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High levels of skeletal articulation and completeness in fossil crocodyliforms are commonly attributed to rapid
burial, with decreasing articulation and completeness thought to result from prolonged decay of soft tissue
and the loss of skeletal connectivity during ‘bloat and float’. These interpretations are based largely on patterns
of decay inmodernmammalian and avian dinosaur carcasses. To address this issue,we assessed the decay of bur-
ied and unburied juvenile Crocodylus porosus carcasses in a controlled freshwater setting. The carcasses
progressed through typical vertebrate decay stages (fresh, bloated, active decay, and advanced decay), reaching
the final skeletal stage on average 55 days after death. Unburied carcasses commenced floating five days post-
mortem during the bloated stage, and one buried carcass only commenced floating 12 days post-mortem.
While floating, skeletal elements remained articulated within the still coherent dermis, except for thoracic ribs,
ischia and pubic bones. The majority of disarticulation occurred at the sediment–water interface after the car-
casses sank during the advanced decay stage, ~36 days post-mortem. Based on these results we conclude that
fossil crocodyliform specimens displaying high levels of articulation are not the result of prolonged subaerial
and subaqueous decay in a low-energy, aqueous environment. Using extant juvenile C. porosus as a proxy for
fossil crocodyliforms, rapid burial in an aquatic setting would have to occur prior to the carcass floating, and
would also have to continually negate the positive buoyancy associated with bloating. Rapid burial does not
have to be the only avenue to preservation of articulation, as other mechanisms such as physical barriers and
internal physiological chemistry could prevent carcasses from floating and subsequently disarticulating upon
sinking. The inference that a large proportion of skeletal elements could drift from floating carcasses in a low
energy setting with minimal scavenging, thereby causing a loss of completeness, seems unlikely.

© 2014 Elsevier B.V. All rights reserved.
1. Introduction

Fossil crocodyliforms are ubiquitous in Mesozoic and Cenozoic
aquatic sedimentary units worldwide (Kuhn, 1936; Steel, 1973;
Buffetaut, 1982; Benton and Clark, 1988; Clark, 1994; Markwick, 1998;
Rauhut and Lopez-Arbarello, 2008; Pol et al., 2009), owing both to
their semi-aquatic lifestyle and thepredisposition of aquatic deposition-
al settings to preserve organic material. For fossil crocodyliforms, taph-
onomic research has focused on documenting patterns of articulation,
completeness, and types of tissue preserved for individual specimens
(Grange and Benton, 1996; Salisbury et al., 2003; Schwarz-Wings
et al., 2011; de Araújo and da Silva Marinho, 2013), and the application
of semi-quantitative scores to qualitative characters such as degree of
skeletal articulation and completeness for multiple specimens
(Beardmore et al., 2012a,b). Understanding the processes that cause
yme).
pre-burial taphonomic signatures is crucial for reconstructing aspects
of the ecosystem, depositional settings and preservational regime in
which crocodyliform remains are preserved. Preservation of articulated
crocodyliform fossils is often attributed to rapid burial, with decreasing
degrees of articulation attributed to increasing subaerial and subaqueous
decay via taphonomic processes such as endogenous decay (necrolysis)
and scavenging, erosion, and transport in high-energy aqueous environ-
ments (biostratinomy) (Salisbury et al., 2003; Beardmore et al., 2012a,b;
de Araújo and da SilvaMarinho, 2013). These inferences often rely on an-
alogical reasoning: for example, in Beardmore et al.'s (2012b) model,
basic assumptions about crocodyliform decay are based on published ac-
counts of decay in extantmammals and avian dinosaurs, including loss of
completeness as a result of disarticulation during ‘bloat and float’ —
where decay via endogenous bacteria creates gas and causes the
carcasses to bloat, and if located in a body of water, float to the water's
surface and decay subaerially (Schafer and Craig, 1972; Davis and
Briggs, 1998; Rogers and Kidwell, 2007). Thus far, actualistic taphonomic
studies using extant crocodyliforms are yet to be utilized in the interpre-
tation of taphonomic processes associated with the preservation of fossil
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crocodyliform specimens. This is due to the scarcity of actualistic tapho-
nomic experiments for extant crocodyliforms: those studies that have
been conducted do not focus on patterns of decay, or decay in an aquatic
setting, but instead on (1) insect succession patterns on carcasses
decaying in a terrestrial setting (Watson and Carlton, 2005, 2003;
Nelder et al., 2009), (2) the effect of burial on bone (Abdel-Maksoud
and Abdel-Hady, 2011), (3) biofilm formation on bone (Peterson,
2010), or (4) forensic herpetology for criminal cases (Cooper, 2008;
Frye, 2008; Rothschild, 2009).

