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Tempo and mode of mandibular shape and
size evolution reveal mixed support for
incumbency effects in two clades of
island-endemic rodents (Muridae: Murinae)
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Existing radiations in a spatially limited system such as an oceanic island may limit the ecological opportunity experienced by later
colonists, resulting in lower macroevolutionary rates for secondary radiations. Additionally, potential colonists may be competi-
tively excluded by these incumbent (resident) species, unless they are biologically distinct (biotic filtering). The extant phenotypic di-
versity of secondary colonists may thus be impacted by lower rates of phenotypic evolution, exclusion from certain phenotypes, and
transitions to new morphotypes to escape competition from incumbent lineages. We used geometric morphometric methods to test
whether the rates and patterns of mandibular evolution of the Luzon “old endemic” rodent clades, Phloeomyini and Chrotomyini,
are consistent with these predictions. Each clade occupied nearly completely separate shape space and partially separate size space.
We detected limited support for decelerating and clade-specific evolutionary rates for both shape and size, with strong evidence
for a shift in evolutionary mode within Chrotomyini. Our results suggest that decelerating phenotypic evolutionary rates are not a
necessary result of incumbency interactions; rather, incumbency effects may be more likely to determine which clades can become
established in the system. Nonincumbent clades that pass a biotic filter can potentially exhibit relatively unfettered evolution.

KEY WORDS: Adaptive radiation, biotic filter, geometric morphometrics, macroevolution, interspecific competition, oceanic
island.
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Adaptive radiation theory proposes that ecological opportunity,
in which a lineage has access to an abundance of resources un-
used by competitors, can generate rapid evolutionary change to
specialize on niches. The availability of unexploited niches pro-
motes intraspecific variation necessary to accumulate new, eco-
logically distinct species (Parent and Crespi 2009) and may arise
either from colonization of a depauperate ecosystem (Givnish
et al. 2009) or from an evolutionary innovation that frees the lin-
eage from existing competition to some degree (Wainwright et al.
2012). Over time, the radiation unfolds as intraspecific variation

*This article corresponds to Roycroft, E. J. 2019. Digest: Colonizing
rodents overcome ecological incumbency in an island system. Evolution.
https://doi.org/10.1111/evo.13770.

becomes partitioned into diverse species through disruptive selec-
tion in sympatry or adaptation in allopatry toward the resources on
which they have specialized (Bolnick 2004; Tobias et al. 2014).
From a quantitative standpoint, this theory suggests that release
from competition is followed by an initially rapid occupation of
available niches that declines over time as the opportunity for
subsequent diversification decreases, resulting in a historical pat-
tern of an initial burst of phenotypic evolution that decelerates
toward the present (Mahler et al. 2010; Burbrink and Pyron 2010;
Derryberry et al. 2011).

Despite developments in the ability to detect the historical
signal of within-lineage adaptive radiation, the ecomorphological
diversification of closely related lineages that colonize a sys-
tem independently is insufficiently explored. Multiple colonizing
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lineages may serve to limit ecological opportunity because each
group of colonists may compete with one another for available
niches. If two colonization events by similar lineages are asyn-
chronous, we should expect the lineage which arrived first to
experience greater ecological opportunity than the secondary in-
vader. Additionally, we might also expect the descendants of this
initial colonist to competitively exclude potential invaders that are
too ecologically similar (biotic filtering: Gillespie 2004; Emerson
and Gillespie 2008). The advantage a primary colonizing lineage
has over subsequently invading, ecologically similar lineages is
known as an incumbency effect (Alroy 1996; Jablonski and Sep-
koski 1996; Bambach et al. 2002). Incumbency effects can range
in strength and scale from limiting colonization ability, to reduc-
ing abundance, to even facilitating colonization of subsequently
colonizing lineages and as a result has highly variable effects
depending on the system and spatiotemporal scale of interest (Al-
many 2004; Fukami 2004; Louette and De Meester 2007); nev-
ertheless, the persistence of incumbency effects and the ability of
subsequent clades to escape them requires further investigation.
Studies that have examined the macroevolutionary signature
left by incumbency effects fall under two broad categories. First,
several studies have examined clades that have escaped from in-
cumbency effects, whether through a mass extinction event in
the competing lineage (Webb 1985; Engel et al. 1998; Bambach
et al. 2002) or dispersal to a competitor-deficient system (ecolog-
ical release: Schluter 2000a). Importantly, studies following this
approach often consider the focal clade in isolation, and rarely
integrate the diversification history of this clade with respect to
its close relatives. This lack of integration limits the ability to
infer the history of competition prior to release from the effect.
Second, researchers have inferred macroevolutionary dynamics
from two potentially interacting radiations, but the scale of these
studies is often too geographically broad, potentially limiting the
ability to detect incumbency effects. In particular, previous studies
have used this approach to examine the signature of incumbency
effects at continental scales, usually recovering idiosyncratic pat-
terns inconsistent with persistent interclade competition (Jgnsson
et al. 2015; but see Betancur-R. et al. 2012). For example, Schenk
et al. (2013) and Alhajeri et al. (2016) used muroid rodents to
test whether secondary colonists of continental systems experi-
enced lower diversification rates and limited rates of ecological
morphological evolution, respectively. These studies, in sum, re-
covered little support for decelerating rates of evolution in most
systems, suggesting that the ecological opportunity model poorly
explains the mode of evolution in Muroidea. However, studies
such as these that focus on continental scales of macroevolution
undoubtedly oversimplify the community structure and geologic
history of the regions in question, especially for regions as biolog-
ically and geologically dynamic such as southeast Asia (Goldberg
and Lande 2007; Ribas et al. 2007). Exploring these geographic
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regions at finer scales, with constituent clades that are more likely
to compete with one another due to more recent phylogenetic di-
vergence, may yield insights about macroevolutionary pattern and
process that would otherwise be obscured. Lineages occupying
oceanic archipelagic systems present ideal opportunities to test
these hypotheses due to the potential for complex colonization
history, spatial limitations, and striking adaptations arising from
rapid evolution (Emerson 2002; Filardi and Moyle 2005; Schenk
et al. 2013).

With this in mind, we chose to examine macroevolutionary
incumbency effects at a fine spatial scale using two clades of “old
endemic” murid rodents native to Luzon Island in the Philippines.
Specifically, we examined evolution of mandibular morphology,
because mandibular shape serves as a proxy for dietary niche, par-
ticularly with respect to differences associated with specialization
on consuming invertebrates, seeds, or foliage (Grossnickle and
Polly 2013; Maestri et al. 2016; Verde Arregoitia et al. 2017). Lu-
zonis an oceanic island that began emerging as a continuously dry-
land area approximately 25 million years ago (Hall 2013). Since
its formation, the island has been colonized an estimated six times
by murine rodents, including the five colonization events identi-
fied by Jansa et al. (2006) and Rowsey et al. (2018): Phloeomyini,
Chrotomyini, Abditomys, Bullimus, and Rattus everetti, and a po-
tential sixth by Crunomys fallax. The first two invading lineages,
Phloeomyini (sensu Lecompte et al. 2008) and Chrotomyini (con-
sidered by Lecompte et al. 2008 to be a member of Hydromyini
and containing Apomys, Archboldomys, Chrotomys, Rhynchomys,
and Soricomys; Rowsey et al. 2018), colonized between two and
six million years (My) apart at approximately 12.8 and 8.4 million
years ago, respectively (Rowsey et al. 2018). These two clades
subsequently diversified to constitute nearly 90% of the rodent
diversity on Luzon (Heaney et al. 2016a). Our previous analyses
recovered no support for incumbency-influenced lineage diversi-
fication rates in these clades; however, rates of ecomorphological
diversification for these lineages remain unexplored.

