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Abstract 

Recovering well-preserved vertebrate remains from underwater caves has provided 

critical insights into archaeological and palaeontological records worldwide. How-

ever, understanding how bone assemblages form and are modified in underwater 

environments remains limited due to stable low energy burial conditions that produce 

time-averaged deposits, and underwater settings that hinder traditional recording 

and recovery methods. We examine three assemblages of historically deposited and 

dated non-human, domesticate animal bones from two underwater caves, Green 

Waterhole and Gouldens Sinkhole, near Mount Gambier, South Australia, encom-

passing known submerged (wet) and dry burial conditions. The assemblages were 

examined to assess how wet and dry cave environments impact bone distribution, 

surface and microstructural modification. Radiocarbon dating of 41 specimens 

indicates that domesticate fauna were deposited over decadal and centennial times-

cales, allowing taphonomic signatures to be contextualised through time. Statistically 

significant differences were identified between wet and dry burial contexts. Bones 

recovered from wet contexts exhibit mostly better preservation, including skeletal 

elemental completeness, surface, and microstructure, than those from dry caves. 

However, some of the submerged specimens also have elevated frequencies of bone 

surface chemical corrosion with macroscopic evidence for heterogenous black bio-

logical staining, algal or biofilm attack, and a distinctive form of circular etching. His-

totaphonomy further reveals patterns of peripheral cyanobacterial tunnelling across 

most bones recovered from submerged contexts. Bones from dry environments were 

dominated by terrestrially linked tunnelling across all regions of the bone cortex. 
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These findings can be explained by variation in light availability across different cave 

zones which influences biological activity and, in turn, the expression of taphonomic 

markers on bone externally and at the microstructural level. This is the first study to 

provide a benchmark dataset for reconstructing depositional histories and post- 

depositional reworking of bones in underwater cave environments under a tapho-

nomic framework.

Introduction

Bones recovered from aquatic landscapes are often exceptionally well-preserved, 
providing some of the best-known assemblages for revealing the lives of past people 
and ecological communities [1–5]. This has been particularly evident in underwater 
(phreatic) caves and sinkholes [6]. However, the origin and site formation processes 
of these sites have rarely been studied, hindering archaeological and palaeontologi-
cal investigations [7].

Underwater caves can be environmentally stable with low water flow rates, but 
conditions can vary across a single site: light exposure is limited to cave entrances, 
and water may be thermally and chemically distinct across different areas [7,8]. Sed-
iment accumulation is generally limited to deposits transported into the cave (alloch-
thonous), and those that form within the burial environment (autochthonous). These 
conditions can result in exceptionally preserved remains on the surface of cave floors 
that are unstratified, comingled, and time-averaged.

A lack of stratification in underwater cave deposits further hinders comprehensive 
investigations of faunal and archaeological change through time. Key to near shore 
phreatic cave environments are shifting water tables, from relatively small seasonal 
fluctuations to extreme global changes that occur with cyclical and long term  
glacial-interglacial cycles [9]. The presence or absence of water in these caves alters 
site formation processes and taphonomic histories, thus identifying wet or dry deposi-
tion in such sites could aid in narrowing the timing of depositional windows [7].

Determining when and how a bone is modified under different conditions is 
informed by actualistic studies that observe changes to deposits under natural or 
simulated burial conditions across a measured time scale [10,11]. In taphonomy, this 
framework establishes a modern benchmark for comparison with archaeological and 
palaeontological assemblages. In general, the early changes to bones after deposi-
tion can be preserved through deep time, captured by the fossilisation process that 
records changes in the initial burial environments [12,13]. However, to date no actual-
istic studies have identified the effects of different underwater cave landscapes, such 
as variations in physical structures, hydrology and chemistry, biological communities, 
and light exposure on the taphonomy of vertebrate remains [7].

Actualistic taphonomy has traditionally focused on taxonomic composition (e.g., 
[3,4,14]) and decomposition patterns (e.g., [15–17]), with only a few investigations 
identifying modifications to bone surfaces and microstructure [18–20]. Examining 
bone surface modifications (BSMs) and histotaphonomy, the taphonomic study of 
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tissue microstructure, may be essential in underwater cave settings where traditional excavation and recording methods 
are limited by environments prone to ‘silting out’ [6]. The accumulation of BSMs create (or remove) layers of alterations 
associated with the death of animals, movement or disturbance of remains, and interactions with local burial agents such 
as sediment, chemistry, and microbiota [21]. Linking BSM morphology and expressions of modification to taphonomic 
agents creating these changes has shown differences between permanently wet, dry, or changing hydrological and burial 
conditions in a temperate landscape [19]. Across a thirty-year actualistic study in Neuadd, Wales, submerged bones 
exhibited no rodent gnawing but did show corroded surfaces, and biotic attack by moss, algae, and lichen which resulted 
in different corrosive patterns and in black stains across bone surfaces [19].

Aquatic-specific taphonomic agents have also been identified across different hydrological and site conditions [7], but 
many of these are not applicable to underwater cave systems. Low water flow in many submerged cave conduits and 
sinkholes will limit the sediment abrasion and polishing across bones that is typically reflective of high energy environ-
ments [22–24]. Compared to marine and fluvial landscapes, flora and fauna are limited in terrestrial underwater caves, fur-
ther restricting the degree of degradation to bone surfaces [25–28]. Floral communities that can produce pitting, staining, 
and general corrosion [19,21] are likely to be restricted to the entrance zones of cave systems due to light availability [8].

In histotaphonomy, measures of bone histological integrity have been used to study burial environments [29–31]. 
Aquatic diagenesis, the structural alteration of biomineralised tissues [30,32,33], differs from dry, terrestrial diagenesis. 
Whilst bacterial diagenesis has been shown to be decoupled from burial conditions in terrestrial settings [34], the DNA of 
aquatic cyanobacteria has been linked to a distinct form of microstructural bone tunnelling (Wedl-tunnelling) [35]. Prolif-
eration of radial microcracks across the secondary osteon cement line, a highly mineralised boundary of a fundamental 
cortical bone building unit, has also been linked to decay of bone collagen underwater [36], and used to infer aquatic 
submersion in palaeontological deposits [37,38]. Embedded foraminifera were also identified in bone microstructures from 
aquatic settings, but these are limited to marine environments and sea caves [39].

Biotic modifications and loss of the organic content of bone are also linked to early stages of diagenesis in aquatic 
environments [13,36,40]. However, the timing and expression of diagenesis is inconsistent in submerged and terrestrial 
forensic settings [34,41,42]. For example, in an experimental study of submerged domesticate sheep bones under differ-
ent chemical conditions, wet bones exhibited greater collagen loss and increased porosity after 12 months compared to 
those left in dry settings [43]. Cyanobacteria linked Wedl-tunnelling occurred in waterlogged sand as early as four weeks 
[43], although its expression and timing tend to vary across environmental conditions as reported by others [42]. Thus, 
identifying when in the early diagenetic period histotaphonomic features occur in underwater caves is likely dependant on 
the site type (sinkhole, conduit) and local conditions.

Thus, submersion will affect the spatial distribution, surface modification, and microstructural levels of bones deposited 
in such contexts [7]. Here, we examine the effects of the underwater conditions on non-human animal bone preservation 
at two submerged cave systems in southeast South Australia, Green Waterhole (cave) and Gouldens Sinkhole (cenote). 
We focus on the taphonomy and diagenesis of bones to document depositional processes, patterns across bone surfaces, 
and microstructure at different underwater cave sites (intra-site), and within a cave site (inter-site). Our aim is to identify 
patterns that distinguish early wet from dry bone modifications in caves, in the expectation that it will provide resolution of 
time-averaged fossil deposits in caves that experience fluctuating water levels due glacial-interglacial conditions.

Materials and methods

Study sites

Green Waterhole (also known as Fossils Cave, 5L-81) and Gouldens Sinkhole (5L-8) are two caves formed through phre-
atic karst dissolution and collapse processes in the Gambier Limestone Formation of southeast South Australia (Fig 1). 
Green Waterhole is a doline collapse cave with two submerged conduits on the northwestern and southeastern sides of a 
dry silt talus cone (Fig 2; [44]). The dry, central doline is exposed to aerial conditions, without an overhead environment, 
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whilst the margin of the doline is protected by the entrance zone ceiling. The cave is situated adjacent to a highway, sur-
rounded by pastoral fields and pine forests, with the perimeter of the site fenced off. On the Hundred of Hindmarsh, 1867 
Map (Section 3), the site is marked as a reserve. A large assemblage of vertebrate remains associated with extinct, extant 
and domestic taxa was collected from the southeastern underwater cave [4,46,47].

Gouldens Sinkhole is a round sinkhole, 29 metres in diameter at water surface and 63 metres below surface (Fig 1). The sheer 
vertical sides of the open sinkhole leads to a submerged overhead environment (Fig 2). The site, currently fenced off as a cave 
reserve, sits in a pastoral setting. A large access ramp was built into the side of the sinkhole (date unknown), likely to provide stock 
access to water. An abandoned historic pump house sits at the bottom of the ramp (1940s - 50s). Approximately 2,500–3,000 cubic 
meters of excavated rubble was pushed into the sinkhole, increasing the size of the central talus cone [45]. Material found on top of 
the talus cone postdates the path’s construction while deeper assemblages include bones deposited prior to the construction.

All necessary permits were obtained for the described study, which complied with all relevant regulations. Permissions 
to conduct scientific diver investigations were provided by the Department for Environment and Water (DEW) and the 
South Australian Heritage Council (Permit No. 0001/23) and supported by the Cave Divers Association of Australia.

