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Trabecular bone is modelled throughout an animal’s life in response to its mechanical environment, but like other
skeletal anatomy, it is also subject to evolutionary influences. Yet the relative strengths of factors that affect trabecular
bone architecture are little studied. We investigated these influences across the Philippine endemic murine rodent
clade Chrotomyini. These mammals have robustly established phylogenetic relationships, exhibit a range of well-
documented substrate-use types, and have a body size range spanning several hundred grammes, making them ideal
for a tractable study of extrinsic and intrinsic influences on trabecular bone morphology. We found slight differences
in vertebral trabecular bone among different substrate-use categories, with more divergent characteristics in more
ecologically specialized taxa. This suggests that the mechanical environment must be relatively extreme to affect
trabecular bone morphology in small mammals. We also recovered allometric patterns that imply that selective
pressures on bone may differ between small and large mammals. Finally, we found high intrataxonomic variation in
trabecular bone morphology, but it is not clearly related to any variable we measured, and may represent a normal
degree of variation in these animals rather than a functional trait. Future studies should address how this plasticity
affects biomechanical properties and performance of the skeleton.

ADDITIONAL KEYWORDS: allometry — biomechanics — functional morphology — locomotor mode — Muridae,
plasticity — substrate use — trabecular bone — vertebrae.

INTRODUCTION trabecular bone models more quickly (Huiskes et al.,
2000; Currey, 2003) and can yield a snapshot of a bone’s
mechanical environment. Artificial manipulation of
a bone’s mechanical environment, such as through
compressive loading (Main et al., 2020), can yield a
variety of changes in trabecular bone architecture,
including changes in trabecular bone volume fraction
and trabecular thickness (Main et al., 2014; Poulet et
al., 2015), as well as trabecular orientation (Barak
et al., 2011). Yet, like other aspects of morphology
(Seilacher, 1970; Briggs, 2017), trabecular bone
structure is influenced by a number of factors. Body
size (Doube et al., 2011; Barak et al., 2013; Fajardo et
al., 2013; Ryan & Shaw, 2013; Christen et al., 2015;
Wysocki & Tseng, 2018; Saers et al., 2019; Webb, 2021),
*Corresponding author. E-mail: smsmith@fieldmuseum.org phylogenetic relationships (Ryan & Shaw, 2013; Plasse

Trabecular bone, also called cancellous or spongy bone,
is a bone tissue that forms a supportive scaffolding
inside vertebrae, limb bones and cranial bones of
vertebrates. This type of tissue plays an important
role in the way vertebrate animals withstand everyday
physical forces in their environments (Keaveny &
Hayes, 1993; Smit et al., 1997). The concept of bone
functional adaptation (Wolff, 1893; Lanyon et al., 1982;
Cowin, 1986; Ruff et al., 2006; Kivell, 2016) states that
both trabecular and cortical bone morphology changes
throughout an animal’s lifetime in order to better
withstand typical forces that act on the skeleton, but
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et al., 2019; Webb, 2021; Zack et al., 2022), ecology
(Ryan & Shaw, 2012; Rolvien et al., 2017; Mielke et
al., 2018; Dunmore et al., 2019; Amson & Bibi, 2021)
and ontogeny (Tanck et al., 2001; Ryan & Krovitz,
2006; Gorissen et al., 2016) all may explain portions
of the variation in trabecular bone morphology of wild
mammal populations.

The degree to which each of these intrinsic and
extrinsic factors influences trabecular bone morphology
varies by clade and anatomical location, and different
types of trabecular measurements correlate with
different aspects of the scale and ecology of an
organism. For example, in mammals, many studies find
a strong correlation between trabecular thickness and
body mass (e.g., Doube et al., 2011; Barak et al., 2013;
Amson & Bibi, 2021), but the scaling of trabecular
thickness may be negatively allometric or isometric
depending on the body size range of animals included,
and whether the tissue studied is sourced from the
vertebral column, femur or humerus (Swartz et al.,
1998; Doube et al., 2011; Ryan & Shaw, 2013; Mielke et
al., 2018; Amson & Bibi, 2021). Bone volume fraction,
or the proportion of bone relative to non-bone material
in a given sample, has been found to be independent
of body mass when examining the femoral head across
a large range of body masses (Doube et al., 2011), but
shows positive allometry in the femora of a smaller-
bodied mammal clade (Mielke et al., 2018), and in
vertebrae across a diverse sample with a larger body-
size range (Amson & Bibi, 2021).

Locomotor ecology also appears to affect trabecular
bone differently depending on clade, body size range and
anatomical location examined. ‘Lifestyle’ (suspensory,
arboreal or terrestrial) can be distinguished in
xenarthrans using trabecular anisotropy of the
forelimb, but digging style cannot be resolved (Amson
et al., 2017). In sciurids, a variety of trabecular bone
metrics correlate with locomotor mode (Mielke et
al., 2018). In other mammalian groups, only highly
specialized locomotor modes (e.g., saltatory/ricochetal,
vertical clinging and leaping) differ markedly in
trabecular bone structure (Fajardo et al., 2007a; Webb,
2021). Sometimes phylogenetic context implies that
trabecular differences among locomotor modes are
spurious (Webb, 2021); in other cases, results indicate
very little phylogenetic influence on trabecular bone
characteristics (Amson & Bibi, 2021).

Given the complexity of our current state of
knowledge regarding trabecular bone in wild animal
groups, we chose to execute a highly focused study to
elucidate the influences on trabecular bone structure
in small mammals specifically. To understand the
biology of mammalian trabecular bone, it is imperative
to understand the factors that influence its morphology
in small-bodied species, because, according to one
database, 83% of mammalian species weigh 5 kg or

less (Jones et al., 2009). Relatively few trabecular
bone studies focus on this end of the mammalian body
size spectrum in wild mammals (Mielke et al., 2018),
but knowing how trabecular bone is shaped in small
mammals could also lend powerful tools to workers
interested in using museum specimens to document
the ecologies of rare, endangered and/or difficult to
catch small mammals with cryptic ecologies (Smith
& Angielczyk, 2020). Furthermore, although many
studies sample multiple specimens of a single species
to capture intraspecific variation in trabecular bone
traits (e.g., Webb, 2021), these results are not often
discussed on their own, with the focus more often
falling on body size or locomotor correlations. This
poses a problem for workers using trabecular bone for
functional morphology or ecomorphology: if we have
no sense of ‘normal’ variation for a trait, how can we
determine what is functionally important or ‘unusual’?

For this study, we chose to examine the endemic
Philippine radiation of murine rodents commonly
referred to as ‘earthworm mice’ (Heaney et al.,
2016a). Members of this clade (Chrotomyini sensu
Rowsey et al., 2018) represent an adaptive ecological
and morphological radiation, with five genera and
approximately 45 species ranging from 23-225 g in
mass (Heaney et al., 2016a) (Fig. 1). Morphologically,
these rodents range from small shrew-like animals
to larger, more typical, terrestrial rat-shaped
animals, to robust subterranean foragers, to long-
snouted earthworm specialists that move using a
combination of walking and bounding (Heaney et al.,
2016a). Extensive field studies have produced large
series of museum-preserved whole-body and skeletal
specimens, and intensive study of phylogenetic
relationships, morphology, species richness, ecology
and biogeography of these species has provided an
evolutionary framework and a wealth of associated
data (e.g., Jansa et al., 2006; Justiniano et al., 2015;
Heaney et al.,2016a, b; Rowsey et al., 2018, 2019, 2020;
Petrosky et al., 2021). This multifaceted scientific
framework and detailed specimen record make the
Chrotomyini an excellent test case for investigating the
interplay of influences on trabecular bone morphology.
Additionally, this system is unusual among those
typically used in trabecular bone studies because
all of the animals in our sample occur sympatrically,
and have spent their entire history (approximately 8
Myr; Rowsey et al., 2018) evolving in close proximity
to one another (Heaney et al., 2016a). In this way, the
chrotomyin radiation represents a kind of natural
controlled experiment. Variables like climate are
largely controlled for (notwithstanding some variation
due to elevation), but the variation in the clade allows
us to consider how the evolution of trabecular bone
features might be influenced by resource partitioning
within the broader mammalian assemblage.
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Figure 1. Photographic examples of chrotomyin genera and species included in this study. Body masses from Heaney
et al. (2016a) are included here for a sense of animal size. A, Apomys datae, mass = 67-105 g. B, Rhynchomys soricoides,
133-225 g. Note: this species of Rhynchomys was not included here, but we had no images of our included species, R. labo
(134-182 g). This image is intended to demonstrate the general morphology of the genus, in particular the elongate skull.
C, Soricomys montanus, 23-31 g. D, Chrotomys whiteheadi, 105-190 g. E, Archboldomys maximus, 40-55 g. F, Chrotomys
silaceus, 71-160 g. A, photograph by LR Heaney. B-F, from Heaney et al. 2016a.