Prior field studies suggest that Phloeomyini and Chroto-
myini greatly differ in dietary disparity: although the incumbent
Phloeomyini range from generalist herbivores (i.e., eating some
amount of fruits, seeds, and vegetative material), to bamboo fo-
liage specialists, and to specialists on thick-coated seeds, most
species within secondary-colonizing Chrotomyini vary mostly on
a spectrum from omnivory to specializing on earthworms and
soft-bodied arthropods (Heaney et al. 2016a,b). This apparent
disparity in dietary variation begs several questions. First, is the
partitioning of dietary variation the result of either depressed evo-
lutionary rates or biotic filtering effects acting on Chrotomyini?
Second, have incumbency effects acted on morphological evolu-
tion without a comparable signal in the lineages’ diversification
history? Finally, if interclade competition has influenced the mor-
phological evolution of these two clades, is there evidence that
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Chrotomyini has exhibited a rapid change in evolutionary process
to escape the incumbency effects imposed by Phloeomyini?

To address these questions, we quantified mandibular shape
and size for the constituent species of these two lineages. The
analysis of mandibular variation in the phylogenetic framework
established by Rowsey et al. (2018) allows us to test whether di-
etary evolution has occurred according to different processes for
primary compared to secondary colonists. Specifically, we tested
five predictions regarding how incumbency effects may have al-
tered mandibular morphological evolution. First, we examined
whether the two Luzon “old endemic” (LOE) clades occupied dis-
tinct areas of mandibular shape and size morphospace. We expect
to observe this pattern if the ancestor for secondary-colonizing
Chrotomyini could only establish itself on Luzon because it was
distinct enough from the Phloeomyine lineages present on the
island at the time, in other words, if Chrotomyini passed a biotic
filter. Second, we tested whether either LOE clade evolved accord-
ing to an “early burst” (EB) model of evolution, which predicts
decreasing rates of morphological evolution over time (Harmon
etal. 2010). Recovering decelerating evolution would suggest that
morphological evolution is linked to the availability of ecological
(specifically dietary) niches. Third, we tested whether morpho-
logical evolution in these two clades has exhibited discrete shifts
to new “quantum zones” (Simpson 1953), as may be expected if
Chrotomyini has evolved to escape incumbency effects imposed
by Phloeomyini. Fourth, we tested whether extant morphological
diversity in Chrotomyini resulted from greater convergent evolu-
tion than in Phloeomyini. If ecological incumbency plays a role
in constraining chrotomyine morphospace occupancy, and by ex-
tension, niche evolution, we may expect to recover denser cluster-
ing of morphological variability, such that chrotomyines conver-
gently resemble each other to a greater extent than phloeomyines
do. Finally, we tested whether Chrotomyini exhibited lower rates
of morphological evolution than Phloeomyini, assuming that no
shifts in evolutionary rate occurred prior to colonization. We ex-
pected to recover this pattern if Chrotomyini had less ecological
opportunity due to the diversification that had already occurred
within Phloeomyini.

Materials and Methods

TAXON SAMPLING AND MORPHOMETRIC DATA
SAMPLING

We photographed and landmarked a total of 337 mandibles repre-
senting 41 species, comprising all described LOE rodent species
and two species undescribed at the time of writing. Specimens
were sampled from the American Museum of Natural History
(AMNH), the Field Museum of Natural History (FMNH), the
Harvard University Museum of Comparative Zoology (MCZ), and
the United States National Museum of Natural History (USNM).

Only individuals with all molars completely erupted in both the
cranium and mandible were chosen for study. The right ramus of
the mandible was photographed on its buccal surface such that
the anterior and posterior margins of the mandible (excluding the
incisor) were coplanar. For specimens with mandibles damaged
such that landmarks could not be taken, we used the left ramus if
fewer landmarks would be lost and mirrored the image before data
collection. The complete list of specimens sampled is presented
in Table S1.

To account for intraspecific variation, we included multi-
ple individuals from distinct geographic regions (e.g., different
mountains and provinces) when available. When possible, we in-
cluded two males and two females from each sampling locality,
or four individuals if two of each sex were unavailable. Although
they were included for our initial analyses of mandibular vari-
ation, we pruned Batomys dentatus and the single undescribed
Apomys and Rhynchomys species from our comparative analyses
of morphological evolution as no molecular phylogenetic data
were available for these three species. Nearly all of our samples
were obtained from rodents occurring on Luzon and minor outly-
ing islands connected by shallow channels, although we included
four individuals (out of 31 total) of Chrotomys mindorensis from
Mindoro Island. We also excluded from our study old endemic
species that are not found on Luzon, including five species of
Apomys and the Greater Mindanao Batomys + Crateromys clade.

GEOMETRIC MORPHOMETRIC ANALYSIS AND
MORPHOSPACE OCCUPANCY

All morphometric data were collected using the geomorph pack-
age in R (Adams and Otdrola-Castillo 2013; R Core Team 2015).
Twelve landmarks were collected from each mandible to quantify
functional variation in mandibular morphology based in part on
landmarks used in previous studies (Fig. 1, inset; Hautier et al.
2011; Grossnickle and Polly 2013). We estimated the positions of
missing landmarks on applicable specimens using the thin-plate
spline method implemented in the estimate.missing function of
geomorph (Gunz et al. 2009), using the average configuration of
completely represented conspecific mandibles as the reference to
compute incomplete specimens. These landmark configurations
were subjected to a generalized Procrustes analysis (GPA; Gower
1975, Rohlf and Slice 1990) to minimize differences among speci-
mens due to scaling, translation, and rotation. These superimposed
specimens were then analyzed using a principal component anal-
ysis (PCA) to determine variables that provided the greatest con-
tribution to the variance of the dataset. In addition to shape data,
we retained logarithmically transformed centroid size to analyze
as a univariate trait to determine whether size and shape evolution
displayed different signals of ecological opportunity or incum-
bency effects. Centroid size, or the square root of the summed
distances from each landmark to the center of the landmark

EVOLUTION JULY 2019 1413



D. M. ROWSEY ET AL.

wn
— ]
S
o
~— _|
S
n
o
o
o
Q -
;\3 S
N
(o))
i
~
N O
g <
2 1 =
TR ARSI T <
M4 RS
.. L4
My -
— |
W =
\ 1\
Condyloid process <
o

© Phloeomyini
© Chrotomyini

11N

Angular process

-0.20

-0.15 -0.10 -0.05 0.00 0.05 0.10
PC1 (37.4%)

