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Abstract

Captive specimens in museum collections facilitate study of rare taxa, but the

lifestyles, diets, and lifespans of captive animals differ from their wild counter-

parts. Trabecular bone architecture adapts to in vivo forces, and may reflect

interspecific variation in ecology and behavior as well as intraspecific variation

between captive and wild specimens. We compared trunk vertebrae bone

microstructure in captive and wild xenarthran mammals to test the effects of

ecology and captivity. We collected μCT scans of the last six presacral vertebrae

in 13 fossorial, terrestrial, and suspensorial xenarthran species (body mass:

120 g to 35 kg). For each vertebra, we measured centrum length; bone volume

fraction (BV.TV); trabecular number and mean thickness (Tb.Th); global com-

pactness (GC); cross-sectional area; mean intercept length; star length distribu-

tion; and connectivity and connectivity density. Wild specimens have more

robust trabeculae, but this varies with species, ecology, and pathology. Wild

specimens of fossorial taxa (Dasypus) have more robust trabeculae than cap-

tives, but there is no clear difference in bone microstructure between wild and

captive specimens of suspensorial taxa (Bradypus, Choloepus), suggesting that

locomotor ecology influences the degree to which captivity affects bone micro-

structure. Captive Tamandua and Myrmecophaga have higher BV.TV, Tb.Th,

and GC than their wild counterparts due to captivity-caused bone pathologies.

Our results add to the understanding of variation in mammalian bone micro-

structure, suggest caution when including captive specimens in bone micro-

structure research, and indicate the need to better replicate the habitats, diets,

and behavior of animals in captivity.
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1 | INTRODUCTION

Many natural history collections include specimens
acquired from zoos (captive specimens) in addition to
those collected in their natural habitats (wild specimens).
The presence of captive specimens in natural history col-
lections allows researchers to access rare or endangered
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taxa as well as those protected by the Convention on
International Trade in Endangered Species, increasing
the taxonomic breadth, size, and ontogenetic diversity of
collections (Panagiotopoulou et al., 2016, 2019). Captive
specimens must sometimes be used in research either
due to a lack of wild specimen availability or to expand
either the sample size or taxonomic breadth of a dataset
(Panagiotopoulou et al., 2019). Additionally, captive spec-
imens can be used as a point of comparison to wild speci-
mens, allowing us to understand how lifetimes spent in
zoo environments impact morphology and bone biology
(King et al., 2011; Zuccarelli, 2004).

When used without taking captivity into account,
data from captive specimens can be problematic in func-
tional morphology research because of the highly contra-
sting lifestyles of captive and wild specimens. Zoo
enclosures differ greatly from wild habitats: the enclo-
sures provided are typically much smaller than wild
ranges (O'Regan & Kitchener, 2005); the diets of zoo ani-
mals are often completely different from wild diets and
sometimes include different macronutrient make-up
(Crawshaw & Oyarzun, 1996); captive animals often
grow faster and live longer than their wild counterparts
because of diet and veterinary care (Shaw et al., 1987);
captive animals often display stereotypies: repetitive
behaviors with no goal or function (Mason, 1991); and
there are pathologies seemingly unique to captive speci-
mens (Crawshaw & Oyarzun, 1996; Panagiotopoulou
et al., 2016, 2019). Additionally, many captive specimens
lack complete or detailed histories. Although some zoo
animals are born in the wild and placed in captivity later
in life, even after living in captivity for a few months,
their bone microstructure should reflect their captive
habitat and behaviors (Barak et al., 2011).

Many studies have found differences in the bones of cap-
tive and wild specimens including ontogenetic patterning,
gross morphology, and pathology (Armitage, 1983;
Canington et al., 2018; Harbers et al., 2020; King et al., 2011;
Zuccarelli, 2004), but these studies usually focus on gross
morphology, cortical bone structure, or traditional histology.
There have been no studies investigating the effects of captiv-
ity on bone microstructure, or more specifically, trabecular
bone architecture (TBA), of mammals. Trabecular bone is
the spongy bone tissue found in long bones, vertebrae, ribs,
and elsewhere in the skeleton. In life, the cavities between
the rod-like and plate-like trabeculae are filled with bone
marrow and fat, and trabecular bone remodels in reaction to
in vivo forces. Both the orientation and the magnitude of the
forces acting on a bone affect its TBA (Barak et al., 2011;
Huiskes et al., 2000; Kivell, 2016; Ruff et al., 2006; Willie
et al., 2020). According to the theory of bone functional adap-
tation, TBA follows the principal stress trajectories generated
from external loads experienced throughout an animal's

lifetime (Barak et al., 2011; Cowin, 1986; Huiskes et al., 2000;
Kivell, 2016; Ruff et al., 2006; Sugiyama et al., 2010; Willie
et al., 2020; Wolff, 1893). If the forces acting on an animal
change, then the trabecular bone will adjust to the new force
trajectories (Barak et al., 2011; Sugiyama et al., 2010).
Because of this constant remodeling, TBA, and bone micro-
structure more generally, have the potential to provide
important functional insights for rare or hard to access taxa
or those with unusual gross morphologies (Smith &
Angielczyk, 2020). However, because of the differences
between zoo and wild environments, captive animals may
experience different in vivo forces than their wild counter-
parts. These differences could affect the bone microstructure
of captive specimens in ways that could mislead functional
studies, but the potential severity of this problem is uncertain
and needs to be examined.

To compare the bone microstructure of zoo and wild
specimens, we chose a group of mammals with a large
range of morphological and ecological diversity: the mam-
malian clade Xenarthra, which includes sloths, armadillos,
anteaters, and their extinct relatives. Xenarthra consists of
some of the most derived placental mammals, including
taxa with specializations for completely suspensory life-
styles, myrmecophagous diets, and multiple types of fore-
limb digging (Clerici et al., 2018; Gaudin et al., 2018;
Hayssen, 2009, 2010, 2011; Hayssen et al., 2012;
Navarrette & Ortega, 2010; Rood, 1970).