The benefit of actualistic taphonomy is that the time taken to prog-
ress through the five stages of vertebrate decay— (1) fresh, (2) bloated,
(3) active decay, (4) advanced decay, and (5) remains (modified from
Payne, 1965; Anderson and Hobischak, 2004; Cambra-Moo et al.,
2008) — along with the level of skeletal articulation during these five
stages, can be observed in real time, providing an “…empirical database
of cause (taphonomic process) and effect (preservational bias)” (Allison
et al., 1991, p. 78). A combination of relational analogies and actualistic
taphonomy have been successfully used to interpret the taphonomic
histories of fossil fish (Elder and Smith, 1984; Elder, 1985; Elder et al.,
1988; Hellawell and Orr, 2012; Iniesto et al., 2013), reptiles (Brand
et al., 2003a,b; Beardmore et al., 2012a,b; Meyer, 2012; Richter and
Wuttke, 2012; Smith and Wuttke, 2012), mammals (Weigelt, 1989;
Brand et al., 2003b; Noto, 2009; Behrensmeyer and Miller, 2012;
Schwermann et al., 2012), and avian dinosaurs (Davis and Briggs,
1998; Brand et al., 2003b; Cruz, 2007; Faux and Padian, 2007;
Prassack, 2011). Evenwith the potential pitfalls of assuming taphonom-
ic uniformitarianism (see discussion in Gifford, 1981; Elder et al., 1988;
Brasier et al., 2011), actualistic taphonomy can provide amore powerful
analytical tool than analogical reasoning alone (Young, 1989; Allison
et al., 1991; Denys, 2002; Noto, 2009). By increasing lines of evidence
through the combination of relational analogies and actualistic taphon-
omy, the accuracy of interpretations regarding various aspects of
ancient taphonomic processes and depositional environments can be
increased (Gifford-Gonzalez, 1991).

The purpose of this investigation was to record typical patterns of
decay in extant crocodyliforms in an aquatic setting, and the impact of
rapid burial on articulation, using juvenile Crocodylus porosus carcasses.
Through a short-term controlled actualistic decay experiment, our goal
was to (1) identify and create a visual guide to the typical decay stages
that extant crocodyliform carcasses progress through, and record the
timeframe of each decay stage, (2) record the patterns of decay and dis-
articulation while carcasses float, (3) determine if skeletal articulation
of a carcass decaying in a low-energy fresh water setting could mimic
the skeletal articulation preserved in a rapidly buried carcass, and
(4) explore the application of decay and disarticulation data to fossil
crocodyliform taphonomic interpretation.

2. Materials and methods

2.1. Experiment location

The experiment took place between September 2012 and February
2013 during Brisbane's sub-tropical spring–summer. The experiment
was situated in the UQ Palaeontology Lab open-air storage and prepara-
tion facility, in St Lucia, Brisbane, Australia (hereafter referred to as the
‘study site’). Although the study site was located within a roofed pen
which limited the amount of solar radiation affecting carcasses, it
allowed for minimal influence of precipitation, which was deemed
more likely to affect water quality and, potentially, change decomposi-
tion patterns.