In this study, we explore the sources of variation
in vertebral trabecular bone morphology of the
Chrotomyini by quantifying the effects of body
size, substrate use, intrataxonomic variation and
evolutionary history on a variety of standard trabecular
bone characteristics. We assess variation within species,

between species and between genera, and compare it to
variation in other mammalian groups, as well as to the
functional demands on mammalian trabecular bone
across body size and ecology. We discuss the relative
influence of each factor on vertebral trabecular bone,
and track instances of apparent overlap in influence

© 2023 The Linnean Society of London, Biological Journal of the Linnean Society, 2023, 140, 1-25

€202 1890100 8| U0 1s8nB Aq £2591.2//1/1/0% L/9101LE/UBSULII0IG/WOO dNO"OIWSPEIE//:SA)Y WO} PEPEojUMOQ



4 S.M.SMITH ET AL.

from diverse sources. Finally, we examine how the long
evolutionary history shared by these animals may
influence how we interpret the functional significance
of their trabecular bone morphology.

MATERIAL AND METHODS

SPECIES SELECTION, AND HABITAT AND SUBSTRATE
USE

We sourced 67 specimens of 11 species of murine
rodents belonging to the tribe Chrotomyini (sensu
Rowsey et al., 2018) from the mammal collections of
the Field Museum of Natural History (FMNH; Table 1).
Our taxon sampling encompassed the breadth of body
size and ecological diversity among the Chrotomyini,
but is still tractable for sampling multiple specimens to
assess intraspecific variation. The animals we sampled
occur primarily in the higher-elevation habitats of the
Philippine cloud forests, termed montane forest (~900
to 1600 m a.s.l. in elevation) and mossy forest (1600
to ~3000 m a.s.l. ). Montane and mossy forest are
characterized by trees mostly under 25 m tall, and a
thick layer of humus on the ground surface (between
10 cm and 1 m; Fernando et al., 2008; Heaney et al.,
2016a). Only two species included here (Apomys sierrae
and Chrotomys mindorensis; Heaney et al., 1998,
2016a; Rickart et al., 2005; Justiniano et al., 2015) are

commonly found in lowland forest habitats (sea level
to 900 m a.s.l. in elevation), where trees can reach 40
m in height and the layer of humus is missing, largely
due to the activity of huge numbers of termites and
ants (Heaney et al., 2016a).

The smallest animals in the sample are members of
the genus Soricomys,which have a shrew-like body form
and forage in leaflitter on the ground surface (Balete et
al., 2012). The genus Archboldomys is morphologically
and ecologically similar to Soricomys, such that until
2012 they were encompassed in a single genus (Balete
et al., 2006, 2012). Archboldomys also forages in
leaf litter on the ground surface. The genus Apomys
(subgenus Megapomys; Heaney et al., 2011) is larger
and more rat-like, and comprises at least 14 species, all
of which are generalist ambulatory/terrestrial animals
that forage on the ground surface (Heaney et al., 2011,
2016a). The three species in our sample capture the
full body mass range within the subgenus Megapomys
(Heaney et al., 2016a). In the genus Chrotomys, body
mass can be more than twice that of Megapomys
(Table 1). The three included species of Chrotomys all
dig during foraging, but vary slightly in the intensity
of this behaviour. Chrotomys silaceus and Chrotomys
whiteheadi are more common in montane and mossy
forests, and can be found digging in thick humus
(Rickart et al., 2005; Heaney et al., 2016a). Chrotomys
mindorensis is more common in lowland forest (Musser

Table 1. Body mass, habitat and substrate use of the species included here. Body mass values are mean values across

individuals sampled in this study. M/F denotes how many specimens of each sex were included; i.e., 6 (3F/3M) means six

specimens total, three male and three female

Genus Species N speci- Mean mass Habitat Substrate use
mens (g, this study)

Apomys banahao 6 (3F/3M) 78.2 Montane to mossy forest Terrestrial, forage on
surface

Apomys datae 6 (3F/3M) 67.8 Montane to mossy forest Terrestrial, forage on
surface

Apomys sierrae 6 (3F/3M) 88.8 Lowland to montane and lower  Terrestrial, forage on

mossy forest surface

Archboldomys  maximus 6 (2F/4M) 46.2 Montane to mossy forest Terrestrial, forage in
leaf litter

Chrotomys mindorensis 6 (3F/3M)  173.7 Mostly lowland forest Semifossorial, com-
pact soil

Chrotomys silaceus 7 (3F/4M)  108.7 Montane to mossy forest, more  Semifossorial, humus

common at higher elevations

Chrotomys whiteheadi 6 (3F/3M)  150.2 Montane to mossy forest Semifossorial, humus

Rhynchomys labo 6 (3F/3M) 164.3 Montane to mossy forest Half-bound/hopping

Soricomys kalinga 6 (3F/3M) 26.7 Montane to mossy forest Terrestrial, forage on
surface in leaf litter

Soricomys leonardocot 6 (3F/3M) 32.0 Montane to mossy forest Terrestrial, forage on
surface in leaf litter

Soricomys montanus 6 (3F/3M) 24.8 Montane to mossy forest Terrestrial, forage on

surface in leaf litter
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et al.,1982; Heaney et al., 2016a), where the thick layer
of soft, uncompacted humus gives way to compact soil
which requires more effort to displace. As a result, we
consider C. mindorensis to be slightly more fossorial
than its congeners, because it probably experiences
more skeletal stress related to digging behaviours. It is
important to note that although Chrotomys species are
semifossorial, they are not subterranean: they mostly
dig small pits or tunnels during foraging, which can be
0.5 to 1.5 animal body lengths (L. Heaney, pers. obs.).
The final genus in the clade is Rhynchomys, members
of which are similar in mass to large Chrotomys but
have a highly distinct locomotor ecology (Musser &
Freeman, 1981; Balete et al., 2007). They use their
powerful hind legs for bounding or bipedal hopping
and maintain surface trails for hunting and capturing
earthworms (Heaney et al., 2016a; Rickart et al., 2019).

We chose at least six specimens per species (three
females and three males). The only exceptions were
Archboldomys maximus, for which only two adult
females were available; we therefore included four
males and two females; and Chrotomys silaceus, for
which we sampled seven specimens (three females
and four males). All specimens are fluid-preserved
except a single dry skeleton of Archboldomys maximus
(Supporting Information, Table S1). Only adults were
used, as determined by body size and fusion of limb
bone epiphyses. If there was any question regarding
age, we also examined cranial suture fusion and dental
wear, and excluded subadults. Body mass for each
animal was taken from field notes.

K CT SCANNING

All specimens were scanned at the University of
Chicago using a GE phoenix v | tome | x pCT (computed
tomography) scanner, with a 240 kV X-ray tube. Each
scan encompassed the entire lumbar spine at the
highest possible resolution and differences in scanner
settings were minimized across specimens of a given
species. Scan resolution varied by less than 5.5 pm
within each species; most species had a range of less
than 3 pm among specimens (Supporting Information,
Table S2). Relative resolution, i.e., width of an average
trabecular element as measured in pixels (Sode et
al., 2008), ranged from 4.3 to 7 in our data set, with a
global mean of 5.5 px/tb. This value is in line with those
of previous trabecular bone studies (Sode et al., 2008;
Smith & Angielczyk, 2022). A high relative resolution
was maintained in an attempt to reduce partial volume
effects (PVE), a source of error resulting from the finite
pixel binning in CT imaging (Soret et al., 2007), which
can have large effects on small trabeculae (Kothari
et al., 1999). We reconstructed scans in GE phoenix
datos|x and aligned and cropped resulting image
stacks in VGStudioMAX 3.3.

