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ABSTRACT

Rates of phenotypic evolution vary tremendously across the tree of life, generating vast dis-
parities in phenotypic diversity across space, time, and taxa. Unfortunately, elucidating the factors
driving such “rate heterogeneity” remains challenging due to various methodological limitations.
In particular, most available methods for inferring variation in rates of continuous trait evolution
assume rates are either influenced by only a few factors (i.e., variables hypothesized to affect rates)
or change infrequently over the course of a clade’s history. However, rates of phenotypic evolution
are likely affected by a dynamic, tangled web of countless environmental, life history, and genetic
factors. By ignoring “residual” rate variation stemming from unobserved factors and assuming
relatively simple rate variation patterns, available methods for modeling continuous trait evolution
tend to underfit empirical data and mislead hypothesis testing by inflating support for complex
models assuming spurious factor-rate associations. Here, to address these challenges, I develop,
test, and apply new phylogenetic comparative methods capable of accurately inferring variation in
rates of continuous trait evolution and robustly testing for factor-rate associations.

In chapter 1, I develop a novel continuous trait evolution model whereby rates constantly
and incrementally change over time and across lineages, resulting in continuous, stochastic rate
variation across a clade with closely-related lineages more likely to exhibit similar rates. I im-
plement a Bayesian approach for fitting this model to empirical data in an R package, evorates
(https://github.com/bstaggmartin/evorates/), along with comprehensive tools for analyzing and vi-
sualizing model results. Through simulation, I demonstrate that this method yields accurate infer-
ences and can more reliably detect general decreases/increases in rates over time (i.e., “early/late
bursts” of trait evolution) than previous methods by accounting for residual rate variation around
overall time-dependent trends. Additionally, I use evorates to show that rates of body size evolu-
tion among whales and dolphins have generally declined over time yet exhibit substantial residual
variation, with oceanic dolphins and beaked whales exhibiting anomalously fast and slow rates,
respectively.

In chapter 2, I generalize stochastic character mapping or “simmapping”-based pipelines for


https://github.com/bstaggmartin/evorates/

inferring relationships between rates of continuous trait evolution and discrete factors (e.g., habitat,
diet) to also accommodate continuous factors (e.g., temperature, generation time). Simmapping is
a popular method for imputing the uncertain evolutionary history of a trait (or factor) by sam-
pling probable histories along a phylogeny under a given trait evolution model. However, available
simmapping implementations only work with discrete variables. Accordingly, I develop a new
R package, contsimmap (https://github.com/bstaggmartin/contsimmap/), which implements both a
scalable algorithm for simmapping continuous variables and methods for inferring relationships
between simmapped continuous factors and continuous trait evolution dynamics. I go on to ver-
ify the accuracy and robustness of this new pipeline in estimating factor-rate relationships via an
extensive simulation study, even devising a pragmatic new approach to account for residual rate
variation, which was ultimately crucial for controlling the pipeline’s error rates. Lastly, I use the
pipeline to show that rates of leaf and flower evolution are heterogeneous yet unrelated to overall
size in a clade of eucalyptus trees ranging from ~1 to nearly 100 meters in maximum height.

In chapter 3, I devise a new approach for inferring associations between discrete factors and
continuous trait evolution dynamics by jointly modeling the evolution of both discrete factors
and continuous traits under a unified process. A key advantage of this method is that it allows
the continuous trait data to directly influence the likelihood of different factor histories, enabling
inference unobserved discrete factors or “hidden states” potentially driving residual rate variation
in continuous trait evolution. I implement this method in an R package, sce (https://github.com/
bstaggmartin/sce/), and show that the method can effectively detect and quantify heterogeneity in
rates of continuous trait evolution driven by both observed and unobserved factors under a wide
variety of simulated evolutionary scenarios. Further, I demonstrate the empirical utility of the new
method by using it to rigorously show that tropical sage lineages exhibit elevated rates of flower

size evolution compared to temperate lineages.
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CHAPTER 1

MODELING THE EVOLUTION OF RATES OF CONTINUOUS TRAIT EVOLUTION
This chapter has been published in Systematic Biology:
Martin B.S.!, Bradburd G.S.2, Harmon L.J.3, and Weber M.G.% 2023. Modeling the evolution of
rates of continuous trait evolution. Syst Biol 72:590-605.
'Department of Plant Biology, Michigan State University, East Lansing, MI, USA
~Department of Ecology and Evolutionary Biology, University of Michigan, Ann Arbor, MI, USA

3Department of Biological Sciences, University of Idaho, Moscow, ID, USA

1.1 Introduction

The rates at which traits evolve is markedly heterogeneous across the tree of life, as evidenced
by the uneven distribution of phenotypic diversity across space, time, and taxa (e.g., Simpson,
1944; Reaney et al., 2020; Brusatte et al., 2012; Chartier et al., 2021). While understanding the
drivers of such patterns can provide critical insights into macroevolutionary processes, general con-
sensus on what factors are most important in accelerating and decelerating trait evolution remain
elusive (Chira et al., 2018). There is a vast, interconnected web of factors hypothesized to affect
trait evolution rates, typically divided into extrinsic and intrinsic components. Extrinsic factors
relate to the environment of an evolving lineage, commonly including aspects of biogeography
like climate or habitat (e.g., Clavel and Morlon, 2017; Mihalitsis and Bellwood, 2019), as well as
interactions with other species (e.g., Slater, 2015; Borstein et al., 2019; Drury et al., 2021). Intrin-
sic factors instead involve properties of the evolving lineage itself, including life history attributes
such as behavior or developmental traits (e.g., Munoz and Bodensteiner, 2019; Fabre et al., 2020)
and genetic features like trait heritability and effective population size (e.g., Arnold et al., 2008;
Villar et al., 2014). The effects of all these variables are interrelated and depend on the particular
traits being studied, further complicating matters (Cooper and Purvis, 2009; Muifioz et al., 2018;
see also Donoghue and Sanderson, 2015).

Unfortunately, the evolutionary histories of many factors hypothesized to affect trait evolution

rates are largely unobserved. Thus, methods testing for associations between rates and variables



of interest must first estimate the history of the explanatory variables themselves (but see Hansen
et al., 2022). This limits researchers to considering only a few, relatively simple hypotheses (Rev-
ell, 2013; Caetano and Harmon, 2019), causing trait evolution models to often underfit observed
data (Pennell et al., 2015; Chira and Thomas, 2016; Chira et al., 2018). This underfitting gener-
ally oversimplifies inferred rate variation patterns and artificially increases statistical support for
complex models which may imply spurious links between trait evolution rates and explanatory
variables (May and Moore, 2020; see also Rabosky and Goldberg, 2015; Beaulieu and O’Meara,
2016). Thus, these “hypothesis-driven” approaches to modeling trait evolution should be integrated
with “data-driven” approaches that agnostically model variation in trait evolution rates based on
observed trait data alone. Such approaches can account for rate variation unrelated to some focal
hypothesis, or even be used to generate novel hypotheses regarding what factors may have driven
inferred rate variation patterns (Uyeda et al., 2018; May and Moore, 2020; see also Beaulieu and
O’Meara, 2016).

Several data-driven methods for inferring trait evolution rates are already available and widely
used (Eastman et al., 2011; Thomas and Freckleton, 2012; Rabosky et al., 2014; Pagel et al.,
2022), but such methods generally work by splitting phylogenetic trees into subtrees and assigning
a unique rate to each subtree (sometimes termed “macroevolutionary regimes”). These models
implicitly assume trait evolution rates stay constant over long periods of time with sudden shifts in
particular lineages. This mode of rate variation would be expected if rates are primarily influenced
by only a few, discretely varying factors of large effect. However, this assumption could be prob-
lematic given the sheer number of factors hypothesized to affect trait evolution rates, as well as the
fact that many of these factors vary continuously (Cooper and Purvis, 2009). If rates are instead
affected by many factors, mostly with subtle effects, we would expect trait evolution rates to con-
stantly shift in small increments over time within a given lineage, resulting in gradually changing
rates over time and phylogenies. In other words, rates themselves would “evolve” and be similar,
but not identical, among closely-related lineages (i.e., phylogenetic autocorrelation; see Sakamoto

and Venditti, 2018). By assuming that rates change infrequently, current data-driven methods



likely oversimplify rate variation patterns, collapsing heterogeneous evolutionary processes into
homogeneous regimes (but see May and Moore, 2020; Fisher et al., 2021). To this end, Revell
(2021) recently developed a data-driven method that models trait evolution as gradually changing,
but this method is limited in requiring a priori specification of how much trait evolution rates vary
across the phylogeny. Further, the method offers no way to rigorously test whether lineages exhibit
different rates (Revell, 2021).

Notably, some hypothesis-driven methods model trait evolution rates as gradually changing
over time. However, such models most commonly assume that rates only follow a simple trend
of exponential decrease or increase over time (Blomberg et al., 2003; but see Clavel and Morlon,
2017; Slater et al., 2017). In this context, declining trait evolution rates, or “early bursts” (EB),
are often invoked as signatures of adaptive radiation (Harmon et al., 2010), while increasing trait
evolution rates, or “late bursts” (LB), are sometimes linked to processes like character displacement
(Weber et al., 2016; Skeels and Cardillo, 2019). Unfortunately, current methods lack statistical
power to detect decreasing trends in rates when just a few lineages deviate from an overall EB
pattern (Slater and Pennell, 2014). Essentially, by assuming a perfect correspondence between
time and rates across all lineages, inference under these methods is misled by subclades exhibiting
anomalously low or high trait evolution rates. New methods that explicitly model such “residual”
rate variation may more accurately detect general trends in trait evolution rates by accounting for
these anomalous lineages/subclades.

Here we develop a new, data-driven method that models trait evolution rates as gradually chang-
ing over time, ultimately resulting in stochastic, continuously distributed rates that are more similar
among closely-related lineages. We take advantage of recent developments in Bayesian inference
and develop new strategies for efficiently estimating autocorrelated rates on phylogenetic trees
while dealing with uncertain trait values, resulting in relatively fast, reliable inference. We call this
method (and its corresponding software implementation) “evolving rates” or evorates for short.
Evorates is both flexible and intuitive, allowing researchers to infer both how and where rates vary

on a phylogeny. Through simulation, we demonstrate that evorates recovers accurate parameter



estimates on ultrametric phylogenies spanning a range of sizes and that it is more sensitive and
robust in detecting trends in trait evolution rates than conventional EB/LB models. We also use
evorates to model body size evolution among extant whales and dolphins (order cetacea) and find
evidence for declining rates of body size evolution and moderate rate heterogeneity in this clade,
unifying and expanding on previous results (Slater et al., 2010; Slater and Pennell, 2014; Sander

etal., 2021).

1.2 Materials and Methods

Evorates uses comparative data on a univariate continuous trait to infer how trait evolution
rates change over time as well as which lineages in a phylogeny exhibit anomalous rates. Here,
comparative data refers to a fixed, rooted phylogeny with branch lengths proportional to time and
trait values associated with its tips. We generally caution against using evorates with univariate
ordinations of multivariate trait data such as principal component scores because ordination can
bias rate inference from comparative data (Uyeda et al., 2015). Evorates is designed to work with
raw trait measurements; both missing data and multiple trait values per tip are allowed (i.e., tips
with 0 and > 1 observations, respectively). In the case of averaged trait measurements, estimated
mean trait values and standard error can be used to specify normal priors on trait values at particular
tips. The current implementation also allows for assigning raw trait measurements and priors to
internal nodes as well, perhaps reflecting fossil data and/or strong prior beliefs, though we do
not test this feature here. Conditional on these trait data, evorates uses Bayesian inference to
estimate two key parameters governing the process of rate change: rate variance, controlling how
quickly rates diverge among independently evolving lineages, and a trend, determining whether
rates tend to decrease or increase over time. When rate variance is 0, rates do not accumulate
random variation over time and are constant across contemporaneous lineages. In this case, trait
evolution follows the same exact process as expected under a conventional EB/LB model, with
negative trends corresponding to EBs, no trend to Brownian motion (BM), and positive trends to
LBs. The method also infers branchwise rates, which are estimates of average trait evolution rates

along each branch in the phylogeny, indicating which lineages exhibit unusually low or high rates.



1.2.1 The Model
At its core, evorates works by extending a typical Brownian motion (BM) model of univariate

trait evolution to include stochastic, incremental changes in trait evolution rates, o2

Specifi-
cally, 62 follows a process approximating geometric BM (GBM) with a constant rate, meaning
that In(c?) follows a homogeneous BM-like process. GBM is a natural process to describe “rate
evolution” because it ensures rates stay positive and implies rates vary on a multiplicative, as op-
posed to additive, scale (Limpert et al., 2001; Gingerich, 2009). To render inference under this
model tractable, we treat it as a hierarchical model with a trait evolution process dependent on
the unknown-but estimable—branchwise rates, which are themselves dependent on a rate evolu-

tion process controlled by the estimated rate variance and trend parameters. The overall posterior

probability of the model can be summarized as:

P(02,0|x,y) =< P(x|y,0%)P(c2|y,0)P(6) (1)

Where v is a phylogeny with e branches and n tips, o2 is an e-length vector of branchwise
rates, x is an n-length vector of trait values for each tip, and 6 is a vector of parameters governing
the rate evolution process. Cases with missing data and multiple trait values per tips are covered in
a later section. In our notation, time is O at the root of the phylogeny and increases towards the tips.
P(x|y, 62) is the likelihood of x given the trait evolution process, P(62|y, 8) is the probability of
branchwise rates given the rate evolution process, and P(0) is the prior probability of the rate
evolution process parameters. We explicitly estimate and condition likelihood calculations on
branchwise rates (a type of “data augmentation”; see May and Moore, 2020) because the likelihood
of the trait data while marginalizing over branchwise rates (i.e., P(x|y, 0)) does not follow a known
probability distribution and would require complex, numerical approximations to compute. On the

other hand, P(x|y, 62) follows a straight-forward multivariate normal density:

x~ MVN(e,C) ()



where o is a vector of the trait value at the root of the phylogeny repeated n times and C is an

n x n matrix. The entries of C are given by:

Cij= Z o2ty 3)

keanc(i,j)

where ¢ is an e-length vector of branch lengths, i and j are indices denoting specific tips, k is
an index denoting a particular branch, and anc(i, j) is a function that returns all ancestral branches
shared by i and j. Note that when branchwise rates are constant across the tree, C; j is proportional
to the elapsed time between the root of the phylogeny and the most recent common ancestor of i
and j. Branchwise rates can be thought of as “squashing” and “stretching” the branch lengths of a
phylogeny, such that certain lineages have evolved for effectively shorter or longer amounts time,
respectively.

Unfortunately, there is no general solution for calculating P(c2|y,6) under a true GBM
process (Lepage et al., 2007), so we instead use a multivariate log-normal approximation (e.g.,
Dufresne, 2004; Welch and Waxman, 2008) of the distribution of branchwise rates and calculate
probabilities under this approximation. Briefly, this approximation decomposes branchwise rates
into their expected values, 8, determined solely by the trend parameter, and a “noise” component,

¥, sampled from a multivariate normal distribution controlled by the rate variance parameter:

In(c2) ~ B +7v (4)

Here, the noise component is approximate because it follows the distribution of geometric,

rather than arithmetic, averages of trait evolution rates along each branch assuming there is no

trend (i.e., In(02) rather than In(02); see APPENDIX 1B for further details). The entries of  are

given by:

0 if o =0
B =In(cj)+ (5)

ln(|exp[ucz’L’2] - exp[,ucz‘vl] )— hl(“ucz‘) —In(z) if Hs2 70



where ln(O'g) is the estimated rate at the root of the phylogeny, (i is the trend parameter, 7 is
an e-length vector of branch lengths, and 7| and 7, are e-length vectors of the start and end times

of each branch in the phylogeny (Blomberg et al., 2003). The entries of y are given by:

Y~ MVN(0,62D) (6)

where 0 is a vector of Os repeated e times, Géz is the rate variance parameter, and D is an e X e

matrix. The entries of D are given by:

;

2[,'/3 ifi :]
t;/2 ifi€anc(j, )
Dij= ) - "
keanc(i, ) tj/2 if j € anc(i,i)

0 ifi#j,i¢anc(j,j),j ¢ anc(i,i)

where i, j, and k are all indices denoting branches and anc(i, j) is a function that returns all

\

ancestral branches shared by i and j (Devreese et al., 2010; see APPENDIX 1B for further details).
Overall, this approximation closely matches the distribution of branchwise rates obtained via fine-
grained simulations of GBM on phylogenies under plausible parameter values and is negligibly
different from other computationally efficient approximations (e.g., Thorne et al., 1998; Lartillot
and Poujol, 2011; Revell, 2021; Figs. 1B.1-1B.14; Tables 1B.1-1B.3). We prefer this approxi-
mation because it is convenient to work with and directly focuses on estimating branchwise rates
rather than rates at the nodes of the phylogeny, which is what other strategies focus on.

Under this approximation, the final expression for the posterior probability is:

) Ve M (x—
P(In(0), 0. In(03). 02, fgal. ) o« P2 €_(- @)

2ay[c] B
exp[—3(In(c?) — B)'(62.D) ' (In(c?) - B)] (g,
0452 (27r>e‘D‘

P(Ot,h’l(Gg), 03;271102)



1.2.2 Model Implementation

Evorates estimates the posterior distribution of parameters given a phylogeny and associated
trait data via Hamiltonian Monte Carlo (HMC) using the probablistic programming language Stan,
interfaced through R (Carpenter et al., 2017; Stan Development Team, 2019, 2020). Unlike con-
ventional Markov Chain Monte Carlo algorithms like Metropolis-Hastings samplers, HMC uses
derivatives and physics simulations to efficiently explore posterior distributions, which is particu-
larly helpful for complex, high-dimensional posteriors (see Neal, 2011 and Hoffman and Gelman,
2014 for further information). To optimize sampling efficiency and avoid numerical issues, evo-
rates estimates branchwise rates with an uncentered parameterization (Betancourt and Girolami,
2019) and marginalizes over unobserved trait values at the root and tips of the tree (Freckleton,
2012; Hassler et al., 2022). Under an uncentered parameterization, the HMC algorithm does not
directly estimate branchwise rates, but instead estimates the distribution of e independent standard

normal random variables, z, which are transformed to follow the distribution of branchwise rates:

In(02) = 6Lz + )

where L is lower triangular Cholesky factorization of D (i.e., D = LL'; see Eq. (7)). This
parameterization is particularly efficient because it avoids having to repeatedly manipulate D to
calculate P(In(02)|y, In(03), Géz JMg2)-

Evorates also uses Felsenstein’s pruning algorithm for quantitative traits to marginalize over
the trait value at the root of the phylogeny and avoid repeatedly inverting C when calculating
P(x|1n(?) (Felsenstein, 1973; Freckleton, 2012; Caetano and Harmon, 2019). To simplify the
pruning algorithm implementation, any multifurcations in the phylogeny are converted to series
of bifurcations by adding additional “pseudo-branches” of length 0. This procedure does not alter
the resulting likelihood calculations (Felsenstein, 2008), and our implementation does not estimate
branchwise rates along pseudo-branches because these rates do not affect the likelihood of the

observed trait data.



1.2.3 Accommodating Missing Data and Multiple Observations

Incorporating uncertainty in observed trait values in comparative studies is especially impor-
tant for methods that model trait evolution rate variation because measurement error can inflate
estimates of evolutionary rates, particularly in young clades (Felsenstein, 2008). To prevent such
biases, evorates generally treats the mean trait values at the tips, x, as unknown parameters. We
marginalize over x given raw trait measurements, y (potentially including O or > 1 observations for
some tips), and “tip error” variances for each tip, Gyz. While we use the term “raw” trait measure-
ment for clarity, the data provided for certain tips could instead be the mean of a normal prior on
the trait value. Entries of Gyz for such tips may be fixed to an associated variance for the prior. All
other entries of Gyz are treated as unfixed, free parameters. To render the model more tractable, we
assume tip error variance is constant across all tips with unfixed variance.

To marginalize over the mean trait values at the tips, we modify the initialization of Felsen-
stein’s pruning algorithm (Felsenstein, 1973). Prior to pruning, we assign each tip the expectation
and variance of its mean trait value given its raw trait measurements. We then calculate each
tip’s partial likelihood from contrasts between its associated raw trait measurements given its error
variance, Gyz,,'- Assuming the raw trait measurements are independently sampled from a normal

distribution with variance o2

v.i» the mean trait value’s expectation is simply the mean of the raw

trait measurements, y;, and its variance is given by Gy%l- /m;, where m; is the number of raw trait
measurements (Felsenstein, 2008). Note that if there are no trait measurements for a particular
tip (1.e., m; = 0), the expectation of that tip’s true trait value is undefined with infinite variance
(Hassler et al., 2022).

Because there are no contrasts for tips with one or fewer raw trait measurements, the partial
likelihood associated with these tips is 1. Otherwise, we can derive a general formula for the partial
likelihood by considering each tip as a small subtree and applying Felsenstein’s pruning algorithm.
Specifically, each tip is treated as a star phylogeny consisting of m; “sub-tips” of length 62;, with

»i?

trait values y; (Felsenstein, 1973, 2008):



P(yi]o2) ml’—_f K (yi,k+1 yl‘,l:k) (10)
' Pl Gy,\/ZTL' k+1 2(k+1) Oy,i

where i denotes a particular tip, y; is a vector of m; raw trait measurements for tip 7, G)%i is the
tip error variance for tip 7, and y; 1 is the mean of measurements 1 through & in the vector y;.

After initializing all tips in the phylogeny, Felsenstein’s pruning algorithm can be applied nor-
mally, iterating over the internal nodes from the tips towards the root (e.g., Felsenstein, 1973,
Freckleton, 2012, Caetano and Harmon, 2019). The presence of missing data, however, will cause
some calculations to involve nodes with undefined expected trait values and infinite variance. Note
that these “data-deficient” nodes do not contribute information to the expectation and variance of
the trait value at their ancestral nodes. Thus, if both nodes descending from some focal node are
data deficient, the focal node will also be data deficient, with undefined expectation and infinite
variance. Otherwise, if only one descendant node is data deficient, the expectation and variance
of the trait value at the focal node is solely determined by the descendant node that is not data
deficient. Let the descendant, non-data deficient node have expected trait value and variance X;
and 6)321,, respectively, and be connected to the focal node by a branch of length #; with branchwise
rate G_l-z. The focal node’s expected trait value and variance will be X; and Gx% + G_l-zti, respectively.
Whether one or both descendant nodes are data deficient, there is no contrast associated with the
focal node and the corresponding partial likelihood is 1

In the case of univariate traits, tips with missing data have no effect on the likelihood of trait
data or parameter inference. However, by including missing data one can estimate posterior distri-
butions of the unobserved trait values at these tips (Goolsby, 2017; Hassler et al., 2022). Evorates
already includes functionality for sampling from the posterior distribution of trait values at all
nodes and tips in a phylogeny given a fitted model. The inclusion of additional branches could
theoretically affect the inferred rate evolution process because our GBM approximation improves
along shorter branches. However, inference using evorates is robust to whether rate evolution is
simulated under our GBM approximation or a true GBM process (Figs. 1B.10 and 1B.14; Tables

1B.1-1B.3), suggesting such effects are too minor to have practical consequences.
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1.2.4 Priors

Despite their popularity, flat and uninformative priors tend to result in fat-tailed posteriors that
explore unrealistic regions of parameter space, and Bayesian statisticians have increasingly advo-
cated for the use of at least weakly informative priors in recent years (Lemoine, 2019). We follow
this advice, choosing default priors for evorates that modestly regularize parameter estimates, pro-
moting conservative inferences (i.e., little rate heterogeneity) while still allowing for a wide range
of evolutionary dynamics. We also conducted a prior sensitivity study to document the impact of
priors on inference using evorates (Figs. 1D.1-1D.7; Tables 1D.1-1D.12). Overall, evorates is
fairly robust to alternate prior specifications, provided that priors are not overly informative, and
the the default priors appear adequate under a variety of conditions.

By default, a normal prior with mean O and standard deviation 10/T is placed on the trend
parameter (U 2), while a Half-Cauchy prior with scale 5/T is placed on rate variance (Géz), where
T is the height of the phylogeny. These priors are quite liberal: a trend of 10/T corresponds to a
e'0 ~20,000-fold change in trait evolution rates over the timespan of a phylogeny, and data sim-
ulated with a rate variance of 5/7 on random trees with 50 tips or more (generated using the R
package ape version 5.6-2; Paradis and Schliep, 2019) typically yield branchwise rates spanning
two to four orders of magnitude. Of course, researchers may increase or decrease the standard devi-
ation/scale of these priors if a phylogeny spans an especially long or short timescale, respectively.
To penalize tip error variance (Gyz) estimates that are large relative to the scale of the observed
trait data, a half-Cauchy prior with scale 62,,/2 is placed on tip error variance, where 62, is the
variance of the trait data.

It is somewhat more challenging to pick a default prior for the rate at the root (Gg) because this
parameter depends on both the timescale of the phylogeny and scale of the observed trait data. By
default, a log-normal prior with location In(c2,,/T) and scale 10 is placed on the root rate. This
prior is designed to regularize root rate estimation by roughly centering on trait evolution rates
that could give rise to the observed trait data with little rate heterogeneity. Notably, decreasing

and increasing trends will generally shift the location of this default prior downward and upwards,
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respectively, relative to the true root rate. While more complex schemes for choosing a root rate
prior (perhaps based on phylogenetic independent contrasts) could help mitigate this issue, we
wanted to keep default prior settings as simple and transparent as possible. As a rule of thumb,
the scale of the root rate prior should be roughly equal to the maximum plausible change in trait
evolution rates over the timespan of a phylogeny. The default scale of 10, corresponding to a
e'0 ~20,000-fold change in rates, is quite liberal and should suffice for most purposes. In any
case, we encourage researchers to alter the root rate prior to reflect biologically plausible trait

evolution rates when such information is available.

1.2.5 Hypothesis Testing

We agree with other macroevolutionary biologists advocating for greater focus on interpreting
parameter estimates and effect sizes inferred by comparative models (e.g., Beaulieu and O’Meara,
2016). Nonetheless, assessing statistical support for particular hypotheses remains important for
biologically interpreting fitted models — particularly complex models with many parameters. In the
context of evorates, we focus on two main hypotheses: 1) that significant rate heterogeneity, inde-
pendent of any trend, occurred over the history of a clade ((7(2;2 > 0), and 2) rates generally declined
or increased over time (i.e., ;2 7 0). Both hypotheses could be tested by fitting additional models
with constrained rate variance and/or trend parameters and comparing among unconstrained and
constrained models using Bayes factors. However, Bayes factor estimation requires additional,
time-consuming computation. Thus, we developed alternative approaches that only require the
posterior samples of a fitted, unconstrained model.

We use the posterior probability that p;> > 0 to test for overall trends in rates. If the posterior
probability is 0.025 or less, we can conclude that there is substantial evidence that rates declined
over time, and vice versa if the posterior probability is 0.975 or above. This corresponds to a
two-tailed test with a critical value of 0.05. For rate variance, we instead use Savage-Dickey (SD)
ratios because rate variance is bounded at 0 and the posterior probability that 632 > 0 will always
be 1. SD ratios are ratios of the posterior to prior probability density at a particular parameter value

corresponding to a null hypothesis. If this ratio is sufficiently less than 1, the data have “pulled”

12



prior probability mass away from the null hypothesis, suggesting that the null hypothesis is likely
incorrect. In general, a ratio of 1/3 or less is considered substantial evidence against the null
hypothesis (Kass and Raftery, 1995). We use log spline density estimation implemented in the R
package logspline (version 2.1.16) to estimate the posterior probability density at 0(2;2 = 0 (Stone
et al., 1997; Wagenmakers et al., 2010).

Researchers may also wish to identify lineages evolving at anomalous rates. The most straight-
forward method to do so is to calculate the posterior probability that branchwise rates are greater
than some “background rate”, analogous to the approach for trends. In this paper, we define the
background trait evolution rate as the geometric mean of branchwise rates, weighted by their rela-
tive branch lengths. Rates are generally distributed with long right tails (Gingerich, 2009), partic-
ularly under our model whereby rate evolution follows a GBM-like process. Geometric means are
less sensitive than arithmetic means to extremely high, outlier rates associated with these long tails,
and are thus better-suited for rate comparisons. In the presence of a strong trend, only the oldest
and youngest lineages will generally exhibit anomalous rates, rendering anomalous rate detection
redundant with trend estimation. Thus, we define a helpful branchwise rate transformation, called
“detrending”, which further facilitates interpretation of evorates results. Specifically, branchwise
rates are detrended prior to calculating background rates and posterior probabilities by subtracting
B from branchwise rates on the natural log scale (see Eq. (5)). These detrended rates yield a new set
of transformed parameters, branchwise rate deviations, ln(%), defined as the difference between
detrended branchwise rates and the background detrended rate on the natural log scale. When the
posterior probability ln(%) > ( for a given branch is less than 0.025 or greater than 0.975, we
can conclude that trait evolution is anomalously slow or fast along that branch, respectively, given
the overall trend in rates through time. While we focus on comparing detrended branchwise and
background rates based on geometric means in the current paper, we note that evorates can also
compare untransformed branchwise and background rates based on either geometric or arithmetic
means per user specifications.

Additionally, users may also calculate background trait evolution rates for subsets of branches
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in a phylogeny, such that rates for specific lineages and/or subclades can be estimated and com-
pared. Some caution, however, is warranted in first identifying lineages exhibiting anomalous rates
and then testing for significant differences among them, as this could increase the risk of spuriously
detecting rate differences. This potential issue is not unique to evorates and applies to any data-
driven phylogenetic comparative method designed to identify shifts in evolutionary processes. In
practice, we recommend users mainly focus on interpreting comparisons between branchwise rates
and the overall background rate, calculating background rates for branch subsets only to effectively
summarize and communicate model results. Of course, it is also perfectly reasonable to compare
rates among specific lineages and/or subclades when these comparisons are planned prior to model
fitting and/or have biological justification (e.g., comparing background rates among lineages that
vary in some factor hypothesized to affect trait evolution rates).

Notably, relationships among Bayes factors, posterior probabilities, and frequentist p-values
are not necessarily straight-forward and depend on sample size, priors, and posterior distribu-
tion shape, among other factors (Held and Ott, 2018; Wagenmakers et al., 2022). The hypothesis
testing procedures we propose and test here are essentially useful heuristics developed to guide
researchers in interpreting models fit through evorates, and these heuristics are not formally equiv-
alent to conventional significance testing under a frequentist framework. Nonetheless, we use
terms like “hypothesis testing”, “null hypothesis”, and “significance” in describing and analyzing

the performance of these heuristics for ease of communication.

1.2.6 Simulation Study

To test the performance and accuracy of evorates, we applied it to continuous trait data sim-
ulated under the model of inference. We simulated data under all combinations of no, low, and
high rate variance (ng = 0,3,6) and decreasing, constant, and increasing trends (U2 = —4,0,4),
for a total of 9 trait evolution scenarios. We picked these values to simulate data that appeared
empirically plausible and represented a range of different trait evolution dynamics. Note that when
rate variance is 0, the resulting simulations evolve under EB, BM, or LB models of trait evolution

depending on the trend parameter. We simulated traits evolving along ultrametric, pure-birth phy-
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logenies with 50, 100, and 200 tips generated using the R package phytools (version 1.0-1; Revell,
2012) to assess the effect of increasing sample size on model performance. While evorates can be
applied to non-ultrametric trees, we focus on ultrametric trees here to render the simulation study
more manageable. We simulated 10 phylogenies and associated trait data for each trait evolution
scenario and phylogeny size for a total of 270 simulations. In all cases, phylogenies were rescaled
to a total height of 1, ensuring the effect of parameters remained consistent across replicates. All
simulations were simulated with a trait and log rate value of O at the root. Because we focused on
the estimation of branchwise rate, rate variance, and trend parameters, we simulated trait data with
only 1 observation per tip and no tip error.

To quantitatively assess the simulation study results, we calculated the median absolute error
(MAE), breadth, and coverage of marginal posterior distributions for rate variance and trend pa-
rameters. Here, MAE is the median absolute difference between posterior samples and their corre-
sponding true, simulated value, such that larger MAEs are associated with less accurate posteriors.
We prefer median to mean absolute error because the former metric is less influenced by posterior
precision and more directly reflects variation in posterior accuracy. Breadth refers to the width of
the 95% equal-tailed interval (i.e., a type of credible interval that spans from the 2.5% to 97.5%
posterior quantiles, hereafter simply termed credible intervals) and measures posterior precision,
with smaller breadths corresponding to more precise (though not necessarily accurate) posteriors.
Lastly, coverage is a binary metric equal to one when the true value falls within the 95% credible
interval and zero otherwise. For branchwise rate parameters, we averaged the MAEs, breadths,
and coverage of all branchwise rate marginal posterior distributions (on the natural log scale) for
each model fit. Additionally, we calculated the statistical power and false positive error rate (i.e.,
type I error rate, hereafter error rate) of evorates for detecting significant rate variance and de-
creasing/increasing trends. Due to the continuous nature of branchwise rates, we assessed power
and error rates for detecting anomalous branchwise rates by calculating the proportion of times
a branch is detected as exhibiting anomalously slow or rapid trait evolution rates across different

values of true branchwise rate deviations.
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1.2.7 Empirical Example

We applied evorates to model body size evolution in extant cetaceans using a recently estimated
timetree of both fossil and extant cetaceans (Lloyd and Slater, 2021), pruned to consist of 88 extant
species (we excluded one extant species, Balaenoptera brydei, due to its uncertain taxonomic
status; see Constantine et al., 2018), and associated trait data on log-transformed maximum female
body lengths for each species. Most body length data was compiled in a previous comparative
study, but we supplemented these data with published measurements for an additional 15 species
(Table 1A.1). We chose this example because previous research detected notable signatures of
declining body size evolution rates over time in this clade, despite conventional model selection
failing to yield support for an EB model of trait evolution. This puzzling result seems primarily
due to a few recently-evolved lineages exhibiting unusually rapid shifts in body size (Slater et al.,
2010; Slater and Pennell, 2014; see also Sander et al., 2021). While previous work used a mix
of simulation and outlier detection techniques to arrive at this conclusion, we predicted that our

method would identify these patterns in a more cohesive modeling framework.

1.2.8 HMUC configuration and diagnostics

When fitting models to simulated and the empirical data, we ran 4 HMC chains consisting of
3,000 iterations. After discarding the first 1,500 iterations as warmup and checking for conver-
gence, chains were combined for a total of 6,000 HMC samples for each simulation. We repeated
this procedure while constraining the rate variance parameter to O to see if our method could detect
trends in trait evolution rates with more power than conventional EB/LB models. We set tip error
for the simulation study to 0 a priori because we do not focus on inference of this parameter here,
though we did allow the method to estimate tip error in the empirical example. For each model
fit, chains mixed well (greatest R~ 1.013) and achieved effective sample sizes of at least 3,000
for every parameter. Divergent transitions, a feature of HMC which can be indicative of sam-
pling problems, were relatively rare, with only six simulation model fits exhibiting 1-3 divergent
transitions. Overall, diagnostic tests suggested all HMC chains converged and sampled posterior

distributions thoroughly.
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1.3 Results

1.3.1 Performance of Method

Overall, the method exhibited accurate inference and appropriate coverage for all parameters,
though posterior breadth was often quite large, especially for trees with 50 tips ( 1.1-1.3, Fig. 1.1).
Posterior accuracy and precision were highly dependent on trait evolution scenario and tree size.
In general, higher values of trends and rate variance were associated with larger posterior MAEs
and breadth for their respective parameters, such that increasing trends and high rate variance are
estimated with the least accuracy and precision. In some cases, higher trends seemed to increase
the MAEs and breadth of rate variance posteriors and vice versa, but this pattern was weak overall.
On the other hand, larger tree sizes resulted in smaller posterior MES and breadth, such that trees
with 200 tips yielded the most accurate, precise posteriors. Coverage for trend and rate variance
parameters across all trait evolution scenarios and tree sizes remained consistent at around the

theoretical expectation of 95%.
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Figure 1.1 Relationship between simulated and estimated rate variance (G(zyz) and trend (U52) pa-
rameters. Each point is the posterior median from a single fit, while the violins are combined
posterior distributions from all fits for a given trait evolution scenario. Vertical lines represent the
50% (thicker lines) and 95% equal-tailed intervals (thinner lines) of these combined posteriors,
while horizontal lines represent positions of true, simulated values.

Both the statistical power and error rates of our method were appropriate for detecting trends
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Table 1.1 Median absolute errors of rate variance, trend, and branchwise rate posteriors (i.e., me-
dian absolute difference between posterior samples and their true, simulated values, a measure
of posterior distribution accuracy), averaged across replicates for each simulated trait evolution
scenario and tree size. 62, and [ indicate the true, simulated values of rate variance and trend

o
parameters, respectively.

rate variance trend branchwise rates
02, = 0 3 6 0 3 6 0 3 6
50 species

HUsz= -4 066 196 255 136 129 183 047 0.81 1.00
0 057 248 3.69 149 209 245 048 086 1.06
4 099 1.75 3.00 2.06 2779 291 0.60 0.87 1.01

100 species

Hs2= -4 030 1.01 203 0.77 1.08 131 031 0.73 0.90
0 037 1.62 237 1.12 120 159 037 0.76 0.89
4 034 156 187 1.89 1.63 154 044 0.83 0.90

200 species

U= -4 0.13 127 150 0.77 095 125 0.24 0.66 0.80
0.11 075 144 092 1.13 095 023 0.71 0.85
4 018 082 1.69 1.00 1.13 135 027 0.72 0.84

)

and significant rate variance. In general, power increased with larger trees, while error rates re-
mained consistent. The ability of SD ratios to identify significant rate variance was particularly
impressive, erroneously detecting rate variance only once while exhibiting high power (Fig. 1.2).
Decreasing trends were notably easier to detect than increasing trends, particularly on small trees
(Fig. 1.3). Trend error rates consistently remained below ~5%, and decreasing trends were never
mistaken for increasing trends and vice versa. Higher rate variance seemed to only slightly de-
crease the power to detect trends. Constraining rate variance to 0 resulted in either worse power
or higher error rates for detecting trends, depending on whether trends were decreasing or in-
creasing. As rate variance increased, the power of constrained models to detect decreasing trends
dramatically diminished. On the other hand, constrained models detected increasing trends with
greater power, at the cost of greatly inflated error rates. Overall, estimating rate variance allows for

more sensitive detection of declining trait evolution rates while better safe-guarding against false
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Table 1.2 Breadths of rate variance, trend, and branchwise rate posteriors (i.e., the difference be-
tween the 97.5% and 2.5% quantiles of posterior samples, a measure of posterior distribution
precision), averaged across replicates for each simulated trait evolution scenario and tree size. 6(272
and U indicate the true, simulated values of rate variance and trend parameters, respectively.

rate variance trend branchwise rates
02 = 0o 3 6 0 3 6 0 3 6
50 species

U= -4 385 907 1505 503 608 671 233 3.17 3.76
0 3.65 1007 1482 592 826 828 229 341 390
4 452 8.66 14.05 1073 10.75 10.75 3.01 3.49 3.85

100 species

U= -4 156 560 853 327 465 484 166 292 3.35
0 191 645 9.01 431 527 6.01 187 3.10 342
4 169 647 839 761 842 739 206 332 3.60

200 species

U= -4 0.69 413 643 280 359 401 123 251 3.06
0.62 423 621 339 399 406 1.18 272 3.23
4 079 389 614 450 521 5.65 139 283 322

(e)
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Simulated trend
Decreasing (pq2 = -4) None (pq2 = 0) Increasing (uq2 = 4)
Q= Power === Error

c5 /

2% o—

Qaab

E b

bl

° 3

cC C

S ®

£ c

g g

-]

s ___—o
° 18 : Q o : 0 O o— :

50 100 200 50 100 200 50 100 200
Number of species

Figure 1.2 Power and error rates for the rate variance parameter (Gczﬂ)' Lines depict changes in the
proportion of model fits that correctly showed evidence for rate variance significantly greater than
0 (i.e., power, in black) and incorrectly showed evidence (i.e., error, in light red) as a function of
tree size.