Figure 1. PC1 and PC2 of mandibular morphology for 41 Luzon old endemic rodent species (n = 337). Opaque enclosed circles represent
species averages, with open circles the inferred ancestral state under Brownian motion evolution. Branches connecting points represent
relationships among species according to pruned MCC tree from Rowsey et al. (2018; Figure 2). Transparent points represent individual
specimens, the extremes of which are indicated with convex hulls for each clade. Thin-plate splines along axes show specimens with
extreme scores and illustrate differences along these axes. Bottom-left: lateral view of a mandible indicating landmarks taken. Landmarks
taken include (1) anterodorsal apex of incisive alveolus; (2) ventral nadir of diastema between incisor (11) and first molar (M1); (3) anterior
margin of M1 alveolus; (4) junction of coronoid process with body of mandible, defined by point at which a straight line following coronoid
process first meets the body; (5) posterodorsal apex of coronoid process; (6) ventral nadir between coronoid and condyloid processes; (7)

anterodorsal apex of condyloid process; (8) posterior apex of the condyloid process; (9) anterior nadir between condyloid and angular
processes; (10) posterior apex of angular process; (11) ventral apex of angular process; and (12) anteroventral apex of incisive alveolus.

configuration, is a univariate measure used to rescale all spec-
imens to a common size as a part of GPA. To ensure this was
a reasonable proxy for body size, we regressed log-transformed
centroid size against log-transformed head-and-body length.
Previous studies suggest that analysis of principal compo-
nents can be misleading if phylogenetic relationships are unac-
counted for (Revell 2009). However, we chose to present our
results using standard PCA scores for three reasons. First, phylo-
genetic PCA requires specification of an underlying evolutionary
model to compute the evolutionary variance—covariance matrix of
the traits in question, and a primary goal of our study is inferring
the evolutionary model responsible for generating the mandibular
morphology of the focal clades. Second, whenever possible, we
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analyzed mandibular shape using approaches that determine mul-
tivariate distances among each species’ GPA-transformed land-
marks, which is equivalent to analyzing the entire component
space generated under standard or phylogenetic PCA; this is be-
cause the phylogenetic rotation preserves Procrustes distances
among specimens in multivariate space (Polly et al. 2013). Finally,
when multivariate distance-based methods were unavailable for
an analysis of interest, we used methods that can account for phy-
logenetic covariance among principal component axes whenever
possible. Analyzing principal component axes using univariate
comparative methods can incorrectly specify the model the data
were generated under, regardless if phylogenetic transformations
are performed (Uyeda et al. 2015). Due to the rapid proliferation
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Figure 2. (A) Phylogram illustrating relationships among Luzon old endemic rodents in relation to average log-transformed centroid

size. Three additional species included in our phylomorphospace analysis (Batomys dentatus, Apomys sp., and Rhynchomys sp.) are not
shown as no molecular data were available. Tree pruned from the Bayesian MCC tree inferred by Rowsey et al. (2018). Cooler colors
indicate larger size and ancestral states were reconstructed based on maximum likelihood Brownian motion model parameters. Arrows

indicate branches inferred to exhibit shifts in evolutionary mode and are labeled with the trait inferred to exhibit the shift.

EL 23 .
Posterior

probability (PP) > 0.95; **PP > 0.9; "PP > 0.85. (B) Histogram of log-transformed centroid size for the mandibular dataset (n = 337).

of estimated parameters of multivariate analyses as more traits
are examined and the relatively few species in Phloeomyini (11
species for which phylogenetic information was available), our
rate-matrix-based multivariate analyses were limited to the first
two principal component axes. The first two component axes for
each clade-specific rotation account for 68.7% of chrotomyine
shape variation and 58.9% of phloeomyine shape variation. We
report results of our analyses generated under phylogenetic PCA

in Tables S6-S8 and Figures S1-S2 and emphasize that they do
not change our conclusions.

Using the R packages ape and phytools (Paradis et al. 2004;
Revell 2012), we imported the maximum clade credibility (MCC)
chronogram from Rowsey et al. (2018) to provide time-scaled
evolutionary relationships with which we could conduct our com-
parative analyses. This tree was pruned to include only the fo-
cal taxa (i.e., the LOE rodents; Fig. 2). As the first step in our
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morphometric analysis, we observed whether the patterns of mor-
phological overlap in mandibular shape and size were consistent
with biotic filtering, with areas of morphospace partitioned be-
tween clades, using phylomorphospace analysis of shape mor-
phology (Klingenberg and Ekau 1996; Sidlauskas 2008) and a
histogram of log-transformed centroid size to visualize the dis-
tribution of morphological variation. Recovering clade-specific
morphospace partitioning would suggest that the assembly of the
Luzon murine community is the result of interclade competitive
factors and that the successful establishment of Chrotomyini may
be the result of persistent ecological distinction between the two
clades.

CLADE-SPECIFIC MODE OF MANDIBULAR
EVOLUTION

To test whether the evolution of mandibular shape and size was
consistent with decelerating ecological opportunity, we first parti-
tioned the morphological data by LOE clade. For our analyses of
shape evolution, we performed PCA on the GPA-transformed data
for each clade. The first two PC axes for each clade were then fit-
ted to a constant-rate Brownian motion model of evolution (BM;
Felsenstein 1985) and a time-decelerating “early burst” model of
trait evolution (Pagel 1999; Blomberg et al. 2003; Harmon et al.
2010) in a multivariate, maximum likelihood rate-matrix frame-
work implemented in the mvMORPH package in R (Clavel et al.
2015; R Core Team 2015). These models were compared using
a likelihood ratio test for each clade. It is important to note that,
because we rotated each clade’s mandibular shape separately, we
did not compare the evolutionary rates between clades as a part
of this analysis. For our analysis of size evolution, we performed
a similar clade-specific model-fitting procedure using univariate
BM and EB candidate models, likewise determining support us-
ing a likelihood ratio test for each clade. We additionally plotted
multivariate shape and size disparity through time, measured in
average pairwise Euclidean distances among species in subclades
present at a given time in the tree, to visualize temporal changes
in morphological evolution for each clade (Harmon et al. 2003).
Average subclade disparity values near zero indicate each sub-
clade accounts for relatively little disparity of the entire clade as a
whole, meaning variation is clustered within subclades. Likewise,
values near one indicate that each subclade accounts for a large
proportion of the total disparity of the clade, meaning variation is
dispersed among subclades.