2.2. Treatments

Three (3) treatments were designed for this experiment, to observe
the rate of decay and disarticulation of crocodile carcasses compared
with the rate at which carcasses are buried. All carcasses were placed
in water filled aquaria after one day post-mortem. For Treatments 1
and 2 (see following description), sand was added to the water filled
aquaria to simulate rapid burial in an aquatic environment. The water
levels in these aquaria were then maintained by gently topping up the
water once a fortnight using hose fitted with a fine shower nozzle so
as not to disturb the carcasses, or in the case of buried carcasses, the
overlying sand (2–3 cm of water above the sand layer was present for
the duration of the decay experiment). These treatments are detailed
below:

• Treatment 1: Carcasses were buried under a 20 cm thick layer of fine-
grained sand. This simulated a rapid burial scenario.

• Treatment 2: Carcasses were allowed to ‘bloat and float’ and decay
subaerially. Once all parts of the carcass had sunk, they were gently
covered in a 20 cm layer of fine-grained sand.

• Treatment 3: Carcasses were allowed to ‘bloat and float’ and decay
subaerially. Once the carcasses had sunk, they were left undisturbed
to decay subaqueously with no burial under fine-grained sand.

These treatments simulated ‘best case scenarios’ for subaerial and
subaqueous decay under rapid burial and low energy environmental
conditions in an aquatic setting. No current was induced in any of the
aquaria in order to ensure that patterns of disarticulation observed at
the end of the experiment were not a result of water movement.

2.3. Specimens

Eight male juvenile Indo-Pacific crocodile carcasses (Crocodylus
porosus) were sourced from a previous experiment investigating influ-
ence of diet on bone growth and the isotopic composition of tissues.
During the previous experiment these animals were initially fed either
chicken (Gallus gallus domesticus) and kangaroo (Macropus sp.) mince
supplemented with ProVet multivitamin supplement, or half chicken/
kangaroo mix and half minced mullet (Mugil cephalus). In the final six
months leading up to euthanasia all the animals were fed chicken and
kangaroo meats supplemented with beef (Bos primigenius), mullet,
and whole day-old chicks, and Wombaroo Reptile Supplement. On the
18th of September 2012, the C. porosuswere euthanized via thiopental
sodium (1 mL/kg) administered intravenously into the cervical sinus,
after which breathing stopped immediately. Final weight and morpho-
metricmeasurementswere takenwithin an hour after death. The previ-
ous experimental conditions were deemed unlikely to have influenced
the subsequent decay sequences, excluding, perhaps, post-mortem
sampling that involved an incision through the right dorsal femoral
muscles and removal of femoral bone mid-shaft at the caudal depres-
sion (the assumed attachment point for the m. adductor femoris in
crocodilians; see Brochu, 1992; Klein et al., 2009). As all individuals
underwent the same procedure on the right femur, and the left femur
remained intact on each individual, the observations drawn from
decay patterns in limbs would focus on the left and right forelimbs
and left hindlimb. Carcasses were refrigerated overnight, remained
unfrozen, and allowed to reach ambient air temperature 2 h prior to
the commencement of experiment. Each crocodile carcass was random-
ly allocated the following treatment numbers: CR1A, -1B, -2A, -2B, -2C,
-3A, -3B, and -3C: where ‘CR’ denotes a crocodilian carcass, ‘1–3’ de-
notes the treatment number (described in Section 2.2), and ‘A–C’ de-
notes an individual within each treatment. The pre-mortem length,
weight, and diet of each individual are shown in Table 1.

2.4. Methods

Five glass aquaria with glass partitions (totaling 10 aquaria, eight of
whichwere used for the experiment, each 140 L in capacity, 0.9 m long,
0.4mwide and0.4mhigh)were placed at the study site. Each aquarium
was filled with a 10 cm deep layer of very fine to fine-grained
quartz sand. The aquaria were then filled with tapwater (approximately
90 L). A YSI Model 85 Handheld water quality probe and a Eutech



Table 1
Pre-mortem lengths, weights, and diet of each juvenile Crocodylus porosus measured on the 18th September 2012.