SEGMENTATION AND ISOLATION OF VERTEBRAL
TRABECULAR BONE

Reconstructed slices were segmented in ORS
Dragonfly 2021. We chose to focus on the trabecular
bone of the lumbar spine because it is the most
plastic region of the vertebral column (Jones et al.,
2018), and lumbar spine gross morphology has a
demonstrated correlation with locomotor mode in
several mammalian groups (Boszczyk et al., 2001;
Alvarez et al., 2013; Granatosky et al., 2014; Jones,
2015a, b). More broadly, the lumbar spine is critical
to both mobility and support during mammalian
locomotion (Slijper, 1946; Hildebrand, 1959, 1985;
English, 1980), and therefore has the potential to
reflect differences in mechanical environment related
to locomotor style. We isolated the third lumbar
vertebra (LL3), which has been shown to approximate
the mean shape within the lumbar series (Chen et
al., 2005) (Fig. 2). Ninety-four percent of specimens
had six lumbar vertebrae, where the vertebra we
inspected (L3) was separated from the sacrum by
three additional lumbar vertebrae (L4-6). In the
remaining 6% (N = 4 specimens, each from a different
species; Supporting Information, Table S1), three
animals had five lumbar vertebrae, for which we
inspected L3 (two positions away from the sacrum).
For one specimen, the thoracic/lumbar split was
unclear: the intervertebral joint at the cranial end
of what would usually have been L1 (in an animal
with six lumbar positions) had a rib on only one side
(anatomical left). For this animal, we considered the
vertebra with one rib to be a lumbar position, and its
L3 was therefore in the same position relative to the
sacrum as in specimens with six lumbar vertebrae.
In sagittal view, we manually traced every fifth slice
through the medullary cavity of the vertebra, and
produced a volume of interest (VOI) encompassing
all the trabecular bone and intertrabecular space
using the ‘Interpolate’ function in Dragonfly, referred
to below as the total VOI. All specimens were traced
by one author (SMS) to minimize interobserver error.
After interpolation, the total VOI was inspected slice
by slice to ensure that it accurately captured the entire
medullary cavity. The VOI was smoothed once (kernel
size = 9 px) and eroded once (kernel size = 3 px) to
remove any errant cortical bone pixels around the
margin (after Fajardo et al., 2007b, 2013). This resulted
in removal of very small (~1-2 pixel) portions of the
marrow space at the edges, and was visually inspected
to ensure consistency across specimens. Using the
resulting, finalized total VOI as a mask, we used the
‘Segment with AT’ function and a previously trained
machine learning classifier (Smith & Angielczyk, 2022)
to produce two additional VOIs: one including only
bone pixels (trabecular bone VOI), and one including
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Figure 2. Segmentation of lumbar vertebrae for use in this study. A, Whole bone reconstruction of third lumbar vertebra
(L03) of Chrotomys whiteheadi (FMNH 193744; left) and a longitudinal section showing the centrum trabecular bone we
analyzed (right). B, 3D reconstruction of trabecular bone (left), with CT slices (middle, right) showing 2D slices of total
volume of interest (VOI); coronal slice on left, sagittal on right. Bone is yellow, background is pink.

only background pixels (background VOI). We exported
these VOIs as binary image stacks for analysis.

TRABECULAR BONE QUANTIFICATION

We collected four trabecular bone metrics on each
sample: bone volume fraction (BV.TV), trabecular
thickness (Tb.Th), trabecular separation (Tb.Sp)
and connectivity density (Conn.D) (Fig. 3). We took
trabecular bone volume directly from Dragonfly, as the
volume of the trabecular bone VOI. We also measured
total volume in Dragonfly, as the volume of the total
VOI described above. Bone volume fraction was then
calculated as a ratio: trabecular bone volume divided
by total volume. Trabecular thickness, trabecular
separation and connectivity density were calculated
with the Fiji plugin Boned2 v.7.0.11 (Schindelin
et al., 2012; Domander et al., 2021; Doube et al.,
2021). For trabecular thickness, we used the binary
image stack of bone pixels only (produced from the
trabecular bone VOI). For trabecular separation, we
used the binary image stack of background pixels
only (produced from the background VOI) and the
trabecular thickness command in Boned. This reduced

the number of extraneous background pixels and
made the trabecular separation measurement more
accurate for the full medullary cavity (see Supporting
Information, Fig. S1 for details). For the same reason,
we used the binary image stack of bone pixels only to
calculate connectivity in Boned, and then calculated
connectivity density as connectivity divided by the
volume of the total VOI, obtained from Dragonfly
(Figs 2, 3). To assess the basic relationships among
trabecular bone metrics, we calculated pairwise
Pearson correlations using the R stats package (R
Core Team, 2022). We compared the variability of
metrics using coefficient of variation (CV), which
expresses standard deviation as a proportion of the
mean, making it effective for comparing metrics with
very different magnitudes. We also executed principal
components ordination on standardized trabecular
bone metrics and body mass.

MOLECULAR METHODS AND PHYLOGENETIC
INFERENCE

We sampled molecular data from members of
Chrotomyini (11 individuals representing 11 species),
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bone volume
fraction (BV.TV)

-

connectivity
density (Conn.D)

mean trabecular
thickness (Tb.Th)

mean trabecular

separation (Tb.Sp)

Figure 3. Trabecular bone metrics measured in this study, as shown on a 2D slice of trabecular bone. Bone volume fraction
is a ratio and is therefore unitless; connectivity density is a scalar per unit volume and is measured in mm™; trabecular
thickness and trabecular separation are measured in mm. All metrics are measured in three dimensions and are shown
here as 2D projections. In bone volume fraction and connectivity density depictions, grey boxes represent bone volume; pink

and yellow boxes represent nonbone volume (background).

and other related murine rodents (14 individuals
representing 14 species) to provide phylogenetic context
for our morphological analyses. We analysed sequence
data from eight total loci, including: mitochondrial
gene cytochrome b [Cytb; 1144 base pairs (bp)], nuclear
intron 3 of benzodiazepine receptor (Bdr; 1030 bp),
intron 7 of beta-fibrinogen (Fgb7; 840 bp), intron 3
of opsin (Opn, an X-linked locus; 1547 bp), exon 10
of growth hormone receptor (Ghr; 915 bp), exon 1 of
interphotoreceptor retinoid binding protein (Rbp3;
1434 bp), a portion of the single exon of recombination
activating gene 1 (Rag1;2097 bp) and exon 11 of breast
cancer associated 1 gene (BRCA1; 2668 bp). Sequences
were obtained from GenBank, supplemented by new
sequences generated from specimens held at FMNH to
expand available sequence information for Chrotomys
mindorensis, Rhynchomys labo and Soricomys kalinga.
DNA extraction, amplification and sequencing
protocols were conducted as described in Rowsey et
al. (2022). In total, we generated 12 new sequences
(submitted to GenBank with accession numbers
0Q630973-0Q630984). Owur final concatenated
sequence alignment included 25 individuals and
11 342 bp (Supporting Information, Table S3).

We used PartitionFinder v.2.1.1 (Lanfear et al.,
2012) to determine a best-fit nucleotide substitution
model partitioning scheme, specifying candidate
partition schemes by locus, and evaluated support
using the Bayesian information criterion (Schwarz,
1978). Candidate models included those supported by
BEAST. Cytb lacked the information content necessary
to achieve convergence for transversion rates under a
GTR substitution model (Gu et al., 1995) and we thus
used a TN93 model (Tamura & Nei, 1993) for this
locus. The best-fit nucleotide substitution partitioning

scheme is reported in Supporting Information,
Table S4. We performed a Bayesian concatenated
phylogenetic analysis using BEAST v.2.6.6 as
implemented in the CIPRES Science Gateway
(Miller et al., 2010; Bouckaert et al., 2014, 2019). We
calibrated the phylogenetic analysis in absolute time
using secondary calibration points from Rowsey et al.
(2018), based on fossil data from Kimura et al. (2015)
to specify normal clade age priors for several nodes in
the tree: the crown age of Chrotomyini (as given by the
most recent common ancestor of Apomys and all other
members of Chrotomyini: mean: 7.22 Mya, SD: 0.506);
the crown age of Phloeomyini (as given by the most
recent common ancestor of Crateromys schadenbergi
and Phloeomys pallidus: mean: 11.1 Mya, SD: 0.825),
the crown age of Rattini (as given by the most
recent common ancestor of Micromys minutus and
Rattus norvegicus: mean: 8.82 Mya, SD: 0.660) and
the root of the tree (mean: 20.65 Mya, SD: 1.21). We
specified nucleotide substitution models according
to the PartitionFinder best-fit scheme and modelled
separate, relaxed log-normal molecular clocks for the
mitochondrial and nuclear loci, where the nuclear
clock rate was estimated relative to the rate of the
mitochondrial clock (held at 1.0), to facilitate Markov-
Chain Monte Carlo optimizer convergence [defined
as an estimated sum of squares (ESS) value > 200
for all parameters]. We additionally specified a Yule
branching model for our tree prior (Yule, 1924), with
an exponential prior for birth rate. All other priors
were given default values. We ran the phylogenetic
analysis for 1.0 x 108 generations, sampling trees every
2.0 x 10° generations. We retained 4500 trees after
discarding 10% as burn-in, and generated a maximum
clade credibility (MCC) tree using TreeAnnotator
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v.2.6.0 (Bouckaert et al., 2014, 2019) based on median
node heights for use in our phylogenetic comparative
analyses. The final tree was pruned to exclude non-focal
taxa prior to phylogenetic multilevel model analysis
(full tree available in Supporting Information, Fig. S2).