In a complementary approach to this model-fitting test, we
used a model adequacy approach to determine how well these
best-fit models actually described trait evolution in each clade.
This method, implemented in the R package arbutus, computes
a series of metrics from the supplied data given an evolutionary
model (Pennell et al. 2015). These metrics are compared to a dis-
tribution of simulated statistics to detect deviations from expected
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patterns given the model, for example, whether trait evolution is
correlated with aspects of the tree topology or branch lengths.
Deviations from the expected distributions suggest that the model
inadequately describes aspects of trait evolution. As this approach
has not been implemented in a multivariate framework, we cal-
culated the model adequacy for each component axis and size
separately using the geiger package in R (Harmon et al. 2008).
We additionally determined whether shape and size evolu-
tion in each clade exhibited evolutionary jumps along PC1, PC2,
and centroid size. To do this, we compared the fit between a
constant-rate BM process and a Lévy process that models rapid
evolutionary jumps corresponding to a shift in evolutionary mode
(Landis et al. 2013). We inferred model parameters and tested
model fit using Levolution (Duchen et al. 2017). This program
uses an expectation maximization (EM) approach to optimize
model parameters given a range of jump strength (o) values from
which to sample using a grid search procedure, followed by a
Markov-Chain Monte Carlo (MCMC) estimation of rate shifts
given the tree. This algorithm requires initial values for the Brow-
nian motion model as well as initial parameters for the Poisson
rate (\) and jump strength (o) of jumps between parameter dis-
tributions. We specified initial BM parameters according to the
maximum likelihood estimations for PC1, PC2, and centroid size
evolution independently; initial Poisson rates (1 for PC1 and cen-
troid size, 0.01 for PC2); and a distribution of 20 jump strength
values ranging from 1 to 1000 for all traits, with an additional set
of 20 strengths sampled ranging from 1 to 400 for PC2. For each
a, the EM algorithm ran for a maximum of 100 iterations to opti-
mize and was considered converged if two test statistics could not
reject a model of no trend among parameter values (test statistic 7
< 2) and the parameter values exhibited approximately equal sign
changes in slope between iterations (i.e., random fluctuations, test
statistic N > 0.5). Parameter value sampling of the MCMC under
both EM and the sampling of rate shift configurations on the tree
were conducted with 10,000 samples, with samples retained after
every 20 steps and the first 200 samples discarded as burn-in.
We also tested whether phloeomyine incumbency con-
strained the available morphospace for Chrotomyini to occupy,
increasing convergence among species within that clade. To do
so, we compared the clade-specific covariance of pairwise Eu-
clidean distances among PC 1-5 and pairwise patristic distances
from the MCC tree (cov(d,p) = x). This covariance measures the
extent to which sister species resemble each other more than non-
sister species. A positive covariance suggests that sister species
tend to resemble each other more so than nonsister species (preva-
lent phylogenetic signal), whereas a negative covariance suggests
that nonsister species are more similar to one another than sis-
ter species (prevalent convergence). We compared the differ-
ence between clade-specific covariances (xp — xc) to 1000 re-
sults simulated under a clade-independent multivariate BM model
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(Xmax — Xmin). We interpreted support for increased convergent
evolution among Chrotomyini as recovering an observed covari-
ance ratio greater than 95% of the absolute values of simulated
differences.

CLADE-SPECIFIC TEMPO OF MANDIBULAR
EVOLUTION

In addition to examining patterns of diversification, we tested
whether rates of mandibular shape and size evolution (c) were
diminished in Chrotomyini because of limited ecological oppor-
tunity, using two different approaches. In the first, we fit PC1-2
and log-transformed centroid size to candidate single-rate or mul-
tirate models of multivariate BM trait evolution in a rate-matrix-
based likelihood framework. We tested four different partitioning
schemes. The first two schemes constitute our null and alternative
models testing whether evolution along these component axes is
consistent with incumbency effects: (1) a single-rate BM model
and (2) a two-rate model partitioned by clade. Additionally, we
also sought to test whether the evolutionary rate for Chrotomyini
is better modeled with a discrete process for Rhynchomys, which
has a strikingly distinct morphology compared to the other LOE
rodents, and thus included (3) a two-rate model partitioning the
chrotomyine genus Rhynchomys versus the remaining LOE ro-
dents. Finally, we tested whether the morphological evolution of
these two clades is the result of both incumbency effects and
evolutionary innovation of Rhynchomys and thus we included (4)
a three-rate model partitioning Phloeomyini, Rhynchomys, and
remaining Chrotomyini. The transitions between rate categories
were generated using stochastic character mapping repeated 100
times for each model (Revell and Collar 2009). This approach
calculates the position along a branch that confers the maximum
likelihood of change in evolutionary rate along a branch in a phy-
logeny. This likelihood is computed using a priori designated rate
categories and the evolutionary variance—covariance matrix of the
PC and centroid size data (Revell and Collar 2009). We assigned
equal prior probabilities for all root states and allowed rate cat-
egory to change at any point along the respective branch. The
model with the best placement of rate regimes was determined
using the Akaike weight (w) calculated from the average of n
= 100 AICc scores for each partitioning scheme (Akaike 1974;
Hurvich and Tsai 1989).

Our second approach to assessing clade-specific evolutionary
rates involved comparing evolutionary rates between groups in a
distance-matrix-based framework (Adams 2014). This approach
has the advantage of permitting analysis of trait matrices with high
dimensionality relative to the number of taxa in each group. The

evolutionary rate ratio of Phloeomyini to Chrotomyini (%)

mult(C)
was computed from multivariate distances among species’ GPA-
transformed shape variables for each clade. This observed ratio

was compared to those generated under a simulated distribution of

rate ratios under a clade-independent BM process. This analysis
was repeated for size evolution as it is still applicable under this
distance-based framework. Recovering an observed ratio of evo-
lutionary rates much greater than those generated under the simu-
lated process would indicate that each clade evolved according to
a different evolutionary process. In the context of clade-specific
rates, we expect to recover a rate ratio favoring Phloeomyini if
Chrotomyini experienced less ecological opportunity.

Results

MORPHOSPACE OCCUPANCY

Our principal component phylomorphospace analysis illustrates
the mandibular shape diversity among Luzon murines (Fig. 1).
Chrotomyini tend to exhibit slender mandibles with prominent,
dorsally set coronoid and condyloid processes and thin, poste-
riorly projecting angular processes. By contrast, phloeomyines
exhibit stout, compressed mandibles and prominent, shield-like
angular processes with comparatively shorter and broader coro-
noid and condyloid processes. The PCA illustrates the high di-
mensionality of mandibular shape: the first eight component axes
account for 90.2% of the variance in the dataset. PC1 primar-
ily represents anterior—posterior telescoping versus compression
of the mandible, whereas PC2 captures positioning and size of
the coronoid/condyloid processes relative to the angular process
(Fig. 1). These axes accounted for 37.4% and 19.2% of dataset
variance, respectively. The morphospace occupancy of each clade
along the first two PCs was almost entirely without overlap. This
between-clade partitioning of morphospace illustrates the distinct
mandibular morphology, presumably reflecting dietary disparity,
of the two clades. PC3, which captured 10.0% of the dataset
variation, primarily represents the inflection point of the anterior
margin of the coronoid process (landmark 4), a landmark which
exhibited substantial intraspecific variation. PC4 captured 7.7%
of the dataset variation and represents the orientations of the fos-
sae adjacent to the condyloid process. PC5 captured 5.6% of the
dataset variation and primarily corresponds to relative compres-
sion versus expansion of the angular process, in other words, the
distances between landmarks 10 and 11. Components 3-5 did not
exhibit cladewise clustering (Table S2).

