Colless” index (I), mean gamma statistic (y), and mean diversification
rate-trait correlation (Vyare—trait) Of trees with >20 species, generated under static and shifting Gaussian-speciation, skewed-speciation, and
Gaussian-extinction models, with u =0 or p > 0.2 (speciation models only) and variable Ry

diversification trait, is of course critical in determining
whether an evolving lineage is likely to occupy areas
of trait space which describe both low and high rates
of diversification, thereby fostering the diversification
asymmetries that generate tree imbalance (cf. Heard
1996). Although the maximum imbalance levels reflected
in Figs. 24 (I.~1.2) fall short of the highest levels
observed empirically (e.g., Fig. 4 in Stadler et al. (2016)),
this is partly because these figures reflect only the mean
I; of trees produced under each parameter combination.
As reflected in Figure 6, the I scores of individual trees
can be considerably higher. In addition, the strong linear
dependence of mean I; on NDR suggests that the mean
I values generated by our simulations are limited by the
range of diversification rates (NDR =[0.1, 0.6]) examined.
For example, based on the relationship of mean I to
NDR estimated under static Gaussian-speciation with
p=0 and f=0.1 (ie., mean [;=1.520 * NDR - 0.031),
diversification rates of 1, 1.5, and 2 spp sp~! myr~!
should yield trees with mean I = 1.49, 2.25, and 3.01,
respectively. Diversification rates of this magnitude are
considered “rapid” but have been reported from several
plant groups (Klak et al. 2004; Valente et al. 2010).

In the absence of general expectations on the form
of real species selection regimes (Freckleton et al. 2008;
FitzJohn 2010), the ability of both Gaussian- (under
p=0.05, 0.1 and 0.5) and skewed-speciation (under p=
0.005 and 0.01) functions to generate appreciable I,
and y signatures is reassuring in showing that the
manifestation of these patterns is somewhat robust to
variation in species selection regime. As implemented
here, these functions represent distinct species selection
scenarios. Where Gaussian-speciation best describes
speciation within an adaptive zone whose ecological
extent is normally distributed (cf. Pyron and Burbrink
2012), skewed-speciation better describes diversification
under traits that influence genetic differentiation directly
and for which the rate of differentiation is greatest
under extreme trait values, such as dispersal rate,
niche specificity and plant size (Jablonski 2008; Lengyel
et al. 2009; Claramunt et al. 2012; Ebel et al. 2015;
Boucher et al. 2017). Since the Gaussian distribution
is a special case of the skewed-Gaussian distribution
(i.e., with a=0), there is scope to model a diversity of
intermediate species selection regimes, each maximizing
tree imbalance under a slightly different value of §.
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Relationships of phylogenetic tree properties with vegetation association, across a suite of plant lineages from the Greater Cape

Floristic Region of South Africa. Vegetation association is quantified as a fynbos-association score, ranging from 0 (lineage occurs exclusively in
renosterveld or succulent karoo vegetation) to 1 (lineage occurs exclusively in fynbos vegetation). a and b) Relate the Yule-normalized Colless’
index (I.) and gamma statistic (y) of each lineage’s phylogenetic tree to its fynbos-association score, while c and d) relate the diversification rate-
trait correlation (*yute—tait) Of each lineage to its fynbos-association score. The diversification traits in this case are mean summer precipitation
amount (c) and precipitation seasonality (d). Solid lines depict relationships which are significant across all points, while dashed lines depict
relationships that are significant only with the exclusion of Moraea (open circle). Lineage names are abbreviated as follows: Arc = Arctotidinae;
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In contrast to Gaussian- and skewed-speciation
functions, an “upside-down” Gaussian-extinction
function, of the sort that underpins the greater longevity
of morphologically average lineages (Liow 2007),
does not appear to generate appreciable imbalance,
particularly not when the function is static in time.
The likely reason for this is that the high rates of
extinction which come in to play when a lineage moves
toward the margins of such a function can rapidly

