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Bailey K. Howell

(ABSTRACT)

Understanding how species will respond to global change is a major challenge for biologists.
Two factors that play an important role are evolutionary constraints and contingencies. Evo-
lutionary constraints are limitations on how species can adapt and change imposed by past
evolutionary history, which could be driven by genetic, developmental, or functional varia-
tion. Evolutionary contingencies are chance events or evolutionary pathways that affect how
species will respond to challenges and can lead to differences in species responses even when
exposed to the same environmental pressures. Studying macroevolution of morphological
traits and changes in microhabitat usage allows us to investigate the roles of these processes
in generating variation in response to different habitats, and accounting for scale allows us
to gain a more holistic picture of evolution. Understanding the role of evolutionary history
is necessary to predict species responses to global change. In this work I focus on evolu-
tion within lizards as these species use a variety of different habitats and the relationship
between morphology and microhabitat use has been studied extensively. We investigated
the evolution of hindlimb allometry across lizards and identified that the majority of varia-
tion in lizards can be explained under a Brownian motion model of evolution, although we
did identify contingent evolution in skinks. We then investigated the evolution of hindlimb
length and adhesive toepad size in two “model clades” for studying urban tolerance and in-
vasion biology. We identified evidence for evolutionary contingencies in the two clades with
opposite patterns of trait evolution for each clade. We then used phylogenetic information,
species traits, climate, and geographic data to predict species invasion probabilities across
486 lizard species. We found that incorporating phylogenetic information allowed us to ac-
count for complex or difficult to measure traits and improved our models performance. We
then developed a feature selection procedure to compare species traits with randomly sim-
ulated phylogenetic traits in order to identify if these traits contained additional predictive
power beyond phylogenetic information. Taken together these results highlight the impor-
tance of evolutionary constraint and contingency in the predictability of evolution and the
utility of phylogenetic information for predicting future responses to environmental change.
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(GENERAL AUDIENCE ABSTRACT)

Understanding how species will react to a changing world is an important question for
scientists. Two things that could influence these reactions are evolutionary constraints and
chance events. Evolutionary constraints are the limitations or advantages that a species’ past
evolution has given it. Chance events are unpredictable things that happen along the way.
Scientists study how traits have changed over long periods (macroevolution) to understand
how these two forces, evolutionary constraints and chance, have shaped how different species
have adapted to different environments. Looking at the big picture of evolution helps us
understand these processes better. Knowing about a species’ evolutionary history is crucial
if we want to predict how it might cope with global changes like climate change or habitat
loss. In this study, we focused on lizards. Lizards use many different environments, and
scientists have already studied how their body shape and size changes in response to living
in different environments. We looked at how the size of their back legs relative to their body
size have evolved across different lizard species. We found that for most lizards, changes in
relative leg length seem to follow a fairly predictable pattern of gradual evolution. However,
we also saw some cases in skinks where evolution seemed to take a different, less predictable
path depending on specific circumstances. Next, we zoomed in on two specific groups of
lizards that are often used to study how animals adapt to city life and how they invade
new areas. In these two groups, we looked at the evolution of leg length and the size of the
adhesive pads on their toes. Interestingly, we found evidence of those “chance events” playing
a role. The two groups showed opposite patterns of how these traits evolved, suggesting that
different circumstances led to different evolutionary outcomes. Finally, we used information
about lizard family trees (phylogeny), their physical traits, climate data, and where they live
to predict how likely 486 different lizard species are to invade new areas. We discovered that
including information about their evolutionary relationships improved our predictions. This
suggests that evolutionary history carries important information about complex traits that
might be hard to measure directly. We also developed a way to figure out if certain traits gave
us extra predictive power beyond just knowing their evolutionary history, by comparing the
real traits to randomly generated “fake” traits based on the family tree. Overall, our findings
emphasize that both the limitations and opportunities passed down through evolution, as
well as unpredictable events, are important for understanding and predicting how animals
will evolve. Furthermore, knowing the evolutionary history of a species is a valuable tool for
forecasting how they might respond to the environmental changes we are seeing today.
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Chapter 1

Introduction

Global change is occurring rapidly and leading to biodiversity loss at an unprecedented
rate [1, 2]. Human-driven impacts on the environment are exposing species to new chal-
lenges daily, whether through habitat fragmentation and urbanization, transport of invasive
species, or spread of new diseases [3, 4]. Understanding a species’ ability to adapt to these
challenges, and the factors influencing these responses, is of great interest to evolutionary
biologists and ecologists. It is becoming increasingly apparent that macroevolution and phy-
logeny can provide additional information about species adaptability and constraints when
it comes to environmental challenges. Because environmental conditions, species traits, and
constraints have shaped how species have evolved over time, studying species responses to
novel environments on a macroevolutionary scale can help predict how species may adapt
to changes in the future.

The role of stochastic and deterministic processes in evolutionary biology, particularly macroevo-
lution, has historically been debated in the field [5, 6, 7, 8]. Stephen Jay Gould famously
proposed that we imagine replaying the tape of life and pondered how different the outcomes
might be [9]. The idea that current phenotypes depend on specific environments or events

is termed evolutionary contingency [9, 10, 11]. Such contingency can lead to idiosyncrasies

in species evolution that are important to understand when studying species responses to
novel environments [12, 13|. For example, species that are exposed to similar environmental
challenges may employ completely different strategies for coping with these challenges due
to evolutionary contingencies.

However, this is not to say that evolution does not often act in predictable ways [14]. In
addition to evolutionary contingency, which influences species’ current phenotypes through
past evolutionary events, species traits can be constrained by fundamental laws. In mor-
phological traits, these can manifest as biomechanical, functional, developmental, or genetic
constraints [15, 16, 17, 18, 19]. These constraints can often lead trait evolution to be sur-
prisingly predictable [20].

In this dissertation, I sought to understand the relative roles of evolutionary contingency,
constraint, and adaptation to novel environments in lizards, and whether macroevolutionary
knowledge has utility for predicting species’ responses to novel global change, particularly
invasion capacity and adaptation to anthropogenic environments. Why might we expect
macroevolution to be useful for such predictions? Human-mediated impacts to the en-
vironment are a recent historic phenomena and phylogenies primarily enable (imperfect)
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understanding of patterns in the macroevolutionary past, not future [21]. However this
understanding of patterns in the past is important for making future predictions. While
phylogeny does not reveal information about process, it supplements other data we already
incorporate to make predictions about future responses to novelty. Particularly, phylogeny
can provide information about traits that are difficult to define or measure that may have
phylogenetic signal or provide additional information about the properties of traits such as
lability or adaptability that may not be apparent from trait measurements alone.

Within lizards, many studies have investigated the role of adaptation in morphological traits
to different habitat types, with highly variable results in different families or subfamilies,
ranging from classic examples of evolutionary convergence to divergent responses highlighting
evolutionary contingency [22, 23, 24, 25]. Within the context of species changes in response
to urbanization or habitat fragmentation, recent studies have highlighted that adaptive re-
sponses often differ across species [26, 27, 28, 29, 30]. The combination of these many studies
and the idiosyncrasies across species would suggest evolutionary contingency plays a large
role in trait evolution over time. However, some results within species have suggested that
species are constrained and often exhibit convergent or parallel evolution in response to
urbanization [31, 32].

In addition to these results, the field of macroevolution has been subject to a debate over
the role of scale or scope in comparative studies. Some have said that we should focus our
studies on “model clades” [33] while others have suggested studying traits more broadly
can alleviate ascertainment bias [34, 35]. While both sides have merit, it is necessary to
perform studies at both scales to achieve a more holistic view of evolution over time [21, 36].
When focusing on “model clades” one can uncover important drivers of evolution, however,
one may also overlook some of the processes that can generate these patterns at a larger
scale. In this work, I sought to investigate and understand patterns in the tempo and
mode of morphological evolution at various scales, studying both widespread adaptation to
habitat types and macroevolution within “model clades” for studying species responses to
urbanization and invasion. Understanding the influence of both evolutionary contingency
and constraint in species responses to novel environments is crucial for recognizing the utility
of macroevolution in predicting species responses to global change.

Predicting responses to novel environments is a major but pressing challenge, and maximiz-
ing predictive accuracy likely requires information on the environments species are adapted
to, the traits they possess, and current distributions [37, 38, 39]. In addition to this data,
this dissertation investigates the role of phylogeny in improving predictions and how to incor-
porate this information to achieve the desired result, whether that is improving predictions
or increasing interpretability. Invasion biology provides a good framework for predicting
species-level responses to novelty, as human-mediated transport introduces species to novel
environments at a rapid pace [3]. Predicting species invasion capacities is crucial as it could
help to limit the transport and spread of invasive species that are likely to invade and
establish populations if introduced.
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This collective work helps to identify the role of constraint and contingency in macroevo-
lution and the importance of macroevolution in predicting responses to global change. In
Chapter 2 we explore the evolutionary allometry of hindlimbs across lizards and the role
of constraint and contingency in generating variation in response to habitat types across
lizards. In Chapter 3, we explored evolution in traits related to urban adaptation in two
“model clades” containing urban-tolerant and invasive species. This chapter investigates
the role of evolutionary history in trait evolution of clades that are ecologically similar and
possess similar traits. In Chapter 4 we use phylogeny along with trait and climate data to
predict species invasion probabilities. We investigate the utility of including phylogenetic
information to account for traits that are complex or difficult to measure. Traits that are
adaptive in novel environments will likely hold additional information beyond phylogenetic
information. To test this, in Chapter 5 we propose a novel algorithm for feature selection
which allows the user to compare biological traits to randomly simulated phylogenetic traits
and statistically compare feature importance, providing a useful metric for identifying when
predictors may be driving changes in the trait of interest.
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2.2 Abstract

Evolutionary allometries are shaped by adaptation and constraint over macroevolutionary
time. Here, we examine macroevolutionary patterns of lizard hindlimb allometry to assess
the relative impacts of adaptation and constraint. We estimated allometric relationships
between hindlimb length and body size for over one thousand species of lizards using Mixed
Gaussian Phylogenetic Models (MGPM), allowing shifts in allometric relationships among
clades. We also modeled the evolution of hindlimb length and snout-vent length contin-
gent upon habitat usage. Our model incorporating habitat was outperformed by our best
MGPM. Under our best model, most species are contained within a single allometric regime.
This suggests that hindlimb evolution is highly constrained, with strong phylogenetic iner-
tia and relatively consistent dynamics across species. Variation across these species is most
consistent with Brownian motion and appears to be driven by changes in overall body size,
occurring along a conserved evolutionary trajectory. The remaining species were split among
six different evolutionary regimes, which were often clade-specific. Within skinks, we found
unique changes in evolutionary dynamics that preceded the decoupling of limb length and
body size, which may have primed the clade to explore morphospace and access adaptive
phenotypes associated with limb reduction and fossoriality.

2.3 Introduction

Evolutionary allometry refers to how traits scale across species or populations and has been
suggested to arise from developmental constraints over evolutionary timescales [1, 2]. Mech-
anistically, these constraints are usually explained as a consequence of limited genetic vari-
ation in ontogenetic or static allometries [3, 4, 5]. Ontogenetic allometry dictates how traits
scale throughout an organism’s development, and static allometry governs how traits scale
at the same life stage across individuals [6, 7, 8]. This nested relationship of evolutionary,
static, and ontogenetic allometry can lead to evolutionary allometries becoming canalized
by persistent patterns of selection on functionally or developmentally integrated traits, driv-
ing even stronger genetic correlations over time [9]. This scenario, in which selection and
genetic correlations act in parallel and reinforce each other, can be referred to as “posi-
tive constraints”, channeling variation along functional, adaptive axes [3, 10, 11]. This idea
contradicts the traditional negative connotations of constraints restricting variation and evo-
lution from achieving particular outcomes (“negative constraints”). Positive constraints can
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canalize traits along the most advantageous trajectory to evolve more rapidly, especially
when functional and developmental rules align [11, 12, 13]. While we cannot explicitly dis-
cern between positive and negative constraints in macroevolutionary studies, analyses of
evolutionary allometries enable deeper insight into the role of these two types of constraint
and their effects on morphological evolution. Specifically, macroevolutionary analyses can
reveal when and where allometric relationships shift [14, 15, 16], offering clues about con-
straints at lower biological levels (i.e., populational and developmental; [17]). A key question
to which macroevolutionary data can contribute is the relative timing of shifts in allometry,
its association with diversification within novel selective environments, and the emergence
of new, evolutionarily favorable body plans. One potential use of macroevolutionary data
is assessing how rapidly species respond to selection and whether constraints must be bro-
ken prior to adaptation. If constraints do not limit evolution, then transitions to a novel
environment could drive specialization and variation across groups quickly. However, if con-
straints are limiting trait evolution, they must first be broken before species can respond
to new selective regimes [18, 19]. Using comparative methods to model selective regimes
through time [15, 20], we can ask if colonization of a novel environment is enough to prompt
morphological evolution, or if the loosening of constraints is first required for a thorough
exploration of adaptive solutions. In that context, the breaking of constraints might be seen
as the evolution of key innovations that prompt new ecological opportunities during the
invasion of new adaptive zones [18, 21, 22, 23]. To investigate this, we need a trait with
a clear functional role—where the relative dimensions of its components are critical to its
function—and a clade that has experienced multiple ecological and functional transitions.