Log-transformed centroid size was highly correlated with
log-transformed head and body length (adjusted R*: 0.919). As
such, we used log-transformed centroid size as a proxy for body
size in subsequent analyses because these data were available for
all specimens. Centroid size varied substantially within and be-
tween clades (Fig. 2), but particularly within Phloeomyini, which
exhibited three distinct size categories: the small Musseromys, the
mid-sized Batomys and Carpomys, and the large Crateromys and
Phloeomys. In Chrotomyini, we found two size classes, the first

comprising the small Apomys (subgenus Apomys), Archboldomys,
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Table 1. Likelihood ratio tests (LRT) of decelerating morphological evolution fitted to PCs 1 and 2 of mandibular shape.

Phloeomyini Chrotomyini
In(L)pm'! 44.07 133.4
In(L)gg> 44.07 136.5
D’ 0 6.211"
df 1 1
Parameter values PC1 PC2 PC1 PC2
o] (initial rate) 423 x 107 1.92 x 10~ 132 x 1073 1.13 x 1073
5% (average rate) 423 x 1074 1.92 x 1074 7.12 x 107* 6.10 x 107*
0 (ancestral state) 3.64 x 1073 —2.79 x 1073 1.96 x 1072 1.60 x 1072
B (deceleration parameter) N/A -0.349

Statistically significant result of LRT suggests a decelerating rate model of evolution better describes the rate of evolution in the given clade. An asterisk

indicates the likelihood ratio D is statistically significant at o« = 0.05.
Log-likelihood, Brownian motion model of evolution.
2Log-likelihood, early burst model of evolution.

3D =2 x (In(L)es - In(L)gm)-

and Soricomys, and the second including the mid-sized Apomys
(subgenus Megapomys), Chrotomys, and Rhynchomys (Fig. 2).

CLADE-SPECIFIC MODE OF MANDIBULAR
EVOLUTION

The goal of our first test of incumbency effects was to deter-
mine whether the rate of mandibular shape evolution decelerated
over time, which would be consistent with the expectations of an
adaptive radiation scenario. Mandibular shape evolution within
Phloeomyini did not support a decelerating, EB model of evolu-
tion: the maximum likelihood estimate of phloeomyine evolution
under EB evolution yielded a rate deceleration parameter f =
0, rendering it equivalent to a constant-rate model (In(L)gy =
44.07, In(L)gg = 44.07, D = 0, df = 1, P = 1; Table 1). By
contrast, a model of decelerating evolutionary rate was supported
for Chrotomyini (In(L)gy = 133.4, In(L)gg = 136.5, D = 6.21,
df =1, P = 1.27 x 1072; Table 1). The average rate of evolu-
tion was higher in Chrotomyini than in Phloeomyini along both
PC axes (Table 1). Our model adequacy results suggested these
models fit each clade well, with the only poorly modeled aspects
of trait variation occurring in PC1 evolution in Chrotomyini: with
marginal significance, the EB model for this axis did not ade-
quately account for among-branch rate heterogeneity (Cyar =
0.9672, P = 0.05395) and trait-value-associated rate heterogene-
ity (Sasr = 6.129, P = 0.05195; Table S3). Interestingly, we lost
all support for an EB model of evolution when Rhynchomys was
pruned from the dataset, instead inferring identical parameter es-
timates under our EB model to our BM model and a deceleration
parameter § = 0. This suggests that our support for an EB model
is driven entirely by the highly divergent morphology of Rhyn-
chomys. The disparity-through-time (DTT) of multivariate shape
corroborates this, illustrating a steep plummet in within-clade dis-
parity at the time of splitting of Rhynchomys from the remaining
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Figure 3. Disparity-through-time plots (Harmon et al. 2003) for
multivariate mandibular shape (A) and logarithmically trans-
formed centroid size (B). Within-clade disparity was measured as
the ratio between the average pairwise Euclidean distances of
each subclade node present at a given time in the clade’s history
and the average pairwise Euclidean distance among species in the
entire clade.

chrotomyines, suggesting that at that point the average subclade
does a poor job explaining the total amount of variation in the
dataset (Fig. 3A). By contrast, Phloeomyini exhibits a strong de-
crease in average within-clade disparity at the first split within
this clade, corresponding to the distinctiveness of Phloeomys. In
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Table 2. Likelihood ratio tests (LRT) of decelerating morphologi-
cal evolution fitted to log-transformed centroid size.

Phloeomyini ~ Chrotomyini
In(L)sm —3.193 21.84
In(L)gp —2.959 24.35
D 0.4689 5.033"
df 1 1
o (initial rate) 2.13 x 1072 5.13 x 1072
% (average rate) 2.13 x 1072 2.68 x 1072

0 (ancestral state) 3.64 3.12
B (deceleration parameter)  N/A —0.437

Statistically significant result of LRT suggests a decelerating rate model
of evolution better describes the rate of evolution in the given clade. An
asterisk indicates the likelihood ratio D is statistically significant at o« = 0.05.

both clades, subsequent to the splits of these outlying lineages,
remaining speciation events do little to contribute to within-clade
disparity, except for a brief spike near the present in Phloeomyini,
corresponding to the speciation of the morphologically similar
species of Batomys followed by a decline corresponding to the
recent split between morphologically distinct Carpomys species
(Fig. 3A).

The clade-specific univariate analysis of log-transformed
centroid size recovered a difference between clades in the best-
fit model of size evolution, with Phloeomyini again favoring a
constant-rate BM model and Chrotomyini favoring an EB model
(Table 2). Both of these models were found to adequately de-
scribe the data, with no violations of model summary statistics.
Unlike our results of shape evolutionary rate, our support for an
EB model was robust to pruning Rhynchomys from the analysis
(In(L)pm = 19.37, In(L)gg = 21.61, D = 4478, df = 1, P =
0.0344). Interestingly, almost all size evolution occurred within
the first three million years of the clade’s existence on Luzon
(Fig. 3B), roughly corresponding to genus-level divergence in the
MCC tree generated by Rowsey et al. (2018). As with mandible
shape, DTT of Phloeomyini size showed a large decrease in av-
erage within-clade disparity at the first split within this clade,
corresponding to Phloeomys, and all subsequent splits failed to
substantially contribute to within-clade disparity (Fig. 3B).

We recovered strong support for an evolutionary model that
allowed shifts among evolutionary modes compared to a single-
rate BM process for PC1, PC2, and centroid size (Table 3). With
respect to mode-shift locations, we detected high posterior prob-
ability for a shift in evolutionary mode along PC1 on the branch
of the phylogeny leading to Rhynchomys and evidence for three
independent shifts in centroid size evolution in Phloeomyini with
varying support (Fig. 2A). We did not recover strong support for
shifts along any branch with respect to PC2 despite recovering
strong support for this model.

Our final analysis comparing the mode of evolution be-
tween Chrotomyini and Phloeomyini tested whether Chrotomyini
exhibited greater convergent evolution than did Phloeomyini
resulting from limited morphospace availability. Although
Phloeomyini exhibited a larger covariance of PC1-5 Euclidean
distances and patristic distances than did Chrotomyini (xp =
0.179, xc = 0.139, xp — xc = 4.05 x 1072), the difference between
these covariances was statistically nonsignificant when compared
to those simulated under a single-rate BM model (mean Xgjm max
— Xsmmin = 2.68 x 107", P = 0.90; Fig. 4A). Similarly, con-
vergence in size evolution did not exhibit a significant differ-
ence between clades (xp = 1.72, xc = 3.06 x 107", xp — x¢
= 1.41, Xgmmax — Xsimmin = 1.29, P = 0.35; Fig. 4B). Thus,
we failed to support incumbency as forcing an increase in con-
vergent evolution among Chrotomyini in either size or shape
evolution.