One of the most functionally interesting regions of
xenarthran mammals are their vertebrae. In addition to
having an extra process on the posterior thoracic and lum-
bar vertebrae, the lumbar regions of their spines are func-
tionally important (Figure 1) (Gaudin, 1999; Gaudin &
Biewener, 1992; Gaudin & Nyakatura, 2018; Oliver
et al., 2016). Xenarthrous vertebrae, when coupled with
increased epaxial musculature, increase the range of motion
and stiffness of the postdiaphragmatic region (Gaudin &
Biewener, 1992; Gaudin & Nyakatura, 2018; Oliver
et al., 2016). The lumbar region is loaded differently in each
ecological group within Xenarthra, but all xenarthrans are
united by their postdiaphragmatic musculoskeletal synapo-
morphies (Amson & Nyakatura, 2018; Gaudin, 1999;
Gaudin & Nyakatura, 2018). Beyond the unique morphol-
ogy of xenarthrous vertebrae, sloths and anteaters are
known to experience soft tissue mineralization in captivity
(Arenales et al., 2020; Crawshaw & Oyarzun, 1996; Han &
Garner, 2016). All captive Tamandua specimens in the
Field Museum of Natural History (FMNH) zoology collec-
tions have vertebral hyperostosis, a severe overgrowth of
bone around the vertebrae and ribs (Crawshaw &
Oyarzun, 1996). This pathology is caused by captive condi-
tions but is not an inevitability of captivity. The impact of
this and other bone pathologies of Xenarthrans on bone
microstructure has not yet been examined.
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To understand how the distinct in vivo loadings of
the xenarthran lumbar vertebrae affect their morphology,
we compared the bone microstructure of posterior tho-
racic and lumbar vertebrae of captive and wild specimens
of 13 xenarthran species. In addition to spanning the
entire size range of Xenarthra, our dataset includes much
of its morphological and functional disparity, as well as
the entire range of locomotor ecology in extant members
of this clade. Our dataset can provide insight into the
effects of captivity on the TBA of mammals with differing
ecologies and that are subject to different physical con-
straints. This will allow us to understand the potential
biases introduced by using captive specimens in func-
tional studies of bone microstructure and make recom-
mendations for best practices in future research.

2 | MATERIALS AND METHODS

2.1 | Specimen choice

We chose 44 xenarthran specimens, including 21 captive
and 23 wild, from the FMNH mammalogy collections to
undergo X-ray microcomputed tomography (μCT) scanning
at the University of Chicago's PaleoCT facility (https://luo-
lab.uchicago.edu/paleoCT.html). These specimens repre-
sent 13 species across 10 genera, span all three major
xenarthran clades, and encompass much of the group's
ecomorphological diversity and disparity (Table 1). Because
TBA is affected by in vivo forces as well as development,
we used only adult specimens (determined by fusion of the
cranial sutures and long bone epiphyses) with full vertebral

FIGURE 1 (a) 3D rendering of the tenth thoracic vertebra through the fifth lumbar vertebra of FMNH 60493 with silhouette of Dasypus

novemcinctus (cranial to right). (b) 3D rendering of the twelfth thoracic vertebra to the second lumbar vertebra of FMNH 26563 with

silhouette of Myrmecophaga tridactyla (cranial to right). (c) 3D rendering of the fourteenth thoracic vertebra to the third lumbar vertebra of

FMNH 69589 with silhouette of Bradypus variegatus (cranial to right). Silhouettes are not to scale. Scale bars = 1 cm
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columns (Gaudin & Biewener, 1992). Within the specimens
we used, the number of lumbar vertebrae varied from two
to five (Table 1). In order to include all lumbar vertebrae
across all specimens and standardize across specimens, we
scanned the last six presacral vertebrae (Figure 1). As a
proxy for body size, we measured centrum length (CL) for
each vertebra of interest; when close articulation of the ver-
tebrae prevented use of the physical specimens, we mea-
sured 3D meshes of the vertebrae in Autodesk MeshMixer
or ORS Dragonfly 2020.1 (Object Research Systems 2019).

2.2 | Scanning and analysis

We scanned all specimens using the 240 kV tube of the
PaleoCT lab's GE vjtomejx μCT scanner at resolutions
from 22.101 to 96.551 μm (average resolution
44.899 μm), depending on specimen size (Table 1). We
reconstructed the scans in GE phoenix datosjx and
aligned and cropped the reconstructed scans using
VGstudio (Volume Graphics 2019). Following the
method in Smith and Angielczyk (2020), we segmented
prism-shaped volumes of interest (VOI) (Figure 2a). We
determined the size and location of the prism by
orienting the vertebra in cranial view and selecting the
largest 2D square area of trabecular bone at the dorso-
ventrally and mediolaterally narrowest point of the cen-
trum. This VOI included all possible trabecular bone
craniocaudally without including any cortical bone. This

method ensures analysis of the largest possible volume
of trabeculae with a consistent shape, no matter the
shape or size of the vertebra (Figure 2a).

Using the “Threshold” tool in FIJI, we converted the
VOI into a binary image stack in which we maximized
bone sampling and minimized sampling of nonbone
materials (Amson et al., 2017; Schindelin et al., 2012).
We analyzed the binary image stack in Quant3D using a
user-defined threshold of 127 to 255 as required by the
software to define the binary colors; 2,049 uniform rota-
tions; dense vectors and random rotations turned on;
omit side intersecting paths turned on; and star volume
and star length distributions (SLDs) calculated with 2,000
points (Ketcham, 2005; Ketcham & Ryan, 2004). We used
the largest centered sphere that would fit within the rect-
angular VOI as the volume of interest for these calcula-
tions to eliminate edge-related artifacts (Figure 2a).
Quant3D outputs several values for analysis including
bone volume fraction (BV.TV), trabecular number (Tb.
N), mean trabecular thickness (Tb.Th), and two measures
of trabecular anisotropy (directionality): mean intercept
length (MIL) and SLD (Figure 3). Additionally, we calcu-
lated connectivity and connectivity density (Conn.D)
from these VOIs using the connectivity function in BoneJ
macro in FIJI (Doube et al., 2010; Schindelin et al., 2012).
We excluded any specimens with a connectivity of less
than 40, a threshold chosen because of the small maxi-
mum possible VOI size obtainable in the smallest organ-
isms in our dataset (Mielke et al., 2018). Together, the

TABLE 1 Details of specimens sampled. Columns include ranges of the number of vertebrae. Thoracic vertebrae includes the mean in

parentheses.