BAYESIAN PHYLOGENETIC MULTILEVEL MODELS

We assessed trabecular bone differences among
substrate use types, and measured the effects of
phylogenetic non-independence and body mass, using
Bayesian phylogenetic and non-phylogenetic multilevel
models. In each analysis, one trabecular bone metric
(bone volume fraction, trabecular thickness, trabecular
separation or connectivity density) was used as the
response variable. Taxon (either genus or species, see
below) and log10-transformed body mass (in grammes)
were used as population-level predictors. In one set of
models, phylogenetic history of these species was used
as a group-level predictor (Hadfield & Nakagawa,
2010; Villemereuil & Nakagawa, 2014; Biirkner, 2021),
using the correlation matrix from the tree inferred
here. In the other set of models, no phylogenetic
information was included. We standardized both
trabecular bone metrics and mass to have a mean of
0 and standard deviation of 1 prior to analysis, and
used normal regularizing priors on all population-
level effects to prevent overfitting [Normal (0,1);
McElreath, 2020]. We executed analyses in R 4.1.3 (R
Core Team, 2022) with brms v.2.17.0 (Biirkner, 2017,
2018, 2021) which uses the probabilistic programming
language Stan (Carpenter et al., 2017). Each model
was run with four chains for 2000 iterations, including
50% burn-in, for a total of 4000 posterior samples.
Acceptable convergence was demonstrated with
R < 1.01. We estimated phylogenetic signal with the
multilevel-model estimate of Pagel’s lambda (Hadfield
& Nakagawa, 2010; Villemereuil & Nakagawa, 2014).

ALLOMETRY

We executed phylogenetically-informed allometry
analysis on each trabecular bone metric using brms
(Biirkner, 2017). For allometry models, we used non-
standardized data and log-10 transformed mass
(grammes), trabecular thickness (mm), trabecular
separation (mm) and connectivity density (mm).
We did not log-transform bone-volume fraction (a
unitless ratio). We also eliminated taxon as a predictor.
These methodological choices allow us to reasonably
compare our results to those of other trabecular bone
allometry studies (e.g., Doube et al., 2011; Fajardo
et al., 2013; Mielke et al., 2018; Webb, 2021). In each
analysis, one trabecular bone metric (bone volume
fraction, trabecular thickness, trabecular separation
or connectivity density) was used as the response

variable, and log10-transformed body mass was used
as the population-level predictor. As in the models
above, we incorporated our phylogeny as a group-level
predictor (Hadfield & Nakagawa, 2010; Villemereuil &
Nakagawa, 2014; Biirkner, 2021), and used a normal
regularizing prior on the population-level predictor
[Normal (0,1); McElreath, 2020]. Each model was
run with four chains for 2000 iterations, including
50% burn-in, for a total of 4000 posterior samples.
Acceptable convergence was demonstrated with
R < 1.01.

Our expectations for isometry largely correspond
to those used in previous work (e.g., Fajardo et al.,
2013; Mielke et al., 2018; Zack et al., 2023). For bone
volume fraction, we considered an allometric scaling
coefficient of a = 0 to be isometric, as bone volume
fraction is a ratio (mm?mm?3) and the dimensions
therefore cancel out. For trabecular thickness and
trabecular separation, we considered o = 0.33 to be
isometric, because both are measures of length (mm)
and therefore scale at 1/3 relative to volume and mass.
For connectivity density, we considered a = -1.00 to be
isometric, because it is a scalar (connectivity) divided
by a volume (mm), and volume scales 1/1 with mass.
Following the suggestions of McElreath (2020), if the
89% credible interval of the model estimate for slope
(a) did not include the predicted value for isometry, we
considered the relationship to be allometric.

RESULTS

RAW TRABECULAR BONE CHARACTERISTICS ACROSS
SPECIES

Mean raw values for each of the four trabecular bone
metrics we examined are shown in Table 2 (individual
values in Supporting Information, Table S1). The
bone volume fraction for all species falls between
19.5% (Soricomys leonardocoi) and 33.8% (Chrotomys
whiteheadi). Chrotomys mindorensis is a close second
for maximum bone volume fraction (33.7%). Soricomys
montanus has the thinnest trabeculae on average
(0.066 mm) but S. kalinga has the smallest trabecular
separation (0.251 mm). Chrotomys mindorensis has
the thickest trabeculae on average (0.133 mm) and the
largest trabecular separation (0.351 mm). Soricomys
montanus and C. mindorensis also represent the
extremes of connectivity density: S. montanus
connectivity density is the highest, at 59.08 mm,
and C. mindorensis connectivity density is lowest, at
11.94 mm3. These raw results clearly indicate the
effects of body size on trabecular bone metrics, as S.
montanus is the smallest species in the dataset (mean
mass = 24.8 g), and C. mindorensis is the largest (mean
mass = 173.7 g; Table 1).
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Table 2. Species means of raw trabecular bone metrics. Numbers in parentheses are CV, i.e., standard deviation

expressed as a proportion of the mean

Genus Species N Bone volume Trabecular thick- Trabecular separ- Connectivity density
fraction (BV.TV) ness (Tb.Th, mm) ation (Th.Sp, mm) (Conn.D, 1/mm?)
Apomys banahao 6 0.277(0.152) 0.0974 (0.0629) 0.281(0.110) 35.61 (0.20)
Apomys datae 6 0.233(0.155) 0.0918 (0.0565) 0.340 (0.168) 21.60 (0.39)
Apomys sierrae 6 0.296 (0.236) 0.0985 (0.0606) 0.280 (0.254) 34.52 (0.77)
Archboldomys maximus 6 0.201(0.229) 0.0777 (0.0923) 0.302 (0.285) 38.98 (0.61)
Chrotomys mindorensis 6 0.337 (0.122) 0.133 (0.058) 0.351 (0.157) 11.94 (0.30)
Chrotomys silaceus 7 0.241(0.066) 0.100 (0.120) 0.348 (0.147) 32.33(0.51)
Chrotomys whiteheadi 6 0.338 (0.175) 0.123 (0.090) 0.317 (0.142) 16.61 (0.48)
Rhynchomys  labo 6 0.243 (0.086) 0.112 (0.046) 0.380 (0.187) 22.07 (0.34)
Soricomys kalinga 6 0.240(0.104) 0.0720 (0.0681) 0.251 (0.088) 57.43 (0.39)
Soricomys leonardocoi 6 0.195 (0.159) 0.0719 (0.0292) 0.330 (0.236) 56.79 (0.37)
Soricomys montanus 6 0.216 (0.227) 0.0666 (0.0478) 0.267 (0.225) 59.08 (0.37)

CV, which is standard deviation expressed as
a percentage of the mean (Table 2), shows that
intraspecific variation is highest in connectivity
density (with standard deviation representing up to
77% of the mean, in Apomys sierrae). In contrast, CV
is especially low in trabecular thickness, with ten of
11 species having CVs less than 0.1. For bone volume
fraction and trabecular separation, CVs fall mostly
between 0.1 and 0.25. In addition to having the highest
intraspecific variation for connectivity density, Apomys
sierrae has the highest CV for bone volume fraction as
well (0.236). Chrotomys silaceus is the most variable
species in trabecular thickness (CV = 0.120), and
Archboldomys maximus is the most variable species in
trabecular separation (CV = 0.285).

In our principal components analysis (PCA, Fig. 4),
PC1 represents 62.14% of variation and has strong
vector components for trabecular thickness and
mass (higher at low values on PC1), and connectivity
density (higher at high values on PC1). PC1 also
captures intergeneric variation, which is related to
body size: Soricomys and Archboldomys are small and
have generally high PC1 scores, whereas Chrotomys
and Rhynchomys are larger and have low PC1 scores.
PC2 represents 29.88% of variation, and in contrast
to PC1, captures intrageneric variation. This axis
is dominated by strong vector components for bone
volume fraction (high at higher values on PC2) and
trabecular separation (high at lower values on PC2).

Figure 4 highlights some unusually distinct
specimens that likely have an outsized effect on
CV. One each of Apomys sierrae and Archboldomys
maximus are separate from the main grouping of
their taxon in the principal component space. The
specimen of Archboldomys maximus (FMNH 193526)
is distinguished from its conspecifics by its high
trabecular separation, whereas the specimen of Apomys

sierrae (FMNH 216435) has a combination of high
connectivity density and high bone volume fraction
(Fig. 4 insets; Supporting Information, Table S1). Two
specimens of Soricomys also fall relatively far away
from their conspecifics (FMNH 188313, S. montanus,
and 190968, S. leonardocoi). These two specimens
share characteristics with FMNH 193526 (high
trabecular separation and low bone volume fraction),
but their morphology is not quite as extreme as that
of FMNH 193526. We carefully examined each of these
outliers to reassess age and health, and examined field
notes for each to determine if there were any unusual
circumstances surrounding their capture. These
examinations confirmed that all specimens were adult
and healthy, were caught in typical circumstances and
were processed normally.

As has been demonstrated in a previous work
(Goulet et al., 1994), trabecular bone metrics are
correlated with one another (Table 3, Fig. 4). All
possible pairings of the four metrics have significant
Pearson correlation values (P < 0.05), except bone
volume fraction and connectivity density, which is also
the pairing with the smallest magnitude correlation
coefficient (-0.16). In general, bone volume fraction is
positively correlated with trabecular thickness and
negatively correlated with trabecular separation,
whereas connectivity density is negatively correlated
with both. The strongest correlations are between bone
volume fraction and trabecular thickness (coeff = 0.68),
and connectivity density and trabecular thickness
(coeff =-0.71).