Fig 1.  Site images of Green Waterhole (A-B) and Gouldens Hole (C-D). A) Green Waterhole (5L81) collapsed doline looking east; B) Green Water-
hole northwest lake with aquatic flora across margins; C) Gouldens Hole (5L8) looking north looking towards sinkhole across artificial ramp access path 
and pumphouse; D) Gouldens Sinkhole looking north across exposed lake towards vertical walls pocketed with phreatic, vertical tunnels.

https://doi.org/10.1371/journal.pone.0343896.g001
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Assemblage

Recent (<250 years old) assemblages of non-human domesticate fauna skeletal elements were collected from Green 
Waterhole (GW) and Gouldens Sinkhole (GH) in April 2023 from submerged (wet) and surface (dry) burial contexts. Whilst 

Fig 2.  Site maps of Green Waterhole (A) and Gouldens Sinkhole (B), and associated recovery locations. A1) map of gridded Green Waterhole, plan 
view; A2) cross section view of Green Waterhole; A3) inset of A1, surface collection map across dry doline, plan view; A4) inset of A2, collection depths 
across Green Waterhole West Lake at Grid B3, cross section view; B1) gridded map of Gouldens Sinkhole with approximate locations and depths of collec-
tion points, plan view; B2) collection depths across Gouldens Sinkhole, cross section. Maps adapted and redrawn from original survey reports [44,45].

https://doi.org/10.1371/journal.pone.0343896.g002
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domesticate animal bones were targeted for analysis, limiting deposition to within the period of European arrival to Mount 
Gambier, few native fauna remains collected were also analysed. Three distinct assemblages were collected from the 
two sites, with discrete collection locations varying in hydrological context and depth (Table 1). Specimens were collected 
on top of the submerged cave floor sediment at different depths below the water’s surface (wet), and across the surface 
floor of the doline collapse area at GW (dry) (Fig 2). For each submerged site, bones associated with shallow depths were 
recovered near the entrance of the cave, while those at deeper points were under an overhead environment. Location 
and photographic context were recorded for each specimen prior to collection. However, silting out after collection limited 
visibility and thus the possibility of further in situ analyses. With reduced visibility and inability to use classic terrestrial field 
recording techniques, it was not possible to determine if bones from the same depths were articulated and belong to the 
same individual.

At Green Waterhole, bones were collected from the submerged, wet ‘Green Waterhole West’ lake (GWW) and dry 
‘Green Waterhole Surface’ (GWS) (Fig 2). The western lake (GWW) was targeted to minimise the effects of frequent 
diving activities, common in the eastern lake, and it was less disturbed by previous palaeontological research programs 
[4]. In the submerged lake, skeletal specimens were collected from five collection locations across either an allochtho-
nous silty humic clay sediment near the entrance, or an autochthonous fine, powdery clayey carbonate sediment within 
the overhead cave environment [4]. Specimens collected from deeper regions of the cave experienced less light expo-
sure than those higher and towards the entrance. The dry surface assemblage was collected across seventeen discrete 
locations from or on top of humic sediment. Seasonal water level fluctuations, and historically higher ground water levels 
suggest that bones collected from the perimeter of the doline at the water’s edge experienced wet conditions in the past 
[48]. Dumped refuse around the margins of the doline contained fragments of glass, plastic, PVC pipe, metal, and ceram-
ics intermixed with bone.

At Gouldens Sinkhole (GH), bones were collected from nine collection locations on sediments resembling those at 
Green Waterhole (Fig 2). Specimens collected from within the sinkhole are presumed to have been underwater since 
deposition. Those found deeper, towards the back of the cave in the overhead environment, experienced decreased light 
exposure. One ‘dry’ specimen was collected from the artificially constructed ramp, emphasising its association with a his-
toric or modern period. A specimen collected from a shallow underwater shelf (−0.3m) likely experienced seasonal hydro-
logical flux. Historic refuse, including metal fragments and a dead tree, were spread across the sinkhole talus cone.

Waterlogged bones were immediately sealed in insulated containers, then transported to and slowly dried out under 
controlled laboratory conditions. When bones were completely dry, debris were removed using dry brushes to limit exfoli-
ation of bone surfaces, and ethanol, acetone or water was applied to spot clean localised areas of bones where required. 
Delamination was monitored across the drying and cleaning processes.

Forty-two skeletal samples (Table 4 in S1 Appendix) were submitted for radiocarbon analysis to the Australian Nuclear 
Science and Technology Organisation (ANSTO) [49] (12 samples) and the Australian National University (ANU) Radio-
carbon Laboratory [50,51] (30 samples). Historic assemblages are rarely analysed because calibrated ages have large 
and/or multiple age ranges, due to rapid fluctuations in atmospheric radiocarbon content, in part due to the impact of 
bomb testing and industrialisation on the radiocarbon calibration curve (“the Suess effect”; [52,53]). To offset this prob-
lem, this work groups bones deposited across two time periods: decadal (<50 years) and centennial (>50, < 185 years 

Table 1.  Site assemblages and associated hydrological context and specimen frequencies.

Site Assemblage Hydrological context Depth below surface Collection locations N

Green Waterhole Green Waterhole Surface (GWS) Dry 0 m 5 97

Green Waterhole West (GWW) Wet 2.8 m – 5.4 m 17 103

Gouldens Sinkhole Gouldens Sinkhole (GH) Wet 0.3 m – 18.3 m 9 31

https://doi.org/10.1371/journal.pone.0343896.t001
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for domesticates and <1000 for native fauna). Each group was defined and examined to determine if the accumulation of 
taphonomic modifications on bone occurs at different temporal resolutions. Age groups are defined using historic doc-
umentation of European occupation starting in the Mount Gambier region from 1841 [54–56], and the period of intense 
atomic bomb testing that markedly increased atmospheric radiocarbon content [57,58]. Radiocarbon methods are outlined 
in S1 Appendix.

Skeletal analysis

Bones were identified to the lowest taxonomic unit and size class [59]. Skeletal element, epiphyseal fusion, and side 
were recorded [60]. Fragmentation (breakage index) and completeness [18,61], shape and size of specimens [60,62,63], 
and butchery and burning patterns and portions [64] were measured to assess site formation processes (details in S1 
Appendix). Spatial analyses were limited to changes across depth. To quantify the assemblages [65,66], the number of 
identifiable species (NISP), and minimum number of individuals (MNI) were calculated based on the zonation method 
proposed by Dobney and Rielly [67], and taking into consideration side, fusion stages, and refitting analysis. Fifteen 
specimens were selected for taxonomic identification through Zooarchaeology by Mass Spectrometry (ZooMS) analysis 
(details in S1 Appendix).

Bone surface modifications

Bone modifications [21] were recorded as follows: Bone surface alterations included linear marks, pits and perforations, 
deposition of sediments, and discolouration and staining [21]; modifications to shape included scale of abrasion and 
rounding [68]; modifications associated with penetration into bone tissue included flaking and cracking, corrosion expres-
sion (S1 Appendix), digestion, and bone mineral modifications [18,21]; and finally modifications relating to the removal of 
bone tissue or skeletal elements included breakage, deformation, and crushing [69].

The presence/absence, description, and location of changes were recorded for taphonomic features that were then 
categorised into agent type (physical, chemical, biological). Scaled, quantitative methods were used to assess tapho-
nomic features where possible (Table 2 in S1 Appendix). For physical abrasion features, we included rounding, polishing, 
scratches and scuff marks, crushing, collection damage, and impacts. For physical distortion and deformation features, 
we included periosteal bone shrinkage, delamination, plastic deformation, and distortion. Chemical corrosion included 
the degree of damage (general, > 50% of the specimen, or isolated), expression (pitting, bone loss, surface), depth of 
penetration (superficial or deep), and spread type (continuous or discontinuous). In instances of chemical mineral modi-
fication, we used chalky texture, permineralisation, cementation of sediments, chalky mineral deposition [4,7]. The mea-
sure of mineralisation is broad, and determined by weight, colour and texture changes. Biological anthropogenic changes 
included burning, butchery marks, and percussion marks, and for fauna and flora, root pitting, floral/biological etching, 
insect boring, fungal/agal growth, gnawing, puncture marks (location, opposing marks, shape), and animal scratch marks. 
Except for rodent gnawing and predation marks, biological agents were only recorded where they were observed to 
directly create a modification. See S1 Appendix for further information.

Staining was identified by the colour, location (general or isolated), margin type (sharp or diffuse), and spread (mottled 
or continuous). Non-invasive elemental composition of black staining was conducted using portable X-ray florescence 
(pXRF) [78,79] (details in S1 Appendix).

Weathering stages were recorded alongside the presence and absence of each feature (shallow split lines, deep 
longitudinal cracking, bleaching, flaking) associated with its scale to determine potential intricacies of ‘weathering’ across 
dry and wet environments [80]. Flaking was distinguished from delamination. Delamination is the separation of a single 
external bone layer (approximately >1mm thick) beginning with initial separation of periosteal lamellate from the bone 
cortex, followed by longitudinal cracking, and finally removal of bone. Delamination stages were not recorded. Flaking 
and exfoliation ranged between the light, superficial removal of bone surfaces in either continuous or irregular patches not 
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defined by bone structural orientation, to removal of bone surfaces first preceded by linear cracking as observed during 
the weathering process. Flaking produces multiple layers of flakes, that penetrate the bone matrix at different depths com-
pared to the single delamination event.

Histological preparation and analysis

Twenty-four samples were chosen for histological analysis (GH N = 5, GWW N = 8, GWS N = 10), with representative sam-
ples from large (e.g., kangaroo and cow) and medium (e.g., sheep) animals from each context [59]. Weightbearing long 
bones and ribs were selected to target Haversian bone systems that produce secondary osteons (Table 4 in S1 Appen-
dix), following taxonomic identification (see further below). Standard methods for undecalcified, unstained bone histology 
preparation were followed to create specimen blocks for scanning electron microscopy (SEM) analysis, and thin sections 
for histological analysis [34,81] (details in S1 Appendix). Blocks at least 3 mm thick, and thin sections of approximate 100 
µm thickness, were examined for markers of bioerosion, and radial microfractures across secondary osteons under back-
scatter SEM and transmitted light microscopy, respectively, to identify size, form, demineralisation, hypermineralisation, 
and potential associations with histological features [82]. Most blocks and thin sections represented a complete cross- 
section (n = 21) through a bone shaft, unless only a portion was available (n = 3). The location of biodegradation was identi-
fied as either peripheral modification (localised or more regional at the outer bone pocket within a block/thin section) or 
general destruction (widespread impact across the block/think section). To quantify the peripheral degradation, a maxi-
mum depth of penetration was measured starting at the periosteal border using the straight-line tool in ImageJ 1.54g.

The type of bioerosion marker observed was grouped into either Wedl-tunnelling type 1 (associated with cyanobacterial attack 
as per prior studies [35]) or other microscopic focal destruction (MFD) [32,35,83,70]. Inconsistent use of terminology in the histo-
taphonomy literature presents issues in evaluating features associated with aquatic environments, with some authors identifying 
cyanobacterial tunnelling as synonymous with Wedl-tunnelling type 1 [35,70], and others separating them into a unique form [29]. 
For simplicity, cyanobacteria linked tunnelling are here identified as Wedl-tunnelling type 1 based on original descriptions (Table 2).

Quantitative measures of the Oxford Histological Index (OHI), bacterial attack (bacterial-attack-index; BAI) and cyano-
bacterial attack (cyanobacterial-attack-index; CAI) were measured using a scale of 0–5 [29,84], with 0 indicating less than 
5% preservation and 5 indicating over 95% preservation (Table 3 in S1 Appendix). All samples were also assessed for 
birefringence under polarised light. Finally, we measured total cortical area, and the area of regions modified by the differ-
ent biodegradation markers using the polygon tool in ImageJ 1.54g. Percentages were then calculated for each biodegra-
dation type to estimate OHI, BAI and CAI from total cross sections.