Taxon
Zoo
specimens

Wild
specimens

Thoracic
vertebrae

Lumbar
vertebrae

Scan
resolutions (μm)

Bradypus tridactylus 0 1 15 (15) 3 46.833

Bradypus variegatus 1 3 16–17 (16) 3 41.997–45.906

Chlamyphorus
truncatus

0 4 11–12 (12) 3 22.101–24.243

Choloepus hoffmanni 3 0 22–23 (22) 3–4 47.852–50.485

Choloepus didactylus 0 2 23 (23) 3–4 49.580–56.169

Cyclopes didactylus 3 3 15–16 (15) 2 25.031–26.123

Dasypus novemcinctus 2 3 10 (10) 5 38.878–42.931

Myrmecophaga
tridactyla

2 2 15–16 (16) 2 93.178–96.551

Priodontes maximus 0 2 12–13 (13) 2 73.771–76.226

Tamandua mexicana 0 3 16–17 (17) 2–3 44.643–46.692

Tamandua tetradactyla 4 0 15–18 (17) 2–3 48.804–56.682

Tolypeutes matacus 2 1 12 (12) 3 27.465–30.597

Zaedyus pichiy 2 0 10–11 (11) 3–4 27.888–28.677

4 ZACK ET AL.



metrics we collected quantify important characteristics of
the trabecular bone related to strength and trabecular
direction (Silva & Gibson, 1997; Ulrich et al., 1999). In
order to confirm the accuracy of our measurements, we
calculated relative resolution (scan resolution/Tb.Th) and
only included specimens with a relative resolution of
greater than 2.5 (Kivell et al., 2011; Sode et al., 2008).

To analyze bone microstructure beyond TBA, we
measured global compactness (GC) and cross-sectional
area (CSA) for each vertebra using Amson's (2019)
method (Figures 2b and 3). We segmented out entire ver-
tebrae and binarized them using the same threshold as
the VOI. Using the FIJI macro written by Amson (2019),
we calculated CSA and GC for each vertebra including
only the slices where the vertebral foramen was
completely surrounded by bone (Figure 2b)
(Amson, 2019; Doube et al., 2010; Schindelin et al., 2012).
CSA measures the area of bone in each slice including
both cortical bone and trabecular bone. GC measures the
CSA of the bone divided by the total CSA (Amson, 2019).

We visualized major patterns of variation in our
dataset of BV.TV, Tb.N, Tb.Th, GC, CSA, CL, MIL, SLD,
connectivity, and Conn.D with principal component
analysis (PCA) in R using R-Studio, tidyverse, ggbiplot,
and ggplot2 packages (Vu et al., 2011; Wickham, 2016;
Wickham et al., 2019; RStudio Team, 2020; R Core
Team, 2020). Different permutations of the PCA included
the entire data set, only the zoo specimens, and only the
wild specimens, and we grouped specimens by locomotor
ecology, genus, and captivity status.

To directly compare all eight numerical variables
between captive and wild specimens, we created plots for
BV.TV, Tb.N, Tb.Th, GC, CSA, MIL, SLD, connectivity,
Conn.D, CL, and VOI size along the vertebral column for
each genus (Figures 4 and S4–S13). This allowed us to
visualize potential patterns along the vertebral column
without obscuring possible effects of sample size. For a
more direct comparison, we made boxplots for each of
the numeric variables with separate panels for zoo and
wild specimens of each genus (Figures S2 and S3). We
made all of these visualizations using ggplot2 in RStudio
(Wickham, 2016; RStudio Team, 2020).

FIGURE 2 (a) 3D rendering of L01 of FMNH 60493 (Dasypus

novemcinctus) with inset depicting the volume of interest used in

TBA analyses as described in the text. (b) 3D rendering of L01 of

FMNH 60493 (Dasypus novemcinctus) with the volume of interest

used in the analysis of GC and CSA shaded in red. The inset depicts

the VOI and a characteristic, binarized μCT slice

FIGURE 3 Representative μCT slice of T10 of FMNH 60493

(Dasypus novemcinctus). Dark green boxes indicate the region of

interest. The inset regions of interest include trabecular bone

(yellow) and intertrabecular space (teal). Star length distribution is

calculated by measuring the length of trajectories from where

points on a randomly translated point grid are within the

trabeculae, as shown in light gray (Vesterby et al., 1989). Mean

intercept length is the number of places where the lines of a

randomly translated linear grid intersect with the interface between

trabecular bone and intertrabecular space (in bright red)

(Odgaard, 1997). Trabecular number is calculated by the method

approximated using the pink arrow. Trabecular thickness is

indicated by the dark red lines. The calculations used for bone

volume fraction, global compactness, and cross-sectional area are

shown in the tan and teal boxes. Scale bar = 2 mm. T, thoracic

ZACK ET AL. 5



To statistically compare the captive and wild speci-
mens, we used phylogenetic multivariate analysis of
covariance (MANCOVA) with BV.TV, Tb.N, Tb.Th, GC,
CSA, MIL, SLD, Connectivity, and Conn.D as the
numeric variables, CL as the covariate (to assess influ-
ence of body size), and ecology and captivity status as cat-
egorical variables. Because our dataset includes
measurements from multiple vertebral positions, we
repeated this analysis for each vertebral position. We
pruned the time-scaled tree from Gibb et al. (2016) to
include only the species in our dataset (Gibb et al., 2016).
We added captive operational taxonomic units to this tree
as branches of negligible length that are sister groups to
the species that included both captive and wild speci-
mens (Figure S1). The addition of negligible length bra-
nches could result in a poorer fit of the evolutionary

model used to estimate phylogenetic covariance, which is
potentially a limitation (Revell, 2010). However, we con-
sider this a reasonable trade-off that enables us to consider
phylogeny in our analyses. We prepared the data for the
MANCOVA by calculating the species means of each met-
ric by vertebral position. Before conducting the analyses,
we scaled all of the data using the scale() function in base
R (R Core Team, 2020). We conducted phylogenetic
MANCOVAs using a Wilks Lambda test and Brownian
motion within the mvgls() and manova.gls() functions in
the mvMORPH package in R using RStudio (Clavel
et al., 2015; R Core Team, 2020; RStudio Team, 2020). The
models used for each MANCOVA are listed in Table 2.