Branchwise rate estimation also generally displayed appropriate coverage, accuracy, and statis-
tical testing properties (Tables 1.1-1.3, Fig. 1.4). However, branchwise rate estimates were notice-

ably biased towards their overall mean (i.e., shrinkage). Linear regressions of median branchwise
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Table 1.3 Coverage of rate variance, trend, and branchwise rate posteriors (i.e., proportion of times
the true, simulated value is greater than the 2.5% posterior distribution quantile and less than the
97.5% quantile) for each simulated trait evolution scenario and tree size. Géz and > indicate the
true, simulated values of rate variance and trend parameters, respectively.

rate variance trend branchwise rates
02 = o 3 6 0 3 6 0 3 6
50 species
U= -4 — 090 1.00 0.80 1.00 1.00 098 095 0092
0 — 090 090 1.00 090 0.80 099 0.96 0.92
4 — 1.00 090 1.00 090 090 0.99 096 0.92
100 species
U= -4 — 1.00 090 1.00 1.00 1.00 1.00 0.97 0.92
0 — 080 1.00 1.00 1.00 1.00 099 0.96 0095
4 — 090 1.00 090 1.00 1.00 097 0.95 096
200 species
U= -4 — 090 1.00 1.00 1.00 0.90 1.00 0.94 0.94
0 — 100 1.00 090 090 1.00 099 0.95 094
4 — 1.00 090 1.00 1.00 090 1.00 0.96 0.95
Simulated rate variance
None (c% = 0) Moderate (o2 = 3) High (o2 = 6)
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Figure 1.3 Power and error rates for the trend parameter (l2). Lines depict changes in the pro-
portion of model fits that correctly showed evidence for trends significantly less and greater than
0 (i.e., power, in black) and incorrectly showed evidence (i.e., error, in light red) as a function of
tree size. Results are shown for both models allowed to freely estimate rate variance (O'CZ,z) (i.e.,
unconstrained models, solid lines) and models with rate variance constrained to O (i.e., constrained
models, dashed lines). The latter models are identical to conventional early/late burst models.
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rate estimates on simulated branchwise rates yield an average slope of about 0.8 (Fig. 1.5). A sim-
ilar pattern holds for linear regression of branchwise rate deviations (Fig. 1A.1). Branchwise rate
posteriors for simulations with no rate variance exhibited especially high accuracy, precision, and
coverage (notably above the theoretical expectation of 95%), perhaps due to the increased preci-
sion of rate variance posteriors under such trait evolution scenarios. In contrast to other parameters,
increasing tree size only slightly decreased posterior MAEs and breadth for branchwise rates. Af-
ter accounting for variation in simulated branchwise rate deviations, trait evolution scenario and
tree size had little effect on statistical power and error rates for detecting anomalous branchwise
rates. Averaging across all fits to simulations with significant rate variance detected, error rates
for detecting anomalous rates remained negligible, peaking at around 0.5% for branchwise rate
deviations around 0. In fact, this peak only increased to about 5% when we set the significant
posterior probability thresholds to 10% and 90% (Fig. 1A.2). The method was somewhat more
sensitive to positive than negative deviations, correctly and consistently detecting anomalous rates

with deviations more extreme than -4 (1/50th of background rate) or 3 (20 times background rate).
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Figure 1.4 Power and error rates for branchwise rate parameters (In 62). Lines depict changes in
proportions of branchwise rates considered anomalously slow (in dark blue) or fast (in light red)
as a function of simulated rate deviations (In Ggev). These results combine all fits to simulated
data that detected rate variance (ng) significantly greater than 0. The proportions are equivalent
to power when the detected rate deviation is of the same sign as the true, simulated deviation (left
of 0 for anomalously slow rates in dark blue and right for anomalously fast rates in light red), and
to error rate when the detected and true rate deviations are of opposite signs. Here, significant rate
deviations for simulated rate deviations that are exactly O are considered errors regardless of sign.

21



Estimated branchwise rate

(centered In 6?)

8 6 -4 -2 0 2 4 6 8

Truth — =— — — BestFit

T T T T
-2 0 2 4

T

T
6 8
Simulated branchwise rate (centered In ?)

Figure 1.5 Relationship between simulated and estimated branchwise rate parameters (In 62). For
each simulation and posterior sample, branchwise rates were first centered by subtracting their
mean. We estimated centered branchwise rates by taking the median of the centered posterior
samples. The solid line represents the position of the true centered branchwise rates, while the
shallower, dashed line represents the observed line of best fit for these data.

1.3.2 Empirical Example

Overall, our model suggests that rates of body size evolution among extant cetaceans have
generally slowed down over time, with considerable divergence in rates of body size evolution
among key subclades (Fig. 1.6). We found marginally significant support for a decreasing trend in
rates over time, with rates declining by about 7% every million years (95% credible interval (CI):
0 - 15% decrease, posterior probability (PP) of increasing trend: 2.5%). We also infer a moderate
rate variance of about 0.06 per million years (CI: 0.01 - 0.22, SD ratio: 0.14). Combining these
two results, changes in body size evolution rates over a million year time interval are expected to
range from a 50% decrease to 60% increase for any particular lineage (Fig. 1.7).

We also identify a few regions of the cetacean phylogeny where rates of body size evolution
seem to be especially low or high. After detrending, rates of body size evolution in the beaked
whale genus Mesoplodon are about 34% slower than the background rate (CI: 13 - 77%, PP of
positive rate deviation: < 1%). On the other end of the spectrum, some oceanic dolphin lineages
exhibit unusually rapid body size evolution rates. In particular, pilot whales and allies (subfamily
globicephalinae) and the orca (Orcinus orca) lineage exhibit body size evolution rates about 160%
(CI: 10 - 900%, PP: 99%) and 200% (CI: 20 - 1300, PP: 99%) higher than the background rate,
respectively. In fact, oceanic dolphins as a whole exhibit a marginally significant increase in body

size evolution rates, even after excluding the pilot whale subfamily and orca lineage (CI: 90 - 300%
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Figure 1.6 Phylogram of model results for cetacean body size data. Branch colors represent median
posterior estimates of branchwise rates (In 62) of body size evolution, with slower and faster rates
in dark blue and light red, respectively. The thinner, inset colors represent the posterior probability
that a branchwise rate is anomalously fast according to its rate deviation (In G[% ), with lower and
higher posterior probabilities in light and dark gray, respectively.
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background rate, PP: 95%). Similarly, the blue whale (Balanoptera musculus) lineage also exhibits
a marginally significant increase in body size evolution rate, about 140% (CI: -10 - 1000%, PP:
95%) higher than the background rate.

Under the model with rate variance constrained to 0, rates of body size evolution decrease
by only about 4% every million years (95% CI: -1 - 10% decrease, PP of increasing trend:
7.3%). While only a slight difference, the trend parameter estimated under the full model yields a
marginally significant, two-tailed “p-value” of ~5%, while the constrained model yields a decid-
edly insignificant “p-value” of ~15% . This is reflected in a conventional sample-size corrected
Akaike Information Criterion (AICc) comparison between simple BM and EB models of trait evo-
lution fitted via maximum likelihood using the R package geiger (version 2.0.7; Pennell et al.,
2014). In this case, a simple BM model receives nearly twice the AICc weight of an EB model

(65% vs. 35%).
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Figure 1.7 The posterior probability distribution of fold-changes in cetacean body size evolution
rates (62) per 1 million years. This distribution is given by exp[{,2 + 642X], where X is a random
variable drawn from a standard normal distribution. The gray filled-in portion represent the 95%
equal-tailed interval, while the vertical line represents the starting rate of 1.
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1.4 Discussion

Here we implemented a novel data-driven method, evorates, for modeling stochastic, incre-
mental variation in trait evolution rates. Part of the power of evorates is its ability to infer trait
evolution rate variation independent of an a priori hypothesis on what factors influence rates. This
allows for detailed, hypothesis-free exploration of trait evolution rate variation across time and
taxa. Researchers may use such results to generate and refine hypotheses regarding what factors
have influenced trait evolution rates across the tree of life (e.g., Uyeda et al., 2018). Overall,
evorates performs well on simulated data, recovering accurate parameter estimates and exhibit-
ing appropriate statistical power and error rates for hypothesis testing. Further, the method shows
great promise for empirical macroevolutionary research, offering novel insights into the dynamics
of cetacean body size evolution — a notably well-studied system (e.g., Slater et al., 2010, Pyenson
and Sponberg, 2011 Montgomery et al., 2013, Slater and Pennell, 2014, Slater et al., 2017, Sander
et al., 2021). The results of our study also build on previous work in demonstrating that estimat-
ing time-independent rate heterogeneity is critical for accurately quantifying temporal dynamics
in trait evolution rates (Slater and Pennell, 2014). This finding has consequences for how EBs/LBs
of trait evolution are practically identified and conceptually defined.

The simulation study results showcases evorate’s ability to recover accurate parameter esti-
mates across a range of tree sizes. Despite the high uncertainty of rate variance estimates under
some trait evolution scenarios, rate heterogeneity could still be correctly detected about 90% of
the time with an error rate substantially lower than 5%. Indeed, our hypothesis testing procedures
seem conservative in general, exhibiting relatively low error rates. While it could be beneficial to
relax significance thresholds for SD ratios and/or posterior probabilities for increased statistical
power, our hypothesis testing procedures seem sufficiently powered and we thus do not explore al-
ternative thresholds in great detail here (but see Fig. 1A.2). In any case, compared to conventional
EB/LB models, evorates can detect decreasing trends in trait evolution rates with greater sensitivity
and detect increasing trends with greater robustness. Notably, traits evolving with exponentially

increasing rates on an ultrametric phylogeny (i.e., an LB model) exhibit the same probability distri-
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bution expected under a single-peak Ornstein-Uhlenbeck (OU) model, where traits evolve towards
some optimum at a constant rate (Blomberg et al., 2003). Therefore, the frequently observed sup-
port for single-peak OU models from ultrametric comparative data (e.g., Harmon et al., 2010; see
also Cooper et al., 2016; Landis and Schraiber, 2017) may partially result from autocorrelated rate
heterogeneity, which inflates support for LB/OU models based on our simulation study. Despite
their mathematical similarities, LB, OU, and our new models have distinct biological interpreta-
tions regarding the importance of rate heterogeneity and selective forces in shaping the patterns of
trait diversity within clades.

Interestingly, closer inspection of our simulation study results suggest that, in the presence of
rate heterogeneity, models with rate variance constrained to O (i.e., conventional EB/LB models)
estimate trend parameters corresponding to changes in average trait evolution rates over time. On
the other hand, unconstrained evorates models estimate trend parameters corresponding to changes
in median trait evolution rates over time, essentially determining whether most lineages in a clade
exhibit rate decreases or increases (Figs. 1C.3-1C.5; Tables 1C.1-1C.3). Counterintuitively, when
the trend parameter is only weakly negative relative to rate variance (_Gc272 /2 < Hg2 < 0), it is
possible for a majority of lineages within a clade to exhibit declining trait evolution rates (i.e., an
EB according to evorates) while rates averaged across the entire clade increase over time (i.e., an
LB according to conventional methods). This occurs because rates evolve in a right-skewed man-
ner under our model-in other words, a few anomalous lineages/subclades tend to evolve extremely
high trait evolution rates in spite of declining rates among most other lineages, driving up a clade’s
overall average rate (Fig. 1C.1 and 1C.2). We note that evorates still returns estimates of average
changes in trait evolution rates per unit time via a simple parameter transformation (52 + ng /2).
We choose to focus on the majority-based definition of EBs/LBs since, by accounting for anoma-
lous lineages/subclades exhibiting unusual rates, this definition better matches many macroevolu-
tionary biologists’ intuitive definition of EBs (Lloyd et al., 2012; Slater and Pennell, 2014; Benson
et al., 2014; Hopkins and Smith, 2015; Wright, 2017; Puttick, 2018).

Our empirical example with cetacean body size directly demonstrates the practical importance
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of these nuances in defining EB/LB dynamics. We find substantial evidence that body size evo-
lution has slowed down in most cetacean lineages, despite the presence of “outlier” lineages ex-
hibiting relatively rapid rates. Indeed, we find little evidence for a decline in body size evolution
rates averaged across the clade (95% credible interval: 12% decrease - 5% increase in average rate
per million years, posterior probability of increasing average rate: 16%). This broadly agrees with
previous research, but evorates is able to offer novel insights and contextualize prior results by ex-
plicitly estimating branchwise rates in addition to overall trends (Slater and Pennell, 2014; Sander
et al., 2021). For example, Slater and Pennell (2014) identified the orca and pilot whale lineages
as outlier lineages exhibiting especially rapid rates of body size evolution. Our method recapitu-
lates these findings while suggesting oceanic dolphins as a whole represent a relatively recent burst
of body size evolution that has largely masked signals of an earlier burst towards the base of the
clade. Such findings more generally agree with recent suggestions that bursts of trait evolution
may be common but not limited to the base of “major” clades. This is likely due, in part, to major
clades being arbitrarily designated based on taxonomic rank (Puttick, 2018). Alternatively, some
propose that EBs may be hierarchical, with major clades exhibiting repeated bouts of rapid trait
diversification as competing, closely-related lineages partition niche space more finely over time
(Slater and Friscia, 2019). Ultimately, we are optimistic that evorates may be better able to resolve
how frequently bursts of trait evolution—early or not—occur across the tree of life compared to more
conventional methods.

The shrinkage of branchwise rates, whereby rate estimates are biased towards their overall
mean, is presumably due to the assumption that rates are autocorrelated under our model. Because
of this, rate estimates are partially informed by the rates in closely-related lineages, particularly
when closely-related lineages are better sampled (i.e., more related to taxa with sampled trait val-
ues and/or consisting of many short branch lengths). This “diffusion” of rates across the phylogeny
appears to cause under- and overestimation of unusually high and low rates, respectively. Fortu-
nately, this renders evorates conservative in terms of identifying anomalous trait evolution rates,

safeguarding against erroneous conclusions. In general, we view this behavior as a good com-
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promise between model flexibility and robustness, allowing evorates to infer rate variation while
avoiding ascribing significance to noise in data. We note that rate variance estimates under our
model are largely unbiased, such that branchwise rates in a typical posterior sample should be as
variable as the true rates. Thus, taking the joint distribution of branchwise rates into account by an-
alyzing distributions of differences between rates, rather than just assessing marginal distributions
of rates, appears important in accurately interpreting results under our model. In any case, despite
this shrinkage phenomenon, the statistical power to identify overall rate heterogeneity and anoma-
lous rates with evorates appears comparable to that of previous data-driven methods (Eastman
et al., 2011).

Evorates is one of several recently developed methods that also estimate unique trait evolution
rates for each branch in a phylogeny but assume an alternative mode of rate change (May and
Moore, 2020; Fisher et al., 2021). These other methods assume that branchwise rates are inde-
pendently distributed according to a log-normal distribution. The method we develop here differs
from these “independent rate” (IR) models in assuming that rates evolve gradually and are thus
phylogenetically autocorrelated (see also Revell, 2021). Theoretically, trait evolution rates should
exhibit some degree of phylogenetic autocorrelation given that many factors hypothesized to af-
fect trait evolution rates themselves exhibit phylogenetic autocorrelation. Indeed, a recent study
found evidence for autocorrelation of trait evolution rates in a few vertebrate clades (Sakamoto
and Venditti, 2018), and autocorrelation has also been found in lineage diversification (Savolaine
et al., 2002; Caron and Pie, 2020) and molecular substitution rates (Lepage et al., 2006; Tao et al.,
2019). Notably, there is also no known rate evolution process that would produce independent,
log-normally distributed branchwise rates (Lepage et al., 2006, 2007). However, IR models could
outperform “autocorrelated rate” (AR) models in some instances due to their tremendous flexibil-
ity in modeling how rates vary over time and phylogenies. In general, we expect that IR models
will perform best in cases with many traits and/or non-ultrametric trees, where the flexibility of the
model can be tempered by rich information content in the data. More work testing for rate auto-

correlation or lack thereof in continuous trait data is needed as methods for inferring trait evolution
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rate variation become more complex.

Revell (2021) independently developed a method, multirateBM, based on a model similar to the
one we introduce here, though evorates offers several key advantages. In particular, the maximum
likelihood (ML) implementation of multirateBM renders it impossible to estimate rate variance.
To do so, one would need to analytically marginalize over uncertainty in branchwise rates. Here,
we circumvent this issue by using Bayesian inference to numerically integrate over uncertainty in
branchwise rates. This is analogous to how ML implementations of mixed effect models analyti-
cally marginalize over uncertainty in random effects, while Bayesian implementations of the same
models sample random effects (Browne and Draper, 2006). Indeed, ML implementations of mixed
effect models that treat random effects as parameters would be unable to estimate random effect
variances due to the very same reasons multirateBM cannot estimate rate variance. Additionally,
our model has the added advantage of accommodating both trends in rates and uncertainty in tip
trait values. Lastly, we implement procedures to test the significance of rate heterogeneity, trends,
and anomalous trait evolution rates. While multirateBM offers a quick and convenient means for
comparative data exploration, our new method allows for more rigorous quantification and analysis
of rate evolutionary processes and patterns from comparative data.

There are a number of ways the evorates might be improved or expanded. Assuming that trait
evolution rates for different traits are correlated with one another, using data on multiple traits
could improve inference of both the rate evolution process and branchwise rate parameters (May
and Moore, 2020). Another promising future direction is integration of evorates with hypothesis-
driven methods. This could be done post hoc by applying phylogenetic linear regression to “tip
rates” estimated under the model (e.g., Rabosky and Huang, 2016) or analyzing distributions of
branchwise rates associated with ancestral states estimated via stochastic character maps (Revell,
2013; but see May and Moore, 2020). Alternatively, one could explicitly model rates as the product
of both a stochastic rate evolution process and a deterministic function of some factor of interest.
We have already taken steps towards this model extension in our current implementation by al-

lowing rates to change as a deterministic function of time. Lastly, despite our focus on gradually
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changing rates, trait evolution rates might also exhibit sudden shifts of large magnitude (“jumps”)
or short-lived fluctuations (“pulses”) in response to factors with particularly strong influence on
rates. It would be ideal — but difficult — to model rates as evolving gradually, while potentially
undergoing sudden jumps or pulses (e.g., Lartillot et al., 2016). An alternative strategy is develop-
ing methods to compare the fit of a model like ours against more conventional data-driven models
whereby rates jump or even Lévy models whereby rates pulse (Landis et al., 2013). Assessing
when and whether comparative data can distinguish between different modes of rate change will

be important for future research on the dynamics of trait evolution.

1.4.1 Conclusion

Here, we introduced evorates, a method that models gradual change, rather than abrupt shifts,
in continuous trait evolution rates from comparative data. Unlike nearly all other comparative
methods for inferring rate variation, evorates goes beyond identifying lineages exhibiting anoma-
lous rates by also estimating the process by which rates themselves evolve. Although there are
many potential modes of rate variation over time and phylogenies, our model estimates rate evo-
lution processes as the product of two parameters: one controlling how quickly rates accumulate
random variation, and another determining whether rates tend to decrease or increase over time.
The resulting method returns accurate estimates of evolutionary processes and provides a flexible
and intuitive means of detecting and analyzing trait evolution rate variation. Looking forward,
evorates has tremendous potential for improvement and elaboration, and we are optimistic that
the future of macroevolutionary biology will benefit from increased focus not only on how traits

evolve, but how the rates of trait evolution themselves evolve over time and taxa.
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APPENDIX 1A

SUPPLEMENTAL TABLES AND FIGURES
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Figure 1A.1 Relationship between simulated and estimated branchwise rate deviation parameters
(In 65 ,,)- The solid line represents the position of the true branchwise rate deviations, while the
shallower, dashed line represents the observed line of best fit for these data.
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Figure 1A.2 Power and error rates for branchwise rate parameters (In g) under relaxed signif-
icance thresholds (posterior probability < 0.1 or > 0.9). Lines depict changes in proportions of
branchwise rates considered anomalously slow (in dark blue) or fast (in light red) as a function of
simulated rate deviations (In 0'5 ,,)- These results combine all fits to simulated data that detected
rate variance (Géz) significantly greater than 0. The proportions are equivalent to power when the
detected rate deviation is of the same sign as the true, simulated deviation (left of O for anoma-
lously slow rates in dark blue and right for anomalously fast rates in light red), and to error rate
when the detected and true rate deviations are of opposite signs. Here, significant rate deviations
for simulated rate deviations that are exactly O are considered errors regardless of sign.
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Table 1A.1 Cetacean body length data and associated references used for empirical example.

species length (m) reference
Balaena mysticetus 18.0 Slater et al., 2010
Balaenoptera acutorostrata 10.7 Slater et al., 2010
Balaenoptera bonaerensis 10.2 Konishi et al., 2008
Balaenoptera borealis 16.1 Slater et al., 2010
Balaenoptera edeni 154 Slater et al., 2010
Balaenoptera musculus 33.6 Slater et al., 2010
Balaenoptera omurai 10.7 Slater et al., 2010
Balaenoptera physalus 21.2 Slater et al., 2010
Berardius arnuxii 8.9 Slater et al., 2010
Berardius bairdii 12.0 Slater et al., 2010
Caperea marginata 6.2 Slater et al., 2010
Cephalorhynchus commersoni 1.5 Slater et al., 2010
Cephalorhynchus eutropia 1.5 Molina and Oporto, 1993
Cephalorhynchus heavisidii 1.7 Slater et al., 2010
Cephalorhynchus hectori 1.5 Slater et al., 2010
Delphinapterus leucas 3.8 Slater et al., 2010
Delphinus capensis 2.5 Plon et al., 2012
Delphinus delphis 2.3 Slater et al., 2010
Eschrichtius robustus 14.6 Slater et al., 2010
Eubalaena australis 13.9 Slater et al., 2010
Eubalaena glacialis 13.7 Slater et al., 2010
Eubalaena japonica 17.4 Fortune et al., 2021
Feresa attenuata 2.4 Slater et al., 2010
Globicephala macrorhynchus 4.8 Slater et al., 2010
Globicephala melas 5.1 Slater et al., 2010
Grampus griseus 3.7 Slater et al., 2010
Hyperoodon ampullatus 7.9 Slater et al., 2010
Hyperoodon planifrons 7.5 Slater et al., 2010
Indopacetus pacificus 7.2 Slater et al., 2010
Inia geoffrensis 2.0 Slater et al., 2010
Kogia breviceps 34 Slater et al., 2010
Kogia sima 24 Slater et al., 2010
Lagenodelphis hosei 2.6 Slater et al., 2010
Lagenorhynchus albirostris 3.0 Slater et al., 2010
Leucopleurus acutus 2.4 Slater et al., 2010
Lipotes vexillifer 2.0 Slater et al., 2010
Lissodelphis borealis 2.3 Slater et al., 2010
Lissodelphis peronii 2.3 Baker, 1981
Megaptera novaeangliae 18.0 Slater et al., 2010
Mesoplodon bidens 5.1 Slater et al., 2010
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Table 1A.1 (cont’d)

species length (m) reference
Mesoplodon bowdoini 4.5 Slater et al., 2010
Mesoplodon carlhubbsi 5.3 Mead et al., 1982
Mesoplodon densirostris 4.7 Slater et al., 2010
Mesoplodon europaeus 5.2 Slater et al., 2010
Mesoplodon ginkgodens 4.9 Slater et al., 2010
Mesoplodon grayi 5.3 Slater et al., 2010
Mesoplodon hectori 4.4 Slater et al., 2010
Mesoplodon hotaula 4.8 Dalebout et al., 2014
Mesoplodon layardii 6.2 Slater et al., 2010
Mesoplodon mirus 5.1 Slater et al., 2010
Mesoplodon perrini 4.4 Dalebout et al., 2002
Mesoplodon peruvianus 3.7¢ Reyes et al., 1991
Mesoplodon stejnegeri 5.7 Slater et al., 2010
Mesoplodon traversii 5.3 Thompson et al., 2012
Monodon monoceros 4.3 Slater et al., 2010
Neophocaena phocaenoides 1.4 Slater et al., 2010
Orcaella brevirostris 2.2 Slater et al., 2010
Orcaella heinsohni 2.2 Arnold and Heinsohn, 1996
Orcinus orca 7.9 Slater et al., 2010
Peponocephala electra 2.8 Lodi et al., 1990
Phocoena dioptrica 1.9 Slater et al., 2010
Phocoena phocoena 1.9 Slater et al., 2010
Phocoena sinus 1.1 Slater et al., 2010
Phocoena spinipinnis 1.7 Slater et al., 2010
Phocoenoides dalli 1.9 Slater et al., 2010
Physeter macrocephalus 11.0 Slater et al., 2010
Platanista gangetica 2.5 Slater et al., 2010
Pontoporia blainvillii 1.5 Slater et al., 2010
Pseudorca crassidens 5.1 Slater et al., 2010
Sagmatias australis 2.1 Slater et al., 2010
Sagmatias cruciger 1.8 Slater et al., 2010
Sagmatias obliquidens 2.4 Slater et al., 2010
Sagmatias obscurus 1.9 Slater et al., 2010
Sotalia fluviatilis 1.5 Slater et al., 2010
Sotalia guianensis 2.1 Barros, 1991
Sousa chinensis 24 Slater et al., 2010
Sousa teuszii 2.5 Jefferson and Rosenbaum, 2014
Stenella attenuata 2.1 Slater et al., 2010
Stenella clymene 1.9 Slater et al., 2010
Stenella coeruleoalba 2.3 Slater et al., 2010
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Table 1A.1 (cont’d)

species length (m) reference
Stenella frontalis 2.1 Slater et al., 2010
Stenella longirostris 2.0 Slater et al., 2010
Steno bredanensis 2.6 Slater et al., 2010
Tasmacetus shepherdi 6.5 Slater et al., 2010
Tursiops aduncus 2.1 Slater et al., 2010
Tursiops australis 2.8b Charlton-Robb et al., 2011
Tursiops truncatus 2.4 Slater et al., 2010
Ziphius cavirostris 6.4 Slater et al., 2010

“from male specimen because no mature females were measured

bsex not reported
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APPENDIX 1B

APPROXIMATING GEOMETRIC BROWNIAN MOTION TIME-AVERAGES

Our model seeks to model rates (62) as “evolving” under a trended Geometric Brownian mo-
tion (GBM)-like process, whereby the natural log of rates evolve in a trended Brownian motion
(BM)-like manner. Unfortunately, this requires an expression for the probability distribution of
GBM time-averages along each branch in the phylogeny. Expressions for such distributions are
infamously intractable, necessitating approximate solutions (Dufresne, 2004; Lepage et al., 2007).
For our model, we use a multivariate log-normal approximation to model rate time-averages along
each branch (branchwise averages, 6_2) based on two observations. First, as the rate variance pa-
rameter (ng) approaches 0, rates (%) will converge to following a simple exponential function

2= Gozexp[uczt], where Gg is the starting rate, (L 1s the trend, and ¢ is time.

with respect to time, &
In this case, the branchwise averages can be derived through integration and are equivalent to the
time-averaged rates expected under a conventional “early/late burst” (EB/LB) model (Blomberg
et al., 2003). Second, over short amounts of time and/or with low rate variance, the arithmetic and
geometric time-averages of a GBM process approach one another. The geometric time-average of a
GBM process is simply the exponentiated arithmetic time-average of the GBM process on the nat-
ural log scale, which has a straight-forward and tractable log-normal distribution (Devreese et al.,
2010). Thus, assuming that branch lengths in a phylogeny are typically short and rate variance is
relatively low, we can approximate the distribution of the natural log of branchwise averages by

adding multivariate normal “noise”, 7, to the natural log of branchwise averages expected under a

conventional EB/LB model, 3. In other words:

In(02) ~ B+y (1)
0 if o =0

B =In(cj) + )
In(|exp[py2T2] — exp[Us271]|) —In([pg2|) —In(r) if pp2 #0

¥~ MVN(0,62,D) (3)
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as in the main text. Here, ¢ is a vector of branch lengths, 7; and 7, are vectors of the start and
end times of each branch (i.e., 7» — 7] =), and D is the variance-covariance matrix of branchwise
averages for a value evolving under an untrended BM process on a phylogeny. Let X and ¢ be
vectors of time-averaged trait values and edge lengths, respectively, for three edges: two sister
edges, i and j, with ancestral edge, k. If traits evolve under an untrended BM process and the
ancestral trait value of & is fixed, the variances of X; and X; are #;/3 +1#; and ¢;/3 + 1, respectively.
The covariance between ; and x; is simply #;, and the covariances between either X; or x; and xj
is /2 (Devreese et al., 2010). From this, we can derive an expression for the variance-covariance

matrix of branchwise averages given an arbitrary phylogeny, as shown in the main text:

4

26/3 ifi= |
/2 ifieanc(j,))
b= ¥ u- (4)
keanc(i, ) t;/2 if j € anc(i,i)

0 ifi#j,i¢anc(j,j),j ¢ anc(i,i)

\

While this multivariate log-normal approximation is rough, we demonstrate here that it is

largely sufficient for our purposes. Notably, we are not the first to approximate GBM time-averages
using log-normal distributions in the context of comparative phylogenetics (Welch and Waxman,
2008). There are two other tractable strategies for approximating these distributions given in the
comparative phylogenetics literature. Both of these strategies use the fact that values at the nodes of
a phylogeny evolving under a GBM process follow an exact multivariate log-normal distribution,
and instead focus on estimating nodewise values. Branchwise averages are then approximated by
either averaging ancestral and descendant nodewise values for each edge (e.g., Thorne et al., 1998)
or via the maximum likelihood estimate of branchwise averages given the ancestral and descendant
nodewise values (e.g., Lartillot and Poujol, 2011; Revell, 2021). We term these strategies “end-
point averaging” and “endpoint integration”, respectively. We prefer the log-normal approximation
due to its convenient formulation and direct focus on estimating branchwise, rather than nodewise,

quantities. In the spirit of thoroughness, however, we conducted three simulation experiments to
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investigate the relative performance of these different approximation strategies.

We first conducted a simple experiment where we simulated 100,000 GBM time-averages on
the natural log scale under each approximation strategy. We also estimated a “true” branchwise
average distribution for comparison by simulating 100,000 fine-grained GBM sample paths (1,000
time points) and taking the natural log of each sample path’s average. We repeated these simula-
tions for each combination of trend (l52) and rate variance (0'(%2) parameter values used in the main
text’s simulation study (Fig. 1B.1). All simulations were standardized to occur over a time interval
of 1, just as each phylogeny in our simulation study was rescaled to have a total height of 1. The
results below thus represent how “off” each approximation would be for a single branch spanning
the entire height of a phylogeny in our simuation study. The log-normal approximation notably
lacks a right skew characteristic of the true distribution and other approximations. The log-normal
approximation also appears to overestimate the variance of branchwise averages when trends are
decreasing and underestimates variance when trends are increasing, particularly with high rate
variance. On the other hand, the endpoint average approximation exhibits notable upward bias and
consistently underestimates branchwise average variance. Additionally, this approximation fails
to converge to the correct branchwise average when rate variance is 0. Lastly, the endpoint in-
tegration approximation exhibits no notable bias but underestimates branchwise average variance
in the case of no or decreasing trends. The accuracy of branchwise average variance under the
log-normal approximation might be improved by adapting the Fenton-Wilkinson approximation of
log-normal sums for GBM processes (Safak and Safak, 2002), but we did not explore this here.

The above results help give a sense of where each approximation breaks down in parameter
space, yet poorly represent the practical behavior of each approximation. In the context of our
model, these approximations take place on individual branches of a phylogeny, which typically
span relatively short intervals of time. For our next simulation experiment, we scaled up to simulat-
ing sets of branchwise averages on entire phylogenies. For each parameter combination (excluding
combinations where rate variance is 0), we repeated the same simulations on 100 pure birth phylo-

genies with either 50, 100, or 200 species (generated using the R package phytools; Revell, 2012)
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Figure 1B.1 Distributions of simulated branchwise averages under different approximation strate-
gies and the true distribution given parameter combinations used in the main text’s simulation
study. All simulations were run on single branches of length 1.

standardized to a height of 1. For each phylogeny, we simulated 1,000 sets of branchwise averages
under each approximation strategy, as well as fine-grained GBM sample paths ( 1,000 time points
across entire phylogeny’s height) representing the true distribution. Because these samples have a
high number of dimensions (one for each branch in a phylogeny), we visualized how well these
multivariate distributions match one another using summary statistics. Specifically, for each tree,
we recorded the correlation coefficients between the means/(co)variances of branchwise averages
simulated under each approximation strategy and the true distribution (Figs. 1B.2—1B.7). To have
a null expectation for these correlation coefficients, we also simulated a second true distribution
and estimated correlation coefficients for means/(co)variances between replicate true distributions.

Overall, the results indicate that all approximations do a fairly good job at recapitulating the

means and (co)variances expected under the true distribution. The log-normal approximation no-
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tably exhibits uncorrelated means in the case of no trend, in contrast to other approximations. This
is due to the log-normal approximation lacking the right skew of the true distribution and other
approximations (Fig. 1B.1), which naturally inflates the means of branchwise average distribu-
tions along long branches. In the case of any trend, the endpoint average approximation exhibits
somewhat less strong correlations between branchwise average means compared to other approx-
imations. When rate variance is high, the log-normal approximation exhibits performance inter-
mediate between the endpoint average approximation and endpoint integration approximation/null
distribution. However, even the worst performing simulations nearly always exhibit strong corre-
lations in branchwise average means above 0.98. In contrast to means, correlations for branchwise
average (co)variances consistently varied between about 0.98-0.99 regardless of simulation param-
eters or approximation strategy, closely matching the null distribution.

Because GBM time-averages are non-normally distributed, we also sought a non-parametric
method of comparing samples from the approximations and true distributions. For this, we at-
tempted to use the R package FNN (Beygelzimer et al., 2022) to estimate Kullback-Leibler (KL)
divergence from each approximation to the true distribution. However, this estimator exhibited
severe numerical issues, like negative KL divergence estimates. Thus, we instead implemented a
crude K nearest neighbor probability density estimator (Zhao and Lai, 2021). For each tree in the
simulation experiment above, we used this estimator to calculate local probability densities under
each approximation and the true distribution around samples from a replicate true distribution. We
then calculated log ratios of the true densities to densities under each approximation and averaged
the distances between these log ratios and O (i.e., equal densities). These averaged distances give
a rough sense of how well the probability density of each approximation matches that of the true
distribution, with increased sampling in higher-density regions of the true distribution (Figs. 1B.8
and 1B.9). Overall, the average log density ratio distances under each approximation matches the
null distribution well. The endpoint average and log-normal approximations exhibit marginally
elevated distances in the case of non-zero trends and decreasing trends, respectively, likely due to

these approximations’ under/overestimation of branchwise average variance in certain regions of
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Figure 1B.2 Distributions of correlation coefficients between mean simulated branchwise averages
under different approximation strategies and the true distribution with rate variance (oﬁz) set to 3.
All simulations were run on pure-birth phylogenies of height 1.

parameter space (Fig. 1B.1).

Lastly, we redid our entire simulation study with trait evolution rates simulated as evolving
under a fine-grained GBM process (~500 time points across entire phylogeny’s height). We
present all figures and tables for this simulation study below (Figs. 1B.10-1B.14; Tables 1.3,
1B.1 and 1B.2). In general, the results qualitatively match those of the simulation study presented
in the main text, and we feel confident that the log-normal approximation of branchwise aver-
ages is sufficient for our model. While there is some discrepancy in the statistical power of trend
detection compared to results in the main text, it is unlikely such discrepancies result from system-
atic bias. Notably, statistical power for trend detection even under conventional EB/LB models in
this simulation study also differs from the main text results, suggesting that any discrepancies are

attributable to variation in the simulated data.
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Figure 1B.3 Distributions of correlation coefficients between mean simulated branchwise averages
under different approximation strategies and the true distribution with rate variance (Géz) set to 3.
All simulations were run on pure-birth phylogenies of height 1. Plots are zoomed in on distribu-
tions close to 1.
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Figure 1B.4 Distributions of correlation coefficients between mean simulated branchwise averages
under different approximation strategies and the true distribution with rate variance (G(Zyz) set to 6.
All simulations were run on pure-birth phylogenies of height 1.
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Figure 1B.5 Distributions of correlation coefficients between mean simulated branchwise averages
under different approximation strategies and the true distribution with rate variance (Géz) set to 6.
All simulations were run on pure-birth phylogenies of height 1. Plots are zoomed in on distribu-
tions close to 1.