Statistical analyses

Statistical comparisons between wet and dry conditions were undertaken using IBMM SPSS 29 with significance tested at 95% 
and 99% confidence intervals. Differences between the presence and absence of bone modifications and histological data were 
tested using the 2-sided asymptotic Pearson chi-squared analysis. Although all sample sizes were adequate across all variables 

Table 2.  Histological definitions previously associated with aquatic biodegegredation.

Aquatic feature Definition Reference

Wedl-type 1 or 
cyanobacterial 
tunnelling

Random, singular or bifurcating tunnels between 5–19 µm, without a 
hypermineralised rim when viewed under bSEM. Extending up to 200–
300 µm from the peripheral surface. Round grains may be identified at 
the end of tunnel structures.

[35,70–74]

Lacustrine 
microboring

See Wedl-type 1, between 7–18 µm in diameter with a hypermineralised 
boundary viewed under bSEM

[70,75,76]

Radial 
microfractures

Small radial fractures, spanning across the secondary osteon cement 
line at a perpendicular angle.

[36,77]

https://doi.org/10.1371/journal.pone.0343896.t002
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(>100), some variables presented in groups at low frequencies (<6), and in these instances, Fisher’s Exact 2-sided test was per-
formed. We acknowledge that larger sample sizes will be necessary to validate our findings in these cases. Ordinal bone surface 
and histological data were tested across burial conditions using the non-parametric, independent samples Mann-Whitney U test 
to identify significant differences in distributions. The OHI, BAI and CAI scales, and peripheral degradation were further compared 
across depth in aquatic contexts. Temporal categories were used to test statistical differences in taphonomic indicators across the 
wet assemblage through time, and for the total pooled wet and dry assemblage to understand if differences are a result of time or 
burial condition.

Results

Site chronologies

Of the 42 specimens submitted for radiometric carbon dating, 41 passed pretreatment screening (S1 Table). Two groups 
were identified associated with domesticates: decadal, representing the modern period younger than 1955; and centen-
nial, representing deposition between 1841 and 1955 (Table 3). Analysis of bone modifications through time can only be 
conducted across wet assemblages as too few decadal specimens are represented from dry conditions (n = 1).

Skeletal assemblage

A total of 231 bone specimens were analysed from GWW (NISP = 103), GWS (NISP = 97), and GH (NISP = 31) (Table 4). Large 
taxa include Bos taurus (cow), Macropodinae and Macropus (kangaroo), Dromaius novaehollandiae (emu); medium taxa: 
ovicaprid (sheep/goat), Sus scrofa (pig), Canis lupus (dog/dingo); and small taxa: Oryctolagus (rabbit), Trichosurus vulpecula 
(possum), Dasyurus (quoll) and Rattus sp. cf. R. lutreolus (swamp rat). All specimens analysed by ZooMS were identified to the 
genus or species level: Macropus sp. (n = 3), Canis sp. (n = 1), B. taurus (n = 3), O. aeries (n = 7), and S. scrofa (n = 1) (S1 Table). 
Ancient DNA techniques identified decadal sheep from the underwater assemblages as belonging to the Merino breed [85].

For domesticates, 70.4% of bones are associated with the forelimb and hindlimb (GH = 45.5%, GWW = 68.2%, 
GWS = 77.8%), followed by axial elements (rib/vertebrate: GH = 45.5%, GWW = 19.3%, GWS = 17.5%) and cranial ele-
ments (GH = 9.2%, GWW = 11.4%, GWS = 4.8%).

Only a single in situ articulation was identified across the three sites, a rabbit skeleton consisting of 12 elements from 
GWS, located on the surface near the margins of the lake. It is possible that other articulated elements were present 
but missed due to limited visibility underwater during recovery. Specimens from underwater contexts have likely been 
reworked by divers prior to collection.

Table 3.  Frequency of specimens associated with age periods across sites and burial conditions.

Site Condition Age Age Period n=

Gouldens Sinkhole Wet >1955 Decadal 0

Wet 1841 - 1955 Centennial 13

Green Waterhole West Wet >1955 Decadal 9

Wet 1841 - 1955 Centennial 1

Green Waterhole Surface Dry >1955 Decadal 1

Dry 1841 - 1955 Centennial 12

Total Wet >1955 Decadal 9

Wet 1841 - 1955 Centennial 15

Dry >1955 Decadal 1

Dry 1841 - 1955 Centennial 12

https://doi.org/10.1371/journal.pone.0343896.t003
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Quantitative distributions

Bone fragments were generally large across sites, with the highest proportion falling into size class 6 (32–128 mm: 
GH = 71.4%, GWW = 36.8%, GWS = 48.5%). Specimens from GWW trended larger than those from GWS; 84.5% of the GWS 
assemblage fall between size classes 5 and 6 and 90.8% of bones at GWW fall between size classes 6 and 8. No identifi-
able size class sorting by depth was observed across samples from wet contexts, or by site across dry burial sites (S1 Fig).

Bone specimen shape (maximum breadth and length ratio) indicated bone sorting based on depth, where an increase 
in depth was associated with a more even shape (Fig 3). A significant correlation between the breadth to length ratio and 
depth was identified across both wet sites; however, the correlation coefficient at GH is higher (R = 0.730, p = 0.007) than 
GWW (R = 0.311, p = 0.005), suggesting depth is a better predictor of shape of the bone at the former site.

Bone Surface modifications

Bone surface modifications (BSMs) were identified across wet (GH and GWW) and dry (GWS) burial environments (Table 5), 
and compared across chronological periods (Table 6). Data are presented according to associated agent types: physical, chem-
ical and biological. Raw frequency BSM data across wet and dry contexts are provided in S1 Dataset.

Anthropogenic actions and predation

Anthropogenic modifications (n = 33, 15.5%) were only identified in domesticated taxa. A single specimen from GWS 
showed evidence of burning (Stage 2) but did not exhibit cut marks. Butchery marks (n = 32, 15.0%) include saw marks 
across full cross sections, sawn bone, and thin linear cuts with V-shaped cross sections (Fig 4A-4B). Modified elements 

Table 4.  Number of identified species (NISP) and minimum number of individuals (MNI) for taxon across the wet and dry assemblages.

Taxa GH (wet) GWW (wet) GWS (dry)

NISP MNI NISP MNI NISP MNI

Introduced Bos taurus – – 4 1 – –

Bos sp. 1 1 41 2 2 1

cf. Bos sp. 3 1 12 1 2 1

Ovis aries 1 1 – – 4 2

Ovicaprid 6 3 20 3 55 2

cf. ovicaprid – – 1 1 – –

Sus domesticus – – 3 1 – –

Sus sp. – – 7 1 – –

Oryctolagus – – – – 12 2

Native Macropodidae 3 1 – – – –

Macropodinae – – 1 – – –

Macropus sp. 6 1 1 – – –

cf. Macropus 2 1 6 – 1 1

cf. Notamacropus – – – – 1 1

Dromaius novaehollandiae – – 1 1 – –

Canis lupus dingo 2 1 – – – –

Dasyurus sp. – – – 2 1

Trichosurus vulpecula 2 1 – – – –

Rattus sp. cf. R. lutreolus 1 1 – – – –

Unidentified 4 – 6 – 17 –

Total 31 – 103 – 97 –

https://doi.org/10.1371/journal.pone.0343896.t004
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included ribs, scapulae, innominate, femora and vertebrae. One bone presented with thick abraded lines and crushed 
margins across the cortex, identified as the effect of rubbing against cave diving line (2–6 mm braided nylon line) when 
used a secondary tie-off point (Fig 4C).

Low frequencies of gnawing marks were identified across GH (n = 3, 10.3%) and GWW (n = 10, 11.5%), no 
gnawing was identified from GWS (Table 5; Fig 4D). Carnivore predation, specifically paired dental punctures with 
opposing marks, were observed in low frequencies in wet and dry conditions (GWW n = 2, 2.3%; GWS n = 1, 1.0%; 
Fig 4E). Possible insect boring was observed on four bones from underwater caves (GWW n = 3, 3.5%; GH n = 1, 
1.0%; Fig 4F).

Bone quality and cementation

All but three samples from GWW were not permineralised, a generalisation based on weight and texture of the element. 
Compared to wet burial sites, dry contexts were defined by a significant increase in isolated expressions of calcareous 
concretions (cementation), and white chalky mineral deposits expressed as both isolated specks and broad coverage 
(Table 5). A significant proportion of specimens recovered from underwater contexts exhibited an increase in chalky 
texture (Table 5, Fig 5A-B). The chalky texture is limited to the sub-periosteal pocket, sandwiched between a thin solid 
exterior bone and the hard cortical bone beneath (Fig 5B). It was only observed when bone surfaces had been modified to 
expose underlying layers, and thus we likely underestimate the frequency of this feature. Time was not found to influence 
the deposition of white mineral, or alteration of the bone matrix (Table 6).

Weathering

Weathering across the three assemblages was low with all specimens exhibiting weathering stage 3 and below (Table 
5). Although no differences were identified between weathering stages across wet and dry environments, components of 
the weathering scale varied (Table 5). Wet bone presented significantly lower proportions of flaking and exfoliation (Fig 
5E-5F), and more bone surface delamination (Table 5, Fig 5C-5D). Differences in weathering sub-categories across wet 
bones were not influenced by timescales (Table 6).

Fig 3.  Shape variation [60] across dry (0m) and wet (−0.3 to −18.3m) contexts.

https://doi.org/10.1371/journal.pone.0343896.g003



PLOS One | https://doi.org/10.1371/journal.pone.0343896  July 15, 2026 12 / 39

Table 5.  Summary of bone surface modifications across Gouldens Sinkhole (GH), Green Waterhole West (GWW), and Green Waterhole Sur-
face (GWS) assemblages.