In our dataset, ecological partitions are very similar to
phylogenetic divisions, potentially skewing the phylogenetic
MANCOVA results. To better understand the effects of

FIGURE 4 Bone volume fraction of six genera with silhouettes of each animal. Vertebral position starts in the thoracic column and

ends at the last lumbar vertebra (ps6; see text for details). Dots indicate the BV.TV value at each vertebral position. Each line represents a

single specimen. Silhouettes are not to scale
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TABLE 2 Phylogenetic multivariate analysis of covariance (MANCOVA) results

Position for analysis Model examined Factor Test statistic Wilks lambda p-value (α ≤ 0.05)

1 CL + captivity CL 0.01072 0.000999*

Captivity 0.01788 0.000999*

CL + ecology CL 0.03695 0.005994*

Ecology 0.86794 0.537463

CL + captivity*ecology CL 0.009068 0.000999*

Captivity 0.015305 0.000999*

Ecology 0.577159 0.273726

Captivity*ecology 0.109946 0.047952*

2 CL + captivity CL 0.004920 0.000999*

Captivity 0.01123 0.000999*

CL + ecology CL 0.02246 0.000999*

Ecology 0.76217 0.347652

CL + captivity*ecology CL 0.008859 0.000999*

Captivity 0.016304 0.000999*

Ecology 0.495741 0.223776

Captivity*ecology 0.147411 0.047952*

3 CL + captivity CL 0.003540 0.000999*

Captivity 0.008978 0.000999*

CL + ecology CL 0.037110 0.000999*

Ecology 0.88517 0.649351

CL + captivity*ecology CL 0.006082 0.000999*

Captivity 0.004283 0.000999*

Ecology 0.484653 0.248751

Captivity*ecology 0.114548 0.034965*

4 CL + captivity CL 0.003790 0.000999*

Captivity 0.004283 0.000999*

CL + ecology CL 0.03838 0.000999*

Ecology 0.85816 0.516484

CL + captivity*ecology CL 0.005604 0.000999*

Captivity 0.008675 0.000999*

Ecology 0.397705 0.187812

Captivity*ecology 0.183412 0.056943

5 CL + captivity CL 0.003439 0.000999*

Captivity 0.005696 0.000999*

CL + ecology CL 0.02564 0.000999*

Ecology 0.83140 0.444555

CL + captivity*ecology CL 0.01233 0.000999*

Captivity 0.02128 0.000999*

Ecology 0.60582 0.303696

Captivity*ecology 0.15972 0.061938

6 CL + captivity CL 0.006289 0.000999*

Captivity 0.005240 0.000999*

CL + ecology CL 0.02815 0.000999*

(Continues)
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captivity and patterning along the vertebral column within
ecological groups, we used the npmv package in R to per-
form nonparametric multivariate analysis of variances
(MANOVAs) for four genera with relatively large sample
sizes: Dasypus, Cyclopes, Choloepus, and Tamandua

(Bathke et al., 2008; Ellis et al., 2017; R Core Team, 2020;
RStudio Team, 2020). We used captivity status and position
for analysis as the categorical variables with BV.TV, Tb.N,
Tb.Th, GC, CSA, CL, MIL, SLD, Connectivity, and Conn.D
as the numeric variables.

TABLE 2 (Continued)

Position for analysis Model examined Factor Test statistic Wilks lambda p-value (α ≤ 0.05)

Ecology 0.78065 0.34656

CL + captivity*ecology CL 0.01380 0.000999*

Captivity 0.02718 0.000999*

Ecology 0.68073 0.336663

Captivity*ecology 0.44150 0.169830

*indicates significance (α ≤ 0.05).

FIGURE 5 Principal component analysis of all specimens with representative vertebrae at the extremes of each axis. Captive specimens

are represented by pink squares and wild specimens by navy dots. Scale bars for Myrmecophaga tridactyla and Priodontes maximus are 1 cm.

Scale bar for Chlamyphorus truncatus is 1 mm. Scale bar for Choloepus hoffmanni is 5 mm. L, lumbar; T, thoracic
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3 | RESULTS

3.1 | Principal component analysis

3.1.1 | All-specimen PCA

The first principal component (PC1) of all specimens
explains 54.1% of the variance and is primarily defined by
BV.TV, CL, Conn.D, Tb.N, and Tb.Th (Figures 5, 6a,d,g,
and S15; Table S1). PC2 explains 18.8% of the variance
and is primarily defined by MIL and SLD. PC3 through

PC10 cumulatively account for only 27.06% of the vari-
ance and do not reveal any noteworthy patterns when
plotted against each other. Examples of specimens falling
near the extremes of each PC axis are shown in Figure 5.
Vertebrae that fall in the upper left quadrant are charac-
terized by high CL, high BV.TV, high CSA, and high con-
nectivity. The vertebrae in the upper right quadrant are
characterized by high MIL and SLD, high Tb.N, high
Conn.D, and lower CL. The lower right quadrant holds
the most vertebrae. Those vertebrae are characterized by
lower CL, low MIL and SLD, low GC, and high Tb.N.