52



50 species 100 species 200 species
{' O truth
A endpoint average
< N endpoint integration
III j | \ lognormal approxfm tion
* ‘ ,:
/ /
/N / A \
\ N
- | \ |
] [
ol 4\ J o\
A /\ /\
f | A
< ‘ / \
| \
Nb “‘ |
\ { | /
\ I
y J £\
T T T T T T T T T T T
090 092 094 096 098 1.00090 092 094 096 098 1.00090 092 094 096 098 1.00

correlation coefficient between In(oz) (co)variances (Giz =3)

Figure 1B.6 Distributions of correlation coefficients between simulated branchwise average
(co)variances under different approximation strategies and the true distribution with rate variance

(ng) set to 3. All simulations were run on pure-birth phylogenies of height 1.
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Figure 1B.7 Distributions of correlation coefficients between simulated branchwise average
(co)variances under different approximation strategies and the true distribution with rate variance
(ng) set to 6. All simulations were run on pure-birth phylogenies of height 1.
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Figure 1B.8 Distributions of average log density ratio distances between simulated branchwise

average distributions under different approximation strategies and the true distribution with rate

variance (Géz) set to 3. Probability densities were estimated via K nearest neighbors. All simula-
tions were run on pure-birth phylogenies of height 3.
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Figure 1B.9 Distributions of average log density ratio distances between simulated branchwise
average distributions under different approximation strategies and the true distribution with rate
variance (Géz) set to 6. Probability densities were estimated via K nearest neighbors. All simula-
tions were run on pure-birth phylogenies of height 1.
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Figure 1B.10 Relationship between simulated and estimated rate variance (Géz) and trend (U52)
parameters. Each point is the posterior median from a single fit, while the violins are combined
posterior distributions from all fits for a given trait evolution scenario. Vertical lines represent the
50% (thicker lines) and 95% equal-tailed intervals (thinner lines) of these combined posteriors,
while horizontal lines represent positions of true, simulated values.
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Figure 1B.11 Power and error rates for the rate variance parameter (Géz). Lines depict changes in

the proportion of model fits that correctly showed evidence for rate variance significantly greater

than O (i.e., power, in black) and incorrectly showed evidence (i.e., error, in red) as a function of

tree size.
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Figure 1B.12 Power and error rates for the trend parameter (U2). Lines depict changes in the
proportion of model fits that correctly showed evidence for trends significantly less and greater
than O (i.e., power, in black) and incorrectly showed evidence (i.e., error, in light red) as a function
of tree size. Results are shown for both models allowed to freely estimate rate variance (ng) (ie.,
unconstrained models, solid lines) and models with rate variance constrained to O (i.e., constrained
models, dashed lines). The latter models are identical to conventional early/late burst models.
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Figure 1B.13 Power and error rates for branchwise rate parameters (In 62). Lines depict changes
in proportions of branchwise rates considered anomalously slow (in dark blue) or fast (in light red)
as a function of simulated rate deviations (In 65 ,,)- These results combine all fits to simulated
data that detected rate variance (G(zyz) significantly greater than 0. The proportions are equivalent
to power when the detected rate deviation is of the same sign as the true, simulated deviation (left
of 0 for anomalously slow rates in dark blue and right for anomalously fast rates in light red), and
to error rate when the detected and true rate deviations are of opposite signs. Here, significant rate
deviations for simulated rate deviations that are exactly O are considered errors regardless of sign.
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Figure 1B.14 Relationship between simulated and estimated branchwise rate parameters (In o2).
For each simulation and posterior sample, branchwise rates were first centered by subtracting their
mean. We estimated centered branchwise rates by taking the median of the centered posterior
samples. The solid line represents the position of the true centered branchwise rates, while the
shallower, dashed line represents the observed line of best fit for these data.

Table 1B.1 Median absolute errors of rate variance, trend, and branchwise rate posteriors (i.e.,
median absolute difference between posterior samples and their true, simulated values, a measure
of posterior distribution accuracy), averaged across replicates for each simulated trait evolution
scenario and tree size. 6(2’2 and U2 indicate the true, simulated values of rate variance and trend

parameters, respectively.

rate variance trend branchwise rates
02, = o 3 6 0 3 6 0 3 6
50 species
Uz = -4 061 158 226 094 1.68 1.78 042 0.80 0.96
0 0.89 1.80 223 209 156 222 062 082 1.04
4 058 1.68 241 2.15 298 2.62 063 092 098
100 species
U2 = -4 031 211 237 091 122 143 032 0.77 0.86
0 031 159 195 081 126 147 032 0.82 0.93
4 026 149 221 1.67 216 2.02 041 0.85 094
200 species
2= -4 014 123 1.79 062 0.66 129 023 0.68 0.80
0 021 093 1.82 065 1.09 1.10 024 0.72 0.84
4 0.18 098 150 1.09 1.17 127 028 0.73 0.84
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Table 1B.2 Breadths of rate variance, trend, and branchwise rate posteriors (i.e., the difference
between the 97.5% and 2.5% quantiles of posterior samples, a measure of posterior distribution
precision), averaged across replicates for each simulated trait evolution scenario and tree size. ng
and > indicate the true, simulated values of rate variance and trend parameters, respectively.

rate variance trend branchwise rates
02, = 0 3 6 0 3 6 0 3 6
50 species

Usz= -4 367 9.11 1298 466 602 681 228 324 3.65
0 438 10.67 1260 7.28 7.09 8.00 260 341 3.89
4 335 9.00 1388 1034 1095 12.09 281 3.50 4.10

100 species

U= -4 177 796 958 353 456 472 171 322 3.46
0 164 672 915 404 509 567 1.76 3.12 342
4 136 677 813 674 808 7.86 187 331 3.55

200 species

Usz= -4 071 397 720 264 358 406 124 250 3.12
0 1.04 426 652 334 398 415 136 277 3.25
4 079 362 689 453 488 569 139 270 3.37
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Table 1B.3 Coverage of rate variance, trend, and branchwise rate posteriors (i.e., proportion of
times the true, simulated value is greater than the 2.5% posterior distribution quantile and less than
the 97.5% quantile) for each simulated trait evolution scenario and tree size. Géz and > indicate
the true, simulated values of rate variance and trend parameters, respectively.

rate variance trend branchwise rates
02, = 0 3 6 0 3 6 0 3 6
50 species
U= -4 — 1.00 1.00 1.00 0.80 090 1.00 095 0.94
0 — 100 1.00 090 1.00 1.00 097 0.98 094
4 — 1.00 1.00 1.00 0.80 1.00 095 0.94 0.96
100 species
U= -4 — 070 090 090 1.00 090 1.00 0.96 0.96
0 — 100 1.00 1.00 1.00 090 1.00 0.94 094
4 — 1.00 090 090 090 1.00 099 0.95 0.93
200 species
U= -4 — 090 1.00 1.00 1.00 090 0.99 093 0.95
0 — 1.00 0.80 1.00 090 1.00 1.00 0.95 0.95
4 — 1.00 1.00 090 1.00 1.00 099 0.93 096
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APPENDIX 1C

AVERAGE CHANGES IN TRAIT EVOLUTION RATES

Conventional early/late burst (EB/LB) models of trait evolution assume that rates follow a
homogeneous, exponential declines or increases with respect to time (Blomberg et al., 2003). The
definition of EBs/LBs under such models is thus straight-forward—any given time slice in a clade’s
history is associated with a single trait evolution rate, and these rates can only decrease, increase or
stay the same. On the other hand, allowing for rate heterogeneity independent of overall temporal
trends means that any given time slice in a clade’s history is associated with a distribution of trait
evolution rates. Because of this, our new method allows for alternative definitions of EBs/LBs,
depending on how one summarizes these distributions. In the current study, we mainly consider
a definition based on whether the medians, or geometric means, of these distributions decrease or
increase over time (change per unit time given by {2, hereafter the “trend” parameter, as in the
main text). Alternatively, one could use a definition based on whether the average, or arithmetic
means, of these distributions decrease or increase over time (change per unit time given by U2 +
Géz /2, hereafter the “average change” parameter, 052).

We chose to focus on trend over average change estimation and define EBs/LBs based on the
trend parameter for a few reasons. First, average change is a composite parameter of both the trend
and rate variance parameters, posing some interpretational challenges. In general, it seems more
intuitive to consider the magnitude of deterministic changes in trait evolution rates (the trend com-
ponent) apart from the magnitude of stochastic changes (the rate variance component). Second,
because rates evolve in an approximately log-normal manner under our model, medians are a nat-
ural, reliable way of summarizing their distributions, corresponding to the exponentiated average
of rates on the natural log scale. In contrast, the right skew of log-normal distributions causes raw
averages of trait evolution rates to be highly influenced by few, extreme outliers, particularly when
rate variance is high. For this reason, our model can produce trait evolution scenarios whereby
rates exhibit declines in the majority of lineages (directly related to changes in median rates) while

increasing on average (Fig. 1C.1 and 1C.2). Lastly, many macroevolutionary biologists consider
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“accounting” for lineages/subclades exhibiting unusual trait evolution rates critical to elucidating
and understanding changes in rates over time (Lloyd et al., 2012; Slater and Pennell, 2014; Ben-
son et al., 2014; Hopkins and Smith, 2015; Wright, 2017; Puttick, 2018). This implies that many
empiricists intuitively define EBs/LBs based on majority changes in rates rather than changes in
average rates. Additionally, by log-transforming traits prior to analysis, many macroevolutionary
biologists implicitly use GBM processes to model trait evolution, just as we use a (approximate)
GBM process to model rate evolution here. In the context of trait evolution, the analogous trend
parameter is widely considered by empiricists and method developers alike to determine whether
a clade exhibits a directional “evolutionary trend” in traits, regardless the estimated variance pa-

rameter (Hunt, 2006; Raj Pant et al., 2014; Sookias et al., 2012; Gill et al., 2017).
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Figure 1C.1 Distributions of 6,000 rates simulated as evolving under a GBM process with trend
of -0.015 and rate variance of 0.05 at various time points, with starting rate of 1 at time ¢ = 0.
Parameter values were chosen to clearly illustrate how rates under our model may exhibit majority
declines while increasing on average due to the skewed nature of rate change. Solid and dashed
vertical lines represent the positions of median and average rate values, respectively, for each time
point.

Here, we briefly consider our new method’s performance with respect to estimating and de-
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Figure 1C.2 Changes over time in the median and average of 6,000 rates simulated as evolving
under a GBM process with trend of -0.015 and rate variance of 0.05, with starting rate of 1 at time
t = 0. Parameter values were chosen to clearly illustrate how rates under our model may exhibit
majority declines while increasing on average due to the skewed nature of rate change. Solid and
dashed lines depict changes in median and average rate values, respectively, while the dotted line
depicts changes in the proportion of rates greater than the starting rate of 1.

tecting average changes in trait evolution rates. Interestingly, our simulation study results revealed
that, in the presence of time-independent rate heterogeneity, conventional EB/LB models (equiv-
alent to our new models with rate variance constrained to 0) appear to estimate average change,
rather than trend parameters, as defined under our model (Fig. 1C.3 and 1C.4). We are not aware of
any previous research explicitly demonstrating this phenomenon. When comparing performance
of constrained to unconstrained models with respect to detecting significant average change (i.e.,
95% equal-tailed interval lies entirely below or above 0), we generally see only a modest reduc-
tion in error rates and greatly reduced power to detect negative average change under the full,
unconstrained model (Fig. 1C.5). Nonetheless, inference of the average change parameter seems
substantially improved under unconstrained models (Tables 1C.1-1C.3). In the presence of time-

independent rate heterogeneity, constrained models tend to exhibit less accurate, overly-narrow
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posterior estimates of average change, particularly when the rate variance and trend parameters
are high, resulting in low posterior coverage. This warrants caution in interpreting the results
of conventional EB/LLB models fitted to comparative data exhibiting substantial time-independent
rate heterogeneity, and we recommend estimating rate variance even when one’s only goal is to

estimate changes in average trait evolution rates over time.
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Figure 1C.3 Relationship between simulated rate variance (Gé2 )/trend (U52) and estimated trend
parameters. Each point is the posterior median from a single fit, while the violins are combined
posterior distributions from all fits for a given trait evolution scenario. Vertical lines represent the
50% (thicker lines) and 95% equal-tailed intervals (thinner lines) of these combined posteriors,
while horizontal lines represent positions of true, simulated values. Results for models with esti-
mated rate variance unconstrained and constrained to 0 are shown on top and bottom, respectively.
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Figure 1C.4 Relationship between simulated rate variance (Géz)/trend (Us2) and estimated average
change (8,2) parameters. Each point is the posterior median from a single fit, while the violins
are combined posterior distributions from all fits for a given trait evolution scenario. Vertical lines
represent the 50% (thicker lines) and 95% equal-tailed intervals (thinner lines) of these combined
posteriors, while horizontal lines represent positions of true, simulated values. Results for models
with estimated rate variance unconstrained and constrained to O are shown on top and bottom,
respectively.

66



Simulated rate variance
None (c% = 0; 852 = -4, 0, 4) Moderate (62 = 3; 52 = -2.5, 1.5, 5.5) High (6% = 6; 8,2=-1,3,7)

——O— Power =——O-—— Error
P—t — ined = O — C i

1
|

Proportion of fits with

Proportion of fits with
average change (8,2) >0 average change (5,2) <0
0

0
|

T T 7 7 7
50 100 200 50 100 200 50 100 200
Number of species

Figure 1C.5 Power and error rates for the average parameter (d,2). Lines depict changes in the
proportion of model fits that correctly showed evidence for average change significantly less and
greater than O (i.e., power, in black) and incorrectly showed evidence (i.e., error, in light red) as a
function of tree size. Results are shown for both models allowed to freely estimate rate variance
(Géz) (i.e., unconstrained models, solid lines) and models with rate variance constrained to O (i.e.,
constrained models, dashed lines). The latter models are identical to conventional early/late burst
models.
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Table 1C.1 Median absolute errors of average change posteriors (i.e., median absolute difference
between posterior samples and their true, simulated values, a measure of posterior distribution
accuracy) under models with rate variance unconstrained and constrained to 0, averaged across
replicates for each simulated trait evolution scenario and tree size. G(zrz and U indicate the true,
simulated values of rate variance and trend parameters, respectively.

unconstrained constrained
02, = o 3 6 0 3 6
50 species

U= -4 141 1.61 250 123 1.50 2.74
0 1.43 210 3.08 145 245 6.08
4 222 3.04 334 205 3.05 3.87

100 species

U= -4 078 127 1770 0.74 1.28 1.78
0 1.15 1.65 172 1.08 1.88 3.35
4 192 198 1.85 1.70 2.08 4.39

200 species

U= -4 079 092 144 078 096 1.19
0 092 121 1.01 090 135 3.05
4 097 1.15 151 094 1.80 5.06
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Table 1C.2 Breadths of average change posteriors (i.e., the difference between the 97.5% and 2.5%
quantiles of posterior samples, a measure of posterior distribution precision) under models with
rate variance unconstrained and constrained to 0, averaged across replicates for each simulated
trait evolution scenario and tree size. Géz and Uy indicate the true, simulated values of rate
variance and trend parameters, respectively.

unconstrained constrained
o2, = 0 3 6 0 3 6

50 species

Usz= -4 556 795 1027 450 465 5.63
0 625 989 1146 547 682 845
4 11.04 11.69 1245 9.48 10.81 10.60

100 species

U= -4 342 548 654 307 349 3.84
0 446 627 744 397 458 6.60
4 764 897 856 712 841 840

200 species

2= -4 282 414 507 270 287 3.26
0 340 450 5.13 325 330 337
4 451 545 629 438 578 8.73
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Table 1C.3 Coverage of average change posteriors (i.e., proportion of times the true, simulated
value is greater than the 2.5% posterior distribution quantile and less than the 97.5% quantile) under
models with rate variance unconstrained and constrained to O for each simulated trait evolution
scenario and tree size. Gcz,z and U indicate the true, simulated values of rate variance and trend
parameters, respectively.

unconstrained constrained
02, = o 3 6 0 3 6
50 species

U= -4 090 1.00 090 0.80 0.60 0.50
0 1.00 1.00 1.00 090 0.80 0.40
4 1.00 1.00 090 1.00 1.00 0.80

100 species

U= -4 1.00 1.00 090 1.00 0.80 0.60
0 1.00 090 090 090 0.60 0.60
4 090 1.00 1.00 090 0.90 0.60

200 species

Use= -4 1.00 1.00 090 1.00 0.90 0.80
0 090 1.00 1.00 0.90 0.60 0.10
4 1.00 1.00 1.00 1.00 0.90 0.50
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APPENDIX 1D

PRIOR SENSITIVITY STUDY

To see how sensitive our method is to alternate prior specifications, we refit models to our
smallest simulations (50 tips) while varying prior settings. We focus on the smallest simulations
because the priors are more influential when there is less data. In addition to refitting models
with default priors to each simulation (see Priors subsection of Materials and Methods section in
main text), we also refit models with “tight” and “loose” prior settings, whereby the priors for rate
variance (ogz), trend (Us2), and root rate (0'(%) parameters were made more or less informative,
respectively. We did this by either reducing the prior scale parameter (i.e., standard deviation in
the case of normal distributions) 5-fold for more precise, informative priors or increasing 3-fold
for more relaxed, uninformative priors (i.e., prior scales of 1/7 for rate variance, 2/T for trend,
and 2 for root rate under the tight settings and 15/7, 30/T, and 30 under the loose settings, where
T is the height of the phylogeny). Within each of these three prior settings (tight, default, or loose),
we additionally shifted the location of the root rate prior by either -3, 0, or 3, yielding a total of 9
prior settings. These shifts correspond to ~20-fold changes in the expected root rate.

Because this simulation study design requires many more model fits compared to the main
text’s simulation study (9 trait evolution scenarios with 10 replicates refit under 9 different prior
settings, yielding 810 model fits), we only ran 2 Hamiltonian Monte Carlo chains consisting of
1,500 iterations for each model fit and discarded the first 750 iterations as warmup. Chains still
mixed relatively well despite the shorter chains (greatest R = 1.021), though effective sample sizes
were unsurprisingly lower compared to results in the main text. Nonetheless, bulk effective sample
sizes always exceeded the minimum recommended 100 per chain (Vehtari et al., 2021), and all tail
effective sizes exceeded 100. Divergent transitions remained relatively rare, with 18 fits exhibiting
a single divergent transition and another 4 with 2-5 each. Most low tail effective sample sizes
and divergent transitions were associated with loose prior settings, likely reflecting difficulty in
sampling the fat tails of posteriors under such priors.

Overall results suggest that evorates is robust to alternate prior specifications unless the priors
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are overly informative (Figs. 1D.1-1D.3; Tables 1D.1-1D.12). In particular, shifting the root rate
prior location had little effect on posterior distributions provided the prior’s scale is larger than
the shift magnitude (as in the case of default and loose prior settings). Unsurprisingly, posterior
precision generally decreased with more uninformative priors, and loose priors thus tended to
yield less accurate posteriors with higher median absolute errors. Counterintuitively, however,
default prior settings often resulted in more accurate posteriors than tight prior settings. In the
case of branchwise rates, this is likely due to lower estimates of rate variance under tight priors,
increasing the shrinkage of branchwise rate estimates (Fig. 1D.4). In the case of trend and root rate
inference, this phenomenon mostly occurred when the root rate prior and simulated trend “conflict”
by implying different patterns of rate change over time (e.g., a root rate prior shifted by -3 suggests
rates must have increased over time to yield the observed trait data, while a decreasing trend
implies the opposite). Accordingly, posterior coverage remained essentially constant at ~95%
under default and loose prior settings, but dropped significantly—sometimes as low as 10%—under
tight prior settings when the root rate prior and simulated trend conflicted in this manner.

Despite the relatively inaccurate inferences of branchwise rate, root rate, and trend parame-
ters under overly informative priors, hypothesis testing was still largely reliable, albeit sometimes
underpowered, under all prior settings we considered. Across the board, error rates remained con-
servative at around 5% or lower, with decreasing trends never mistaken for increasing trends and
vice versa. Error rates for detecting significant rate variance may be slightly inflated under tight pri-
ors (Fig. 1D.5), perhaps due to tighter constraints on trend estimation forcing the model to instead
attribute apparent rate heterogeneity to rate variance. Nonetheless, power to detect significant rate
variance appears consistent regardless of prior settings. Notably, the same is true for anomalous
rate detection, despite the increasing shrinkage of branchwise rate estimation under tighter priors
(Fig. 1D.7). On the other hand, prior settings had considerable influence on power to detect trends
(Fig. 1D.6), with generally increasing power under looser priors — particularly when the root rate
prior shift and simulated trend both imply similar patterns of rate change over time (e.g., a root

rate prior shifted by 3 and decreasing trend).
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Figure 1D.1 The effect of trait evolution scenario and prior settings on inference of the rate vari-
ance parameter (Géz). Each point is the posterior median from a single fit, while the violins are
combined posterior distributions from all fits for a given trait evolution scenario and prior setting.
Vertical lines represent the 50% (thicker lines) and 95% equal-tailed intervals (thinner lines) of

these combined posteriors, while horizontal lines represent positions of true, simulated values.
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Figure 1D.2 The effect of trait evolution scenario and prior settings on inference of the trend pa-
rameter ({1;2). Each point is the posterior median from a single fit, while the violins are combined
posterior distributions from all fits for a given trait evolution scenario and prior setting. Vertical
lines represent the 50% (thicker lines) and 95% equal-tailed intervals (thinner lines) of these com-
bined posteriors, while horizontal lines represent positions of true, simulated values.
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Figure 1D.3 The effect of trait evolution scenario and prior settings on inference of the root rate
parameter ( Gg). Each point is the posterior median from a single fit, while the violins are combined
posterior distributions from all fits for a given trait evolution scenario and prior setting. Vertical
lines represent the 50% (thicker lines) and 95% equal-tailed intervals (thinner lines) of these com-
bined posteriors, while horizontal lines represent positions of true, simulated values.
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Figure 1D.4 Relationship between simulated and estimated branchwise rate parameters (In 62) un-
der different prior settings, with tight priors being the most informative and loose priors the least.
For each simulation and posterior sample, branchwise rates were first centered by subtracting their
mean. We estimated centered branchwise rates by taking the median of the centered posterior
samples. The solid line represents the position of the true centered branchwise rates, while the
shallower, dashed line represents the observed line of best fit for the data under each prior setting.
Note that tighter, more informative priors result in shallower best fit lines due to increased shrink-
age of branchwise rate estimates.

Table 1D.1 Median absolute errors of rate variance posteriors (i.e., median absolute difference
between posterior samples and their true, simulated values, a measure of posterior distribution
accuracy), averaged across replicates for each simulated trait evolution scenario and prior settings.

G(zyz and [ indicate the true, simulated values of rate variance and trend parameters, respectively,

while Gg prior shifts refer to alteration of the root rate prior location.

tight priors default priors loose priors
02, = 0 3 6 0 3 6 0 3 6
(o)
Gg prior shifted by -3
Uz = -4 046 1.58 4.14 0.70 1.54 3.49 0.79 230 3.97
0 048 170 3.07 084 167 281 094 221 340
4 052 162 339 082 1.72 2.79 093 227 3.08
Gg prior shifted by 0
U= -4 043 152 398 068 153 351 0.79 233 4.04
0 045 171 3.04 081 165 280 095 220 334
4 051 1.63 350 083 1.72 288 094 234 3.00
og prior shifted by 3
Uz = -4 040 152 414 069 153 3.66 079 228 3.95
0 047 174 3.10 084 169 273 096 220 346
4 052 1.65 373 083 1.72 282 094 223 3.09
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Table 1D.2 Median absolute errors of trend posteriors (i.e., median absolute difference between
posterior samples and their true, simulated values, a measure of posterior distribution accuracy),
averaged across replicates for each simulated trait evolution scenario and prior settings. 6(272 and
U2 indicate the true, simulated values of rate variance and trend parameters, respectively, while
o prior shifts refer to alteration of the root rate prior location.

tight priors default priors loose priors
c,,= 0 3 6 0 3 6 0 3 6

og prior shifted by -3

Uz = -4 203 234 268 132 157 1.65 135 1.64 1.64
0 128 1.32 1.07 1.55 222 211 1.65 245 253
4 134 222 218 275 233 278 424 288 3.86

0'02 prior shifted by 0

Hsz= -4 163 188 216 130 1.60 1.61 1.32 1.61 1.66
0 091 1.07 094 154 221 205 1.64 243 251
4 206 3.04 297 261 230 277 407 285 3.82

Gg prior shifted by 3

U= -4 128 150 1.69 132 158 1.62 134 1.62 1.62
0 088 1.16 1.12 1.51 214 198 1.64 250 2.50
4 294 391 3.77 251 235 268 4.15 278 3.68

Simulated trend

Decreasing (uq2 = -4) None (pg2 = 0) Increasing (pq2 = 4)
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Figure 1D.5 Power and error rates for the rate variance parameter (632). Lines depict changes in
the proportion of model fits that correctly showed evidence for rate variance significantly greater
than O (i.e., power, in black) and incorrectly showed evidence (i.e., error, in light red) as a function
of prior settings, with tight priors being the most informative and loose priors the least. Results are
also shown for fits with the location of the root rate (G&) prior shifted by -3 (solid lines), 0 (dashed
lines), and 3 (dotted lines) from the default setting.
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Table 1D.3 Median absolute errors of branchwise rate posteriors (i.e., median absolute difference
between posterior samples and their true, simulated values, a measure of posterior distribution
accuracy), averaged across replicates for each simulated trait evolution scenario and prior settings.

Géz and > indicate the true, simulated values of rate variance and trend parameters, respectively,

while Gg prior shifts refer to alteration of the root rate prior location.

tight priors default priors loose priors
c,,= 0 3 6 0 3 6 0 3 6

og prior shifted by -3

U= -4 053 087 098 048 083 090 0.50 0.86 0091
0 044 076 094 052 083 101 0.54 087 1.07
4 046 083 093 0.64 087 102 082 095 1.16

0'02 prior shifted by 0

2= -4 047 083 094 048 0.83 090 049 0.86 091
0 040 073 095 051 082 101 053 087 1.07
4 052 088 099 0.63 087 1.01 080 095 1.16

Gg prior shifted by 3

Usz= -4 043 079 092 048 0.82 090 0.50 0.86 0091
0 039 0.73 097 051 082 101 054 088 1.06
4 061 095 1.06 0.62 087 100 081 094 1.14
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Table 1D.4 Median absolute errors of root rate posteriors (i.e., median absolute difference between
posterior samples and their true, simulated values, a measure of posterior distribution accuracy),
averaged across replicates for each simulated trait evolution scenario and prior settings. 6(272 and
U2 indicate the true, simulated values of rate variance and trend parameters, respectively, while
o prior shifts refer to alteration of the root rate prior location.

tight priors default priors loose priors
c,,= 0 3 6 0 3 6 0 3 6

og prior shifted by -3

U= -4 178 254 197 1.06 141 139 1.07 145 140
0 1.18 1.24 1.18 1.38 1.66 182 145 184 2.20
4 108 136 216 249 183 249 387 239 343

602 prior shifted by 0

Hez= -4 138 1.88 140 1.04 141 136 1.06 141 1.41
0 082 0.82 1.18 1.34 164 179 145 184 2.17
4 171 217 3.05 239 181 250 3.73 233 3.36

Gg prior shifted by 3

U= -4 102 133 1.09 1.06 138 139 1.06 141 1.38
0 079 0.88 1.64 133 156 176 144 1.87 2.21
4 254 3.07 415 227 1.83 241 380 227 3.27
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Table 1D.5 Breadths of rate variance posteriors (i.e., the difference between the 97.5% and 2.5%
quantiles of posterior samples, a measure of posterior distribution precision), averaged across repli-

cates for each simulated trait evolution scenario and prior settings. G(zyz and U2 indicate the true,

simulated values of rate variance and trend parameters, respectively, while Gg prior shifts refer to
alteration of the root rate prior location.

tight priors default priors loose priors
02, = 0 3 6 0 3 6 0 3 6

og prior shifted by -3

U= -4 231 874 11.61 3.83 1048 13.13 4.86 14.17 15.74
0 242 6.13 10.76 424 876 12773 533 1129 1648
4 240 7.14 1194 389 9.60 1333 4.81 12.18 16.82

0'02 prior shifted by 0

Usz= -4 220 7.73 11.23 3.84 1045 13.05 4.60 14.78 15.98
0 223 634 10.18 4.21 842 13.17 5.14 11.20 16.64
4 240 7.04 11.75 393 944 13.65 4.78 1235 16.75

Gg prior shifted by 3

U= -4 210 7.82 11.03 3.82 1031 12.66 4.74 1444 16.06
0 226 6.10 1049 4.02 834 1268 521 11.50 16.57
4 250 690 1257 4.04 9.28 1347 490 12.18 17.02
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Table 1D.6 Breadths of trend posteriors (i.e., the difference between the 97.5% and 2.5% quantiles
of posterior samples, a measure of posterior distribution precision), averaged across replicates for

each simulated trait evolution scenario and prior settings. Géz and U indicate the true, simulated

values of rate variance and trend parameters, respectively, while Gg prior shifts refer to alteration
of the root rate prior location.

tight priors default priors loose priors
02, = 0 3 6 0 3 6 0 3 6

og prior shifted by -3

Uz = -4 3.62 434 461 487 618 668 499 670 7.08
0 442 495 480 6.77 867 860 753 972 10.23
4 490 5.19 538 12.14 1074 1273 21.26 15.61 21.57

0'02 prior shifted by 0

2= -4 363 440 464 481 625 673 497 672 7.04
0 423 484 476 677 846 852 744 990 1047
4 464 5.00 5.18 11.57 1051 1232 1999 1526 20.95

Gg prior shifted by 3

U= -4 3.64 437 465 485 623 669 490 664 694
0 422 466 466 681 823 852 736 10.13 10.61
4 463 490 520 1156 1028 11.82 19.62 15.68 19.45
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Table 1D.7 Breadths of branchwise rate posteriors (i.e., the difference between the 97.5% and
2.5% quantiles of posterior samples, a measure of posterior distribution precision), averaged across

replicates for each simulated trait evolution scenario and prior settings. o

2
c

» and U;> indicate the

true, simulated values of rate variance and trend parameters, respectively, while Gg prior shifts
refer to alteration of the root rate prior location.

tight priors

62: 0

3

6

default priors
0 3 6

loose priors

0

3

6

og prior shifted by -3

Up= -4 201
0 2.05
4 215

3.06
2.73
291

3.21

233 336 349

3.37 252 328 3.85
339 3.10 359 4.14

241
2.65
4.32

3.61
3.52
4.25

3.67
4.20
5.26

0'02 prior shifted by 0

Hg2= -4 198
0 2.04
4 214

3.00
272
2.89

3.18 233 336 3.49
333 251 326 3.83
3.37 3.03 357 4.10

241
2.66
4.11

3.61
3.54
4.24

3.66
4.21
5.23

Gg prior shifted by 3

Upz= -4 197
0 2.04
4 215

2.98
2.70
2.90

3.17 233 336 3.49
336 249 322 3.83

341

3.03 3.53 4.06

241
2.63
4.07

3.61
3.57
4.26

3.66
4.21
5.03
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Table 1D.8 Breadths of root rate posteriors (i.e., the difference between the 97.5% and 2.5% quan-
tiles of posterior samples, a measure of posterior distribution precision), averaged across replicates

for each simulated trait evolution scenario and prior settings. Géz and U2 indicate the true, sim-

ulated values of rate variance and trend parameters, respectively, while Gg prior shifts refer to
alteration of the root rate prior location.

tight priors default priors loose priors
02, = 0 3 6 0 3 6 0 3 6

og prior shifted by -3

Us2= -4 291 376 385 403 510 554 413 569 5.86
0 386 421 434 594 734 755 652 847 9.18
4 433 456 483 1091 950 11.60 19.65 14.21 19.87

0'02 prior shifted by 0

U= -4 292 3.65 384 403 522 551 417 552 5.80
0 371 410 420 598 721 737 6.61 851 939
4 417 443 478 1040 938 11.22 1851 13.81 1942

Gg prior shifted by 3

U= -4 301 3.63 394 406 5.14 559 412 566 5.76
0 373 409 429 587 7.10 740 641 871 9.39
4 413 441 480 1025 9.10 10.72 18.05 14.09 17.82
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Table 1D.9 Coverage of rate variance posteriors (i.e., proportion of times the true, simulated value
is greater than the 2.5% posterior distribution quantile and less than the 97.5% quantile) for each

simulated trait evolution scenario and prior settings. ©

,» and U indicate the true, simulated

values of rate variance and trend parameters, respectively, while Gg prior shifts refer to alteration

of the root rate prior location.

tight priors default priors loose priors
02, = 0 3 6 0 3 6 0 3 6
(o3
og prior shifted by -3
U= -4 — 100 070 — 1.00 1.00 — 1.00 0.90
0 — 090 080 — 1.00 1.00 — 1.00 1.00
4 — 1.00 090 — 1.00 1.00 — 1.00 0.90
0'02 prior shifted by 0
Ug2= 4 — 100 070 — 1.00 1.00 — 1.00 0.90
0 — 09 070 — 100 1.00 — 1.00 1.00
4 — 100 080 — 1.00 090 — 1.00 0.90
Gg prior shifted by 3
U= -4 — 100 060 — 1.00 1.00 — 1.00 0.90
0 — 090 070 — 1.00 1.00 — 1.00 1.00
4 — 1.00 080 — 1.00 1.00 — 1.00 0.90
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Table 1D.10 Coverage of trend posteriors (i.e., proportion of times the true, simulated value is
greater than the 2.5% posterior distribution quantile and less than the 97.5% quantile) for each

simulated trait evolution scenario and prior settings. ©

2
c

,» and U indicate the true, simulated

values of rate variance and trend parameters, respectively, while Gg prior shifts refer to alteration
of the root rate prior location.

Ho2 =

Ho2 =

tight priors default priors loose priors

0

3

6 0 3 6 0

3

6

og prior shifted by -3

0.50
1.00
1.00

0.40
1.00
0.70

040 1.00 090 1.00 1.00
1.00 1.00 1.00 0.90 1.00
0.80 1.00 1.00 1.00 0.90

1.00
1.00
1.00

1.00
0.90
0.90

0'02 prior shifted by 0

0.50
1.00
0.80

0.70
1.00
0.10

0.60 1.00 1.00 1.00 1.00
1.00 1.00 1.00 0.90 1.00
0.30 1.00 1.00 1.00 1.00

1.00
0.90
1.00

1.00
0.90
0.90

Gg prior shifted by 3

0.70
1.00
0.10

0.70
1.00
0.00

0.80 1.00 090 1.00 1.00
1.00 1.00 090 0.90 1.00
0.10 1.00 1.00 1.00 1.00

1.00
0.90
1.00

1.00
0.90
0.90
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Table 1D.11 Coverage of branchwise rate posteriors (i.e., proportion of times the true, simulated
value is greater than the 2.5% posterior distribution quantile and less than the 97.5% quantile) for
each simulated trait evolution scenario and prior settings. Géz and U indicate the true, simulated

values of rate variance and trend parameters, respectively, while Gg prior shifts refer to alteration

of the root rate prior location.

tight priors default priors

622 - 0

3

6 0 3 6

loose priors

0

3

6

og prior shifted by -3

Upz= -4 091
0 0.99
4 1.00

0.89
0.93
0.91

0.86 098 0.95 094
091 1.00 0.96 0.94
092 099 096 0.96

0.98
1.00
0.97

0.96
0.97
0.97

0.95
0.94
0.95

0'02 prior shifted by 0

Uge= -4 094
0 1.00
4 097

0.91
0.93
0.87

0.87 098 095 0.94
0.90 1.00 096 0.93
0.89 099 0.96 0.95

0.98
1.00
0.98

0.96
0.97
0.97

0.95
0.95
0.96

Gg prior shifted by 3

Ugr= -4 097
0 1.00
4 089

0.93
0.94
0.83

0.88 098 095 0.94
0.89 1.00 097 0.94
0.86 099 096 0.95

0.98
1.00
0.98

0.96
0.97
0.97

0.95
0.95
0.96
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Table 1D.12 Coverage of root rate posteriors (i.e., proportion of times the true, simulated value
is greater than the 2.5% posterior distribution quantile and less than the 97.5% quantile) for each

simulated trait evolution scenario and prior settings. ©

2
c

,» and U indicate the true, simulated

values of rate variance and trend parameters, respectively, while Gg prior shifts refer to alteration
of the root rate prior location.

Ho2 =

Ho2 =

tight priors default priors loose priors

0

3

6 0 3 6 0

3

6

og prior shifted by -3

0.40
0.90
1.00

0.30
0.90
1.00

0.60 1.00 0.80 1.00 0.90
1.00 1.00 1.00 1.00 1.00
0.60 1.00 1.00 1.00 1.00

0.90
1.00
1.00

1.00
0.90
1.00

0'02 prior shifted by 0

0.60
1.00
0.80

0.60
1.00
0.40

0.80 1.00 0.80 1.00 1.00
1.00 1.00 1.00 1.00 1.00
0.60 1.00 1.00 1.00 1.00

1.00
1.00
1.00

1.00
1.00
1.00

Gg prior shifted by 3

0.90
1.00
0.10

0.80
1.00
0.10

090 1.00 0.80 1.00 1.00
0.60 1.00 1.00 1.00 1.00
0.10 1.00 1.00 1.00 1.00

0.80
1.00
1.00

1.00
1.00
1.00
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Figure 1D.6 Power and error rates for the trend parameter (L52). Lines depict changes in the
proportion of model fits that correctly showed evidence for trends significantly less and greater
than O (i.e., power, in black) and incorrectly showed evidence (i.e., error, in light red) as a function
of prior settings, with tight priors being the most informative and loose priors the least. Results are
also shown for fits with the location of the root rate (Gg) prior shifted by -3 (solid lines), 0 (dashed
lines), and 3 (dotted lines) from the default setting.
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Figure 1D.7 Power and error rates for branchwise rate parameters (In 62) under different prior
settings. Lines depict changes in proportions of branchwise rates considered anomalously slow
(in dark blue) or fast (in light red) as a function of simulated rate deviations (In Gc%ev)' These
results combine all fits to simulated data that detected rate variance (Géz) significantly greater than
0. The proportions are equivalent to power when the detected rate deviation is of the same sign
as the true, simulated deviation (left of O for anomalously slow rates in dark blue and right for
anomalously fast rates in light red), and to error rate when the detected and true rate deviations are
of opposite signs. Here, significant rate deviations for simulated rate deviations that are exactly 0
are considered errors regardless of sign.
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CHAPTER 2

STOCHASTIC CHARACTER MAPPING OF CONTINUOUS TRAITS ON
PHYLOGENIES

2.1 Introduction

A central challenge in macroevolutionary biology is inferring how phenotypes evolve from lim-
ited samples of living and/or fossilized organisms. Accordingly, evolutionary biologists have long
practiced “ancestral state reconstruction” (ASR)—estimating the unobserved phenotypes of (typi-
cally extinct) lineages based on observed phenotypes in their relatives (Dobzhansky and Sturte-
vant, 1938; Sanger et al., 1955; Pauling et al., 1963; Witmer, 1995; Schultz et al., 1996; Sumrall
and Brochu, 2008). With the development of phylogenetic comparative methods that provide a
rigorous statistical framework for performing ASR under various trait evolution models, ASR has
become ubiquitous in macroevolutionary research (Schluter et al., 1997; Groussin et al., 2016;
Joy et al., 2016). One technique for performing ASR, called stochastic character mapping (or
“simmapping”), is particularly popular, allowing researchers to randomly sample evolutionary
histories (often termed “simmaps”) of a character on a phylogeny according to the probability
of a given reconstruction under some trait evolution model (Nielsen, 2002; Huelsenbeck et al.,
2003; Bollback, 2006). By sampling hundreds or thousands of simmaps, researchers can generate
distributions of possible evolutionary histories which may be used in various macroevolutionary
analyses—for example, determining the timing/frequency of evolutionary events (e.g., Baliga and
Law, 2016; Tornabene et al., 2016; Freyman and Hohna, 2019; Hughes et al., 2021; Landis et al.,
2021; Siqueira et al., 2023) or how past life history/environmental factors affected evolution (e.g.,
de Alencar et al., 2017; Borstein et al., 2019; Burns and Bloom, 2020; Fabre et al., 2020; Rincon-
Sandoval et al., 2020; Drury et al., 2021; Nations et al., 2021; Friedman and Mufioz, 2023). In this
way, simmaps allow researchers to flexibly conduct analyses over a range of possible histories and
effectively account for the inherently incomplete and uncertain knowledge of the evolutionary past
in most macroevolutionary studies.

