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Abstract 

The common wombat (Vombatus ursinus) is equipped with a set of physiological and 

morphological adaptations suited to a fossorial lifestyle. These allow wombats to engage in 

efficient scratch-digging and maintaining a low basal metabolic rate – all the while spending 

prolonged periods of time underground. While bone microstructure has been described for 

several subterranean animals, including mole-rats and the aardvark, wombat bone histology 

has received very little attention to date. Here, we present preliminary insights into bone 

histology in modern adult V. ursinus (Mt Fairy, NSW) and Pleistocene fossil Vombatus sp. 

(Bakers Swamp, NSW) midshaft humeri. The modern sample was of an almost pristine 

preservation, allowing us to identify a combination of varying bone tissue types (woven, 

parallel-fibered, lamellar). The sample showed complex vascularity with a mixture of primary 

and secondary osteons, and simple longitudinal and radial vessels. We also observed evidence 

for widespread Haversian remodelling (i.e. localised replacement or pre-existing bone), and 

restricted areas of coarse compact cancellous bone contained within the inner cortex of the 

diaphysis. The fossil histology was poorly preserved, but likely showed bone matrix 

organisation (e.g. medullary trabeculae positioning, high vascularity) similar to the modern 

specimen. We use these preliminary data to discuss hypotheses for wombat forelimb 

biomechanical and physiological microscopic adaptation to a burrow environment. We 

encourage future systematic examination of intra-skeletal bone microstructure in wombat 

populations to better inform their unique ecological adaptations and assist in reconstructing 

wombat behaviour in palaeontological contexts. 
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Introduction 

Histology has long been successfully applied to both palaeontological and modern tetrapod 

samples, revealing bone microscopic features linked to behaviour, life history, biology, 

physiology, skeletal development, and phylogenetics (e.g. de Ricqlès 2011; Marín-Moratalla 

and Jordana 2013; Padian and Lamm, 2013; Straehl et al. 2013; Miszkiewicz et al. 2020). 

However, bone histology in Australian marsupials has received very little attention. To the best 

of our knowledge, only three studies have considered modern Vombatus ursinus hard tissue 

histology (Werning 2013; Slon et al. 2014; Felder et al. 2017), and none in a palaeontological 

context. One of these studies investigated wombat hyperostotic bone disease (Slon et al. 2014), 

and another used geometric properties of a single wombat bone isolated unit (secondary osteon) 

to examine scaling relationships between body size and histology as part of multi-species 

mammalian comparisons (Felder et al. 2017). Werning (2013) included V. ursinus bone 

histology data, Diprotodon optatum, and other Diprotodontia as part of broader analyses of the 

evolution of growth rates and metabolism in amniotes. 

Wombats are excellent candidates for bone histological analyses because of their suite of 

specialised morphological (e.g. powerful forelimbs and efficient scratch-digging) and 

physiological (e.g. thermoregulation and low basal metabolic rate) adaptations needed to live 

in a subterranean environment. Fossil wombat lifestyles, particularly concerning questions that 

relate to burrowing in deep time, remain unresolved (Woolnough and Steele 2001). Vombatus 

ursinus is the only extant species of the genus Vombatus, of which four are known in the fossil 

record: V. ursinus, V. parvus, V. hacketti, and V. mitchellii (Murray 1998, Louys 2015). The 

earliest known member of the Vombatidae, Rhizophascolonus crowcrofti, is dated to the Early 

Miocene (Brewer et al. 2018). All species within this family show some degree of hypsodonty 

and fossorial scratch-digging (Murray 1998), combined with a large body mass and a 

herbivorous diet (Johnson 1998). The origins of these adaptive traits and their relation to 

burrowing environments is debated (Murray 1998; Johnson, 1998).  