PHYLOGENETIC ANALYSIS

The best-fit nucleotide partition scheme supported
four partitions (Supporting Information, Table S4).
The maximum clade credibility tree provides the
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® A. datae
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Figure 4. Principal component analysis of scaled trabecular bone metrics and body mass. Insets show coronal sections
through the third lumbar vertebrae of two outliers: FMNH 216435 (Apomys sierrae) and FMNH 193526 (Archboldomys
maximus) (white scale bars = 1 mm). White stars denote points representing the specimens shown in Fig. 8, one specimen per
species. BV. TV = bone volume fraction; Th.Th = trabecular thickness; Tb.Sp = trabecular separation; Conn.D = connectivity

density.

first sequence data obtained from R. labo, which is
recovered as sister to Chrotomys and Soricomys with
strong support, and consistent with other recent
phylogenetic analyses of this group (e.g. Rowsey et
al., 2018, 2022; Rowe et al., 2019; Fig. 5; Supporting
Information, Fig. S2). All nodes were recovered with
strong support (posterior probability > 0.95) aside
from the position of Apomys banahao relative to the
other two species of Apomys included in the analysis.
Divergence dates are largely consistent with prior
studies, likely because we used a large number of
node-age calibrations relative to the number of tips on

the tree (Rowsey et al., 2018, 2022; Rowe et al., 2019;
Fig. 5; Supporting Information, Fig. S2).

BAYESIAN MULTILEVEL MODELS AND
SUBSTRATE USE

Overall results of our Bayesian multilevel models
across genera and species are shown in Figs. 6 and
7. Full model outputs are available in Supporting
Information, Tables S5, S6. Across all models, the
inclusion of phylogenetic covariance as a group-level
predictor increases the uncertainty in estimates of
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Table 3. Pairwise Pearson correlation between trabecular bone metrics. Asterisks denote correlations with P < 0.05.
Numbers in parentheses are 89% confidence intervals for the listed estimate

Trabecular thickness
(Tb.Th, mm)

Trabecular separ-
ation (Th.Sp, mm)

Connectivity density
(Conn.D, 1/mm?)

Bone volume fraction (BV.TV) 0.68 (0.57-0.78)*
Trabecular thickness -

(Th.Th, mm)
Trabecular separation -

(Th.Sp, mm)

-0.34 (-0.51--0.16)*
0.36 (0.18-0.52)*

-0.16 (-0.34-0.35)
-0.71 (-0.80— -0.61)*

- -0.63 (-0.74— -0.50)*

Apomys sierrae
Apomys banahao@
Apomys datae

Archboldomys maximus

Rhynchomys labo

Chrotomys silaceus
{ E Chrotomys mindorensis
Chrotomys whiteheadi

Soricomys leonardocoi

Soricomys kalinga a
°

Soricomys montanus

5 0 Mya

Figure 5. Pruned maximum clade credibility tree of
Chrotomyini inferred using BEAST (full tree in Supporting
Information, Fig. S1). Dots at nodes represent relationships
inferred with strong support (posterior probability > 0.95).
Bars at nodes represent 95% highest posterior density
interval of divergence date inferred from the posterior
distribution of 4500 trees. Branches are colour-coded within
each genus.

taxon mean, but, for most metrics, has relatively little
effect on their positions relative to the global mean
(0.0, shown by the horizontal dotted lines in Figs. 6,
7). Phylogenetic covariance structure has the largest
effect on the position of taxonomic means in the genus-
level models for bone volume fraction and trabecular
thickness, which are also the analyses with the highest
estimated values for lambda (Fig. 6, Table 5). In
species-level models (Fig. 7), probability distributions
for lambda have stronger peaks at lower values than
in genus-level models, suggesting a reduction in the
influence of phylogeny on the estimates. Yet it is
also notable that the distribution for lambda in the
species-level analysis of trabecular thickness has
two relatively low, broad peaks, one just above 0 and
one just above 0.75 (estimated at 0.42, Table 5). This
indicates that the model in this case cannot clearly
distinguish phylogenetic sources of variation from
other sources of variation.

At both genus- and species-level, the hopping
Rhynchomys deviates the most from the mean bone
volume fraction, with values that are much lower
than would be expected given its body size (Figs
6, 7). Rhynchomys also has the highest trabecular
separation and lowest trabecular thickness in
the genus-level models. In species-level models,
Archboldomys maximus (terrestrial, leaf-litter
foraging) and Chrotomys silaceus (humus digging)
have similar low trabecular thickness. Soricomys
leonardocoi (terrestrial, leaf-litter foraging) and
Apomys datae (terrestrial, surface foraging) have
similar high trabecular separation. Chrotomys
mindorensis (compact soil digging) is a standout in
trabecular thickness, with much thicker trabeculae
than expected for its body size; C. whiteheadi (humus
digging) also has relatively thick trabeculae, though to
a slightly lesser degree (Fig. 7, 8). Chrotomys silaceus
has much thinner trabeculae; as noted above, it falls
close to R. labo, with values below the global mean. Of
the other two genera that are represented by multiple
species (Soricomys and Apomys), neither has the wide
intrageneric variation in trabecular thickness seen in
Chrotomys. However, in all three of the other metrics,
Apomys has striking intrageneric variation, and
Soricomys shows substantial intrageneric variation
in bone volume fraction and trabecular spacing.
Intrageneric variation of connectivity density is
higher in Apomys than in any other genus; this metric
shows comparatively little variation in Soricomys and
Chrotomys.

BoDY MASS AND ALLOMETRY

As suggested by the raw data, body mass has a
strong effect on the trabecular bone metrics we
measured when considered in our Bayesian models
(Table 4; Supporting Information, Tables S5, S6).
The population-level effect of mass is strongest in
trabecular thickness [fmass = 0.95 (89% credible
interval = 0.68, 1.21) in genus-level analyses and
0.86 (0.61, 1.12) in species-level analyses], followed
closely by bone volume fraction and connectivity
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Figure 6. Posterior probability distributions for trabecular bone metrics by genus. Round points represent estimated genus
mean. Thick coloured bars are 50% credible intervals; thin grey bars are 89% credible intervals. Horizontal line indicates
global mean (0.0). Left column: posterior distributions for models without inclusion of phylogenetic correlation structure.
Centre column: posterior distributions for models including phylogenetic correlation structure as a group-level predictor.
Right: posterior probability distributions for lambda, from the same models as the centre column; y-axis = density. BV.TV =
bone volume fraction; Tb.Th = trabecular thickness; Th.Sp = trabecular separation; Conn.D = connectivity density.
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Figure 7. Posterior probability distributions for trabecular bone metrics by species. Round points represent estimated
species mean. Thick coloured bars are 50% credible intervals; thin grey bars are 89% credible intervals. Horizontal line
indicates global mean (0.0). Left column: posterior distributions for models without inclusion of phylogenetic correlation
structure. Centre column: posterior distributions for models including phylogenetic correlation structure as a group-level
predictor. Right: posterior probability distributions for lambda, from the same models as the centre column; y-axis = density.
BV.TV = bone volume fraction; Th.Th = trabecular thickness; Th.Sp = trabecular separation; Conn.D = connectivity density.

density. The effect of mass on trabecular spacing is
relatively weak however [fmass = 0.27 (-0.22, 0.77) in
genus-level analyses and 0.34 (-0.11, 0.79) in species-
level analyses]. We found slight positive allometry in
bone volume fraction, with an estimated allometric
coefficient (a) of 0.14 (0.07, 0.22), compared with
a prediction of a = 0 at isometry (Table 4, Fig. 9).
Connectivity density also exhibits positive allometry
[a =-0.72 (-0.99, -0.50) vs. -1 at isometry]. Trabecular
thickness scales isometrically [o = 0.30 (0.25, 0.34),
with isometry at 0.33] and trabecular separation

scales with slight negative allometry [a. = 0.12 (0.03,
0.25), with isometry at 0.33].

DISCUSSION

BONE VOLUME FRACTION ALLOMETRY AND SMALL
BobDY SIZE

The scaling patterns in our data, i.e., which trabecular
bone metrics increase and decrease in relation to
body size, broadly correspond to patterns recovered
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Table 4. Effects of mass. Values for beta are for models using genus or species and mass as predictors. Allometry
estimates are from models using only mass as predictor. All models include phylogenetic covariance as a group-level
effect. Numbers in parentheses are 89% credible intervals for the listed estimate. Bayesian R? values calculated with the

function bayes_R2 in brms

Population-level effects

Allometry

fmass, genus Pmass, species

Estimated a R?