Lizards are a highly diverse tetrapod group that occupies a wide range of habitats, making
them an ideal system to study the interplay between biomechanical constraints and evolu-
tionary adaptation on a macroevolutionary scale. Hindlimb length, a functional trait tightly
linked to lizard locomotor performance, is particularly important as it modulates fitness
across different substrates and microhabitats [24, 25, 26]. Performance, and hence fitness,
often varies in different groups based on the substrates they use [27, 28, 29], with many
groups having specialized hindlimbs for a given microhabitat [30, 31, 32]. Within certain
groups, there is evidence for convergent evolution, where distantly related species that oc-
cupy similar structural niches evolve similar morphologies [33, 34, 35]. Within Caribbean
anoles, different species that use the same microhabitats, termed ecomorphs, have evolved
convergent morphologies particularly in their limb proportions [36, 37]. Hindlimb length is
also tied to body size through developmental and genetic correlations [38, 39, 40], making it
a key trait for studying evolutionary allometry and constraints.

We sought to understand how evolutionary allometry evolves across lizard clades and its
relationship to adaptation in different habitats. To do so, we estimated allometric relation-
ships between average species’ hindlimb length and body size across lizards. We address
three major questions: (1) How variable is hindlimb scaling with respect to body size across
clades? (2) How (if at all) is allometric variation related to habitat use? (3) If affirmative,
do changes in allometry appear to follow or precede major shifts in habitat use? We hypoth-
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esize that variation in allometric scaling could be driven by habitat specialization, which
would be illustrated by a strong correlation of shifts in allometry with shifts in habitat.
Alternatively, major changes in allometry may appear independently of habitat changes if
allometric shifts predate major shifts in habitats. If niche adaptation and body plan diver-
sification occur only after changes in evolutionary allometry, it may suggest that new body
plans and adaptive strategies are constrained by the forces that promote allometric stability.
To test whether specialization was present in our dataset, we modeled the evolution of limb
length and body length contingent upon substrate usage or habitat type. This allows us
to determine the relative timing of shifts in allometry and shifts in habitat use, which can
inform whether species’ allometries are constrained. To determine whether habitat special-
ization shapes evolutionary allometry across species, we compared models excluding habitat
to models incorporating habitat use to determine which was a better fit for our data.

2.4 Methods

While many studies have looked for specialization in specific clades of lizards, we set out to
study allometry broadly across families. We compiled data for hindlimb length and body size
for over one thousand species of squamate lizards. To answer our first question we modeled
evolutionary allometry using Mixed Gaussian Phylogenetic Models (as in [15]) allowing us
to automatically detect shifts in limb:body allometry. We chose to use this method as it
does not require the restriction of a single model of evolution to apply to the entire tree
and it does not require specifying evolutionary shifts a priori. This allowed us to maximize
our sample size and still achieve biologically realistic results without applying unnecessary
restrictions or unconscious bias through our choice of models.

To answer our second and third questions, we modeled the evolution of limb length and body
size contingent upon substrate usage and compared these with our best Mixed Gaussian
Phylogenetic Model (MGPM). This allowed us to determine if changes in microhabitat led
to changes in limb:body allometry. Investigating patterns produced by both models allowed
us to determine how shifts in allometry relate to shifts in substrate usage-giving insight into
the importance of evolutionary allometric constraints on enabling or limiting adaptation to
novel habitats.

2.4.1 Data Collection

We compiled both published [41, 42, 43, 44, 45, 46, 47, 48, 49, 50, 51] and unpublished
morphological data from various co-authors. For this study, we used measurements from
hindlimbs as this trait’s relationship to locomotion has been widely studied and quantified
previously [26, 52], and it allowed us to maximize our sample size. We considered hindlimb
length, from either side assuming bilateral symmetry, and snout-vent length (SVL) measured



2.4. METHODS 11

externally using digital calipers. We accepted data for limb lengths that were measured in
segments (either as hip to knee and knee to longest toe or hip to knee, knee to ankle and ankle
to longest toe) and we did not differentiate between museum specimens or live specimens.
Although we are aware preservation can shrink specimens by 2-3 percent [53, 54|, as well
as the possible impact of clade specific inter-observer error, we felt this variation was minor
compared to the expected between-species variation. We included squamate species with
reduced hindlimbs in our dataset but excluded species that lack hind limbs entirely (e.g.,
snakes, limbless lizards). We used published data for our habitat type categorizations from
[55] categorizing species as terrestrial, arboreal, fossorial, semi-aquatic, and saxicolous or
some combination of these. For all analyses, we used a published phylogeny of lizards from
[56]. Overall, our final dataset contained 1053 species. Limb length and body length were
natural-log transformed prior to performing analyses. We also calculated within-species
variance-covariance matrices for all species with measurements from 3 or more individuals to
estimate measurement error for evolutionary modeling. For species with insufficient samples,
we used the weighted average of other species as the error estimate.

2.4.2 How does allometry vary between clades?

To determine if limb length allometry differs across the lizard tree of life, we used the R
package PCMFit [15] to fit MGPMs using the function PCMFitMixed. These MGPMs
encompass multivariate versions of Brownian motion (BM) and Ornstein-Uhlenbeck (OU)
models of trait evolution. This function uses recursive clade partitioning [15], allowing us to
fit different models to different tree partitions (regimes). We ran PCMFitMixed using our
two traits, limb length and SVL, setting a minimum number of species per partition to five for
computational efficiency. Because the PCMFitMixed algorithm is a greedy algorithm that
finds locally optimal steps rather than a global optimization [57], we expect some variation
in the optimal configuration of shifts across runs. To account for this, we performed ten
independent runs and compared them using Akaike Information Criterion (AIC) [58], of
which the best-fitting model will hereafter be referred to as the clade model (because shifts
may be nested within clades that experienced previous shifts, the clade model allows regimes
to include paraphyletic groups). To determine how robust our results were to different tree
topologies, we fit MGPMs to 10 different tree topologies randomly sampled from the pseudo-
posterior distribution of Title et al. [56] (see Supplementary 2.7 figure 1). We used our clade
model parameters to translate model fits into the allometric parameters detailed in the theory
below.

Allometry refers to how traits scale with body size, in the form of a power law function as
detailed by Huxley (Eq. 1), where X is mean body size, Z is the mean trait value, and a and
b are empirical constants [59, 60].

7 =aX’ (2.1)
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When transformed to a log-scale, this relationship assumes its well-known linear form as

log(Z) = log(X)b + log(a) (2.2)
Given Eq. 2, the slope and intercept can then be solved for as Eq. 3 and 4, respectively.

_ log(Z) — log(a)
log(X)

b (2.3)

log(a) =log(Z) — b x log(X) (2.4)

To translate our model fits into macroevolutionary allometric relationships estimated using
log-linear models, we calculated the slope (b) for each regime as the covariance of the two
traits (limb length and SVL) divided by the variance in SVL (Eq. 5) using our estimated
rate matrices from different model fits, the ¥ matrix or the stationary variance for BM and
OU models respectively.
_ Cou(X,Z)
- Var(X)

We also calculated the intercept for each regime by solving for log(a) in Eq. 4, where log(X) is
the value of SVL and log(Z) is the value of limb length estimated at the root of the phylogeny
or the estimated optimal values, for BM and OU models respectively. To test for differences
in allometric slopes across clades we used the R package phylolm [61] to perform phylogenetic
least squares regression (PGLS), fitting a model of limb length and SVL evolution with an
interaction across regimes. Although this model is not exactly equivalent to our MGPM, the
recovered slopes are similar for most regimes and allow us to test the significance of shifts
in slope.

(2.5)

2.4.3 Are shifts in allometry correlated with changes in habitat
type?

To determine if habitat changes influence allometry, we simulated 100 stochastic character
maps of habitat transitions based on data from [55]. Since many species are classified as
occupying multiple habitat types, we used the R package castor [62] to establish probabilities
for a single tip state (habitat type) by treating the observed habitat as ambiguous using prior
probabilities. We then fit transition matrices between these states and recovered posterior
probabilities for the tip states. We used the R package phytools [63] to simulate stochastic
character maps using the best-fitting transition matrix from castor [62]. We then used
the function PCMFit from the package PCMFit [15] to fit both BM and OU models of
evolution using the same five habitat types as our designated regimes. In this framework,
designated species with shared habitat types evolve under the same model and parameters.
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Because many fossorial species were often also classified as both fossorial and terrestrial
(see Supplementary Materials 2.7 for more discussion) we ran additional sensitivity analyses
to determine how classification of these habitat types impacted our results by manually
assigning these species to be only fossorial, only terrestrial, or using prior probabilities. While
performance varied with different methods of classification, the primary results presented
have all species that were classified as both terrestrial and fossorial manually assigned to the
fossorial regime, since this model performed the best. We tested BM and OU models for all
of our 100 stochastic character maps and compared them using AIC, of which the best-fitting
model will hereafter be referred to as the habitat model. We compared our habitat model
to our clade model using AIC to determine which was a better fit for our data.

2.5 Results

2.5.1 How does allometry vary across clades?

We compared our ten independent runs using AIC (see Supplementary, table 2.4). Our best
clade model supported seven distinct evolutionary regimes, all evolving under Brownian
motion but with varied parameters indicating variation primarily in evolutionary rates (see
table 2.3 for all parameters). We tested the sensitivity of these results to varied phylogenies
(see Supplementary, figure 2.4) and found similar results for most trees. Moving forward,
all analyses were performed using a single phylogeny from Title et al. [56]. However, our
discussion will primarily focus on only the most well-supported shifts. The phylogeny and
regimes are shown in figure 2.1. We calculated the slope and intercept of each regime using
Eq. 4 and Eq. 5, respectively (see table 2.1), and the allometric relationships are plotted
along with our data in figure 2.2.

Most lizards were grouped into a single regime with a slope of 1.032 and intercept of -0.830
and three other regimes (2- Scincinae, 5- Eugongylinae & Mabuyinae, and 6- Amphiboluri-
nae) also have similar slopes, but vary in evolutionary rates (figure 2.2, table 2.3). The
prevalence of Brownian motion in recovered models suggests that any remaining visual dis-
crepancies within regimes is explained by phylogenetic signal under the model. Many distinct
evolutionary regimes were identified within Scincomorpha, the first of these exhibits a slope
of 0.998 and intercept of -0.695 and contains the subfamilies of Scincinae and a subclade of
Sphenomorphinae (figure 2.2, table 2.1, regime 2). Regime 4, which contains the Egerniinae
subfamily and a subclade of Eugongylinae, exhibits decreased covariance of the two traits,
while regime 5, containing the remainder of Eugongylinae and the Mabuyinae subfamily, has
the opposite pattern with increased covariance between traits leading to an elevated slope.
Notably, the split between these regimes (4 and 5) and regime 2 was not well-supported

'For all ¥ matrices the off-diagonals represent co-variance between the two traits while diagonals represent
variances in SVL and hindlimb length.



14 CHAPTER 2. CONSTRAINT IN LIMB ALLOMETRY ACROSS LIZARDS

2- Scincinae
3- Gymnophthalmidae

4- Egerniinae

5- Eugongylinae & Mabuyinae

6- Amphibolurinae

7- Sphenomorphinae

Figure 2.1: The best-fitting clade model contained 7 distinct evolutionary regimes, primarily
occurring within skinks. Here we show all seven shifts with regimes denoted by color. The
shifts towards different evolutionary regimes primarily occur within Scincomorpha (regime
2 - Scincinae, regime 4 - Egerniinae, regime 5 - Fugongylinae and Mabuyinae, and regime
7 - Sphenomorphinae). The remaining regimes occur in Gymnophthalmidae (regime 3) and
Amphibolurinae (regime 6). Silhouettes from PhyloPic (https://www.phylopic.org/).



2.5. RESuLTS

15

Table 2.1: The calculated slopes and intercepts of each regime from estimated model param-

eters (MGPM).

Regime MGPM Slope MGPM Intercept
1 — Root 1.03 -0.83
2 — Scincinae 1.00 -0.70
3 — Gymnophthalmidae 0.66 0.66
4 — Egerniinae 0.67 0.62
5 — Eugongylinae & Mabuyinae 1.13 -1.22
6 — Amphibolurinae 1.10 -1.09
7 — Sphenomorphinae 0.00 3.29

Table 2.2: The calculated slopes and intercepts with 95% confidence intervals and p-values

for each regime from PGLS.