Unfortunately, while simmaps have revolutionized statistical pipelines for studying macroevo-
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lution, current simmapping implementations are limited to sampling histories of discrete variables.
The lack of simmapping methods for continuous variables constrains approaches for analyzing
macroevolutionary data and leaves a conspicuous methodological gap in the field. For example,
testing whether the tempo and/or mode of trait evolution varies according to some “explanatory
factor” like habitat or diet is generally straight-forward provided the factor’s entire evolution-
ary history is explicitly known (e.g., Revell, 2013; Clavel et al., 2015; Beaulieu and O’Meara,
2023). When a factor’s history is unknown (as is generally the case), researchers are currently
unable to generate simmaps of continuous factor histories to use in their analyses like they would
for discrete factors. Consequently, testing how continuously-varying factors like body size (e.g.,
Friedman et al., 2019), generation time (e.g., Gingerich, 2001), or climatic niche (e.g., Tribble
et al., 2023) affect trait evolution processes is much more difficult, often requiring the develop-
ment of novel methods and/or analysis pipelines tailored for testing specific hypotheses (Cooper
and Purvis, 2009; Hansen et al., 2008; Felsenstein, 2012; Baker et al., 2015; Weir and Lawson,
2015; Clavel and Morlon, 2017; Hansen et al., 2022; Boyko et al., 2023a; Tribble et al., 2023;
Uyeda et al., 2021).

Here, we introduce an efficient method for simmapping continuous variables under Brownian
motion models of evolution. These continuous simmaps, or “contsimmaps” for short, may be used
to directly visualize and analyze the dynamics of phenotypic evolution inferred under trait evolu-
tion models, determine the timing and phylogenetic locations of major evolutionary transitions in
continuous phenotypes while incorporating uncertainty, and explore how continuous factors may
have affected evolutionary processes. First, we present an algorithm for generating contsimmaps
by sampling values of continuous variables at arbitrary points on a phylogeny conditional on ob-
served values under a given Brownian motion model. Second, to showcase potential uses of con-
tsimmaps, we outline a general approach for inferring relationships between aspects of continuous
trait evolution processes and continuous factors based on contsimmapped factor histories. Using
an extensive simulation study, we verify the proposed approach’s ability to accurately infer rela-

tionships between continuous factors and rates of trait evolution. We go on to apply this pipeline
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to an empirical case study, asking whether divergence in plant height is associated with variation
in rates of leaf and flower trait evolution in a clade of Eucalyptus trees that range from ~1 to 100

meters tall (Brooker et al., 2015; Thornhill et al., 2019; Falster et al., 2021).

2.2 Materials and Methods

We designed contsimmapping to be a flexible framework for sampling evolutionary histories
of continuous variables on a phylogeny under Brownian motion models, analogous to conven-
tional discrete simmapping methods that sample evolutionary histories of discrete variables under
continuous time Markov chain models. An important difference between contsimmaps and con-
ventional simmaps is how evolutionary histories are represented. Conventional simmaps assign
parts of a phylogeny to regimes representing different values of the discrete variable, providing
reconstructed evolutionary histories in continuous time. This is impractical for continuous vari-
ables evolving under Brownian motion models, which have infinitely many possible values and
constantly change over time. Accordingly, contsimmaps instead sample values of continuous vari-
ables at a finite number of time points evenly distributed across a phylogeny, with the number
of time points controlled by a user-specified “resolution”. We implemented this framework in an
R package called contsimmap, which supports contsimmaping under a flexible Brownian motion
modeling framework capable of accommodating multiple correlated variables, multiple measure-
ments per tip and/or internal node with associated intraspecific variation/measurement error, miss-
ing measurements, and multiple evolutionary trends/rates that differ according to regimes mapped
onto a phylogeny. The R package additionally provides tools for transforming, summarizing, and
visualizing contsimmaps (Fig. 2.1), as well as fitting Brownian motion models with parameters

dependent on contsimmaped variables.

2.2.1 Generating Contsimmaps

Here we present a general algorithm for sampling phenotypic values across a dense set of
time points on a phylogeny given measurements associated with its nodes, “node error” variances,
and a Brownian motion model with potentially regime-dependent evolutionary trends and rates

(notably, such regimes must be mapped onto the phylogeny a priori). Assume we have e edges in
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Figure 2.1 Phylogram and phenogram-based visualizations of contsimmaps, colored accord-
ing to reconstructed phenotypic values. Left: conventional ancestral state reconstructions of a
continuously-varying phenotype under a Brownian motion model. The top phylogram is colored
according to mean phenotypic estimates, which are also depicted in the phylogram below along
with error bars representing 95% confidence intervals on the estimates at each node. Middle: a
single contsimmap generated using the same data and Brownian motion model. Right: a sample of
25 contsimmaps representing the overall distribution of generated contsimmaps. The bottom mid-
dle and right phylograms also include conventional ancestral state reconstructions for reference.

our phylogeny (including a 0-length root edge indexed 0) with s mapped regimes and data on m
continuous phenotypic variables. Let 7 be an e-length vector of edge lengths assumed to be in units
of time. To outline our algorithm, it is useful to focus on the quantities associated with an individual
edge denoted i. First, we define two sets of time points along edge i: n; “interpolant” points at
equally-spaced times ¢;, excluding times corresponding to i’s ancestral/descendant nodes, and n}
“critical” points at (strictly increasing) times ¢/, including times corresponding to i’s descendant
node (the ancestral node is excluded because it is equivalent to the descendant node of the edge
ancestral to i) as well as any regime shifts along i. The number of interpolant points, 7;, is chosen
by rounding % — 1 to the next largest integer, where T represents the total height of the phylogeny

and & a user-specified resolution. Specifically, & corresponds to approximate number of time
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points across the height of a phylogeny by defining a “target” time interval for all edges given by
%. Now let X; and X;* be n; x m and n; x m matrices, respectively, of phenotypic values at each
time point along i. Further, let 7{ be an n;-length vector of regimes associated with the preceding
critical time interval for each entry of #7. Edge i may also have measurements associated with its
descendant node: let ¥; be an 0; x m matrix of these measurements (in the case that there are no
measurements, o; = 0).

Our algorithm samples values of X and X* given the phenotypic measurements/regime map-
pings for each edge described above (Y and r, respectively), e m X m variance-covariance matrices
describing error in measurements at descendant nodes for each edge (I', commonly termed “node
error’), s m-length vectors describing deterministic changes in phenotypes per unit time for each
regime (1, commonly termed “evolutionary trends”), and s m x m matrices describing stochastic
changes in phenotypes per unit time for each regime (X, commonly termed “evolutionary rate ma-
trices”). To do this, we additionally keep track of the n; variance-covariance matrices for each edge
i, denoted V;*, which describe the uncertainty of phenotypic estimates at critical time points. Be-
low, we adopt a general notation of using subscripts to denote edge/regime indices first, followed
by time points next (if applicable), and lastly specific phenotypic variables. For example, X;* refers
to the matrix of phenotypic values at critical time points along the ith edge, X{f j toits jth row
(corresponding to the jth entry of 7" or time #;;), and X;: jkto kth value in this row (corresponding
to the kth phenotypic variable). Similarly, t; would refer to trends in evolution for the ith regime
and ; . to the trend for the kth phenotypic variable specifically.

Our algorithm, similarly to other rapid algorithms for ASR under Brownian motion models
(e.g., Goolsby, 2017; Hassler et al., 2022), consists of three main steps: 1) traversing the phylogeny
from tips to root (i.e., in postorder), 2) handling phenotypic values at the root, and 3) traversing
the phylogeny from root to tips (i.e., in preorder). At a high level, the first step calculates initial
estimates of mean phenotypic values and associated uncertainty at critical time points along all
edges (i.e., X* and V*) based only on the descendants of each edge. Notably, because the root

of the phylogeny only has descendants by definition, this first step already returns final estimates

93



of mean phenotypic values at the root and associated uncertainty (i.e., Xé"’l and Vo*, )- Thus, the
second step simply consists of sampling phenotypic values at the root based on the multivariate
normal distribution defined by XS:1 and V({ - The most complex step is the third and final one,
which updates X* and V* based on the non-descendants of each edge, uses the updated X* and V*
to sample phenotypic values at critical time points, and finally samples values at interpolant time
points conditional on the sampled values at critical time points. We describe these steps in more

detail below:

1) Complete a postorder traversal over all edges. For each edge denoted i with p; immediate

descendant edges:

la) Initialize calculations for edge i by defining Z as an (0; + p;) X m matrix and setting the
first o; rows of Z to ¥;. Similarly, define W as o; + p; m X m matrices and set the first
o; matrices to I';. Any missing entries in Z are set to 0, and corresponding diagonal
and off-diagonal entries of the associated W matrices are set to oo and 0, respectively
(Hassler et al., 2022). Accordingly, if edge i is a tip with no associated measurements
(i.e., 0j+ p; =0), create a “dummy observation” by setting o; to 1 and initializing Z as a
1 x m matrix of Os and W as a single m x m diagonal matrix with oo along the diagonal.
Otherwise, if edge i has immediate descendant edges (i.e., not a tip with p; > 0), for

each descendant edge indexed / from 1 to p;:

* * *
Zoir1 = X1 _:ur;}bl(tdl,l —ti.,n;f) (1

* * *
Woirt = Va1 +Z’§,,1 (ldhl o tiﬁ?) 2

Where Z; denotes the /th row of Z, W; denotes the /th matrix of W, and d is a p;-length

vector of indices corresponding to the edges immediately descending from i.

1b) Calculate the uncertainty and mean of the phenotypic values at i’s descendant node:
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0i+pi -
Vi = ( Wzl> 3)
=1
0i+pi
X = Vit ( ) ZzWﬂ) )

Where Wl_1 specifically denotes the “pseudo-inverse” of W; (Hassler et al., 2022). No-
tably, Eq. (4) may be undefined when one or more measurements are missing or as-
sumed to be exact, which can cause entries of Vl*n;k and W1, respectively, to be oo.
The former case can be solved by simply defining oo x 0 = O (Hassler et al., 2022). For
the latter case, we can generalize Eq. (4) by thinking of the expression as a weighted
average of phenotypic value vectors Z; with weights given by Vij‘n?Wl_l. From this per-
spective, infinite entries along the diagonals of W~! correspond to “infinitely large”
weights in this average. Accordingly, we define a “normalization” procedure for matri-
cesin W1 let W_k]k refer to the diagonal entries in the kth row and column across all
W~! matrices. Then, for each phenotypic variable k, check whether W*klk contains oo.
If it does, set finite and infinite elements of W_klk to 0 and 1, respectively, and change
corresponding off-diagonal entries to 0. If we denote these normalized matrices W1,
we can write a more “robust” version of Eq. (4) which can handle exact trait measure-

ments:

—1
oi+c; B o;j+c; .
en (59 (§o0)
= =1

Intuitively, this means that inexact measurements are “superseded” by exact measure-
ments, which themselves are simply averaged together. We note that this solution
is more pragmatic than rigorous when there are two or more exact measurements—
paradoxically, averages of multiple exact measurements are still considered exact under
this framework. While conceptually problematic, situations where multiple measure-

ments are assumed to be exact may arise in practice due to estimation of 0-length edges
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during phylogenetic inference and/or simplifying comparative analyses by assuming
no measurement error. In any case, the above expression allows our algorithm to yield

predictable, defined results in such cases.

Ic) If edge i includes any regime shifts, calculate expected phenotypic values and uncer-
tainty at each preceding critical time point. For each critical point j from nj —1 to

1:

* * * ES
Vi = Vi +2n (G — 1)) (6)

* * * *
Xij=Xijrr =M (g — 1) (7

2) Simulate phenotypic values at the root of the phylogeny by sampling new values for X,

from a multivariate normal distribution with mean X ; and variance-covariance matrix V.

3) Complete the preorder traversal over all edges except the root (i = 0). For each critical time

point j along edge i:

3a) Initialize calculations by defining Z as an m-length row vector and W as a single m x m
matrix. Z and W represent counterparts to X;*; and V;*;. While X;*; and V;; define the
distribution of phenotypic values at the jth critical time point along edge i based only on
all descendants of edge i, Z and W are based only on all non-descendants of i. Because
this is a preorder traversal, phenotypic values at the immediately previous critical time

point have already been simulated and Z and W are given by:

Z=X;_, ‘|‘Ivlr;jj(fffj —171) (®)
W:Zrifjalf(jj_t:j—l) )]
In the case j —1 = 0, we must instead use the trait values and time associated with

the last critical time point along the edge directly ancestral to i, denoted a. Specifi-
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3b)

3¢)

3d)

cally, X, andt’._, are substituted with X . and ¢}
»ra

iy i e respectively, in the expression

above.

Update the uncertainty and mean of the phenotypic values at the jth critical time point

along edge i:

-1
V= (W) (10)

- N -1 - -
X;; = <W’1 +V,.j‘j*1) (ZW*1 +Xifjvl.j‘j*1> (11)

Where W—! and V:j_l again denote normalized versions of these matrices. This nor-
malization procedure is identical to the one used for Eq. (5), with W1 and V;}’l
treated as a set of two matrices, with one key exception. Notably, W ! will only con-
tain . when one or more phenotypic variables evolve with a rate of O (i.e., at least

one diagonal entry of Zr;kj is 0). To keep resulting contsimmaps consistent with this

*

condition, in the case that Wk_k1 and (V, ;

_l)k7k are both oo, only ijkl is set to 1 and
(V:j*l) kk is instead set to 0. This critically ensures that phenotypic variables with an
evolutionary rate of 0 only exhibit changes over time due to trends defined by u.

Simulate phenotypic values at the jth critical time point along edge i by replacing Xl?:‘ ;

with new values sampled from a multivariate normal distribution with mean X;* ; and

variance-covariance matrix V;';.

Simulate phenotypic values at all interpolant time points along edge i lying between
critical time points j — 1 and j. For each interpolant time point / for which t: o1 <
ti < l;: ; (f j—1=0, swap t;: j— for t;nz as above), sample X;; from a multivariate

normal distribution with mean Z and variance-covariance matrix W given by:

(X7 = Xia—1) (g = tis-1)

7 = o +X,'7l_] (12)
i7j Li—
1 —ti)(ti —ti—
W= (’J z,l)(t,l il I)erﬁ (13)
1 —tii-1 i
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In the case / — 1 = 0, we must instead use the phenotypic values and time associated
with the immediately previous critical time point j — 1. Specifically, X;; 1 and #;;_;

*

L1 respectively, in the expressions above (if j —1 =0,

are swapped with X;*;_, and

these are in turn swapped with X7 . and 1,

anss respectively, as above).

2.2.2 Using Contsimmaps to Analyze Factor-Dependent Trait Evolution

Simmaps are particularly useful for “sequential inference” pipelines, whereby the impact of
some “explanatory factor” on an evolutionary process is inferred by first generating simmaps of
factor histories, then fitting factor-dependent evolutionary models conditional on the simmaps. For
conventional discrete simmaps, arbitrary evolutionary models can be rendered factor-dependent
by simply allowing the parameters of the evolutionary model-such as evolutionary rates or trends
in the case of Brownian motion models—to vary among lineages in different discrete states (e.g.,
lineages in mountain versus lowland habitats, annual versus perennial plant lineages; see Rev-
ell, 2013 for further description of this approach). For contsimmaps, with an infinite continuum
of states, models must instead use “parameter functions” to map factor values to associated pa-
rameter values (see FitzJohn, 2010 for an example of this approach). For example, a researcher
could test whether increased temperatures are associated with accelerated body size evolution by
fitting a Brownian motion model assuming an exponential relationship, o= eﬁ0+ﬁ1T, between
contsimmapped thermal niche values (7') and rates of change in body size over time (%). Here,
Po and B are free parameters inferred by fitting the model to data, with ; directly quantifying the
relationship between temperature and rates.

We implemented tools in our R package for fitting factor-dependent Brownian motion models
to trait data conditional on samples of contsimmapped factor histories. Specifically, our implemen-
tation constructs a likelihood function for a given trait dataset based on a sample of n contsimmaps
and user-defined parameter functions that map contsimmapped values to evolutionary rates, trends,
and/or node error variances. Given estimates for the free parameters in all parameter functions,
the outputted likelihood function automatically transforms contsimmapped values into parameter

values and uses the pruning algorithm outlined by Hassler et al., 2022 to calculate likelihoods
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conditional on each contsimmap. To derive a single overall likelihood, L, from the 7 conditional
likelihoods, L, the likelihood function marginalizes over the contsimmaps by assuming either a
“flat” or “nuisance” prior. Under the flat prior, each contsimmap is assumed equally likely, with

the overall likelihood given by the average of all conditional likelihoods:

agE

- 1
L=-YL (14)
n;

1

Under the nuisance prior, the conditional likelihoods for each contsimmap are weighted by the
probability they gave rise to the trait data among all other contsimmaps and summed (often termed

the “Fitzjohn root prior” in the context of marginalizing over root states; see FitzJohn et al., 2009):

S R
L=-—Y 1} (15)
Y L=l
i=1

Intuitively, the nuisance prior allows the trait data and model to influence which con-
tsimmapped factor histories are considered most likely by taking a weighted average of the con-
ditional likelihoods, with higher weights assigned to contsimmaps that explain the observed data
relatively well under a given model. The rough contribution of each contsimmap’s conditional
likelihood to the overall likelihood, which we term “normalized conditional likelihoods”, can be
quantified as L/ Y" ;L and L?/Y"_| I* in the cases of flat and nuisance priors, respectively.

Notably, the conditional likelihoods under each contsimmap also depend on the trait values at
the root of the phylogeny, which are often inferred as additional free parameter in other phylo-
genetic comparative methods for modeling continuous trait evolution (e.g., Revell, 2012; Pennell
et al., 2014; Boucher et al., 2018). However, because conditional likelihoods under any single root
trait value will vary drastically across different contsimmaps (e.g., see Figure 4 in Boyko et al.,
2023a), we calculate conditional likelihoods for each contsimmap while marginalizing over root
trait values by assuming either a flat or nuisance prior over the root trait values as well. Note
that the likelihood of observed data under any (potentially multivariate) Brownian motion model

conditional on a vector of root trait values x is given by r®(x; %,V ), where r is a proportionality
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constant (called the “remainder” in Hassler et al., 2022), £ and V denote the expected root trait
values and associated uncertainty (in the form of a variance-covariance matrix), and ®(x;u,X)
represents the probability density function of a multivariate normal distribution with mean y and
variance-covariance matrix X evaluated at x. Because the integral of any probability density func-
tion is 1 by definition, the integral of this expression is r—thus, the overall likelihood for a given
contsimmap is r under a flat prior. Under a nuisance prior, the overall likelihood is equal to the
proportionality constant » multiplied by the integral of the squared multivariate normal probability
density function (r/ \/W](Tn)k , where k denotes the number of traits/dimensions of the multivari-
ate normal distribution). Assuming a nuisance prior will deflate overall likelihoods conditional on
any given contsimmap when root trait values are highly uncertain (i.e., |V| is large) and vice versa.

To fit these factor-dependent Brownian motion models to data, optimization or Bayesian infer-
ence algorithms may be used to infer values of the free parameters defining parameter functions.
Our R package currently provides tools for using the C++ library NLOPT (Johnson, 2021), inter-
faced through the R package nloptr (Ypma et al., 2022), to find free parameter values that maximize
the likelihood of an outputted likelihood function. In general, we found that likelihood surfaces
under continuous factor-dependent Brownian motion models may be quite complex, exhibiting
multiple optima and/or relatively flat “ridges” that present challenges for numerical optimization.
While our implementation allows users to apply any algorithm available in the NLOPT library and
customize optimizer settings as they see fit, we developed a convenient default optimization pro-
cedure, consisting of three phases that leverage the complementary strengths/weaknesses of three
distinct algorithms. The initial “warmup” phase uses NLOPT’s gradient-based truncated New-
ton algorithm (Dembo and Steihaug, 1983) with preconditioning and random restarts (gradients
are stochastically approximated using finite differences; see APPENDIX 2B for details), which
rapidly improves model fit but often gets stuck on suboptimal peaks of the likelihood surface.
The subsequent “exploratory” phase uses NLOPT’s sbplx (based on subplex; see Rowan, 1990) to
search for higher-likelihood regions in the vicinity of this initial estimate. However, because the

sbplx algorithm tends to terminate in relatively flat areas and/or saddle points of the likelihood sur-
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face rather than true maxima, a final “polish” phase uses NLOPT’s principal axis algorithm (Brent,
2013) to find a local maximum either within or close to the high-likelihood region. Ultimately,
this procedure appears to offer a good compromise between robustness and speed, finding and
converging on peaks associated with relatively high likelihoods in a practical amount of time. No-
tably, we found that the algorithms used in the warmup and polish phases do not work well in (and
are largely unnecessary for) searching low-dimensional parameter spaces, so our implementation

skips these phases by default when fitting models with two parameters or less.

2.2.3 Simulation Study

To assess the performance of our approach for inferring relationships between trait evolution
processes and continuous factors, we tested whether our method could reliably detect and quantify
factor-dependent rates of continuous trait evolution from simulated data. Broadly speaking, we
simulated the evolution of a single continuous trait, Y, with rates depending on a simulated con-
tinuous factor, either an “observed” factor X, or “unobserved” factor Xj,, and applied our approach
to the simulated data to infer relationships between rates of ¥ evolution and X,,. In an empirical
context, Xj, represents an unobserved or “hidden” factor that nonetheless affected rates of trait evo-
lution and may thus mislead hypothesis testing for factor-dependent rates (May and Moore, 2020;
see also Beaulieu and O’Meara, 2016; Boyko and Beaulieu, 2023; Boyko et al., 2023b; Tribble
et al., 2023). After outlining our simulation procedure below, we outline our analysis procedure,
which includes a pragmatic technique for constructing additional null models that help account for
hidden factors and thereby mitigate their potential effects on hypothesis testing.

We allowed rates of Y evolution, 62, to vary with factor values (denoted X below) accord-
ing to one of four parameter functions: 1) a “simple” function whereby rates exponentially in-
crease/decrease, 2) a “threshold” function whereby rates shift between some minimum and maxi-
mum value, 3) a “sweetspot” function whereby rates peak or dip around a particular factor value,

and 4) a “null” function where rates stay constant. We define the simple function as:

o2 = ePothiX (16)
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Where By and f3; represent the intercept and slope of the factor-rate relationship on a natural
logarithmic scale. This function provides a simple means to test hypotheses that only claim rates
tend to increase or decrease in association with some factor like temperature (e.g., Clavel and
Morlon, 2017; Slater et al., 2017) or generation time (e.g., Gingerich, 2001). However, it also
allows rates of trait evolution to become arbitrarily close to 0 and grow without bound, motivating
the threshold function, a logistic curve bounded between strictly positive minimum and maximum

rate values:

ol =e” (tanh5 (2<1+e—2”¢§’icf’>1—1) +1> (17)

Here, « alters the overall scale of rates, specifically corresponding to the natural log of the rate
halfway between the minimum and maximum possible rates or “mid rate”, while 8 determines
the factor value or “location” at which rates shift (i.e., the value of X at which o2 = e%). We
denote &, which controls the direction and magnitude of the rate shift, the “rate deviation”. The
fold-difference between minimum and maximum rates is explicitly given by 219l and positive and
negative values of 0 yield upward and downward shifts with increasing factor values, respectively.
Lastly, @ adjusts the “width” of the shift, with rates roughly reaching their minimum/maximum
values at factor values of 6 +¢e® /2. Notably, both the simple and threshold functions only allow
rates to monotonically increase/decrease with increasing factor values, yet some empirical evi-
dence suggest evolutionary rates may exhibit more complex modal relationships with factors like
body size, peaking or dipping at intermediate factor values (Cooper and Purvis, 2009; FitzJohn
et al., 2009; Feldman et al., 2016; Amado et al., 2021). Thus, we defined the sweetspot function,
whereby factor-rate relationships follow a Gaussian curve of arbitrary height and orientation which

takes on strictly positive values:

_p\2
o2 = e (tanh5 (2e—18(xew9> - 1> + 1> (18)
Where o, 0, 8, and o largely have the same effects and interpretations as they do for the

threshold function. Now, however, if § is positive, rates will peak to their maximum at 6 and
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roughly reach their minimum at factor values of 6 +e® /2. Conversely, if § is negative, rates will
instead dip to their minimum at 6 and roughly reach their maximum at 6 +¢® /2. We use these
unconventional parameterizations of logistic and Gaussian curves to limit interdependence among
parameters in controlling the overall shape of parameter functions, which improves the behavior of
numerical optimization routines during model fitting, while also conveniently allowing parameters
to take on any value and still form valid factor-rate relationships whereby rates never take on
negative values (in practice, we still found it necessary to impose boundaries on parameters to
improve model fitting behavior; see below). Lastly, we defined the null parameter function as

o2

= e for consistency with threshold and sweetspot functions.
For each simulation, we used phytools (Revell, 2012) to simulate an ultrametric, pure-birth
phylogeny of height 1 with either 50, 100, or 200 tips. To simulate the continuous factors X, and
X, we generated two densely-sampled continuous factor histories (with a resolution or & value of
500) evolving under Brownian motion processes with root trait values of 0, no trends, and constant
rates of 4. For the trait Y, we simulated an additional Brownian motion process with starting value
0 and no trends, but with rates varying according one of 12 possible factor-rate relationships which
differed both in the overall magnitude (i.e., “strength”) of rate variation as well as how gradually
rates changed with respect to factor values (i.e., “width”). Specifically, we used one null parameter
function; six “strong” versions of the simple, threshold, or sweetspot functions depending on either
X, or X, whereby rates varied ~ 20-fold between factor values of -2 and 2; three “weak” versions
of the simple, threshold, or sweetspot functions depending on X, only whereby rates only varied
~ 5-fold on the same interval; and two “wide” versions of the threshold or sweetspot functions
depending on X,, only whereby rates again varied ~ 20-fold but between factor values of -4 and 4.
See Table 2A.1 for the specific parameter values used.

Notably, our approach assumes a given factor perfectly predicts rates of trait evolution, which
is unlikely for empirical data. To test the robustness of our approach to imperfect correspondences

between factors and rates, we additionally modified some simulations by adding “noise” to factor-

rate relationships. We added noise by multiplying rate values at each time point with a random
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variable sampled from a gamma distribution with shape and rate % where ¢ is the length of the
time interval preceding a time point. These multipliers represent the average value of a white noise
gamma process with mean 1 and unit variance v over a time interval of length 7. By multiplying the
rates over each time increment with these random variables, the simulated trait evolution process is
transformed from Brownian motion to variance-gamma (a type of Lévy or “pulsed” trait evolution
process explored in some prior work; see Landis et al., 2013; Landis and Schraiber, 2017). This
procedure ensures that random noise around rates tends to “average out” over sufficiently long
periods of time, such that rates converge to what would be expected under the simulated factor-
rate relationship given enough data. Thus, this kind of rate noise only weakens the factor-rate
relationship rather than completely altering it. For our simulations, we set v to 0.05, corresponding
to rates ranging between roughly 10%-300% their expected value over a time interval spanning a
tenth of the phylogeny’s height, 40%-200% for a third of the height, and 60%-150% for the entire
height.

Ultimately, the three phylogeny sizes (50, 100, or 200 tips), 12 possible factor-rate relation-
ships, and presence/absence of noise around factor-rate relationships yield 3 x 12 x 2 = 72 sim-
ulation conditions. We repeated the simulation process 100 times for each condition, yielding a
grand total of 7,200 simulations. For the analysis procedure, we retained the phylogeny and tip
factor/trait values of X, and Y for each simulation (assuming no node error in X,/Y values to ren-
der the simulation study more manageable). We analyzed the factor/trait datasets by first fitting
Brownian motion models to the X,, data (assuming no node error or evolutionary trends) and using
the fitted model to generate 100 contsimmaps of X,, with a resolution or & value of 100. We then
fit four Brownian motion models to the Y data conditioned on these contsimmaps (again assuming
no node error or evolutionary trends)—three non-null models assuming rates depend on mapped X,
values through either a simple, threshold, or sweetspot function with unknown free parameters,
plus a null model assuming an unknown, constant rate (given by the mid rate/o parameter). Trait
data simulated with rates varying due to noise and/or the hidden factor, X}, are likely to exhibit a

poor fit to the null model and provide spurious support for non-null models that at least allow rates
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to vary across the phylogeny (May and Moore, 2020; see also Beaulieu and O’Meara, 2016; Boyko
and Beaulieu, 2023; Boyko et al., 2023b; Tribble et al., 2023). Thus, we fit three additional null
Brownian motion models to the Y data assuming rates depend on a mapped “dummy factor” D,
which is simulated under the Brownian motion model fitted to the X,, data, through either a simple,
threshold, or sweetspot relationship. Because D exhibits the same evolutionary dynamics as X, but
with random tip values, support for D-dependent over X,-dependent models provide evidence that
rates of Y evolution vary, but in a way not necessarily related to the observed factor X, (see also
Tribble et al., 2023, which employs a similar approach in testing for relationships between discrete
trait evolution and continuous factors).

We fit all Brownian motion models to simulated data by running the default optimization pro-
cedure (see previous section) 10 times from initial parameter values sampled from a uniform dis-
tribution spanning from -5 to 5 and retaining the inferred parameter values from whichever op-
timization run found the highest likelihood. To save on the time needed to run the simulation
study, we only allowed the warmup and exploratory/polish phases to run for a maximum of 1,000
and 10,000 iterations, respectively. We always assumed flat priors over root trait values. On the
other hand, we assumed nuisance priors over contsimmaps for D-dependent models and flat priors
for all other models. Intuitively, this forces non-null models to “fairly” integrate over probable
histories of observed factors while allowing null models to assign higher weights to simulated
dummy factor contsimmaps which are particularly likely to explain the trait data. Preliminary tests
of our approach showed that this “mixed prior” technique renders null models more competitive
with non-null models and greatly reduces false positive errors at a modest cost to statistical power.
Preliminary tests also demonstrated that the default optimization procedure sometimes gets stuck
in likelihood ridges when fitting threshold and sweetspot function-based models, which may col-
lapse to effectively constant rate models as the location (6) and/or width () parameters become
arbitrarily small/large. To prevent optimization algorithms from spending too much time explor-
ing these regions of parameter space, we imposed boundaries on these parameters by defining a

“factor interval” spanning from minX — (maxX —minX)/2 to max X + (maxX —minX)/2, where
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X represents whatever factor a given parameter function depends on (either the observed factor
X, or dummy factor D depending on the model). We constrained the location of inferred shifts
and peaks/dips to lie within the factor interval and the corresponding widths (given by ¢?®) to be
between 1/100™ and 5 times the range of the factor interval. We also limited the rate deviation
(0) parameter to be between -10 and 10, as rate deviations with an absolute value of 10 or greater
cause minimum and maximum rates to effectively equal 0 and 2e® (i.e., the maximum allowable
rate for a given mid rate or & value), respectively.

For each simulation, we selected the model with lowest Bayesian Information Criterion (BIC;
see Schwarz, 1978; Dziak et al., 2020) as the best-fitting model. We chose to use BIC over the more
widely used small sample size corrected Akaike Information Criterion (AICc) after preliminary in-
vestigations demonstrated that AICc-based model selection exhibits somewhat elevated error rates
among simulations with noisy rates on large phylogenies (Tables 2A.2 and 2A.3). BIC penalizes
model complexity more harshly than AICc—particularly for large sample sizes—and substantially
reduced the error rates of our method at little cost to overall power and accuracy. We calculated
error (“false positive”) and power (“true positive) rates as the percent of simulations for which
X,-dependent models were selected as the best-fitting model for simulations with constant/Xj,-
dependent rates and X,,-dependent rates, respectively. Among the simulations yielding true positive
results, we additionally calculated “differentiation rates” as the percent for which the best-fitting
model assumed the same X,-rate relationship used to simulate the data. To further explore how
accurately our approach can estimate the relationship between X, and rates of Y evolution, we also
calculated BIC weights and generated model-averaged rate estimates across values of X, for all
simulations with either constant or X,-dependent rates, ignoring simulations with Xj,-dependent
rates because they lack a straight-forward expected X,-rate relationship to compare with rate esti-
mates. We measured the overall accuracy, bias, and precision of model-averaged rates estimates
across values of X, by calculating the inverse of the median absolute fold difference between es-
timated and simulated rates (i.e., the median absolute difference between estimated and simulated

rates on the log scale, negated such that higher values correspond to increased accuracy), the per-
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cent of estimated rates greater than simulated rates, and the fold difference between the 2.5% and

97.5% quantiles of estimated rates, respectively.

2.2.4 Empirical Example

We applied our approach for inferring continuous factor-dependent rates of trait evolution to
test whether rates of phenotypic evolution are associated with size in the Eucalyptus subgenus
Eucalyptus, sometimes called “Monocalypts”, a clade of ~124 Australian woody plant species
ranging from shrubby “mallees” only reaching a few meters in height (e.g., E. acies Brooker, E.
cunninghamii Sweet, E. erectifolia Brooker & Hopper) to gargantuan trees growing to nearly 100
meters in height (e.g., E. obliqua I’Hér, E. regnans FMuell.) (Ladiges et al., 2010; Brooker et al.,
2015; Thornhill et al., 2019; Falster et al., 2021; Nicolle, 2022). Body size tends to be associ-
ated with many aspects of life history, as larger organisms generally live in smaller populations
with slower generational turnover (Niklas and Enquist, 2001; White et al., 2007; Sibly and Brown,
2007; Adler et al., 2014; Salguero-Gémez et al., 2016; Bakewell et al., 2020), leading to the hy-
pothesis that evolutionary rates are slower among lineages of larger organisms compared to their
smaller relatives. Nonetheless, it remains unclear how rates of phenotypic evolution generally
scale with size in many groups, particularly plants (Cooper and Purvis, 2009; Baker et al., 2015;
Chira et al., 2018; Friedman et al., 2019; Zimova et al., 2023; see also Lanfear et al., 2013). We
obtained a phylogeny of 108 Monocalypt species by pruning the clade out from a recently inferred,
time-calibrated phylogeny of over 700 species in Eucalyptus and related genera (the “Maximum
Likelihood 17 tree in Thornhill et al., 2019). We used the online Eucalyptus encyclopedia EU-
CLID (Brooker et al., 2015) and the AusTraits database (Falster et al., 2021) to gather data on
10 continuous traits for these species, which we categorized into four modules: 1) juvenile leaves
consisting of juvenile leaf widths/lengths, 2) adult leaves consisting of petiole lengths and adult
leaf widths/lengths, 3) inflorescences consisting peduncle and inflorescence pedicel lengths, and 4)
flowers consisting of bud, fruit, and seed lengths. We used the same sources to also aggregate data
on height for these species, which acts as a proxy for size and plays the role of a factor in our anal-

yses. All of these traits exhibit substantial within-species variation. Accordingly, trait values for a
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given species were generally reported as ranges rather than average values, though only maximum
values were reported for some 0-29 species depending on the trait (e.g., “Grows up to 8 meters in
height”). The only average trait values reported were bud lengths for 13 species. Ultimately, for
each trait, we obtained data for between 102 and 105 out of the 108 species in the phylogeny, with
full value ranges (i.e., both minimum and maximum values) known for 73-105 species.

We assumed trait values were log-normally distributed within species with provided minimum
and maximum trait values corresponding to the 2.5% and 97.5% quantiles of this distribution, such
that averages and associated intraspecific variances (on the natural log scale) are given by the mid-
points and 1/4? the squared differences, respectively, of log-transformed minimum and maximum
trait values. Notably, some value ranges for petiole, peduncle, and pedicel lengths had maximum
and/or minimum values of 0 in some species, which is undefined on a log scale. Because these
traits were measured to a precision of 1 mm (Brooker et al., 2015), we rounded up maximum trait
values of 0 to 0.05 mm (i.e., the average assuming a flat prior over measurements from O to 1 mm).
For minimum trait values of 0, we either rounded them up to 0.05 mm if paired with a non-zero
maximum value or treated them as missing if paired with a maximum value also equal to 0. For all
cases where only the maximum trait value for a given species was known, we developed a crude
but simple procedure for imputing minimum trait values to mitigate bias resulting from comparing
average trait values in some species to maximum trait values in others. Specifically, for each trait,
we regressed log-transformed minimum trait values on maximum values for all species with fully-
known value ranges, and used the fitted relationship to predict minimum trait values for species
with known maximum values only. For species with only average bud length measurements avail-
able, we simply log-transformed the given averages and treated associated intraspecifc variance as
an unknown parameter to be estimated during model fitting.