erase any imbalance previously generated by reduced
extinction when the lineage was near the center of
the diversification function. Indeed, our simulations
reveal that extinction generally reduces the amount of
signal in I relative to that obtained under u =0, while
simultaneously generating trees in which, consistent
with theory (Pybus and Harvey 2000; Crisp and Cook
2009), branching events are consistently concentrated
near the present (i.e., y > 0). This has important
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implications for understanding the biological processes
underpinning imbalance in empirical phylogenetic
trees. For example, where Farrell et al. (1991) suggested
that the greater standing diversities of laticiferous
plant clades relative to their sister clades might be a
consequence of either increased speciation opportunity
or reduced extinction risk associated with reduced
herbivory, the failure of simulated trait-dependent
extinction to generate substantial imbalance identifies
differential speciation as a more likely explanation.
In addition, the observation that extinction tends to
erase the imbalance signature of species selection
leads to the prediction of greater imbalance in recently
radiated clades, in which extinction has not yet had
the opportunity to act (ie., “pull-of-the present”;
Nee et al. 1994), than in older clades. Consistent
with this expectation, Guyer and Slowinski (1991)
found that the relationships of recently diverged,
five-species clades were less balanced than those of
five-species assemblages randomly sampled from the
more-inclusive clades within which the five-species
clades were embedded.

Shifting Species Selection Exacerbates Imbalance and
Generates Trait-Rate Correlations

We predicted that, by consistently promoting
diversification in lineages with extreme trait values,
directionally shifting species selection should produce
trees that are less balanced than those generated
under a static species selection regime, and in which
diversification rates are correlated with values of the
underlying diversification trait(s). Our simulations
confirm these predictions for trees generated under
Gaussian-speciation and even under “upside-down”
Gaussian-extinction, with the mean I, and 70— it
of trees generated under these functions increasing
positively with Rgpipr up to a threshold value (R.).
That the pattern for mean I is weak and inconsistent
(Fig. 3; Supplementary Appendix 1 available on Dryad,
Fig. 6) under Gaussian-extinction is unsurprising given
the general tendency for extinction to erase imbalance
signatures. R itself represents the point beyond
which the evolutionary rate of the diversification trait
is insufficient to enable a lineage to keep up with the
shifting species selection regime and, as such, is marked
by a rapid decline in tree size and an associated loss of
signal in I and 7,40ty This is the situation imposed
on many species and supraspecific clades by rapid
contemporary climate change (e.g., Parmesan 2006; Hof
etal. 2011). That R.,;; depends on the rate of evolution of
the diversification trait (B) is unsurprising, but confirms
the fundamental importance of a lineage’s evolutionary
lability, specifically in traits which influence speciation
and extinction probability, in determining its capacity
to persist in the face of environmental change (Chevin

et al. 2010).
While our time-stratified shifting-peak model
superficially resembles the linear diversification

function implemented in QuaSSE (FitzJohn 2010) in
modeling directional trait-dependent diversification, it
differs in two important respects. Firstly, our model is
temporally dynamic in that it allows the diversification
function to shift over time. Secondly, the diversification
function itself is nonlinear and converges to zero for
extreme trait values. Besides conferring greater realism,
given the dynamic nature of real species selection
regimes (Uyeda et al. 2011; Hunt et al. 2014) and
the apparently bounded nature of variation in most
biological traits (e.g., Jensen and Zwieniecki 2013), these
properties enable our model to capture two distinct
sources of tree imbalance: that arising as a consequence
of the form (i.e., Gaussian or skewed-Gaussian) of
the diversification function and that produced by the
temporally shifting nature of the species selection
regime. Our data indicate that, while each of these
effects is capable of generating imbalance in isolation,
the highest levels of tree imbalance arise where both
effects are in operation (e.g., Gaussian-speciation
with $=0.1 and Rshlft:Rcrit)- Given that evolutionary
dynamics over time are complex, involving both static
and dynamic phases (Uyeda et al. 2011; Hunt et al.
2015), a consideration of both effects is important when
attempting to account for imbalance levels in empirical
phylogenetic trees.