GH GWW GWS Wet v. Dry

Agent Modification N= % N= % N= % N= Test statistic df p-value

Physical & Biological Anthropogenic actions1 29 6.90 87 31.03 97 3.09

Punctures with opposing marks1 29 0.00 87 2.30 97 1.03

Gnawing1 29 10.34 87 11.49 97 0.00

Chemical Chalky matrix 29 55.17 87 49,43 97 1.03 213● – – <0.001*

White surface deposit 29 0.00 87 3.45 97 26.80 213● – – <0.001*

Cementation 29 3.45 87 0.00 97 4.12 213● – – 0.009*

Physical & Chemical:
Weathering

Shallow split lines 23 21.74 85 27.06 96 31.25 204○ 0.708 1 0.400

Deep longitudinal cracking 23 8.70 85 7.06 96 3.13 204● – – 0.223

Bleaching 23 4.35 85 36.47 96 25.00 204○ 0.547 1 0.460

Flaking and exfoliation 23 43.48 82 48.96 96 74.39 201○ 7.204 1 0.007*

Delamination 21 19.05 81 39.51 95 5.26 197● – – <0.001*

Weathering Scale: 22 – 84 – 96 – 202▲ −0.018 – .986

0 77.27 66.67 68.75

1 22.73 27.38 23.96

2 0.00 2.38 6.25

3 0.00 3.57 1.04

Physical: Fracture and breakage Breakage index (categories 9 & 10)2 24 75.00 90 66.67 95 44.21 195▲ −3.218 – 0.001*

Fracture occurrence3 13 23.08 62 25.81 66 34.85 141○ 1.520 1 0.218

Shaft circumference4 3 – 15 – 23 – 41▲ −2.533 – 0.011*

1 (<1/2 retained) 0.00 0.00 26.09

2 (>1/2 in a portion) 0.00 0.00 4.35

3 (Complete in a portion) 100 100 69.57

Shaft completeness4: 3 – 15 – 23 – 41▲ −2.046 – .041**

1 (<1/4 retained) 0.00 20.00 56.52

2 (1/4–1/2 retained) 33.33 33.33 13.04

3 (1/2–3/4 retained) 0.00 26.67 13.04

4 (>3/4 retained) 66.67 20.00 17.39

Physical: Abrasion Abrasion (>0; Fiorillo Scale) 23 65.22 85 65.88 96 15.46 204▲ −7.0280 1 <0.001*

Scratches and scuff marks 23 39.13 85 44.71 97 27.84 205○ 5.449 1 0.020*

Crushing 23 39.13 85 51.76 97 25.77 205○ 11.771 1 0.001*

Collection Damage 23 69.57 85 72.94 97 13.40 205○ 71.623 1 <0.001*

Chemical & Biological: Corrosion Bone loss5 29 0.00 87 2.30 97 3.09 213● – – 0.661

Etching5 29 10.34 87 8.05 97 32.99 213○ 19.817 1 <0.001*

Pitting5 29 27.59 87 39.08 97 37.11 213○ 0.19 1 0.891

Surface5 29 31.03 87 74.71 97 24.74 213○ 32.430 1 <0.001*

Not observed5 29 48.28 87 20.69 97 28.87 213○ 0.043 1 0.836

Algal/fungal attack 29 20.69 87 60.92 97 43.30 213○ 1.212 1 0.271

Root action 29 20.69 87 45.98 97 52.58 213○ 3.557 1 0.59

Chemical: staining Browns 29 58.62 87 73.56 97 45.36 213 13.043 1 <0.001*

Red, Orange, Yellow 29 41.38 87 41.38 97 14.43 213 18.588 1 <0.001*

Blacks, Greys 29 10.34 87 49.43 97 10.31 213 23.476 1 <0.001*

Other 29 20.69 87 55.17 97 35.05 213 2.882 1 0.090

Columns reflect the total (N=) number of specimens analysed from the assemblage, and the relative proportion (%) of the assemblage to present with 
that modification. Number of specimens in the assemblage for each modification may vary depending on availability of data.

(Continued)
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Despite controlling the drying process, delamination occurred post-collection and highlights the damage caused by 
wetting then drying (Fig 5C-5D). Whilst delamination on bone from dry assemblages occurred solely on long bones of 
medium sized animals, all bone types recovered from submerged sites were impacted (Long n = 26, 38.8%; Flat n = 5, 
35.7%; Short n = 1, 50.0%; Irregular n = 14, 23.5%). In wet contexts, delamination was most frequent across bone shafts, 
areas not associated with spongiform bone structures (e.g., epiphyses). Large animal bones were more likely to be 

○ Pearsons Chi Squared

● Fisher’s Exact Test

▲ Mann-Whitney U Test

* Significance is greater than 99% confidence interval (<0.01)

**Significance is greater than 95% confidence interval (<0.05)
1Significant not tested
2A combined frequency and percentage of breakage index categories 9 and 10 were summarised for each site, whilst the total distribution was statistical-
ly tested.
3Fracture occurrence of shaft population
4Fractured shaft sub-sample
5Corrosion proportions are greater than 100% when combined as a single element may present with multiple expressions. Proportion is therefore (total 
no. corrosive features / original assemblage population).

https://doi.org/10.1371/journal.pone.0343896.t005

Table 5.  (Continued)

Table 6.  Chronological analysis of statistically significant features identified across the wet and dry assemblages.

Wet Dry Wet: Young v. Old Total: Young v. Old

Agent Modification N= % N= % N= Test 
statistic

df P-value N= Test 
statistic

df p-value

Physical & Chemical:
Weathering

Flaking and exfoliation 22 68.15 12 75.00 22 0.269 1 .604 34 .305 1 0.581

Delamination 22 13.63 12 16.67 22 0.953 1 0.329 34 .317 1 0.574

Physical: Abrasion Abrasion (>0; Fiorillo Scale) 22 72.73 12 33.33 23 72.5 – 0.577 35 163 – 0.174

Scratches and scuff marks 23 34.78 12 50.0 23 0.608 1 0.435 35 0.000 1 1.000

Crushing 21 33.33 12 33.33 21 0.875 1 0.350 33 1.148 1 0.284

Collection Damage 22 54.55 12 25.00 22 7.246 1 0.007 34 7.398 1 0.007*

Physical: Fracture and breakage Breakage index 9–101 22 71.43 12 58.33 22 73 – 0.357 34 147 – 0.322

Chemical & Biological: Corrosion Etching3 23 13.04 12 25.00 23 2.218 1 0.136 35 2.897 1 0.089

Pitting3 23 30.43 12 58.33 23 2.608 1 0.106 35 2.333 1 0.127

Surface3 23 56.52 12 33.33 23 6.303 1 0.012 35 5.536 1 0.019**

Chemical Chalky matrix 23 60.87 12 8.33 23 4.707 1 0.03 35 0.945 1 0.331

White surface deposit 23 4.35 12 58.33 23 1.626 1 0.202 35 0.065 1 0.799

Chemical: staining Browns 23 60.87 12 50.00 23 0.175 1 0.675 35 0.047 1 0.829

Red, Orange, Yellow 23 26.09 12 16.67 23 1.720 1 0.190 35 1.313 1 0.252

Blacks, Greys 23 13.04 12 16.67 23 0.049 1 0.825 35 0.210 1 0.647

○ Pearsons Chi Squared

● Fisher’s Exact Test

* Significance is greater than 99% confidence interval (<0.01)

**Significance is greater than 95% confidence interval (<0.05)
1 A combined frequency and percentage of breakage index categories 9 and 10 were summarised for each site, whilst the total distribution was statisti-
cally tested.

https://doi.org/10.1371/journal.pone.0343896.t006
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modified in wet assemblages (n = 28, 47.5%) followed by medium sized animals (n = 6, 20.7%). Too few small animals 
were recovered for calculations of proportion of bones with delaminated surfaces.

Physical agents

Breakage Index (BI) was significantly different between wet and dry assemblages, but with low levels of breakage 
observed across the three sites (Table 5). Bones either recorded high (BI 9 &10) or low (BI 1) levels of completeness, but 

Fig 4.  Anthropogenic actions and predation across wet (A-D, F) and dry (E) cave assemblages. A) Slice marks on cow humerus from knife 
with V-shaped profile; B) cow ventral rib end sawn through, yellow arrows indicate examples of saw striations; C) cow distal rib deformed by cave line 
(2-6 mm braided nylon line) on caudal and cranial margins indicated by paired yellow arrows; D) gnawing across cow rib margin; E) paired predation 
puncture marks with conical profile; F) insect boring through trabecular bone and embedded ant eggs.

https://doi.org/10.1371/journal.pone.0343896.g004
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submerged assemblages recorded the highest rates of completeness (Table 5). The proportion of bones with very high 
completeness at GWW increases when anthropogenic butchery fragmentation is excluded (n = 58, 69.1%). Breakage was 
not impacted by depth or time since deposition (Table 6, Fig 6).

Fracture frequencies were consistent across wet and dry contexts, however wet assemblages exhibited significantly 
greater preservation of long bone shaft circumferences, and higher levels of shaft completeness (Table 5). Over half of the 

Fig 5.  Bone quality and weathering modifications. A) chalky white bone surface (black arrow) exposed through delamination and beneath biotic 
staining and corrosion; B) subperiosteal pocket of chalky bone modification (yellow indicators) beneath an intact bone surface, and preserved bone mar-
row (black arrow); C) early stages of delamination with bone surface layers separated but not removed, and ‘popped’ fracture margins (yellow arrow); D) 
late stages of delamination with bone separated surface; E) weathering flaking with irregular, multi-layered flakes removed from surface; F) the chemical 
process of desquamation/exfoliation resulting in the light removal of surface bone tissue.

https://doi.org/10.1371/journal.pone.0343896.g005
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fractured specimens at GWS retained less than a quarter of their original shaft whilst specimens from underwater contexts 
showed variable shaft fragmentation (Table 5). Fracture pattern frequencies in wet contexts were not tested for differences 
across time scales due to small sample size (decadal n = 1).

Saturated wet bones were soft, both before and after drying, and prone to damage, such as plastic deformation, 
during collection, transport, and handling (Table 5). This influenced data attributed to physical modifications by adding 
bone surface modifications or removing evidence of past events. After excluding post-collection bone surface modifi-
cations, a single specimen at GH presented with plastic deformation at −14 metres below the water surface, whereas 
thirteen specimens were impacted at GWW across various depths (−2.8m n = 8, 9.9%; −3.2m n = 1, 1.2%; −4.3m n = 1, 
1.2%; −5.4m n = 3, 3.7%). Physical damage was more common across the wet assemblages, and when compared to dry 
bones, presented with significantly greater levels of general abrasion, scratches and scuff marks, and crushing (Table 5).  
Collection damage could not be excluded due to similarities between pre- and post-collection events. No bones were 
identified as rounded or polished because of physical, non-anthropogenic agents in each burial context. However, time 
significantly contributed to the likelihood that bones may be modified for the wet and pooled total assemblage (Table 6).

Corrosive and floral agents

High levels of pitting, general surface corrosion, forms of etching, and bone loss were identified across the assemblages 
(GH n = 15, 62.5%; GWW n = 69,79.3%, GWS n = 69,71.1%), frequently associated with an observed biological agent: flora 
and/or biofilms (Fig 7). Seventy specimens presented with more than one type of corrosion modification (GH n = 5, 17.2%; 
GWW n = 39, 44.8%; GWS n = 26, 26.8%).