Ultimately, we generated 349 contsimmaps (resolution/E = 100) of Monocalypt height under an
evolving rates or “evorates” model whereby rates of Monocalypt height evolution were allowed to
gradually change over time and across lineages (Martin et al., 2023; see APPENDIX 2C for further

details). We elected to use this relatively complicated model of height evolution as a constant-rate
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Brownian motion model exhibited a rather poor fit to our Monocalypt height data by comparison,
reflecting substantial variation in rates of height evolution among Monocalypts. We then generated
349 corresponding dummy factor contsimmaps by simulating trait evolution with starting values
and rates identical to those of the height contsimmaps. Using these contsimmaps, we fit seven mul-
tivariate Brownian motion models to each trait module—six models assuming rates depend either
on height or the dummy factor through a simple, threshold, or sweetspot relationship, plus a null
model assuming constant rates. All models allowed each trait to have independent mid rate (o)
or intercept (By) parameters to account for overall differences in rates among traits within a given
module, though we assumed all other free parameters were constant across traits for statistical
tractability (i.e., a single parameter function “shape” for each module which is rescaled among dif-
ferent traits). We fixed node error variances based on calculated intraspecific variances (excepting
bud lengths in some species for which only average trait values were known). Because our data
were largely derived from minimum-maximum ranges within species, we lacked any meaningful
signal of trait correlations within species and thus set all intraspecific correlations among traits
to 0 in our models, though we did estimate evolutionary correlations among traits. We used the
correlation matrix transform outlined in Lewandowski et al., 2009 and Stan Development Team,
2019 to avoid issues with exploring correlation parameters that form invalid correlation matrices.
To fit these models, we used the same optimization procedure and parameter boundaries which

were used in the simulation study, but ran the optimization procedure 20 rather than 10 times.
2.3 Results

2.3.1 Simulation Study

To illustrate potential uses of contsimmaps, we performed an extensive simulation study to
investigate whether contsimmaps of continuous variables can be used to infer relationships be-
tween rates of continuous trait evolution and continuously-varying factors, in analogy with popu-
lar approaches for inferring relationships between rates and discretely-varying factors (e.g., Revell,
2013). Overall, our contsimmap-based pipeline exhibited appropriate error and modest power rates

when applied to simulated data (Tables 2.1 and 2.2; Fig. 2.2). Across all simulation conditions,
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error rates remained consistent and conservative at around 2-4%, only exceeding 5% in 2 out of
the 24 null simulation conditions. On the other hand, power rates varied dramatically across sim-
ulation conditions, ranging from only ~5-25% for simulations exhibiting subtler patterns of rate
variation (i.e., weak and wide factor-rate relationships) on phylogenies with 50 tips, to ~75-90%
and ~90-100% for those exhibiting strong rate variation on phylogenies with 100 and 200 tips,
respectively. Unsurprisingly, higher power rates were generally associated with more accurate, un-
biased, and precise model-averaged estimates of factor-rate relationships, while lower power rates
were associated with increased bias towards inference of overly conservative and “flat” relation-
ships (Fig. 2.3; Figs. 2A.1-2A.3). Differentiation rates—that is, the ability to distinguish among
different kinds of factor-rate relationships—largely depended on the kind of factor-rate relationship
used to simulate data. Specifically, our method could easily dinstiguish sweetspot (i.e., modal) and
especially simple (i.e., exponential) factor-rate relationships from other kinds of relationships, yet

often mistook threshold (i.e., logistic) relationships for either simple or sweetspot ones.
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Table 2.1 Proportions of times the contsimmap-based pipeline for detecting continuous factor-dependent rates of trait evolution selected
a model assuming a given kind of factor-rate relationship (i.e., simple, threshold, or sweetspot) as the best-fitting one (based on having
the lowest Bayesian Information Criterion) across all simulation conditions without random variation around factor-rate relationships
(“noise”). All models assuming either constant or dummy factor-dependent rates were considered “null” models.

constant hidden factor-dependent simple threshold sweetspot
simple threshold sweetspot strong weak strong weak wide strong weak wide

50 tips
null  0.98 1.00 0.99 0.98 0.51 080 0.60 083 068 074 094 0.90
simple  0.00 0.00 0.01 0.00 048 0.18 034 0.15 029 0.06 0.02 0.06
threshold  0.02 0.00 0.00 0.00 0.01 001 0.02 001 0.02 0.02 000 0.00
sweetspot  0.00 0.00 0.00 0.02 0.00 001 004 001 001 0.18 0.04 0.04
100 tips
null 0.98 0.98 1.00 0.96 0.11 056 0.19 060 043 0.10 0.68 0.60
simple  0.02 0.01 0.00 0.00 0.87 044 049 034 051 004 0.10 0.13
threshold ~ 0.00 0.00 0.00 0.01 0.02 000 0.13 0.02 0.01 0.09 000 0.04
sweetspot  0.00 0.01 0.00 0.03 0.00 000 0.19 004 0.05 077 022 023
200 tips
null  0.98 0.96 0.98 0.96 0.00 0.13 007 0.16 0.10 0.00 029 0.21
simple  0.02 0.01 0.01 0.01 099 087 0.17 057 0.65 0.00 0.07 0.08
threshold ~ 0.00 0.00 0.00 0.01 0.00 000 039 009 0.13 0.04 001 0.08
sweetspot  0.00 0.03 0.01 0.02 0.01 000 037 0.18 0.12 096 0.63 0.63
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Table 2.2 Proportions of times the contsimmap-based pipeline for detecting continuous factor-dependent rates of trait evolution selected a
model assuming a given kind of factor-rate relationship (i.e., simple, threshold, or sweetspot) as the best-fitting one (based on having the
lowest Bayesian Information Criterion) across all simulation conditions with random variation around factor-rate relationships (“noise”).
All models assuming either constant or dummy factor-dependent rates were considered “null” models.

constant hidden factor-dependent simple threshold sweetspot
simple threshold sweetspot strong weak strong weak wide strong weak wide
50 tips
null 099 0.99 0.97 0.99 071 087 062 092 083 0.76 095 0.82
simple  0.00 0.00 0.01 0.00 026 011 024 007 0.12 0.05 001 0.08
threshold  0.01 0.01 0.02 0.01 0.02 001 006 000 0.01 002 0.01 0.01
sweetspot  0.00 0.00 0.00 0.00 0.01 001 0.08 001 004 0.17 0.03 0.09
100 tips
null 0.96 0.96 0.98 0.94 024 064 033 069 048 025 073 0.67
simple  0.00 0.00 0.00 0.01 0.71 027 024 0.15 038 0.00 0.05 0.07
threshold  0.02 0.02 0.01 0.02 0.00 003 021 0.09 0.06 0.07 003 0.06
sweetspot ~ 0.02 0.02 0.01 0.03 0.05 006 022 007 008 068 0.19 0.20
200 tips
null  0.93 0.97 0.96 0.98 0.07 037 0.06 034 023 0.02 044 0.22
simple  0.00 0.00 0.02 0.00 086 055 0.17 036 051 0.00 0.04 0.05
threshold  0.04 0.02 0.00 0.00 0.05 004 044 0.11 0.14 007 0.02 0.13
sweetspot ~ 0.03 0.01 0.02 0.02 002 004 033 0.19 0.12 091 050 0.60
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Figure 2.2 Error, power, and differentiation rates of the contsimmap-based pipeline for detecting
continuous factor-dependent rates of trait evolution. Different colors correspond to simulations
with different factor-rate relationships; different symbols to simulations with differing relationship
strength and, in the case of threshold and sweetspot models, width; and dashed versus solid lines
to simulations with versus without random variation in rates (‘“noise’’) around simulated factor-
rate relationships. Top left: percent of simulations with either constant or hidden factor-dependent
rates for which the best-fitting model (i.e., lowest Bayesian Information Criterion) was an observed
factor-dependent model (i.e., error rates). Bottom left: percent of simulations with observed factor-
dependent rates for which the best-fitting model was also an observed factor-dependent model
(i.e., power rates). Bottom right: percent of observed-factor dependent simulations for which the
best fitting model assumed the very same kind factor-rate relationship (i.e., simple, threshold, or
sweetspot) used to simulate the data (i.e., differentiation rates).

Random variation around simulated factor-rate relationships, or “noise”, had minor yet no-
ticeable effects on our method’s performance. Specifically, noise was associated with slightly

increased error rates, albeit inconsistently, as well as ~5-15% decreases to power rates across all
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Figure 2.3 Mean model-averaged factor-rate relationships inferred using the contsimmap-based
pipeline for detecting continuous factor-dependent rates of trait evolution in comparison to sim-
ulated factor-rate relationships under all simulation conditions with either constant or observed
factor-dependent rates. Different colors correspond to different phylogeny sizes (i.e., number of
tips) and dashed versus solid lines to simulation conditions with versus without random variation
in rates (‘“noise”) around simulated factor-rate relationships. Simulated factor-rate relationships
are represented by thick gray lines for reference.

simulation conditions. In terms of differentiation rates, noise appeared to increase support for more
complex models assuming threshold or sweetspot factor-rate relationships at the expense of those
assuming simple relationships. Overall, however, phylogeny size and/or the factor-relationship
used to simulate data had a much stronger effect on both power and differentiation rates compared
to noise. Additionally, low error rates across the board indicate that our method is fairly robust to
random rate variation due to noise and/or unobserved factors. Interestingly, noise generally had the
least severe effects on our method’s performance for simulations on both small and large phyloge-

nies. This pattern is particularly apparent in the estimated factor-rate relationships for simulations
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with strong relationships in Fig. 2.3. While noise had virtually no effect on estimated relationships
for simulations on phylogenies with 100 and 200 tips, it tended to conservatively bias estimated
relationships for simulations with 100 tips. Roughly speaking, we hypothesize that simulations on
smaller phylogenies often failed to yield enough signal of factor-dependent rates to support factor-
dependent models regardless of noise, while simulations on larger phylogenies yielded enough
signal to “overcome” the effect of noise on inference. Indeed, for simulation conditions with weak
or wide factor-rate relationships—which generated weaker signals of factor-dependent rates—noise’s
effect on estimated relationships was most pronounced for phylogenies with 200 rather than 100
tips, presumably reflecting greater amount of data needed to reliably infer subtler factor-rate rela-

tionships.

2.3.2 Empirical Example

In addition to the simulation study, we also applied our contsimmap-based pipeline for inferring
factor-dependent rates of continuous trait evolution to test whether rates of leaf and flower trait evo-
lution are associated with height variation in the Eucalyptus subgenus Eucalyptus, or Monocalypts.
Ultimately, we found no evidence of height-rate associations for any of the trait modules investi-
gated, instead finding overwhelming support for associations between rates and simulated dummy
factors. These results strongly suggest rates of leaf and flower trait evolution in Monocalypts are
variable but not closely related to height (Fig. 2.4). To further investigate these results, we calcu-
lated marginal rate estimates for each trait module across the Monocalypt phylogeny by first tak-
ing the weighted average of estimated rates across all contsimmaps under each fitted model, with
weights given by the normalized conditional likelihoods for each contsimmap (i.e., prior-weighted
conditional likelihoods for each contsimmap rescaled to have a sum to 1), then model-averaging
the resulting rate estimates across all models using BIC weights. Notably, marginal rate varia-
tion patterns for each trait module appear similar to those for height evolution as inferred under
an evorates model (see APPENDIX 2C for further details on this model)—particularly for juvenile
leaves and flowers—suggesting that overall rates of phenotypic evolution among Monocalypts vary

according to some common yet currently unknown factor.
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Figure 2.4 Variation in rates of leaf and flower trait evolution in the Eucalyptus subgenus Euca-
lyptus (“Monocalypts”). Top left: bar graph displaying Bayesian Information Criterion weights
for the contsimmap-based models fit to each trait module. Different colors correspond to different
factor-rate relationships, while solid and hatched bars correspond to models assuming rates depend
on height and simulated dummy factors, respectively. Bottom left: Phylogram colored according
to the average of 349 rate contsimmaps sampled from the posterior of an evolving rates model fit
to the Monocalypt height data, with dark blue and light red corresponding to slow and fast rates,
respectively. Right: phylograms depicting marginal rates estimated under contsimmap-based mod-
els for each trait module, with dark blue and light red once again corresponding to slow and fast
rates, respectively.
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2.4 Discussion

Here, we introduced contsimmapping, a flexible and efficient method for sampling histories
of continuous variables on phylogenies under Brownian motion models of trait evolution. Con-
tsimmapping provides an intuitive framework for reconstructing and analyzing the evolution of
continuous phenotypes while accounting for our inherently incomplete knowledge of the evolu-
tionary past. Further, like conventional simmapping for discrete variables, contsimmapping pro-
vides a way to generate distributions of probable evolutionary histories for some variable, enabling
straight-forward development of rigorous statistical pipelines for determining how evolutionary
processes are affected by continuous variables like body size (e.g., Friedman et al., 2019), gener-
ation time (e.g., Gingerich, 2001), or climatic niche (e.g., Tribble et al., 2023). To this end, we
implemented a contsimmap-based pipeline capable of robustly detecting and accurately quanti-
fying relationships between continuously-varying factors and rates of trait evolution. Using this
novel approach, we show that rates of leaf and flower trait evolution are generally unrelated to
height in a clade of Eucalyptus trees spanning nearly two orders of magnitude in height variation
(Brooker et al., 2015; Thornhill et al., 2019; Falster et al., 2021). Nonetheless, our analysis uncov-
ered striking similarities in patterns of evolutionary rate variation across different Eucalyptus traits
(Figure 2.4), demonstrating how contsimmaps provide a powerful toolkit for flexibly interrogating
the evolutionary dynamics of continuous traits.

Our implementation of contsimmapping is already quite comprehensive, allowing for con-
tsimmapping of multiple correlated continuous variables while incorporating within-species varia-
tion/measurement error and even regime-dependent rates and trends. Additionally, the contsimmap
R package provides a variety of tools for transforming, summarizing, and visualizing contsimmaps,
which may be used to conveniently explore patterns in phylogenetic comparative data on contin-
uous traits while accounting for uncertainty as well as produce publication-quality figures (e.g.,
Figs. 2.1,2.4; see also Figs. 2C.3 and 2C.5). While we largely focused on using contsimmaps
to infer associations between rates of continuous trait evolution and continuously-varying factors

in the current study, our pipeline could be easily adapted to infer factor-dependent evolutionary
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trends and node error variances using tools already available in our R package. Looking forward,
contsimmapping could be extended to sample evolutionary histories under other popular models
of continuous trait evolution such as Ornstein-Uhlenbeck and Lévy processes, which are generally
interpreted as models of adaptive and pulsed evolution, respectively. Another promising future di-
rection would be the development of methods for fitting Ornstein-Uhlenbeck models, discrete trait
evolution models, or lineage diversification models with factor-dependent parameters conditional
on contsimmaps. Such methods would further enhance macroevolutionary biologists’ ability to
explore and answer questions regarding the interplay of evolutionary processes with continuous

variables.

24.1 Using contsimmaps to infer associations between continuous variables and rates of
trait evolution

Overall, our contsimmap-based pipeline provides an effective and practical way to detect and
quantify relationships among rates of trait evolution and continuous variables—at least given a suf-
ficiently large effect size and phylogeny. Our pipeline is not the first statistical method developed
for inferring relationships between rates of trait evolution and continuous factors, though it is cur-
rently the most flexible and thoroughly-tested one to our knowledge. Indeed, many previous meth-
ods were developed for particular empirical studies to circumvent the lack of a standard, general-
purpose approach. Accordingly, the general statistical performance of these methods often remains
largely unknown (e.g., Cooper and Purvis, 2009; Uyeda et al., 2021). The evorag method devel-
oped by Weir and Lawson, 2015 constitutes a notable exception as a well-studied method suitable
for a variety of purposes, though it only uses sister pair contrasts to infer factor-rate relationships.
By using entire phylogenies, our method theoretically more fully utilizes the information available
in phylogenetic comparative data to infer factor-rate relationships. More recently, Hansen et al.,
2022 developed an elegant regression-based approach for inferring correlations between rates and
continuous variables, though this method is only capable of inferring linear or exponential rela-
tionships between a single continuous factor and rates for a single continuous trait (or node error

variances, which are interpreted as “microevolutionary rates” by the authors). In comparison to this
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method, our contsimmap-based pipeline sacrifices computational simplicity for flexibility, allow-
ing researchers to incorporate explicit reconstructions of discrete and multiple continuous factors
into analyses, fit multivariate models of continuous trait evolution, and/or simultaneously link mul-
tiple trait evolution process parameters (i.e., rates, node error variances, and/or evolutionary trends)
with reconstructed factors via arbitrary parameter functions (computational/statistical tractability
notwithstanding). Overall, our new pipeline is a substantial generalization of previous methods,
greatly expanding the hypothesis-testing capabilities of macroevolutionary biologists and allow-
ing researchers to shed light on many famous long-standing questions regarding how phenotypic
evolutionary processes are affected by continuous variables.

While our pipeline for inferring associations between rates of trait evolution and continous fac-
tors is generally quite accurate and robust, it notably struggles to detect relatively weak factor-rate
relationships from smaller phylogenetic comparative datasets. Based on the simulation conditions
examined here, our method generally seems to require phylogenies with around 100 tips or more
to reliably detect ~20-fold differences in rates associated with a continuous factor, and at least
200 tips for 5-fold differences. Nonetheless, our approach is still able to reliably detect and re-
ject factor-rate associations even in the face of rate variation due to unobserved factors and/or
general “noise” around relationships. Thus, empirical applications of this approach may fail to
detect weak factor-rate associations in some cases yet are importantly unlikely to infer spurious
associations (though, as with any correlative statistical method, associations may in fact reflect
unobserved factors which correlated/confounded with observed factors). Interestingly, while the
error rates of our method remained low across all simulation conditions, we do note subtly elevated
error among simulations on larger phylogenies involving noise and/or sweetspot (i.e., modal) re-
lationships between rates and unobserved factors. We hypothesize these patterns ultimately reflect
“poorly replicated bursts” of trait evolution (sensu Maddison and FitzJohn, 2015; Uyeda et al.,
2018), whereby apparent yet transient rate fluctuations occur in a few subclades that happen to ex-
hibit similar observed factor values by chance. In practice, one could investigate marginalized rate

estimates (see Figure 2.4) to detect such scenarios and/or incorporate node error into analyses to re-
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duce the impact of recent, transient rate fluctuations on the inference of trait evolutionary processes
(Landis and Schraiber, 2017). Notably, support for constant rate models was rather low across all
simulation conditions, including those with truly constant rates unaffected by noise and/or unob-
served factors (Tables 2A.4 and 2A.5). We suspect the highly stochastic nature of trait divergence
under Brownian motion processes (i.e., subclades exhibiting somewhat anomalous levels of trait
disparity by chance), along with the phylogenetic autocorrelation of factor data, may lead to phy-
logenetic pseudoreplication of spurious factor-rate associations with surprising frequency. Such
phenomena would be naturally exacerbated by actual rate variation driven by unobserved factors
and/or within-species variation/measurement error creating the illusion of unexpectedly large dis-
parity among recently-diverged lineages (Felsenstein, 2008; Landis and Schraiber, 2017). In any
case, dummy factor-dependent models were absolutely critical for controlling our method’s error
rates by providing more “competitive” null models that effectively account for such spurious cor-
relations generated either by chance or unobserved factors. Our work adds to a growing body of
literature demonstrating that accounting for “background” or “residual” heterogeneity in evolution-
ary processes is absolutely critical for robust phylogenetic comparative inference and hypothesis
testing (Maddison and FitzJohn, 2015; Beaulieu and O’Meara, 2016; Uyeda et al., 2018; May and
Moore, 2020; Boyko and Beaulieu, 2023; Boyko et al., 2023b; Tribble et al., 2023).

Beyond the magnitude of rate variation and phylogeny size, differences in the shapes of factor-
rate relationships had a profound influence on our method’s power and accuracy. Perhaps unsur-
prisingly, “wider” factor-rate relationships that featured more gradual changes in rates over factor
values were generally harder to both detect and accurately infer compared to narrower relationships
with the same effect size. Thus, our method’s ability to infer factor-rate relationships importantly
depends not only on the overall magnitude of rate differences, but also how frequently apparent
rate shifts tend to occur across a phylogeny, which is primarily determined by how abruptly rates
change with respect to factor values. Additionally, sweetspot factor-rate relationships, whereby
rates peak or dip at intermediate factor values, appear to require particularly strong effect sizes

and/or large phylogenies to reliably detect, likely due to difficulties in correlating the transient rate
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fluctuations that occur under such relationships with factor values only observed at the tips of a
phylogeny. By comparison, simple (i.e., exponential) and threshold (i.e., logistic) factor-rate rela-
tionships, whereby rates strictly decrease or increase with respect factor values, appear to generate
more persistent rate shifts and thus yield stronger signals of factor-rate associations. However,
similarly to methods for detecting relationships between continuous factors and lineage diver-
sification rates (FitzJohn, 2010), despite consistently detecting factor-dependent rates from data
simulated under more complex threshold relationships, our approach largely failed to distinguish
such relationships from sweetspot and especially simple relationships—even with large phylogenies
including 200 tips.

Notably, some recent work suggests detecting correlations between rates and factors from phy-
logenetic comparative data is generally quite challenging (Hansen et al., 2022). Thus, the low
power documented in our simulation study may well reflect fundamental limits to phylogenetic
comparative inference of factor-rate relationships rather than shortcomings particular to our ap-
proach. Shrinkage of estimated rates, whereby high and low rates tend to be under- and over-
estimated, respectively, has also been found in previous studies investigating methods for infer-
ring variation in rates of trait evolution (Revell, 2013; Martin et al., 2023). Notably, the shrink-
age of factor-rate relationships inferred from larger phylogenies was generally mild compared to
the shrinkage of relationships inferred from smaller phylogenies—particularly when the simulated
factor-rate relationship was weak—suggesting the shrinkage observed in our simulation study pri-
marily arises from our method’s limited power with small effect and sample sizes. Nonetheless,
as noted by Revell, 2013, uncertainty in factor histories may cause factor values associated with
low rates to be inferred in lineages evolving at relatively high rates and vice versa, weakening
apparent factor-rate associations and further exacerbating shrinkage of estimated rates. A joint in-
ference approach, whereby the factor history and its effect on trait evolution processes are inferred
simultaneously rather than sequentially, could help mitigate these effects and enable more accu-
rate inference of factor-rate associations. However, such methods entail significant mathematical,

statistical, and computational challenges due to their complexity (e.g., FitzJohn, 2010, May and
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Moore, 2020, Boyko et al., 2023b).

2.4.2 Size is unrelated to rates of trait evolution in Monocalypts

Using our contsimmap-based pipeline for inferring associations between rates of trait evo-
lution and continuous factors, we show that rates and size appear unrelated in the Eucalyptus
subgenus Eucalyptus (i.e., Monocalypts), despite numerous theoretical predictions and empirical
findings suggesting body size is intertwined with many aspects life history and thus evolutionary
rates (Niklas and Enquist, 2001; White et al., 2007; Sibly and Brown, 2007; Adler et al., 2014;
Salguero-Gomez et al., 2016; Bakewell et al., 2020). Broadly, lineages of larger organisms are
thought to accumulate genetic and phenotypic variation more slowly due to their relatively small
population sizes and long generation times. Indeed, larger animals and plants do generally ex-
hibit slower rates of molecular evolution (Gillooly et al., 2005; Fontanillas et al., 2007; Bromham,
2011; Lanfear et al., 2013; Weber et al., 2014; but see Thomas et al., 2006; Wright et al., 2011;
Lourenco et al., 2013). However, smaller populations can also evolve rapidly due to genetic drift,
and empirical relationships between body size and rates of phenotypic evolution/lineage diversi-
fication have notably proven inconsistent compared to relationships between size and molecular
rates. In line with our results, a recent analysis suggests size and lineage diversification rates are
unrelated within the genus Eucalyptus (Vasconcelos et al., 2022), agreeing with patterns found in
several animal groups (Cardillo et al., 2003; Feldman et al., 2016; Rainford et al., 2016; but see
Amado et al., 2021) but contrasting with a broader pattern of slower lineage diversification among
larger plants (Boucher et al., 2017; Igea et al., 2017; see also Wollenberg et al., 2011; Tedesco
etal., 2017). Previous work on phenotypic rates predominantly focuses on vertebrates and has also
yielded mixed results, suggesting that body shape evolution is slower among larger fish and birds
(Friedman et al., 2019; Zimova et al., 2023) while body size and cranial shape evolution is faster
among larger mammals (Cooper and Purvis, 2009; Baker et al., 2015).

Ultimately, the lack of general scaling relationships between body size and rates of phenotypic
evolution (or lineage diversification rates) likely reflects idiosyncratic adaptations in some clades

weakening or completely altering expected relationships among body size, life history traits, and
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evolutionary rates. For example, Eucalyptus species may exhibit an inverse relationship between
size and lifespan, as smaller, shrubby species, termed “mallees”, tend to be highly fire-tolerant and
live for many centuries through countless cycles of burning followed by resprouting. On the other
hand, the tallest Eucalyptus species generally live in more mesic environments and rely on banks
of serotinous seed capsules to sprout and replace the previous generation following intense, mature
tree-killing fires (Nicolle, 2006). These peculiarities of Eucalyptus biology may account for dif-
ferences in size-lineage diversification rate correlations between Eucalyptus and other plant clades
(Boucher et al., 2017; Igea et al., 2017; Vasconcelos et al., 2022), though further investigations
of size-phenotypic rate correlations are needed to gauge whether the results of our study are truly
anomalous or reflect broader patterns across plants.

While rates of phenotypic evolution among Monocalypts showed no relationship to size, they
are highly variable based on our analysis’ strong support for models assuming rates are associ-
ated with simulated dummy factors. By further interrogating the patterns of rate variation inferred
under the dummy factor-dependent models, we show that variation in rates of phenotypic evo-
lution across the Monocalypt phylogeny are relatively consistent across traits. We hypothesize
these patterns reflect some common as-of-yet unknown factor modulating the apparent pace of
phenotypic evolution among Monocalypts. Given that the highest rates consistently occur in the
subclade roughly corresponding to the section Eucalyptus—a relatively young radiation concen-
trated in southeast Australia (Ladiges et al., 2010; Nicolle, 2022)—such rate variation may reflect
a genuine shift in evolutionary dynamics among this subclade, an overall acceleration in rates of
phenotypic evolution over time, or phenotypic evolution among Monocalypts generally following
Ornstein-Uhlenbeck-like processes (Blomberg et al., 2003). Alternatively, such results may also
reflect inaccurate estimation of phylogenetic topology and/or branch lengths, as accurate phyloge-
netic inference is challenging for Eucalyptus due to frequent hybridization and incomplete lineage
sorting (Rutherford et al., 2016; Thornhill et al., 2019; McLay et al., 2023). In any case, con-
tsimmapping provides an effective tool for more thoroughly exploring the interplay of body size

and rates of phenotypic evolution, potentially helping researchers develop more cohesive, general-
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ized theories explaining how the rates of different evolutionary processes interrelate to one another

and various life history attributes across the tree of life.

24.3 Conclusion

Here, we developed a novel method for sampling the histories of continuous variables on
phylogenies under Brownian motion models of trait evolution, generalizing conventional discrete
stochastic character mapping or “simmapping” methods to work with continuous variables. We
further show how these continuous stochastic character maps or “contsimmaps” may be used to ac-
curately and robustly infer relationships between evolutionary processes and continuously-varying
factors such as body size, generation time, or climatic niche. In the process, we notably developed
pragmatic techniques to account for the influence of unobserved factors on evolutionary processes
in macroevolutionary hypothesis testing. Lastly, we used contsimmaps to test whether height is
associated with rates of leaf and flower trait evolution in a clade of eucalyptus trees. Despite find-
ing no evidence for height-rate associations, our empirical case study nonetheless demonstrates
the empirical utility of contsimmaps in characterizing general patterns of variation in evolutionary
processes across clades. Ultimately, contsimmapping will empower researchers with new and in-
novative strategies for analyzing the evolutionary dynamics of continuous phenotypes and testing
macroevolutionary hypotheses that require knowing how continuous variables have changed over

evolutionary time.
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Figure 2A.1 Accuracy of model-averaged factor-rate relationships inferred using the contsimmap-
based method for detecting continuous factor-dependent rates of trait evolution for all simulations
with either constant or observed factor-dependent rates (i.e., median absolute differences between
estimated and simulated relationships on log scale, negated such that higher values correspond to
greater accuracy). Different colors correspond to different sample sizes (i.e., number of tips in
simulated phylogeny) and solid versus dashed lines to simulations without versus with random
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Figure 2A.2 Bias of model-averaged factor-rate relationships inferred using the contsimmap-based
method for detecting continuous factor-dependent rates of trait evolution for all simulations with
either constant or observed factor-dependent rates (i.e., percent of overestimated model-averaged
rates). Different colors correspond to different sample sizes (i.e., number of tips in simulated
phylogeny) and solid versus dashed lines to simulations without versus with random variation in
rates (“noise”) around inferred relationships. Position of unbiased estimation depicted with thick
gray line.
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Figure 2A.3 Precision of model-averaged factor-rate relationships inferred using the contsimmap-
based method for detecting continuous factor-dependent rates of trait evolution for all simulations
with either constant or observed factor-dependent rates (i.e., the lower bound of 95% interval of
model-averaged rates divided by the corresponding upper bound). Different colors correspond to
different sample sizes (i.e., number of tips in simulated phylogeny) and solid versus dashed lines to
simulations without versus with random variation in rates (‘“noise”’) around inferred relationships.
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Table 2A.1 Table of parameter values for each version of simple, threshold, sweetspot, and null parameter functions used to generate
data for the simulation study of the contsimmap-based pipeline for detecting continuous factor-dependent rates of trait evolution. In
general, we consider the “strong” versions of each function the default, which are standardized to yield an overall rate around 4 that
varies ~20-fold as factor values range from -2 to 2. “Weak” functions are largely identical to strong functions but instead only cause
rates to vary ~5-fold over the -2 to 2 interval. On the other hand, “wide” functions still cause rates to vary ~20-fold but over a wider
range of factor values from -4 to 4 (note that there is no wide version of the simple function). Intercept and slope parameters were chosen
to ensure simple functions reach the minimum/maximum values of corresponding threshold/sweetspot functions at factor values of -2.5
and 2.5.

parameter
function version intercept (fp) slope (B;) mid-rate () location (0) rate deviation (0) width (@)
strong 1n4 —Incosh ( @) % In4 0 @ In4
weak In4 —Incosh (122) % In4 0 Ins In4
wide — — In4 0 20 In8
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Table 2A.2 Proportions of times the contsimmap-based pipeline for detecting continuous factor-dependent rates of trait evolution selected
a model assuming a given factor-rate relationship as the best-fitting one (based on having the lowest sample size corrected Akaike
Information Criterion) across all simulation conditions without random variation around factor-rate relationships (“noise”). Models
assuming either constant or dummy factor-dependent rates were considered “null” models.

constant hidden factor-dependent simple threshold sweetspot
simple threshold sweetspot strong weak strong weak wide strong weak wide
50 tips
null  0.96 0.98 0.99 0.97 053 083 059 087 067 0.65 091 0.82
simple  0.02 0.00 0.01 0.00 038 0.11 021 007 0.19 0.01 0.01 0.06
threshold  0.02 0.01 0.00 0.01 0.04 004 006 002 004 007 002 0.03
sweetspot  0.00 0.01 0.00 0.02 0.05 002 0.14 004 0.10 027 0.06 0.09
100 tips
null 0.96 0.98 0.99 0.95 0.12 062 0.17 058 045 0.07 064 042
simple  0.02 0.00 0.00 0.00 0.74 030 0.15 0.18 0.25 0.00 0.03 0.05
threshold  0.01 0.00 0.00 0.01 0.07 002 034 0.10 0.13 0.13 0.00 0.10
sweetspot ~ 0.01 0.02 0.01 0.04 0.07 006 034 0.14 0.17 080 033 043
200 tips
null  0.93 0.95 0.97 0.96 0.00 0.18 0.04 0.19 0.09 000 0.19 0.13
simple  0.03 0.00 0.00 0.01 092 057 0.03 0.11 025 0.00 0.01 0.01
threshold ~ 0.00 0.00 0.00 0.01 0.01 0.10 044 028 024 0.04 004 0.11
sweetspot ~ 0.04 0.05 0.03 0.02 0.07 0.15 049 042 042 096 076 0.75
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Table 2A.3 Proportions of times the contsimmap-based pipeline for detecting continuous factor-dependent rates of trait evolution selected
a model assuming a given factor-rate relationship as the best-fitting one (based on having the lowest sample size corrected Akaike
Information Criterion) across all simulation conditions with random variation around factor-rate relationships (‘“noise”) are given without
and within parentheses, respectively. Models assuming either constant or dummy factor-dependent rates were considered “null” models.

constant hidden factor-dependent simple threshold sweetspot
simple threshold sweetspot strong weak strong weak wide strong weak wide

50 tips
null 0.98 0.98 0.96 0.94 074 086 064 090 082 070 090 0.81
simple 0.00 0.00 0.01 0.00 0.19 0.07 0.17 0.04 0.09 0.01 0.00 0.04
threshold 0.01 0.01 0.03 0.02 002 0.02 008 0.01 005 003 001 0.02
sweetspot 0.01 0.01 0.00 0.04 0.05 0.05 0.11 005 004 026 009 0.13
100 tips
null 0.93 0.95 0.97 0.92 032 068 029 066 047 020 064 0.65
simple 0.00 0.00 0.00 0.01 039 0.13 0.10 0.04 0.18 0.00 0.03 0.03
threshold 0.04 0.02 0.01 0.04 0.04 005 032 0.12 0.13 0.07 0.06 0.08
sweetspot 0.03 0.03 0.02 0.03 025 0.14 029 0.18 022 073 027 024
200 tips
null 0.87 0.95 0.92 0.97 007 052 004 031 023 002 037 0.17
simple 0.00 0.00 0.00 0.00 064 028 005 0.08 0.16 0.00 0.01 0.02
threshold 0.04 0.02 0.01 0.00 0.12 0.07 052 029 025 0.07 0.06 0.16
sweetspot 0.09 0.03 0.07 0.03 0.17 0.13 039 032 036 091 0.56 0.65
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Table 2A.4 Proportions of times the contsimmap-based pipeline for detecting continuous factor-dependent rates of trait evolution selected
a model assuming a given factor-rate relationship as the best-fitting one (based on having the lowest Bayesian Information Criterion; d.
denotes models assuming relationships with simulated “dummy” factors, while o. denotes models assuming relationships with observed
factors) across all simulation conditions without random variation around factor-rate relationships (‘“noise”).

constant hidden factor-dependent simple threshold sweetspot
simple threshold sweetspot strong weak strong weak wide strong weak wide
constant  0.38 0.05 0.02 0.02 0.01 007 0.03 0.10 0.09 0.03 0.13 0.10
d. simple  0.49 0.78 0.80 0.69 042 067 046 064 044 054 075 0.67
d. threshold  0.08 0.12 0.08 0.12 0.04 004 0.03 006 0.09 010 0.04 0.08
50tips  d. sweetspot  0.03 0.05 0.09 0.15 0.04 002 0.08 003 0.06 007 0.02 0.05
o. simple  0.00 0.00 0.01 0.00 048 0.18 034 0.15 029 0.06 0.02 0.06
o. threshold  0.02 0.00 0.00 0.00 0.01 001 0.02 001 0.02 0.02 000 0.00
o. sweetspot  0.00 0.00 0.00 0.02 0.00 001 0.04 001 0.01 018 0.04 0.04
constant (.35 0.01 0.01 0.00 0.00 005 0.01 004 0.03 001 000 0.04
d. simple  0.49 0.71 0.67 0.70 0.10 045 0.14 051 037 008 055 044
d. threshold  0.07 0.12 0.13 0.06 0.01 005 0.02 002 0.01 001 0.05 0.05
100 tips  d. sweetspot  0.07 0.14 0.19 0.20 0.00 001 0.02 003 0.02 000 0.08 0.07
o. simple  0.02 0.01 0.00 0.00 087 044 049 034 051 004 0.10 0.13
o. threshold  0.00 0.00 0.00 0.01 0.02 000 0.13 0.02 0.01 0.09 000 0.04
o. sweetspot  0.00 0.01 0.00 0.03 0.00 000 0.19 004 0.05 077 022 023
constant  0.40 0.00 0.00 0.01 0.00 000 0.01 0.02 0.01 0.00 0.00 0.00
d. simple  0.54 0.65 0.69 0.51 0.00 0.12 0.05 0.13 0.06 0.00 026 0.18
d. threshold  0.01 0.21 0.12 0.21 0.00 001 0.00 000 0.02 000 001 o0.01
200 tips d. sweetspot  0.03 0.10 0.17 0.23 0.00 000 0.01 001 0.01 0.00 002 0.02
o. simple  0.02 0.01 0.01 0.01 099 087 0.17 057 0.65 0.00 0.07 0.08
o. threshold  0.00 0.00 0.00 0.01 0.00 000 039 009 0.13 004 001 0.08
o. sweetspot  0.00 0.03 0.01 0.02 0.01 000 037 0.18 0.12 096 0.63 0.63
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Table 2A.5 Proportions of times the contsimmap-based pipeline for detecting continuous factor-dependent rates of trait evolution selected
a model assuming a given factor-rate relationship as the best-fitting one (based on having the lowest Bayesian Information Criterion; d.
denotes models assuming relationships with simulated “dummy” factors, while o. denotes models assuming relationships with observed
factors) across all simulation conditions with random variation around factor-rate relationships (“noise”).

constant hidden factor-dependent simple threshold sweetspot
simple threshold sweetspot strong weak strong weak wide strong weak wide
constant (.14 0.01 0.01 0.03 0.00 002 0.01 000 0.01 003 0.01 0.03
d. simple  0.57 0.67 0.59 0.59 042 053 033 059 054 046 056 049
d. threshold  0.24 0.19 0.14 0.15 0.12 020 0.14 0.18 0.17 0.14 024 0.16
50tips  d. sweetspot  0.04 0.12 0.23 0.22 0.17 0.12 0.14 0.15 0.11 0.13 0.14 0.14
o. simple  0.00 0.00 0.01 0.00 026 011 024 007 0.2 0.05 0.01 0.08
o. threshold  0.01 0.01 0.02 0.01 0.02 001 0.06 000 0.01 002 001 0.01
o. sweetspot  0.00 0.00 0.00 0.00 0.01 001 0.08 001 0.04 0.17 0.03 0.09
constant  0.09 0.00 0.00 0.00 0.00 001 0.00 0.02 0.00 0.00 0.01 o0.01
d. simple  0.46 0.64 0.58 0.43 0.14 039 021 037 026 010 042 035
d. threshold  0.26 0.09 0.19 0.23 0.06 0.12 0.04 0.12 0.13 0.09 0.17 0.17
100 tips  d. sweetspot  0.15 0.23 0.21 0.28 0.04 0.12 0.08 0.18 0.09 0.06 0.13 0.14
o. simple  0.00 0.00 0.00 0.01 0.71 027 024 0.15 038 0.00 0.05 0.07
o. threshold  0.02 0.02 0.01 0.02 0.00 003 021 0.09 0.06 0.07 003 0.06
o.sweetspot  0.02 0.02 0.01 0.03 0.05 006 022 007 008 068 0.19 0.20
constant  0.08 0.00 0.00 0.00 0.00 000 0.00 0.00 0.00 0.00 0.01 0.00
d. simple  0.54 0.62 0.45 0.49 0.02 024 0.04 027 0.13 0.00 023 0.12
d. threshold  0.19 0.23 0.32 0.24 0.02 006 0.02 005 0.02 0.00 007 0.06
200 tips  d. sweetspot  0.12 0.12 0.19 0.25 0.03 007 0.00 002 0.08 0.02 0.13 0.04
o. simple  0.00 0.00 0.02 0.00 086 055 0.17 036 051 000 0.04 0.05
o. threshold  0.04 0.02 0.00 0.00 005 004 044 0.11 0.14 007 002 0.13
o. sweetspot  0.03 0.01 0.02 0.02 0.02 004 033 0.19 0.12 091 050 0.60
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APPENDIX 2B

STOCHASTIC APPROXIMATION OF LIKELIHOOD FUNCTION GRADIENTS

As discussed in subsection 2.2.2, likelihood functions for continuous factor-dependent Brown-
ian motion models (at least when conditioned on contsimmapped—as opposed to jointly inferred—
factor histories) appear to often feature multiple local optima and relatively flat ridges, which can
pose severe challenges for numerical optimization routines. Accordingly, while simplex-based op-
timization algorithms like Nelder-Mead (Nelder and Mead, 1965) and Subplex (Rowan, 1990) are
commonly used to fit models to phylogenetic comparative data (e.g., Beaulieu et al., 2013), initial
tests revealed that simplex-based algorithms tend to be very sensitive to initial parameter values
in the case of our method. Specifically, given poor initial estimates of parameter values, simplex-
based algorithms tended to terminate in suboptimal peaks or ridges of the likelihood surface and/or
take impractically long amounts of time to converge. Thus, we sought to use gradient-based opti-
mization algorithms, which leverage information on how likelihoods change around a given point
on the likelihood surface (i.e., gradients) to more rapidly and reliably converge on high-likelihood
regions of parameter space given an arbitrary starting point. Unfortunately, there is no simple,
closed-form solution for computing gradients of factor-dependent Brownian motion likelihood
functions (barring the full-blown implementation of an automatic differentiation engine), so we
instead focused on approximating gradients using finite differences.