CLADE-SPECIFIC TEMPO OF MANDIBULAR
EVOLUTION

Our next series of analyses tested the hypothesis that the
two clades differ from each other in their rate of mandibular
evolution. Among the candidate models of single- versus
multirate BM evolution, the best-fit model for the first two
PCs was a two-rate model parameterizing Rhynchomys and
the remainder of LOE rodent species under discrete rate
categories, with moderate support (Table S4). Most simulated
character histories gave strong support for this model over a
single-rate model and a two-rate, clade-based model, but a
three-rate model with Phloeomyini, Rhynchomys, and remaining
Chrotomyini as discrete rate categories was supported as the
best-fit model in 40% of simulations (w = 0.37). Our distance-
based simulation approach, which allowed for multivariate
comparisons of shape evolution using all the shape variation
captured by our GPA, also revealed little support for clade-
specific rates of morphological evolution. Although Phloeomyini
exhibited a slightly higher average rate of shape evolution
(Phloeomyini:: ci,uh(])) =5.60 x 10, Chrotomyini: anu]t(c) =
4.56 x 1077, ;ﬂ—]‘:: = 1.23), the observed ratio of multivariate
evolutionary rates was not larger than expected under a single-rate
model (mean %: 1.17, P = 0.24) (Figure 5A).

In contrastm{gmlsnﬁgpe evolution, size evolution was best ex-
plained by a two-rate, clade-specific model (In(L) = 16.55,
k = 3, AICc = -26.41, w = 0.68; Table S5). This result is
corroborated by recovering significantly higher rate of size evo-
lution for Phloeomyini than expected under a single-rate pro-

2
2 _ -2 2 _ -3 Omune) __
cess (05, = 2.20 x 1077, 05,ec) = 5.52 x 1077, T =

1.61, P = 0.01) (Figure 5B). Re-
size(min.sim
covering this signiﬁc)antly lower rate of size evolution within

2
OSize(max.sim) __

3.98, mean

Chrotomyini is consistent with incumbency effects and represents
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Table 3. Likelihood ratio tests (LRT) of BM versus Lévy evolution of mandibular shape (PC1 and PC2) and size.

PC1 PC2 Centroid size
In(L)gm 86.25 84.89 12.10
In(L). 106.6 95.45 28.90
D 40.76" 21.12° 33.61"
df 2 2 2
o (initial rate) 6.123 x 1073 9.851 x 1075 1.526 x 1073
0 (ancestral state) 3.062 x 1072 —4215 x 1072 3.390
o (jump strength) 538.9 43.00 205.9
\ (jump rate) 1.009 x 102 3.008 x 1072 9.218 x 1072

An asterisk indicates the likelihood ratio D is statistically significant at o = 0.05. Note that although we recovered strong support for a Lévy process along

PC2, we did not recover high posterior probability for any evolutionary shifts on the tree.
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Figure 4. Histograms showing distribution of differences in cladewise covariances between Euclidean and patristic distances as a

comparison of convergence between clades. (A) differences in PC 1-5 shape convergence are illustrated. (B) Differences in convergences

based on Log-transformed centroid size are illustrated. The dashed line indicates the observed difference in covariances between

Phloeomyini and Chrotomyini, and the gray bars represent differences simulated under a clade-independent Brownian motion process.

evidence of evolutionary rates consistent with this hypothesis
among LOE murines.

Discussion

Our results suggest a complex relationship among incumbency
effects, ecological opportunity, and morphological evolution
(Table 4). Rather than inherently constraining the tempo or mode
of evolution of secondary colonists, incumbency’s strongest ef-
fects on morphological evolution appear to be establishing an
initial biotic filter on subsequently colonizing lineages. This is
best illustrated in our shape phylomorphospace analysis (Fig. 1),
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where the two clades exhibit almost no overlap, and the area each
clade occupies is consistent with the ancestral chrotomyine lin-
eage being already ecologically distinct with respect to diet from
Phloeomyini extant at the time of chrotomyine colonization due
to ancient divergence in allopatry (Tobias et al. 2014).

The morphospace occupancy of Chrotomyini is surprising
in its diversity. In particular, Rhynchomys represents a rapid evo-
lutionary innovation couched among species that are evolving
disparate mandibular shapes at a constant, slower, rate (Fig. 2,
Table S4). This rapid evolution in a secondary-colonizing clade
illustrates that incumbency does not necessarily restrict the ability
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Table 4. Summary of hypotheses and conclusions surrounding incumbency effects in the Luzon old endemic rodents.

Hypothesis

Conclusion

Lineage diversification

Mandibular shape evolution

Body/mandible size evolution

Secondary colonists
occupy distinct areas
of trait space from
incumbent clades due
to biotic filtering of
ecologically similar
species

Both incumbents and
secondary colonists
exhibit decelerating
evolutionary rates due
to declining ecological
opportunity

Secondary clades can
shift to new
evolutionary modes

Secondary-colonizing
clades exhibit more
intraclade convergent
evolution than
incumbent clades

Secondary-colonizing
clades exhibit lower
evolutionary rates than
incumbent clades

Not applicable

Not supported.
Constant-rate
diversification was a
better fit for both

clades (Rowsey et al.

2018 Figure 5).

Not supported.
Constant-rate
diversification
comparable to their

sister clade, the Sahul
old endemics, was the

best fit for

Chrotomyini (Rowsey
et al. 2018 Figure 5).

Not applicable

Not supported.
Incumbent
Phloeomyini has a
lower diversification

rate than Chrotomyini

(Rowsey et al. 2018
Figure 6A).

Strongly supported. Each clade
occupies an almost entirely
discrete area along PC1-2
(Figure 1).

Not supported. Constant-rate
evolution best described
Phloeomyini, decelerating
rate best described
Chrotomyini but only due to
outlier morphology of
Rhynchomys.

Supported. Rhynchomys
represents a rapid shift to a
highly divergent mandibular
morphology with strong
support (Figure 2A)

Not supported. The two clades
have similar levels of
convergence (Figure 4A).

Not supported. The two clades
have similar rates
(Figure 5A).

Supported. Phloeomyini
occupies a unique size class,
likely due to energetic
constraints imposed by
Chrotomyine diet, which
indirectly supports a role of
incumbency effects
(Figure 2).

Not supported. Constant-rate
evolution best described
Phloeomyini, decelerating
rate best described
Chrotomyini, which is likely
due to dispersal-mediated
speciation, rather than
ecological speciation.

Not supported. We recovered
evidence for three shifts in
mode of size evolution with
varying levels of support, but
only in Phloeomyini.

Not supported. The two clades
have similar levels of
convergence (Figure 4B).