Modern wombats have a range of complementary biological energy-saving and energy-

maximising traits (Barboza 1993). They have heavy and highly adapted digging humeri, a 

compact body, and strong claws which support burrowing behaviour and reduce energy 

expenditure (Johnson 1998). Fossorial mammals are typically small or consume high energy 

yield forage to satisfy large energy expenditure related to burrowing, yet wombats can achieve 

large body size (up to 35 kg) whilst foraging on low quality fodder (McIlroy, 1973). High, but 
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short term-energy expenditure is required to build a burrow whilst low long-term energy is 

needed to maintain one (Vleck 1979). To that end, wombats show extremely low basal 

metabolic rates (BMR). Their adaptive masticatory functions reduce food into fine particles 

which decreases the amount of energy needed for digestive processes (Barboza 1993). Their 

colonic digestive system helps with food fermentation increasing food capacity by 30% over 

the estimated value derived from body mass (Barboza and Hume 1992a, 1992b). This is 

supported by a long retention period which maximises the digestibility of low-quality forage 

(Barboza 1993). Concentration of plasma in thyroid hormones, indicative of metabolism and 

nitrogen requirements, is known to be some of the lowest when compared to other mammals 

(Barboza et al. 1993).  

Wombats can regulate constant temperature and humidity within their burrows through their 

adaptive traits (Wells, 1978). The burrow reduces the amount of energy required in 

thermoregulation that complements other energy-saving biological adaptations (Wells 1973; 

Contreras and McNab 1990). Reduced thermoregulation is hypothesised to result in the 

aforementioned lower metabolic rates (Contreras and McNab 1990). Consequently, as 

wombats are sensitive to hypothermia (Murray 1998), they will avoid venturing outside until 

outside conditions match the burrow temperature and humidity (Wells 1978). Therefore, 

wombats shift their emergence from the burrow throughout the year based on seasonal 

variation. Doing so saves up to 57% of respiratory water loss (Wells 1978). Constantly humid 

temperatures, accompanying a low metabolic rate and behavioural variation, also reduce water 

turnover by breathing in close to saturated air. The southern hairy nose wombat (Lasiorhinus 

latifrons) has been shown to have a water turnover rate of less than 22ml/kg per day (Wells 

1973). The burrow is also a hypoxic and hypercapnic environment (Boggs et al. 1984). To deal 

with a saturated CO2 environment, wombats have variable respiratory responses (Withers 

1972).  

The morphology of skeletal elements at both the macroscopic and microscopic level varies 

across species due to phylogenetic, physiological, metabolic, mechanical, and environmental 

stimuli (Cubo et al. 2008; Huttenlocker et al. 2013). The unique adaptive biological constraints 

of the burrow environment, and fossorial activity, should therefore be reflected in wombat bone 

histology. Variations in resting metabolic rate (RMR) can be linked to growth rates (dioxygen 

consumption and mass) (Padian et al. 2001; Cubo et al. 2008), and body mass is linked to bone 

metabolism (Bromage et al. 2009; Hogg et al. 2017; Miszkiewicz et al. 2020). Processes of 
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bone growth (modelling) and renewal (remodelling) are reflected in the rate of deposition of 

bone tissue, the organisation of the bone matrix via the orientation of collagen fibrils, as well 

as bone vascularity, all seen histologically (de Ricqlès 2011). A stratigraphic-like record of 

varying growth rates and responses to biomechanical loading are captured microstructurally 

(Francillon-Vieillot et al. 1990; de Ricqlès 2011; Huttenlocker et al., 2013). Here, we provide 

preliminary insights into modern wombat midshaft humerus histological appearance with 

remarks on histological applications to fossil wombat behaviour.  

Materials and methods 

Humerus specimens 

This study examined one right and one left adult wombat humerus (Fig. 1). The specimens 

were from a fossil Vombatus sp., and a modern V. ursinus. The modern (MW) specimen was a 

surface find recovered as part of a palaeontological survey of Mt Fairy, Lake George, New 

South Wales. The fossil specimen (FW) was collected from A’Beckett’s Cave at Bakers 

Swamp, New South Wales, around 20 km south of the Wellington Caves fossil sites. The FW 

fossil was recovered from a dense fossil accumulation located at the bottom of the cave where 

fossil bearing sediments are overlain by speleothem. Two speleothems were dated by uranium-

series, the oldest of which is 93.7 ± 0.3 ka and represents the minimum age for the fossil 

deposits (Supplementary Table 1). The sediments underlying this have a normal magnetic 

polarity, suggesting deposition during the Brunhes Chron within the last 780 ka (Singer, 2014). 