Regime Slope 95CI p-value Intercept 95CI p-value
1 — Root 1.16  1.11-1.21  <0.005* -1.32 -1.91--0.72 <0.005*
2 — Scincinae 097 0.66 - 1.27 0.21 -1.17  -2.84 - 0.50 0.86
3 — Gymnophthalmidae 13.36  11.48 — 15.25 <0.005* -55.29 -63.49 - -47.08 <0.005*
4 — Egerniinae 0.67 0.52-0.83 <0.005* 0.52  -1.03 - 2.06 0.02%
5 — Eugongylinae & Mabuyinae  1.10  0.83 — 1.36 0.64 -1.30  -2.90 - 0.30 0.98
6 — Amphibolurinae 097 0.45-1.51 0.50 -0.34  -2.64 - 1.97 0.40
7 — Sphenomorphinae 0.14 -0.04 -0.32 <0.005* 2.04 0.64-3.44  <0.005*
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Table 2.3: Model parameters for SVL and hindlimb length at the root (X0) and rate matrices

(X)) for each regime in the best fitting clade model.!
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Regime Type X0 -
w [

1 - Root BM :8:883(1);11;1 8:88252?:
2 - Scncinae B 0001737 00080100
3 - Gymophthalmidae BM 83333%3 gggiigig
4 - Egerniinae BM ggéggég 888%(2)%
5 - Eugongylinae & Mabuyinae =~ BM 888;2(1323 888?)3411;1?
6 - Amphibolurinae BM ggggggg 88822421;21
7 - Sphenomorphinae BM 88883833 88(1)288891

across different phylogenies (see Supplementary figure 2.4). However, one regime which was
well-supported demonstrates a complete break between the covariance of limb length and
body size leading to a slope of 0 (figure 2.2, table 2.1, regime 7). The remaining regimes
are within Gymnophthalmidae and Amphibolurinae and contain fewer species, specifically
Gymnophthalmidae which includes only five species. Of these regimes, the Amphibolurinae
shift was not well-supported across different tree topologies.

We performed similar PGLS analyses, testing if slopes varied across regimes to assess the
significance of our results. We only tested Brownian models since all regimes supported
Brownian motion in our previous analyses. We found that there were significant differences
in allometry across clades (see table 2.2 for p-values and confidence intervals and Supple-
mentary table 2.8 for full results). The regimes that are primarily driving these differences
appear to be regimes 3- Gymnophthalmidae, 4- Egerniinae, and 7- Sphenomorphinae (ta-
ble 2.2). This suggests that within lizards, allometric relationships are mostly maintained,
except within Scincomorpha and Gymnophthalmidae, where allometry varies (table 2.1,
regimes 2, 3, 4, 5, and 7), even including a regime that breaks the allometric scaling of limbs
altogether (figure 2.2, regime 7). Our results indicate that while many groups of lizards
share a common allometric regime or exhibit similar scaling relationships, Scincomorpha
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Figure 2.2: The allometric relationships between hind limb length and SVL as estimated by
our model parameters are plotted above. Many regimes exhibit similar slopes (regimes 1,
2, 5, and 6). The remaining regimes have slightly shallower slopes (regimes 3 and 4) with
the exception of regime 7 which has broken the scaling relationship between limb length and
SVL. Silhouettes from PhyloPic (https://www.phylopic.org/).
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Figure 2.3: Summaries of 100 stochastic character maps which show habitat transitions
across the phylogeny using the R package phytools. The relative proportions of each habitat
type (color) at each node is demonstrated by pie charts. The best-fitting transition matrix
from castor which was used for mapping is plotted in the upper left.
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and Gymnophthalmidae vary with regard to limb scaling.

2.5.2 Are shifts in allometry correlated with changes in habitat
type?

Because habitat type is a labile trait in lizards, there are many transitions in our 100 stochas-
tic character maps (figure 2.3). While constrained, hypothesis-driven tests will generally un-
derperform in model-selection against less constrained data-driven models under Maximum
Likelihood, the MGPM limits convergence among regimes and penalizes a high number of
shifts—giving the habitat model high potential to outperform the conservative transitions
reconstructed by the clade model. The best-fitting model for reconstructing evolutionary
transitions allowed all rates to differ (see Supplementary table 2.6 for full matrix, see upper
left inset of figure 2.3 for visual summary). We compared different models, testing whether
all regimes fit BM or OU models of evolution across our 100 maps of habitat type transi-
tions using AIC. In the best-fitting habitat model, all regimes were evolving under Brownian
motion with varied parameters (see Supplementary table 2.9 for all parameters). The slopes
and intercepts for each regime (corresponding to the 5 habitat types) and plots of these al-
lometries are reported in the Supplementary Materials (table 2.7, figure 2.5). We compared
the AIC of our best habitat model (AIC=-845.44) with our best clade model (AIC=-878.58),
and the best performing clade model was a better fit than the habitat model (AAIC=33.14).
However, there was some overlap between our various clade and habitat model fits (see Sup-
plementary Materials ?? for full details). We expect to see high variance in AIC for our
habitat models because our methods for habitat categorizations (using prior probabilities)
can lead to uncertainty in reconstructions across stochastic character maps.

Because most habitat types exhibited similar slopes with the exception of fossoriality, we
compared a reduced habitat model (including only fossorial and non-fossorial classifications)
to our best-fitting clade model as well as our previous model which included all habitat cat-
egorizations. We found that the clade model (AIC=-878.58) still outperformed this reduced
complexity model (AIC=-863.01), although there was overlap in the distributions of AIC
across iterations and stochastic maps (see Supplementary table 2.8).

2.6 Discussion

Many previous studies of limb length evolution in lizards have tested for adaptive spe-
cialization to different habitat types or convergent evolution with highly variable results
(30, 31, 32, 33, 35, 49]. While we might expect to find shared regimes for limb length across
species using similar microhabitats, studies have often identified idiosyncracies in morpho-
logical diversity due to evolutionary contingency [50, 64, 65, 66]. One reason for this could be
due to negative constraints embedded in across-species allometry. Conserved allometric re-
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lationships are thought to be caused by canalization due to genetic or developmental linkage,
which can be further strengthened by functional demands [9, 67, 68, 69]. While canaliza-
tion can help maintain high fitness and performance by the generation of highly functional
trait combinations, it can also limit exploration of morphospace, disallowing transitions to
different adaptive peaks, acting as a negative constraint on evolution and resulting in strong
patterns of contingency and phylogenetic signal [1, 5]. Our study reconciles these patterns
found across studies of hindlimb allometry in lizards by answering the following questions:

2.6.1 How does allometry vary between clades?

Our results suggested that evolutionary allometry is highly conserved across lizard clades,
as evident through most species being grouped into a single regime with common allometric
scaling (figure 2.1). This suggests constraint, either due to functional (selective), develop-
mental, or genetic correlations [8, 70]. While the presence of developmental and genetic
correlations cannot be fully evaluated in macroevolutionary analyses [4, 71|, it is likely that
functional constraints might be playing a role in this system. Specifically, within species
that locomote similarly (i.e., with an upright sprawling gait; figures 2.1,2.2) [26] there is a
common allometric trend. Within several regimes (especially the Root regime which encom-
passes the majority of species), changes in average body size among species seem to be the
main form of evolution. This means that most of the variation seen across the vast majority
of lizard species is driven primarily by changes in body size. Changes in size can themselves
lead to differences in performance without necessitating the need to change limb scaling [24].
Between regimes that exhibit similar slopes (regimes 1- Root, 2- Scincinae, 5- Eugongylinae
& Mabuyinae, and 6- Amphibolurinae), we see changes in the evolutionary rates of limb
length and body size that do not dramatically change the scaling relationship between the
two traits but could lead to differentiation over time (table 2.3).

The two groups with dramatic changes in scaling contain species with reduced limbs (figure
2.2). Gymnophthalmidae and subclades of Scincomorpha each show significant evolutionary
shifts (figure 2.1), and in Sphenomorphinae there is a complete decoupling of limb and body
evolution (figure 2.2). Interestingly, there is evidence within Scincomorpha for shifts in al-
lometry prior to the complete decoupling of limb and body size evolution (figures 2.1,2.2).
Within Scincinae, the first observed regime shift, the slope of the allometry is slightly de-
creased from that of the Root regime (figure 2.2) but this group also exhibits higher rates
of limb length evolution independently from body size (table 2.3). Thus, regimes that still
exhibit strong correlated evolution between the two traits but differ in rates of evolution
relative to their ancestral regimes suggest a potential precursor to limb loss, potentially
priming this lineage for further exploration of morphospace. What drove this initial decou-
pling in Scincomorpha is unclear. However, independent of the original drivers, this initial
decoupling is seemingly predated by novel shifts in evolutionary rates of limb length related
to fossoriality and limb reduction. These subsequent shifts are suggestive that initial shifts
in allometry in skinks, which are remarkably rare otherwise, may facilitate the evolution of
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limb reduction and body plans associated with fossoriality. Conversely, it suggests that other
lizard groups may be largely barred from these regions of morphospace due to constraints
imposed by allometric scaling.

One plausible reason for the initial and subsequent shifts within the skinks relates to their
specialized mode of locomotion. There is evidence that early reptiles utilized a gait that was
not unlike that of some extant skinks, which rely extensively on dragging the belly [72, 73].
There is also evidence of this strategy of locomotion being more energetically costly than
the upright sprawling gait that most other species in our study exhibit [74]. This could be
why extensive belly dragging only persists within some clades and that many species within
these clades have transitioned to fossoriality. If early reptiles did rely on this belly-dragging
gait, this would indicate why many of our shifts in allometry occur relatively deep in our
phylogeny. This morphology could be ancestral and yet be largely selected against due to
its energetic inefficiency compared to an upright sprawling gait. Studies of intermediate
body plans from quadrupedal to snake-like and how performance varies in different habitats
provide valuable insights into the evolution of fossoriality [75, 76, 77].Future studies could
provide additional insights into the evolutionary allometry of limb length by incorporating
fossil data.

2.6.2 Are shifts in allometry correlated with changes in habitat
type?

We found little evidence for specialization or convergence among lizards that were terrestrial,
arboreal, saxicolous, or semi-aquatic. Indeed, despite variation in habitat types, we observe
very similar parameter estimates for the dynamics of evolution across habitat types which
suggests that these lizards are using their limbs similarly (see Supplementary table 2.9).
This could indicate that the same general morphologies are effective across multiple habitat
types [78, 79]. Across habitats, species might exhibit specialization in other traits which
compensate for their biomechanical needs in different environments or using different forms of
locomotion, i.e. toe pads in arboreal environments [22, 66], tail specialization in semi-aquatic
habitats [80], or musculature specialization for different locomotor modes [81]. Still, species
might be specialized in particular limb segments or have variation in integration between
limb segments [31, 82, 83]. Species might also be specialized by some other axis of habitat
type such as openness or incline [84, 85]. While visually there does appear to be variation
in limb:body allometry, particularly in intercept (figure 2.2, regime 1), the high support of
Brownian motion models suggests that at broad phylogenetic scales, clade-specific effects can
be explained by phylogenetically co-varying residuals, likely driven by shared factors related
to ancestry, that nevertheless do not substantially alter the evolutionary dynamics over
time. Smaller scale studies, i.e. within families or subfamilies, might reveal more evidence
for specialization, as some of this may have been overshadowed by more dramatic shifts in
allometry, like in the case of fossorial specialization. Our groupings of similar habitat types
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may override smaller-scale signs of directional evolutionary change within clades when we
consider these traits together at broad phylogenetic scales as was demonstrated by [34].

While we did not find strong evidence of an association between habitat and evolutionary
allometry, the associations that did exist appear to be driven by fossorial species that ex-
hibit specialization in limb length [86]. Our data suggests that the most relevant habitat
categorization for changes in limb length allometry is fossoriality and its precursors, and
that additional shifts are relatively rare or modest in their effect when examined at broad
phylogenetic scales.

2.6.3 Conclusions

Taken together our results primarily support the hypothesis that allometry is highly con-
strained across species, with strong phylogenetic inertia by relatively consistent dynamics
across clades. Whether this is due to functional, genetic, or developmental constraints is
less clear. Interestingly, while we do see evidence of specialization in fossorial lizards, it
is not obvious what allowed this specialization to occur. Because limb length is tightly
linked to performance and survival, it is possible that deviations too far from isometry lead
to detrimental decreases in function. If this function is required for movement (excluding
fossorial environments) it might not be possible to explore other alternative scaling relation-
ships. However, we observe evidence within Scincomorpha that unique changes in allometry
preceded complete decoupling associated with limb loss, priming them access adaptive phe-
notypes associated with limb reduction and subsequent specialization. Further exploration
will require more studies incorporating both ontogenetic and static allometry within Scinco-
morpha to determine how this has influenced limb scaling within this group.
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2.7 Supplementary Material

2.7.1 Methods

As mentioned in the main text, many species were classified as occupying multiple habitat
types, so we used the R package castor [62] to establish probabilities for a single tip state
(habitat type) by treating the observed habitat as ambiguous using prior probabilities. We
then fit transition matrices between these states and recovered posterior probabilities for the
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tip states. We used the R package phytools [63] to simulate stochastic character maps using
the best-fitting transition matrix from castor [62]. Under this framework, the ancestral state
was often reconstructed as fossorial, which we suspected may be incorrect. We considered
that this may have been driven by species that shared equal probabilities of being terrestrial
and fossorial due to their ambiguous coding. To account for this we performed sensitivity
analyses, by classifying all species coded as Fossorial&Terrestrial as only terrestrial and only
fossorial and seeing how these models performed against ambiguous coding. We created
100 stochastic character maps under each model using phytools [63] and then fit BM and
OU models of evolution using PCMF'it [15]. We compared all of these models using AIC.
We found that classifying all species as fossorial provided the best fit. Although this did
not change the reconstructed ancestral state often being fossorial out of our 100 stochastic
character maps, the best habitat model which we compared to the clade model did have a
reconstructed ancestral state of terrestrial (see 2.6).