Strongly supported.
Phloeomyini has size
evolutionary rate over
threefold that of
Chrotomyini (Figure 5B).

for clades to evolve novel morphologies, merely that this mor-
phological variation may be forced to be distinct from that shown
by incumbent species. Although species within Chrotomyini are
clustered in genera that exhibit disparate mandibular morphology
from one another, field studies suggest that many of these species
have similar diets (i.e., earthworms and soft-bodied arthropods;
Rickart et al. 2011; Rickart et al. 2016; Heaney et al. 2016b).
We suspect that focused dietary analyses may reveal differences
in prey preference among chrotomyine genera (e.g., earthworms
versus arthropods). If detailed dietary analyses determine that

most earthworm mouse species exhibit very similar diets regard-
less of mandibular morphology, our PCA would suggest that
the disparity in mandibular morphology reflects different prey
capture strategies or habitat use facilitated by cranial morphology
(e.g., fossoriality in Chrotomys: Zuri et al. 1999).

The diversity of chrotomyine mandibular morphology com-
pared with their apparent lack of size and dietary diversity con-
trasts with Phloeomyini, which appear to be evolving disparate
sizes coincident with distinct diet types (e.g., large folivores
such as Phloeomys and small granivores such as Musseromys).
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Bioenergetic demands may favor an increased body size in foli-
vores such as Phloeomys and Crateromys due to availability of
slow-releasing nutrients in leaves. The primarily insectivorous and
vermivorous chrotomyines may be constrained to small and
medium body sizes due to the accessibility of high-nutrient prey
items at smaller sizes and the infeasible absolute amount of prey
biomass needed for subsistence on these diet types as body size in-
creases (Demment and Van Soest 1985; Gittleman 1985; Church-
field 1990, Churchfield 2002). This bioenergetic constraint, along
with the observation that all the large-bodied phloeomyines pos-
sess some climbing ability, suggests that evolution of increased
size is most likely to favor arboreal, folivorous species that oc-
cur in habitats with dense canopy foliage. Evolving a larger body
size can thus permit access to a more abundant food source than
available to vermivores and insectivores (Millar and Hickling
1990). If the observed lack of morphospace overlap is due to
diet-related, constrained body size evolution in Chrotomyini, the
fourfold lower rates of size evolution and large size class exclusion
in this clade would be consistent with phloeomyine incumbency
limiting ecological opportunity. However, because body size is
correlated with many aspects of organismal behavior and phys-
iology, there are multiple interpretations for the partial lack of
overlap we observed. Thus, rather than phloeomyine competition
preventing evolution into this large size class, the resultant size
distributions may simply be the result of independent radiations
due to different evolutionary pathways of least genetic resistance
with little influence of interclade competition (Schluter 1996).
As a result, we cannot definitively link size diversity with in-
terspecific competitive partitioning of habitat and food resources
between the two clades.

Our recovery of decelerating body size evolution in Chro-
tomyini in the face of constant lineage diversification is likely
due to a mixture of early ecological diversification followed by
dispersal-mediated speciation in this clade. Early diversification
of chrotomyines on Luzon appears to have been accompanied
by relatively rapid size evolution, corresponding to genus-level
differences in current species diversity (Fig. 3B). Paleogeolog-
ical land-area estimates of Luzon suggest the beginning period
of intrageneric divergence among Chrotomyines, approximately
3-5 million years ago, was a time of rapid volcanic activity and
therefore of both island and mountain building (Hall 2013). This
dynamism may have created new habitat that allowed for a shift
from ecological size evolution to dispersal-mediated speciation
with limited body size evolution (e.g., Justiniano et al. 2015). By
contrast, we suspect our lack of support for decelerating evolu-
tion in Phloeomyini may stem from lack of intraisland speciation
within genera in this clade. For example, although many species
in the chrotomyine genus Apomys appear to have diverged due
to intraisland dispersal and subsequent isolation (Justiniano et al.
2015), several members of Phloeomyini have not dispersed from
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the oldest region of Luzon, the Central Cordillera (e.g., Carpomys,
Crateromys) or appear to have maintained population connectiv-
ity across areas that present gene flow barriers to chrotomyine
species (Phloeomys), resulting in lower species diversity and less
power to detect decelerating body size evolution.

Rowsey et al. (2018) recovered a significantly lower di-
versification rate in Phloeomyini than Chrotomyini despite
Phloeomyini’s incumbent status. In conjunction with our find-
ings that Phloeomyini not only exhibits a constant rate of size
evolution (Table 2) but also that this evolutionary rate is much
higher than that of Chrotomyini (Fig. 5B), we suspect that future
work examining the relationship between body size evolution and
lineage diversification across a broader sample of murines may
find that increased body size may promote dispersal ability and
inhibit lineage diversification (Claramunt et al. 2012; Weeks and
Claramunt 2014). If this is indeed the case, an inverse relationship
between rates of body size evolution and lineage diversification
would explain the patterns we recovered better than resulting from
incumbency effects and ecological opportunity in the absence of
dispersal to other mountains on Luzon.

Previous work among muroid rodents corroborates our re-
sults of tempo and mode of mandibular evolution. Alhajeri et al.
(2016) tested whether muroid rodents exhibited EB evolution con-
sistent with declining ecological opportunity following continen-
tal colonization in a suite of ecologically important morphological
characters. From a different perspective, Rowe et al. (2016) docu-
mented the remarkable convergence among independently evolv-
ing carnivorous rodents that exhibit shrewlike morphology (such
as Soricomys and Archboldomys on Luzon, and Melasmothrix on
Sulawesi) as well as the bizarre “tweezer-snouted” morphology
exhibited by Rhynchomys on Luzon and Paucidentomys on Su-
lawesi (Rowe et al. 2016). Both Alhajeri et al. (2016) and Rowe
et al. (2016) came to similar conclusions as we did: the classical
model of early-burst evolution used to support a hypothesis of
adaptive radiation is not the likely mechanism of morphological
evolution in muroids broadly, murines specifically, nor even LOE
rodents locally. Instead, a constant background process with some
major shifts to new adaptive zones appears to provide a better ex-
planation of the observed morphological variation, with similar
selective pressures in convergently evolved carnivorous rodents
(Table 1, Fig. 2, Table S4).