Specimen Mass
(kg)

Length measurements in mm

Total
length

Snout–vent
length

SVL cranial
C1

SVL terminal
C1

Head
length

Snout–eye
length

Inter-orbital
distance

Head
width

Cranial
platform width

CR1A 1.83 827 397 385 397 116.3 69.13 6.87 53.49 30.84
CR1B 2.29 914 446 433 444 130.59 79.11 6.97 58.81 34.79
CR2A 1.65 810 393 379 390 114.68 67.68 7.11 52.76 32.75
CR2B 1.46 812 386 371 381 117.08 69.29 5.33 51.24 30.54
CR2C 1.65 877 423 408 418 116.62 69.33 6.97 54.05 31.22
CR3A 2.28 894 435 422 434 126.41 77.33 7.7 58.56 34.76
CR3B 2.05 900 442 423 436 127.45 77.38 7.88 57.92 35.22
CR3C 2.09 870 422 414 425 121.95 71.68 5.97 54.97 33.34
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Ecoscan pH 5/6 meter were used to record water temperature, pH,
conductivity, salinity, and dissolved oxygen prior to carcass addition
(see Table 2). Aluminium mesh wire was laid across the top of each
aquarium to prohibit access to carcasses by macro-scavengers, but
still allowed access for micro-scavengers (predominantly flying
insects).

Although decomposition of organic remains is a continuous process,
Bornemissza (1957) first categorized terrestrial vertebrate decay into
the following stages: (1) Initial Decay, (2) Putrefaction, (3) Black
Putrefaction, (4) Butyric Fermentation, and (5) Dry Decay. This study
follows more all-encompassing terms for vertebrate decay stages in
aquatic settings, modified from Payne (1965), Anderson and
Hobischak (2004) and Cambra-Moo et al. (2008):

1. Fresh— immediately following death until the carcass shows signs of
bloating and begins to float to water's surface;

2. Bloated— carcassfloats towater's surface due to gas production from
bacterial activity in the gastrointestinal tract, body cavity swells and
becomes distended;

3. Active decay — insect larvae are actively scavenging carcass, have
penetrated skin surface and exposed some internal organs, but no
bones visible;

4. Advanced decay — first bones are exposed. Eventually internal or-
gans are penetrated, resulting in the release of gases. The carcass
sinks. Decay continues underwater from aquatic organisms, with
less than one half of the skeleton exposed;

5. Remains — majority of flesh has been removed exposing more than
one half of the skeleton. Very few scavengers remain.

These observable decay stages for Treatment 2 and Treatment 3
crocodile carcasses (CR2A, -2B, -2C, and -3A, -3B, -3C respectively)
were monitored via photography and recording of pertinent informa-
tion (such as location of insect larvae, and portion of carcass above
Table 2
Water quality of each vessel (named after each Crocodylus porosus specimen) prior to carcass ad
Model 85 Handheld probe.

Vessel Date Eutech Ecoscan
pH 5/6 meter

YSI Mo

Temperature
(°C)

pH Tempe
(°C)

CR1A Day 1 — 19/09/2012 21.2 7.73 20.9
CR1B Day 1 — 19/09/2012 21.3 7.55 20.2
CR2A Day 1 — 19/09/2012 21.3 7.76 20.3
CR2B Day 1 — 19/09/2012 21.2 7.61 19.9
CR2C Day 1 — 19/09/2012 21.3 7.69 20.5
CR3A Day 1 — 19/09/2012 21.8 7.64 21.1
CR3B Day 1 — 19/09/2012 21.6 7.58 20.7
CR3C Day 1 — 19/09/2012 21 7.66 20.1
Average 21.34 7.65 20.46
Standard deviation 0.25 0.07 0.41
water) approximately every second day until all carcasses sank. Decay
could not be observed in Treatment 1 aquaria (CR1A and 1B) for the
duration of the experiment due to carcass burial, and in Treatment 2
aquaria (CR2A, -2B, -2C) after each carcass sank and was buried. As
water clarity in Treatment 2 and 3 aquaria decreased as decay
progressed, after each carcass had sunk, water was gently syphoned
and bailed by hand from each aquarium in order to photograph the
carcass positions. This water was then replaced by fresh tap water for
the remainder of the experiment. Although a filtration system may
have increasedwater clarity, it was not emplaced due to the experimen-
tal requirements for minimal disturbance, and because its effectiveness
could not be guaranteed (a similar filtration methodology was
employed by Brand et al. (2003b) that resulted in clogging of filtration
systems by organic debris, such as scales and soft tissue).