The fossil sample is therefore Middle Pleistocene or very early Upper Pleistocene in age 

sometime between ~780 and ~94 ka. Both humeri are from the vertebrate palaeontology 

collection at the Australian Research Centre for Human Evolution at Griffith University, 

Brisbane. Three (one modern and two fossil bone) thin sections produced as part of this study 

were accessioned into the Hard Tissue Histology collection of the School of Archaeology and 

Anthropology at the Australian National University (accession IDs are ANU_SOAA_WHM 

for the modern specimen, and ANU_SOAA_WHF1 and WHF2 for the fossil specimen).  

Osteological analysis 

A complete osteological analysis of the humeri was conducted to collect morphometric data 

prior to invasive sampling for histology. A pictorial record of both samples was established by 

photographing all the all sides of the specimens using a Cannon EOS 5D Macro 100 mm lens, 

and a Nikon Coolpix AW 130 camera. Following von den Driesch’s (1976) guide, discrete 
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dimensions were recorded using digital callipers, a sliding measuring board, and a flexible tape 

measure. Although we aimed to take as many measurements as possible, taphonomic damage 

to the FW resulted in the loss of the proximal portion and both distal epicondyles (Fig. 1). In 

contrast, the MW humerus was complete. The measurements (von den Driesch 1978) taken in 

mm were: GL (greatest length), Bp (greatest length of the proximal end), Dp (depth of the 

proximal end), SD (smallest breadth of diaphysis), Bd (greatest breadth of the distal end), BT 

(greatest breadth of the trochlea), and the minimum diaphyseal circumference.  

Histological preparation 

Histological sections were prepared using midshaft bone as that is where periosteal muscle 

attachment sites are found (e.g. for the deltoid, deltopectoral aponeurosis, pectoralis major, 

brachialis muscle, teres major, latissimus dorsi tendons) (Murray 1998). Histological 

preparation followed standard methods for dry and undecalcified bone samples (e.g. Padian 

and Lamm 2013; Miszkiewicz et al. 2019; 2020). The samples were taken from the same 

location at the midshaft diaphyseal humerus across the deltopectoral crest (DPC). Using an 

Arlec 12V Supertool, and a Dremel cut off wheel (#409) and Dremel Reinforced wheel, two 

transverse parallel cuts were made so that the extracted section was approximately 5 mm in 

width (MW = 5.23 - 6.60 mm, FW = 4.90 - 5.80 mm) to extract full cross-sections. Samples 

were embedded using Buehler SamplKups® and Buehler EpoxiCure® Epoxy Resin solution. 

Once hardened, the samples were removed and mounted onto a Kemet® Metkon MICRACUT 

151 precision cutter with a Diamond cutting Disc, 150mm diameter, set at 204 rpm. Samples 

were reduced by trimming excess plastic material on the medial, caudal, and cranial side on 

the MW, and the caudal side of the FW in a sagittal plane. The samples were then sectioned in 

the transverse plane from the caudal to cranial border. Samples were mounted onto a clean 

glass microscope slide using instant clear long lasting, solvent free and water-resistant adhesive 

Araldite®, and then ground down both manually and using an automatic Buehler Eco-Met 300 

Grinder-Polisher. The final sections measured ~150 µm. The samples were polished on a wet 

Beuhler Polishing cloth with Buehler MicroPolish II 0.3 µm powder to remove scratches. 

Samples were washed, dried, and placed in an ultrasonic bath for two minutes to remove micro-

debris. Following this, water was removed from the samples through dehydration in a series of 

alcohol baths. Finally, thin sections were cleared in Xylene and covered with a cover slip.  
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Microscope imaging  

The thin sections were studied under objective magnifications of x2, x4, x10, x20, x40, and 

x60 using a series of microscopes. Initial imaging was undertaken using an Olympus CX31 

microscope with an Olympus CS30 3MP colour camera and Olympus Steam V1.9.1 imaging 

software; and an AmScope microscope with an AmScope MU130 colour camera, and 

AmScope 3.2 imaging software. Advanced imaging, including the creation of automatically 

stitched histology overview images (Fig. 2), was done using an Olympus BX53 with an 

Olympus DP74 camera for transmitted and linearly polarised light; and an Olympus BX53 

polarising microscope with a DP74 camera equipped with a lambda plate (Olympus U-TP530); 

both operated using the Olympus CellSens® software. Higher resolution images are available 

as supplementary files (Supplementary Fig. 1-3). Quantitative analyses of the images were 

completed using the open source program ImageJ®.  