2.7.2 Figures

Figure 2.4: Summary of MGPMs fit across ten different tree topologies to determine sensi-
tivity of detected shifts to topological uncertainty. We determined the most often observed
regimes in the tree and plotted these on the best supported topology above. The colors
of the regimes represent the proportion of times a branch was assigned to the same regime
across all 10 topologies with darker colors being more well supported.
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Figure 2.5: Estimated parameters from the habitat model were translated into allometric
slopes and intercepts and plotted for each regime (corresponding to habitat types).
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Figure 2.6: The best fitting model habitat model was fit using this reconstruction from 100
stochastic character maps classifying all species that were Fossorial&Terrestrial as Fossorial.

2.7.3 Tables

Table 2.4: Model fits of ten independent runs of PCMFitMixed.

Model Number of Parameters Log-Likelihood AIC
1 13 414.0778  -788.1556
2 14 431.6580  -821.3160
3 17 455.0987  -858.1974
4 13 413.8373  -T87.6747
5 16 441.0799  -832.1598
6 16 425.4476  -800.8951
7 16 438.9689  -827.9378
8 22 474.2906 -878.5813
9 19 451.5755  -843.1510

10 13 417.7084  -795.4169
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Table 2.5: Model fit from PGLS with estimates and p-values.
Regime Estimate Standard Error t-value p-value
Root -1.32 0.30 -4.36  <0.005*
Scincinae -1.17 0.85 0.18 0.86
Gymnophthalmidae -55.29 4.19 -12.90 <0.005*
Egerniinae 0.52 0.79 2.33 0.02*
Eugongylinae & Mabuyinae -1.30 0.82 0.02 0.98
Amphibolurinae -0.34 1.18 0.83 0.40
Sphenomorphinae 2.04 0.72 4.69 <0.005*
SVL:Root 1.16 0.03  45.94 <0.005*
SVL:Scincinae 0.97 0.16 -1.24 0.21
SVL:Gymnophthalmidae 13.36 096 12.69 <0.005*
SVL:Egerniinae 0.67 0.08  -6.01 <0.005*
SVL:Eugongylinae & Mabuyinae 1.10 0.13 -0.46 0.64
SVL:Amphibolurinae 0.98 0.27 -0.67 0.50
SVL:Sphenomorphinae 0.14 0.09 -10.87 <0.005*

Table 2.6: The estimated best-fitting transition matrix using the R package castor supported

all rates differ (ARD).

State Terrestrial Arboreal Saxicolous Fossorial Semi-aquatic
Terrestrial -0.0088 0.0017 0.0060 0.0003 0.0007
Arboreal 0.0025  -0.0090 0.0039 0.0000 0.0025
Saxicolous 0.0130 0.0055 -0.0199 0.0014 0.0000
Fossorial 0.0139 0.0000 0.0000  -0.0188 0.0049
Semi-aquatic 0.0446 0.0178 0.0106 0.0000 -0.0730

Table 2.7: The calculated slopes and intercepts of each regime (corresponding to habitat

types) using estimated model parameters.

Regime Slope Intercept
Terrestrial 0.981 -0.753
Arboreal 1.053 -1.045
Saxicolous 1.014 -0.886
Fossorial 0.151 2.626
Semi-aquatic  0.919 -0.498
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Table 2.8: Minimum, mean, and maximum AIC values across different models. Models are

described in the text.

Model

Min Mean Max

Fossorial&Terrestrial — BM
Fossorial&Terrestrial — OU
Fossorial — BM
Fossorial — OU

Terrestrial — BM
Terrestrial — OU

Reduced Habitat — BM
Reduced Habitat — OU

Clade — Best Model

-633.15 -342.76  536.39
-656.60 -442.51 -280.38

-845.44  -706.10 17.91
-808.69 -775.57 -711.12
-301.90 -105.01  508.73
-335.19 -248.15 -203.59

-850.58  -722.75 -450.37
-863.01 -828.40 -779.65

-878.58 -823.35 -T787.67

Table 2.9: Model parameters for SVL and hindlimb length at the root (X0) and rate matrices
(30) for the five regimes corresponding to habitat types in the best fitting habitat model. For
all > matrices the off-diagonals represent co-variance between the two traits while diagonals
represent variances in SVL and hindlimb length.

Regime Type X0 .
Root N byt

Terrestrial BM 8882?22(1) 8882;3%
Arboreal BM 8882;335 888232%
Saxicolous BM 888;:233?8 888322(1)8
Fossorial B o.00058%5 002045,
Semiaquatic  BM :0.0038986 0.0035811:

10.0035811  0.0043082]
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The role of evolutionary contingency
in morphological evolution of two
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3.2 Abstract

Understanding how evolutionary contingency can lead to divergent evolutionary trajecto-
ries, even within ecologically similar species is important for predicting species responses to
environmental changes. We sought to understand how two morphological traits, adhesive
toepad size and hindlimb length, have evolved over time in two genera occupying similar
breadths of ecologies. We tested multiple models of trait evolution, including early burst,
Ornstein-Uhlenbeck, and Brownian motion. We found that Hemidactylus fit a pattern of
Brownian, unconstrained evolution for toepad area, achieving greater divergence and diver-
sification over relevant evolutionary timescales, while Anolis were more constrained in this
trait. Conversely, we found that relative hindlimb length showed opposite patterns for the
two lizards, indicating that they may differ in the traits that make this exploitation possi-
ble due to evolutionary contingency. These results suggest that these species may be using
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different strategies to exploit and invade urban and diverse natural environments, however
more studies need to be done to elucidate how (if at all) selection is acting differently upon
these two traits in both genera.

3.3 Introduction

The range of morphology across species is often limited by genetic, developmental, or biome-
chanical constraints. These limitations in trait diversity and trait evolution can differ across
clades due to evolutionary contingency [1, 2, 3]. Often we see idiosyncrasies in how species
traits evolve and adapt despite species using similar environments [4, 5, 6]. Various com-
binations of trait values can often lead to similar performances—what has been termed
many-to-one mapping of form to function [7, 8, 9].

To investigate the role of evolutionary contingency for morphological traits it is necessary
to study traits related to performance in clades that are distantly related but use similar
habitats or microhabitats. Hemidactylus geckos and Anolis lizards provide an excellent study
system, where adhesive toepads used to exploit novel environments have evolved indepen-
dently [10, 11]. Caribbean Anolis are already a model system for studying ecomorphology
[12, 13], but in recent years have become an excellent example of a clade containing species
that exploit urban environments and are excellent invaders [14]. Similarly Hemidactylus
geckos heavily exploit urban environments and have introduced and established populations
in tropical and subtropical environments across the globe [15]. Both clades contain species
which have benefited from human-mediated introductions [16].

Previous studies have shown that species within these clades often occur in similar habitats
[17]. Two traits which are thought to to be important for successful colonization and further
adaptation of urban areas are adhesive toepads and relative limb proportions. Adhesive
toepad size has been correlated with cling-force [18, 19, 20]. Toepads work synergistically
with claw allowing species to cling to a variety of substrates, where toepads are thought
to contribute more to clinging on smoother substrates [21, 22]. Relatively larger adhesive
toepads could provide increased performance in urban environments where smooth sub-
strates are more common [23, 24]. Increased relative limb lengths, particularly hindlimbs,
are correlated with greater sprint speeds across some species [25, 26], which is important as
greater habitat openness could select for the ability to more easily sprint between perches
23, 24, 27]. Previous work has shown that geckos and anoles differ in clade averages in
clinging performance as well as in their tempo and mode of evolution [10], despite similar
levels of performance being possible via different means in the two clades [28]. Specifically,
Anolis appeared more constrained in their performance evolution than Geckos, which showed
a signature of unconstrained evolution [10].

Given these differences in the patterns of evolution underlying adhesive performance among
clades, we sought to understand how these two morphological traits, adhesive toepad size
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and hindlimb length, have evolved over time in these two clades in genera occupying similar
breadths of ecologies. Specifically we wanted to investigate how trait diversity has changed
through time for each trait (relative to body size as measured by snout-vent length). To do
so, we fit continuous-trait evolutionary models to both traits with body size as a co-variate.
We then sought to determine if patterns of trait evolution fit expectations of ongoing di-
vergence and diversification, bounded or constrained evolution, or decelerating/early-burst
evolution [29]. We hypothesized that despite ecological similarity, these species would dif-
fer in their trait evolution due to evolutionary contingencies and many-to-one mapping of
morphology to adaptive performance to diverse ecological settings [10]. Although uniden-
tifiable in the current study, we suspected these differences might be due to evolutionary
constraints imposed by selection acting differently on these traits or genetic or developmen-
tal constraints. Understanding how these species have evolved to invade novel environments
can help to untangle the relative roles of constraint and contingency in adaptation to global
change.

3.4 Methods

3.4.1 Data collection

We used hindlimb length and snout-vent length (SVL) measurements taken externally using
digital calipers that were compiled by Howell from both published and unpublished sources.
We imaged toepads of preserved Hemidactylus specimens and estimated toepad area using
the software ImageJ. We used published measurements of Anolis toepad area that were
collected similarly [30].

3.4.2 Node height tests

We took the square-root of toepad area so that it represented a comparable linear measure-
ment as body size and relative limb length. We then log-transformed all traits. To account
for size differences we fit models of each trait with SVL as a predictor and used the residuals
as our standardized data. We calculated phylogenetic independent constrasts for the resid-
uals [31], which we then used to perform node height tests [32], plotting absolute value of
the independent contrasts against the height of the node in the phylogeny (measured from
the root). Node height tests are commonly used to detect changes in evolutionary rates over
time and are complementary approaches to statistical model-fitting (see below). They are
particularly useful for visualizing if patterns in trait evolution may be driven by outliers or
measurement error at the tips. Early bursts of evolution show decreases in rates of evolu-
tion over time while increases in rates of evolution over time could indicate a late burst or
Ornstein-Uhlenbeck model of trait evolution.
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3.4.3 Model fitting

To validate our node height tests and provide further information, we fit models of trait
evolution to residuals of the two traits in each clade separately. We tested multiple models
of univariate trait evolution using the R package geiger [33], including early burst (EB),
Ornstein-Uhlenbeck (OU), and Brownian motion (BM). We compared each of these models
using AIC [34]. We also fit models of bivariate trait evolution using the R package mv-
MORPH [35]. We paired each trait with body size, to investigate patterns of trait evolution
simultaneously, testing OU and BM models and comparing them with AIC [34]. We used
these model fits to plot the stationary distributions of these traits for each group by calculat-
ing the stationary variance for OU models and using the rate matrix multiplied by the height
of the tree for BM models. This was done to compare visually the predicted distributions
under their respective evolutionary processes that account for uneven phylogenetic sampling
and differences in clade ages.

3.5 Results

In our comparisons of Hemidactylus and Anolis for both traits, relative toepad area and
relative limb length, we found that the two clades exhibit opposite patterns regardless of the
methods used.
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Figure 3.1: Phylogeny of lizards showing species with data for limb length in Hemidactylus
(purple) and Anolis (teal)

3.5.1 Node height tests

Node height tests of relative limb lengths showed opposite patterns for Hemidactylus and
Anolis, with Hemidactylus showing an increase in trait contrasts for younger nodes (p =
0.0842) while Anolis showed decrease in trait contrasts for younger nodes (p = 0.0607). This
would indicate that rates of evolution have decreased through time in Anolis and increased
through time for Hemidactylus. This apparent increase in rates through time could also
be a signature of a constrained model of evolution. Although the p-values for these node
height tests are not significant (meaning we cannot definitively say evolutionary rates differ
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across different node ages), our later model-fitting results support these trends and provide
a deeper understanding of the evolutionary dynamics in these clades.

node height test node height test
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Figure 3.2: Node height tests for the contrasts of limb length in Hemidactylus (purple) and
Anolis (teal) from the root of the phylogeny (0 branching time) to the present.

Node height tests of independent contrasts of relative toepad area against divergence time
again showed opposite patterns for Hemidactylus and Anolis. However the trends were
reversed for each group. Hemidactylus showed similar changes in trait contrasts or a decrease
in contrasts with decreasing node age (p = 0.6178), while Anolis showed an increasing
contrasts with decreasing node age (p = 0.0047). While the regression is not significantly
different from 0 in Hemidactylus, this could be because of our limited sample size. However,
our model fitting analyses do still support these findings in both Hemidactylus and Anolis.
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Figure 3.3: Node height tests for the contrasts of toepad area in Hemidactylus (purple) and
Anolis (teal) from the root of the phylogeny (0 branching time) to the present.

