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The Tasmanian tiger or thylacine (Thylacinus cynocephalus)
was an iconic Australian marsupial predator that was hunted
to extinction in the early 1900s. Despite sharing striking
similarities with canids, they failed to evolve many of the
specialized anatomical features that characterize carnivorous
placental mammals. These evolutionary limitations are thought
to arise from functional constraints associated with the
marsupial mode of reproduction, in which otherwise highly
altricial young use their well-developed forelimbs to climb
to the pouch and mouth to suckle. Here we present the
first three-dimensional digital developmental series of the
thylacine throughout its pouch life using X-ray computed
tomography on all known ethanol-preserved specimens. Based
on detailed skeletal measurements, we refine the species
growth curve to improve age estimates for the individuals.
Comparison of allometric growth trends in the appendicular
skeleton (fore- and hindlimbs) with that of other placental
and marsupial mammals revealed that despite their unique
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adult morphologies, thylacines retained a generalized early marsupial ontogeny. Our approach also
revealed mislabelled specimens that possessed large epipubic bones (vestigial in thylacine) and
differing vertebral numbers. All of our generated CT models are publicly available, preserving their
developmental morphology and providing a novel digital resource for future studies of this unique
marsupial.

1. Background

The thylacine (Thylacinus cynocephalus, Harris 1808) was a large Australian marsupial mammal known
from the island state of Tasmania, commonly referred to as the Tasmanian tiger or marsupial wolf due to
its striped lower back and dog-like appearance (figure 1). Once ranging throughout Australia and New
Guinea [1] (figure 1a), the thylacine disappeared from the mainland around 3000 years ago, probably
through competition and predation by humans [2,3] and dingoes [4,5]. A remnant thylacine population
became isolated on Tasmania before they were hunted to extinction in the early twentieth century, with
the last known individual dying in captivity in Hobart Zoo in 1936 [6].

1.1. The thylacine was a unique marsupial predator

The thylacine, a member of the order Dasyuromorphia, was the largest marsupial carnivore to survive
into modern times. Growing up to 35kg and nearly 2m in length, the thylacine was three times larger
than the Tasmanian devil (Sarcophilus harrisii) [7] and possessed unique morphological and behavioural
traits associated with a predatory lifestyle. Its overall appearance displayed several independently
evolved similarities with placental canids (dogs and wolves), despite the two groups last sharing a
common ancestor approximately 160 million years ago [8]. These homologies were especially evident
in the thylacine skull, which exhibited numerous convergent adaptions to a carnivorous ecology [9-
11], especially when compared to its closest living relative the insectivorous numbat (Myrmecobius
fasciatus) and other dasyurids, e.g. Tasmanian devil [12]. These include an elongated dog-like snout,
long canine teeth and shearing premolars, and a pronounced sagittal crest for muscle attachment [5].
Recent comparisons of three-dimensional cranial shape between the thylacine and other fossil and living
mammals showed that this degree of morphological similarity is similar to that found in other textbook
examples of phenotypic convergence, making the thylacine-canid comparison an exceptional model of
convergent evolution among distantly related taxa [12].

Postcranially, the thylacine also possessed several unique skeletal characteristics distinguishing it
from other marsupials. Different numbers of sacral (two instead of the usual three) and caudal (23—
25 instead of 20-21) vertebrae separate it from its extant dasyurid relatives [13], and many aspects of
its forelimb anatomy appear unlike other meat-eating mammals. For example, the shape of its distal
humerus and radius bones indicates supination of the elbow joint and hand—a more generalized
mammalian condition that is lost in cursorial pounce and pursuit predators [14,15]. It also experienced an
evolutionary reduction of the epipubic bones and clavicles (both present in ancestral mammals), possibly
related to its locomotion although this remains speculative [13,16,17]. While these attributes may have
assisted in the thylacine’s role as a generalist predator, it is unclear to what extent the marsupial mode
of reproduction constrained its ability to evolve the more specialized anatomical features as seen in
placental carnivorans.

1.2. Marsupial reproduction and pouch young development

Marsupials give birth to highly altricial young that undertake an extensive crawl from the urogenital
sinus into the mother’s pouch where they attach to a teat to continue their development [18]. A
fundamental consequence of this reproductive strategy is that certain skeletal elements undergo
accelerated development relative to the rest of the body, described as heterochrony. As a result of these
early constraints, marsupial neonates exhibit advanced ossification of the forelimbs, shoulder girdle,
and facial skeleton at an earlier stage of development than their placental counterparts [19-22]. This
is thought to have restricted their evolutionary potential to develop into the diverse range of adult
morphologies observed in other mammals [9,23,24]. The retention of a more flexible (supinated) forelimb,
as described above, may reflect this developmental constraint [14,15].
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Figure 1. The thylacine. () Pair of adult thylacines, photograph taken from the US National Zoological Park. The scientific name,
Thylacinus cynocephalus, translates to ‘dog-headed pouched-dog’, indicating the marsupial’s extraordinary resemblance to canids (dogs
and wolves), while its striped coat earned it the common name Tasmanian tiger. Inset map shows the historic range throughout Australia
and New Guinea (orange), with the final population isolated in Tasmania (red). Map adapted from work by John Tann CCBY 4.0. (b) Adult
thylacine skeletal morphology (Rodney Start CCBY 4.0).

The thylacine, like many other quadrupedal terrestrial marsupials, had a backwards-facing
abdominal pouch in which it raised litters of up to four young at a time [7]. After one month of gestation
in the uterus, the newborn young crawled into the pouch to continue their development while attached
to the teat. The pouch young are thought to emerge after a 12 week period, before permanently leaving
the pouch after 16 weeks [6,25-27]. While general changes in thylacine skeletal proportions from the
juvenile to adult stage have been documented [28], the ontogenetic events that underlie their unique
skeletal development during life in the pouch remain largely unknown.

1.3. Limited availability of thylacine pouch young specimens

The spurious reputation of the thylacine as a sheep killer gained notoriety among early European settlers,
leading to its persecution throughout the late nineteenth and early twentieth centuries [6]. Although the
predatory nature of the thylacine condemned the animals as vermin, their uniqueness also made them
highly sought-after specimens in private and institutional collections, stimulating the trading of whole
animals, bones and pelts worldwide [6,27]. Prior to their demise in the early 1900s, over 803 wet and
dry specimens were collected and stored in 116 museum and university collections over 23 countries,
catalogued in the International Thylacine Specimen Database [27]. In contrast, only 13 registered ethanol-
preserved thylacine pouch young are known to date, representing six stages of postnatal development
(figure 2) [25,27]. As these individuals are the only preserved pouch young specimens ever likely to be
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Figure 2. (a—f) Thylacine pouch young specimens scanned in this study. (a) DZCU8021.1 from a litter of four specimens from Charles
University. (b) NMV (5755 from a litter of three specimens from Museums Victoria. (c) A931, one of two similarly aged specimens, and
(d) A930, a single individual from the Tasmanian Museum and Art Gallery (TMAG). (e) P762, the largest known thylacine pup from
the Australia Museum. () TMAG A934, one of two documented specimens determined to be another species in this study. *Scale
bars = 10 mm. *See results §3.3.

available, they provide a limited yet powerful opportunity to scrutinize the postnatal development of
this extraordinary marsupial during a critical phase of its life.