Whilst the presence of etching was significantly more prominent across dry environments than wet (p < 0.001), a distinct 
circular etching was identified as unique to the wet landscape, specifically at GWW (n = 5, 4.1%; Fig 8). These are characterised 
by a superficial surface expression of corrosion featuring concentric rings (Fig 8), measuring approximately 5 mm in diameter, 
complete circles or semicircular, and feature either a single or double ring. Isolated and clustered patterns of the circular target 
etching were observed. No identifiable agent was associated with these modifications. Linear etching was identified on bone from 
wet and dry contexts (GH n = 3,10.3%; GWW n = 3, 3.5%; GWS n = 29, 29.9%). Flora was not identified alongside all etching, and 
some bones with adhering flora did not express linear etching, indicating a degree of attack that warrants further investigation.

Fig 6.  Distribution of Breakage Index (BI) frequencies across collection depth below water surface (m), grouped by site. 

https://doi.org/10.1371/journal.pone.0343896.g006
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Pitting was common and not significantly different between wet and dry burial contexts. It was the most common corro-
sive feature at GWS. Extensive pitting in underwater contexts culminated in general surface loss where the isolated pitted 
features became continuous, destroying large regions of bone (Fig 7A-7B). Underwater, corrosive pitting and floral pitting 

Fig 7.  Corrosive features across wet environments. A-B) broad pitting across bone adjacent to surface removal (B); C) shallow, continuous surface 
corrosion; D) deep continuous surface corrosion with depth indicated by arrow; E-F) localised (E) and broad (F) continuous etching; G-H) broad surface 
corrosion with plant root attachments before cleaning (G) and a close up after cleaning (H).

https://doi.org/10.1371/journal.pone.0343896.g007
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were not congruent. General pitting without any signs of floral agent were present across a wider range of depths below 
water surface (−2.8m to −17.2m), whilst pitting associated with floral agents was restricted to the shallow underwater 
regions of GWW (−2.8 to −5.4m).

Surface corrosion was significantly greater on bones from underwater, and the only pre-collection bone surface modifi-
cation to significantly increase in frequency through time (Tables 5-6). Expression of corrosion varied across sites, likely a 
product of different agents. Superficial corrosion was most common in both the wet and dry surface corrosion sub- 
assemblages (GWW n = 54, 83.1%; GH n = 7, 77.8%; GWS n = 22, 91.7%). Underwater, a continuous expression (n = 45, 
70.3%) was associated with shallow depths at GWW whereas the deeper waters at GH were dominated by discontinuous 
corrosion features (n = 6, 66.7%; Fig 7C-7D). Specimens from dry contexts presented with both continuous (n = 13, 56.5%) 
and discontinuous corrosion (n = 10, 43.5%). Low levels of deep, continuous corrosion were also identified across all envi-
ronmental conditions (GWW n = 7, 10.9%; GH n = 2, 22.2%; GWS n = 2, 8.7%).

A spatial relationship was identified between surface corrosion features, types of staining, and biological agents. 
Some surface corrosion features were stained green, black, or blackish purple, with sharp margins. Black staining was 

Fig 8.  Circular target etching across bone surfaces. Yellow arrows indicate etched rings, and black arrows indicate the presence of features. Isolated 
features shown in A-C, and multiple, partially overlain features in D.

https://doi.org/10.1371/journal.pone.0343896.g008
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significantly more common in the aquatic assemblage (p < 0.001; GH n = 5, 13.2%; GWW n = 45, 23.6%; GWS n = 3, 2.9%), 
whilst green staining was observed in both dry and wet settings at similar frequencies (p = 0.090; GH n = 4, 10.5%; GWW 
n = 44, 23.0%; GWS n = 34, 33.3%). Stains were not always associated with corrosion, particularly in dry, surface condi-
tions where 35.0% (n = 34) of bones presented green stains but only 24.7% (n = 24) experience surface corrosion. In wet 
contexts, a chi squared test for independence showed significant associations between surface corrosion and biofilms 
(p < 0.001), surface and black staining (p < 0.001), and black staining and biofilms (p < 0.001).

Microbial biofilms and localised algae were identified as the biological agents responsible for the staining and associ-
ated with corrosion in approximately 20–60% of specimens (Table 5). In some cases, biological agents were observed 
on the bone (Fig 9D-9F), whereas only continuous black stains with sharp margins remained on bones from submerged 
contexts. The morphology of the stains was inconsistent with identified manganese staining [86], and pXRF analysis 
showed measured spectra consistent with unstained bone surfaces on the same sample (S2 Fig). Staining did not cover 
the entirety of the bone but was localised in distinct regions (Fig 9A-9C). Collection photos show that staining is not exclu-
sively associated with burial within sediment, or exposure to water, but rather is indicative of the area of bone exposed to 
light (Fig 9A-9B).

In aquatic settings, the presence of biofilms and algae, surface corrosion, and staining varies with depth. Black stains 
were not recovered at the deepest sites of the caves, and green staining was limited to shallow regions (GWW < −4.4 m; 

Fig 9.  Biofilms, biota, and black staining associated with sunlight and surface corrosion. Scale bar is 1 cm. A) In situ collection photo of astraga-
lus (GWW09) with the exposed stained surface (blue arrow) facing upward and exposed to light compared to the unstained surface (yellow arrow) facing 
the dark zone; B) Astragalus from A, highlighting staining, and showing the unstained surface that was buried; C) Black biofilm staining and corrosion on 
humerus (GWW50) with sharp margins (red arrows); D-F) black biota across bone associated with corrosion but not staining.

https://doi.org/10.1371/journal.pone.0343896.g009
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GH < −13.3 m). The deepest example of a biological agent, black or green staining, and surface corrosion together was 
recovered from −13.3 m at GH. Small sample sizes may influence these results, as samples collected from depth consist 
of only single or few specimens.

Histotaphonomy

Bone diagenesis ranged between completely modified (0) and well preserved (5) bone (Fig 10, Table 3 in S1 Appendix). 
Whilst specimens from dry contexts in GWS tended to exhibit poorer preservation compared to those from wet assem-
blages, Oxford Histological Index (OHI) distributions did not vary significantly (p = 0.313). However, possible cyanobac-
teria tunnelling (CAI) was significantly more prominent in wet versus dry environments (p = 0.030), whilst bacterial attack 
was significantly more common in dry bone microstructure (p = 0.26). The degree of modification was not correlated with 
time since deposition in wet contexts (OHI: p = 0.295, BAI: p = 0.445, CAI: p = 0.234) or across the pooled whole assem-
blage (OHI: p = 0.089, BAI: p = 0.413, CAI: p = 0.922). Further, depth below water surface did not significantly impact OHI 
(p = 0.913), BAI (p = 0.288), or CAI (p = 0.581), but small sample size limits statistical power (Table 4 in S1 Appendix).

Fig 10.  Distribution of diagenesis across each site. Measured by the Oxford Histological Index (A) [87], and diagenetic indices recording: B) general; 
C) bacterial; and D) tunnelling associated with cyanobacterial degradation across wet and dry burial contexts.

https://doi.org/10.1371/journal.pone.0343896.g010
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Patterns of bioerosion and degradation

Bones from wet environments presented with well-preserved bone with isolated areas of bioerosion that were limited to 
the sub-periosteal, peripheral bone region (GH n = 5, GWW n = 8, Fig 11). Seven samples from wet burial contexts pre-
sented with a scalloped or bridged structure across the bone surface associated with morphological growth and degrada-
tion of plexiform bone structures (Fig 12, A1-A2). Only a single specimen (ID: GWW_76), found at the deepest collection 
site at GWW (−5.4m) did not present with any evidence of degradation or bioerosion (Fig 12, C1-C2). Birefringence under 
polarised light across wet and dry sites was linked to general degradation reflected by the OHI. Regions of preserved 
bone were consistently birefringent in bones from wet and dry contexts. Bone marrow was still present in the medullary 
cavity of specimens (GWW n = 4, 44.4%) associated with burial across a decadal time scale.

Microscopic features in bone samples from wet sites were identified as tunnelling, that has been linked with cyanobacteria 
in literature [35], where resorptive regions approximately 5–15 µm in width were not surrounded by a hyper-mineralised border 
and did not contain sub-micron tunnelling typical of terrestrial environments (Fig 13). Where present, limited areas of the total 
bone surfaces showed tunnelling at GWW (n = 7, min = 0.4%, max = 25.0%, 𝑥̄ = 10.4%, σ = 10.7%) and GH (n = 5, min = 0.3%, 
max = 19.8%, 𝑥̄ = 11.5%, σ = 6.3%). Conversely, where other MFD types were present, they impacted cortices to a greater extent 
(GWW: n = 7, min = 1.5%, max = 100.0%, 𝑥̄ = 21.9%, σ = 32.1%; GH: n = 3, min = 1.9%, max = 43.3%, 𝑥̄ = 16.8%, σ = 18.7%). These 
wet features were also restricted to the peripheral surface in all but one specimen where they extended across the endosteal 
envelope. In one instance, tunnelling previously linked with cyanobacteria [35] was layered beneath other MFD, possibly super-
imposing and reworking old modifications (Fig 14). The chalky bone texture identified to be more frequent in wet assemblages 
(Table 5) occurs at the same location as the tunnelling associated with cyanobacteria (S3 Fig).

Whilst degradation extending from the subperiosteal envelope was identified equally across both wet and dry samples (p = 0.75), 
the presence of degradation across only the peripheral region was found to be statistically significantly associated with wet envi-
ronments (p = 0.018). In wet environments, the depth of tunnelling, linked previously to cyanobacteria [35], from the peripheral 
surfaces varied within a sample, often only presenting in isolated areas (Fig 11, S3 Fig). Maximum depths of this tunnelling ranged 
between 109 µm and 2254 µm (Fig 12, B1-B2), with greater average penetration in the shallower regions at GWW (𝑥̄ = 1114.4 µm, 

Fig 11.  A and B are cross-sections from a sheep metatarsal (ID: GH19) showing typical bioerosion patterns seen across specimens from 
Gouldens Sinkhole. Comparing: (A) backscattered scanning electron microscopy (bSEM) with (B) transmitted light histology. Close up images under 
transmitted light of: C-C1) enlarged canaliculi; D-D1) tunnelling associated with cyanobacteria; E-E1) black and white tunnelling in region of tunnelling 
associated with cyanobacteria under bSEM (A).

https://doi.org/10.1371/journal.pone.0343896.g011
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σ = 573.7 µm) compared to the deeper areas of GH (𝑥̄ = 552.5 µm, σ = 175.9 µm). Collection depth was not significantly correlated 
with the presence of bioerosion (p = 0.116) or maximum depth of bioerosion (p = 0.270). In dry settings, specimens presented with 
an additional sub-endosteal modification, where both regions were dominated by MFD not associated with cyanobacteria (Fig 12, 
E1-E2, D1-D2). Bones in wet environments that presented with both sub-periosteal and sub-endosteal peripheral degradation also 
presented with a fractured shaft, thus exposing the medullary cavity to the aquatic burial environment.