Bone tissue analysis  

The samples were first assessed for the extent of taphonomic alteration following the Oxford 

Histological Index (OHI) (Hedges et al. 1995). Histomorphological parameters (bone tissue 

descriptions) and histomorphometric data (quantifying bone histology) collected were then 

defined based on preservation.  

Histomorphological parameters 

Bone tissue analysis follows the terminology described by Francillon-Vieillot et al. (1990). 

The organisation of bone matrix (i.e. classified as woven-fibered, parallel-fibred, lamellar 

bone), and vascularisation patterns (vessel morphology and orientation) are described. Woven 

bone has disorganised collagen fibrils and appears isotropic under polarised light. Parallel-

fibered bone (PFB) contains parallel, closely packed collagen fibrils aligned in one orientation, 

which are anisotropic and consistently dark or light when polarised. Lamellar bone consists of 

tightly packed lamellae that show up as alternating bright and dark bands under polarised light 

(Huttenlocker et al. 2013; Francillon-Vieillot et al. 1990). The presence of varying tissue types 

in one thin section can indicate different stages of growth. For example, woven-fibered bone 

is deposited rapidly, whereas lamellar bone is deposited slowly (Amprino 1947; de Margerie 

et al. 2004; Shapiro and Wu 2019). Vascularisation of bone tissue is essential in characterising 

bone growth and maintenance. Francillon-Vieillot et al. (1990) outlined four vessel categories: 

non-vascular bone, primary canals of one orientation (longitudinal, circular, radial, or oblique), 
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primary canals of more than one orientation, and secondary canals. These further take form of 

simple primary vessels, primary osteons, and secondary osteons (Huttenlocker et al. 2013). 

Presence of secondary osteons indicates Haversian remodelling, which is evidence for 

deposition of secondary bone tissue that can be associated with increasing age and response to 

biomechanical load (Miszkiewicz et al. 2019). 

Histomorphometric data 

The ImageJ® “polygon” selection tool was used to measure section area by tracing around the 

outer periosteal boarder of each specimen, and then the most inner trabecular bone surfaces in 

the endosteal region of bone, as well as selecting regions obscured taphonomically. The 

measurable area was then calculated by subtracting the trabecular bone, taphonomic 

alterations, and empty spaces of the image from the total area measurement. A total 

vascularisation estimate was calculated by counting all visible simple primary vascular canals, 

and primary and secondary osteons. Two observers (MMW and JJM) confirmed the 

identification of canals. The counts were collected using the ImageJ® “multipoint” tool. The 

total number was then divided by the total measurable area, giving a density estimate of total 

bone vascularity.  

Results 

The gross morphology of the MW was overall more robust (larger and more compact), but 

smoother and rounder than the FW which was gracile (smaller and more slender) and showed 

a more angular diaphysis (Fig. 1). Although the FW was incomplete, the MW was larger where 

comparable measurements could be made. These included the SD (smallest breadth of 

diaphysis) and BT (greatest breadth of the trochlea) (Table 1).  

Modern wombat humerus histology 

The MW presented extremely minor levels of bioerosion with over 95% of the microstructure 

and collagen preserved, visible, and easily discernible (OHI = 5) (Hedges et al., 1995) (Fig. 2, 

3). The cross-section shape of this specimen is gracile and tear-shaped due to its elongated 

portion for the DPC and the rounded diaphysis on the caudal aspect. The length from the DPC 

to the medial diaphysis is approximately 25.40 mm. Trabeculae are distinctly present 

throughout the centre of the DPC region, surrounded by vascular, woven and parallel-fibered 

bone tissue along the sub-periosteal envelope. Oblique, longitudinal primary osteons, and 
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simple primary vascular canals are dispersed randomly throughout the lateral, caudal, and 

cranial surfaces of the DPC. Anastomosing reticular vascularisation is observed on the border 

of the cancellous and compact bone where the DPC meets the cranial diaphysis. Surrounding 

the medullary space, on the caudal-medial endosteal border, is an inner circumferential layer 

(seen distinctly in blue in Fig. 2c) which is not prominently seen elsewhere around the medulla. 