FIGURE 6 Principal component analyses: (a) All specimens, grouped by genus. (b) Zoo specimens, grouped by genus. (c) Wild

specimens, grouped by genus. (d) All specimens, grouped by ecology. (e) Zoo specimens, grouped by ecology. (f) Wild specimens, grouped by

ecology. (g) Biplot of all specimens. (h) Biplot of zoo specimens. (i) Biplot of wild specimens

ZACK ET AL. 9



There are very few vertebrae that fall in the lower left
quadrant, but they are characterized by high BV.TV,
lower MIL and SLD, and higher GC.

The PCA performed on all specimens reveals few pat-
terns when specimens are grouped by zoo and wild cate-
gories (Figure 5). The two groups occupy similar
locations within the PC space but have different primary
axes of variation that are perpendicular to each other: the
zoo specimens vary more along PC1 whereas the wild
specimens vary more along PC2.

Further patterns emerge when specimens are grouped
by genus and ecology (Figure 6a,d). Each genus occupies
a defined region of the PC space, but some genera overlap
(Figure 6a). Overall, intrageneric variation occurs along
PC2 whereas intergeneric variation occurs along PC1.
Myrmecophaga and Priodontes both occur in the upper
left quadrant of the PC space with Priodontes occupying
higher values of both PC1 and PC2. Dasypus occupies
more than half of PC2, but a much smaller range of PC1.
Zaedyus, Tolypeutes, Cyclopes, and Chlamyphorus fall
within the positive half of PC1 and have much larger
ranges along PC2, somewhat echoing the pattern seen in
Dasypus. Choloepus and Bradypus occupy the smallest
ranges, falling just below the origin of the PC space.
Tamandua has a larger range across PC1 than any other
genus. Grouping the all-specimen PC space by ecology
results in three overlapping regions (Figure 6d). The
arboreal specimens occupy the smallest range, near
the origin. The hook-and-pull digging specimens occupy
the largest range, covering more than half of PC1 and
PC2. The scratch digging specimens display about the
same amount of variation as the hook-and-pull diggers
along PC2, but have much less variation along PC1, most
of which falls on the positive half of the PC space.

3.1.2 | Captive specimen PCA

In the captive specimen PC space, PC1 explains 60.0% of
the variance and is primarily defined by Tb.N, Tb.Th, and
Conn.D. It is secondarily defined by CSA, BV.TV, CL,
and GC (Figure S15). PC2 explains 15.8% of the variance
and is primarily defined by MIL and SLD (Figure 6h and
S15). However, MIL and SLD have higher loadings for
PC1 in the captive analysis than in the all-specimen anal-
ysis. PC3 through PC10 cumulatively account for only
24.19% of the variance and do not reveal any noteworthy
patterns when plotted against each other. The vertebrae
in the upper left quadrant are characterized by high CSA,
high BV.TV, high CL, high Tb.Th, and high connectivity.
The upper right quadrant is characterized by high MIL
and SLD, high Tb.N, high Conn.D, and low CL. The
lower right quadrant contains the majority of vertebrae

and is characterized by low CL, high Tb.N, high Conn.D,
and low MIL and SLD. The lower left quadrant has the
fewest vertebrae. These specimens are characterized by
high GC, high BV.TV, low Tb.N, and low MIL and SLD.

As in the all-specimen PC space, intrageneric varia-
tion lies along PC2 whereas intergeneric variation lies
along PC1. The range of Tamandua differs the most from
the all-specimen PC space (Figure 6b). In the captive
specimen PC space, Tamandua occupies a smaller range
of PC1 values while maintaining a similar range along
PC2. Myrmecophaga vertebrae are the only vertebrae
found in the upper left quadrant of the PC space. They
have much more variation along PC2 than PC1. Dasypus,
Tolypeutes, Zaedyus, and Cyclopes occupy similarly
shaped regions of morphospace as seen in the all-
specimen PC space although the absolute sizes of these
spaces are smaller. Bradypus and Choloepus group in the
lower right quadrant, close to the origin.

Grouping zoo specimens by ecology results in more
distinct groups with smaller ranges than in the
all-specimen space (Figure 6e). The scratch digging
specimens have a much smaller range than in the
all-specimen space. Their variation is primarily along
PC2 whereas they remain entirely on the positive half of
PC1. Arboreal specimens again group in the lower right
quadrant, near the origin, but with a slightly larger range
than in the all-specimen PC space. The hook-and-pull
digging specimens have the largest range with variation
along almost all of PC2 but only along the negative
values of PC1.

3.1.3 | Wild specimen PCA

PC1 of the wild specimen PC space explains 53.0% of the
variance (Figure 6c,f,i; Table S1). It is primarily defined
by Tb.N, Conn.D, and CL and secondarily defined by Tb.
Th, BV.TV, GC, and CSA. PC2 explains 17.8% of the vari-
ance and is defined by MIL and SLD. PC3 through PC10
cumulatively account for only 29.22% of the variance and
do not reveal any noteworthy patterns when plotted
against each other. When grouped by genus, PC2
explains most of the intraspecific variation whereas PC1
explains most of the interspecific variation (Figure 6c).
The vertebrae in the upper left quadrant of the wild spec-
imen PC space are characterized by high CSA, high CL,
high connectivity, and high MIL and SLD. The upper
right quadrant contains vertebrae with high Tb.N, high
MIL and SLD, high Conn.D, and low CL. Most of the ver-
tebrae are found in the lower right quadrant and have
high Tb.N, low CL, and low MIL and SLD. The fewest
vertebrae are found in the lower left quadrant. They have
high GC, high BV.TV, high CL, and high Tb.Th.
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Myrmecophaga occupies a much smaller range than
in the other PC spaces, with variation along the middle
of PC2 and the negative values of PC1. Priodontes
occupies a slightly larger range in the wild PC space than
in the all-specimen PC space, but it is centered in the
same place on the plane. Chlamyphorus, Tolypeutes, and
Cyclopes still occupy very narrow ranges along PC1 and
larger ranges of PC2. Dasypus occupies the largest range
along PC2, spanning almost the entire range of data
points while having a relatively small range along PC1.
Bradypus, Choloepus, and Tamandua have overlapping
ranges close to the origin, but within the lower right
quadrant.