Type and location of degradation were highly variable across specimens collected from dry contexts (Figs 15 and 16). 
Three groups were identified: 1) near complete preservation (>95% preserved; n = 2, 20.0%); 2) bioerosion of the sub- 
endosteal and/or sub-periosteal regions (n = 5, 50.0%); and 3) near complete degradation (>99% degraded; n = 3, 30.0%). 
Tunnelling associated with cyanobacteria in prior research [35], was identified across 33.0% (n = 3) of the dry surface sam-
ples whereas other MFD were present across 90% (n = 9) of specimens (Fig 16). Of the specimens where this tunnelling was 
present, it was minimally invasive (min. = 0.1%, max. = 3.0%; 𝑥̄ = 1.2%, σ = 1.3%) compared to extensive degradation gener-
ated by other agents (min. = 4.0%, max. = 100.0%; 𝑥̄ = 47.1%, σ = 38.0%). Under transmitted light microscopy, localised bud-
ded MFD degradation was identified in dry samples associated with vascular pathways (Fig 12, E1). These mid-cortical MFD 
features were not picked up by bSEM imaging (Fig 12, E2). Few samples (n = 3) from dry burial contexts also featured large, 
irregular circular empty spaces across the sub-periosteal pocket (Fig 12, D1-D2). Some of these were not associated with 
natural bone resorption at primary or secondary osteons. No bones from wet environments presented with these features.

Across wet and dry contexts, microfractures were not associated with histological structures, instead limited to general 
destruction through the cortex. Radial cracks originating from the periosteal surface and penetrating various depths into 

Fig 12.  Example of bone histology types across samples from ‘wet’ underwater and ‘dry’ surface burial contexts presenting the same region 
of interest strip under transmitted light microscopy (A1-E1) and backscatter scanning electron microscopy (A2-B2). In A and B, blue coloured 
arrows indicate examples of peripheral tunnelling that can be associated with cyanobacteria. In C (note, C1 shows central two pore like features which 
are air bubble artefacts from technical preparation), well preserved bone with no bioerosion is presented next to complete degradation in D. Although 
D2 shows areas of active bone remodelling that can be deduced from resorption cavities new the periosteal bone. In E, green coloured arrows indicate 
degradation of sub-periosteal and sub-endosteal envelopes (not attributed to cyanobacteria), and black coloured arrows indicate mid-cortical budded 
MFD associated with vascular canals only observed through transmitted light microscopy. (note: variation between images is a result of the different 
histology blocks used for each technique). Images were taken from ovicaprid metatarsi (ID: GH_19, GWS_36, GWS_48), a sheep radius (ID: GWW_76) 
and a cow rib (GWW_16).

https://doi.org/10.1371/journal.pone.0343896.g012
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the cortex were observed across 70% of the dry assemblage. These did not occur in any sample from wet burial sites. 
Underwater cave samples presented with fractures that ran parallel to the bones surface (Figs 13 and 14), most frequently 
at the margin between tunnelling and unaltered bone matrix. These parallel fractures resulted in delamination of the sur-
face (n = 9). Although samples from dry burial environments also experienced surface delamination and weathering, sur-
face fractures were angular and irregular (Fig 15). As removed bone surfaces cannot be measured due to their absence, 
the true maximum depth of bioerosion, and degradation indices of the original bone cross section cannot be identified.

Radial microfractures across secondary osteonal cement lines were not identified, regardless of burial condition or 
time since deposition. Although various forms of cracking were observed in bSEM images, these were created by the 

Fig 13.  Close up of wet site features at Green Waterhole under backscatter scanning electron microscopy (bSEM) (B,C,D,G) and transmitted 
light microscopy (A,E,F,H,I). A) peripheral scalloping and subperiosteal bioerosion; B-D) tunnelling (linked with cyanobacteria in the literature) without 
hypermineralised boundaries; D,G) subperiosteal bioerosion restricted to the exterior bone region; E) close up of bioerosion with unidentifiable features; 
F) separation of bone at the margin of bioerosion with Wedl tunnelling extending into well preserved bone; H-I) close up of bioerosion features associ-
ated with G, with a black mass of Wedl tunnelling located within but not adjacent to the periosteal surface (bottom of images). Images taken from a cow 
rib (ID: GWW_16; A-C), cow ulna (ID: GWW_71; D-F) and an ovicaprid metacarpal (ID: GWW_61; G-I).

https://doi.org/10.1371/journal.pone.0343896.g013
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pressurised chamber where thin sample blocks (<3mm thick) were more susceptible to damage. Samples from wet sites 
appear more susceptible to SEM cracking compared to those from dry sites.

Raw histology and histotaphonomy measurements, and descriptions for each sample are provided in S2 Dataset.

Discussion

Site formation processes

Radiometric dating indicates that domesticate bones accumulated across a decadal (>54, < 75 years) and centennial (>81, < 184 
years) scale. The youngest bones were deposited at Green Waterhole in the 1970s, highlighting that modifications recorded in 
this study are at least 50 years old. However, the impact of old, dissolved inorganic carbon in cave waters on terrestrial animal 

Fig 14.  Close up of wet site features at Gouldens Sinkhole under backscattered scanning electron microscope (A,D,E,G) and transmitted 
optical light, (B,C,F,H), and polarised optical light (I). A) dense region of Wedl tunnelling across bone surface; B-C) well preserved bone with visible 
primary canals and osteocyte lacunae; D) biotic attack at periosteal boundary with mixed terrestrial and tunnelling attributed to cyanobacteria in prior 
research (E); F) close up of Wedl-tunnelling; G-I) tunnelled exterior bone with Wedl-tunnelling extending into well preserved and birefringent matrix, 
followed by extensive terrestrial biotic attack towards endosteal surface. Images were taken from Ovicaprid metatarsi (ID: GH_09, GH_19; A-C), a kan-
garoo tibia (ID: GH_18; D-E), kangaroo rib (GH_04; F-I).

https://doi.org/10.1371/journal.pone.0343896.g014
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bone collagen is not well understood. The freshwater reservoir effect can artificially increase the radiocarbon ages of living 
animals, plants and sediments from aquatic systems (e.g., fluvial and lacustrine), as well as their consumers, but not of bones 
or material deposited into freshwater sites [88,89]. Further, dissolved inorganic carbonates in groundwater can contaminate 
bioapatite during diagenesis through ionic exchange with older carbon from sedimentary rock, effectively aging bones [90]. For 
example, Late Pleistocene bone bioapatite from an underwater cave in Mexico yielded an older radiocarbon age compared to 
radiocarbon and uranium/thorium dates from associated enamel biomineral and calcium florets from the same site [91]. In fact, 
discrepancies between enamel and bone carbonate 14C ages are common in terrestrial sites, and may relate to tissue-specific 
diagenesis pathways [92]. In this study, enamel and bioapatite were not measured, and further work is required to understand 
the impact of dissolved inorganic carbon on the insoluble collagen fraction in bone from underwater caves.

Bone specimens across Green Waterhole reflect culturally and naturally accumulated deposits. The dry and wet 
assemblages at Green Waterhole are dominated by domesticate species and unarticulated bones, with low numbers of 
native fauna remains. Butchery marks and the abundance of butchery portions at GW suggest that the remains were 
anthropogenically dumped at the site after processing, supported by the presence of historic refuse scattered around the 
margins of the dry doline [93,94]. This anthropogenic assemblage is comingled with what is likely a natural deposit of 
native remains fauna that did not exhibit butchery marks; however, we can’t rule out that the presence of native animals in 
this site was also a result of anthropogenic accumulation that did not leave any visible marks.

Almost equal proportions of native and domestic taxa with no evidence of butchery were recovered from Gouldens 
Sinkhole. This suggests that these bones were naturally deposited at the site, however historic refuse across the talus 
cone highlights inputs from dumping at some point. Low levels of weathering suggest individuals drowned in the sinkhole, 
or bones were quickly reworked into the site. Evidence of predation (gnawing) across a few specimens indicates that at 
least some of the assemblage was re-worked from a terrestrial environment [7].

Signs of primary deposition at Gouldens Sinkhole are further skewed by likely intra-site reworking down the talus cone. 
Bone specimens with a similar size were found in deeper deposits, mirroring observations of sorting across fluvial [63,95] 
and steep sloped hills [96]. After deposition, bones in underwater caves were trapped in the suspended, fine-grained 
allochthonous sediment of the talus cone. Whilst further analysis of sphericity and bone weight may provide further 

Fig 15.  Ovicaprid tibia cross section (ID: GWS86) from Green Waterhole Surface with extreme degradation. Comparing backscattered scanning 
electron microscope (A) with transmitted light histology (B). Darkened region on right of B due to sample preparation and not pre-collection staining. 
Close up images under transmitted light of: C-D) endosteal surfaces; E-E1) budded MFD, F-F1) tunnelling attributed to cyanobacteria in prior research.

https://doi.org/10.1371/journal.pone.0343896.g015



PLOS One | https://doi.org/10.1371/journal.pone.0343896  July 15, 2026 26 / 39

insights [95–97], basic measurements of shape highlight patterns of transport in a highly sloped, low energy flow cave set-
ting. This pattern was not observed as strongly at Green Waterhole West due to the presence of a lower gradient slope, 
indicating that slope angle is strongly correlated with degree of sorting.

Burial conditions in underwater settings

Bone surface modifications

Submerged cave assemblages were generally well preserved, with minimal element breakage. Lower frequencies of 
well-preserved bones at GWW compared to GH is a product of butchery practices, not an indicator of in situ breakage. 