In contrast to tree imbalance, our simulations suggest
that diversification rate-trait correlations are uniquely
an outcome of temporally shifting species selection.
Our simulations are spatially inexplicit, however, and
it seems likely that where space is substituted for time—
that is, where lineage diversification takes place along a
spatially structured environmental gradient rather than
within a temporally changing environmental milieu—
tree imbalance and rate-trait correlations should be
equally apparent. Examples of this scenario include the
radiation of Androsace from lowland ancestors in high-
elevation alpine habitats in the Alps and the Himalayas
(Roquet et al. 2013), and the radiation of Viburnum from
tropical ancestors in a temperate setting (Spriggs et al.
2015). Importantly, though, whether the shift in species
selection regime is temporal or spatial, the possibility
exists of using rate-trait correlations, in conjunction with
signatures of tree balance, to distinguish lineages which
have diversified in the context of a changing selection
regime from those which have not.

Tree Attributes Potentially Reveal Species Selection Regime

Although the tendency for contrasting species
selection regimes to yield trees that differ in I, v,
and 7yygit—rate (Figs. 5-7) identifies tree shape as a
potentially useful evolutionary diagnostic, some caution
is warranted. Firstly, tree shape, as described by I,
and v, is influenced by a host of processes other than
those considered here, including the spatiotemporal
dynamics of speciation process (Pigot et al. 2010; Etienne
and Rosindell 2012; Hagen et al. 2015), mass extinction
(Heard and Mooers 2002; Crisp and Cook 2009), clade-
level diversity-dependent controls on diversification
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(Rabosky and Lovette 2008), demographic stochasticity
(Jabot and Chave 2009; Davies et al. 2011), and
community-level biological interactions (Gascuel et
al. 2015). Therefore, as with other macroevolutionary
patterns (e.g., phylogenetic signal; Revell et al. 2008),
there is a danger of ascribing a particular tree shape
to the wrong generative process. However, we know
of no process beyond trait-dependent diversification
which can account for the rate-trait correlations that
emerge under a temporally shifting diversification
function (cf. Freckleton et al. 2008). Thus, given the
evidence that lineage diversification is often trait-
dependent and that environmental change, and the
selective change that it implies, is a ubiquitous feature
of most environments on Earth, species selection
provides a particularly compelling explanation of tree
shape as encapsulated by a combination of I, y, and
Ttrait—rate-

A second factor compromising the utility of tree
shape as a diagnostic of species selection regime is
the overlap in I, y, and 7yyjt—rge Of trees generated
under contrasting species selection regimes. While these
overlaps are often substantial (Figs. 5 and 6), they
are probably exaggerated by our failure to partition
trees generated under different values of NDR and .
In addition, given that these shape metrics are non-
uniformly distributed for a particular tree set, the
probability of generating a tree having a particular I,
Y, and 7yt —rate profile will likely vary amongst species
selection scenarios, thus providing a means to resolve
areas of overlap. In that context, we see a real need
to develop a probabilistic framework within which the
likelihoods of alternative diversification scenarios as
explanations of a particular tree shape can be assessed.
Although such a framework is beyond the scope of the
present paper, we note that the time-stratified QuaSSE
model implemented here provides a foundation, with
a skewed-Gaussian distribution function offering the
necessary flexibility to model not only alternative
trait-dependent diversification scenarios (i.e., a = 0
[Gaussian] or |a] >> 0 [skewed]) but also trait-
independent diversification (0,% — oo or B = 0). Besides
resolving overlaps in the shapes of trees generated
under alternative diversification scenarios, the use of
probabilistic models could allow for the evaluation
of more complex diversification scenarios, including
that in which trait-dependent speciation and extinction
associate positively to cause high trait-dependent species
turnover (e.g., Liow et al. 2008) and that in which
multiple traits interact to produce a temporally dynamic,
multimodal diversification landscape, analogous to the
dynamic, multilocus adaptive landscapes of Wright
(1932).