The experiment was halted on 26th February 2013; approximately
2 months after the last unburied carcass had progressed to the final
stage of decay (the remains stage). At this point, buried carcasses
were exhumed, photographed, and examined for articulation patterns.
All water was drained from the remaining aquaria, and carcasses were
photographed and examined for degree of articulation. The position of
carcasses after they had first sunk and at the end of the experiment
were compared to confirm no movement of visible skeletal elements
had occurred due towater syphoning:minimal (less than 2mm) lateral
movement of some manual and pedal digits in Treatment 3 carcasses
was noted.

The degree of skeletal articulation for each carcass was recorded
using a scoring system for fossil marine reptiles created by Beardmore
et al. (2012b), who grouped skeletal elements into seven units: head
(skull andmandible), neck (cervical vertebrae), trunk (prothoracic, tho-
racic, lumbar, and sacral vertebrae), tail (caudal vertebrae), ribs (thorac-
ic ribs), left and right forelimbs (including pectoral girdles), and left and
right hindlimbs (including hips and each pubis) (refer to schematic
dition. Twowater quality instrumentswere used: a Eutech Ecoscan pH 5/6meter, and a YSI

del 85 Handheld probe

rature Conductivity
(m/S)

Salinity
(ppt)

Dissolved
oxygen
(%)

Dissolved
oxygen
(mg/L)

0.462 0.2 91.5 8.19
0.46 0.2 92.1 8.3
0.4449 0.2 93.9 8.18
0.4548 0.2 91.9 8.15
0.482 0.3 93.2 8.21
0.477 0.2 90.9 8.07
0.476 0.3 90.6 8.16
0.477 0.3 93.5 8.16
0.47 0.24 92.2 8.18
0.01 0.05 1.22 0.06
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interpretation of CR1A in Fig. 8). In this system, the degree of skeletal ar-
ticulation within each unit is scored from 0 to 4, defined as follows:

• Score 0: no articulation in the head, neck, trunk, or tail units; 0–10%
articulation for ribs; or, no articulated joints in the forelimbs or
hindlimbs;

• Score 1: limited articulation in the head, neck, trunk, or tail units; 10–
25% articulation for ribs; or, 1 of 4 articulated joints in the forelimbs or
hindlimbs;

• Score 2:moderate articulation in the head, neck, trunk, or tail units; 25–
50% articulation for ribs; or, 2 of 4 articulated joints in the forelimbs or
hindlimbs;

• Score 3: near full articulation in the head, neck, trunk, or tail units; 50–
75% articulation for ribs; or 3 of 4 articulated joints in the forelimbs or
hindlimbs;

• Score 4: full articulation of skeletal elements in the head, neck, trunk, or
tail units; 75–100% articulation for ribs; or, 4 of 4 articulated joints in the
forelimbs or hindlimbs.

See Beardmore et al. (2012b) for more detailed descriptions and
example fossil specimen photographs for each definition. We chose
this methodology as it not only allows for semi-quantitative analysis
of qualitative data, but also allows for future comparison of articulation
between extant vertebrate carcasses and fossil vertebrate specimens.
We refer to this classification scheme as intra-unit articulation.
Beardmore et al. (2012b) conducted statistical analyses using these
measures of articulation along with a similar scoring system for
completeness of fossils (ranging from ‘4’ indicating all elements were
present, to ‘0’ indicating none were present): those analyses were not
conducted for this study, as measures of completeness were artificially
high and therefore not meaningful (loss of skeletal elements was
prohibited by containment of each carcasswithin each aquarium, giving
completeness scores of ‘4’ for every carcass).