Isometry Allometry

Bone volume 0.81 (0.34-1.27) 0.66 (0.26-1.06)
fraction
(BV.TV)

Trabecular
thickness
(Th. Th, mm)

Trabecular
separation
(Th.Sp, mm)

Connectivity
density

(Conn.D, 1/mm)

0.95(0.68-1.21)  0.86 (0.61-1.12)

0.27 (-0.22-0.77)  0.34 (-0.11-0.79)

0.14 (0.07-0.22)

0.30 (0.25-0.34)

0.12 (0.03-0.25)

0.57 (0.46-0.65) a. =0 pos

0.93(0.92-0.94) a=0.33 iso

0.26 (0.12-0.39) . =0.33  neg

-0.72 (-1.13—-0.30) -0.73 (-1.14—-0.34) -0.72 (-0.99--0.50) 0.53 (0.42-0.62) o =-1 pos

Table 5. Estimates of phylogenetic signal (lambda). Values for trabecular bone metrics are for models using genus or
species and mass as predictors. Value for mass is for model using the default brms intercept and no additional predictors.
All models include phylogenetic covariance as a group-level effect. Numbers in parentheses are 89% credible intervals for

the listed estimate

Model

Species Genus
Bone volume fraction (BV.TV) 0.24 (0-0.68) 0.56 (0.24-0.81)
Trabecular thickness (Tb.Th, mm) 0.42 (0.01-0.88) 0.69 (0.41-0.90)
Trabecular separation (Tb.Sp, mm) 0.17 (0-0.55) 0.21 (0-0.63)
Connectivity density (Conn.D, 1/mm-?) 0.24 (0-0.70) 0.30 (0.01-0.70)

Mass (log grammes)

0.96 (0.92—0.98)

in previous studies of trabecular bone from various
clades and anatomical sites (Fajardo et al., 2013; Ryan
& Shaw, 2013; Mielke et al., 2018; Saers et al., 2019;
Amson & Bibi, 2021; Webb, 2021; Zack et al., 2023).
We found that absolute trabecular thickness and
separation increase with increasing body mass, and
connectivity density decreases with increasing body
mass (Table 4, Fig. 9). Larger animals in our sample
therefore have absolutely thicker trabeculae, with
absolutely larger spaces between them, and fewer
connections among them.

We also found a relationship between bone volume
fraction and body mass, wherein the trabeculae of
larger animals occupy an absolutely greater amount
of available space than those of smaller animals. In
the case of bone volume fraction, this amounts to a
positively allometric relationship. At isometry, the
predicted slope of the relationship between bone
volume fraction and body mass is 0, because bone

volume fraction is a scalar and therefore has no
inherent relationship with size metrics. We found the
slope of this relationship to be greater than 0 (Fig. 9,
Table 4), indicating that in the body size range we
examined, larger animals also have a relatively higher
bone volume fraction than expected for their body size
(Table 4). The signal here is slight (o = 0.14), but the
89% credible intervals exclude 0, and our Bayesian R?
value is comparatively high at 0.57 (Table 4). Other
studies show similar allometric coefficients for bone
volume fraction, but tend to have low R? values,
suggesting that the relationship is weak (Ryan &
Shaw, 2013: R? = 0.38; Webb, 2021: R? = 0.11). Doube
et al. (2011) found an allometric scaling coefficient of
0.201 for bone volume fraction, but an R? of 0.049, and
they therefore reported no relationship between mass
and bone volume fraction.

Increasing bone volume fraction with body mass
makes theoretical biomechanical sense. Under
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cranial —

I
Soricomys kalinga Soricomys leonardocoi Soricomys montanus

Figure 8. Representative trabecular bone volumes of interest (VOIs) from each included taxon. VOIs include the entire
medullary cavity (see Methods for segmentation details). All models are displayed in ventral view with cranial towards the
top of the figure. Trabeculae that appear floating connect only to the cortical bone and do not intersect with other trabeculae.
Scale bars below each specimen are 1 mm. Field Museum (FMNH) specimen numbers are as follows: Apomys banahao,
218302; Apomys datae, 236309; Apomys sierrae, 216432; Archboldomys maximus, 193524; Rhynchomys labo, 189833;
Chrotomys mindorensis, 221843; Chrotomys silaceus, 193726; Chrotomys whiteheadi, 193744; Soricomys kalinga, 167307,
Soricomys leonardocoi, 190962; Soricomys montanus, 193519. Location of each specimen on the principal component plot in
Fig. 4 is denoted by a white star.
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Figure 9. Plots of allometric scaling relationships in trabecular bone metrics. Estimates for a and Bayesian R2 values
are also listed in Table 4. All are from models using only mass as a predictor, and including phylogenetic covariance as a
group-level effect. Numbers in parentheses are 89% credible intervals for the listed estimate. BV.TV = bone volume fraction;

Tb.Th = trabecular thickness; Tbh.Sp = trabecular separation; Conn.D = connectivity density.

geometric similarity, the ability of a bone to withstand
stress (related to cross-sectional area, in units of
length?) decreases relative to the stress imparted by
increasing body mass (proportional to volume, in units
of length?) (Christiansen, 1999). Higher bone volume
fraction corresponds to higher yield stress (Bevill &
Keaveny, 2009), and would therefore be one way to
meet the mechanical demands of larger body mass.
Yet there are limits to how much bone volume fraction
can realistically increase. As a ratio, it cannot exceed 1,
but physiological constraints prevent trabecular bone
from coming close to this density. Osteocyte demands
on nutrient diffusion (Lozupone & Favia, 1990; Doube
et al.,2011) and the increasing mass associated with
denser bone constrain trabecular density. Unable to
make their limb bones denser to address the functional
demands of larger body size, quadrupedal mammals
are hypothesized to have instead evolved postural
changes (Biewener, 1989, 1990). Such changes may not
be required at small body size: it has been hypothesized
that at body masses under about 100 g, bone gross
morphology will scale isometrically due to selection

favouring bone stiffness instead of failure strength at
that size (Biewener, 1990: table 1).

The hypothesis that there are different selective
pressures on the skeleton at small body sizes may
extend to scaling relationships in trabecular bone.
This possibility was noted previously in a literature
meta-analysis (Barak et al., 2013), which found that
variation in the bone volume fraction of mice and rats
is driven by changes in trabecular number (which we
did not measure here), and that human bone volume
fraction variation is driven by changes in trabecular
thickness. However, in contrast to our findings, Barak
et al. (2013) found no correlation between bone volume
fraction and body mass, likely because the correlation
was assessed across the full range of body masses in
the sample. The relationship between bone volume
fraction and mass in our study is stronger than in a
number of studies focusing on larger body mass ranges
and absolutely larger median body masses (Doube et
al., 2011; Barak et al., 2013; Ryan & Shaw, 2013), but
it is not clear if the signal we recovered is specifically
related to mass range rather than mean. One previous
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study (Fajardo et al., 2013) noted that there appears
to be an asymptote in the relationship between bone
volume fraction and mass: in animals larger than
about 600-700 g, the relationship flattens to a slope
of approximately 0 (Fajardo et al., 2013: fig. 3A). The
presence of such an asymptote could explain the
stronger body size signal we see in smaller animals, and
potentially reveal a fundamental structural limit that
elucidates the way that the skeletons of the smallest
mammals adapt to habitual stresses. Increased
sampling surrounding the possible inflection point will
facilitate further exploration of its implications, and
could be accomplished using additional rodent species.

ISOMETRIC SCALING IN TRABECULAR THICKNESS

Compared to bone volume fraction, trabecular
thickness has a more robust correlation with body
mass, scaling isometrically with a high R? (Table 4).
Coupled with the small values for trabecular thickness
CV (Table 2), this suggests a very close relationship
between mass and trabecular thickness. Larger
animals have absolutely thicker trabeculae, but
relative to body size, their trabeculae are of similar
thickness to those of smaller animals (Ulrich et al.,
1999). Thicker trabeculae do experience less strain
than thinner ones (Doube et al., 2011), which may
be related to withstanding higher stresses at larger
body masses. We also found that larger animals
have absolutely larger trabecular separation, but
the relationship is weak and negatively allometric
(Table 4). This means that, to a limited degree, larger
animals have absolutely larger, but relatively smaller,
separation between their trabeculae. Isometry in
trabecular thickness and slight negative allometry in
trabecular separation make sense in light of the slight
positive allometry in bone volume fraction: holding
trabecular thickness constant and slightly decreasing
the space between trabecular struts will on average
result in slightly higher overall density.

In comparing our results to the existing trabecular
bone literature, we found only one other study
that recovered isometry in trabecular thickness: a
study of the lumbar vertebrae in small-to-medium
strepsirrhine primates (Fajardo et al., 2013). All the
other studies we examined, including those focused
on femora (Doube et al., 2011; Ryan & Shaw, 2013;
Mielke et al., 2018), femora and tibiae (Aguirre et al.,
2020), pelvic bone (Webb, 2021), and foot and ankle
elements (Saers et al., 2019) found negative allometry
in trabecular thickness. A number of workers have
noted that negative allometry in trabecular thickness
is necessitated by the physiological limitations
of bone, and the sheer range of body size across
vertebrates. Doube et al. (2011) in particular made
a compelling argument to demonstrate this. They

showed mathematically that isometric scaling of
shrew-sized trabeculae would result in centimetre-
thick trabeculae when scaled to elephant size, which
is much too thick to allow for osteocyte nutrient
exchange (Lozupone & Favia, 1990). Conversely, if
elephant-sized trabeculae were isometrically scaled
down to shrew size, shrew trabeculae would be only
3 pm wide—as they note, smaller than a single
osteocyte (Doube et al., 2011).