X-ray micro-computed tomography (CT) has become an increasingly popular technique for studying
the skeletal anatomy of whole specimens, as it permits visualization of internal features in high
resolution without causing damage to the object. In this study, we apply CT to the thylacine
pouch young specimens to reconstruct their postnatal ontogeny and generate the first digital
developmental series of this extinct marsupial predator. Our high-resolution three-dimensional dataset
highlights the skeleton, soft tissues and organs, while providing an overview of anatomy and
developmental events that occurred during pouch life. Using precise morphometric measurements
of the CT models, we infer the age of each specimen, describe skeletal development and
ontogenetic changes, and investigate allometric growth patterns of the thylacine limbs including
the identification of limb heterochrony relative to other placental and marsupial mammals. This
study provides a developmental framework for identifying the ontogenetic factors underlying the
thylacine’s unique position among mammals, and together with the recently sequenced thylacine
genome [12] offers exciting new opportunities to study the biology of this unique marsupial apex
predator.

2. Material and methods

2.1. Sourcing of material

We used the International Thylacine Specimen Database [27] to locate all known existing thylacine pouch
young. Specimens were sourced from Charles University in Prague, Czech Republic (DZCU), and from
the following Australian institutes: Museums Victoria (NMV), The Tasmanian Museum and Art Gallery
(TMAG), and the Australian Museum in Sydney, New South Wales (AMS) (table 1). As most of the
collections contained similarly aged individuals from various litters of young, we gave preference to
male individuals for sampling due to the slight sexual dimorphism in marsupials [13]. The exceptions
to this were the single Australian Museum specimen, which is female, and the DZCU specimens, where
the sex of the young is unknown.
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2.2. Pouch young specimen details

The youngest thylacine specimens were recently discovered in the Zoology Department of Charles
University, Prague, labelled as DZCU8021 (table 1 and figure 2a), and represents a complete litter of four
siblings [25]. Little information is known about the origin of the specimens other than their acquisition
into the collection in 1897. The specimens have been previously estimated as <2 weeks old based on
crown-rump length (CRL) measurements [25].

The next complete litter of young is found in the collection of Museums Victoria, Australia, labelled
(C5754-C5757 (table 1). The specimens represent a full litter of four pouch young that were received with
their mother (C5752) in 1909. All four pouch young were removed from the pouch (and probably the
nipples) after their mother was killed in the wild. Of the four young, three remain intact, as the fourth,
C5754, was serially sectioned in 1994 and now exists as a series of histological slides. Of the remaining
three specimens, C5755 is male (figure 2b) and C5756 and C5757 are females. The specimens are estimated
to be 4 weeks old based on CRL [25].

The most diverse collection of pouch young exists in Tasmanian Museum and Art Gallery (TMAG),
although the ages of the specimens were not known. This collection contains young from three separate
litters (table 1): one litter containing one young male and a female sibling (A931 and A932, respectively;
figure 2c), one litter with two slightly larger pouch young, one with undetermined sex and one male
(A933 and A934, respectively; figure 2f), and one litter with one well-developed male pup (A930,
figure 2d). The A930 specimen was brought to TMAG with its female sibling (location currently
unknown) and mother as a bounty animal (wild caught) from Campbell Town in 1902.

Finally, a single thylacine pouch young specimen is stored at the Australian Museum in Sydney
(table 1). The specimen is a female (P762, figure 2¢) and is estimated to be approximately 12 weeks
old based on X-ray analyses of tooth eruption and CRL [25]. This is the most developed pouch young
specimen in any of the collections, and is thought to have started its transition out of the pouch [6]. The
specimen was donated to the Australian Museum by the Royal Society of Tasmania in 1866 during an
Australian Museum collecting trip led by George Masters. This date of collection makes it the oldest
known preserved specimen at over 150 years old.

2.3. (T scanning and digital reconstruction

Details of CT parameters are given in table 1. Each specimen was scanned over 360° at varying
resolutions using different targets and filters to maximize contrast in the soft tissues. The DZCU
specimens were scanned at the Czech Centre for Phenogenomics (Institute of Molecular Genetics ASCR,
v.v.i.), Vestec CZ, in a SkyScan 1176 (Bruker microCT, Belgium). The specimens exist as a mounted series
of four young suspended in a glass cylinder attached by thread [25] which was placed inside the scanner.
All other specimens were scanned at the TrACEES platform, School of Earth Sciences, University of
Melbourne, in a phoenix nanotom m (General Electric, USA). Each specimen was wrapped in bubble
wrap and mounted in a PVC pipe to minimize movement. The larger individuals (A930 and P762)
required 3 and 4 scans, respectively, to capture the full body. These scans were subsequently merged
in Avizo (FEI).

Reconstruction of the DZCU specimens was performed in NRecon 1.6.9.15 (Bruker microCT, Belgium)
with parameters for smoothing, ring artefact correction and beam hardening correction of 3, 19, and 4%,
respectively. The reconstructed three-dimensional volume was exported as a tagged image file format
(tiff) stack for further analysis. Automatic noise reduction, thresholding, fluid shape ROI selection, and
transposition to three-dimensional matrix were performed with the help of CT analyser 1.16.4.1 (Bruker
microCT, Belgium). To ease data operation, original files were downscaled to 25% of their original
size in Fiji [29], which also served for converting the data for itk-SNAP 3.6 [30] for three-dimensional
segmentation of bony elements. Reconstruction of the Australian specimens was performed in datos|x
reconstruction software (GE Sensing & Inspection Technologies GmbH, Wunstorf, Germany). VGStudio
Max 3.0 (Volume Graphics GmbH, Germany) and Avizo were used for volume rendering of the three-
dimensional CT data, segmentation, and creation of surface meshes. Surface models were re-meshed
and simplified in Meshlab (Visual Computing Lab, ISTI, CNR). For organ identification and rendering,
subsampled tiff stacks of the specimens were imported into Fiji [29]. Organ layers were visualized in
individual slices and highlighted. The altered tiff stacks were reimported to Avizo, which was used for
interpolating the segmentation of the layers to a three-dimensional volume. Segmented organs were then
visualized by overlaying them in the existing volume using various false colour maps.
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Figure 3. Specimen measurements and age determination of pouch young. (a) Linear measurements used in the present study. (b)
Linear regressions of crown—rump length (CRL) and head length (HL) versus age in weeks for each litter of specimens (taken as the
average length) scanned in this study. Ages of the NMV and TMAG (A930, A931) specimens (circles) were calculated and adjusted
from previously defined ages of DZCU and AMS (P762) specimens (squares) [25]. Age estimates of the individuals showed a strong
linear relationship between age and CRL/HL, as indicated by high R? values. Error bars for DZCU and NMV specimens are not visible
due to the small size variation between littermates (less than 2.5 mm). Th = thoracic vertebrae, Lu = lumbar vertebrae, TL = trunk
length, Sc = scapula, Pv = pelvis, SL = stylopod (humerus/femur), ZL = zeugopod (radius/tibia), AL = autopod (carpals/tarsals),
FL++HL = forelimb, hindlimb length.

CT models of the above specimens are publicly available as stacks of reconstructed tiffs (http://dx.
doi.org/10.5061/dryad.5h8k3 [31]), which can be imported into various free and proprietary software
for visualization and analysis. In addition, three-dimensional surface models of each specimen can be
found in the electronic supplementary materials.