Fig 16.  Close up of dry site features at Green Waterhole Surface under backscattered scanning electron microscope (bSEM) (A,B,D,G) trans-
mitted optical light, (C,E, F,H), and polarised optical light (I). A) heavily degraded periosteal surface; B) closeup of bacterial attack with internal foci 
and hypermineralised boundaries; C) bacterial attack under transmitted light; D-E) increased porosity and degradation across central bone region; F) 
stained periosteal surface with biotic attack; G) well preserved bone with flaked periosteal surface, internal cracking a product of SEM chamber; H-I) 
same bone as G, with stained and not birefringent periosteal surface followed by well preserved and birefringent bone. Images were taken from ovicaprid 
metatarsi (ID: GWS_48, GWS_83; A-F) and a sheep tibia (ID: GWS_02, G-I).

https://doi.org/10.1371/journal.pone.0343896.g016
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Increased fragmentation and fractures across the dry assemblage is likely a result of trampling, a feature observed at 
other dry cave sites [98,99]. Well preserved bones are a feature of underwater cave assemblages [3,5], whereas dry 
caves and terrestrial aquatic sites are open to predation, trampling and physical transport [18,19].

Submerged bones were soft, and prone to collection and drying damage. Biomineral and organic analyses of bone 
matrix were not conducted here, however submersion does impact bone collagen and crystallinity [22,43]. Modifications to 
bone mineral and organic structure that results in soft bones can remove prior evidence of abrasion and physical modifica-
tions. For example, abrasion modifications formed by cave diving line prior to collection were similar in colour and profile 
to collection damage.

The weathering scale did not distinguish wet and dry cave settings, or differences between decadal and centennial 
deposits, highlighting the need for a nuanced approach to understand environmental weathering [18]. Increased flaking 
and exfoliation across dry sites may be valuable in identifying dry deposited specimens, where wet deposited bones 
experience chemical desquamation exfoliation instead of physical flaking [21,100]. Bones from waterlogged soils showed 
exfoliation post-collection after drying [1], and identifying the presence of an original bone surface may be helpful in identi-
fying bones that have experienced changing hydrological conditions.

Waterlogged bones from phreatic caves do not dry evenly and this produces surface delamination. Differential expan-
sion and contraction pressures eventually led to the separation of external layers of bone, ‘popping’, and finally bone 
removal [101,102]. Delamination is common in salt-water conditions, as expanding salt crystals enhance the effect of 
delamination [103]. Bones from waterlogged soils also present with similar effects [1], and experimental studies highlight 
that increased exposure to wet-dry cycles will result in cracking that mirror early stages of the weathering scale [104]. 
Delamination in our samples occurred during drying, mostly restricted to the dense, layered morphological structures of 
long bones in medium and large animals. Thus, it may also reflect the impact of shifting water tables in older bones from 
phreatic caves that occur either seasonally or with long term sea-level changes.

Distinct expressions of corrosive biotic attack were identified in this study, with increased etching in dry settings and 
increased surface corrosion in wet environments. Pitting was consistent across environments. Corrosion associated 
with floral attack in dry settings is common, as organisms excrete chemical compounds, degrading bone for nutrient 
uptake [105]. Therefore, linking corrosive features to specific flora is difficult due to the similar expressions of corrosions 
across plant taxa. In this study, however, different frequencies of etching and surface corrosion likely reflect the differ-
ence between plants with roots (vascular plants) that are linked to dry landscapes, and rootless non-vascular plants (e.g., 
bryophytes and thallophytes) and biofilms that are linked to wet settings [106,107]. The impact of Koonunga crenarum, a 
rare stygobitic crustacean species identified at Green Waterhole, on bone surface modifications is not known, and can’t be 
discounted as a possible source of these modifications [108].

The localised corrosion of thin bones resulting in complete loss of material observed in other subfossil bones from 
underwater caves [3,109] was not identified here. Those specimens were collected in salt-water, below a halocline, and 
thus this type of corrosion may be linked to salinity [103] or the geochemically aggressive mixing zone [110], which is not 
applicable here.

In the submerged caves, surface corrosion is the only bone surface modification that increased significantly with time. 
Previously, shallow, continuous surface corrosion features were attributed to biofilm corrosion across Miocene lake fossils 
[75,111]. In these fossilised samples, bone surfaces were not completely degraded, indicating that for the specimens that 
survived into fossilisation, corrosion ceased at some point prior to complete destruction. Here, surface corrosion was fre-
quently observed with pitting around the edges of bones, suggesting that successive pitting events may result in complete 
loss of bone. Further investigations into the speed of floral attack, and why it terminates, is required to understand how 
surface corrosion proceeds through time.

Although etching was mostly associated with a dry environment, a specific form of etching was observed underwater: 
a circular target etching that occurred in clusters or singly. No agents could be associated with either form. Predation 
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in marine settings by barnacles and molluscs create homing scars [28], and similar circular patterns attributed to 
Thatchtelithichnus have been viewed on subfossil mammal bones from seafloors [112]. Ecological analyses of local biota 
across the study sites are needed to identify the possible agents responsible for etching expressions. Whilst the distinc-
tion between etching forms is beneficial in differentiating depositional environments, they were recorded infrequently.

There is a strong association between corrosion, biological agents, and black staining across bones from underwater 
environments. A clear taphonomic history outlining the timing and relationship between agent, corrosion, and stain cannot 
be deduced through this neotaphonomic framework. Stains were not caused by manganese precipitation or  
manganese-oxidising bacteria like those found in other waterlogged archaeological sites [86]. Instead, they are likely 
a result of cyanobacteria, fungal attacks, or biofilms that secrete acids capable of eroding bone, stone, and metals 
[113,114], stain bone surfaces black [61,115,116], and produce pigments in caves where exposed to light [8]. In our 
samples, continuous pigmented black stains with sharp margins are not associated with burial in sediment or exposure to 
water but are linked with light availability.

Light in caves is restricted to entrance and twilight zones, typically unidirectional, and easily obstructed by objects that 
cast shadows. Associations between biofilms, flora and light have been identified across cave systems before [8], how-
ever microbial communities can also be found deep within dark underwater cave systems [117]. The deepest example of 
surface corrosion associated with green or black staining and a biofilm or algal agent was at Goulden Hole, 13.3 metres 
below water surface. This collection context is within the sinkhole opening area, exposed to light, although seasonal algal 
growth at the surface can restrict light significantly even within this area. Whilst surface corrosion and staining were inde-
pendently found in deeper regions of the cave, they did not present together. Light variability thus accounts for the seem-
ingly random distribution of this feature across bone surfaces, and different patterns observed with depth, with reduced 
biological growth on the ‘dark side’ of bones.

Bone surface modifications in underwater caves vary relative to dry environments, and those from other aquatic 
landscapes (Table 7). Walker and Louys [7] identified features that may be attributed to distinct landscapes, and here we 
confirm the lack of aquatic bleaching outside of saltwater environments, marine aquatic fauna modifications [102], and 
homogenous or heterogenous rounding under different hydraulic regimes [24,118,119]. Diatom presence, pits, or orienta-
tion pattern were not assessed in this study [21].

The effect of time on bone modifications was minimal at our scale of observation. Whilst small sample sizes will inevi-
tably bias results, data here suggest that patterns of wet or dry diagenesis will occur within fifty years. Understanding how 
and why bone matrices are altered can support our understanding of the early and late diagenetic process in underwater 
cave environments [13], and if taphonomic analyses can be used to distinguish between wet and dry deposition.

Microstructural diagenesis

Histotaphonomy presents clear, unique patterns of degradation linked with bones from either wet or dry conditions. 
Increased tunnelling that may be associated with cyanobacterial extending from exposed peripheral surfaces is sig-
nificantly linked to the submerged cave environment, whereas other microscopical focal destruction features are more 
frequently observed in dry cave settings. Wedl-tunnelling Type 1 observed in this study has been previously identified 
in an actualistic study linking their presence to cyanobacteria euendolithis that bore into bone from peripheral surfaces 
[35,74]. Whilst linking features of bioerosion to identify cultural burial practices or post-mortem intervals has been debated 
[12,70,128], Wedl-Type 1 tunnelling has been identified in nearshore marine, deep marine, and lacustrine landscapes 
[35,73,75], and is established through a strong relationship between submersion and periodic inundation, environmental 
DNA, and degradation [35].

Wedl-tunnelling Type 1 also occurred in some specimens recovered from surface deposits, but these were located 
at the lake shore boundary and thus experienced wetting during periods of higher ground water levels. Dry specimens 
away from the lake shore do not present with this type of tunnelling, mirroring other experimental and actualistic studies 
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Table 7.  Aquatic bone surface modifications identified through different research frameworks.

Modification Environment Identified agent Study Type Reference

Homogeneous rounding abrasion Bones rolling in water Physical transport of bone 
surfaces

Experimental [118,119]

Heterogeneous abrasion High energy water Physical transport of sediment 
across bone surfaces

Experimental [23,24]

Micro-abrasion pitting and short, linear 
comet shaped grooves

High energy water Sediment abrasion moving across 
bone surfaces

Experimental
[120]

Clustered, small linear marks and pitting. 
Either unorganised or parallel. Variable 
size, < 500µm

Aquatic. Unorganised in still 
waters, parallel to stream 
flow in moving waters

Diatom Observational [21, pp. 110,140-143, 267]

Isolated pits, perforations Open fluvial system
Submerged caves

Subaerial-subaquatic plants that 
form consolidated mats (e.g., 
mosses)

Observational
Actualistic

 [21, pp. 109,151]
Present study

Linear to irregular, short shallow grooves 
with u-shaped profile and rounded edges.

Open fluvial system and 
lakes

Plants with corrosive root systems Observational

Broadscale, deep surface corrosion High alkalinity and acidity 
water or sediments,

Chemical dissolution Experimental [121]

Small pitting, rounded and conical Calm water
Submerged caves

Possibly biofilms Observational
Actualistic

 [21, pp. 109,151]
Present study

Broadscale, continuous surface corrosion Calm water, pH 5.1
Submerged caves

Algae Actualistic  [19,21, pp. 91, 110]
Present study

Homing scars (circular depressions), 
broad pitting, deep circular holes,

Salt water, marine Marine biota (marine sponges, 
Bryozoa colonies, barnacles, mol-
luscs, sea snails)

Observational [25,27,28]

Circular target etching (<5mm), either 
isolated or in groups

Submerged caves Unknown biota Actualistic Present study

Black staining Oxygenated, mildly alka-
line, damp

Manganese-oxidising bacteria 
(manganese dioxide)

Observational [122]

Back staining Open fluvial stream Suspected biotic attack Actualistic [19]

Back staining with sharp margins, and 
surface corrosion

Submerged caves Biotic attack Actualistic Present study

Green staining Open fluvial stream Biological algal growth Actualistic [19]

Red staining Waterlogged sediments
Salt water, marine

Dissolved iron oxide Observational  [21, p. 164] 
[28]

Bleaching Salt water, marine Chemical Observational [28]

Chalky bone tissues Salt water, marine
Submerged caves

Likely water chemistry Observational
Actualistic

[28]
Present study

Flaking
Flaking with curly surfaces

Fluvial, aquatic
Boiling water

Waterlogged bone
Water temperature

Observational
Experimental

 [21, p. 216,103] 
[123]

Exfoliation (desquamation), not from 
weathering

Fluvial, aquatic
NaOH and NaHCO3 
exposure
Submerged caves

Waterlogged bone
Chemical exposure

Observational
Experimental
Actualistic

[100]
[21, p. 230-231]
Present study

Cracking with warped edges General aquatic or humid Water Observational  [21, pp. 202,225]

Delamination Cyclical water exposure
Submerged caves, drying 
bone

Differential expansion and 
contraction

Observational
Actualistic

[1,103,123–125]
Present study

Paired crushing on shafts Submerged caves Cave line, anthropogenic actions Actualistic Present study

Plastic deformation Aquatic bones
Damp sedimentary, water-
logged bone
Submerged caves

Physical pressure on soft bones Observational, 
Experimental
Actualistic

[126,127]
[21, p. 117]
Present study

(Continued)
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[35,129]. Presence of tunnelling is thus also a feature of epiphreatic zone of caves where ground water fluctuates from 
wet and dry depending on seasonal rain inputs.