Further into the cortex, and surrounding the caudal-lateral and cranial medullary space, is 

secondary endosteal spongiosa. On the caudal endosteal margin the spongiosa is birefringent 

and constructed with lamellae. Alternatively, on the cranial endosteal border remodelling of 

spongiosa is prevalent with disorganised collagen fibrils. In the medial-caudal region restricted 

areas of coarse compact cancellous bone (CCCB) are seen, owing to a distinct mesh-like 

appearance (Fig. 2c, 3c). 

Throughout the cortex of the diaphysis, parallel-fibered, woven, and Haversian bone with 

clusters of secondary osteons are observed. Though remodelling activity varies throughout the 

bone cortex, dense remodelling occurs across the breadth of the medial-cranial cortical region, 

and the inner medial cortical tissue, but becomes less apparent on the lateral-caudal sub-

periosteal aspect (Fig. 2, 3a-b, 3d). Here, secondary osteons are disorganised with prominent 

asymmetric, longitudinal and oblique reticular vascularisation. Some radial and circular simple 

primary vessels are present but in lower frequencies (Fig. 3). From the mid to outer cortex, in 

regions unobscured by remodelling, parallel-fibered tissue dominates. Moving towards the 

periosteum, parallel-fibered bone becomes more prominent where the same previously 

described band of vessels are seen (Fig. 3d). The outer cortex of the bone is comprised of 

lamellar bone with minor occurrences of radial and longitudinal simple primary vessels, and 

isolated secondary osteons (Fig. 3a, 3d). No clear lines of arrested growth (LAGs) or annuli 

circumnavigate the entire diaphysis. However, bone growth marks are observed in the 

periosteal envelope (Fig. 3a). For the entire sample, excluding the spongiosa, vascularity was 

estimated at 11.47 vessels/mm2. Osteocyte lacunae are seen in high numbers and in close 

proximity to each other (Fig. 4b, 4d). 

Fossil wombat humerus bone histology 

The FW has prominent but restricted levels of bioerosion along the caudal periosteal border 

and dispersed throughout the cortex of the DPC (Fig. 5). This means that its bone micro-

organisation is difficult to describe, though circular vessels were still visible and regions of 

interest with defined osteocyte lacunae were identified (Fig. 5a, 5b). The cortex showed regions 
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of dissolution within the bone matrix and erosion, which meant it was designated an OHI score 

of 3 (Hedges et al. 1995). We also observed a lack of birefringence in the majority of the FW 

sample potentially due to collagen loss (Kendall et al. 2018). Therefore, our descriptions of 

bone are limited.  

The FW cross-section shows a triangular diaphysis, with a relatively thick cortical bone along 

the caudal diaphysis and surrounding the DPC portion of the bone (Fig. 5). Similar to the 

modern specimen, spongiosa is dispersed well into and within the centre of the DPC region. 

Trabeculae are located around the medullary cavity, and they appear to occupy larger areas of 

the cortical band when compared to the modern specimen. From the medial diaphysis, the 

lateral DPC the midshaft measured 20.98 mm. A conservative estimate of vascular density was 

established at 11.09 vessels/mm2. There were isolated regions of interest that showed widely 

dispersed osteocyte lacunae with increased distances between the neighbouring cell cavities 

(Fig. 4a, 4c). A thin periosteal border is possible (Fig. 5b).  