In response to the growing interest in detecting EBs in the
macroevolutionary history of diverse clades, Moen and Morlon
(2014) emphasized two important points for analyzing pheno-
typic data in the context of ecological opportunity and adaptive
radiation, which Alhajeri et al. (2016) noted as potential rea-
sons for not recovering a signal of EB morphological evolution.
First, the time scale on which adaptive radiation often occurs is
typically only detectable in recent radiations, such as Darwin’s
finches (Sato et al. 2001) and the African lake cichlids of Malawi
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Figure 5. Histograms of simulated cladewise evolutionary rate ratios for multivariate shape data (A) and log-transformed centroid
size (B). Bars represent bins of 999 calculated ratios simulated under a single-rate Brownian motion process. Dashed line indicates the

observed ratio of evolutionary rates of Phloeomyini to Chrotomyini.

and Victoria (Friedman et al. 2013), with the potential for other
processes to obscure this signal at longer time scales, including
the scale of LOE evolution. Second, analysis of phenotypic data
may be more robust to unsampled extinct taxa in detecting the
historical signature of ecological opportunity, compared to anal-
yses of lineage diversification, due to predictable patterns of trait
variation among species in constant-rate versus decelerating evo-
lutionary processes (Moen and Morlon 2014). Nevertheless, we
can hypothesize a scenario where ecologically similar incumbent
lineages may have selectively been driven extinct by subsequent
colonists that, through mechanisms such as increased reproduc-
tive rate or foraging efficiency by secondary colonists, may have
been able to overcome the incumbency effect (i.e., a competition-
mediated taxon cycle: Ricklefs and Bermingham 2002). In the
absence of fossil data, however, we cannot currently test this hy-
pothesis, and the low extinction rate in Phloeomyini reported by
Rowsey et al. (2018) provides some evidence to suggest that this
scenario may be unlikely.

Our study is focused on the morphological evolution in the
two oldest most species-rich clades on Luzon, which account for
the majority of non-volant mammalian species and morphologi-
cal diversity in this system. Nevertheless, an estimated four addi-
tional murine colonization events have occurred on Luzon after
colonization by the LOE rodents, likely within the past 2 million
years (in other words, likely long after most of the ecological

differentiation corresponding to genus-level diversification had
already occurred; Rowsey et al. 2018). These “new endemic”
lineages are ecologically and phylogenetically distinct from the
other clades, and available distributional data suggest that these
rodents occur primarily in disturbed habitat types where the LOE
rodents typically do not occur or are uncommon (Heaney et al.
2016b; Rowsey et al. 2018). Although these clades lack species
diversity necessary for comparing tempo and mode of morpho-
logical evolution, the patterns of morphospace occupancy may
suggest that the exclusion from habitat types occupied by most
LOE rodents (i.e., old growth montane forest) is the result of
ecological similarity to existing colonists.

Another important piece of the puzzle of incumbency ef-
fects among Indo-Australian rodents is the phylogenetic back-
ground within which Chrotomyini belongs. Chrotomyini is sister
to the Sahul old endemics, so named for their range encompass-
ing New Guinea, Australia, and Melanesian islands (SOE: Rowe
et al. 2008). The incumbent status of the SOE on Sahul may
approximate the potential morphological evolution realizable by
Chrotomyini in the absence of an incumbent murine clade, given
that Phloeomyini is endemic to the Philippines. Interestingly, sev-
eral SOE genera resemble some members of the two LOE clades,
including giant herbivores such as Hyomys and shrew-like insecti-
vores such as Pseudohydromys. Analysis of phenotypic variation
in these clades in a comparative evolutionary framework may
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reveal the relative importance of ecological character displace-
ment, biotic filtering, and phylogenetic inertia (Schluter 2000b).
In other words, such an analysis may tell us whether the pattern
of extant morphological diversity and diet type among chroto-
myines is due to intrinsic (i.e., plesiomorphic) or extrinsic (i.e.,
incumbency-mediated) canalization of morphological evolution.
Additionally, a comparison of the dietary evolution between these
clades may provide evidence to suggest that the clade-specific par-
titioning of LOE mandibular morphology is the result of ecologi-
cal and evolutionary processes to minimize potential competitive
effects.

CONCLUSIONS

Our analyses of mandibular shape and size evolution illustrate
several important conclusions (Table 4). First, incumbency ef-
fects may manifest both as preventative barriers to colonization
by ecologically similar species as well as decreased rates of evo-
lution in secondary colonists, but both patterns need not occur
in systems with repeated colonization. Second, decelerating phe-
notypic evolutionary rates are not a guaranteed consequence of
incumbency effects; the ecological opportunity model may be a
poor fit for dynamic island systems even if these systems (such as
Luzon) are relatively small and isolated. Instead, clades may be
able to explore new and innovative areas of morphospace yield-
ing unique morphologies as long as these morphologies remain
disparate from existing species. Finally, our results illustrate that
the tempo and mode of morphological evolution has differed in
some respects from that of lineage diversification: morphospace
partitioning and size variation were consistent with incumbency
effects, whereas lineage diversification was not (Rowsey et al.
2018). The strength of a macroevolutionary incumbency effect
may be as little as requiring differentiation along an ecologically
important trait axis; our results suggest that if this requirement
is met, two clades may co-occur with relatively little impact on
phenotypic or lineage evolutionary rates. Our work in this system
contributes to a growing body of research suggesting that species
diversity does not always approximate ecological diversity, at a
variety of spatiotemporal scales, even when phylogenetic signal
is present in the traits being examined (Rowe et al. 2011; Ruta
et al. 2013; Mazel et al. 2017; Murria et al. 2017), and that ex-
amining species and morphological diversity may yield different
and equally informative insights (Jablonski 2008).
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Table S2. Summary of principal component analysis, including explained proportion of variance and loading matrix for all components.

Table S3. Results of univariate morphological evolutionary rate model adequacy test for standard cladewise principal component scores.

Table S4. Average model support for 100 simulated character histories of Brownian motion morphological evolution of PCs 1 and 2.

Table S5. Average model support for 100 simulated character histories of Brownian motion morphological evolution of centroid size.

Table S6. Likelihood ratio tests (LRT) of decelerating morphological evolution fitted to phylogenetically transformed PC1-2 of mandibular shape.
Table S7. Results of univariate morphological evolutionary rate model adequacy test for phylogenetically corrected cladewise component scores.

Table S8. Average model support for 100 simulated character histories of Brownian motion morphological evolution of phylogenetically corrected PC
1-2.

Figure S1. Phylomorphospace of phylogenetically-corrected principal components 1-2 for Luzon old endemic rodents.

Figure S2. Histogram of differences in cladewise covariances between Euclidean and patristic distances as a comparison of convergence between clades.
The dashed line indicates the observed difference in covariances between Phloeomyini and Chrotomyini, and the gray bars represent differences simulated
under a clade-independent Brownian Motion process. The Euclidean distances measured in this figure were calculated from phylogenetically-corrected
PC1-5 scores.

Figure S3. Figure 1. PC1 and PC2 of mandibular morphology for 41 Luzon old endemic rodent species (n = 337). Specimens are colored according to their
placement by genus. Thin-plate splines along axes show specimens with extreme scores and illustrate differences along these axes. Bottom-left: lateral
view of mandible indicating landmarks taken. Landmarks taken are as follows: 1. Anterodorsal apex of incisive alveolus; 2. Ventral nadir of diastema
between incisor (I1) and first molar (M1); 3. Anterior margin of M1 alveolus; 4. Junction of coronoid process with body of mandible, defined by point at
which a straight line following coronoid process first meets the body; 5. Posterodorsal apex of coronoid process; 6. Ventral nadir between coronoid and
condyloid processes; 7. Anterodorsal apex of condyloid process; 8. Posterior apex of condyloid process; 9. Anterior nadir between condyloid and angular
processes; 10. Posterior apex of angular process; 11. Ventral apex of angular process; 12. Anteroventral apex of incisive alveolus.
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