Ecological groups overlap more in the wild specimen
PCA than in the captive specimen PCA and the all-
specimen PCA (Figure 4f). The arboreal specimens have
the smallest area of the PC space, which is the same
shape as that occupied by the arboreal specimens in the
all-specimen PC space. The scratch diggers occupy the
largest range, covering the positive values of PC1 and
PC2. Hook-and-pull diggers occupy a small range of PC2
near the axis but a large range of PC1 within the negative
half of the PC space.

3.2 | MANOVA and MANCOVA

When considering the entire dataset, body size and cap-
tivity status have a significant impact (α ≤ 0.05), on bone
microstructure for all models (Table 2). The bone micro-
structure of captive and wild specimens differ signifi-
cantly for all vertebral positions with body size as a
covariate when compared as a whole dataset (Table 2).
Body size also has a significant impact on bone structure
when captivity and body size are used as factors. The
three ecological groups, arboreal, scratch digging, and
hook-and-pull digging, are not significantly different for
any vertebral position or model (Table 2). However,
when body size, captivity status, and ecology are

considered, captivity*ecology is only significant for the
first three vertebral positions included in this analysis
(Table 2).

When comparing captivity status within genera,
Tamandua (p = 0.013) and Dasypus (p = 0.008) had sig-
nificantly different captive and wild bone microstructure
(Table 3). The bone microstructure of captive Choloepus
(p = 0.284) and Cyclopes (p = 0.118) specimens did not
differ significantly from the wild specimens (Table 3).
Vertebral position significantly impacted the bone micro-
structure of Dasypus specimens (p = 0.015). Vertebral
position was not significant for any other genus exam-
ined (Table 3).

3.3 | Direct comparisons

BV.TV was the most informative metric for direct com-
parisons between zoo specimens and wild specimens and
for visualizing patterns along the vertebral column
(Figure 4; see Figures S4–S14 for trajectories of all metrics
and all genera). In the PCA of all specimens, BV.TV lies
almost exactly along PC1 with higher BV.TV in the nega-
tive direction. Because some of the genera are represen-
ted by only captive specimens, only wild specimens, or by
very few specimens, our comparisons focus on Dasypus,
Myrmecophaga, Tamandua, Cyclopes, Bradypus, and
Choloepus (Figure 4). These genera show differing pat-
terns of variation in BV.TV along the vertebral column,
and the type and magnitude of the effect of captivity also
varies by genus. BV.TV in Dasypus consistently increases
to a peak at pre-sacral position ps2 or ps3, then decreases
to a minimum at ps4 or ps5 before slightly increasing at
the end of the vertebral column (Figure 4a). This pattern
is followed in all of the specimens we measured, but the
zoo specimens have lower BV.TV than wild specimens
(Figure 4a). The two wild specimens follow almost
exactly the same trajectory whereas the three zoo speci-
mens have a larger range (22.1–50.5% for zoo specimens;

TABLE 3 Nonparametric multivariate analysis of variances (MANOVAs) by genus

Genus Factors examined Degrees of freedom Wilks lambda permutation p-value (α ≤ 0.05)

Dasypus Captivity 1 0.008*

Position for analysis 5 0.015*

Cyclopes Captivity 1 0.118

Position for analysis 5 0.981

Tamandua Captivity 1 0.013*

Position for analysis 5 0.619

Choloepus Captivity 1 0.284

Position for analysis 5 0.385

*indicates significance (α ≤ 0.05).
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FIGURE 7 (a) Bone volume fraction of Myrmecophaga and Tamandua specimens. CT slices are example captive or wild vertebrae

(dorsal to top). Each line represents a single specimen. Scale bars for Myrmecophaga are 1 cm. Scale bars for Tamandua are 5 mm. (b) 3D

renderings of example captive and wild Myrmecophaga vertebrae with captive specimen surrounded by a dashed box (cranial to left).

Pathology on the captive vertebrae is highlighted in teal. Scale bars = 5 mm. (c) 3D renderings of example captive and wild Tamandua

vertebrae with captive specimen surrounded by a dashed box (cranial to left). Pathology on the captive vertebrae is highlighted in teal. Scale

bars = 4 mm. L, lumbar; T, thoracic
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34.4–58.1% for wild specimens) (Figures S2 and S3). In
Dasypus, wild specimens have higher ranges for Tb.N,
GC, MIL, and SLD (Figure S3).

In most Myrmecophaga specimens, BV.TV decreases
consistently along the vertebral column (Figure 4b). One
zoo specimen has higher BV.TV than the wild specimens
and one zoo specimen has lower BV.TV than the wild
specimens with a minimum BV.TV at ps4. BV.TV ranges
from 55.0 to 84.3% for captive specimens and from 67.7 to
78.0% for wild specimens. Captive specimens of
Myrmecophaga have a higher range of Tb.Th and GC
than wild specimens (Figure S2). Myrmecophaga captive
specimens have a lower range of Tb.N, CSA, and MIL
than wild specimens (Figure S3). All of the captive speci-
mens of Myrmecophaga that we examined had a bone
pathology that likely affected their bone microstructure
(Figure 7).

BV.TV decreases along the vertebral column in most
Tamandua specimens (Figure 4c). Although this pattern
holds for most specimens, two zoo specimens have much
more chaotic trajectories, one peaking at ps4 and the
other at ps5. Three of the zoo specimens have higher BV.
TV than the wild specimens, but one zoo specimen
mostly lies within the range of wild specimens. The wild
specimens follow similar trajectories and have a small
range of values, whereas the zoo specimens have a

very large range (33.6–88.5% for zoo specimens and
37.3–59.0% for wild specimens). Captive specimens of
Tamandua have larger ranges for all of the numeric vari-
ables except SLD and Conn.D (Figure S3). Tb.Th, GC,
and CSA are higher in captive specimens than in wild
specimens whereas Tb.N is higher in wild specimens
(Figures S3 and S5–S8). The differences in range and
pattern are likely due to vertebral hyperostosis
(Crawshaw & Oyarzun, 1996), a pathology seen in all of
the Tamandua zoo specimens in our dataset and in the
FMNH mammalogy collections as a whole (Figures 7
and 8).