Cape Plant Phylogenies Reflect Contrasting Species
Selection Regimes

Given limitations on the diagnostic utility of tree shape
as outlined in the preceding section, it is remarkable

how well the phylogenies of Cape plant lineages, which
have variously diversified in stable fynbos environments
versus more-changeable non-fynbos environments,
match our theoretical expectations. Consistent with
our expectations, the phylogenetic trees of fynbos-
associated lineages generally have I and y close
to 0, with little evidence of a correlation between
diversification rate and either driest-quarter (ie.,
summer) precipitation or precipitation seasonality
(Frate—trait =~ 0). Based on the range of model parameters
explored in our simulations, these characteristics are
most consistent with diversification under a relatively
static species selection regime with negligible extinction
(Fig. 7). This aligns closely with suggestions that the
exceptional richness and low-dispersibility of the fynbos
flora, particularly the montane flora (Cowling and
Lombard 2002), is a consequence of low extinction risk
associated with minimal climatic perturbation through
the Pleistocene and earlier (Dynesius and Jansson 2000;
Latimer et al. 2005; Kreft and Jetz 2007; Linder 2008).
That the exceptionally low I (~0) of some lineages
(e.g., Elegia-Thamnochortus, Tetraria) is more consistent
with a constant rather than a trait-dependent Gaussian-
or skewed-diversification model is initially surprising.
However, given that the latter models converge on the
constant model as B tends toward 0, this could reflect the
exceptionally limited evolutionary flexibility (i.e., low B)
of fynbos plant traits which may be a consequence of
extreme specialization to low-nutrient settings (Power et
al. 2017; Verboom et al. 2017).

In contrast to fynbos lineages, the phylogenetic trees of
succulent karoo/renosterveld-associated lineages have
I and y > 0, with diversification being related to
both precipitation seasonality (ryse—trair > 0) and
summer precipitation amount (7ye—trzr < 0). Taken
together, these features are suggestive of diversification
in the context of a shifting species selection regime,
underpinned by a trend toward increasingly arid
summers and involving some extinction (Fig. 7). This
accords closely with suggestions that the low-elevation
flora of the western GCFR is a product of rapid radiation
stimulated by climatic deterioration since the Late
Miocene-Pliocene (Levyns 1964; Linder 2008; Verboom
et al. 2009, 2014), a scenario which, consistent with
Vrba (1985) turnover pulse hypothesis, would have
involved significant extinction and species turnover
(e.g., Linder et al. 1992). Although a direct assessment
of the relationship between diversification rates and
environmental change over time (cf. Condamine et al.
2013) would provide valuable corroboration, the lack of
a continuous, regional precipitation record for the past
10 myr places this out of reach.

Although the relationships of 7.ttt to fynbos-
association score are generally low on account of the
presence of an outlier lineage (Moraea), this is scarcely
surprising given that lineage diversificationis influenced
by a diversity of interacting environmental variables
and traits (De Queiroz 2002; Donoghue and Sanderson
2015). Within the GCFR, for example, diversification is
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influenced by a range of environmental factors other
than summer precipitation amount and precipitation
seasonality (e.g., soils, fire, pollinators; Ellis et al. 2014),
the relative importance of these factors as diversification
stimuli varying between lineages on account of their
different functional attributes.

Species Selection Regime: A General Explanation of Tree
Shape?

Our data, both simulated and empirical, suggest an
important role for historical species selection in shaping
organismal phylogenies, thus supporting the notion
that “questions about variation in diversification rates
among clades are fundamentally questions about species
selection” (Rabosky and McCune 2009). The broader
significance of this conclusion lies in the observation that
most biological diversity has evolved in the context of a
spatiotemporally variable global environment, in which
both species distributions and lineage diversification are
commonly trait-modulated. The Neogene, for example,
has witnessed dramatic global-scale climate change
(Zachos et al. 2001) which, in conjunction with events
taking place at local or regional scales (e.g., regional
tectonism; Harrison et al. 1992; Hoorn et al. 2010), has
prompted major vegetation rearrangement and floristic
turnover at a variety of scales (e.g., Cerling et al. 1997;
Simon et al. 2009; Luebert and Weigend 2014). On
the evidence of analyses presented here, these changes
would undoubtedly have left their signature on the
shapes of phylogenetic trees and in the distributions
of traits influencing diversification. This, then, opens
the possibility of using tree shape to gain insights
into paleoenvironmental history. Where phylogenetic
approaches have been developed which provide insights
into the shape and dynamics of the adaptive landscapes
that underpin selection at the microevolutionary level
(Ingram and Mahler 2013; Uyeda and Harmon 2014),
our work draws attention to the promise of using
phylogenies to reveal the form and dynamics of selective
regimes operating above the species level (i.e., species
selection).
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