Let x denote a n-length vector of parameter values, f the corresponding likelihood function,
and g(x) the (unknown) gradient of f about x. Note that g(x), unlike f(x), does not represent a
single number but instead an n-length vector of “slopes” of the likelihood surface (f) along each
of its input dimensions, corresponding to each of the n different parameters. Thus, the ith entry of
g(x) can approximated by calculating a central finite difference about x;:

_ fe+hily) — fx—hily)

g(x)i~ o (D

Where £; is a small step size to take along the dimension corresponding to the ith parameter

and 1; an n-length indicator vector with 1 in its ith entry and Os in all other entries. In practice, A;
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should be small enough to accurately approximate the instantaneous slope/partial derivative of f
with respect to the ith parameter value, but large enough to avoid numerical errors stemming from
rounding during floating point arithmetic operations (Sauer, 2013). To this end, in our implemen-

tation, we define /; as:

VeE/2 if [x;| <1
hi = 2)
lxi|ve/2  if x| > 1

Where € denotes machine epsilon (~ 1e—16 for R on a typical computer).

Unfortunately, Eq. (1) breaks down when f(x+ h;1;) and/or f(x — h;1;) are undefined, which
occurs frequently under some circumstances due to the wide variety of parameter functions and
boundaries that may specified using our implementation. Notably, undefined values of f can also
result from the fact that our pruning algorithm rounds rates/variances to O when they fall below a
certain threshold (/€ by default), as we found “pseudoinversion” of matrices including Os (Has-
sler et al., 2022) generally produced more numerically stable likelihood calculations compared
to direct inversion of matrices with arbitrarily small values. In rare cases, such rounding implies
distinct trait measurements must be exactly identical, yielding undefined likelihoods due to un-
expected contradictions in observed trait data. Fortunately, we only use g(x) to help numerical
optimization algorithms explore parameter spaces efficiently, rather than precisely identify peaks
in the likelihood surface (somewhat analogously to stochastic gradient descent algorithms com-
monly employed in machine learning; Bottou et al., 2018). Thus, we implemented a crude but

pragmatic procedure to roughly approximate g(x) in cases involving undefined evaluations of f:

If L = f(x) is undefined, randomly sample entries of g(x) by drawing either —0.1 or 0.1 with

equal probability. Otherwise, for each parameter i from 1 to n:

1) Complete the “forward” likelihood evaluation, Lt = f(x+ h;1;), as well as the “back-

ward” evaluation, L~ = f(x — h;1;).
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2) If both L' and L™ are undefined, randomly sample g(x); by drawing either —0.1 or 0.1

with equal probability.

3) If only L™ is defined, set g(x); to the forward difference, L;—I_L If only L™ is defined,

set g(x); to the backward difference, L_hiU .
4) If both L™ are L~ are defined, set g(x); to the central difference, %

While switching between the central, forward, or backward finite difference approximations
based on which likelihood function evaluations are defined is quite intuitive, there is no theoretical
basis to justify sampling random slopes when finite differences are undefined. We settled on this
particular procedure through trial and error by implementing a few different strategies for handling
undefined gradients and investigating the resulting performance of NLOPT’s truncated Newton
algorithm (Dembo and Steihaug, 1983) in fitting factor-dependent Brownian motion models to
several of the simulated and empirical datasets described in subsections sections 2.2.3 and 2.2.4.
Generally, we found that leaving entries of g(x) undefined frequently caused errors that lead to
premature termination of the algorithm, while setting undefined entries of g(x) to O (or sampling
g(x) from a narrow normal distribution centered at 0) resulted in the algorithm getting “stuck”
in complex boundary regions of parameter space. Accordingly, our final strategy is meant to
consistently sample slopes substantially different from O to prevent the algorithm from getting
stuck, while not sampling slopes so large as to make the algorithm “fly off” in some random
direction. Nonetheless, in the context of our method, the former condition proved much more vital
to the performance of gradient-based optimization than the latter. Should these sampled slopes
send the algorithm to effectively random regions of parameter space, subsequent iterations and/or
follow-up optimization algorithms (e.g., simplex-based, principal axis) will in any case continue
to improve on these estimated parameter values. Ultimately, the specific slopes sampled to replace
undefined entries of g(x) should have very little impact on final parameter estimates as long as the
slopes substantially differ from 0, and our admittedly non-systematic investigation of model fitting

performance largely supported this conclusion.
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Unfortunately, this gradient approximation strategy has one more key problem: its computa-
tional complexity scales with the number of parameters. Because the likelihood function must
reevaluated 2n times to approximate a single gradient, fitting models with many parameters via
gradient-based optimization can become prohibitively slow under this approach, yet the goal of im-
plementing this gradient approximation procedure is precisely to more efficiently and robustly fit
complex, parameter-rich models in the first place. To mitigate this problem, we exploit the fact that
our model fitting procedure works by taking weighted averages of likelihoods conditional on each
contsimmap. In agreement with typical distributions of likelihoods under factor-depepdent contin-
uous trait evolution models conditional on discrete simmaps (Boyko et al., 2023b), contsimmap-
based models generally yield only a few substantially high conditional likelihoods for any given
vector of parameter estimates, with the majority of conditional likelihoods being low to negligi-
ble. In other words, relatively few contsimmaps will often contribute to nearly all variation in f
about a certain point, rendering full reevaluation of the likelihood function largely unnecessary.
Instead, one may reevaluate the likelihood much more quickly based on a relatively small subsam-
ple of contsimmaps, similar in spirit to how stochastic gradient descent algorithms subsample data
before computing gradients to speed up calculations (Bottou et al., 2018).

To outline our contsimmap subsampling procedure more explicitly, let M denote the total num-
ber of contsimmaps and L an M-length vector of their associated normalized conditional likeli-
hoods (i.e., L is normalized to have a sum of 1) sorted in decreasing order. To define an appropriate
subsample size for gradient calculations, m, we find the position, j, of the first entry of L to cumula-
tively sum to greater than a user-specified quality parameter between 0 and 1, g (defaulting to 0.9),
and set m = 2j. Then, m contsimmaps are randomly sampled without replacement in proportion to
their normalized conditional likelihoods, L, generating stochastic subsamples that consist of con-
tsimmaps with especially high conditional likelihoods. We chose to set m = 2 j because it resulted
in the subsampled normalized conditional likelihoods summing to around g or greater rather con-
sistently. Notably, there are some edge cases which may force m to be lower than 2j: in particular,

any normalized conditional likelihoods that underflow to O are never subsampled, and, to prevent
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excessively large subsamples, m is never allowed to exceed gM rounded to the nearest integer.
Generally speaking, this procedure yielded gradients accurate to at least a couple of decimal digits
while only using around a tenth of all the contsimmaps used in a given factor-dependent Brown-
ian motion model-at least when applied to fitting factor-dependent Brownian Motiopn models to
several of the simulated and empirical datasets described in subsections sections 2.2.3 and 2.2.4.
Ultimately, while the crudeness of our gradient approximation procedure is likely inappropriate
for fully gradient-based optimization, it nonetheless works well enough to find high likelihood re-

gions of parameter space much more efficiently and consistently than simplex-based optimization.
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APPENDIX 2C

GENERATING CONTSIMMAPS UNDER EVORATES MODELS

Empirical data on height variation across the Eucalyptus subgenus Eucalyptus (hereafter Mono-
calypts) exhibits strong evidence of evolutionary rate variation. Overall, Monocalypts have accu-
mulated a little over 4 units of log height variation (corresponding to around a 70-fold difference)
over roughly 30 million years of evolution, yet several groups of closely-related species in the
section Eucalyptus span 1.5 to 3 units of log height variation (i.e., ~5 to 20-fold differences) de-
spite originating less than 2 million years ago. For example, E. obliqgua I”Hér is around 40 m
tall on average, yet shares a 1.5 million-year-old common ancestor with the 3-4 m tall E. greg-
soniana L.A.S.Johnson & Blaxell and E. kybeanensis Maiden & Camabage. Likewise, the most
recent common ancestor of the 40 m tall E. delegatensis R.T.Baker and the 2 m tall E. cunning-
hamii Sweet dates to a mere 650,000 years ago. While our data do suggest Monocalypts exhibit
substantial levels of within-species height variation (usually ranging between some 50 and 200%
the species mean), these disparities among recently-diverged lineages appear too extreme and fre-
quent within the section Eucalyptus to result from errors in estimating mean species heights alone.
Such rate variation violates the assumptions of a constant-rate Brownian motion model, resulting
in inflated estimates of rates of height evolution and highly uncertain ancestral state reconstruc-
tions. Additionally, across-species differences in observed height data tends to be attributed to
within-species variation rather than evolutionary divergence under constant-rate models, causing
an overall “shrinkage” of inferred mean heights at the tips. To mitigate these issues, we decided
to take advantage of our contsimmapping algorithm’s ability to handle evolutionary rate variation
according to mapped regimes, fitting models that allow rates to vary to the Monocalypt height data
using the evorates package (Martin et al., 2023) and implementing tools to generate contsimmaps
under such models.

More specifically, we fit four models to the Monocalypt height data: 1) a “trend” model
whereby rates of height evolution exponentially decrease or increase over time (equivalent to an

“early/late burst” model), 2) a “rate variance” model whereby different subclades gradually di-
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verge in rates of height evolution, 3) a “full” model combing both the trend and rate variance
models, and 4) a “null” model with constant rates (equivalent to a constant-rate Brownian motion
model). We fit all models using four independent Hamiltonian Monte Carlo chains consisting of
2,000 iterations, discarding the first 1,000 as warmup for a total of 4,000 posterior samples. All
chains adequately converged (R < 1.01) and achieved sufficient effective sample sizes (effective
sample sizes > 100 per chain) (Stan Development Team, 2019). Ultimately, we found high sup-
port for increasing rates through time under the trend model (posterior probability > 0.99) and
substantial rate heterogeneity among clades under the rate variance model (Savage-Dickey ratio
< 0.01). However, the full model yielded equivocal support for both increasing (posterior prob-
ability = 0.75) and heterogeneous rates (Savage-Dickey ratio = 0.36), suggesting that apparent
variation in rates of Monocalypt height evolution could be due to accelerating rates, differences in
rates among subclades, or both. Indeed, there was a strong negative correlation between posterior
samples of the trend and rate variance parameters, such that the full model’s posterior consisted
of both trend-like and rate variance-like models (Fig. 2C.1). This conclusion is further supported
by a cursory look at the posterior samples of likelihoods under each model, as the posterior likeli-
hoods under the full model overlap with those under both the trend and rate variance models (Fig.
2C.2) We thus chose to integrate over this uncertainty in the underlying height evolution model,
generating 4,000 contsimmaps (resolution/E = 100) of Monocalypt height for each posterior sam-
ple under the full model. We ultimately found that generating contsimmaps of Monocalypt height
evolution under the null model yielded unrealistically wide distributions of sampled height values
while simultaneously “rounding out” observed across-species differences in height. On the other
hand, contsimmapping under the full model yielded inferred ancestral states and tip means more
concordant with the observed height data (Figs. 2C.3 and 2C.4).

While contsimmaps under the full model generally exhibited a narrower distribution of height
values, we nonetheless chose to filter out 516 (~13%) of the 4,000 contsimmaps that included
biologically unrealistic height values less than 10 cm or greater than 150 meters (by comparison,

822 or ~21% of contsimmaps under the null model included height values outside this range).
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Figure 2C.1 Posterior samples of the trend and rate variance parameters inferred under the full,
evolving rates model fit to the Monocalypt height data. Note the negative correlation between pos-
terior samples of these parameters, indicating that Monocalypt height evolution is largely consis-
tent with either rapid accumulation of random evolutionary rate variation (i.e., high rate variance,
trend around 0) or accelerating evolutionary rates over time (i.€., low rate variance, positive trend).

Then, to render downstreams analyses more manageable, we thinned the resulting set of 3,484
contsimmaps to every tenth contsimmap, which was the maximum thinning rate whereby effective
sample sizes (Geyer, 2011; Stan Development Team, 2019) of height values at each time point
remained above 100. This procedure yielded the final set of 349 contsimmaps used in our empirical
case study of Monocalypts. Conveniently, our procedure for generating contsimmaps under models
fitted via the evorates package requires contsimmapping both the focal trait/factor (height in this
case) as well as the rates at which the focal trait/factor evolved. Thus, to generate dummy factor
histories, we simply simulated the evolution of a trait with starting trait values and contsimmapped
rates identical to those in our final sample of 349 contsimmaps.

We now outline the details of our approach to generating contsimmaps based on posterior
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Figure 2C.2 Posterior traces of likelihoods of the Monocalypt height data under the null, constant-
rate Brownian motion model; the trended, “early/late” burst model; the rate variance model
whereby rates gradually diverge among lineages over time; and the full model including both an
overall trend in rates over time and rate variance. The partially-shaded “ribbons” represent rolling
95% credible intervals of posterior likelihood samples. Different colors correspond to the differ-
ent models, while the angle of the shading in each ribbon correspond to independent Hamiltonian
Monte Carlo chains (note that the lines representing the actual traces of posterior likeihoods for
independent chains are not distinguishable). Note that the ribbon corresponding to the full model
(in light yellow) overlaps with those for the rate variance and (to a lesser extent) trend models (in
a medium shade of green and dark purple, respectively).
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Figure 2C.3 Phenograms depicting the overall distribution of all 4,000 contsimmaps of Monocalypt
height (i.e., prior to any filtering/thinning of samples) under both the null, constant-rate Brownian
motion model and the full, evolving rates model including both an overall trend in rates over
time and rate variance. The thick, solid lines depict the “central tendency” of the contsimmaps,
corresponding to mean height value across all contsimmaps for each lineage in the Monocalypt
phylogeny. To depict the overall range of the contsimmapped height values—represented by the
lighter, dashed lines—we first calculated 95% confidence intervals of sampled height values for
each lineage, then took the minimum and maximum interval bounds at 100 equally-spaced time
points spanning the height of the phylogeny. Note that ancestral reconstructions were generally
more precise under the full model.

151



null model full model

e &1r=0.93 r=0.97
»
= ™ . .
.9 .’ . g ' X
_GC) @_ ‘:.. .J ¢
<~ S e of38e®
= £y o *3 oo
E 00 .o'°.'" ..r‘.
* l: 0o’ ,. .

3 * S
E q‘_ [ X L] ..:.

[ 4 : [ ]
go) ¢ $
O oq !
= °
Q .
S «~4°

1 2 4 8163264 1 2 4 8 16 32 64
observed mean tip heights (m)

Figure 2C.4 Inferred versus observed mean species heights at the tips of the Monocalypt phylogeny
under both the null, constant-rate Brownian motion model and the full, evolving rates model in-
cluding both an overall trend in rates over time and rate variance. Correlation coefficients, denoted
r, for the relationship between inferred and observed heights are provided in the top left corner of
each plot. Note that inferred mean species heights under the full model better align with the dashed
line, which depicts the position of observed mean species heights along the vertical axis.

samples of parameters under arbitrary models fitted via the evorates package. Briefly, models
implemented in the evorates package generally work by assuming the rate parameter of a Brownian
motion model of trait evolution itself “evolves” according to a constant-rate geometric Brownian
motion process (i.e., the natural log of the evolutionary rates evolve according to a constant-rate
Brownian motion process). Thus, the model infers a “rate evolution process” controlled by a trend
(Us2) parameter determining whether rates tend to decrease or increase over time, as well as a rate
variance (nyz) parameter controlling how quickly random variation in rates accumulates over time.
Additionally, the model estimates both the rate at the root of the phylogeny (Gg) and average rates

of evolution along each branch of the phylogeny, which we term “branchwise rates” or 6_62, where
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e denotes the index of a particular edge. At a broad level, to generate contsimmaps under such
models, we implemented a two-step procedure whereby the inferred rate evolution process and
branchwise rates are first used to generate contsimmaps of evolutionary rates of a user-specified
resolution, which are in turn used to generate contsimmaps of trait (or factor) values of the same
resolution by treating the rate contsimmaps as high-resolution regime maps (i.e., a regime for each
time point spanning the preceding time interval). We summarize this process graphically in Fig.
2C5.

Unfortunately, because the time-average of a geometric Brownian motion process has no
closed-form probability distribution (Lepage et al., 2007), there is no simple and/or exact method
for sampling rate values at arbitrary time points across a phylogeny (i.e., to generate rate con-
tsimmaps) conditional on the inferred rate evolution process and branchwise rates. That being
said, we can take advantage of the crude but effective approximation of geometric Brownian mo-
tion time-averages used by the evorates package itself (see APPENDIX 1B; see also Dufresne,
2004; Welch and Waxman, 2008; Martin et al., 2023). Namely, we can assume each branchwise
rate is the sum of a trend and noise component, with the noise component assumed to follow the
distribution of geometric, rather than arithmetic, time-averages of an untrended (i.e., Us> = 0) ge-
ometric Brownian motion process. Under this assumption, we can derive straight-forward normal
distributions describing how the natural log of rates at the nodes of a phylogeny are distributed.
To start out, let In 0'%1 and In 6122 represent the natural log of the starting and ending values of
a geometric Brownian motion process over an interval of length ¢ with trend (2, rate variance
0(2,2, and time-average 62. Then the distributions of In G% and In 6%2 under the aforementioned

approximation are given by:
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Figure 2C.5 A brief graphical summary of our procedure for generating contsimmaps under evolv-
ing rates models, using the full, evolving rates model fit to the Monocalypt height data as an
example. The phenograms on bottom depict the distributions of: inferred average rates of trait
evolution along each branch (i.e., branchwise rates), which form the main input for our proce-
dure (left); 2) the contsimmapped rate values sampled conditional on the inferred rate evolution
process and branchwise rates, which are generated by the first step of our procedure (middle);
and 3) contsimmapped height values sampled conditional on the observed height data at the tips
and contsimmapped rates, which are generated by the second step of our procedure (right). Each
phenogram consists of the overall mean rates/heights for each lineage in solid black lines, as well
as a single example posterior sample/contsimmap in thinner lines, which are colored according
to their position along the vertical axis (different color gradients are used to visually distinguish
rates from heights). The phylograms on top provide an alternate view of the example posterior
samples/contsimmaps, with rate/height values represented solely by these color gradients rather
than positions along vertical axes. The lighter, dashed lines in each phenogram on bottom depict
the overall range of the rate/heights, and were derived from calculating 95% confidence intervals
along each lineage, then taking the minimum and maximum interval bounds at 100 equally-spaced
time points spanning the height of the phylogeny.
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Where N(u, 6?) denotes a normal distribution with mean u and variance 6. We can gen-
eralize these results to define normal distributions for the natural log of rates at each node in a
phylogeny given branchwise rates along each edge based on basic algebra of normal random vari-
ables. Specifically, Let 62 represent the rate at the node immediately descending from edge e (not

to be confused with 6_62, the branchwise rate along edge e), then:
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Where f, now denotes the length of edge e, 7, the height (i.e., distance from root) of the node
immediately descending from edge e, des(e) the indices for all edges immediately descending
from edge e, and anc(e) the index for the edge immediately ancestral to edge e. Based on these
formulae, we implemented a root-to-tips or preorder traversal algorithm that generates complete
rate contsimmaps by jointly sampling rate values at the time points along each edge conditional
on each edge’s branchwise rate and sampled rate value at the edge’s immediately ancestral node.
Under our approximation, the joint distribution of the natural log of rate values along a given

edge follows a straight-forward multivariate normal distribution conditioned to have a particular
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weighted sum given by the corresponding branchwise rate. Let 62 and 7, denote n,-length vectors
of the rate values and corresponding time points along edge e (i.e., the n.th entries correspond to
the node immediately descending from edge e¢; 62 = Ge%ne and T, = T.,,). Ignoring the condition

that 62 must have a particular weighted sum, the distribution of 62 is given by:

. (E[lnc2] —1Ino2 . ) (T — Tanc(e))
In62 ~ MVN ¢ a;‘C(e) ¢ 02 ey Ze 7
e
5 ng (Tg — max {Tz,iy Tz,j}) (min {T;ia T;j} - Tanc(e)) + Var(ln Gez) V Tz,ifzj (8)
e7i7j =

le
Where MVN(i, X) denotes a multivariate normal distribution with mean vector @i and
variance-covariance matrix ¥, E[lnc?] and Var(Inc?) are given by Eq. (4), and £, is the en-
try in the ith row and jth column of matrix .. Notably, for edges descending from the root node,
In Gazn ole) corresponds to the inferred root rate parameter, In Gg, and Ty, () to 0. We can calculate

an approximate branchwise rate for a given sample of 62 as the weighted sum:

A

A 1 no . . .
63:;2 2(Tei— Teii-1) )
€|

Where 7, is replaced with Tanc(e) 1N the above expression (or with 0 if e is an edge descending
from the root node). Here, we assume each sampled rate at a given time point is constant along
its preceding time interval, which greatly simplifies calculations and negligibly differs from more
accurate interpolations of rates along an edge given a sufficiently dense set of time points (notably,
we use the same approximation to calculate likelihoods of continuous factor-dependent Brownian
motion models).

We use Markov chain Monte Carlo to sample from Eq. (7) under a highly informative prior
conditioning the sampled branchwise rate, 6_62, to approximately equal the inferred branchwise rate,
6_82. Specifically, we place a normal prior on lncft2 with mean lnG_e2 and a user-specified variance
or “tolerance”, which defaults to 0.001. Lower tolerance values will produce more accurate rate

samples at the cost of increased computation time (and vice versa for higher values). To simplify

this procedure, we use an “uncentered” parameterization and do not sample 62 directly. Instead,
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we sample n, independent standard normal random variables, 7, which are transformed to fol-
low the distribution given by Eq. (7) via Zé Z+ E[ln 622], where Zé denotes the lower triangular
Cholesky decomposition of ¥, (Betancourt and Girolami, 2019). We propose new samples of 7
by simply adding n, normal random variables with mean O and variance 0.01 to the previously
sampled values of 7. For each edge, Markov chain Monte Carlo sampling of rate values is run for a
user-specified maximum number of iterations (which defaults to 100,000), but terminates early if
(lnct2 — lnG_ez)2 is less than the user-specified tolerance value (i.e., the sampled branchwise rate is
within a standard deviation of the normal prior’s mean). So far, we have found that this procedure
essentially never reaches the maximum number of iterations under our default settings, ensuring a
close match between inferred branchwise rates and the sampled branchwise rates in the resulting
rate contsimmaps.

Finally, after generating rate contsimmaps, we can again assume that the sampled rates at each
time point are constant along the preceding interval, forming a high-resolution map of regimes
corresponding to different rates for each time interval (i.e., all time points are critical time points).
Then, we can simply use the contsimmapping algorithm described in subsection 2.2.1 to sam-
ple trait/factor values at all time points conditional on the contsimmapped rates and observed

trait/factor data.
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CHAPTER 3

A NEW APPROACH FOR INFERRING STATE-DEPENDENT VARIATION IN
CONTINUOUS TRAIT EVOLUTION DYNAMICS

3.1 Introduction

Both paleontological and, more recently, phylogenetic comparative studies demonstrate that
variation in the tempo and mode of macroevolutionary processes like phenotypic evolution and
lineage diversification is pervasive across the tree of life (Simpson, 1944; Gingerich, 2009; Jablon-
ski, 2017; Sauquet and Magallén, 2018; Harmon et al., 2021), resulting in the uneven distribution
of biodiversity across space and taxa observed today. Elucidating the mechanisms driving this ap-
parent “‘evolutionary heterogeneity”’—for example, novel ecological opportunities or variation in life
history traits—is critical for understanding many patterns that have long puzzled biologists, like the
anomalous hyperdiversity of some taxa compared to their closest relatives (e.g., flowering plants,
bats, beetles; Davies et al., 2004; Crepet and Niklas, 2009; Brock Fenton and Simmons, 2015;
Stork et al., 2015) or the elevated species richness/phenotypic diversity of tropical ecosystems ver-
sus temperate ones (Hillebrand, 2004; Stevens et al., 2006; Schumm et al., 2019; Diamond and
Roy, 2023; Saupe, 2023). Accordingly, recent decades have seen the development of many robust
and powerful methods for investigating potential drivers of heterogeneity in both lineage diversi-
fication (Maddison et al., 2007; FitzJohn, 2010; Goldberg et al., 2011; FitzJohn, 2012; Beaulieu
and O’Meara, 2016; Rabosky and Goldberg, 2017; Vasconcelos et al., 2022) and discrete trait
evolution dynamics (Beaulieu et al., 2013; Goldberg and Foo, 2020; Boyko and Beaulieu, 2021,
2023). However, despite the plethora of available methods for estimating evolutionary correla-
tions between continuously-measured traits and other variables (Felsenstein, 1985; Martins and
Hansen, 1997; Hansen et al., 2008; Bartoszek et al., 2012; Felsenstein, 2012; Tolkoff et al., 2018;
Hassler et al., 2022b), approaches for inferring heterogeneity in continuous trait evolution dynam-
ics (e.g., rate shifts, changes in the frequency/magnitude of evolutionary “pulses” sensu Landis
and Schraiber, 2017) continue to lag behind those for lineage diversification and discrete traits in

several key ways.
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Most available methods for estimating how some variable or “factor” (e.g., habitat, repro-
ductive strategy) is associated with heterogeneity in continuous trait evolution dynamics rely on
“sequential” approximations consisting of two main steps: 1) inferring the evolutionary history of
the factor via ancestral state reconstruction, and 2) fitting factor-dependent continuous trait evolu-
tion models based on these reconstructions. Such approaches are cumbersome and exhibit notable
biases under certain conditions (Revell, 2013; May and Moore, 2020; Boyko et al., 2023b). In
particular, by completely ignoring continuous trait data in the first step, these methods tend to
rely on rather improbable reconstructions of factor histories (Caetano et al., 2018; Boyko et al.,
2023b). This is because the continuous trait data reflect past evolutionary processes which, as-
suming a statistically well-supported relationship between the factor and continuous trait evolu-
tion dynamics, provide substantial information regarding the factor’s evolutionary history beyond
the factor data itself (which is nearly always limited to “phylogenetically sparse” measurements
among extant/fossilized taxa). Furthermore, methods based on sequential approximations tend
to simplistically assume all heterogeneity in continuous trait evolution is caused by only one to
a few explicitly-measured factors. In reality, however, continuous trait evolution dynamics are
presumably affected by a tangled web of countless interconnected and context-dependent factors,
inevitably generating “residual” or “background” heterogeneity in evolutionary dynamics on top of
any heterogeneity associated with the particular factors a given study happens to focus on (Cooper
and Purvis, 2009; May and Moore, 2020; Boyko et al., 2023b; Tribble et al., 2023; see also
Donoghue and Sanderson, 2015). In turn, these methods often misattribute residual heterogene-
ity caused by unconsidered and/or unobserved factors to measured factors instead, thereby yield-
ing spurious support for researchers’ a priori hypotheses (May and Moore, 2020; Boyko et al.,
2023a,b).

Critically, inferring evolutionary heterogeneity driven by unobserved factors is not as imprac-
tical as it may first seem. In fact, phylogenetic comparative methods for analyzing heterogeneity
in evolutionary dynamics are often described as either “hypothesis-driven” approaches designed

to test whether heterogeneity is associated with particular factors of interest, or “data-driven” ap-
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proaches meant to detect and quantify heterogeneity based on the provided comparative data alone,
independently of any a priori hypothesis. In other words, data-driven approaches are precisely
designed to infer general evolutionary heterogeneity driven by unobserved factors. Accordingly,
methods that integrate both hypothesis- and data-driven approaches have become increasingly pop-
ular in recent years, as they are able to account for evolutionary heterogeneity driven by both ob-
served and unobserved factors (Beaulieu and O’Meara, 2016; Uyeda et al., 2018; May and Moore,
2020; Boyko and Beaulieu, 2023; Boyko et al., 2023b). Hidden Markov model-based (HMM)
frameworks are particularly effective in this regard, allowing researchers to directly infer unob-
served discrete variables or “hidden states” (presumably representing simplified summaries of var-
ious interconnected factors; see discussion in Boyko et al., 2023b) based on their apparent impact
on lineage diversification and/or discrete trait evolution dynamics (Beaulieu et al., 2013; Beaulieu
and O’Meara, 2016; Caetano et al., 2018; Goldberg and Foo, 2020; Vasconcelos et al., 2022; Boyko
and Beaulieu, 2023). Ancestral state reconstruction can even be used to map the occurrence of hid-
den states across a phylogeny, enabling powerful explorations of how evolutionary dynamics have
changed throughout the history of a clade (e.g., Beaulieu and O’Meara, 2016; Vasconcelos et al.,
2022). Unfortunately, existing approaches for inferring heterogeneity in continuous trait evolution
dynamics are not directly compatible with HMM frameworks, instead employing sequential ap-
proximations to infer general/residual heterogeneity by iteratively sampling possible distributions
of heterogeneity (implicitly driven by unobserved factors) across a phylogeny (Eastman et al.,
2011; Thomas and Freckleton, 2012; Rabosky et al., 2014; May and Moore, 2020; Pagel et al.,
2022; Boyko et al., 2023b; Martin et al., 2023; Tribble et al., 2023). While such methods are
certainly powerful tools for exploring variation in continuous trait evolution dynamics, they are
typically computationally-expensive and often incompatible with hypothesis-driven approaches
(but see May and Moore, 2020; Boyko et al., 2023b; Tribble et al., 2023).

Ultimately, to make accurate and robust conclusions regarding what mechanisms drive hetero-
geneity in continuous trait evolution dynamics across the tree of life, researchers need methods

capable of “jointly” inferring heterogeneous continuous trait evolutionary processes along with the
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history of factors—both observed and unobserved—potentially driving such heterogeneity. Notably,
currently available state-dependent speciation and extinction (SSE) models meet all these crite-
ria in regards to inferring links between discretely-measured factors or “states” (but see FitzJohn,
2010) and lineage diversification dynamics (Maddison et al., 2007; Beaulieu and O’Meara, 2016).
Accordingly, the SSE modeling framework has become extremely popular among empirical re-
searchers and method developers alike (Helmstetter et al., 2023). The publication of the original
SSE model has been cited over 1,000 times (Maddison et al., 2007) and since been elaborated
into a diverse array of more sophisticated models themselves often associated with highly-cited
publications (FitzJohn et al., 2009; FitzJohn, 2010; Goldberg et al., 2011; FitzJohn, 2012; Gold-
berg and Igié, 2012; Magnuson-Ford and Otto, 2012; Beaulieu and O’Meara, 2016; Caetano et al.,
2018; Freyman and Hohna, 2018; Herrera-Alsina et al., 2019; Nakov et al., 2019; Verboom et al.,
2020; Vasconcelos et al., 2022). Thus, an analogous framework for State-dependent Continuous
trait Evolution or “SCE” models would likely constitute a tremendously useful tool for empirical
macroevolutionary research, not to mention continued development of more realistic continuous
trait evolution models.

Here, we begin to address this methodological gap by developing a new phylogenetic com-
parative method for inferring variation in continuous trait evolution dynamics driven by observed
and/or unobserved states (i.e., discretely-varying factors), implemented in an R package named
sce (pronounced “ski”). Critically, our approach employs a novel “pruning algorithm” (Felsen-
stein, 1973) that efficiently accounts for all possible state histories given the observed state and
continuous trait data, thereby avoiding explicit reconstruction of state histories as in similar meth-
ods based on sequential approximations. Through an extensive simulation study, we verify that this
SCE modeling framework can be used to reliably detect and estimate variation in rates of continu-
ous trait evolution from phylogenetic comparative data. Furthermore, we use SCE models to show
that tropical environments are associated with higher rates of flower size evolution in sages (Lami-
aceae: Salvia L.), providing insights into the possible processes underlying latitudinal gradients of

increasing phenotypic diversity (and perhaps species richness; see Schemske, 2001) towards the
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equator (Stevens et al., 2006; Schumm et al., 2019; Diamond and Roy, 2023). Overall, SCE mod-
els provide a powerful and flexible new framework for studying heterogeneity in continuous trait
evolution dynamics, ultimately allowing researchers to more confidently and accurately elucidate

how various factors drive shifts in phenotypic evolutionary processes across the tree of life.

3.2 Materials and Methods

The sce package provides tools for inferring state-dependent variation in the evolution-
ary dynamics of a single (i.e., univariate) continuous trait given a phylogeny and comparative
state/continuous trait data associated with its tips. Currently, our implementation only allows for
up to one state and continuous trait measurement per tip (note that missing state/trait measure-
ments are allowed), though we plan to extend the method to handle multiple measurements per tip
in the future. Using the sce package, researchers can build, fit, and compare various SCE models
corresponding to particular hypotheses—for example, one might compare models assuming rates
of flower size evolution either are constant, differ among habitats, vary according to some unob-
served factor/hidden state, or are affected by both habitat and hidden states. Notably, the package
additionally allows researchers to map probable states, traits, and rates onto a phylogeny under a

fitted model via marginal ancestral state reconstruction (Yang, 2007; Hiscott et al., 2016).

3.2.1 Model and Implementation

Our new framework for inferring SCE models largely depends on a novel pruning algorithm for
calculating the joint likelihood of continuous and discrete phylogenetic comparative data evolving
under “Markov-modulated Lévy processes” (MMLPs). Briefly, MMLPs model the evolution of a
continuous trait as a continuous-time random walk (of which Brownian motion or BM is a special
case) whose parameters depend on discrete states, which themselves evolve via a continuous-time
Markov chain (CTMC). To achieve this, we effectively treat states and continuous traits as a unified
compound trait, and use a modified version of Felsenstein’s pruning algorithm for discrete traits
(Felsenstein, 1973) to recursively calculate the likelihood of observed data conditional on the state
and continuous trait value at the root of a phylogeny. To effectively clarify the details of our

new pruning algorithm, we first outline some key notations and concepts by providing a general
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introduction to pruning algorithms below.

Assume we have a rooted phylogeny with m branches, including n terminal “tip branches”
with associated phenotypic data. Let T be an m-length vector of branch lengths (typically mea-
sured in units of time) and ¢, (x;) denote the likelihood that the node immediately descending from
branch e exhibits phenotype x; given the observed phenotypes of all its descendants. Hereafter,
we represent these so-called “partial likelihoods™ (sensu Hassler et al., 2022a) of all possible phe-
notypes for a given branch e as ¢.(x). Notably, the partial likelihoods for each tip branch are
directly derived from observed phenotypic data. Generally speaking, pruning algorithms aim to
recursively calculate partial likelihoods for all remaining (i.e., non-tip) branches in the phylogeny
to compute the full likelihood of all observed phenotypic data under a given model of phenotypic
evolution. Specifically, for non-tip branch e, assuming phenotypic evolution is conditionally inde-
pendent among sister branches (an assumption common to nearly all trait evolution models), @ (x;)

is given by:

o) = TT [ w7 0)0u(5)dy n

dedes(e)

Where des(e) is a function that returns the indices of all branches immediately descending from
branch e and y denotes the “transition probability function” under the given model of phenotypic
evolution. More precisely, y(y;x;, t;, 0) represents the probability of observing phenotype y after
T, units of time given a starting phenotype of x; and evolutionary model parameters 6. The expres-
sion [ y(y;xz,74,0)04(y)dy represents the likelihood that the node immediately descending from
branch e exhibits phenotype x; given the observed phenotypic data associated with all descendants
of branch d only, and is sometimes called the “branch-inflated” partial likelihood for branch d
(Hassler et al., 2022a), here denoted ¢ (x;). Because phenotypic evolution along sister branches
is assumed to be conditionally independent, taking the product of ¢*(x;) across all descendants
of branch e thus yields the partial likelihood of phenotype x; for branch e. To calculate the over-
all likelihood given all observed data, the phylogeny is traversed in “postorder” (i.e., from tips to

root), calculating ¢ (x) for all branches according to Eq. 1, including an implicit “root branch”
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indexed m + 1. The final likelihood .Z is computed by integrating the partial likelihoods for the
root branch multiplied by some root prior, (x). For this work, we use “Fitzjohn’s root prior”,
marginalizing over all possible root phenotypes according to the relative probability they gave rise

to the observed data (FitzJohn et al., 2009):

Z = [urr(0)n(x)dx ®)
. Omy1(x) .
= [ om0 g e @
_ f¢m+1(x)2dx
B f(])m_H(X)dX (4)

Note that the use of integrals in imply that the phenotype x in this example varies continuously.
In the case of discretely-valued phenotypes, these integrals are instead replaced by sums over all s
possible states.