Discussion 

Comparing the fossil and modern specimens, it is evident that the cortical width surrounding 

the DPC is greater in the fossil specimen. However, its overall gracileness and triangular shape 

differ significantly from the larger, more robust yet more round modern specimen. As the 

wombat humerus is highly adapted to scratch-digging behaviour, a prominent DPC and teres 

major tuberosity supporting the specialised scapular humeral muscles needed for digging 

explain the shape differences (Murray 1998). Variations of these features are seen across 

different species within the genera but are also seen within the same species (Murray 1998). It 

is possible that this may be a result of phylogenetic and environmental factors such as varying 

densities of soil substrates, topography, digging posture, and locomotor requirements (Murray 

1998; Scott and Richardson 1987). As our specimens are identified to the same genus, but are 

from different locations and time periods, this could be a function of the environment or 

burrowing in different soil substrate. Alternatively, these humerus midshaft morphological 

disparities could represent different species. We do not know the age or sex of the two 

specimens, but we can hypothesise bone growth links to wombat behaviour and physiology.  

Adaptation to scratch-digging 

Digging marsupials are equipped with short and robust forelimbs that facilitate efficient, yet 

stable movement (Warburton et al. 2014). This means that the internal structure of a wombat 
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humerus should be adapted to biomechanical constraints allowing it to function without 

compromising bone tissue quality. Based on the bone histology sample in our modern 

specimen, it is apparent that the humeral bone tissue is highly vascularised and predominantly 

comprised of longitudinal and reticular simple primary vascular canals, and primary and 

secondary osteons. High vascularisation facilitates blood supply for bone maintenance 

(Miszkiewicz et al. 2019), and bone remodelling response to load is well-established (Lee et 

al. 2002). In our modern sample, dense remodelling concentrated across the cortex of the 

diaphysis is evidence for production of secondary lamellar bone and may occur in some of 

these regions in response to mechanical load. This would explain the occurrence of secondary 

osteons very close to the periosteal border where new bone tends to be deposited in cases of 

increased and repetitive strain (Robling et al. 2006). However, previous research examining 

the fossorial South African aardvark (Orycteropus afer) reported higher remodelling in the 

lower arm of the forelimb than the humerus (Legendre and Botha-Brink 2018). Therefore, 

future research should examine bone histology in all wombat limb bones to better understand 

and explain any patterns relating to biomechanical bone remodelling intra-skeletally. 

Generally, the observation of secondary osteons that indicates Haversian remodelling of the 

wombat humerus cortical bone agrees with reports for other fossorial animals such as the Cape 

dune molerat (Bathyergus suillus) (Montoya-Sanhueza and Chinsamy 2017), as well as 

observations made by Werning (2013: 338; Fig 3.15). 

Ecological considerations of fossorial lifestyle  

Further related to wombat humerus biomechanical constraints are ecological aspects of 

fossorial lifestyle. Early in ontogeny, a growing wombat must already engage in digging 

behaviour, all the while living within an underground niche. Indeed, multiple factors of 

fossorial living define and affect a wombat including its body mass, resource availability, 

reduced oxygen supply within a burrow, burrow size (McNab 1979), and even social systems 

(Noonan et al. 2015). McNab (1979) showed that burrow living is strongly associated with 

body size, temperature regulation, and reduced BMR. Recent bone histology research on 

subterranean mammals has considered a suite of skeletal microstructural characteristics 

describing bone tissue in mammals living underground (Montoya-Sanhueza and Chinsamy 

2017; Legendre and Botha-Brink 2018). For example, increased ontogenetic periosteal and 

endosteal cortical thickening, and presence of CCCB, were found in the Cape dune molerat (B. 

suillus) (Montoya-Sanhueza and Chinsamy 2017). Legendre and Botha-Brink (2018) also 
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discussed the occurrence of significant amounts of CCCB in the South African aardvark (O. 

afer) as a physiological and biomechanical compromise possibly suited to fossoriality. They 

noted very little secondary remodelling of CCCB in their samples, though this type of bone is 

usually remodelled early in other animals. Compared to cortical bone, less energy is required 

to maintain CCCB which means a reduced, energy-saving, metabolic input into bone 

homeostasis (Warshaw et al. 2017). Whether wombats conform to these bone histology 

descriptions reported for other fossorial animals remains unconfirmed until data are available 

for the entire skeleton and throughout ontogeny. At this stage, we show small amounts of 

CCCB in our modern sample, though Montoya-Sanhueza and Chinsamy (2017) emphasise a 

lack of direct relationship of this type of bone to fossoriality. 