As the Beardmore et al. (2012b) classification scheme does not indi-
cate the degree to which each skeletal unit articulates with another, we
devised our own additional classification scheme to address this. We
T

Sep-12 Oct-12

Minimum Maximum Minimum Maximum Minimum

Highest 21 36 21 36.5 23

Lowest 15 23.5 11.5 21 15

Monthly average 17.3 29.5 16.6 30 19.4

Minimum average 
Sep-Jan

Fig. 1. Ambient air temperature recorded by a Maxim iButton® located 1 m from perimeter fro
18th September, and due to an internal clock malfunction, ended on the 24th of January. The m
maximums, and monthly and 5 monthly averages listed in the table below.
noted the presence of full articulation, partial articulation, or disarticula-
tion between the head and neck (base of cranium to the atlas-axis com-
plex), neck and trunk (cervical vertebra IX to (pro) thoracic vertebrae I),
trunk and tail (sacral vertebra II to caudal vertebra I), left and right fore-
limb and trunk (scapula and coracoid to (pro) thoracic vertebrae I and
II), and left and right hindlimb and trunk (ilium to sacral vertebrae I
and II). An inter-unit articulation category for ribs– trunkwas not need-
ed as the Beardmore et al. (2012b) ‘ribs’ intra-unit already accounted for
the degree of rib articulation to the trunk. Full articulation was defined
by the maintenance of in-vivo position, with no spaces or rotations be-
tween adjacent skeletal elements beyondwhatwould be expected if the
soft tissue (cartilaginous and ligamentous) parts of the jointwere still in
place. Partial articulation was categorized by the slight separation or
rotation of adjacent skeletal elements, essentially the dislocation of a
joint, where in-vivo position was not maintained but the external (der-
mal) anatomywould remain unaffected. Disarticulation was defined by
the separation of adjacent skeletal elements, which could only occur if
the soft tissue parts of the joint were no longer viable or the external
(dermal) anatomy had been disrupted. We refer to this classification
scheme as inter-unit articulation.

3. Results

3.1. Ambient air and water temperatures

The experiment ran for 160 days, from the 19th of September 2012
to the 26th of February 2013. Ambient temperature was recorded using
a Maxim iButton® located on the perimeter of the study site, with the
closest aquarium (CR1B/CR2A) approximately 1 m away. The recording
beganprior to thefirst day of the experiment (18th of September 2012),
and due to technical issues with the internal clock of the Maxim
iButton®, ceased on the 24th of January 2013. Over this ~4 month peri-
od, the average daily minimum temperature was 19.9 °C and the aver-
age daily maximum temperature was 31.9 °C. All minimum and
maximum daily ambient air temperatures for this time period are
emperature in °C

Nov-12 Dec-12 Jan-13

Maximum Minimum Maximum Minimum Maximum

36 26 39 27 39

23.5 18.5 27.5 21.5 24.5

30.6 22.1 33.7 23.4 34.8

19.9

m the study site. Measurements began one day prior to the start of the experiment on the
inimum and maximum temperatures are shown in the graph, with monthly minimums,

image of Fig.�1
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shown in Fig. 1. Water temperature was also recorded using an YSI
Model 85 Handheld water quality probe approximately every second
day from the 19th of September 2012, to when the last Treatment 2 car-
cass was buried on the 28th of November 2012. These temperatures
were recorded simultaneously to observations and photographic re-
cords taken. Water temperature recording ceased after water was
drained from the Treatment 1 aquaria (on the 2nd of October 2012)
and Treatment 2 aquaria (17th of November 2012 for CR2B and CR2C,
and the 28th of November 2012 for CR2C). When all carcasses were ei-
ther buried or had reached the remains stage, temperature recordings
ceased. Although the temperatures recorded fluctuated due to changes
in ambient temperature and time of day recorded, they remained rela-
tively similar between and within treatments (see Fig. 2).
3.2. Description of Crocodylus porosus decomposition

The dates for each decay stage listed below indicate the average day
onwhich each stage began, plus or minus the standard deviation, indic-
ative of the variability between individuals. Table 3 shows the start date
and length of time each carcass spent in each decay stage.
3.2.1. Treatment 1: rapid burial scenario