Unfortunately, outside of special cases, MMLPs do not admit simple closed-form expressions
for partial likelihood or transition probability functions over continuous trait values. Thus, like
other pruning algorithms for calculating the likelihood of complex continuous trait evolution mod-
els from phylogenetic comparative data, our implementation discretizes a specified range of con-
tinuous trait values into an equally-spaced grid of ¢ points and tracks the partial likelihoods at
each point to flexibly approximate arbitrary functions over continuous trait values (FitzJohn, 2010;
Boucher and Démery, 2016; Hiscott et al., 2016; Boucher et al., 2018). We specifically represent
the partial likelihoods for each branch e as an s X ¢ matrix ®,. More concretely, if we let x rep-
resent an c-length vector of trait values corresponding to each grid point, the partial likelihood of
exhibiting a continuous trait value of x; and state j is thus given by the entry in the jth row and /th
column of ®, denoted P, ; ;.

Unfortunately, even with this flexible representation of partial likelihoods over both discrete
states and continuous trait values, calculating transition probabilities under MMLPs (and branch-
inflated partial likelihoods by extension) remains challenging. To simplify these calculations,

we represent transition probability functions under Lévy processes, y(x;0,¢,0), via their Fourier
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transform or characteristic function, {(§;0,7,0). This representation is particularly convenient
because, as continuous-time random walks, Lévy process transition probability functions are “in-
finitely divisible probability distributions” (i.e., distributions describing the sum of an arbitrary
number of independent and identically distributed random variables; Sato, 2013). According to
the convolution theorem, the characteristic function describing the sum of random variables is
given by the element-wise product of each variable’s individual characteristic function, and Lévy
process characteristic functions thus always correspond to “infinitely divisible products” of the

form:

¥(5:0,2,0) =exp[C(&,0)1] (5)

Where ¢ denotes elapsed time and (&, 0) is the so-called “characteristic exponent” of a given
Lévy process with parameters 0 evaluated at & (note that the domain of the characteristic function,
&, is distinct from that of its corresponding probability distribution function, x). Ultimately, all
Lévy processes admit a characteristic function representation of their transition probability func-
tion that consists of (relatively) simple exponential functions with respect to time for any particu-
lar value of & (stated more formally by the Lévy-Khintchine formula for characteristic functions
of Lévy processes; Sato, 2013). The convolution theorem also greatly simplifies calculation of
branch-inflated partial likelihoods for a branch d, ¢ (x), which is equivalent to the distribution
of the sum of two random variables—one distributed according to the transition probability func-
tion given a starting state of x = 0 and another to the partial likelihoods for branch d. Thus, we
can Fourier transform the partial likelihoods for branch d to yield its characteristic function (ﬁd(é ),
multiply ¢,(&) by ¥(&:0, 14, 0), and take the inverse Fourier transform of the result to finally yield
0.

Representing Lévy process transition probability functions as exponential functions with re-
spect to time allows us to form an important bridge between Lévy process and CTMC transition
probability functions, ultimately allowing us to efficiently compute transition probabilities under

MMLPs. Briefly, under a CTMC, lineages switch between s states according to an s X s matrix,
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O, where g denotes the instantaneous rate of transition from state j to state k. Exponentiating
tQ yields a new matrix, P, where p;; now denotes the probability of a lineage starting in state j
ending up in state k after ¢ time units (Pagel, 1994). Importantly, branch-inflated partial likelihoods
for branch d under a CTMC process are given by the matrix-vector product exp [t,Q]d,(x), where
¢4(x) now represents an s-length vector of partial likelihoods for each state (Felsenstein, 1973). In
any case, transition probability functions under CTMC:s, similarly to characteristic functions rep-
resentations of Lévy process transition probability functions, are ultimately defined by a kind of
“characteristic exponent”—in this case, the matrix Q. Importantly, because characteristic functions
are linear transformations of their corresponding probability distribution functions (i.e., the Fourier
transform of Ay (x) + Byn(x) is equal to Ay (&) + Byn(&); Pinsky, 2009), characteristic func-
tion representations of MMLP transition probability functions for any & value can be calculated
by exponentiating the Q matrix describing the CTMC evolution of states with modified diagonal

entries. Under normal CTMCs, the diagonal entries of Q are given by:

S
9=~ ). 9k (6)
k=1
k#j
Which ensures that probabilities are conserved under the CTMC process by balancing the
overall transition rate into state j with the transition rate out of state j (Pagel, 1994). In the
case of MMLPs, we must modify these diagonals for a given & value by adding the corre-
sponding characteristic exponent for the Lévy process governing continuous trait evolution in
state j, denoted {;(&,0) (note that the exponents are added because exp [§;(&,0)t] exp g} jt] =
exp [(£(E.0) +4q;,7)1])-
Because we represent the partial likelihoods for each branch with s x ¢ matrices ®, we do not
treat & as a continuous variable but, like x, as a c-length vector of grid points. More specifically,
the Ith entry & is given by:

I—1 _CLlJrc/CZfZJ -

Xe — X1

& =-2x
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Where |a| denotes the greatest integer less than or equal to a. Now, let R represent a “rate
array” of ¢ s X s matrices, with the /th matrix encoding the characteristic function representation of
the MMLP transition probability function at . The off-diagonal elements of all matrices in R are
equal and given by the Q matrix describing the CTMC evolution of discrete states. On the other

hand, the diagonal entries for the /th matrix are equal to:

s
rii=¢6i(&.0)—Y aqjx (8)
=y

To calculate branch-inflated partial likelihoods for a given branch d under MMLPs, we ex-
ponentiate each matrix in R multiplied by the branch length 7,, resulting in a new array denoted
¥,. Next, we use the highly efficient fast Fourier transform algorithm (FFT) to compute the dis-
crete Fourier transform of each row in the partial likelihood matrix ®,; to yield the characteristic
function representation of the partial likelihood matrix denoted ®,. Then the /th matrix of ¥ is
multiplied by the /th column of @, to compute the characteristic function representation of the
branch-inflated partial likelihood matrix <132. Next, we use the inverse FFT to convert each row
of <132} back to its normal representation, yielding the branch-inflated partial likelihood matrix ®7.
Lastly, the partial likelihood matrix for a given branch e is simply the element-wise product of &
for all branches d immediately descending from e. This finally allows us to compute the necessary
partial likelihoods to carry out a pruning algorithm.

Intriguingly, representing partial likelihoods in matrix form theoretically allows for incredibly
flexible initialization of our pruning algorithm—that is, partial likelihood matrices for tip branches
may be arbitrarily specified in accordance with observed phenotypic data. For example, provided
sufficient within-tip sampling, one could even initialize the partial likelihood matrices for each tip
with kernel density estimates of continuous trait distributions for any given discrete state. Nonethe-
less, for simplicity, we assume here that continuous traits for each tip e are normally distributed
with mean 7, and variance €2 across all discrete states, while the probability that a given tip
exhibits discrete state j is given by the jth entry of an s-length vector p,, denoted p, ;. Under

these assumptions, the characteristic function representation for the partial likelihood matrix for
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tip branch e, &,, is given by (DasGupta, 2011):

~ . Xc+Xx 862 2
D, ;1 = Pe,jeXp {l (ne— > 1) él_%} )

Where, critically, i is not a parameter or variable and actually denotes the imaginary unit (i.e.,
V=D.

Notably, our method for efficiently calculating partial likelihoods, branch-inflated partial like-
lihoods, and transition probabilities all assume continuous trait evolution exhibits “periodic bound-
ary conditions”—a rather technical yet important caveat (Bowman and Roberts, 2011). Practically
speaking, this means that continuous trait evolution “wraps around” on itself when it hits the
boundaries of the specified grid (i.e., x| to the left and x. to the right), such that low trait values
are unrealistically “teleported” over to high trait values and vice versa. Fortunately, this problem is
quite easily and effectively managed by simply extending the grid of trait values well beyond the
range of observed data. In our current implementation, given an n-length vector of mean trait values
for each tip 1, we derive a “primary grid” of ¢/2 points spanning from min7 — @(maxn —minm)
to max 1 + @(max 1 — min1). By default, we set @ to 0.5 to expand the bounds of observed con-
tinuous trait data by 50% of the overall range of trait values on either side. The remaining c¢/2 grid
points come from symmetrically “zero-padding” partial likelihoods—that is, appending ¢/4-length
vectors of Os to either side of the partial likelihood vectors (Bowman and Roberts, 2011). By forc-
ing these extreme trait values to be associated with partial likelihoods of O prior to each Fourier
transformation, the risk of periodic boundary conditions influencing model inference is rendered
effectively negligible, though we recommend against setting @ to small values below ~0.05-0.1.

In the current work, we focus on the simplest MMLP—namely, Markov-Modulated Brownian

motion (MMBM). The characteristic exponent of a BM process is given by (DasGupta, 2011):

£(&,0% 1) =iué—o’El/2 (10)

Where 62 and u correspond to the evolutionary rate and trend, respectively, of the BM pro-

cess (notably, because the BM process must be propagated “backwards” in time for the pruning
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algorithm, the drift parameter is multiplied by -1 for pruning algorithm calculations). While evolu-
tionary trends under homogeneous BM models of trait evolution are generally unidentifiable from
ultrametric phylogenetic comparative data (i.e., phylogenies with tips corresponding to contem-
poraneous taxa only, which the current work focuses on), preliminary tests of our approach with
simulated data suggest that state-dependent differences among evolutionary trends are identifiable
under MMBM models. Nonetheless, for simplicity, we assume p = 0 throughout the simulation
and empirical case studies presented here, leaving investigation of state-dependent evolutionary
trend inference for future work.

We implemented our pruning algorithm using the C/C++ libraries FFTW3 (Frigo and Johnson,
2005) and Armadillo (Sanderson and Curtin, 2016, 2019), interfaced via the R packages Rcpp
(Eddelbuettel and Francois, 2011) and RcppArmadillo (Eddelbuettel and Sanderson, 2014). See
APPENDIX 3B for further details on how we practically manage the efficiency and numerical

stability of our pruning algorithm.

3.2.2 Hidden States and Hypothesis Testing

By calculating the likelihood of both state and continuous trait data under a joint evolutionary
process, our new SCE modeling framework enables straight-forward inference of unobserved or
hidden states associated with heterogeneity in continuous trait evolution dynamics. Ultimately,
this is due to the fact that our approach allows continuous trait data to directly influence the likeli-
hood of state histories, enabling the inference of evolutionary histories of unobserved states based
solely on their apparent impact on continuous trait evolution dynamics. More concretely, inferring
hidden states generally requires “splitting” the observed state data into multiple observed-hidden
state combinations and allowing continuous trait evolution parameters like rates or trends to vary
based on these additional states. Importantly, each tip is initialized such that partial likelihoods
are identical across hidden states. As an example, if one was studying whether flower size evo-
lutionary dynamics differ between tropical and temperate lineages, inferring a model with two
hidden states would entail splitting each state into two new ones, conventionally labeled tropicala,

tropicalg, temperate, and temperateg. Then, for any given tip, the partial likelihoods for states
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tropicals/tropicalg and temperates/temperatep are given by the partial likelihoods for the original
tropical and temperate states, respectively.

Ultimately, incorporating hidden states into hypothesis-testing frameworks allows for more
comprehensive and realistic tests of evolutionary hypotheses. To test whether the evolution of a
continuous trait is largely homogeneous or varies according to an observed and/or unobserved dis-
crete variable, one may compare the fit of several candidate SCE models with differing constraints
on which parameters of the continuous trait evolution process (e.g., evolutionary rates, trends)
are allowed to vary across observed and/or hidden states. We demonstrate an example of this
hypothesis-testing approach through the simulation study and empirical examples outlined below.
Critically, despite the fact that hidden states alter how partial likelihoods are initialized in pruning
algorithms, the likelihoods/information criteria associated with models fit to the same phylogenetic

comparative data are directly comparable in this context whether or not they include hidden states.

3.2.3 Simulation Study

To assess the performance of our new approach for inferring SCE models, we tested whether
our method could reliably detect and quantify observed and/or hidden state-dependent rates of
continuous trait evolution from phylogenetic comparative data simulated under MMBM models.
Hereafter, for both brevity and consistency with existing terminology in the field (e.g., Beaulieu
and O’Meara, 2016; Boyko et al., 2023b), we refer to observed state-dependent rate variation as
simply “state-dependent rate variation” and to unobserved/hidden state-dependent rate variation as
“state-independent rate variation”. In general, we used the R package phytools (Revell, 2012) to
first simulate both pure-birth phylogenies (all scaled to have heights of 1) and associated discrete
state data, then used our new sce package to simulate associated continuous trait data under several
different patterns of state-dependent rate variation.

For each simulation, we simulated CTMC evolution of four discrete states labeled “0A”, “0OB”,
“1A”, and “1B”, with the numeric prefixes denoting observed states 0 and 1 and letter suffixes
denoting unobserved/hidden binary states A and B. All simulated CTMCs assumed that: 1) transi-

tions between observed states do not depend on unobserved states and vice versa, 2) transitions in
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both observed and unobserved states cannot occur in the same instant (i.e., goa, 18 = 0, 14,08 = 0,
etc.), and 3) transitions among unobserved states always occur with rate 1 and are “symmetric”’—
that is, transitions from A to B occur at the same rate as transitions from B to A. With the ex-
ception of the third assumption (which we made to simplify the design of our simulation study),
these are all common simplifying assumptions made to render hidden state inference more statis-
tically tractable (e.g., Beaulieu and O’Meara, 2016). Transitions among observed states 0 and 1
followed one of three alternative evolutionary dynamics: 1) “slow” symmetric transitions of rate
1, 2) “fast” symmetric transitions of rate 4, and 3) “asymmetric” transitions whereby transitions
from O to 1 occur with rate 2 while transitions from 1 to 0 occur with rate 0.4. For each simulation,
we sampled root states from the stationary distribution associated with a simulation’s given transi-
tion rate matrix. To prevent simulations from exhibiting too few state transitions to reliably infer
state-(in)dependent rate variation, we repeated each CTMC simulation until it met the following
criteria: 1) each state is represented by at least 10% of tips in the phylogeny and 2) each state is
transitioned into along 5 or more distinct branches (allowing for no more than 1 exception; 1.e., at
least 3 states must exhibit this property).

We simulated continuous trait evolution according to one of five distinct patterns of state-
dependent and/or state-independent rate variation: 1) “constant” whereby rates of continuous trait
evolution are equal across all states observed or unobserved, 2) “state-independent” whereby rates
only depend on unobserved states A and B, 3) “completely state-dependent” whereby rates only de-
pend on observed states 0 and 1, 4) “strongly state-dependent” whereby rates primarily depend on
observed states while also being influenced by unobserved states, and 5) “weakly state-dependent”
whereby rates primarily depend on unobserved states while also being influenced by observed
states. Across all simulation conditions, states 1 and B were associated with higher rates than
states 0 and A, respectively, with one notable exception. To investigate how asymmetric state tran-
sitions affect inference of state-dependent rates, we swapped the rates associated with state 0 and
1 for some simulations with both asymmetric transition rates and unequal rates of continuous trait

evolution across states O and 1. The lowest rate in all simulations was always set to 1, while the
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higher rate for state-independent and completely state-dependent simulations was set to 8. For
strongly state-dependent simulations, we set rates to 1, 4, 8, and 16 in states OA, 0B, 1A, and 1B,
respectively, but set these rates to 1, 8, 4, and 16 instead for weakly state-dependent simulations.
Ultimately, we defined 18 simulation conditions—15 corresponding to every possible combina-
tion of the 3 state transition dynamics and 5 state-dependent/independent rate variation patterns,
plus an additional 3 conditions with asymmetric transition rates and rates of continuous trait evo-
lution for states 0 and 1 swapped as described above. To also investigate how our approach was
influenced by increasing sample size, we simulated phylogenies with either 50, 100, or 200 tips.
We simulated 20 replicates for each condition and phylogeny size, ultimately yielding 1,080 sim-
ulated phylogenies and associated comparative datasets. Note that hidden state information was
discarded prior to model fitting and analysis, such that states 0A/0B were converted to 0 and states
1A/1B to 1. To analyze each simulation, we fit 8 different models via maximum likelihood in-
ference using our sce package—four models assuming symmetric transition rates among observed
states plus four otherwise identical models instead assuming asymmetric transition rates. For sim-
plicity, all models assumed transition rates among hidden states are symmetric. The four models
in each category (symmetric versus asymmetric transition rates) consisted of: 1) a null model as-
suming constant rates across observed states without hidden states, 2) a state-independent model
assuming constant rates across observed states with two hidden states, 3) a state-dependent model
allowing rates to vary across observed states without hidden states, and 4) a full model allowing
rates to vary across observed states while also including two hidden states. Like the simulation set-
tings, all models assumed transition rates among hidden states did not depend on observed states
and vice versa, and that transitions in both observed and hidden states cannot occur simultaneously.
To reduce the time it took to analyze all these simulated datasets, we discretized continuous trait
data with a relatively coarse grid of 512 points. While 512 grid points seems to suffice to prelim-
inary analyses, we generally recommend using a grid 2,048 points for final parameter estimates
and likelihood calculations (the FFT algorithm is most efficient with grid resolutions which are a

power of two; Frigo and Johnson, 2005). For the purposes of model fitting, we assumed the con-
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tinuous trait at each tip followed a normal distribution centered at the simulated continuous trait
value with a small standard deviation equal to 1/100" the range of all continuous trait values for a
given simulation.

We used the Limited-memory Broyden-Fletcher-Glodfarb-Shanno algorithm (LBFGS) algo-
rithm implemented in the C++ library NLOPT (interfaced through the R package nloptr; Johnson,
2021; Ypma et al., 2022) to fit all models. Notably, the LBFGS algorithm requires information
about the gradient of the likelihood surface, which we calculated via simple finite difference ap-
proximations (see APPENDIX 2B for an example of this approach to gradient approximation).
While other numerical optimization algorithms do not require gradient calculations, we found
these algorithms to be slower and less reliable in preliminary tests of our approach. Because tran-
sition and evolutionary rate parameters must be positive, we estimated all parameters on a natural
log scale. For each model fit, we ran the LBFGS algorithm at least 5 times from initial parame-
ter estimates uniformly sampled between -2.5 and 2.5 (~0.1-10), taking whichever run achieved
the highest maximum likelihood estimate. Likelihood surfaces for models including hidden states
occasionally appeared to be multimodal and/or exhibit flat “ridges”, rendering numerical optimiza-
tion more challenging—thus, we ran the algorithm 10 rather than 5 times for models with hidden
states. We also bounded parameter estimates between -30 (~ 1 X 1073y and 7 (~ 1,000) to pre-
vent the algorithm from both getting “stuck” in likelihood ridges that may occur when parameter
estimates are effectively equal to 0 and/or running into overflow issues if parameter estimates grew
too large.

We analyzed the results of our simulation study through both “model selection” and “param-
eter inference”-based approaches. For the model selection-based approach, we calculated sample
size corrected Akaike Information Criteria (AICc) for each model fit. Because simulated data of-
ten failed to exhibit overwhelming support for one particular model based on differences in AICc
(AAICc), we instead focused on analyzing variation in the AICc weights associated with different
models across simulation conditions. In particular, we used “relative AICc weights” (hereafter

RAWS5s), which we define here as the average AICc weight for all models supporting some hypoth-
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esis (e.g., state-dependent rate variation) divided by itself plus the average AICc weight for all
models supporting an alternative hypothesis (e.g., constant rates). RAWs thus provide normalized
measures between 0 and 1 of the support for some hypothesis (more technically, RAWs corre-
spond to the inverse logit transform of log “evidence ratios” sensu Burnham and Anderson, 2002).
We specifically calculated RAWs comparing: 1) state-independent versus null models, 2) state-
dependent/full versus null models, 3) state-dependent/full versus state-independent models, and 4)
asymmetric versus symmetric models. Note that we averaged rather than summed AICc weights
because some of these RAWs were “unbalanced” in comparing four models to two (Burnham
and Anderson, 2002; Kittle et al., 2008). For the parameter inference-based approach, we sim-
ply model-averaged parameter estimates according to (non-relative) AICc weights and compared
inferred parameter values to simulated ones. For consistency among fitted models and simulated
parameters, we assumed the inferred hidden state associated with the highest average rate corre-
sponded to the simulated unobserved state B and the other inferred hidden state to A. Note that the
transition rate among hidden states could only be model-averaged across four of the eight models

which explicitly inferred hidden states.

3.2.4 Empirical Example

To demonstrate potential empirical applications of our new method for inferring state-
dependent rates of continuous trait evolution, we tested whether tropical lineages of sage (Lami-
aceae: Salvia L.) exhibit higher rates of flower size evolution in accordance with the Biotic Inter-
actions Hypothesis (BIH). The BIH predicts that the comparatively stable climatic conditions of
tropical ecosystems causes biotic factors to drive more variation in evolutionary fitness relative to
abiotic factors (Dobzhansky, 1950; Schemske, 2001; Schemske et al., 2009). Thus, assuming biotic
selective pressures are typically more heterogeneous than abiotic ones, the characteristic spatiotem-
poral scale of evolutionary processes should shrink towards the tropics, resulting in more frequent
and rapid bouts of evolutionary divergence among populations (i.e., more intense/pronounced “co-
evolutionary mosaics”; see Thompson, 2005). As such, the BIH suggests that traits particularly

important in mediating biotic interactions—like flower morphology—should exhibit elevated rates of
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evolution among tropical lineages.

For this analysis, we combined the recently-generated, time-calibrated maximum clade credi-
bility phylogeny of sages and associated corolla length measurements from Moein et al. (2023)
with geographic occurrence data from Kriebel et al. (2019). To more thoroughly contextu-
alize the results of our analyses comparing corolla length evolution among tropical and tem-
perate sage lineages, we used additional discrete trait data from Moein et al. (2023) to also
examine whether other key sage traits—specifically, active staminal lever presence/absence and
woodiness/herbaceousness—affect corolla length evolution. We dropped 5 tips from the phylogeny
corresponding to species outside the genus Salvia, as well as an additional 37 tips lacking any asso-
ciated data, yielding a final phylogeny consisting of 334 tips with corresponding corolla (328 tips),
lever (314 tips), and/or woodiness (302 tips) data. We coded missing discrete trait measurements
by assigning identical partial likelihoods to all possible discrete states, similarly to hidden states,
and coded missing continuous trait measurements by assigning equal partial likelihoods to all grid
points corresponding to different corolla length measurements. The geographic occurrences from
Kriebel et al. (2019) provided data for 289 of these tips, but we supplemented these data with
coordinates downloaded from the Global Biodiversity Information Facility (GBIF) for any species
lacking coordinate data. We used the R package CoordinateCleaner (Zizka et al., 2019) to remove
likely erroneous and/or duplicate records from the combined data under the package’s default set-
tings, with the exception of keeping records potentially corresponding to country centroids, which
were the only records available for a substantial number of tips in the phylogeny. Ultimately, this
yielded nearly 71,000 occurrence records for 304 tips, with a median of 10 occurrences per tip
(ranging from 1 to 25,788; 57 or ~20% of tips were only associated with a single record).

There are, unfortunately, numerous partially conflicting strategies for classifying geographic
locations as either tropical or temperate (Feeley and Stroud, 2018). Because the BIH suggests cli-
matic stability ultimately drives increased evolutionary rates towards the tropics, we chose to use
ratio of annual to daily temperature ranges (hereafter “isothermality”) to delineate geographic oc-

currences as either tropical or temperate. First, we calculated isothermality based on the definition
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of Feeley and Stroud (2018) for each occurrence record using 2.5 minute resolution WorldClim
rasters (Fick and Hijmans, 2017) via the R package geodata (Hijmans et al., 2023). In this case,
isothermality is a strictly positive variable with values below 1 corresponding to tropical condi-
tions whereby daily temperature fluctuations are comparable to or exceed seasonal variation in
temperature. After log-transforming isothermality such that it ranged from —oo to o0, we computed
isothermality ranges for each tip as the 5 and 95% quantiles of each tip’s empirical isothermality
distribution, classifying each tip as either tropical if the midpoint of the range fell below In1 =0
and temperate otherwise (Fig. 3A.1). To assess how sensitive our results were to this particular
classification scheme, we also devised a more conservative coding strategy that took the extremes
of each tip’s isothermality range into account. Notably, however, the widths of isothermality ranges
tended to increase with the number of occurrence records among tips with roughly 20 or fewer
records (Fig. 3A.2). Thus, we calculated the mean range width across all tips with more than 20
records and symmetrically expanded the ranges for all tips with 20 or fewer records to at least
this width. We then classified tips as tropical only if both the upper extreme and midpoint of their
range fell below In1.25 ~ 0.22 and In0.75 ~ —0.29, respectively. Conversely, tips were only clas-
sified as temperate if the lower extreme and midpoint of their range exceeded In0.75 ~ —0.29 and
In1.25 ~ 0.22, respectively. All other tips (50 out of the 304 with occurrence records) were coded
as missing because they exhibited no strong climatic preference, either occurring under both trop-
ical and temperate conditions or exclusively occurring right around the isothermality cut-off point
of In1 =0 (Fig. 3A.3).

For each discrete variable (“strict” and “conservative” codings of tropical/temperate states,
presence/absence of staminal levers, and woodiness), we inferred joint models of state and natural
log-transformed corolla length evolution following procedures largely identical to those used for
the simulation study, with a few key exceptions. First, in addition to the 8 models described in the
simulation study, we assessed evidence for asymmetric transition rates among hidden states via 4
additional models: state-independent and full models assuming symmetric transitions among ob-

served states but asymmetric transitions among hidden states, plus two otherwise identical models
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assuming asymmetric transitions among both observed and hidden states. Second, because we lack
data on corolla length measurement errors/within-tip variation, we allowed all models to simulta-
neously estimate a “tip error” parameter (i.e., € in Eq. 9; see Landis and Schraiber, 2017) rather
than fixing this parameter a priori based on the overall range of continuous trait data as in the sim-
ulation study. Lastly, to better ensure the accuracy of all inferences, we increased the resolution
of the continuous trait value grid from 512 to 2,048 and repeatedly fit each model 20 times rather
than 5 or 10.

We analyzed our empirical results following the procedures used for the simulation study as
well, calculating AICc weights and corresponding model-averaged estimates of transition rates
among states (again defining hidden state B as whichever inferred hidden state is associated
with the highest average rate of continuous trait evolution), rates of corolla length evolution,
and tip error in corolla length measurements. we also calculated RAWs measuring the evidence
for state-independent/state-dependent rate variation versus constant rates, state-dependent versus
state-independent rate variation, and asymmetric versus symmetric transition rates among ob-
served/hidden states. Additionally, we computed ancestral state, rate, and corolla length estimates
under each model using marginal ancestral state reconstruction, summarizing the results for each
of the four discrete variables by model-averaging estimated state probabilities, rates, and corolla

lengths at each node and tip in the phylogeny.

3.3 Results

3.3.1 Simulation Study

Overall, our simulation study demonstrates that our new SCE modeling framework can accu-
rately detect and quantify variation in rates of continuous trait evolution from phylogenetic com-
parative data—whether such variation is associated with observed or unobserved discrete variables.
Interestingly, sample size corrected Akaike Information Criteria (AICc) suggested data simulated
under relatively “simple” conditions (e.g., constant rates, state-independent rate variation only)
generally did not exhibit strong evidence against models implying more complex patterns of rate

variation, instead tending to yield equivocal support for a range of simple to more complex models.
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Accordingly, selecting best-fitting models via common “rules of thumb” (e.g., lowest AICc, AAICc
< 2) resulted in incorrectly rejecting simpler models about 10-15% of the time. Fortunately, using
relative AICc weights (RAWSs) to measure the evidence in favor of particular hypotheses rather than
models resulted in much better error rates (Figure 3.1). More specifically, using a RAW threshold
of >85% in favor of “more complex” hypotheses (e.g., variation in rates, state-dependent rates,
asymmetric transitions among states) yielded error rates of about 5% or lower. Critically, many
datasets simulated under state-independent rates yielded strong support for state-dependent over
constant rate models, but not state-dependent over state-independent models, directly demonstrat-
ing the importance of accounting for the possible influence of unobserved discrete variables in
testing for associations between discrete variables and rates of continuous trait evolution. Beyond
error rates, our method performed well in terms of its statistical power to detect rate variation.
While our approach sometimes struggled to detect rate variation—particularly state-independent
rate variation—from 50-tip datasets, its power generally grew rapidly with increasing sample size.
As might be expected, increasing ratios of state-independent to state-dependent rate variation (i.e.,
weakly state-dependent simulations compared to completely state-dependent ones) lead to more
equivocal support for state-dependent over state-independent models. Intriguingly, faster transition
rates seemed to slightly decrease power rates for detecting state-dependent rate variation, consis-
tent with previous work based on a more approximate method for inferring state-dependent rates
of continuous trait evolution (Revell, 2013). Our method’s power to detect asymmetric transition
rates (i.e., transitions from one state to another occurring more frequently than the reverse) among
observed states was noticeably weaker than its power to detect rate variation, aligning with similar
findings in the context of state-dependent SSE models (Beaulieu and O’Meara, 2016). Nonethe-
less, our approach could detect asymmetric transition rates more sensitively from data simulated
under state-dependent rates, likely because apparent variation in evolutionary rates across the phy-
logeny provided additional information on the evolutionary history of observed states (see Boyko
et al., 2023b).

Overall, our method yielded rather unbiased and accurate parameter estimates which grew
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Figure 3.1 Distributions of relative sample size corrected Akaike Information Criterion (AICc)
weights (i.e., average AICc weight associated with models supporting one hypothesis versus an-
other, normalized to vary between 0 and 1; hereafter RAWs) measuring the support for several
key evolutionary hypotheses across different simulation conditions based on our novel approach
to inferring state-(in)dependent continuous trait evolution models. We specifically quantified the
evidence that: 1) rates of continuous trait evolution vary according to an unobserved discrete vari-
able (indep. > const.), 2) rates vary according to the observed discrete variable (dep. > const.), 3)
rates vary according to the observed discrete variable rather than or in addition to an unobserved
variable (dep. > indep.), and 4) transition rates from observed state O to 1 differ from those for
1 to O (i.e., transition rates are asymmetric; asym. > sym.). Different plots correspond to distinct
simulation conditions, with different sample sizes (i.e., number of tips; distributions in lighter,
warmer colors correspond to larger sample sizes) and hypotheses arrayed along each plot’s x-axis.
Hatched boxes correspond to RAW values > 85%, which indicate substantial support for either
correct (in darker gray) or incorrect (in lighter red) hypotheses depending on the given simulation
conditions. Hatched boxes were omitted in cases where a particular hypothesis is irrelevant given
the simulation conditions.
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more precise with increasing sample size (Figs. 3.2-3.3). Interestingly, in some cases, the method
inferred hidden states which were very unlikely to occur anywhere across a phylogeny, resulting
in “outlier” rate estimates (represented by the long, skinny tails of some distributions and X sym-
bols in Fig. 3.2) because the rate parameters associated with these states had virtually no effect
on model likelihoods. Fortunately, such situations are not especially problematic—ancestral state
reconstruction may be used to quickly verify whether states associated with anomalously low or
high rate estimates are actually likely to have occurred anywhere on a given phylogeny. Unsur-
prisingly, inferred state-dependent rate differences tended to be more accurate and precise than
state-independent rate differences. In fact, state-independent rate estimates often exhibited a spe-
cific pattern of bias for smaller 50-tip datasets, with differences among hidden states within a given
observed state “collapsing” to O (e.g., rate estimates for states A and OB being biased towards the
overall average rate for state 0). Fortunately, this bias largely disappears for larger sample sizes
as state-independent rate variation could be inferred with greater confidence (see in particular rate
estimates for simulations with state-independent rates and slow transition rates in Fig. 3.2). A sim-
ilar pattern occurred for rate differences between observed states under some simulation conditions
with fast transition rates among observed states, aligning with results from previous work (Rev-
ell, 2013). Analogously, transition rate estimates for smaller datasets simulated under asymmetric
transtion rates tended to exhibit some bias towards inferring more symmetric rates, consistent with
the general difficulty of confidently detecting asymmetric transition rates (Fig. 3.1). Notably, in-
ferred parameters for transition rates among hidden states varied from fairly precise to exception-
ally imprecise depending on strength of state-independent rate variation, as inference of hidden
states is directly tied to the apparency of their effect on rates of continuous trait evolution—for ex-
ample, hidden transition rate estimates for data simulated under completely state-dependent rates
varied over six orders of magnitude regardless of sample size. Thus, unsurprisingly, simulations
generally must have sufficiently strong state-independent relative to state-dependent rate variation

for accurate inference of hidden state transition rates.
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Figure 3.2 Distributions of model-averaged rates of continuous trait evolution in each state (based
on sample size corrected Akaike Information Criterion—or AICc—weights) across all simulation
conditions estimated under our novel approach to inferring state-dependent continuous trait evo-
lution models. Different plots correspond to distinct simulation conditions, with different sample
sizes (i.e., number of tips; distributions in lighter, warmer colors correspond to larger sample sizes)
and states arrayed along each plot’s x-axis. Horizontal lines depict the values of simulated rate
parameters under different simulation conditions. We used x symbols at the bottom of plots to in-
dicate four cases where rate estimates fell below 10~2 (ranging from about 4 x 107> to 5 x 1073).
Outside of these cases, estimated rates never exceeded the plot boundaries.
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Figure 3.3 Distributions of model-averaged transition rates among states (based on sample size cor-
rected Akaike Information Criterion—or AICc—weights) across all simulation conditions estimated
under our novel approach to inferring state-dependent continuous trait evolution models. Differ-
ent plots correspond to distinct simulation conditions, with different sample sizes (i.e., number of
tips; distributions in lighter, warmer colors correspond to larger sample sizes) and state transitions
arrayed along each plot’s x-axis. Horizontal lines depict the values of simulated transition rate
parameters under different simulation conditions. We used X symbols at the bottom of plots to
indicate five cases where transition rate estimates fell below 10~3 (ranging from about 3 x 107> to
4 x 10~%). Outside of these cases, estimated transition rates never exceeded the plot boundaries,
though some came quite close (note that we set an upper bound of exp[7] = 10* on parameter esti-
mates), causing some distributions to appear ‘“cut oft” at their extremes.
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3.3.2 Empirical Example

We applied our new approach for inferring state-dependent variation in rates of continuous
trait evolution to assess whether tropical lineages of sage exhibit higher rates of flower size (mea-
sured via natural log-transformed corolla length) evolution than temperate lineages as predicted
by the BIH. Based on RAWSs, we found substantial support for elevated rates of corolla length
evolution among tropical sages (i.e., relevant RAWs around >85%; see Table 3.1; see also Table
3A.1 for associated AICc weights), with estimated rates among tropical lineages around double
to triple those for temperate lineages (Table 3.2). This was true regardless of whether we used a
strict (Fig. 3.4) or conservative (Fig. 3A.4) scheme for classifying extant sages as tropical versus
temperate, and stands in stark contrast to the results for other discrete traits (i.e., staminal levers
and woodiness; Figs. 3A.5 and 3A.6), which do not exhibit any apparent association with rates
of corolla length evolution. On the other hand, evidence for state-independent rate variation was
decidedly equivocal with a RAW of around 56%. Reassuringly, such results were consistent across
models of different discrete traits, as would be expected because discrete and continuous trait evo-
lutionary processes are completely independent under models completely state-independent rate
variation. Indeed, excepting transition rates among observed states, parameter estimates under
these models were extremely consistent across different discrete traits (compare rows 3, 7, 9, and
11 within/across Tables 3A.2-3A.5).

Beyond variation rates of corolla length evolution, the only discrete trait to yield notable evi-
dence for asymmetric transition rates was woodiness, with transitions to herbaceousness occurring
at nearly twice the rate of transitions to woodiness among sages, agreeing with previous results
(Moein et al., 2023). With regards to hidden states, while our raw parameter estimates suggest
transitions to the “fast” hidden state B (i.e., higher rates of corolla length evolution) occur at a rate
some three times higher than that for transition into the “slow” hidden state A, evidence for asym-
metric transition rates among hidden states based on RAWs never exceeded 50%, presumably due
to the general lack of evidence for state-independent rate variation in the first place. Accounting

for the association between tropicality and rates of corolla length evolution eroded any support
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for asymmetry in hidden state transition rates even further. Inferred tip error in log corolla length
measurements (i.e., variation in log corolla length due to measurement error/within-tip variation)
remained rather consistent across all models at ~0.3, roughly corresponding to an error of about
+30% around raw corolla length measurements. However, intriguingly, inferred tip errors were
slightly yet consistently lower under models accounting for associations between rates and tropical-
ity, suggesting that other models misattributed some signals of this rate heterogeneity to increased

corolla length measurement error instead (see tip error/€ estimates in Tables 3A.2-3A.5).