3.5.2 Model fitting: limb length

We tested OU, BM, and EB models of evolution, fitting each model with our relative limb
length data separately for the two clades. We compared models using AIC. For Hemidacty-
lus the best-fitting model was OU, while for Anolis the best-fitting model was EB. In our
bivariate models, Anolis fit BM (AAIC=2.4443, AAICc=2.7331) while Hemidactylus fit OU
(AAIC=4.22011, AAICc=2.07155). We calculated stationary trait distributions from these
model fits and identified that Anolis had greater variance in limb length achieved under

Brownian evolution, while Hemidactylus was much more constrained in this trait under an
OU model (see Figure 3.4).
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Figure 3.4: Ellipses represent that stationary trait distributions for hind limb length and
body size (SVL) in Hemidactylus (purple) and Anolis (teal) from our model fits (either OU

or BM).

Table 3.1: Model comparison for relative hindlimb length for Hemidactylus and Anolis.

Clade Model AIC AlCc
Hemidactylus EB -44.27 -43.12
Hemidactylus BM -46.27 -45.73
Hemidactylus OU  -48.83 -47.68
Anolis EB -212.57 -212.51
Anolis BM  -210.55 -210.46
Anolis OU  -208.55 -208.39

Table 3.2: OU model parameters for relative limb length in Hemidactylus.

Parameter Estimate

o 0.0556
o? 0.0007
Zy 0.0015

Half-life 12.47 Myr
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Table 3.3: EB model parameters for relative limb length in Anolis.

Parameter Estimate

b -0.0310
o? 0.0020
Zo -0.3165

3.5.3 Model fitting: toepad area

We saw essentially opposite patterns when fitting models of trait evolution to relative toepad
area. We again tested OU, BM, and EB models of evolution, fitting each model separately
for the two clades and compared models using AIC. For Hemidactylus the best-fitting model
was BM, while for Anolis it was OU.

Table 3.4: Model comparison for relative toepad area for Hemidactylus and Anolis.

Clade Model AIC  AlCc
Hemidactylus EB -5.96 -3.78
Hemidactylus BM -7.65 -6.65
Hemidactylus ou -5.65 -3.47
Anolis EB  -39.31 -38.42
Anolis BM  -41.31 -40.88
Anolis OU -51.41 -50.52

Table 3.5: BM model parameters for relative toepad area in Hemidactylus.

Parameter Estimate

o? 0.0006
Zo 0.00

Table 3.6: OU model parameters for relative toepad area in Anolis.

Parameter Estimate

a 0.1247
o2 0.0023
Zo 0.0042

Half-life 5.56 Myr
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In our bivariate models using toepad area and body size we saw the opposite pattern from
hind limb length. With toepad area, Anolis fit OU (AAIC=5.0227, AAICc=1.78041) while
Hemidactylus fit BM (AAIC=7.144469, AAICc=16.22). We calculated stationary trait dis-
tributions from these model fits and identified that Hemidactylus had greater variance in
toepad area achieved under Brownian evolution, while Anolis was more constrained in this
trait under an OU model (see Figure 3.5). Additionally, our stationary trait distributions
for Anolis suggest that the group has not yet reach its trait optima for body size and toepad
area.

L

3.0 3.5 4.0 4.5 5.0 5.5

toepad area

body size

Figure 3.5: Ellipses represent that stationary trait distributions for toepad area and body
size (SVL) in Hemidactylus (purple) and Anolis (teal) from our model fits (either OU or
BM)

3.6 Discussion

Anolis lizards are rapidly becoming a model clade for studying urban tolerance and invasion
biology [14]. Hemidactylus geckos are similarly successful urban exploiters and invaders [15].
These species have independently evolved adhesive toepads—a key innovation for exploiting
arboreal environments or scansorial locomotion—and diverged and diversified across a sim-
ilar range of natural and urban ecologies in tropical and subtropical environments [10, 11].
Toepads are also thought to be an exaptation to urban dwelling on smoother man-made
surfaces [36]. Their proximity to urban environments means they are often inadvertently
transported to novel environments and their ability to exploit urban habitats makes them
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excellent invaders once transported [16]. While these clades may have many ecological differ-
ences, they contain species which are similarly successful when it comes to urban exploitation
and invasion [15, 23, 37, 38]. We sought to understand how these clades have evolved in
two traits that are suspected to impact species urban tolerance and invasion, toepad size
and limb length. Both traits affect performance, particularly in urban environments where
habitat openness and broader substrates usage favors greater sprint speeds [23, 24, 25, 39],
and the use of man-made surfaces drives a need for increased clinging performance [19, 20],
especially via changes in toepads as claws may be less effective on these smoother substrates
[21, 22, 40]. Previous work has shown that these clades differ in their clinging performance
[10] and have differences in relative limb lengths as well [4]. We investigated whether these
clades varied in rates of trait evolution in traits linked to performance to understand how
this may influence their adaptation to novel environments in unique ways.

Across all models and tests, we find that Hemidactylus fit a pattern where toepad area
evolved under Brownian, unconstrained evolution—achieving greater diversity than the ap-
parently constrained evolution of Anolis toepad areas (see figures 3.3, 3.5 and table 3.4). By
contrast, the exact opposite is true for relative hindlimb length. Our model-fitting showed
that Hemidactylus fit a more constrained model of evolution for relative limb length, while
Anolis fits a Brownian, unconstrained pattern of evolution that achieves greater divergence
and diversification over relevant evolutionary timescales (see figures 3.2, 3.4 and table 3.1).
These macroevolutionary results suggest opposing processes between traits and clades—
Hemidactylus are constrained in relative limb length and unconstrained in toepad area,
whereas Anolis are constrained in toepad area and unconstrained in relative limb length.

Our findings with respect to toepad area align well with previously reported differences
in clinging performance. Previous studies of gecko adhesion have suggested that they are
“overbuilt” with regards to their clinging performance [18, 41] particularly on smooth sub-
strates [42], and that their clinging performance follows unconstrained Brownian evolution
[10]. However, Anolis seem to be equally successful at adhesion on smooth substrates, al-
beit with a different setal morphology [28], and follows a constrained pattern of evolution in
clinging performance at phylogenetic scales [4]. Differences in setal and toepad morphology,
development, or evolvability could have allowed Hemidactylus to diversify more in toepad
area than similar traits in Anolis.

However, it is also possible that toepad size in Anolis is simply not as labile which could be
due to genetic [43] or developmental constraints [44] and/or selection. There is evidence that
Anolis toepads develop in a similar way to those of geckos, in distal to proximal formation
[45], although Hemidactylus toepads modify this developmental program further through
elaboration leading to bifurcating lamellae [45, 46]. This derived morphology and additional
developmental modification in Hemidactylus may allow them to exhibit additional varia-
tion in toepad area that is not accessible in Anolis lizards without further developmental
modification, although more research is needed in this area.

While they are more labile in the evolution of toepad area, Hemidactylus geckos seem to
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lack lability in hindlimb length, unlike Anolis lizards. In fact, in Caribbean Anolis lizards,
one of the major traits which separates species into ecomorphs based on microhabitat use
is limb length [12, 13]. In some Anolis lizards it has been shown that trait divergence is
linked to genetic variation [47] although this may be driven by selection [48]. Sanger et
al. [49] identified that variation in relative limb lengths of ecomorphs is present early on
in development. Perhaps Anolis lizards have unlocked important developmental or genetic
mechanisms that allow greater variation in limb lengths than Hemidactylus, although this
is not clear from our present study. Differentiation in relative limb lengths early on in
development have also been identified in one species of Hemidactylus [50]. Even still, this
could be driven by selection on hindlimbs rather than toepad size, which would be equally
interesting. More work on developmental and genetic architecture across other groups could
help provide additional context on the “uniqueness” of Anolis.

It is an open question what types of constraints may limit how species diversify over macroevo-
lutionary scales, or whether many-to-one mapping simply provides multiple, largely equiva-
lent avenues for adaptation to selective challenges. Within-population estimation of genetic
variances for these traits compared across clades could suggest whether differences in con-
straints exist at the genetic level, while field studies of selection could indicate whether
selective constraints impact the observed patterns [51]. Our results suggest that while the
species may be using and exploiting similar habitats, they may differ in the traits that make
this exploitation possible due to evolutionary contingency as some studies have suggested
[52]. Alternatively, while the two clades are broadly similar in ecology, remaining selective
differences could favor one trait or the other in adaptation. Hemidactylus are nocturnal,
while Anolis are diurnal. Although species in these clades do overlap in the Americas and
Caribbean islands, specifically due to human-mediated introductions [16, 17, 53, 54], Hemi-
dactylus geckos may take greater advantage of human-modified habitats relying on lights
which attract insects [53]. More research is needed to determine how these clades differ in
ecology and behavior which may mediate some of these changes in trait evolution indirectly.
Differences in trait adaptation would make sense if Anolis are under greater pressure regard-
ing sprint speed while Hemidactylus might be under selection for changes in toepad size. A
logical next step would be to determine if species within these clades are more variable in
the same respective traits across populations.

3.6.1 Conclusions

Our results suggest that Hemidactylus and Anolis exhibit opposite trends of trait evolution,
with Hemidactylus being less constrained in toepad size and Anolis being less constrained in
limb length. This might suggest that these species are using different strategies to exploit
and invade urban and diverse natural environments; however, more studies need to be done
to elucidate how (if at all) selection is acting differently upon these two traits in both clades.
Alternatively, these traits could theoretically be constrained differently by genetic, devel-
opmental, or functional mechanisms or any combination of these. Although these clades
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contain excellent examples of both urban-tolerant and invasive lizards, they may be using
natural and novel urban environments quite differently, and with our analyses it is impos-
sible to rule out whether these differences are due to selection, constraint, or evolutionary
contingency. Nevertheless, our study identifies that the two clades exhibit opposite pat-
terns in the lability of trait evolution for toepad size and limb length which is important for
understanding how species within these clades might respond due to ongoing urbanization.
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Predicting lizard invasion
probabilities and incorporating
phylogeny in random forests
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4.1.2 Acknowledgments

4.2 Abstract

Accurate prediction of which species would be successful invasive species upon introduction
would greatly facilitate management and mitigation, and help reveal what traits affect inva-
sive potential. With the availability of large trait databases, such predictions are becoming
tractable. However, such databases invariably miss some important traits that drive vari-
ation in invasiveness across species. One way of accounting for such traits when they are
unavailable is to leverage the predictive power of the phylogeny—provided the underlying
traits have phylogenetic signal. Here, we sought to predict species invasion probabilities
across lizards using phylogenetic information, species traits, climate and geographic data.
We used random forests, a dataset from the Global Register of Introduced and Invasive
Species (GRIIS), and published trait data for lizards. We then used this model to predict
the invasion capacity of species across 486 species and to identify traits that are important
for predicting species invasion probabilities. Our results suggest that phylogenetic informa-
tion can improve predictive accuracy of invasion potential by accounting for unobserved or
difficult to measure traits in random forests. We incorporated species traits and climate data
and of these features maximum body size, largest clutch size, mean monthly temperature
range, and minimum annual precipitation were identified as some of the best predictors for
species classified as introduced. We mapped invasive probabilities of native species across
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the globe and identified that tropical and subtropical countries are acting as sources of many
invasive species.

4.3 Introduction

Global change is increasing the spread and impacts of invasive species [1] and these inva-
sive species are known to have significant detrimental impacts on native biodiversity [2, 3].
Furthermore, there is increasing evidence that human-driven impacts are homogenizing en-
vironments, with invasive species occupying a larger proportion of global species diversity—
particularly in urban habitats [4, 5]. Improving our ability to anticipate potential invasive
species before their introduction would significantly enhance efforts to assess risk, prevent
introductions, and mitigate or prepare for their consequences.

Previous work has identified utility in predicting invasion success using a variety of methods,
finding that species traits and climate are good predictors of species-level invasion [6, 7, 8].
Predicting future invasive species could allow management agencies to strengthen restrictions
on the transport of species which have high probabilities of becoming invasive if introduced
[9]. Tt is well established that predicting invasive species requires knowledge of current
invaders, the traits they possess, and the environments they naturally occur in. Including
this information helps us understand the environments these species may be adapted to and
whether they possess traits which make it easier to invade and establish populations in novel
environments [6]. While relying on current invasive species may not provide a comprehensive
list given the many contingent events that must occur to lead to a successful invasion, it can
help us to identify traits which make it more likely for a species to become invasive when
introduced.

Various types of traits may make it more likely for a species to invade. Some of these
traits can be considered intrinsic phenotypes of individuals within a species, like body size,
reproductive traits, and thermal or physiological tolerances. Often traits related to dispersal
and rapid reproductive capacity will increase species’ invasion potential as it makes them
more likely to spread and establish populations [10]. Traits related to generalism can make
it easier for species to survive in novel environments [11, 12].