If it is therefore unreasonable to assume that
trabecular thickness could have isometric scaling
across the full range of mammalian body size in any
trabecular tissue, it is unlikely that the anatomical
origin of the tissue in our study is the only reason
that we recover isometry. It is more likely due to both
anatomical origin and body mass range: in smaller-
bodied mammals, trabecular thickness scales with
isometry in vertebrae, but not in femora. For example:
Fajardo et al. (2013) included species with masses
from 42 to 2440 g in their vertebral study and found
isometry in trabecular thickness. Mielke et al. (2018)
included masses from a similar range, 16.5 to 3880 g
(Jones et al., 2009) in their femoral study, and found
negative allometry in trabecular thickness. However,
these two studies examined different taxonomic
groups [strepsirrhine primates (Fajardo et al., 2013)
and sciuromorphs (Mielke et al., 2018)], with distinct
locomotor types. A study of strepsirrhine femora (Ryan
& Ketcham, 2002) recovered negative allometry in
trabecular thickness, but also examined no species
smaller than 267 g, making it difficult to compare to the
vertebral study. Although at least one study examined
trabecular structure of both vertebrae and limb bones
(humeri) in each included specimen (Amson & Bibi,
2021), that study did not report trabecular thickness
for both. To thoroughly address this question, and to
further test hypotheses about the different selective
pressures on trabecular bone at small body sizes, work
should be conducted examining allometric scaling in
trabecular bone of vertebrae and femora sets from
every individual, including plenty of animals under
200 g in mass.

INTRASPECIFIC VARIATION

Although studies of trabecular bone morphology
often include samples from more than one specimen
per species, intraspecific variation is not usually a
focus of discussion. Lack of understanding regarding
normal intraspecific variation is a problem for workers
interested in linking trabecular bone morphology to
ecology or function: if we do not have a good sense of
how morphology normally varies within a species, how
can we determine what amount of variation is unusual
or potentially ecomorphologically informative?
Furthermore, how do we know how many specimens
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to sample to uncover the whole breadth of trabecular
bone morphology present in a species?

We sampled a moderate number of individuals per
species (N = 6, Table 2), enough to get some sense of
intraspecific variation in all 11 taxa. The resulting
CVs (Table 2) showed mostly the same patterns as
those in other studies with similar or slightly larger
sample sizes (Fajardo et al., 2007a, N = 2-12; Fajardo
etal., 2013, N = 2-6). Few studies report CV, even when
examining multiple specimens. The small values we
report for CV in trabecular thickness suggest that it is
relatively consistent within a species, and that it can be
determined reasonably well with just a few individuals
in our probabilistic, multilevel framework. The values
for bone volume fraction and trabecular separation
are higher, and indicate that more specimens may
be needed to capture the extent of variation in these
metrics. However, one additional study of humans and
great apes with samples of 12, 14 and 20 specimens
(Georgiou et al., 2019) obtained CVs for bone volume
fraction and trabecular separation slightly lower than
ours (ranging approximately 8-17% for both, their
table 2), suggesting that the three-fold increase in the
number of specimens we sampled might make little
difference.

The primary finding resulting from our intraspecific
variation measurements is the enormous species-
level CVs in connectivity density: up to 77% of the
mean in our study (Table 2) and up to 80% in others
(Fajardo et al., 2007a). It is possible that small
segmentation errors are responsible for part of the
high variation in connectivity density: a loss of even
a few pixels connecting very faint or thin trabeculae
could skew the connectivity measurement. However,
based on qualitative inspections of the variation we
see in these animals, segmentation error is probably
not the only driver. Figure 4, especially the inset
slices through vertebrae, emphasizes this pattern,
showing high degrees of intraspecific variation
along the connectivity density vector, especially
for Archboldomys maximus, Apomys sierrae and
Chrotomys silaceus. This huge degree of intraspecific
variation in connectivity density may have functional
or adaptive implications, but they have so far not
been discussed. This lack of discussion is likely due
to a lack of basic information about the influences on
connectivity density: how is function affected when it
is high or low? How does development play a role? If
we do not understand the developmental drivers and
functional correlates of connectivity density, it is much
more difficult to test hypotheses about why it varies
so much more than other trabecular bone metrics.
Unfortunately, relationships between connectivity and
mechanical properties are nebulous, and some work
indicates that there is no reliable relationship at all
between connectivity density and mechanical/elastic

properties of bone (Odgaard & Gundersen, 1993). One
study found a weak relationship between increasing
connectivity density and decreasing bone stiffness ‘if
any relationship exists’ (Kabel et al., 1999: p.119). If
this weak relationship exists, we might expect bone
volume fraction, which is correlated with strength
and stiffness (Nazarian et al., 2008; Musy et al., 2017),
to decrease with increasing connectivity density and
decreasing bone stiffness. Yet in the present study,
bone volume fraction and connectivity density are
not correlated (Pearson coefficient = -0.16, p = 0.18).
Previously, bone volume fraction and connectivity
density have also been shown to be unrelated or
weakly related (Odgaard & Gundersen, 1993; Kabel
et al., 1999; Mittra et al., 2005). Because connectivity
density appears to have little utility in predicting the
mechanical properties of trabecular bone, and little
correlation with other trabecular bone metrics (Mittra
et al., 2005), it may be capturing a distinct piece of
physiological or metabolic life history information
(e.g., Ruimerman et al., 2005).

SUBSTRATE USE, INTERTAXON VARIATION AND
PHYLOGENETIC SIGNAL

Although body size is one of the primary factors
influencing trabecular bone morphology, the
differences in how animals use their bodies to interact
with their substrate also factors into that morphology
(Cotter et al., 2009; Barak et al., 2011; Ryan & Shaw,
2012, 2015; Mielke et al., 2018). The earthworm mice
included in this study exhibit a variety of different
substrate use strategies, which could be reflected in
their trabecular bone morphology. However, they are
also an endemic group of terrestrial rodents that have
been evolving together in isolation for approximately
8 Myr (Rowsey et al., 2018). This means that they
are similar not only because of shared phylogenetic
history, but because of shared environmental history.
Apart from elevation-related differences in habitat,
they have experienced the same environmental
stressors (e.g., typhoons) throughout their evolution,
and shared their habitats with the same or similar
assemblages of other organisms. Some baseline degree
of similarity in chrotomyins is probably due to this
shared environmental history, but we focus here on
the quantifiable effects of shared phylogenetic history,
which can be specifically tracked across different
morphological traits.

Other trabecular bone studies of several mammalian
clades have found varying levels of phylogenetic
signal across trabecular bone metrics. This variation
could be due to the range of different phylogenetic
comparative methods they used, or to stronger or more
varied extrinsic selective pressure in particular clades.
Mostly these studies have recovered small degrees of
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phylogenetic signal in some trabecular bone metrics
(Ryan & Shaw, 2013; Amson et al., 2017; Plasse et al.,
2019), as measured by Pagel’s lambda (Pagel, 1999) or
Blomberg’s K (Blomberg et al., 2003). Incorporation
of phylogenetic covariation in estimates of trabecular
bone morphology has a consistent effect in our data:
it increases the 89% credible intervals in both genus-
and species-level analyses, but in most cases does not
cause much change in the actual estimate of the mean
for each group (Figs 6, 7). The largest changes resulting
from incorporation of phylogenetic information occur
in the two analyses with the highest mean estimates
for lambda: the genus-level analyses of bone volume
fraction and trabecular thickness (Fig. 6).

Our data have an extra layer of difficulty for
elucidating which similarities and differences are
phylogenetic effects, and which are related to function,
because our substrate-use categories are strongly
correlated with phylogenetic structure (Table 1, Fig.
5). In our sample, several substrate-use transitions
occur only once on the phylogeny, representing single
replicates of the test of functional linkage between
morphology and substrate use type. With only one
replicate, it is extremely challenging to confidently link
amorphological character to membershipin a particular
ecological group (Adams & Collyer, 2018; Uyeda et al.,
2018). This conflation of phylogenetic and ecological
signal has been noted in previous trabecular bone work
(Amson et al., 2017; Amson & Kilbourne, 2019; Zack
et al., 2022, 2023), and has been shown to reduce the
statistical power of phylogenetically informed ANOVAs
(Adams & Collyer, 2018). Although we do not have
quantitative data on how this phenomenon affects
posterior probability distributions in our analyses,
it likely adds to the inherent difficulty in separating
phylogenetic from functional signal. With this caveat
in mind, we address potential functional signals below.