Unlike in Dasypus, Myrmecophaga, and Tamandua,
BV.TV in Cyclopes, Bradypus, and Choloepus has no clear
patterning along the vertebral column and no clear differ-
ence between zoo and wild specimens. Cyclopes speci-
mens all have different patterns along the vertebral
column (Figure 4d). Zoo specimens of Cyclopes tend to
have lower BV.TV than wild specimens (12.9 to 45.4% for
zoo specimens and from 25.1 to 50.4% for wild speci-
mens), but this pattern is less consistent than in Dasypus.
The ranges for Tb.N, Tb.Th, CSA, MIL, and CL are very
similar for captive and wild specimens of Cyclopes
(Figures S2 and S3). Bradypus specimens have no clear
pattern along the vertebral column (Figure 4e). The sin-
gle zoo specimen of Bradypus falls within the range of

FIGURE 8 (a) μCT scan slice of L1 of wild Tamandua mexicana FMNH 18835 with three inset boxes demonstrating how the density of

trabecular bone changes along the vertebral centrum (cranial to top). Inset boxes are recolored representations of trabecular bone with bone

in yellow and intertrabecular space in teal. (b) μCT scan slice of L1 of captive Tamandua tetradactyla FMNH 186913 with three inset boxes

demonstrating how the density of trabecular bone changes along the vertebral centrum (cranial to top). Inset boxes are recolored

representations of trabecular bone with bone in yellow and intertrabecular space in teal. Scale bars = 2 mm. L, lumbar
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the wild specimens. BV.TV ranges from 32.2 to 42.5% in
zoo specimens and from 7.17 to 52.9% in wild specimens.
The ranges of other numeric variables look different
between captive and wild specimens but there is only one
captive specimen of Bradypus, making the ranges of zoo
specimens much smaller (Figure S3). The BV.TV of
Choloepus specimens show unpredictability along the col-
umn similar to Bradypus (Figure 4f). BV.TV ranges from
21.6 to 45.1% in zoo specimens and from 27.5 to 54.9% in
wild specimens. The ranges of captive and wild speci-
mens for each metric overlap almost entirely (Figure S3).
The ranges for wild specimens tend to be smaller than
the captive specimen ranges, but this is likely due to the
difference in sample size between the two groups.

4 | DISCUSSION

In this work, we compared the bone microstructure of the
vertebrae between wild and captive xenarthran specimens.
We found that captivity has a significant impact on the
bone microstructure of these organisms, but that the differ-
ences between the bone microstructure of captive and wild
specimens are taxonomically variable and depend on loco-
motor ecology, body size, and pathology (Table 2). Non-
pathological zoo specimens tend to have lower BV.TV, Tb.
N, and GC than their wild counterparts, but this varies
with species, vertebral position, and ecology (Figures 4, S4,
S6 and S7). These metrics imply that wild specimens have
stronger trabecular bone (Huiskes et al., 2000; Kivell, 2016;
Silva & Gibson, 1997). Bone microstructure in captive spec-
imens also varies in less predictable patterns along the ver-
tebral column, possibly due to lower activity levels and
stereotypies (Joo et al., 2003; Mason, 1991; Ruff et al., 2006;
Willie et al., 2020).

The digging genera, Dasypus, Tamandua, and
Myrmecophaga have the clearest difference between cap-
tive and wild specimens (Table 3). Dasypus novemcinctus,
the nine-banded armadillo, is a mid-sized armadillo that
uses scratch-digging as its primary foraging technique
(Clerici et al., 2018; Olson et al., 2016). The consistent
pattern of BV.TV along the vertebral column implies that
there are similar force loadings between individuals
(Figure 4a). The activities performed in life seem to have
the same loading pattern regardless of captivity, but a
lower magnitude of force could cause the lower values of
BV.TV in captive specimens (Guo & Kim, 2002; Huiskes
et al., 2000). Because of their restricted environment, cap-
tive Dasypus likely forage less, and less strenuously than
their wild counterparts (Ancona & Loughry, 2009; Clerici
et al., 2018). This is probably related to their lower mean
BV.TV, Tb.Th, GC, and MIL when compared to wild
specimens (Figures S3–S5, S7, and S9). The lower activity

level inherent in a captive lifestyle would decrease exter-
nal loads on their vertebrae, likely resulting in less robust
trabeculae (Joo et al., 2003; Ruff et al., 2006). This expec-
tation is supported by the significant difference
(p = .008) between captive and wild specimens in a non-
parametric MANOVA (Table 3). More detailed behavioral
comparison between wild and captive Dasypus will help
establish the causality of this relationship.

One would expect a similar pattern of decreased BV.
TV in zoo specimens of Tamandua, the lesser anteater.
This anteater is both a digger and an arborealist with a
prehensile tail. It uses hook-and-pull digging to forage for
termites and other colonial insects in the ground, in trees,
and in termite mounds (Hayssen, 2011; Navarrette &
Ortega, 2010). Although the body size and activity level
of Tamandua are comparable to those of Dasypus, the
two genera exhibit distinct patterns in their vertebral
gross morphology and microstructure: the pattern along
the vertebral column has a more linearly decreasing tra-
jectory in Tamandua, and the zoo specimens of Taman-
dua have a much larger range of BV.TV than Dasypus
(Figure 4b). This is at least partially due to the fact that
all captive specimens of Tamandua in the FMNH mam-
malogy collection present vertebral hyperostosis, an over-
growth of bone on the ribs and vertebrae (Figure 7).
Vertebral hyperostosis is caused by hypervitaminosis
A. When captive Tamandua are given food with too
much vitamin A and vitamin D, they experience an over-
growth of bone on their ribs and trunk vertebrae, causing
pain, kyphosis, and occasionally hind limb paralysis
(Crawshaw & Oyarzun, 1996). Mineralization of soft tis-
sue and vertebral hyperostosis has been reported in both
captive and wild anteaters in Brazil and in captive sloths
(Arenales et al., 2020; Han & Garner, 2016).