Despite our limited sample size, we can hypothesise some links of bone histology to aspects of 

wombat life history as ontogenetic growth rates can be reconstructed from microstructure (Lee 

et al. 2013). Common wombats are seasonal breeders that vary in reproduction based on 

latitude and altitude. By doing so, they can ensure that weaning occurs during summer months 

where temperate grasses are at their peak potential growth (Mallett and Cooke 1986). The 

gestation period is approximately 21 days, followed by 8-9 months within the pouch. Joeys are 

fully weaned between 10-12 months, however weight at this point has not been documented. 

Unlike other marsupials that undergo rapid growth within the pouch (McMahon et al. 2011; 

Werning 2013), common wombats experience a period of rapid growth where body size can 

double within 3-8 months post-weaning. Ontogeny is complete by approximately two years of 

age in prime conditions, or three years in field conditions (Wells 1989; McIlroy 1973). In our 

modern sample, throughout the entire outer cortex, a band of parallel-fibered bone is observed, 

which can be associated with moderately fast bone deposition. On the inner cortices, woven 

bone, associated with faster growth, is observed above the inner circumferential lamellar layer, 

combined with sporadic Haversian remodelling. The occurrence of woven bone and parallel 

fibered bone, interrupted by Haversian remodelling may suggest periods of fast and moderate 

growth rates, and the need for localised bone renewal through deposition of secondary osteons 

(Amprino 1947; de Margerie et al. 2004). A hypothesis worth exploring is whether these 

transitions may correspond to the high post-weaning period of wombat growth (McIlroy 1973). 

We also observed bone growth marks in the modern sample, which are usually witnessed in all 

living vertebrates (Castanet et al. 1993; Woodward et al. 2013).  
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Werning (2013) previously observed LAGs in V. ursinus indicating cyclical growth. These 

may have well been present in our modern sample but cannot be confidently ascertained due 

to the “erasing” effects of Haversian remodelling. Bone growth rates are also linked to 

metabolism and RMR (Padian et al. 2001; Cubo et al. 2008). Typically, animals with low 

metabolic rates reach adulthood after slow cyclical growth periods (which could be determined 

from LAGs or annuli). However, bone also requires oxygen for growth—as metabolism is a 

function of oxygen consumption (Huttenlocker et al. 2013; Cubo et al. 2008)—which is 

compromised within a burrow. In extreme cases, hypoxia (inadequate oxygen supply to tissue) 

can alter the function of a bone multicellular unit inhibiting osteoblast function (Marenzana 

and Arnett 2013). This is clearly not the case for wombats as evident through bone remodelling 

and extensive vascularity. We hypothesise that wombat bone develops quickly early in 

ontogeny, leading to a highly interconnected but disorganised vascular bone tissue, indicating 

that wombat bone modelling and remodelling is adapted to the burrow environment.  

Both the fossil and modern specimens here have relatively similar vascular densities (MW = 

11.47 vessels/mm2, FW = 11.09 vessels/mm2) suggesting that this trait may not have changed 

much across Vombatus through time. Vascularisation of the humerus in a North American, 

non-digging, Virginia opossum (Didelphis virginiana) was previously reported to be 

predominantly radial with very few longitudinal canals dispersed across largely parallel-

fibered bone matrix (Volkmann, 2017). While Virginia opossum bone vascularisation has not 

yet been quantified, its scarcity in Volkmann’s (2017) sample is different from the relatively 

more complex vessel organisation in our modern wombat. This may hint at growth rate 

differences between digging and non-digging marsupials, even though the Virginia opossum, 

similarly to wombats, also shows a low metabolic rate (Walker and Berger, 1980). We note 

that the specimen examined by Volkmann (2017) was young and of unknown sex, so 

comparisons to wombats will benefit from including adult opossums in the future.  

We acknowledge that our vascularity data will need verifying as they were difficult to collect 

in the fossil specimen, and only one sample in the modern and fossil categories were recorded. 