2.4, Age estimation

The approximate ages of the Prague (DZCU), Museums Victoria (NMV) and Australian Museum
(AMS) specimens have been previously estimated based on gross morphology and external length
measurements [25]; however, the ages of the TMAG specimens remain unknown. We recorded
crown-rump length (CRL) and head length (HL) measurements for each of the scanned individuals
(n=10) across all litters directly from the reconstructed three-dimensional volumes using the polyline
measurement tool in VGStudio Max3.0 (Volume Graphics GmbH, Germany) to obtain precise
measurements to the nearest micrometre (figure 3a). Length measurements for multiple individuals of
the same litter were averaged and standard error was calculated (figure 3b). CRL and HL of the DZCU
(n=4) and AMS (n=1) specimens with reported ages [25] were used to calibrate the series. CRL and
HL for each of the remaining specimens (1 = 5) were plotted on the curve. Age estimates were calculated
and adjusted based on the best fit of the measurements to the regression line (figure 3b).

2.5. Allometric scaling

Changes in the proportions of body parts during growth, known as allometry, are common in
mammals and are thought to underlie morphological diversification within and among species [32-
35]. The highly altricial birth of marsupial neonates, in which only the musculoskeletal systems of the
anterior postcranium (forelimbs, shoulder girdle) and oral apparatus are well developed, implies that
the majority of allometric changes occur inside the pouch and are potentially limited by functional
constraints in early ontogeny (see references in [36]). However, how these regions scale with each other
and with body size in general is largely unknown in carnivorous marsupials, which may experience
different selection pressures related to feeding and locomotion than do placentals and other non-
carnivorous marsupials. We therefore examined allometric growth patterns of the thylacine pouch young

during ontogeny, and compared them to the observed developmental trajectory in juveniles through to
adulthood [28].
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We recorded skull (condylobasal length), forelimb (sum of the length of the humerus, radius and
third metacarpus), scapula (anterior to posterior point), hindlimb (sum of the length of the femur, tibia
and third metatarsus), pelvis (anterior to posterior point), and trunk length (sum of the length of the
thoracic and lumbar vertebrae) (figure 3a) to match previously published juvenile and adult growth data
[28]. Body proportions were calculated as the length of each component divided by trunk length, given
as a percentage of specimen’s total trunk length (% TL), and compared across all developmental time
points.

We also examined allometric scaling of the limb long bones throughout the entire ontogeny of the
thylacine using methods described by Kilbourne & Makovicky [33]. We recorded length (mean of left
and right bone) and circumference (the mean of the anterior—posterior and medial-lateral width of the
midshaft *7t) of the long bones of the forelimb (humerus and radius) and hindlimb (femur and tibia).
Pouch young long bone measurements were taken from the digital reconstructions using the poly-
line tool in VGStudio Max 3.0 (Volume Graphics GmbH, Germany) and similar tools in CT analyser
1.16.4.1 (Bruker microCT, Belgium) and tpsDig?2 [37]. Juvenile and adult long bones were measured from
specimens within the collection at Museums Victoria using digital callipers and a flexible tape measure.

To test for allometric scaling, length and mid-shaft circumference of each long bone were natural log-
transformed and used to generate reduced major axis (RMA) regression slopes. Natural log-transformed
data were input into RMA v. 1.21 [38] and slopes with 95% confidence intervals (Cls) were generated
using 10000 bootstraps. Cases in which both the slope and CI were greater than 1.0 were considered
as positive allometry (growing more slender), 1.0 as isometry (maintaining a constant proportion),
and below 1.0 as negative allometry (growing more robust) [33]. Allometric scaling of thylacine long
bones was compared with other published datasets containing similar measurements of placental and
marsupial mammals.

3. Results and discussion

3.1. Developmental staging of specimens

To determine the ages of the unknown specimens, we reclassified the complete series of known pouch
young using CRL and HL measurements to establish a growth trajectory. CRL is used as the most
accurate means of ageing developing marsupial pouch young, as it has been shown to be linear with
age in dunnarts [39], Tasmanian devils [40], quolls [41], bettongs [42] and tammar wallabies [43]. We
calibrated the growth series using the previously estimated ages of the youngest DZCU specimens (<2
weeks) and oldest AMS specimen (12 weeks) [25] (figure 3b, squares). TMAG specimen A934 was omitted
from the series due to its unusual morphology (see §3.3). To fit the regression line we interpolated
and adjusted the <2 week age estimate for the DZCU specimens to 1.5 weeks, and retained the AMS
specimen’s estimate of 12 weeks based on X-ray analysis of skull and dentition [25]. We then adjusted
the CRL and HL measurements of the specimens with unknown ages (figure 3b, circles) to the regression
line until the data showed a strong linear fit (R% >0.999). Our newly established growth curve resulted
in age estimates for the NMV young of approximately 4.5 weeks old, half a week older than previously
described [25], 5.25 weeks for TMAG specimen A931, and 9.5 weeks for TMAG A930 (figure 3b).
Despite our small sample sizes, these ages fall within a half a week of those previously estimated, again
supporting the strong linear relationship between CRL and age in marsupials.

3.2. Descriptions of thylacine pouch young
3.2.1. DZCU8021:1.5 weeks old

The DZCU specimens represent the earliest stage of thylacine postnatal development and appear of a
generalized marsupial neonate morphology (figures 2a and 4 and electronic supplementary material,
figure S1). They display characteristic precocial development of the forelimbs and highly altricial
hindlimbs, showing similarities with other equally staged dasyurid marsupials [39,44], American
opossums [20], Australian brushtail possums and bandicoots [19], demonstrating that the thylacine
shared a similar early marsupial ontogeny and was probably subjected to the same musculoskeletal
constraints associated with the crawl to the pouch [23,45]. At this early stage of development the young
would have been pulled off the teat of their mother, which may have resulted in some disfiguration of
the specimens [25]. The overall morphology of the specimens suggests they were originally compacted

pl61L4L S s uado 205 BioBuysiigndAranosieforsos:



5 mm

Figure 4. Skeletal reconstruction of DZCU 8021. Lateral view of the reconstructed 1.5-week-old thylacine pouch young. Arrow indicates
open sutures of the neurocranium. at = atlas, ax = axis, sc = scapula, pv = pelvis.

in a small vessel before being mounted on thread in their current configurations. We were able to identify
bony skeletal elements, though soft tissue detail was limited.

The 1.5-week-old thylacine pouch young had already undergone a significant amount of osteogenesis
of the cranial and postcranial skeleton. The skull was large compared to the body (74% TL) and all the
major bones were visible. The facial prominence and mandibles show an elevated level of ossification
and suture closure compared with the rest of the cranium, probably owing to the constraints of suckling
of the altricial neonate [36]. Two to three tooth sockets are visible in each of the jaw quadrants. Many
of the sutures between the major bones remain open, especially between the frontal, parietal, squamosal
and occipital bones surrounding the neurocranium.

Ossification of the axial skeleton was present with clear segmentation of the vertebrae, ribs and early
ossification centres of the sternum. The atlas and axis were large, probably aiding in support of the
cranium during the crawl to the pouch and suckling. The young had three sacral vertebrae, characteristic
of the thylacine [13]. The caudal vertebrae were difficult to identify due to the low degree of ossification
at this stage of development. The limbs displayed clear heterochrony in their state of development,
recapitulating the known early development in marsupials, with the forelimbs being longer and larger
than the hindlimbs. The young showed accelerated development of the long bones of the forelimbs (58%
TL) and shoulder girdle, compared with the bones of the hindlimb (40% TL), assisting in the immediate
post-birth crawl to the pouch [18]. The bones of the hindlimb and two small ossification centres in the
developing pelvis could be seen, though the specific pelvic bones were difficult to identify. The young
displayed early ossification of the metacarpals, metatarsals and digits, but no obvious bones of the carpus
or tarsus.