Other traits may represent species-level features that represent a combination of the traits of
organisms and extrinsically-mediated conditions environmental [1]. For example, geographic
range size can either affect invasion probability by simply increasing opportunities for the
introduction of species to new areas globally or by reflecting broad, generalist tolerances to
wide geographic areas. Species may be adapted to certain climatic conditions that make
them pre-adapted to successfully invade new areas by serendipitous matching of the climatic
conditions in their native range [6]. Many species could be physiologically adapted to the
conditions in the areas they occur natively, which combines the constraints of intrinsic and
extrinsic limitations on species invasion potential. However, species can often also invade
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areas that are climatically distinct from their native ranges [13]. Such invasion may suggest
biological or geographic constraints rather than intrinsic physiological constraints [14], or
may reflect high adaptive capacity for rapid evolutionary change in new environments.

Many traits which may be important for a species invasive capacity may be difficult to observe
or measure directly. For instance, thermal physiology in lizards has been identified as an
important predictor of success in urban habitats where many invasive species are present
[15, 16]. While field body temperatures may be relatively easy to measure, key traits like
critical thermal maximum or minimum temperatures are more difficult to measure [17, 18].
Even more difficult, traits with the same measured values in trait databases may nevertheless
have different constraints on their development or variation that may impact their ability
to respond to novel selective factors (Chapter 3), representing “hidden states” with different
evolutionary properties [19].

Similarly, there are many traits that may influence which species are transported through the
pet trade, which is a common way lizards may be introduced [20, 21]. These include docility,
rarity, or desirability based on features of their appearance that may be difficult to define
and measure, and often may encompass many multifactorial traits [22]. In these cases it may
be hard to include these traits for making species-level predictions about invasion capacity.
Nevertheless, these more complex or difficult to measure traits may still have phylogenetic
signal [23, 24]. This means that closely related species will be more similar in these traits
and might be clustered on the phylogeny. This makes it possible to use the phylogeny itself
as a proxy for the myriad unmeasured traits that may improve prediction in the modeling
of invasion probabilities.

Pili et al. [8] recently demonstrated the utility of species traits and macroecology for pre-
dicting species invasions across reptiles and amphibians. In this paper, we sought to add to
this work by predicting invasion probabilities across lizards using species traits, climate, and
geographic data (similar to as in Pili et al.)—but also by explicitly incorporating phyloge-
netic information (rather than using phylogenetic imputation). This distinction is important
as incorporating the phylogeny itself can provide additional information, acting as a proxy
for unmeasured or complex traits which would be otherwise difficult to capture. We tested
various different methods of incorporating phylogenetic relationships between species to de-
termine the method with highest predictive accuracy. Using our best model we identify
traits that are important for predicting species invasion probabilities, and we verify that
our incorporation of phylogenetic relationships improves predictions. We chose to limit our
model to species with complete data rather than using phylogenetic imputation as we believe
this could artificially influence feature importance for predicting invasion probabilities. We
use this model to predict species invasion probabilities across 486 species. We use these
probabilities to set a threshold for invasion capacity which could be useful for setting restric-
tions on the transport of species in the pet trade. We also map species invasion probabilities
globally to determine areas that are acting as sinks and sources of invasive species in order
to mitigate the spread of invasive species to and from these areas.
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4.4 Methods

4.4.1 Data collection

We used data for species invasions from the Global Register of Introduced and Invasive
Species (GRIIS) [25]. We compiled species occurrences from the Global Biodiversity In-
formation Facility (GBIF) from 2013-2023 [26] and cleaned our data using the R package
CoordinateCleaner [27]. We then used the country codes from our GBIF data and filtered
these to exclude observations for species in countries where they were introduced in the
GRIIS. We used our observations of species in their native ranges to acquire bioclimatic
variables for each occurrence from WorldClim [28]. We then summarized these bioclimatic
variables by taking the minimum, maximum, and mean values for each species. We excluded
introduced occurrences to avoid over-inflating of climate variable importance in predicting
invasion capacity. We combined these data, published trait data from Meiri 2018 [29], and
a published phylogenetic tree [30]. The trait data includes measurements of body size, max-
imum and minumum body temperatures, and clutch sizes. It also includes categorizations
of species microhabitat usage, diet, diel activity, foraging mode, and reproductive mode.

For our invasion dataset, we filtered the GRIIS data to label any species that was classified
as introduced or invasive in any country as “introduced” to obtain species-level data on
introductions. While this may not be a direct indicator of the invasive impact of a species,
we felt it was the best way to categorize our data to allow us to predict invasiveness at the
species level. This classification for each species was combined with our phylogenetic, climate,
and trait data to produce the final dataset, where any species that was not included in our
GRIIS dataset was classified as “native” in our dataset. We divided this data using 70 percent
for training and 30 percent for testing performance. The use of the GRIIS and filtering it
to produce species-level classifications means that our predictive model is splitting species
into “native”—i.e. only present in their native range—and “introduced”—i.e. introduced in
at least one location, and included in the GRIIS.

4.4.2 Incorporating phylogenetic information

We tested three methods for incorporating phylogenetic structure into random forests. For
the first, we converted the tree into bipartitions using the R package phangorn [31] and
removed all tip bipartitions (i.e. the minimum clade size on either side of a bipartition was
2). This method retains only the hierarchical structure of the phylogeny (i.e. the topology)
and does not use branch lengths. For the second, we converted the phylogeny to a distance
matrix using the R package ape [32]. This method distills the phylogenetic branch lengths
between species into a pairwise distance for all species combinations. For the third method,
we used phylogenetic eigenvector maps using the R package MPSEM [33]. This method
incorporates branch lengths as in the case of the distance matrix, but distills the phylogeny
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into eigenfunctions that map tip species across progressive eigenvectors of the phylogenetic
distance matrix. We compared the performance of each of these methods by using each
method to predict invasiveness on our test dataset and measured performance using the area
under receiver operating curves (ROC AUC).

4.4.3 Invasion probabilities and feature importance

We used the R package Ranger [34] to implement a probability forest algorithm [35]. To ac-
count for class imbalance, we up-sampled the minority class (introduced) and down-sampled
the majority (native). We used permutation importance which compares the decrease in
performance of our classifier when individual features are permuted to assess variable im-
portance [36].

We used the best-performing method for incorporating phylogenetic data, along with trait
and climate data on our training dataset and this model contains all features. We also trained
a model which included only trait and climate data (without phylogenetic information) to test
its performance. We trained another model with only selected features. To do this, we used
the R package Boruta [37] to perform feature selection due to the large number of features
our dataset contained. Boruta performs feature selection by creating “shadow features” from
true features by permuting their values and statistically comparing the feature importance
of true features against importance of shadow features to determine which features should
be included. We then compared the performance of each of these models on our test dataset
using ROC AUC.

In addition to using Boruta for feature selection, we developed a method which allows for
comparison of true features to randomly simulated phylogenetic traits to determine if fea-
tures are more informative than, random, phylogenetically-structured traits. Given the large
number of features that can potentially be selected via random forests, there is an increased
probability that traits that have phylogenetic signal could be selected as effective predictors
merely due to their phylogenetic signal [38,; 39, 40]. Thus, we sought to use a method that
allows us to determine which traits have more predictive power related to our target clas-
sification relative to traits that are informative only due to their phylogenetic signal. Note
that the overall goal of prediction may still be aided by characters that are informative only
due to their phylogenetic signal. Therefore, we do not use the selected feature set in our
model comparison. Rather, we use it to identify the key traits that have strong evidence for
predictive power. More information and comparisons between Boruta and our method are
provided in Chapter 5.

We used the R package lime [41] to fit reduced complexity models to help us understand
how features were informing the model predictions. LIME, which fits a local model around
specific predictions making the model more interpretable, allowed us to determine how trait
values were used to classify native and introduced species and which traits were the most
informative for a given prediction.
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4.4.4 Mapping invasion probabilities

We used the best model to predict invasion probabilities for all species. We then divided
the global map into grid cells and used range maps from Roll et al. [42] to determine which
species were present in each grid cell, splitting species into their native and invasive ranges
by filtering this data to exclude ranges in countries where species were introduced using the
GRIIS. We took the mean invasion probability for the native species present in each grid cell
and plotted this information globally to identify areas that are acting as sources of invasive
species (i.e. containing many native species that have high invasion probabilities). We also
plotted the same invasion probabilities but only for areas where species are invasive. This
represents a summary of the invasiveness among the invasive species community in areas
that are presently invaded. Notably, our summaries are sensitive to the number of invasive
species present, and we therefore compared them to the species richness globally for the 486
lizards present in our dataset.

4.5 Results

4.5.1 Incorporating phylogenetic information

When comparing ROC AUC for the three different methods of incorporating phylogeny,
we saw better performance when using all bipartitions of the phylogeny rather than the
phylogeny as a distance matrix or phylogenetic eigenvector maps. For this reason we used
only bipartitions of the phylogeny for the remainder of the analyses. Bipartitions also give
the benefit of being easy to visualize and interpret, but carry no information about branch
lengths or phylogenetic distance besides the hierarchical structure of the phylogeny.

Out of our 500+ features, Boruta selected a subset of 43 features, significantly reducing
model complexity. A subset of trait, climate, and phylogenetic data was retained. See the
supplementary material for a full list of original and selected features.

4.5.2 Invasion probabilities and feature importance

We compared the ROC AUC for all models—i.e. a model containing all features, a model
with only trait and climate data, and a model with only selected features from Boruta—
and our best performing model included all features (see figure 4.1 for model comparison).
Thus, we retained this model for predicting invasion probabilities. Examples of species
with relatively high invasion probabilities despite not being included in the GRIIS were
Thecadactylus rapicauda, varanus bengalensis, and Lampropholis guichenoti.
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Figure 4.1: ROC plots for three different models all features, including phylogeny, trait and
climate data (blue), excluding phylogeny (pink), and selected features from Boruta (yellow).
Area under the curve is included in the legend, values closer to 1 indicate better performance.

We used permutation variable importance to determine which features were useful for split-
ting species into those that exist only in their native range and those that have successfully
been introduced in new areas. We also estimated local variable importance, i.e. which
features specifically best predicted whether a species was introduced.

Of the traits we incorporated body size (maximum snout-vent length or SVL), largest clutch
size, diet, and substrate were the best predictors of introduced species (figure 4.2a). Our
LIME analysis suggested that having a large body size and large clutch size made a species
more likely to be classified as introduced (see figure 4.3 for an example). These results are
consistent with a recent publication across reptiles and amphibians [8].

Among climate data, the features that were identified as the best predictors included min-
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imum coldest month temperature (BIO6), mean diurnal temperature range (BIO2), and
maximum annual precipitation (BIO12) for species classified as introduced (figure 4.2b).
Our LIME analysis suggested that species with low mean temperature ranges (BIO2) were
more likely to be introduced (see figure 4.3 for examples). It also suggested that low mini-
mum precipitation (BIO16) predicts species are more likely to be classified as native. Species
with low maximum coldest month temperature (BIO6) were more likely to be classified as
native.
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Figure 4.2: Local variable importance for introduced classification for species level traits (a)
and species and climate traits (b)

Selected phylogenetic bipartitions can be used to identify clades with high invasiveness.
Bipartitions that were classified as important highlighted clades containing agamids and
chameleons, plated lizards, and basilisk lizards (figure 4.4).

4.5.3 Mapping invasion probabilities

Our results from mapping species invasion probabilities for species in their native ranges
suggest that tropical and subtropical environments are often acting as sources of invasive
species (figure 4.6). Islands are often sources of invasive species with many island areas
having high invasion probabilities. Forested areas whether tropical or temperate, tend to
have species with higher invasion probabilities. However, desert areas contain species with
low invasion probabilities comparatively. This aligns well with our results from variable
importance of climate data.