If future research supports significant differences between modern and Pleistocene wombats, 

these may be due to the availability of energy (Botha and Chinsamy 2000), with our data 

suggesting modern wombats experience larger energy inputs. Our fossil specimen dates to a 

period largely characterised by major temperature shifts, with a long-term trend towards 

progressively drier climates (Archer 1984, Kershaw et al. 2003). Common wombats may have 
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only foraged on low quality fibrous foods. With the increasing grasslands as a by-product of 

agriculture post-European colonisation, the common wombat may have opportunistically 

shifted their diet to consume the higher energy-yielding grasses (Murray 1998). The greater 

vascular density in the modern wombat, as well as less dispersed osteocyte lacunae, may reflect 

a higher growth rate restricted by the same life history as the fossil specimen (Bromage et al., 

2003).  

Conclusions 

This study provides pictorial and descriptive records of modern and fossil wombat humerus 

bone histology, showing that wombat forelimb microstructure may be adapted to 

biomechanical constraints and reflect burrow specific physiology. We hypothesise that due to 

development in the burrow, otherwise not conducive to bone growth, wombats evolved skeletal 

adaptations that allow for fast and strong bone building early in ontogeny, although this is 

based on only two samples and our observations could also be the result of atypical bone 

development. Unfortunately, the fossil specimen was heavily impacted by diagenesis. 

Nevertheless, our preliminary results encourage future research into intra-skeletal comparisons 

across ontogenetic assemblages of modern and fossil specimens to better understand temporal 

and spatial changes in wombat bone growth. 
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Figure captions 

Fig. 1. The two wombat humerus specimens examined in this study. Top: caudal aspect of the 

fossil (a) and modern (b) specimen; bottom: cranial aspect of humerus of the fossil (c) and 

modern (d) specimen. Each specimen is shown so that the proximal end is at the top and the 

distal end is at the bottom of the bone. 

Fig. 2. Overview of midshaft humerus bone histology in the modern wombat specimen, 

showing full cross-sections using three different types of light microscopy: a) – transmitted 

light, b) – linearly polarised light, c) – lambda cross-polarised light. Higher resolution images 

of each of the three scans are available from the supplementary files. MC – medullary cavity, 

DPC – deltopectoral crest protrusion. 

Fig. 3. Bone histology features of the modern wombat midshaft humerus under lambda cross-

polarised light. To the left of the image is a full cross-section (better quality version is shown 

in Fig. 2, and in the Supplementary file) indicating where each a) through to d) regions of 

interest were captured: a) – outer cortical bone region on the lateral aspect and b) lateral-caudal 

region showing parallel fibered bone (PFB); clustered and isolated secondary osteons (SO); 

and bone growth markers in the periosteal envelope in a); c) medial-caudal region of compact 

bone showing compact coarse cancellous bone (CCCB); d) lateral-caudal region showing outer 

cortical bone composed of parallel fibered bone (PFB) and isolated secondary osteons (SO) 

located well into the sub-periosteal envelope. Scale bar is 200 µm in all images. 

Fig. 4. Dispersal of osteocyte lacunae in the fossil (a, c, and middle segment of the cross-section 

to the left) and modern (b, d, and middle segment of the cross-section to the right) wombat 

midshaft bone. While largely impacted by diagenesis, osteocyte lacunae can still be identified 

in the fossilised bone with some lacunae appearing empty (black arrow in c). Osteocyte lacunae 

in the modern wombat bone are seen in much higher numbers and with well-defined borders 

that show canaliculi in some cases (white arrows in b and d). Scale bars are 50 µm in a) and 

b), and 20 µm in c) and d).  
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Fig. 5. Bone histology features, mostly obscured by diagenetic damage, of the fossil wombat 

midshaft humerus under simple linear polarised light (a), where b) and c) indicate locations of 

bone magnified and shown under transmitted light: MC – medullary cavity; DPC – 

deltopectoral crest protrusion; LV – primary longitudinal vascular canals seen along the outer 

medial-cranial cortical bone with osteocyte lacunae (OL) dispersed throughout the image; PFB: 

a possible thin parallel fibered bone on the sub-periosteal envelope observed on the medial-

cranial aspect of the thin section. Scale bar is 20 µm in a) and 200 µm in b).  
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