3.2.2. TMAG A931: 5 weeks old

The TMAG A931 pouch young was similar in size and state of development to the NMV specimens
(figure 2b,c and electronic supplementary material, figure S3); however, since the former appeared in
a better state of preservation, we limit our description to the single specimen. By 4.5-5.25 weeks the
thylacine pouch young presented a less generalized morphology and shared similarities with other
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Figure 5. Skeletal reconstruction of TMAG A931. Lateral view of the reconstructed 5.25-week-old thylacine pouch young. Arrow indicates
open sutures of the neurocranium. Dashed circle shows the lack of ossified carpal elements. at = atlas, ax = axis, ca = calcaneus,
d = clavicles, il = ilium, is = ischium, sc = scapula, st = sternum.

young dasyurid marsupials [39,44]. TMAG A931 displayed some distinct surface features, such as
delamination of the oral fissures, but lacked characteristic dorsal striping. The young was virtually
hairless with some vibrissae appearing on the face and head, consistent with previous observations
[46]. CT reconstructions of both sets of young showed similar skeletal morphologies, though the TMAG
specimen showed higher resolution of its soft tissues compared with the NMV young. We were able
to clearly identify the heart, lungs and liver in the reconstructions; however, the brain was harder to
visualize (data not shown) (figures 2c and 5 and electronic supplementary material, figure S2).

At 4.5-5.25 weeks of age the thylacine possessed a largely ossified skeleton. All bones of the facial
skeleton were present, albeit short, with near-complete closure of sutures and development of several
deciduous teeth embedded in the upper and lower jaws. The sutures of the neurocranium had begun to
close, especially between the frontal and parietal (though not complete), but remained open between the
frontal, parietal and squamosal, and between the parietal, squamosal and occipital bones. Despite the
advanced level of ossification of the skull, the young still displayed a generalized neonatal cranial shape
seen in other marsupials [47], and disparate to its adult morphology.

The postcranial skeleton had undertaken a substantial increase in its relative size compared with the
cranium (59% TL), and had undergone ossification of all the major bones. The various vertebrae segments
were all present, including the enlarged axis and atlas, though medially unfused and disconnected from
one another. The young possessed two unfused sacral vertebrae and 24 detectable caudal vertebrae,
confirming it was a thylacine [13]. The pouch young displayed an ossified sternum and the small vestigial
clavicles were apparent. The shoulder girdle (scapula) was large and pronounced, the forelimb long
bones had elongated and there was ossification of the digits. Notably, the forelimb was lacking any
ossification of the carpals in the wrist. The hindlimb long bones had elongated (56% TL), though they
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Figure 6. Soft tissue and skeletal reconstructions of TMAG A930. (a) Lateral view of the 9.5-week-old thylacine with semi-transparent
skin, internal organs and bony elements. The brain (orange), trachea (green), lungs (yellow), heart (red) liver (purple) and kidneys (pink)
were separately rendered and overlaid. Teeth showed the highest density (white) followed by the bones of the cranium and limb bones.
Lighter elements, including the skin, appear translucent. (b) Lateral view of the reconstructed pouch young. as = axial spines, at = atlas,
ax = axis, bc = bronchioles, br = brain, ca = calcaneus, dl = clavicles, ht = heart, il = ilium, is = ischium, ki = kidney, lu = lung,
lvr = liver, ms = maxillary swellings, sc = scapula, st = sternum, tr = trachea.

were still shorter than the forelimbs (61% TL). The digits were present and the first bone of the tarsus
(the calcaneus) had ossified. Both limbs showed development of the claws. The pelvic girdle contained
unfused ilium and ischium bones and two small ossification centres for the bones of the pubis. The
marsupial-specific epipubic bones were absent, a characteristic feature of the thylacine [13,48].

3.2.3. TMAG A930: 9.5 weeks old

By 9.5 weeks, the pouch young possessed a more recognizable thylacine morphology with a covering
of fur (though the stripes were not yet visible), numerous facial vibrissae, and sharp claws and fleshy
footpads on both sets of limbs (figures 2d and 6a,b and electronic supplementary material, figure S4). The
exceptional state of preservation of the young was evident in the CT reconstructions, displaying clear
contrast of both skeletal elements and soft tissues, allowing rendering of many of the key internal organ
systems, specifically the brain, heart, lungs, liver and kidneys.

The cranial morphology of the young was at a substantially advanced stage, displaying a highly
ossified facial skeleton and elongation of the facial bones. The maxillary bones contained two large
swellings on either side of the upper jaw housing the pre-erupted canines, and several other dense, pre-
erupted teeth were housed in the upper and lower jaw. The sutures of the neurocranium were almost
closed, with the remaining open sutures towards the ventral edge of the parietal and occipital bones.

The postcranial morphology of the young displayed many key differences compared with early
developmental stages. Despite the elongation of the skull, the head was 53% the length of the trunk,
suggesting a rapid expansion of other bony elements. The axial skeleton was well developed with the
initial interlocking of the vertebrae and closure of the medial sutures, creating the axial spines in the
thoracic vertebrae. The pelvic region contained two sacral vertebrae, and 24 caudal vertebrae in the tail
confirming it was a thylacine. The vestigial clavicles were reduced in relation to the surrounding bones
of the pectoral girdle, and no visible epipubic bones were present in the pelvic region. The limbs had
undergone a heterochronic shift in their size and state of development, with the hindlimbs (68% TL)
overtaking the length of the forelimbs (65% TL), and many of the bony elements of the carpals and
tarsals had ossified.
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Figure 7. Skeletal reconstruction of AMS P762. Lateral view of the reconstructed 12-week-old thylacine pouch young. as = axial spines,
at = atlas, ax = axis, ca = calcaneus, d = clavicles, il = ilium, is = ischium, ms = maxillary swellings, sc = scapula, st = sternum.

3.2.4. AMS P762:12 weeks old

By 12 weeks, the thylacine pouch young displayed a distinct juvenile morphology with a marked increase
in size (figures 2¢ and 7 and electronic supplementary material, figure S5). Several external features
were present and have been previously discussed in detail by Boardman [46], including distinct facial
features, fur covering, and the presence of a pouch. The young had developed several of its characteristic
stripes down its lower back and tail, a feature absent in the earlier pouch young specimens. The excellent
preservation of the young, similar to the 9.5-week-old specimen TMAG A930 (figure 2d), allowed three-
dimensional reconstructions of high resolution and clarity. The soft tissue and internal organ systems
were clearly visible in the young, including the brain, heart and lungs, though as the organs from the
abdominal cavity had previously been removed we did not render the organs.

The skeleton of the 12-week-old pouch young was well developed and highly ossified. The overall
morphology of the pouch young was similar in appearance to the 9.5-week-old specimen (TMAG A930;
figure 6) though showed an increase in its state of development and size. The bones of the cranium
were all present and most of the sutures were closed, with the only remaining open sutures surrounding
the posterior bones of the skull. The facial prominence had elongated, overall increasing the length of
the skull (55% TL), the canines remained within the maxillary swellings, and several small teeth were
present in the upper and lower jaws (not shown).