RELATIVE DEGREE OF FOSSORIALITY AND
CHROTOMYS

The most generalist genus of earthworm mice is
Apomys (subgenus Megapomys, Heaney et al., 2011),
which includes terrestrial quadrupeds between 58 g
and 128 g in mass (Heaney et al., 2016a). Apomys has
relatively unspecialized ambulatory locomotion for a
small mammal, and all species forage on the surface of
the ground (Heaney et al., 2011, 2016a), such that the
variation in mechanical environment among species is
probably small. Both Soricomys and Archboldomys are
frequently described as shrew-like animals, and are
the smallest animals in our data set (Table 1, Figs 1, 8).
They are terrestrial but forage for invertebrates in leaf
litter on the surface of the ground. They should not be
considered fossorial or semifossorial, but have slightly
different substrate use strategies than Apomys. In

contrast, the genus Chrotomys includes active diggers
that should be considered semifossorial. Because
the posterior presacral vertebral column (lumbar
vertebrae) and the sacrum itself are used to transmit
force to the stable pelvic girdle during forelimb digging,
the vertebrae of semifossorial animals are subjected
to different mechanical environments compared to
non-fossorial animals (Hildebrand, 1985; Gaudin &
Biewener, 1992; Oliver et al., 2016; Tague, 2020). We
therefore expected to find the most closely packed
trabecular structure in Chrotomys, with higher bone
volume fraction and trabecular thickness, which are
directly related to a bone’s capability to withstand
failure (strength; Ulrich et al., 1999; Musy et al.,
2017). Instead, Soricomys has the highest estimated
mean bone volume fraction and trabecular thickness,
whereas Rhynchomys has the lowest. Estimates for
Chrotomys, Apomys and Archboldomys fall close to the
global mean, both with and without the inclusion of
phylogeny in the model. This would seem to suggest
essentially no link between semifossorial behaviour
and spatially dense trabecular bone. However, when
considering species-level differences, the picture
becomes more nuanced, particularly with regard to
trabecular thickness.

Among the several species of Chrotomys there
is variation in habitat elevation, which affects the
hardness of the substrate in which the animal digs.
Higher elevation forested habitats frequented by
C. silaceus and C. whiteheadi have a thick (10 cm—1
m) layer of surface humus, which is relatively loose
and uncompacted (Heaney et al., 2016a). Chrotomys
mindorensis is more common at lower elevations,
where the primary available substrate is a more
compact, dense soil. Chrotomys mindorensis and
C. whiteheadi have the highest and second-highest
estimates for trabecular thickness, respectively, with
C. silaceus falling much lower, well below the global
mean. Individually, larger trabeculae experience less
strain and are less likely to crack under load (Doube
et al., 2011; Turunen et al., 2020), so the increased
trabecular thickness relative to body size in the
most fossorial animal in the dataset (C. mindorensis)
could indeed provide increased resistance to higher-
magnitude forces. Doube et al. (2011) suggested that
the positive correlation between trabecular thickness
and body size has to do with maintaining functional
homeostasis: a larger animal’s trabeculae are under
higher load, but their larger size reduces their
strain. If C. mindorensis experiences higher habitual
loads in its vertebral trabecular bone due to bracing
during digging behaviour in dense substrate, then
higher trabecular thickness may allow it to maintain
similar trabecular strain. However, the fact that the
less fossorial C. whiteheadi has the second highest
trabecular thickness, and is the sister taxon to C.
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mindorensis, indicates that high trabecular thickness
cannot be entirely ascribed to functional demands, and
likely has a phylogenetic component.

AN UNEXPECTED CHARACTER SUITE IN RHYNCHOMYS

Although its locomotion incorporates bipedal hopping,
the hopping gait and associated morphology in
Rhynchomys is not as extreme as in fully bipedal
heteromyids (e.g., kangaroo rats) and dipodids (e.g.,
jerboas). Its locomotion is instead characterized
by the use of the hindlimbs in a symmetrical but
not fully bipedal gait (bounding or half-bounding;
L. Heaney, pers. obs.; Hildebrand, 1977). In some
mammals, specialized use of the half-bound gait is
associated with elongation of the lumbar spine (Jones
& German, 2014), which increases efficiency of the
gait by allowing greater extension of the body after
lift-off (Schilling & Hackert, 2006; Jones & German,
2014). Rhynchomys does not have elongate vertebral
centra compared to other earthworm mice (Fig. 8), and
it has the same number of lumbar vertebrae as other
species in the clade (Supporting Information, Table
S1). This suggests that Rhynchomys does not have
any particular gross anatomical adaptations in the
lumbar spine to increase bounding efficiency. However,
the lumbar vertebrae of R. labo do stand out from
others in the sample in having the lowest bone volume
fraction for its body size of any genus or species,
driven by a relatively low trabecular thickness and
relatively high trabecular separation (Fig. 7). From
a material standpoint, these characteristics indicate
that the trabecular bone of Rhynchomys is weaker and
more susceptible to failure under compressive load
compared to that of other earthworm mice (Goulet et
al., 1994; Ulrich et al., 1999; Hernandez et al., 2001;
Bevill & Keaveny, 2009). This is unexpected given
the higher bone and muscle strains associated with
standing bipedal jumps (Emerson, 1985; Alexander,
2003).

There are a number of potential explanations for
this unusual suite of characteristics. First, it is possible
that the mechanical environment of Rhynchomys is
not sufficiently different from that of the non-hopping
mammals in our study to necessitate trabecular
bone adaptation. Even relatively extreme artificial
manipulations of environment (e.g., Barak et al., 2011)
may only produce slight changes in trabecular bone
characteristics, so the minor changes in force regime
associated with briefbouts of bipedal hopping may also
be insufficient to have a significant effect. Nevertheless,
an insufficiently stressful mechanical environment
fails to explain why the mean bone volume fraction
is markedly below the global mean. Rhynchomys also
has slightly higher than average connectivity density,
as does the other taxon with the lowest bone volume

fraction (Chrotomys silaceus). It is possible that there
is some functional tradeoff or compensation occurring
here: an increase in trabecular connections to
compensate for lower strength or stiffness associated
with lower bone volume fraction. As noted above,
however, the mechanical significance of connectivity is
unclear, and requires additional study.

CONCLUSION

This work uses a monophyletic radiation of murines
(Chrotomyini) to examine the various influences on
trabecular bone morphology in small mammals. We
found a strong relationship between trabecular bone
morphology and body mass, with an especially close
linkage between mass and trabecular thickness. The
allometric scaling patterns we observe suggest that
trabecular bone shape scales differently in small
mammals compared to larger mammals. In our
data set of mammals with body masses of 225 g or
under, bone volume fraction and trabecular thickness
increase more quickly with increasing body size
than they do in larger mammals. In chrotomyins,
trabecular thickness and bone volume fraction
are also linked to phylogenetic structure, whereas
trabecular spacing and connectivity density show a
weaker relationship with phylogeny. Substrate-use
groupings in this clade are also closely associated
with phylogenetic structure, making it difficult to
support links between specific substrate-use types
and trabecular morphology. Some correlation among
phylogeny, morphology and substrate use is not
unexpected, as a result of the shared evolutionary
history and sympatric occurrence of the members of
this endemic clade.

Unusual suites of trabecular bone qualities
characterize the two most functionally distinct species
in our sample (R. labo and C. mindorensis), but
some aspects of their morphology (e.g., connectivity
density) cannot be confidently attributed to function
based on the current literature. Future work should
examine how body size relates to selective pressures
on the skeletons of small-bodied mammals, and link
trabecular bone scaling to gross vertebral morphology
and cortical thickness to gain a more holistic
perspective on body size and vertebral function.
Studies should also consider functional performance
in vertebral trabecular bone, and the similarities
or differences in functional signal across trabecular
bone from different anatomical sites. It is apparent
from this and other recent studies that the variation
in trabecular bone morphology across mammals is
great. Continued study of its relationship with body
size, phylogeny and function will enable workers to
use it as a more effective tool in understanding how
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mammalian skeletons model and adapt to deal with
everyday forces.
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Figure S1. Detailed visualization of calculations for trabecular thickness and trabecular separation.

Figure S2. Pruned maximum clade credibility tree of Chrotomyini inferred using BEAST. Dots at nodes represent
relationships inferred with strong support (posterior probability > 0.95). Bars at nodes represent 95% highest
posterior density interval of divergence date inferred from the posterior distribution of 4500 trees.

Table S1. Specimen data and trabecular bone metrics for all specimens included in the present study.

Table S2. Scan resolution and relative resolution for all specimens included in the present study.

Table S3. GenBank reference numbers for specimens included in phylogenetic analysis.

Table S4. Best-fit nucleotide substitution partitioning scheme for phylogenetic analyses.

Table S5. Full output from genus-level Bayesian multilevel models, with and without inclusion of phylogenetic

structure as a group-level effect.

Table S6. Full output from species-level Bayesian multilevel models, with and without inclusion of phylogenetic

structure as a group-level effect.
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