Plotting species invasion probabilities in their introduced ranges revealed higher vulnerabil-
ity in tropical and subtropical environments (figure 4.7a). However, often the introduced
species ranges were not included in range maps from Roll et al. [42], so we also plotted the
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Figure 4.3: LIME results showing the traits that support or contradict species being clas-
sified as native for two representative species, Uma ezsul an endemic species (photo from
Claudio Cantt Mufiiz on iNaturalist,

license: https://creativecommons.org/licenses/by/4.0/) and Basiliscus plumifrons an inva-
sive species (photo from Joachim S. Miiller on flickr,

license: https://creativecommons.org/licenses/by-nc-sa/2.0/).
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Figure 4.4: Phylogeny of species with important nodes (using selected features and variable
importance) highlighted with representative species for each clade, Agama agama (left, photo
from Peter Prokosch, https://www.grida.no/resources/2389,

license: https://creativecommons.org/licenses/by-nc-sa/2.0/), Basiliscus plumifrons (top
right, photo from Joachim S. Miiller on flickr,

license: https://creativecommons.org/licenses/by-nc-sa/2.0/), and Broadleysaurus magjor
(bottom right, photo from Animalia.bio,

license: https://creativecommons.org/licenses/by-sa/3.0/)
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Figure 4.5: Invasion probabilities from the best model plotted on the phylogeny as a con-
tinuous trait (traits are only meaningful at tips as this is not a meaningful ancestral state
reconstruction).
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Figure 4.6: Invasion probability of species in their native range. These are reflective of

areas that are acting as sources of invasive species. Areas in red represent higher invasion

probabilities while blue is lower.
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Figure 4.7: Invasion probabilities for species present in (a) invasive ranges based on Roll et
al. and (b) countries that have been invaded by species in the GRIIS.

mean invasion probability of introduced species by country as well (figure 4.7b). While this
information is less fine-scaled than true ranges, it does give a better idea of where species
are often presently invading. This map provided similar results to that of our native plots,
we saw that invasive species were not invading desert environments but that island areas
are particularly vulnerable. However, this data does not necessarily mean that more inva-
sive species are present in these areas, simply that the species which are present have traits
which suggest they can invade more easily than other species. In order to account for the
number of species present in each area we also plotted species richness (figure 4.8). Notably,
although several desert environments exhibit high species richness, these areas still maintain
low invasiveness scores.

4.6 Discussion

The traits species possess can help us determine how they will respond to new environments.
A certain subset of traits may provide species with a pre-adaptation to a specific environ-
ment [43, 44] or they may make species more adaptable upon introduction [45, 46]. These
traits are often dependent on phylogeny and past evolutionary events due to evolutionary
contingency [47, 48]. In addition to knowing species traits, incorporating phylogenetic in-
formation can help improve our predictions by accounting for traits that may be difficult to
measure or observe or be unequally phylogenetically distributed [49]. We sought to predict
species invasion probabilities in lizards by incorporating both species traits and phylogenetic
information using random forests.

s am == Invasiveness
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Figure 4.8: Species richness plotted globally where lighter colors correspond to higher species
richness.

4.6.1 Invasion probabilities and feature importance

Our results suggest that including phylogenetic information did allow for improvements in
our predictions. Our results when comparing different methods showed the retaining pri-
marily the hierarchical structure of the phylogeny can provide excellent performance. This
method is also beneficial as it allows for interpretability by allowing us to identify relevant
nodes, even if information about branch lengths are excluded. However, only some of the
phylogenetic features were selected as important through feature selection (see figure 4.4 and
supplementary material). This result is not entirely unexpected, as many bipartitions carry
largely redundant information given the nested nature of phylogenetic structure. Neverthe-
less, the inclusion of some bipartition splits suggests that including phylogenetic information
can account for unobserved traits or traits that may be difficult to measure.

A variety of unmeasured traits or features may be represented by the phylogenetic clades
identified as important for invasiveness potential. In our specific example, however, the
particular clades identified seem to correspond to familiar and charismatic clades of lizards or
species that are often included in the pet trade, with the important nodes that were identified
highlighting agamids and chameleons, basilisk lizards, and plated lizards (see figure 4.4) [20].
All of these groups contain many species that are popular in the pet trade. However, what
makes species desirable in the pet trade is highly variable. It could be because they have
desirable colors or patterns, are easy to keep in captivity, are docile, extremely unique, have
particular diets suitable for captive rearing, or any combination of these or other desirable
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traits [22, 50]. This makes it difficult to classify what makes a species “charismatic”. However,
incorporating phylogenetic information allows us to account for different combinations of
these traits, since these desirable traits could have strong phylogenetic signal [51, 52].

In addition to phylogenetic features, many measured traits were useful for predicting species
invasion probabilities. Some of these traits were body size, largest clutch size, diet, and
substrate type (see figure 4.2a). Body size and life history are related to species’ ability to
invade and establish populations in new environments [53]. Our LIME results suggested that
both small clutch sizes and large clutch sizes made species more likely to invade, demon-
strating that sometimes extreme life history strategies increase dispersal potential although
it is not clear how this impacts invasion success [54]. Additionally, many arboreal or pad-
bearing species are transported to novel environments through their proximity to humans
[44] or as hitchhikers on horticultural materials [55, 56], and many of these species also have
small clutch sizes [57]. This could also be driving the invasion success of species with small
clutch sizes in our dataset. There is also evidence within Anolis sagrei, a species with small
clutch size, that invasive populations possess trait changes that lead to faster life histories
than their native counterparts [58]. Substrate and diet appear to be related to generalism.
Species with specialized diets are more likely to be classified as native and species that use
multiple substrate types are more likely to be invasive. These results for feature impor-
tance were consistent with other similar studies also identifying body size, clutch size, and
generalism as important species-level traits for invasion [6, 8].

Several climate features were also useful for predicting species invasion probabilities, includ-
ing the minimum value of mean diurnal temperature range (BIO2) and the maximum value
of precipitation of the wettest quarter (BIO16) for each species (see figure 4.2b). Our LIME
results suggested that species that have low maximum precipitation in the wettest quarter
were classified as native (see figure 4.3). This could be because species in areas with low
precipitation may be physiologically adapted to desert conditions and therefore specialized
with limited adaptability to different climatic conditions [59, 60]. It could also be driven by
the lack of frequent transplantation or introductions due to humans. Our LIME results sug-
gested species with low minimum diurnal temperature ranges are often invasive (see figure
4.3). Low minimum diurnal temperature range values are more common in tropical areas.
This link between tropical locations and invasion could be because tropical species ranges
are expanding due to climate change [1, 6], because their critical thermal temperatures are
less canalized from selection [46], or because of transport to and from these areas.

Some examples of species which had relatively high invasion probabilities (i.e. would be
classified as introduced under our model with a 0.5 threshold) were Thecadactylus rapicauda,
Varanus bengalensis, and Lampropholis guichenoti. All of these species have wide geographic
ranges. However, Varanus bengalensis is experiencing population declines in its range due
to commercial exploitation, human interaction and habitat fragmentation [61], and while
Lampropholis guichenoti seems to have the ideal set of traits to invade, some of this potential
appears to be limited by behavior [62]. These results underscore the importance of chance
events related to introduction and the role that species behavior plays in either hindering or
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driving these events.

Once we determined invasion probabilities for each species, we also wanted to map these
invasion probabilities globally to determine areas that are acting as sinks and sources of
invasive species. Our results suggested that many tropical and subtropical areas are acting
as sources of invasive species. This could be because species living in these areas might be
more adaptable, more desirable in the pet trade [63], because their ranges are expanding
due to climate change [1] or primarily driven by transport to and from these areas where
allowing species to hitchhike. It could also be because these are areas with high species
richness since many species can thrive in the tropics. Meanwhile, despite having high species
richness in many desert areas (see figure 4.8), these locations tend to have species with lower
invasion probabilities (see figure 4.6). This could be because these species are physiologically
adapted to their environments making them less adaptable to novel environments they might
encounter or because there is less transport from these areas. Some areas which are frequently
invaded are areas in northern South America and the southern United States as well as the
northern part of Australia and parts of the Mediterranean (see figure 4.7a). It seems that
while many of these areas also act as sources of invasive species, they are still vulnerable
to being invaded by non-native species from other areas. This suggests a symmetry or
reciprocity in the conditions that both promote invasiveness in native species as well as
make them habitable for novel invaders from other areas.

4.6.2 Conclusions

Our results suggest that phylogenetic information can account for unobserved or difficult to
measure traits in random forests. In our study, phylogenetic information seems to provide
information about charismatic clades or those containing species that are often transported
through the pet trade and significantly improved prediction accuracy. We identified several
traits that were important for predicting invasion probabilities, such as body size, diet,
substrate, and clutch size, and these results corroborate the findings from other studies. We
also identified that tropical and subtropical countries are acting as sources of many invasive
species and that they are similarly the most vulnerable to new invasions by other species.
We further identified that species from harsher habitats, such as deserts and cold temperate
regions, as less likely to become invasive—despite the high species richness of some of these
areas. Overall, it is likely that vulnerable areas will continue to be impacted with ongoing
climate change and human-mediated transportation of invasive species.
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4.7 Supplementary Material

4.7.1 Phylogenetic methods

We tested multiple methods for incorporating phylogenetic information into our random
forest model. All of the methods are described in the text. We identified close performance
using all bipartitions and phylogenetic eigenvector maps (PEM) for predicting invasiveness,
although bipartitions were preferred as they provided the best performance.
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Figure 4.9: ROC plots for three different models incorporating phylogeny in different ways,
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a distance matrix (yellow). Area under the curve is included in the legend, values closer to
1 indicate better performance.

4.7.2 Feature selection

Of our trait data, largest clutch size, maximum body size, and diet were selected as impor-
tant from our analysis with Boruta. From our climate data minimum BIO2, minimum BIO3,
minimum BIO4, minimum BIO7, minimum BIO12, minimum BIO13, minimum BIO16, mini-
mum BIO18, maximum BIO1, maximum BIO3, maximum BIO4, maximum BIO6, maximum
BIO7, maximum BIOS8, maximum BIO10, maximum BIO11, maximum BIO12, maximum
BIO13, maximum BIO14, maximum BIO16, maximum BIO17, maximum BIO18, maximum
BIO19, mean BIO2, mean BIO3, mean BIO4, mean BIO6, mean BIO7, mean BIO12, mean
BIO13, mean BIO14, mean BIO16, mean BIO17, and mean BIO19 were selected as impor-
tant. From our phylogenetic bipartitions V110, V156, V163, V203, V204, and V411 were
selected as important.
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phyloBoruta: An R package to test if
traits are more informative than

phylogeny

5.1 Attributions

5.1.1 Co-Authors

Josef C. Uyeda, Professor, Department of Biological Sciences, Virginia Tech, Blacksburg, VA

5.1.2 Acknowledgments

5.2 Abstract

One of the primary uses of phylogeny is to leverage its broad power to predict a variety
of traits among related species—f{rom gene sequences to macroecological features of species.
However, methods that rely on a large number of predictors are susceptible to multiple
comparisons, overfitting, and—particularly in phylogenetic comparative studies—identifying
features that improve prediction solely based on their shared phylogenetic signal. Identifying
traits that carry additional information beyond phylogeny is a key goal for understanding
why and how this data could be influencing predictions, and how these features may be
related to causal biological processes. In this work, we extend the Boruta feature selection
algorithm for random forests to test if biological traits are more informative than randomly
simulated phylogenetic traits. We used this algorithm on trait data from lizards classifying
them as native or invasive. We identified that maximum body size and largest clutch size will
be important traits for predicting species’ invasions—well beyond the information they carry
about phylogeny. We present phyloBoruta as a general approach for identifying important
traits in feature selection that carry predictive power beyond randomly evolved phylogenetic
traits.
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5.3 Introduction

Machine learning has rapidly grown in popularity for analyzing biological datasets [1]. Ran-
dom forests are particularly popular as they allow users to identify and select important
features for classification or regression problems|2, 3, 4] and due to their interpretability
provided through feature importance metrics. Identifying relevant features is particularly
important for biological or ecological datasets as biologists might want to determine the
most relevant data for future collection and understanding why and how this data could be
influencing predictions is particularly interesting to those studying biological processes.

Many algorithms have been developed that identify the minimal number of features to use
based on classification accuracy [5, 6]. Rather than simply trying to maximize classification
accuracy, the Boruta algorithm for feature selection prioritizes selecting all features that are
most relevant for making a certain classification [7]. In particular, this approach is useful
for retaining features that allow for greater model interpretability.

In biology, comparative datasets pose a particular challenge and opportunity for predic-
tion tasks. This is because for datasets at the species level, all traits will be impacted by
evolutionary history and have varying degrees of phylogenetic signal. Correlations between
traits can emerge, and indeed be statistically significant, purely due to shared phylogenetic
structure [8, 9, 10]. When using species traits (whether morphological, physiological, or even
behavioral) to make predictions it is important to be aware that many traits likely carry with
them some variation which can be explained by phylogenetic information, either through bio-
geography or genetic or developmental constraint [11, 12, 13, 14]. As the number of traits
with phylogenetic signal increases, it becomes increasingly likely that some combination of
these features could uniquely map to particular regions of the phylogenetic tree and explain
clustered phylogenetic responses purely by chance [10]. This means that for biologists it is
particularly valuable to identify traits that carry additional information beyond phylogeny,
in order to identify how these traits are related to the trait of interest.

In this work, we sought to extend the Boruta algorithm to test if biological traits are more
informative than randomly simulated phylogenetic traits to provide an understanding of
traits that give additional insights into classification or regression. We validate the approach
with an application to lizard invasivness prediction from phenotypic traits.

5.4 phyloBoruta

The traditional Boruta algorithm works as a wrapper of random forests by permuting values
of features and comparing randomized feature importance to the importance of the non-
randomized features [7]. This provides information about the relative importance of these
features in comparison to random, presumably uninformative features. Our algorithm works
similarly to the Boruta algorithm; however, rather than comparing true features to permuted
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features, we compare our features to parametrically simulated phylogenetic traits. If true
features are more informative than our simulated features, this suggests they hold additional
important information for making predictions which cannot be gleaned from the phylogeny
alone.