The postcranial skeleton had fused, interlocking vertebrae creating several axial spines down the
specimen’s back. The clavicles were small and reduced and the epipubic bones were absent. The limbs
had increased in their overall length in relation to the trunk, and the hindlimbs (80% TL) were longer
than the forelimbs (74% TL). Most of the smaller bones of the carpus and tarsus were ossified and
the metatarsals and digits were elongated in the hindlimb compared with the metacarpals and digits
of the forelimb. The fortification of the skeletal elements were probably due to the musculoskeletal
requirements of imminent exit from the pouch, and the gain of semi-independence.

3.3. Misidentified specimen TMAG A934

External observations of the TMAG A934 specimen showed a similar morphology to the other thylacine
pouch young, and displayed a fine dark fur over its body with numerous vibrissae on the head (figures 2f
and 8 and electronic supplementary material, figure S6). However, skeletal reconstructions revealed
several key differences compared with the other thylacine specimens. Within the pelvic girdle was
the presence of two large epipubic bones, a marsupial-specific feature that has become vestigial in the
thylacine, remaining only as two small cartilaginous protrusions [48]. The specimen also possessed three
sacral vertebrae and 20 detectable caudal vertebrae, a characteristic feature of other dasyurid species
[13]. These distinctive features suggest that the pouch young were incorrectly labelled as thylacine and
instead are more likely a quoll (Dasyurus sp.) or Tasmanian devil (Sarcophilus harrisii). Based on these
observations, this specimen was excluded from our analyses and is pending genetic sequencing for
species identification.
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Figure 8. Skeletal reconstruction of TMAG A934. Lateral view of the reconstructed specimens (left). Interestingly, the reconstructions
displayed several anomalies compared with the other pouch young specimens, including two large ossified epipubic bones (ep), and
three sacral and 20 caudal vertebrae (right), both features known to be absent in the thylacine.
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Figure 9. Growth-dependent changes in the skeletal proportions of the thylacine. Changes in the ratios of skeletal components
throughout the entire developmental tragectory of the thylacine, as a proportion of total trunk length. Juvenile, sub-adult and adult
measurements taken from Moeller [28].

3.4. Allometric growth patterns during thylacine ontogeny

Using measurements of the thylacine pouch young, we explored allometric changes in the skull and
appendicular skeleton throughout its entire ontogeny. At 1.5 weeks old, the DZCU specimens represent
the earliest documented stage of postnatal thylacine development, and display acceleration of the
anterior skeleton (skull, scapula and forelimb bones) compared with the posterior elements (hindlimbs
and pelvis) (figure 9). The skull was relatively large in the neonate (76% TL), probably in aid of support
during suckling, before rapidly reducing in its overall size to roughly half its total trunk length in the
following weeks of development (figure 9).

Heterochrony of the thylacine limbs was also distinct in the early neonate (forelimb 58% TL
versus hindlimb 40% TL), including a larger scapula compared with the pelvis (26% TL and 20% TL,
respectively). After 5 weeks the forelimb was still slightly larger than the hindlimb (60% TL versus
55% TL), although the scapula was now proportionally smaller than the pelvis (24% TL and 26% TL,
respectively) and maintained this state throughout ontogeny. The developmental lag of the hindlimb was
overcome after approximately 8 weeks of pouch development, with the hindlimbs distinctly longer than
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Figure 10. Limb heterochrony in the thylacine. Relative lengths of thylacine forelimb and hindlimb elements throughout development,
shown as shaded grey bars. The thylacine forelimbs begin larger and longer than the hindlimbs, before being overtaken within the
first half of pouch development. Limbs are divided into proximal and distal segments: the stylopod (humerus and femur), zeugopod
(ulna/radius and tibia/fibula) and autopod (carpals, metacarpals, tarsals metatarsals and digits).

the forelimbs by 9.5 weeks (68% TL versus 65% TL) (figure 9). In the 2.5 weeks prior to emergence from
the pouch, the limbs (especially hindlimbs) had grown rapidly in length (forelimb 74% TL, hindlimb
80% TL), presumably to support the weight and independent locomotion of the pup. The hindlimbs
continued to grow longer than the forelimbs throughout the juvenile and adult stages (figures 9 and
10). Therefore, despite its unique adult morphology, the thylacine was subject to the same conserved
ontogenetic growth trajectories to that observed in other marsupials [32,49-51].

Individual bones of the thylacine limbs also displayed marked differences in allometric scaling
during growth (figure 10). Following birth, the stylopodial (humerus, femur) and zeugopodial (radius,
tibia) elements of the fore- and hindlimbs were roughly equal in length, but the autopod of the
forelimb (carpus) was longer than that of the hindlimb (tarsus). These proportions were maintained
until approximately 5.25 weeks, when the length of the tarsus overtook that of the carpus. By 9.5 weeks
the stylopodia were longer than the zeugopodia, persisting until emergence from the pouch at 12 weeks.
During the transition of semi-independence (returning to suckle) to an independent juvenile, the length
of the zeugopodial elements of the hindlimb surpassed that of the stylopodia. These limb bone ratios
were maintained through to adulthood with the hindlimbs ultimately reaching approximately 1.2 times
the length of the forelimbs [52].

Despite observed differences in development of the fore- and hindlimbs, growth of the long bones in
both sets of limbs scaled with positive allometry from 1.5 weeks through to adulthood (table 2). For all
measured elements (electronic supplementary material, table S1), slopes ranged from 1.2 to 1.4 (95% CI
1.15, 1.51). Scaling of length with circumference was similar for all bones except the radius, which had a
steeper slope meaning that as it grew longer, it became proportionately more slender. For all long bones
R? was close to 1 (>0.99), indicating a tight relationship between these variables throughout ontogeny
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(table 2; electronic supplementary material, figure S7). While the early pouch young had yet to develop
ossified long bone epiphyses, the exclusion of these specimens from the analyses yielded similar overall
positive allometric growth trends (data not shown).

Large-bodied (greater than 20kg) mammals are generally associated with isometric or negative
growth rates, as increased body mass imposes greater mechanical stress on the long bones during
ontogeny (e.g. black bear and elephant (isometric), wildebeest and bison (negative) [33]; table 2). In
contrast, limb bones of large placental carnivorans such as canids and felids tend to scale with positive
allometry [33]. This divergence in allometric scaling is probably facilitated by locomotor specializations
such as limb posturing, muscle mechanics, and behaviour, that mitigate mass-specific forces on the
skeleton [54,55]. Although the adult thylacine had relatively short legs for its large body size [15], we
found patterns of positive allometric scaling consistent with canids and felids (e.g. coyote, tiger; table 2),
suggesting it may have evolved similar adaptive strategies to overcome size-related constraints [33,54].

Locomotor behaviour of the thylacine is still under debate [14,15,56]; however, our results support
reconstructions of the animal as a cursorial predator despite its constrained marsupial ontogeny.
Although comparable studies on marsupial allometry are limited, measurements of long bone length
versus midshaft diameter in smaller taxa like tammar wallaby (Macropus eugenii), brushtail possum
(Trichosurus vulpecula) and short-tailed opossum (Monodelphis domestica) reveal isometric or negative
allometric growth rates (table 2) [32,53]. Further sampling of other larger bodied and predatory
marsupials may help to distinguish the relative influences of ecology and phylogeny on thylacine
development, determine its uniqueness among marsupials and uncover the developmental processes
leading to extraordinary phenotypic convergence between mammals.