Morphology of Wedl-tunnelling Type 1 remains consistent across marine environments but is suggested to vary in 
terrestrial bodies of water. The presence of a remineralised, electron dense, tunnel border was suggested to differenti-
ate marine from continental burial environments [76]. Unlike the patterns of tunnelling with hypermineralised boundaries 
identified on seven-million-year-old fossils from a terrestrial palaeolake [75], the patterns in our underwater cave samples 
affected by ground waters were not identified with a hypermineralised border, aligning with other marine and terrestrial 
freshwater stream studies [12,35]. Different expressions in terrestrial environments may reflect local conditions, the impact 
of edge effects in SEM analyses, or the mineralisation process during fossilisation.

One specimen (GWW76) from the underwater settings did not present with any tunnelling and was recovered from the 
darkest portion of the cave. No signs of reworking of animal predation were identified on this sample. In Bell and Elkerton 
[73], tunnelling on bone specimens from the Mary Rose warship was restricted to those found to be reworked and out-
side the warship exposed to light, compared to those recovered from within the confined, dark space of the ship that did 
not feature tunnelling features [73]. Areas of caves in complete darkness may thus not present any form of bioerosion. 
Limited Wedl-tunnelling in deep regions of submerged caves presented here supports a potential relationship between 
cyanobacteria and reduced light in caves and deep maritime contexts [8,73,130,131]. Cyanobacteria are photosynthetic 
prokaryotes that rely on light to grow and reproduce; however, studies suggest heir adaptability to darkness [132]. Whilst 
no statistically significant correlation was found between depth of collection and either presence or maximum penetration 
of tunnelling, this is likely a product of small sample size across different collection depths.

Estimating the timing of Wedl-MFD degradation is not well resolved. In the seminal study by Wedl, human tooth dentine 
submerged in well water produced the first reported tunnels now linked to aquatic environments after only a few weeks 
[42]. However, in some fresh water and marine settings, tunnelling did not present after 6 and 24 months [12,43], and in 
other marine environments they occurred after 24 months [35] and four to five years [129]. Our data indicate that under 
certain conditions, Wedl-tunnelling will not be present even 50 years after deposition. Fossils exposed to tap water of 
varying pH under laboratory conditions did not exhibit microbial tunnelling after three weeks [133], suggesting that either 
the environment or timespan was not conducive to microbial growth, or that Wedl tunnelling does not occur post- 
fossilisation, when the organic and inorganic components of bone have mineralised or degraded. Bivalve shells with low 
organic contents have presented with similar tunnelling, also attributed to cyanobacteria attack, suggesting tunnelling is 
determined by the biotic makeup of aquatic environments [134]. That no statistically significant differences in the severity 
of tunnelling across time scales were found in this study further supports the hypothesis that that local conditions impact 
the degree of bioerosion.

Previous studies identified that the depth of tunnelling associated with cyanobacteria penetration can vary up to 200–
400 µm [76], whilst the maximum depth of penetration from underwater caves extended up to 2250 µm. Time since burial 

Modification Environment Identified agent Study Type Reference

Peripheral Wedl-tunnelling Type 1 (possi-
bly cyanobacterial tunnelling)

Fresh (well, lake) and salt 
water (marine)
Submerged caves

Algae or cyanobacteria. Observational
Actualistic

[71,73,74]
Present study [35]

Radial microfractures across secondary 
osteons

Fossils in marine and fresh 
water

Water Observational [36,37,40]

Modifications listed are restricted to bone surfaces and microstructures. Only modifications identified as significant or unique to the Submerged cave 
environment are included.

https://doi.org/10.1371/journal.pone.0343896.t007

Table 7.  (Continued)
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may contribute to differences between bone analysed here and those in early stages of tunnelling, however, tunnelling is 
not a continuous process as shown by a peripheral degradation pattern on seven million years old bones [75,76]. Differ-
ences in penetration depth is likely altered by surface bone loss through corrosion and flaking and exfoliation that reduces 
the observed penetration depth. Recording the presence of intact bone surfaces is thus critical in measuring degree of 
penetration.

A possible relationship between aquatic settings, crumbly surface textures, fungi and mosses, and bioerosion across 
the sub-periosteal regions have been previously identified [19], with some considering this a function of surface corro-
sion by other biotic agents [70]. A chalky sub-periosteal pocket of degradation and peripheral microboring was identified 
on some of our samples from underwater caves, frequently exposed through the delamination of exterior surface bone. 
These regions are associated with tunnelling but not the surface corrosion features linked to staining and biological attack. 
Tunnelling associated with cyanobacteria thus will not always produce obvious surface modification and is only observed 
through histological analyses and surface SEM imagery.

Whilst radial microfractures across the secondary osteon cement line are theoretically linked to early diagenesis in 
aquatic environments [36,40,77], they were not observed in this study. Time since deposition, or the process of mineralisa-
tion in water may play a larger role in producing the microfractures identified in fossils from aquatic environments [37,38]. 
Here, neither a decadal or centennial timeframe produced these observations, nor have they been reproduced in other 
experimental studies [43].

The relationship between collagen preservation and aquatic environments is not well understood, with initial studies sug-
gesting increased degradation underwater compared to on land [43]. Whilst birefringence cannot directly assess collagen 
preservation, it was consistently high in our samples, alongside the high collagen yields from radiocarbon dating (S2 Table), 
and the successful recovery of ZooMs collagen peptides from dry and wet environments. This demonstrates collagen pres-
ervation up to 180 years in submerged settings. In thermally cool and hydrologically stable underwater cave environment, 
collagen hydrolysis may be limited or slow, and thus the rate of water diffusion across bone may occur faster than collagen 
hydrolysis, preventing radial microfractures. Differences in vessel structures in bone across taxa, and density of primary 
and secondary Haversian bone, will further influence water diffusion rates across matrices [135]. Although Haversian bone 
systems were targeted for this study, some specimens contained laminar and longitudinal structures where the movement 
of water through the vascular network into the surrounding bone matrix is not impeded by cement lines.

Cave zonation and taphonomic expressions

Cave systems do not present as a uniform or homogenous site. Karst systems are hydrologically zoned [136], and biolog-
ical communities in caves are further controlled by light, decreasing from the light entrance to dark twilight zone [8]. Areas 
within the cave can be considered taphonomically passive or active [137], with passive regions producing a low degree 
of modification, and active regions a high degree (Fig 17). Light availability in phreatic caves thus heavily influences bone 
modifications, from the light, active entrance region to the dark, passive region. Surface corrosion, biotic black staining, 
and peripheral microboring, may dominate modifications at the entrance and twilight zones. Conversely, darker regions of 
the cave map present with fewer or no biotic modifications.

An essential consideration for deep time assemblages in phreatic caves are water table fluctuations, and cave develop-
ment that alters light zones through time [9,130]. Seasonal and eustatic modifications to the water table will shift hydrolog-
ical zones, potentially modifying the burial environment to a passive system. A change from wet to dry burial environment 
may be indicated by the presence of delamination on bone surfaces. Tunnelling across bone microstructures due to a mix 
of bacteria, including cyanobacteria and those of terrestrial origin, can also suggest a mixed taphonomic history. These 
speleological changes effectively act as reworking events, as they change the burial environments and thus tapho-
nomic histories. Overprinting of different modifications must therefore be a consideration in analyses of changing burial 
conditions.
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Conclusion

Underwater environments were characterised by well-preserved bones that show limited sorting by shape across talus 
cones. Over 68% of the wet assemblages retained over 80% of their original bone element portion compared to 44% in 
the dry assemblage, and breakage index distributions were significantly different between the two burial contexts where 
wet assemblages were less fragmented.

There were significant differences in bone surface modification frequencies between wet and dry burial conditions 
(Table 5). Whilst weathering scale did not separate the two conditions, parameters of the weathering scale did. Dry bone 
presented with significantly greater flaking and exfoliation and wet bone with more delamination. Wet conditions signifi-
cantly increased the frequency of abrasion and physical modifications; however, this is likely a result of the ‘soft’, chalky 
bone mineral associated with wet bones, predisposing them to collection damage. Both wet and dry assemblages pre-
sented with different types of corrosion, with etching occurring more often on dry bones, and surface corrosion on wet 
specimens. Certain types of etching (circular target etching) were seen solely in wet conditions. A significant association 
between surface corrosion, continuous black staining with sharp margins, and algae/biofilms was only observed on sub-
merged samples. Frequency of surface corrosion was the only feature influenced by time, with older specimens having 
greater corrosion on their surfaces.

Bone microstructural bioerosion distinguished between wet and dry conditions, where wet bones presented with a 
pattern of etching associated with cyanobacteria focused on the sub-periosteal peripheral margins, whilst dry bones were 
degraded by a range of bioeroders with no identified pattern of degradation. Time was not seen to influence the pattern of 

Fig 17.  Passive (P) and active (A) regions of taphonomic modification across underwater caves accounting for light availability. The vadose 
entrance zone can shift between active and passive states depending on the availability of surface water [130]. Further testing across dark and twilight 
vadose zones is required for a comprehensive understanding of modifications associated with burial conditions.

https://doi.org/10.1371/journal.pone.0343896.g017
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microstructural decay. However, a larger dataset would improve the statistical robusticity of tests across difference time 
scales and depths.

The interplay between light and water are key determinations of modification expression at the macro and histological 
levels. Changing light conditions across cave zones modify the biological agents within a submerged cave site, increasing 
activity and thus modifications across the entrance and twilight zone. Further testing of these zones will support recon-
structing burial environments from bones deposited in phreatic cave systems.
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