To do this, we separate discrete and continuous features, as these features must be simulated
using different methods. For simulating discrete characters, we use the method from the R
package ape rTraitDisc, simulating two character states and using equal transition rates
between states. We repeat this as many times as the user specifies, and we use these as our
“shadow” attributes to compare the importance of our true discrete features against. For
simulating continuous traits, we use the method fastBM, from the R package phytools [15].
We do this as many times as the user specifies and we compare the feature importance of
these “shadow” features to the importance of our continuous traits.

From this point the algorithm behaves the same as the traditional Boruta algorithm, by
comparing importance values to that of the maximum importance of shadow variables, and
using two-sided tests of equality with this maximum importance value to assign whether true
features are more informative than phylogeny or if phylogeny alone captures the information
contained in the trait. We repeat this procedure until no tentative features remain or until
the algorithm reaches the defined limit of random forest runs.

5.5 Implementation

Because the traditional Boruta algorithm relies purely on permutation there are no issues
with changing the distributions of the data, as permutation preserves the distributional
properties. However, permutation without respect to phylogeny will necessarily result in
traits that have decreased phylogenetic signal. Thus, while our approach may be limited
by differences in the distribution of the simulated traits, it benefits from preserving shared
phylogenetic signal with the original traits but randomized with respect to the trait of
interest. Consequently, our method adds features that contain phylogenetic information
similar to the true traits. One consequence of this is that it splits feature importance across a
greater number of features with shared phylogenetic information when increasing the number
of simulations. To attempt to minimize this, we recommend only simulating the number of
traits available in a dataset in order to avoid false confidence in trait selections. However,
limiting the number of simulations to the number of traits in empirical data can lead to high
variance across runs in the traits that may be selected since we are adding many presumably
correlated features (a demonstration of this variance and uncertainty across runs can be
seen in figures 5.1, 5.3). This is a limitation of our model in comparison with the traditional
Boruta algorithm and to overcome this we recommend running multiple independent runs
and identifying the traits which are most consistently identified.
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5.6 Simulations

We tested phyloBoruta first on simulated data. To determine how strongly data must be co-
varying with the response variable in order to be selected under our algorithm, we simulated
random phylogenetic traits using fastBM from the R package phytools for 9 traits. We then
simulated our response variable and one trait with varying levels of covariance between the
two traits under multivariate Brownian motion using the function sim.corrs. We identified
that across moderate to strong levels of covariance (0.4-1) the co-varying predictor was
typically selected as important in at least 75% of runs, however when the covariance between
traits dropped to less than 0.4, the predictor was no longer selected above this threshold.
This indicates that levels of moderate to strong covariance should be identifiable under
phyloBoruta, but weakly co-varying traits may be rejected under our model. We found
relatively similar results when simulating biologically realistic data using sim.corrs, allowing
all traits to co-vary with both the response variable and each other.

5.7 Empirical Example

We used the phyloBoruta algorithm on trait data from lizards classifying them as native
or invasive. We used published trait data from Meiri 2018 [16], published invasion status
from the Global Register of Introduced and Invasive Species (GRIIS) [17], and a published
phylogenetic tree [18]. If a species was not introduced in any country in the GRIIS, it was
classified as native, whereas if it was introduced in at least one country and registered in the
GRIIS it was classified as introduced.

Using this dataset we ran the algorithm 100 times, specifying the number of simulated traits
to be 11 (the same number of true traits). For continuous traits maximum body size was
continuously identified as being more informative than phylogeny in 100% of runs, meanwhile
maximum and minimum body temperature and latitude and longitude were rejected in
at least 60% of runs. This was well-aligned with previous results from Chapter 4 which
suggested maximum body size was most informative for predicting invasion probabilities.
For discrete traits, largest clutch size, substrate, diel activity, reproductive mode, and diet
were more informative than phylogeny in at least 85% of runs. Largest clutch size was
also confirmed to be important in 100% of all runs. This result was also corroborated in
Chapter 4 which showed this trait was important for predicting invasion probabilities. In
comparison to the traditional Boruta algorithm which identified all traits as being important
with the exception of foraging mode, our method excluded foraging mode in addition to
maximum and minimum mean body temperatures as well as latitude and longitude. This
result shows that our method is more conservative with feature selection, as expected. In
particular, our approach highlights that while many traits may improve prediction accuracy
in phylogenetically-structred random forests, these traits may not carry more predictive
power than expected from sets of randomly evolving phylogenetic traits. This highlights
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Figure 5.1: Boxplot showing the distributions of feature importances across 100 different
runs of phyloBoruta for continuous features (green and red) compared against random phy-
logenetic features (blue). True features are colored green if they were selected as important
across at least 75% of runs, otherwise they were rejected.
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Figure 5.2: Plot of traditional Boruta algorithm feature importances for continuous features
compared against permuted features in blue. True features are colored green if they were
selected as important, red if they were rejected, and yellow if they were tentative features.



CHAPTER 5. PHYLOBORUTA: AN R PACKAGE TO TEST IF TRAITS ARE MORE INFORMATIVE THAN
82 PHYLOGENY

o

-

{
lo
I

|

=t

4+

Importance
l
o)

[/

]

diet —

substrate —

shadowMin — (!% -- I -- %)
shadowMean — @+ - I - +

shadowMax —|

foraging.mode —|
Activity.time

largest.clutch —

reproductive.mode —|

Figure 5.3: Boxplot showing the distributions of feature importances across 100 different
runs of phyloBoruta for discrete features (green and red) compared against randomly sim-
ulated phylogenetic features (blue). True features are colored green if they were selected as
important across at least 75% of runs and red if they were rejected.

that researchers should take caution when interpreting the meaningfulness of phylogenetic
features identified in random forests algorithms.

5.8 Conclusions

Our phyloBoruta approach differed from feature selection in Boruta in our empirical ex-
ample by selecting a smaller set of features. This highlights that when used in combina-
tion, phylogenetically-structured features may frequently carry predictive information for
phylogenetically-structured responses—but that these features may occur by chance. While
this method can certainly be used to narrow down the number of traits used in random
forest analyses, biological trait datasets often are not as data rich as many other datasets.
One way of viewing the effect of phylogeny structuring and phylogenetic signal is that it is a
reduction in the effective sample size of the data, which is no longer independent [8]. Thus,
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in comparative applications, these datasets may warrant the inclusion of a large number of
possible features, but these features may contain many auto-correlated and shared features
due to the nature of evolution and the phylogenetic structure of traits [9]. To this end, this
method is also useful for identifying scenarios in which the phylogeny is able to capture and
predict the structure of the trait itself, and that many alternative traits could—individually
or in combination—achieve similar predictive accuracy as the focal traits. In such scenarios,
more detailed analyses and data integrations may be required to identify the likely traits
driving classification of species at the tips. In our example, we were able to identify traits
that influence invasion which cannot fully be explained by phylogeny alone. We identi-
fied that maximum body size and largest clutch size will be important traits for predicting
species’ invasions, regardless of phylogenetic structure. Additionally, if the user plans to
incorporate phylogenetic information in their analyses explicitly, this method can help the
user to determine which traits are no longer necessary after accounting for phylogeny or
they can help identify traits that must be included in addition to phylogenetic information.
Identifying traits like this is certainly of interest to biologists as it aids in interpretability
of the random forests predictions, allowing us to find new ways to approach studies of trait
evolution and uncover new mysteries contained in these informative features.
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Chapter 6

Synthesis

In this dissertation I sought to understand the relative contributions of constraint and contin-
gency when studying macroevolution and to determine how to best account for evolutionary
history when predicting species responses to novel environments. My first two chapters in-
vestigate the role of contingency and constraint across different scales of macroevolution by
studying morphological change both broadly and in “model clades” containing species that
are urban tolerant and invasive. My third and fourth chapters investigate different methods
for accounting for phylogenetic information in random forest analyses and the utility of using
phylogeny as a proxy for unobserved or difficult to measure traits. These chapters provide
insights into important traits that will impact species responses to environmental change,
particularly species-level invasion capacities.

In Chapter 2 I investigate constraint in evolutionary hindlimb allometry across lizards, iden-
tifying that across lizards the majority of variation is consistent with Brownian motion and
displays a conserved evolutionary relationship between hindlimb length and body size across
species. Additionally, this chapter suggests that within Scincidae there is a change in evo-
lutionary dynamics that precedes the decoupling of limb length and body size which could
prime species to explore morphospace and lead to the evolution of fossoriality in lizards. This
speaks to the role of contingency in evolution, as it seems that belly-dragging in skinks acts
as an intermediate between the traditional upright sprawling gait that most lizards exhibit
and the snake-like movement of limbless, fossorial lizards [1, 2, 3, 4].

In Chapter 3 we look more closely at morphological evolution in “model clades” which con-
tain urban tolerant and invasive species [5, 6, 7]. We studied two traits, hindlimb length
and toepad area, that appear to be important for urban tolerance and invasion in two clades
Hemidactylus and Anolis [8, 9, 10, 11, 12, 13]. We identified that the two clades have oppo-
site patterns in their evolutionary dynamics of limb length and toepad area. This chapter
highlights the importance of evolutionary history, even in species that are using similar mi-
crohabitats and are similarly successful. Despite possessing similar traits, these clades have
completely different evolutionary dynamics. Future studies should investigate microevo-
lution in these traits within species to determine if it is aligned with macroevolutionary
patterns of trait change for their respective clades. This chapter underscores the importance
of incorporating evolutionary history into analyses using species traits as predictors.

In Chapter 4 we highlight a path forward for and the utility of incorporating phylogenetic
information in predictive modeling. Specifically we investigate different methods of incor-
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porating phylogenetic information, species traits, climate and geographic data into random
forest analyses to predict species invasion capacities. We found that incorporating all bipar-
titions in the phylogeny as data in our random forest provided the best performance. The
highlighted clades using this method suggested that phylogenetic information was allowing
us to account for complex traits like species “charisma” or things that are important for the
pet trade which could encompass many traits such as rarity, docility, or ease of breeding
[14, 15]. We also identified that maximum body size, largest cluth size, substrate type, and
diet were good predictors of species invasion capacities. Maximum body size and largest
clutch are related to species ability to spread and establish populations [16] while diet could
be related to generalism. We also identified that mean monthly temperature range was a
good predictor of species invasion capacities, which could be driven by the strength of se-
lection on critical thermal limits [17, 18]. We also found that minimum precipitation was
a good predictor of species’ invasion capacity which could because native species in these
areas with little precipitation are physiologically adapted to desert conditions [19, 20]. This
chapter demonstrated that phylogenetic information can be used to account for traits that
may be difficult to measure or observe.

In Chapter 5 we took this a step further and developed an R package which allows users
to test if the traits they are using in random forests are more informative than a randomly
simulated phylogenetic trait. Comparison between this feature selection approach and a
traditional feature selection approach [21] highlights which features are important simply
because they carry phylogenetic signal (which is aligned with phylogenetic signal of the
response) versus which features provide additional insight into traits that may be driving
the response. Our package presents a strong tool to investigate species traits and their
relationship to species responses to global change and could be extended to many other
systems.

6.1 Conclusions

Throughout this dissertation I have learned to appreciate the complexity of scale and had
the important realization that at no point will we ever have access to all of the information
we need to make predictions about species responses to global change. Despite the ever-
growing volume of scientific research, there will always be more to learn and more data to
collect. The beauty of macroevolutionary data lies in its standardization across many species
and its multifactorial nature. While it may not be perfect, it is often especially designed
to be applied to analyses across many different species, making it easier to incorporate into
analyses predicting species-level responses to global change. It also can carry signatures
of many biological processes which while indiscernible at the macroevolutionary level are
nonetheless extremely important for making accurate predictions about responses to global
change.

I hope this dissertation has revealed to readers the intricate interplay of evolutionary con-
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straint and contingency in shaping macroevolutionary patterns and underscored the criti-
cal role of accounting for evolutionary history when predicting species responses to novel
environments. Through investigations spanning broad morphological trends in lizards to
detailed analyses within specific “model clades,” we have demonstrated that while certain
evolutionary trajectories exhibit predictable constraint, contingent events can drive divergent
evolutionary paths even among ecologically similar groups. Furthermore, our exploration of
phylogenetic information within predictive modeling frameworks, particularly through the
application of random forests, reveals its utility in capturing complex, unmeasured traits
that significantly influence species invasion capacities. Finally, the development of a novel
feature selection package provides a valuable tool for disentangling the predictive power
of specific traits from the underlying phylogenetic signal. Taken together, these findings
emphasize the necessity of integrating evolutionary perspectives into our understanding of
species responses to global change, offering crucial insights for future conservation efforts and
ecological forecasting. Future studies should continue to explore the utility of phylogenetic
information in making predictions and attempt to validate these predictions over space and
time.
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