3.2.1.1. Fresh stage: day 1 ± 0. The carcasses (CR1A and CR1B) were
placed in the aquaria dorsal side up, and immediately sunk to the bot-
tom of the aquaria, without any assistance, in this same orientation
prior to burial.
Fig. 2.Water temperature recorded for each treatment vessel.Water temperature recording cea
Treatment 2 vessels (17th November 2012 for CR2B and CR2C, and the 28th November 2012 fo
November 2012, all recordings ceased on this day.
3.2.1.2. Bloated stage: exact date unknown. CR1A remained buried for the
duration of this stage; therefore no observations could be made, al-
though presumably it underwent bloat underground. However, the
same process of internal gas production and resulting buoyancy within
the body cavity of CR1B overcame the downward pressure of the sand it
was buried under, which resulted in it rising and floating to the surface
ventral side up on day 12. CR1B was re-buried on the day 13 of the
experiment, with excess water drained from both Treatment 1 aquaria
for two reasons: (1) so that both buried carcasses underwent the
same experimental variables, and (2) to eliminate the possibility of
CR1A also floating.

3.2.1.3. Active decay stage/advanced decay stage: exact dates unknown.
Carcasses remained buried for the duration of these stages; therefore
observations could not be made.

3.2.1.4. Remains stage: exact date unknown. The buried carcasses were
unearthed on day 161 (26th of February 2013). Both carcasses had al-
ready reached the remains stage,with extensive soft tissue decay leaving
behind only the mummified dermis and cuticle, and some adipocere
alongside the caudal vertebrae from the saponification of fatty tissue.
Skeletal elements, including osteoderms, were all in their in-vivo posi-
tions. The exact position of skeletal elements is described in Section 3.4.1.

3.2.2. Treatment 2: aquatic decay scenario (buried after sinking), and
Treatment 3: aquatic decay scenario (not buried)

3.2.2.5. Fresh stage: day 1 ± 0. The carcasses were placed in the aquaria
facing dorsal side up, and immediately sunk to the bottom of the
sed after water was drained from the Treatment 1 vessels (on the 2nd October 2012), and
r CR2C). As all carcasses were either buried or had reached the remains stage by the 28th

image of Fig.�2


Table 3
Times taken for individual carcasses to progress through each decay stage, shown as the start date of each decay stage, and the total time spent in each decay stage. ‘NA’ indicates where
observationswere not possible due to carcass burial. The remains stage does not end until skeletalmaterial is destroyed or fossilized, therefore the total length of time for this stagewas not
recorded. The mean, standard deviation, and standard error of the start of each decay stage and the length of time to progress through each stage is also shown.

Decay stage Treatment 1 Treatment 2 Treatment 3

CR1A CR1B CR2A CR2B CR2C CR3A CR3B CR3C

Starting day Fresh Day 1 Day 1 Day 1 Day 1 Day 1 Day 1 Day 1 Day 1
Bloated NA NA Day 3 Day 4 Day 5 Day 4 Day 4 Day 3
Active decay NA NA Day 17 Day 11 Day 13 Day 11 Day 11 Day 21
Advanced decay NA NA Day 31 Day 25 Day 19 Day 21 Day 21 Day 27
Remains NA NA NA NA NA Day 71 Day 41 Day 54

Length of stage (in days) Fresh NA NA 3 5 5 3 3 2
Bloated NA NA 14 7 8 7 7 18
Active decay NA NA 14 14 6 10 10 6
Advanced decay NA NA NA NA NA 50 20 27
Remains NA NA NA NA NA NA NA NA

Decay stage Mean Standard deviation Standard error

Starting day Fresh Day 1 0.00 0.41
Bloated Day 3.8 0.75 1.56
Active decay Day 14 4.15 5.72
Advanced decay Day 24 4.52 9.80
Remains Day 55.3 15.04 22.59

Length of stage (in days) Fresh 3.50 1.22 0.50
Bloated 10.2 4.71 1.92
Active decay 10.00 3.58 1.46
Advanced decay 32.33 15.70 9.06
Remains NA NA NA
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aquaria, without any assistance, in this same orientation. Slight varia-
tions in limb orientations occurred for each individual; however, in
most instances the limbs were protracted and abducted, and flexed at
the elbow/knee, with the medial surface facing up.