Vertebral hyperostosis presents as somewhat jagged
sections of bone on the vertebral centra and on the ribs
(Figure 7c). This bone is made up of entirely compact
bone; the original outline of the centrum is clearly visible
in the μCT slices (Figure 7a). In addition to the external
indications of vertebral hyperostosis, this pathology cau-
ses changes in the bone microstructure that have not
been reported in previous work. There is a significant dif-
ference (p = .013) between the bone microstructure of
captive and wild Tamandua vertebrae (Table 3). Captive
Tamandua have TBA with higher Tb.Th, BV.TV, and
GC, and lower Tb.N, and a much larger range of MIL
than their wild counterparts (Figures S3–S7 and S9). The
trabeculae are thicker with no consistent anisotropic pat-
tern (Figures 6a and S10). The captive specimens of
Tamandua have a much larger range of BV.TV than any
of the other genera (Figure 4a). In healthy Tamandua
vertebrae, there is a craniocaudal gradient of BV.TV, with
smaller intertrabecular spaces closer to the epiphyses
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and larger intertrabecular spaces toward the middle of
the vertebral centrum, further from the epiphyses
(Figure 8a). Tamandua vertebrae with vertebral hyperos-
tosis lack this gradient: the intertrabecular space varies
throughout the vertebral centrum with no gradient or
pattern along the craniocaudal axis (Figure 8b). The dif-
ferences in the bone microstructure of these anteaters are
possibly due to a combination of effects of the pathology
and the secondary effects of the pathology on activity
level and activity type (Crawshaw & Oyarzun, 1996).

Myrmecophaga tridactyla, the giant anteater, is a
hook-and-pull digger that primarily eats ants. It is large-
bodied and highly active in the wild, using knuckle walk-
ing to roam across large home ranges (Gaudin
et al., 2018). BV.TV for Myrmecophaga decreases along
the vertebral column for all specimens, similar to the pat-
tern seen in Dasypus (Figure 4c). Giant anteaters are
common in zoos, but in captivity they are fed much
richer diets, are kept in enclosures far smaller than their
native ranges, grow more quickly, and occasionally
develop bone pathologies on their trunk vertebrae
(Figure 7b) (Shaw et al., 1987). The lack of space, lower
activity level, diet, pathology, and stereotypies all likely
contribute to the more unpredictable patterns of BV.TV
for captive specimens, similar to those seen in Tamandua
(Figure 7a). These similarities likely also lead to similar
patterns in Tb.Th, Tb.N, and GC for these two genera of
anteaters: the range of Tb.Th is far larger for zoo speci-
mens than for wild specimens; zoo specimens of both
genera have lower Tb.N than wild specimens; and GC
consistently decreases along the vertebral column, with
zoo specimens having higher GC than wild specimens
(Figures S3, S5–S7). Their larger body size likely accounts
for the fact that their BV.TV is far higher than the other
specimens examined here (Amson & Bibi, 2021). Because
there are no healthy, captive individuals of Tamandua or
Myrmecophaga available to us, disentangling the impact
of captivity from the impact of this bone pathology is not
possible. Captivity could have impacts on bone micro-
structure beyond the effects of vertebral hyperostosis or
osteoarthritis, but further studies including healthy cap-
tive individuals are needed to address this.

The other three genera used to compare captive and
wild individuals have little discernible pattern either
along the vertebral column or between captive and wild
specimens. The clearest pattern of the three belongs to
Cyclopes didactylus, the silky anteater. This very small
anteater is arboreal with a prehensile tail, eating ants for-
aged from trees (Hayssen et al., 2012). Each specimen dis-
plays little variation along the vertebral column. Wild
specimens have higher and less variable TBA metrics
than captive specimens, but this pattern is less visible in
the direct comparisons than for Dasypus, Tamandua, and

Myrmecophaga (Figures 7d and S3; Table 3). Behavior-
ally, Cyclopes lies between the more active Tamandua,
Myrmecophaga, and Dasypus and the slow-moving, sus-
pensory sloths, Bradypus and Choloepus, and their TBA
patterns are similarly intermediate between the clear pat-
terns of the more active genera and the unpredictability
of the sloth patterns (below). Similar research on the cor-
tical compactness of slow arboreal mammals has found
that the cortical metrics of Cyclopes resemble those of
sloths due to low metabolic rate (Alfieri et al., 2020;
Nagya & Montgomery, 2012).

Like captive anteaters, Bradypus and Choloepus have
unpredictable bone microstructure, but potentially for
different reasons. These two genera of sloths are
entirely suspensory, spending their whole lives upside-
down in trees (Hayssen, 2009, 2010, 2011). Because of
this lifestyle, their lumbar vertebrae are probably held
in tension more than compression, unlike most other
mammals. This would likely change the TBA of these
vertebrae, but more specific research is needed to deter-
mine the effects of sloth posture on vertebral TBA
(Røhl et al., 1991). Additionally, their slow, solitary,
arboreal behavior should be fairly easy to recreate in
zoos, minimizing the difference between the stresses
caused in captive and wild environments (Kelleher &
Ferguson, 2019; Raines, 2005). This may explain the
similarities between captive and wild specimens of
these genera (Figures 4e,f and S3).

Together, these findings demonstrate that the differ-
ences between captive and wild environments have
impacts on TBA, and bone microstructure more gener-
ally. Because these differences are likely caused by a wide
variety of factors including diet, activity level, pathol-
ogy, and stereotypies, there is no simple way to account
for this variation in research moving forward. The dif-
ferences in bone microstructure depend on both char-
acteristics of the animals and how they were treated in
captivity during their lifetime. Therefore, caution
should be exercised when using captive specimens in
functional morphology research because the effects of
captivity could be misinterpreted as functional signals,
or the lack of functional signal where one should exist.
These findings additionally imply that further progress
is needed to properly recreate the habitats, diets, and
behaviors of wild animals in zoos with specific focus
on the very particular dietary and activity needs of
Xenarthrans.
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