4. Conclusion

The limited availability of thylacine pouch young specimens and the lack of non-invasive techniques to
interact with them has so far restricted studies of its ontogenetic development. Using key morphometric
parameters based on CT data, our growth series has refined the staging of these specimens into five
unique postnatal time points covering approximately 1.5, 4.5, 5.25, 9.5 and 12 weeks of age. As the
thylacine started its journey from the pouch after 12 weeks [6], this growth series represents the entire
critical window of development in the pouch. Furthermore, our study also revealed the incorrect
classification of one thylacine specimen (TMAG A934) and its littermate, reducing the number of known
intact thylacine pouch young to 11 individuals worldwide. This finding clearly demonstrates the power
of CT technology for taxonomic identification of rare specimens.

Using comparative measurements of skeletal elements, we illustrate how the thylacine matured from
a generalized marsupial neonate into an adult with allometric patterns resembling a cursorial placental
carnivore. Although our analyses mostly focused on morphology of the postcranial skeleton, our future
work will describe cranial ontogeny of the thylacine pouch young specimens and its role in adult
convergence with placental canids.

This publicly available series, together with the recent publication of the thylacine genome
[12], provides a linked genetic and morphological dataset allowing further investigations into the
development of this unique species. The approaches used here, taking advantage of recently developed
techniques in X-ray computed tomography and three-dimensional visualization, have allowed us to
preserve the virtual morphology of this extinct animal and provide a valuable resource for future studies.

Data accessibility. All reconstructed specimen tiff image stacks have been uploaded to the online depository Dryad and
are publicly accessible (http://dx.doi.org/10.5061/dryad.5h8k3) [31].

Authors’ contributions. A.H.N., C.A.H. and A.J.P. designed and conceived the study, and wrote the manuscript. M.K.
allowed access to Prague specimens. ES. performed scanning, reconstruction, postprocessing, morphological and
morphometrical analysis of Prague specimens. ].R.B. performed scanning, reconstruction and postprocessing of all
Australian specimens. A.H.N. performed morphometric and statistical analyses on complete series. K.M. and R.N.P.
contributed historical and biological information. All authors reviewed and revised the manuscript, and gave final
approval for publication.

Competing interests. We have no competing interests.

Funding. This work was supported by the University of Melbourne, Research @ Melbourne Accelerator Program and
an ARC Future fellowship FT140100964 to A.J.P., and an ARC DECRA DE180100629 to C.A.H. Grants LM2015040 at
the Czech Centre for Phenogenomics (Large Infrastructure for Research, Experimental Development and Innovation)
2016-2020 by MEYS, OP RDI CZ.1.05/1.1.00/02.0109 — Biotechnology and Biomedicine Centre of the Academy of
Sciences, and Charles University, Vestec (BIOCEV) 2011-2015 by MEYS and ERDE.

i 5 s isto sy taisardissoseioros [


http://dx.doi.org/10.5061/dryad.5h8k3

Acknowledgements. We thank Katie Smith and Kevin Rowe from Museum Victoria, Sandy Ingleby and Rebecca Johnson
from the Australia Museum, and Robert Cerny from Faculty of Science, Charles University, Prague, Czech Republic,
for overseeing the loaning and release of thylacine pouch young specimens for CT scanning. Anna N. Herdina
from the Department of Physiology and Pharmacology, Karolinska Institutet, Stockholm Sweden for help with
scanning of specimens from Prague (DZCU). Support from the Trace Analysis for Chemical, Earth and Environmental
Sciences (TrACEES) platform from the Melbourne Collaborative Infrastructure Research Program at the University of
Melbourne for CT scanning Australian specimens. We also thank organizers from the conference of The Molecular
Paleobiology of Australia’s Terrestrial Vertebrates for stimulating ideas, and Nikki King Smith from the Tasmanian

Museum and Art Gallery for sample preparation.

References

1. Wroe S. 2003 Australian marsupial carnivores: 15. Janis CM, Figueirido B. 2014 Forelimb anatomy and (1945). Aust. Zool. 36, 232-238. (d0i:10.7882/
recent advances in palaeontology. In Predators with the discrimination of the predatory behavior of AZ.2012.027)
pouches: the biology of carnivorous marsupials (eds carnivorous mammals: the thylacine as a case 26. Sleightholme SR, Campbell CR. 2014 A retrospective
M Jones, CR Dickman, M Archer), pp. 102-123. study. J. Morphol. 275, 1321-1338. (d0i:10.1002/jmor. review of the breeding season of the thylacine;
Collingwood, Victoria, Australia: Csiro Publishing. 20303) Guiler revisited. Aust. Zool. 37, 238-244.

2. Prowse TAA, Johnson CN, Bradshaw CJA, Brook BW. 16. Cunningham DJ. 1882 Report on some points in the (doi:10.7882/AZ.2014.020)

2014 An ecological regime shift resulting from anatomy of the thylacine (Thylacinus cynocephalus), ~ 27. Sleightholme S, Ayliffe N. 2011 International
disrupted predator-prey interactions in Holocene cuscus (Phalangista maculata), and phascogale Thylacine Specimen Database, Fourth Revision.
Australia. Ecology 95, 693—702. (doi:10.1890/ (Phascogale calura), collected during the voyage of 28. Moeller HF.1980 Growth dependant changings in
13-0746.1) H.M.S. Challenger in the years 1873-1876; with an the skeleton proportions of Thylacinus cynocephalus

3. Roberts RG. 2014 A pardon for the dingo. Science account of the comparative anatomy of the intrinsic (Harris, 1808). Scugetierkundliche Mitteilungen 28,
343, 142-143. (d0i:10.1126/science.1248646) muscles and the nerves of the mammalian pes. In 62-69.

4. Letnic M, Fillios M, Crowther MS. 2012 Could direct Report on the scientific results of the voyage of the 29. Schindelin J et al. 2012 Fiji: an open-source platform
killing by larger dingoes have caused the extinction H.M.S challenger during the years 1873-1876 (eds C for biological-image analysis. Nat. Methods 9,
of the thylacine from mainland Australia? PLoS ONE Thomson, J Murray), Edinburgh, UK: Neill and 676—682. (d0i:10.1038/nmeth.2019)

7,19-23. (d0i:10.1371/journal.pone.0034877) Company. 30. Yushkevich PA, Piven J, Hazlett HC, Smith RG, Ho S,

5. WroeSS, Clausen P, McHenry C, Moreno K, 17. Reilly SM. 2003 Hypaxial motor patterns and the Gee J, Gerig G. 2006 User-guided 3D active contour
Cunningham E. 2007 Computer simulation of function of epipubic bones in primitive mammals. segmentation of anatomical structures:
feeding behaviour in the thylacine and dingo as a Science 299, 400—402. (doi:10.1126/science.107 significantly improved efficiency and reliability.
novel test for convergence and niche overlap. Proc. 4905) Neuroimage 31,1116-1128. (doi:10.1016/

R. Soc. B 274, 2819-2828. (d0i:10.1098/rspb.2007. 18. Sharman GB. 1970 Reproductive physiology of j.neuroimage.2006.01.015)
0906) marsupials. Science 167, 1221-1228. (doi:10.1126/ 31. Newton AH, Spoutil F, Prochazka J, Black JR,