Table 3.1 Relative sample size corrected Akaike Information Criterion (AICc) weights (i.e., aver-
age AICc weight associated with models supporting one hypothesis versus another, normalized to
vary between 0 and 1; hereafter RAWs) measuring the support for evolutionary hypotheses based
on joint models of corolla length and discrete trait evolution among sages (Lamiaceae: Salvia L.).
Each column corresponds to one of the four discrete traits we analyzed: 1-2) alternative “strict” and
“conservative” codings (refer to subsection 3.2.4 for details) of tropicality versus temperateness
(strict/conserv. trop.), 3) the presence/absence of staminal levers (lever pres.), and 4) woodiness
versus herbaceousness (woodiness). Each row corresponds to a particular hypothesis we measured
support for: 1) rates of corolla length evolution vary according to an unobserved discrete variable
(indep. > const.), 2) rates vary according to the observed discrete trait (dep. > const.), 3) rates
vary according to the observed discrete trait rather than or in addition to an unobserved variable
(dep. > indep.), 4) transition rates from observed state O (i.e., temperateness, staminal lever ab-
sence, herbaceousness) to 1 (i.e., tropicality, lever presence, woodiness) differ from those for 1 to
0 (i.e., transition rates are asymmetric; obs. asym. > sym.), and 5) transition rates from the “slow”
(i.e., lower rate of corolla length evolution) hidden state A to the “fast” state B are asymmetric
(hid. asym. > sym.). A RAW of ~85-90% or more indicates strong evidence in favor of a given
hypothesis.

discrete trait

hypothesis strict trop. conserv. trop. lever pres. woodiness

indep. > const. 56% 56% 56% 55%
dep. > const. 91% 96% 23% 31%

dep. > indep. 89% 95% 19% 26%

obs. asym. > sym. 35% 31% 26% 88%
hid. asym. > sym. 37% 35% 49% 48%
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Figure 3.4 Phylogram depicting model-averaged marginal ancestral rate and state estimates (based
on sample size corrected Akaike Information Criterion—or AICc—weights) based on our joint analy-
sis of corolla length evolution and temperate-tropical transitions (strictly-coded; refer to subsection
3.2.4 for details) among sages (Lamiaceae: Salvia L.). The color of branches correspond to inferred
rates of corolla length evolution, with darker, cooler and lighter, warmer colors denoting relatively
slow and fast rates, respectively. Pie charts at select nodes depict the probability that a given node
tended to occur in either temperate (light blue) or tropical (dark green) environments. Because we
lacked data for some tips and accounted for uncertainty in tropicality and corolla lengths, we also
depict inferred tropicality probabilities (via colored boxes; light gray indicates even chances of be-
ing tropical or temperate) and 95% confidence intervals on corolla lengths (via gray bars) arrayed
along the tips.
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Table 3.2 Model-averaged parameter estimates (based on sample size corrected Akaike Informa-
tion Criterion—or AICc—weights) based on joint models of corolla length and discrete trait evolu-
tion among sages (Lamiaceae: Salvia L.). Each column corresponds to one of the four discrete
traits we analyzed: 1-2) alternative “strict” and “conservative” codings (refer to subsection 3.2.4
for details) of tropicality versus temperateness (strict/conserv. trop.), 3) the presence/absence of
staminal levers (lever pres.), and 4) woodiness versus herbaceousness (woodiness). Each row cor-
responds to a particular parameter. Parameters denoted g, , represent transition rates from state x
to state y per million years. States 0 and 1 refer to observed states (i.e., 0 = temperateness/staminal
lever absence/herbaceousness, 1 = tropicality/lever presence/woodiness) while states A and B re-
fer to “slow” (i.e., lower rate of corolla length evolution) and “fast” hidden states, respectively.
Parameters denoted o2, refer to rates of log-transformed corolla length evolution (i.e., increase in
variance per million years) in observed state x and hidden state w. Lastly, € denotes “tip error”—the
inferred standard deviation of (presumably normally-distributed) log-transformed corolla length
measurements across all tips due to measurement error and/or within-tip phenotypic variation.

discrete trait

parameter strict trop. conserv. trop. lever pres. woodiness

g1 0018 0.008 0.024 0.040
g0 0016 0.007 0.024 0.076
qap 0018 0.014 0.034 0.032
gsa  0.013 0.015 0.011 0.010
o3, 0.009 0.009 0.006 0.007
ooy 0011 0.011 0.019 0.020
of,  0.022 0.026 0.007 0.006
6Z,  0.025 0.027 0.020 0.021

e 0292 0.287 0.303 0.303

3.4 Discussion

Here, we outlined and demonstrated the capabilities of a new approach for inferring how dis-
crete variables affect continuous trait evolution dynamics based on a novel pruning algorithm for
directly calculating the likelihood of phylogenetic comparative data under a joint evolutionary pro-
cess of both discrete state and continuous trait evolution. Unlike other methods for inferring these
SCE models, our approach avoids relying on explicit reconstructions of state histories, rendering
the method relatively efficient and convenient to use. Overall, our simulation study verifies that our
new framework for fitting SCE models not only yields largely accurate parameter estimates, but
also exhibits both acceptable error rates and relatively high power for detecting variation in rates of
continuous trait evolution. A particular strength of our framework is its ability to account for resid-

ual heterogeneity in continuous trait evolution dynamics caused by unobserved discrete variables
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or hidden states, enabling more accurate and robust parameter inference and evolutionary hypothe-
sis testing (May and Moore, 2020; Boyko et al., 2023b; Tribble et al., 2023). Our simulation study
concretely demonstrate this fact, showing that residual heterogeneity in rates of continuous trait
evolution are frequently mistaken for state-dependent heterogeneity when only constant-rate and

completely state-dependent models are considered (Fig. 2.2).

3.4.1 Increased rates of flower size evolution among tropical sages

Using our new SCE modeling framework, we found that tropical sage lineages exhibit higher
rates of flower size evolution than temperate lineages, consistent with predictions of the BIH. In
fact, the two main subclades predominantly consisting of tropical sage taxa in our analyses (Fig.
3.4) are rather unusual among sage lineages for exhibiting multiple evolutionary shifts from bee
to bird pollination (Kriebel et al., 2019), and bird pollination has been explicitly linked to larger
flower sizes in sages (Wester et al., 2020; Moein et al., 2023). While more research is needed
to confidently determine what mechanisms underlie elevated rates of flower size evolution among
tropical sages, this association between tropical environments and elevated rates of both pollinator
interaction and flower size evolution among sages is rather striking and certainly seems to agree
with some of the key predictions of the BIH. Alternatively, such elevated rates of flower size evolu-
tion among tropical sage lineages may result from higher lineage diversification rates in the tropics
driving increased incomplete lineage sorting and/or hybridization among sages. A single species
tree is cannot fully describe the complex interrelationships of clades exhibiting high rates of in-
trogression and hybridization, distorting expected patterns of phenotypic similarity across species
and inflating evolutionary rate estimates (Mendes et al., 2018; Hibbins and Hahn, 2021; Hibbins
et al., 2023). While our new method cannot explicitly account for these “reticulate” evolutionary
processes, one can approximately model them by integrating comparative analyses over a sample
of “gene trees” (Hibbins et al., 2023). To this end, our new approach to inferring SCE models the-
oretically makes integrating comparative analyses over multiple possible tree topologies easier by
avoiding repeated sampling of discrete state histories over different topologies. This should make

sampling parameters that fit the observed data under a variety of different topologies much easier
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and computationally feasible, as the most likely parameters of a continuous trait evolution model
can vary widely depending on the assumed state history, an issue presumably only exaggerated
by different overall tree topologies (e.g., Caetano and Harmon, 2017; Boyko et al., 2023b). In
any case, future ecological and microevolutionary work comparing pollination interactions, selec-
tion on floral traits, and/or population genetic patterns between tropical and temperate sage taxa
may help more precisely elucidate the mechanisms driving increased rates of flower size evolution
among tropical sages.

While much macroevolutionary research has investigated whether speciation and/or extinction
rates differ among temperate and tropical lineages, comparatively little research has examined
whether rates of phenotypic evolution are elevated among tropical lineages. Those that have in-
vestigated this question have yielded mixed results, from those broadly in agreement with the BIH
(Schumm et al., 2019; Chartier et al., 2021), to those finding no consistent differences in rates
among temperate/tropical lineages (Drury et al., 2021), to even those finding opposing patterns
of increased rates of trait evolution in temperate ecosystems (Hipsley et al., 2014). Our results
here notably agree with a previous study demonstrating that heathers and allies (order Ericales)
exhibit greater floral morphological diversity towards the tropics (Chartier et al., 2021). However,
Chartier et al. (2021) did not conduct any phylogenetic comparative analyses, and it remains un-
clear what evolutionary processes generated these apparent patterns. To our knowledge, this study
is the first to explicitly compare rates of floral morphology evolution across tropical and temperate
environments. Notably, while sages and heathers diverged from one another quite some time ago
(molecular and fossil evidence roughly suggest the mid to early Cretaceous, some 90-120 million
years ago; Zhang et al., 2020), they are both members of the larger Asterid clade. To determine
whether these results reflect more general patterns, future studies should investigate whether rates
of floral trait evolution and/or floral morphological diversity increase towards the tropics not only
in other Asterid clades but also more broadly across the Angiosperm phylogeny (e.g., Rosids,

Monocots, Magnoliids).
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3.4.2 Relationship to previous methods and possible extensions

This is not the first approach to joint inference of state histories and continuous trait evolution
processes from phylogenetic comparative data. Theoretically, sequential approximations converge
to a truly joint modeling approach if the likelihood of a continuous trait evolution model is averaged
over a sufficiently representative sample of state histories. Generating such a sample, however, is
not trivial, as most sampling methods (e.g., simmapping; Nielsen, 2002; Bollback, 2006; Revell,
2013) generate state histories associated with extremely low likelihoods that barely contribute to
the overall average (Boyko et al., 2023b). Nonetheless, previous researchers have developed both
effective Bayesian approaches (Caetano et al., 2018; May and Moore, 2020; Quintero and Landis,
2020) and clever greedy algorithms (Boyko et al., 2023b) for achieving just this. While our new
SCE framework generally offers greater computational efficiency and, in some respects, flexibility
compared to previous approaches, these alternative methods still offer some important strengths
worth considering.

While our approach could be extended to multivariate continuous traits quite easily via the use
of multidimensional FFTs, the computational complexity of our pruning algorithm would unfor-
tunately scale poorly. In particular, each additional trait increases the number of grid points to
consider by a factor equal to the specified grid resolution—for example, two traits each coarsely
discretized into just 256 grid points would together still require 256 x 256 = 65,536 grid points.
We believe sparse/adaptive grids (Brumm and Scheidegger, 2017) offer a possible workaround to
this issue, but is far beyond the scope of the current paper. However, methods like ratematrix
(Caetano et al., 2018) and MuSSCRat (May and Moore, 2020) are already capable of accommo-
dating several or more continuous traits. Additionally, while our SCE framework can model a
wide array of possible evolutionary dynamics via Lévy processes, it is not easily extendable to
more “adaptive” models of trait evolution like Ornstein Uhlenbeck (OU; Butler and King, 2004)
and Fokker-Planck-Komologrov processes (Boucher et al., 2018). Unlike Lévy processes, these
processes do not admit a characteristic exponent representation and are thus not directly compati-

ble with our current approach. Fortunately, the recently-developed hOUwie is capable of inferring
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state-dependent OU processes via a clever stochastic algorithm for approximating the likelihood
of the model rather efficiently despite being based on a sequential approximation.

In general, we believe our method offers the most straight-forward and computationally-
efficient modeling approach in the case of univariate continuous traits evolving under more “drift-
like” processes (e.g., Brownian motion, “pulsed” evolution; see Landis et al., 2013; Landis and
Schraiber, 2017). More broadly, however, we believe our novel algorithm establishes a helpful
mathematical link between popular discrete and continuous trait evolution models. Future re-
search could build off this framework to develop additional SCE models tailored to a variety of
applications—for example, joint inference of geographic history and its effect on trait evolution
(e.g., Goldberg et al., 2011; Caetano et al., 2018) or even jointly modeling the influence of a con-
tinuous variable on continuous trait evolution (e.g., FitzJohn, 2010). Another interesting—though
perhaps more challenging—avenue for development would be uniting continuous, discrete, and lin-
eage diversification models under a single framework, which would be possible by combining our
algorithm with those used for SSE models—particularly the quantitative SSE model (i.e., quasse;
FitzJohn, 2010). One potentially useful application of such a framework would be modeling more
dynamic interactions between speciation, extinction, and continuous trait evolution using insights

from cladogenetic SSE models (e.g., Goldberg and Igi¢, 2012; see also Bokma, 2008).

3.4.3 Conclusion

Macroevolutionary researchers still remain limited in their ability to rigorously detect and quan-
tify variation in continuous trait evolution dynamics, despite the ubiquity of evolutionary hetero-
geneity across the tree of life. Our new SCE modeling framework allows for joint inference of
discrete state histories and their influence of the evolution of a continuous trait. Such states could
represent different habitats, reproductive strategies, or even entirely unobserved variables/hidden
states used to model generic background and/or residual heterogeneity in continuous trait evolution
dynamics. By using this method to fit and compare several candidate models, researchers can eas-
ily and robustly test a potentially wide variety of hypotheses regarding what factors are associated

with shifts in the tempo or mode of continuous trait evolution. Furthermore, the mathematical basis
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of our approach presents numerous opportunities for further elaboration, extension, and connection
with other methods going forward. Ultimately, we believe our method fills an important gap among
phylogenetic comparative methods and will benefit a broad array of both method developers and

empirical macroevolutionary researchers alike.
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APPENDIX 3A

SUPPLEMENTAL TABLES AND FIGURES
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Figure 3A.1 The calculated isothermality (i.e., the ratio of seasonal variation in temperature to daily
temperature fluctuations; see Feeley and Stroud, 2018) ranges used to classify each tip/taxon in
the sage (Lamiaceae: Salvia L.) phylogeny for which we had geographic occurrence data as either
tropical (vertical line segments colored darker green) or temperate (lines colored lighter blue) under
our “strict” coding scheme (refer to subsection 3.2.4 for details). The lower and upper bounds
of each vertical line segment represent the empirical 5 and 95% quantiles, respectively, of the
isothermality values associated with occurrence records for a single taxon. The dashed horizontal
line depicts the position where seasonal and daily temperature variation are equal-here, taxa with
range midpoints below and above this line were considered tropical and temperate, respectively.
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Figure 3A.2 The widths of calculated isothermality (i.e., the ratio of seasonal variation in temper-
ature to daily temperature fluctuations; see Feeley and Stroud, 2018) ranges for each tip/taxon in
the sage (Lamiaceae: Salvia L.) phylogeny for which we had geographic occurrence data, plot-
ted against the number of occurrence records associated with each tip on the x-axis. Widths are
given by the difference between the natural log-transformed empirical 5 and 95% quantiles of
the isothermality values associated with occurrence records for a single taxon. Note that, while
the range widths generally increase among taxa with more occurrence records (i.e., because the
geographic distribution of such taxa are better-sampled), this trend largely “levels” out for taxa
associated with more than 20 records. For our “conservative” coding of tropicality versus tem-
perateness (refer to subsection 3.2.4 for details), range widths for taxa with 20 or fewer records
were symmetrically expanded (on the log scale) to the mean width among taxa with more than 20
records, which came out to ~0.7 (corresponding to 1 to 2-fold range of isothermality values).
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Figure 3A.3 The calculated isothermality (i.e., the ratio of seasonal variation in temperature to
daily temperature fluctuations; see Feeley and Stroud, 2018) ranges used to classify each tip/taxon
in the sage (Lamiaceae: Salvia L.) phylogeny for which we had geographic occurrence data as
either tropical (vertical line segments colored darker green), temperate (lines colored lighter blue),
or ambiguous (lines colored gray) under our “conservative” coding scheme (refer to subsection
3.2.4 for details). Generally, the lower and upper bounds of each vertical line segment represent the
empirical 5 and 95% quantiles, respectively, of the isothermality values associated with occurrence
records for a single taxon. However, the widths of isothermality ranges for any undersampled taxa
(i.e., 20 or fewer occurrence records) were expanded to at least the mean range width of well-
sampled taxa (i.e., more than 20 records; see Fig. 3A.2). The dashed horizontal lines depict
the positions where annual temperature variation is 25% lower and higher than daily temperature
variation. Here, taxa were only considered tropical if their isothermality range’s midpoint and
upper bound both fell below the lower and higher dashed lines, respectively. Similarly, taxa were
only considered temperate if their range’s midpoint and lower bound both exceeded the higher
and lower dashed lines, respectively. All other taxa failed to exhibit a strong preference for either
tropical or temperate environments and were thus considered ambiguous.
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Figure 3A.4 Phylogram depicting model-averaged marginal ancestral rate and state estimates
(based on sample size corrected Akaike Information Criterion—or AICc—weights) based on our
joint analysis of corolla length evolution and temperate-tropical transitions (conservatively-coded;
refer to subsection 3.2.4 for details) among sages (Lamiaceae: Salvia L.). The color of branches
correspond to inferred rates of corolla length evolution, with darker, cooler and lighter, warmer
colors denoting relatively slow and fast rates, respectively. Pie charts at select nodes depict the
probability that a given node tended to occur in either temperate (light blue) or tropical (dark green)
environments. Because we lacked data for some tips and accounted for uncertainty in tropicality
and corolla lengths, we also depict inferred tropicality probabilities (via colored boxes; light gray
indicates even chances of being tropical or temperate) and 95% confidence intervals on corolla
lengths (via gray bars) arrayed along the tips.

203



I v/ /4
/ ¥ ’ o 4 4 \ ¥
,/ // ///. \v / éc c‘//// o‘\\ \\\ \\\
/ 4 y ) v '] P
// ’, " \\(c G ; & \ | \\ \\
i N o Lo cxe c\ ‘/// \ ! \ e
/ / = A R .
/l /’/ //I = S@.C \ = é"?« ’\\\ \\ \\\
Y // B S
— \ \ \

(variance per million years)

0.030 5 -\‘. “. |
VB
| 1 [}

0.018

state
0.011 ™ lever absent
ambiguous
lever present
0.007
0.004

Figure 3A.5 Phylogram depicting model-averaged marginal ancestral rate and state estimates
(based on sample size corrected Akaike Information Criterion—or AICc—weights) based on our
joint analysis of corolla length and staminal lever evolution among sages (Lamiaceae: Salvia L.).
The color of branches correspond to inferred rates of corolla length evolution, with darker, cooler
and lighter, warmer colors denoting relatively slow and fast rates, respectively. Pie charts at se-
lect nodes depict the probability that a given node either possessed (light yellow) or lacked (dark
purple) staminal levers. Because we lacked data for some tips and accounted for uncertainty in
tropicality and corolla lengths, we also depict inferred staminal lever presence probabilities (via
colored boxes; light gray indicates even chances of having or lacking staminal levers) and 95%
confidence intervals on corolla lengths (via gray bars) arrayed along the tips.

rate of log corolla length evolution
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Figure 3A.6 Phylogram depicting model-averaged marginal ancestral rate and state estimates
(based on sample size corrected Akaike Information Criterion—or AICc—weights) based on our
joint analysis of corolla length and woodiness evolution among sages (Lamiaceae: Salvia L.). The
color of branches correspond to inferred rates of corolla length evolution, with darker, cooler and
lighter, warmer colors denoting relatively slow and fast rates, respectively. Pie charts at select
nodes depict the probability that a given node was either woody (dark brown) or herbaceous (light
green). Because we lacked data for some tips and accounted for uncertainty in woodiness and
corolla lengths, we also depict inferred tropicality probabilities (via colored boxes; light gray indi-
cates even chances of being woody or herbaceous) and 95% confidence intervals on corolla lengths
(via gray bars) arrayed along the tips.
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Table 3A.1 Sample size corrected Akaike Information Criterion (AICc) weights for joint models
of corolla length and discrete trait evolution among sages (Lamiaceae: Salvia L.), demonstrating
the support for alternative models for any given discrete trait. The rows correspond to alternative
models that differed in four assumptions corresponding to the four leftmost columns: 1) whether
rates of corolla length evolution vary independently of the observed discrete trait (i.e., whether the
model included “hidden states”; labeled indep?), 2) whether rates vary according to the observed
discrete trait (dep?), 3) whether transitions among states of the observed discrete trait occur at
unequal, “asymmetric” rates (obs. asym?), and 4) whether transition rates among hidden states
are asymmetric (hid. asym?). v'and X symbols indicate which models made and did not make
these assumptions, respectively. The remaining four rightmost columns correspond to the different
discrete traits we analyzed: 1-2) alternative “strict” and “conservative” codings (refer to subsection
3.2.4 for details) of tropicality versus temperateness (strict/conserv. trop.), 3) the presence/absence
of staminal levers (lever pres.), and 4) woodiness versus herbaceousness (woodiness). Note that the
weights only describe the support for a given model for a given discrete trait, and are not directly
comparable across discrete traits.

model assumptions discrete trait

indep? dep? obs.asym? hid. asym? strict trop. conserv. trop. lever pres. woodiness

X X X — 1.9% 1.0% 16.8% 2.4%
X v X — 52.2% 59.4% 6.2% 0.9%
v X X X 2.4% 1.2% 21.7% 3.1%
v v X X 4.5% 4.4% 4.1% 1.8%
X X v — 0.9% 0.4% 6.0% 18.4%
X v v — 28.5% 27.1% 2.2% 6.6%
v X v X 1.2% 0.5% 7.7% 23.4%
v v v X 2.3% 1.9% 1.4% 9.0%
v X X v 2.3% 1.2% 20.6% 2.9%
v v X v 1.8% 1.8% 4.5% 1.2%
v X v v 1.1% 0.5% 7.3% 22.1%
v v v v 0.9% 0.8% 1.6% 8.3%
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Table 3A.2 Parameter estimates based on our joint analysis of corolla length evolution and temperate-tropical transitions (strictly-
coded; refer to subsection 3.2.4 for details) among sages (Lamiaceae: Salvia L.). The rows correspond to alternative models that
differed in four assumptions corresponding to the four leftmost columns: 1) whether rates of corolla length evolution vary independently
of tropicality/temperateness (i.e., whether the model included “hidden states”; labeled indep?), 2) whether rates vary according to
tropicality/temperateness (dep?), 3) whether transitions into versus out of the tropics occur at unequal, “asymmetric” rates (obs. asym?),
and 4) whether transition rates among hidden states are asymmetric (hid. asym?). v'and X symbols indicate which models made and did
not make these assumptions, respectively. The remaining 9 rightmost columns correspond to different parameters. Parameters denoted
qx,y TEpresent transition rates from state x to state y per million years. States 0 and 1 refer to temperate and tropical states, respectively,
while states A and B refer to “slow” (i.e., lower rate of corolla length evolution) and “fast” hidden states, respectively. Parameters
denoted zew refer to rates of log-transformed corolla length evolution (i.e., increase in variance per million years) in observed state X
and hidden state w. Lastly, € denotes “tip error’—the inferred standard deviation of (presumably normally-distributed) log-transformed
corolla length measurements across all tips due to measurement error and/or within-tip phenotypic variation.

model assumptions parameters
indep? dep? obs.asym? hid. asym? qo1  q10 gaB gsA  Opy  Opg  Oiy  Oip €
X X X — 0.017 0.017 — — 0.014 0.014 0.014 0.014 0.316
X v X — 0.017 0.017 — — 0.010 0.010 0.026 0.026 0.290
v X X X 0.017 0.017 0.021 0.021 0.004 0.023 0.004 0.023 0.300
v v X X 0.017 0.017 0.007 0.007 0.000 0.012 0.000 0.027 0.293
X X v — 0.019 0.014 — — 0.014 0.014 0.014 0.014 0.316
X v v — 0.020 0.013 — — 0.010 0.010 0.026 0.026 0.290
v X v X 0.019 0.014 0.021 0.021 0.004 0.023 0.004 0.023 0.300
v v v X 0.020 0.014 0.007 0.007 0.000 0.012 0.000 0.028 0.293
v X X v 0.017 0.017 0.048 0.000 0.003 0.022 0.003 0.022 0.295
v v X v 0.017 0.017 0.000 0.035 0.006 0.017 0.028 0.021 0.296
v X v v 0.019 0.014 0.048 0.000 0.003 0.022 0.003 0.022 0.295
v v v v 0.020 0.013 0.000 0.035 0.006 0.017 0.028 0.022 0.296
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Table 3A.3 Parameter estimates based on our joint analysis of corolla length evolution and temperate-tropical transitions (conservatively-
coded; refer to subsection 3.2.4 for details) among sages (Lamiaceae: Salvia L.). The rows correspond to alternative models that
differed in four assumptions corresponding to the four leftmost columns: 1) whether rates of corolla length evolution vary independently
of tropicality/temperateness (i.e., whether the model included “hidden states”; labeled indep?), 2) whether rates vary according to
tropicality/temperateness (dep?), 3) whether transitions into versus out of the tropics occur at unequal, “asymmetric” rates (obs. asym?),
and 4) whether transition rates among hidden states are asymmetric (hid. asym?). v'and X symbols indicate which models made and did
not make these assumptions, respectively. The remaining 9 rightmost columns correspond to different parameters. Parameters denoted
qx,y TEpresent transition rates from state x to state y per million years. States 0 and 1 refer to temperate and tropical states, respectively,
while states A and B refer to “slow” (i.e., lower rate of corolla length evolution) and “fast” hidden states, respectively. Parameters
denoted zew refer to rates of log-transformed corolla length evolution (i.e., increase in variance per million years) in observed state X
and hidden state w. Lastly, € denotes “tip error’—the inferred standard deviation of (presumably normally-distributed) log-transformed
corolla length measurements across all tips due to measurement error and/or within-tip phenotypic variation.

model assumptions parameters
indep? dep? obs.asym? hid. asym? qo1  q10 gaB gsA  Opy  Opg  Oiy  Oip €
X X X — 0.008 0.008 — — 0.014 0.014 0.014 0.014 0.316
X v X — 0.008 0.008 — — 0.010 0.010 0.028 0.028 0.286
v X X X 0.008 0.008 0.021 0.021 0.004 0.023 0.004 0.023 0.300
v v X X 0.008 0.008 0.007 0.007 0.000 0.011 0.000 0.029 0.290
X X v — 0.009 0.006 — — 0.014 0.014 0.014 0.014 0.316
X v v — 0.009 0.006 — — 0.010 0.010 0.028 0.028 0.286
v X v X 0.009 0.006 0.021 0.021 0.004 0.023 0.004 0.023 0.300
v v v X 0.009 0.006 0.010 0.010 0.000 0.012 0.027 0.028 0.288
v X X v 0.008 0.008 0.048 0.000 0.003 0.022 0.003 0.022 0.295
v v X v 0.008 0.008 0.000 0.036 0.006 0.017 0.030 0.023 0.293
v X v v 0.009 0.006 0.048 0.000 0.003 0.022 0.003 0.022 0.295
v v v v 0.009 0.006 0.000 0.036 0.006 0.017 0.030 0.023 0.293
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Table 3A.4 Parameter estimates based on our joint analysis of corolla length and staminal lever evolution (strictly-coded; refer to subsec-
tion 3.2.4 for details) among sages (Lamiaceae: Salvia L.). The rows correspond to alternative models that differed in four assumptions
corresponding to the four leftmost columns: 1) whether rates of corolla length evolution vary independently of lever presence/absence
(i.e., whether the model included “hidden states™; labeled indep?), 2) whether rates vary according to lever presence/absence (dep?), 3)
whether gains and losses of levers occur at unequal, “asymmetric” rates (obs. asym?), and 4) whether transition rates among hidden
states are asymmetric (hid. asym?). v'and X symbols indicate which models made and did not make these assumptions, respectively.
The remaining 9 rightmost columns correspond to different parameters. Parameters denoted g, ,, represent transition rates from state x
to state y per million years. States O and 1 refer to the absence and presence of staminal levers, respectively, while states A and B refer
to “slow” (i.e., lower rate of corolla length evolution) and “fast” hidden states, respectively. Parameters denoted 2, refer to rates of
log-transformed corolla length evolution (i.e., increase in variance per million years) in observed state X and hidden state w. Lastly, €
denotes “tip error’—the inferred standard deviation of (presumably normally-distributed) log-transformed corolla length measurements
across all tips due to measurement error and/or within-tip phenotypic variation.

model assumptions parameters
indep? dep? obs.asym? hid. asym? qo1  q10 gaB gsA  Opy  Opg  Oiy  Oip €
X X X — 0.024 0.024 — — 0.014 0.014 0.014 0.014 0.316
X v X — 0.024 0.024 — — 0.013 0.013 0.015 0.015 0.315
v X X X 0.024 0.024 0.021 0.021 0.004 0.023 0.004 0.023 0.300
v v X X 0.024 0.024 0.019 0.019 0.000 0.018 0.004 0.024 0.301
X X v — 0.024 0.024 — — 0.014 0.014 0.014 0.014 0.316
X v v — 0.025 0.024 — — 0.013 0.013 0.015 0.015 0.315
v X v X 0.024 0.024 0.021 0.021 0.004 0.023 0.004 0.023 0.300
v v v X 0.025 0.024 0.019 0.019 0.000 0.018 0.004 0.024 0.301
v X X v 0.024 0.024 0.048 0.000 0.003 0.022 0.003 0.022 0.295
v v X v 0.024 0.024 0.046 0.000 0.000 0.021 0.004 0.022 0.294
v X v v 0.024 0.024 0.048 0.000 0.003 0.022 0.003 0.022 0.295
v v v v 0.026 0.023 0.046 0.000 0.000 0.021 0.004 0.022 0.294
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Table 3A.5 Parameter estimates based on our joint analysis of corolla length and woodiness evolution (strictly-coded; refer to subsection
3.2.4 for details) among sages (Lamiaceae: Salvia L.). The rows correspond to alternative models that differed in four assumptions cor-
responding to the four leftmost columns: 1) whether rates of corolla length evolution vary independently of woodiness/herbaceousness
(i.e., whether the model included “hidden states”; labeled indep?), 2) whether rates vary according to woodiness/herbaceousness (dep?),
3) whether transitions to woody and herbaceous habits occur at unequal, “asymmetric” rates (obs. asym?), and 4) whether transition rates
among hidden states are asymmetric (hid. asym?). v'and X symbols indicate which models made and did not make these assumptions,
respectively. The remaining 9 rightmost columns correspond to different parameters. Parameters denoted g, , represent transition rates
from state x to state y per million years. States 0 and 1 refer to herbaceous and woody states, respectively, while states A and B refer
to “slow” (i.e., lower rate of corolla length evolution) and “fast” hidden states, respectively. Parameters denoted 2, refer to rates of
log-transformed corolla length evolution (i.e., increase in variance per million years) in observed state X and hidden state w. Lastly, €
denotes “tip error’—the inferred standard deviation of (presumably normally-distributed) log-transformed corolla length measurements
across all tips due to measurement error and/or within-tip phenotypic variation.

model assumptions parameters
indep? dep? obs.asym? hid. asym? qo1  q10 gaB gsA  Opy  Opg  Oiy  Oip €
X X X — 0.051 0.051 — — 0.014 0.014 0.014 0.014 0.316
X v X — 0.051 0.051 — — 0.014 0.014 0.013 0.013 0.316
v X X X 0.051 0.051 0.021 0.021 0.004 0.023 0.004 0.023 0.300
v v X X 0.051 0.051 0.017 0.017 0.007 0.019 0.000 0.030 0.301
X X v — 0.038 0.080 — — 0.014 0.014 0.014 0.014 0.316
X v v — 0.038 0.079 — — 0.014 0.014 0.014 0.014 0.316
v X v X 0.038 0.080 0.021 0.021 0.004 0.023 0.004 0.023 0.300
v v v X 0.039 0.079 0.017 0.017 0.007 0.021 0.000 0.024 0.301
v X X v 0.051 0.051 0.048 0.000 0.003 0.022 0.003 0.022 0.295
v v X v 0.051 0.051 0.037 0.000 0.007 0.020 0.000 0.029 0.293
v X v v 0.038 0.080 0.048 0.000 0.003 0.022 0.003 0.022 0.295
v v v v 0.038 0.079 0.036 0.000 0.009 0.021 0.000 0.027 0.293
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APPENDIX 3B

PRUNING ALGORITHM DETAILS

Here, we briefly outline some of the more technical details of implementing the pruning algo-
rithm described in subsection 3.2.1, focusing on how we address three key issues. In particular,
a naive implementation of our pruning algorithm would: 1) be quite computationally expensive
and slow because it requires exponentiating anywhere from several hundred to a few thousand
matrices for each branch in a phylogeny. Additionally, due to the recursive nature of our algo-
rithm, numerical errors in partial likelihood calculations may accumulate due to both 2) numerical
artifacts associated with inverting Fourier transforms (e.g., “aliasing” and rounding errors) and 3)
general under- and overflow (i.e., partial likelihoods becoming smaller and larger than what can be
represented using floating point arithmetic). We describe how we effectively manage each of these
problems below, starting with reducing the computational burden of matrix exponentiation.

Unfortunately, matrix exponentiation is infamous for being a slow and computationally diffi-
cult operation (Moler and Van Loan, 2003). Nonetheless, these challenges have at least driven
the development of many different methods for computing matrix exponentials, each with their
own strengths and weaknesses. We chose to use one of the more straight-forward approaches, di-
agonalization, whereby a matrix to be exponentiated, Q, is eigendecomposed into a matrix of its

eigenvectors, V, and a vector of its eigenvalues, A. Then (Moler and Van Loan, 2003):

exp[Qr] = Vdiag(exp [A1])V ! (1)

Where ¢ is a scalar, diag(exp [A7]) denotes a square matrix with the exponentiated eigenvalues
multiplied by ¢ along its diagonal, and V! is the inverse of the eigenvector matrix. Notably,
several other phylogenetic comparative methods based on pruning algorithms use diagonalization
to exponentiate matrices as well (Pagel, 1994; Boucher and Démery, 2016; Boucher et al., 2018),
and for good reason—such pruning algorithms require repeated computation of exp [Qf] for the
same matrix Q but different values of ¢, which corresponds to a phylogeny’s branch lengths in this

context. While calculating V, A, and V! is computationally expensive, they only depend on Q and
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may be pre-computed once prior to carrying out the pruning algorithm. Then, calculating exp [Qf]
for each branch in the phylogeny only requires basic (i.e., non-matrix) exponentiation and matrix
multiplication, which is generally far simpler and quicker than direct matrix exponentiation.

In the case of our pruning algorithm specifically, we store V and V! for each matrix making
up the “rate array” R (see Egs. 7 and 8) in identically-structured ‘“‘eigenvector/inverse eigenvector
arrays”. Similarly, the A vectors for each matrix in R are stored as the columns of an “eigenvalue
matrix”. This approach further improves the performance of our pruning algorithm by allowing us
vectorize the exponentiation, addition, and multiplication operations involved in calculating Eq. 1
across the hundreds to thousands of matrices making up R. One last benefit of the diagonalization
approach is that, unlike some other available methods for computing matrix exponentials, it directly
generalizes to matrices of complex numbers (i.e., numbers of the form a + bi, where i = V-1,
which is necessary for our purposes as characteristic functions are generally complex-valued.

Moving onto managing the numerical instabilities associated with inverting Fourier transforms,
we sought to devise a procedure for “cleaning” apparent artifacts in branch-inflated partial likeli-
hoods (¢ (x); see Eq. 1 and accompanying text) resulting from two key limitations of the FFT
algorithm. First, because we evaluate characteristic functions on a grid of necessarily limited ex-
tent and resolution, inverse FFTs may yield branch-inflated partial likeihoods exhibiting rapid,
spurious oscillations under certain conditions—a phenomenon known as “aliasing” (Bowman and
Roberts, 2011). Generally speaking, this occurs when partial likelihoods vary too rapidly across
grid points to be fully represented by their discretized characteristic function representations. For-
tunately, given the fact that partial likelihoods across grid points tend to rapidly “smooth out”
under most trait evolution models (e.g., FitzJohn, 2010), such artifacts occur rather infrequently.
Second, because we evaluate branch-inflated partial likelihoods on relatively high-resolution grids
meant to approximate continuous domains, many partial likelihood values (particularly towards
the boundaries of the grid) will be closer to O than what can be represented using floating point
arithmetic (i.e., partial likelihoods around machine epsilon or lower—~ le—16 on a typical com-

puter). Accordingly, rounding errors during Fourier transform inversion can generate effectively

212



random “noise” around these extremely low partial likelihood values, resulting in slightly negative
or even complex-valued partial likelihoods.

Through trial and error, we developed a relatively simple cleaning procedure that effectively
manages these problems while avoiding any costly computation. We refer to the input and output
of this procedure as “raw” and “cleaned” branch-inflated partial likelihoods, respectively. The
raw partial likelihoods are directly given by the inverse Fourier transform of their characteristic
function representation (éd(g); see text following Eq. 5). To clean the raw partial likelihoods, we
first tackle some of the rounding errors by discarding the imaginary components of any complex-
valued partial likelihoods (i.e., number of the form a + bi are “rounded” to a). Then, to eliminate
any rapid, likely erroneous oscillations reflecting aliasing errors, the raw partial likelihoods are
“smoothed out” by rounding partial likelihood values surrounded by negative values on both sides
to le—16. To ensure all partial likelihoods are positive, any remaining values below le—16 are
also rounded to le—16. Lastly, to yield the final output, the partial likelihoods are rescaled such
that they add up to the sum of the original, raw partial likelihoods—which is actually given by the
first value of the characteristic function representation of the raw partial likelihoods and calculated
quite accurately under our approach (DasGupta, 2011). To be clear, rounding all sufficiently low
partial likelihood values up to 1e—16 is an approximation, as it causes the branch-inflated partial
likelihoods to have “fatter tails” than they really should. Nonetheless, this procedure improves
the numerical accuracy of subsequent Fourier transforms while also ensuring products of branch-
inflated partial likelihoods always have a positive-valued sum.

Lastly, as the pruning algorithm proceeds and branch-inflated partial likelihoods are repeatedly
multiplied together, partial likelihoods tend to rapidly approach values either too low or high to be
represented using floating point arithmetic (i.e., under- and overflow, respectively). To prevent this,
after multiplying cleaned branch-inflated partial likelihoods together for each state to yield the full
partial likelihood matrix for a new edge e (®,; see paragraph following Egs. 1-4), the resulting
matrix is rescaled to have a maximum of 1 (notably, this also ensures all branch-inflated partial

likelihoods exhibit the same overall scale, rendering it more appropriate to use le—16 as a universal
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“lower bound” when cleaning branch-inflated partial likelihoods). The cumulative product of the
rescaling factors is in turn tracked on a logarithmic scale, and the final partial likelihoods at the
root are subsequently log-transformed and divided by the final rescaling factor on the log scale.
Additionally, we use the log-sum-exp trick (Stan Development Team, 2019) to stably sum partial
likelihoods at the root including extremely low or high values according to Egs. 1-4. Intriguingly—
though perhaps somewhat unsurprisingly—the rescaling factor, rather than partial likelihoods at the
root themselves, seem to determine most of the variation in the overall likelihoods associated with
different parameter estimates. This reflects the fact that the rescaling factor in some sense measures

how well the peaks of different branch-inflated partial likelihood matrices “match up”.
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