6. Haydon T.1977 The last Tasmanian, 1st edn. New science.167.3922.1221) Medlock K, Paddle RN, Knitlova M, Hipsley CA, Pask
York, NY: Cambridge University Press. 19. Gemmell RT, Johnston G, Bryden MM.1988 AJ. 2018 Data from: Letting the ‘cat’ out of the bag:

7. Paddle R.2002 The last Tasmanian tiger: the history Osteogenesis in two marsupial species, the pouch young development of the extinct Tasmanian
and extinction of the thylacine. Cambridge, UK: bandicoot /soodon macrourus and the possum tiger revealed by X-ray computed tomography.
Cambridge University Press. Trichosurus vulpecula. J. Anat. 159, Dryad Digital Repository. (doi:10.5061/dryad.5h8k3)

8. LuoZX, Yuan CX, Meng QJ, Ji Q. 2011 A Jurassic 155-164. 32. Lentle RG, Kruger MC, Mellor DJ, Birtles M,
eutherian mammal and divergence of marsupials 20. De Oliveira CA, Nogueira JC, Mahecha GAB. 1998 Moughan PJ. 2006 Limb development in pouch
and placentals. Nature 476, 442—445. (d0i:10.1038/ Sequential order of appearance of ossification young of the brushtail possum (Trichosurus
nature10291) centers in the opossum Didelphis albiventris vulpecula) and tammar wallaby (Macropus eugenii).

9. Goswami A, Milne N, Wroe S. 2011 Biting through (Didelphidae) skeleton during development in the J. Zool. 270,122-131. (doi:10.1111/j.1469-7998.
constraints: cranial morphology, disparity and marsupium. Ann. Anat. 180, 113-121. (doi:10.1016/ 2006.00097.x)
convergence across living and fossil carnivorous 50940-9602(98)80005-8) 33. Kilbourne BM, Makovicky PJ. 2012 Postnatal long
mammals. Proc. R. Soc. B278,1831-1839. 21. Weishecker V, Goswami A, Wroe S, Sdnchez-Villagra bone growth in terrestrial placental mammals:
(doi:10.1098/rspb.2010.2031) MR. 2008 Ossification heterochrony in the therian allometry, life history, and organismal traits.

10. Wroe S, Milne N. 2007 Convergence and remarkably postcranial skeleton and the marsupial-placental J. Morphol. 273, T11-1126. (doi:10.1002/jmor.
consistent constraint in the evolution of carnivore dichotomy. Evolution 62, 2027-2041. (doi:10.1111/ 20048)
skull shape. Evolution 61,1251-1260. (doi:10.1111/ j.1558-5646.2008.00424.x) 34. Wayne RK. 1986 Limb morphology of domestic and
}.1558-5646.2007.00101.x) 22. Spiekman SNF, Werneburg 1. 2017 Patterns in the wild canids: the influence of development on

1. Werdelin L. 1986 Comparison of skull shape in bony skull development of marsupials: high morphologic change. J. Morphol. 187, 301-319.
marsupial and placental carnivores. Aust. J. Zool. 34, variation in onset of ossification and conserved (doi:10.1002/jmor.1051870304)

109-117. (doi:10.1071/209860109) regions of bone contact. Sci. Rep. 7, 43197. 35. Maunz M, German RZ.1997 Ontogeny and limb

12. Feigin CY et al. 2018 Genome of the Tasmanian tiger (doi:10.1038/srep43197) bone scaling in two New World marsupials,
provides insights into the evolution and 23. Sears KE. 2003 The role of constraints in the Monodelphis domestica and Didelphis virginiana.
demography of an extinct marsupial carnivore. Nat. morphological evolution of marsupial shoulder J. Morphol. 231, 117-130. (doi:10.1002/(SICI)1097-
Ecol. Evol. 2,182-192. (doi:10.1038/541559-017- girdles. Evolution 58,2353-2370. (doi:10.1111/ 4687(199702)231:2<117::AID-JMOR1>3.0.C0;2-B)
0417-y) j:0014-3820.2004.tb01609.x) 36. Goswami A, Randau M, Polly PD, Weisbecker V,

13. Dixon JM. 1989 Thylacinidae. In Fauna of Australia - 24. Cooper WJ, Steppan SJ. 2010 Developmental Bennett CV, Hautier L, Sanchez-Villagra MR. 2016
volume 18 Mammalia (eds D Walton, B Richardson), constraint on the evolution of marsupial forelimb Do developmental constraints and high integration
pp. 549-569. Canberra, Australia: Australian Govt. morphology. Aust. J. Zool. 58, 1-15. (doi:10.1071/ limit the evolution of the marsupial oral apparatus?
Pub. Service. 7009102) Integr. Comp. Biol. 56, 404—415. (d0i:10.1093/ich/

14. Figueirido B, Janis CM. 2011 The predatory behaviour ~ 25. Sleightholme SR, Robovsky J, Vohralik V. 2012 icw039)

of the thylacine: Tasmanian tiger or marsupial wolf?
Biol. Lett. 7,937-940. (doi:10.1098/rsh1.2011.0364)

Description of four newly discovered thylacine
pouch young and a comparison with Boardman

31

Rohlf FJ. 2006 tpsDig2, version 2.1. http://life.bio.
sunysh.edu/morph.

pl61L4L S s uado 205 BioBuysiigndAranosieforsos:


http://dx.doi.org/10.1890/13-0746.1
http://dx.doi.org/10.1890/13-0746.1
http://dx.doi.org/10.1126/science.1248646
http://dx.doi.org/10.1371/journal.pone.0034877
http://dx.doi.org/10.1098/rspb.2007.0906
http://dx.doi.org/10.1098/rspb.2007.0906
http://dx.doi.org/10.1038/nature10291
http://dx.doi.org/10.1038/nature10291
http://dx.doi.org/10.1098/rspb.2010.2031
http://dx.doi.org/10.1111/j.1558-5646.2007.00101.x
http://dx.doi.org/10.1111/j.1558-5646.2007.00101.x
http://dx.doi.org/10.1071/ZO9860109
http://dx.doi.org/10.1038/s41559-017-0417-y
http://dx.doi.org/10.1038/s41559-017-0417-y
http://dx.doi.org/10.1098/rsbl.2011.0364
http://dx.doi.org/10.1002/jmor.20303
http://dx.doi.org/10.1002/jmor.20303
http://dx.doi.org/10.1126/science.1074905
http://dx.doi.org/10.1126/science.1074905
http://dx.doi.org/10.1126/science.167.3922.1221
http://dx.doi.org/10.1126/science.167.3922.1221
http://dx.doi.org/10.1016/S0940-9602(98)80005-8
http://dx.doi.org/10.1016/S0940-9602(98)80005-8
http://dx.doi.org/10.1111/j.1558-5646.2008.00424.x
http://dx.doi.org/10.1111/j.1558-5646.2008.00424.x
http://dx.doi.org/10.1038/srep43197
http://dx.doi.org/10.1111/j.0014-3820.2004.tb01609.x
http://dx.doi.org/10.1111/j.0014-3820.2004.tb01609.x
http://dx.doi.org/10.1071/ZO09102
http://dx.doi.org/10.1071/ZO09102
http://dx.doi.org/10.7882/AZ.2012.027
http://dx.doi.org/10.7882/AZ.2012.027
http://dx.doi.org/10.7882/AZ.2014.020
http://dx.doi.org/10.1038/nmeth.2019
http://dx.doi.org/10.1016/j.neuroimage.2006.01.015
http://dx.doi.org/10.1016/j.neuroimage.2006.01.015
http://dx.doi.org/10.5061/dryad.5h8k3
http://dx.doi.org/10.1111/j.1469-7998.2006.00097.x
http://dx.doi.org/10.1111/j.1469-7998.2006.00097.x
http://dx.doi.org/10.1002/jmor.20048
http://dx.doi.org/10.1002/jmor.20048
http://dx.doi.org/10.1002/jmor.1051870304
http://dx.doi.org/10.1002/(SICI)1097-4687(199702)231:2%3C117::AID-JMOR1%3E3.0.CO;2-B
http://dx.doi.org/10.1002/(SICI)1097-4687(199702)231:2%3C117::AID-JMOR1%3E3.0.CO;2-B
http://dx.doi.org/10.1093/icb/icw039
http://dx.doi.org/10.1093/icb/icw039
http://life.bio.sunysb.edu/morph
http://life.bio.sunysb.edu/morph

38.

39.

40.

4.

4.

4.

Schnitzer SA, DeWalt SJ, Chave J. 2006 RMA:
software for reduced major axis regression.
Biotropica 38, 581-591. (doi:10.1111/j.1744-
7429.2006.00187.x)

Frigo LA, Woolley PA. 1997 Growth and
development of pouch young of the stripe-faced
dunnart, Sminthopsis macroura (Marsupialia:
Dasyuridae), in captivity. Aust. J. Zool. 45, 157-170.
(doi:10.1071/2097002)

Phillips BT, Jackson SM. 2003 Growth and
development of the Tasmanian devil (Sarcophilus
harrisii) at Healesville Sanctuary, Victoria,
Australia. Zoo Biol. 22, 497-505. (d0i:10.1002/z00.
10092)

Oakwood M. 1997 The ecology of the northern quoll,
Dasyurus hallucatus. PhD thesis, The Australian
National University, Canberra, Australia.
Thompson CK, Wayne AF, Godfrey SS, Thompson
RCA. 2015 Survival, age estimation and sexual
maturity of pouch young of the brush-tailed
bettong (Bettongia penicillata) in captivity. Aust.
Mammal. 37,29-38. (doi:10.1071/AM14025)

Poole WE, Simms NG, Wood JT, Lubulwa M. 1991
Tables for age determination of the Kangaroo Island
wallaby (tammar) Macropus eugenii. Lyneham, ACT,
Australia: CSIRO, Division of Wildlife and Ecology.

4.

45,

46.

47.

48.

49.

50.

Guiler ER. 1970 Observations on the Tasmanian
devil, Sarcophilus harrisii (Marsupialia: Dasyuridae)
1. Reproduction, breeding and growth of pouch
young. Aust. J. Zool. 18, 63-70. (d0i:10.1071/
709700063)

Bennett CV, Goswami A. 2013 Statistical support for
the hypothesis of developmental constraint in
marsupial skull evolution. BMC Biol. 11, 52.
(doi:10.1186/1741-7007-11-52)

Boardman W. 1945 Some points in the external
morphology of the pouch young of the marsupial,
Thylacinus cynocephalus. Proc. Linn. Soc. N. 5. W. 70,
1-8.

Clark CT, Smith KK. 1993 Cranial osteogenesis in
Monodelphis domestica (Didelphidae) and Macropus
eugenii (Macropodidae). J. Morphol. 215, 119-149.
(doi:10.1002/jmor.1052150203)

Owen R. 1843 On the rudimentary marsupial bones
in the Thylacinus. Proc. Zool. Soc. Lond. 11, 148—149.
Beiriger A, Sears KE. 2014 Cellular basis of
differential limb growth in postnatal gray
short-tailed opossums (Monodelphis domestica).

J. Exp. Zool. Part B Mol. Dev. Evol. 322, 221-229.
(doi:10.1002/jez.b.22556)

Chew KY, Shaw G, Yu H, Pask AJ, Renfree MB. 2014
Heterochrony in the regulation of the developing

51.

52.

53.

54.

55.

56.

marsupial limb. Dev. Dyn. 243, 324-338.
(doi:10.1002/cvdy.24062)

Martin KEA, Mackay S. 2003 Postnatal development
of the fore- and hindlimbs in the grey short-tailed
opossum, Monodelphis domestica. J. Anat. 202,
143-152. (doi:10.1046/j.1469-7580.2003.00149.x)
Finch ME, Freedman L. 1988 Functional morphology
of the limbs of Thylacoleo carnifex. Aust. J. Zool. 36,
251-272. (d0i:10.1071/209880251)

Lammers AR, German RZ. 2002 Ontogenetic
allometry in the locomotor skeleton of specialized
half-bounding mammals. J. Zool. 258, 485-495.
(doi:10.1017/50952836902001644)

Biewener A. 1989 Scaling body support in
mammals: limb posture and muscle mechanics.
Science 245, 45—48. (doi:10.1126/science.

2740914)

Doube M, Conroy AW, Christiansen P, Hutchinson
JR, Shefelbine S. 2009 Three-dimensional geometric
analysis of felid limb bone allometry. PLoS ONE 4,
4742. (doi:10.1371/journal.pone.0004742)

Jones ME, Stoddart MD. 1998 Reconstruction of the
predatory behaviour of the extinct marsupial
thylacine (Thylacinus cynocephalus). J. Zool. 246,
239-246. (doi:10.1111/j.1469-7998.1998.th0

0152.x)

pl6L2L:§ Psuado 205y BioBusigndiraposieforsos:


http://dx.doi.org/10.1111/j.1744-7429.2006.00187.x
http://dx.doi.org/10.1111/j.1744-7429.2006.00187.x
http://dx.doi.org/10.1071/ZO97002
http://dx.doi.org/10.1002/zoo.10092
http://dx.doi.org/10.1002/zoo.10092
http://dx.doi.org/10.1071/AM14025
http://dx.doi.org/10.1071/ZO9700063
http://dx.doi.org/10.1071/ZO9700063
http://dx.doi.org/10.1186/1741-7007-11-52
http://dx.doi.org/10.1002/jmor.1052150203
http://dx.doi.org/10.1002/jez.b.22556
http://dx.doi.org/10.1002/dvdy.24062
http://dx.doi.org/10.1046/j.1469-7580.2003.00149.x
http://dx.doi.org/10.1071/ZO9880251
http://dx.doi.org/10.1017/S0952836902001644
http://dx.doi.org/10.1126/science.2740914
http://dx.doi.org/10.1126/science.2740914
http://dx.doi.org/10.1371/journal.pone.0004742
http://dx.doi.org/10.1111/j.1469-7998.1998.tb00152.x
http://dx.doi.org/10.1111/j.1469-7998.1998.tb00152.x

	Background
	The thylacine was a unique marsupial predator
	Marsupial reproduction and pouch young development
	Limited availability of thylacine pouch young specimens

	Material and methods
	Sourcing of material
	Pouch young specimen details
	CT scanning and digital reconstruction
	Age estimation
	Allometric scaling

	Results and discussion
	Developmental staging of specimens
	Descriptions of thylacine pouch young
	Misidentified specimen TMAG A934
	Allometric growth patterns during thylacine ontogeny

	Conclusion
	References