3.2.2.6. Bloated stage: day 3.8 ± 0.75. After an average of 3 days the car-
casses bloated, and 24–48 h later began to rise through the water col-
umn rotating on their long axis to float ventral side up (excluding
CR2C, which rotated on its long axis to float left lateral side up). While
floating, the head and neck of each carcass was initially at the water's
surface then began to flex dorsally such that they remained below the
water line, whereas the medial (rarely cranial) surface of each limb
and the ventral surface of the trunk was exposed above the water line
— excluding CR2C, which only had the left-most ventral and lateral
surfaces of the head and trunk and the lateral surface of each left limb
exposed, with the head eventually flexing left laterally. Initially, the
Fig. 3. Photograph of ventral surface of right hindlimb and trunk of CR3B on day 6 (during bloa
hindlimb incision point. Scale bar represents 2 cm.
terminal half of the tail remained below the water line for all carcasses,
progressively flexing more dorsally as decay progressed the entire
length of the tail. Between day 5 and day 7, the cloaca of each carcass
was visited by flying insects. The end of the bloat stage in this experi-
ment did not necessarily correlate with each carcass sinking, but rather
the onset of scavenging of portions of the body that were subaerially
exposed, which in turn lead to the onset of active decay stage. Gas bub-
bles in the form of white foam were observed around the mouth and
cloaca, and near the surgical wound in the right hindlimb (see Fig. 3)
from the escape of endogenously produced gases, also marking the
end of the bloat stage.

3.2.2.7. Active decay stage: day 14± 4.15. Visible larval insect scavenging
of exposed soft tissue began on days 11–13, excluding for CR2A and
CR3C where larval scavenging only began after day 17 and day 21,
respectively. Larvae were smooth and pale, ranged in size between 8
ted stage). Gas bubbles in the form of white foam can be seen in the water above the right
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and 12 mm, and using the identification key outlined in O'Flynn and
Moorhouse (1980), were identified as Calliphora and Lucilia spp. Most
larval activity began in and focused around the cloaca. One exception
was CR2C, which continued floating left lateral side up with the cloaca
below the water line. Even though other orifices of CR2C were situated
above thewater line (left oral region, left orbit, and left external audito-
ry aperture), larvae were concentrated on the cuticle of the left lateral
surface of the trunk, distributed cranially to the shoulder and caudally
to the base of the tail, eventually breaking through the subepidermis
and dermis. In all other carcasses, larval activity progressed from the
cloaca along the ventral surface, then cranially to the throat and termi-
nally to the first quarter of the tail, along the subepidermis beneath the
cuticle. The consumption of the subepidermis disrupted andmoved the
cuticle layer off the ventral surface. The larvae eventually broke through
the subepidermis and dermis exposing muscle and internal organs.

3.2.2.8. Advanced decay stage: day 24±4.52.As decay continued, skeletal
elements (primarily thoracic ribs, the pubic bones and ischia) were
exposed and became disarticulated at their respective joints. Exposure
and disarticulation resulted not only from the direct removal (con-
sumption) of muscle, tendons and surrounding fascia by larvae, but
also from the ‘tugging’ feeding action employed by many of the larvae,
pulling soft tissue back and forth at least 0.5 to 1 cm (see Fig. 4).
Between days 19 and 31, carcasses started to submerge and then slowly
sink. Insect larvae evacuated the soft tissue as it sunk. Due to the turbid-
ity of the water, continued sinking and eventual contact with the sub-
strate could not be viewed first hand. As carcasses retained skeletal
articulation while floating (excluding disarticulation of some thoracic
ribs, the pubic bones and ischia as described previously), and disarticu-
lation was observed after the carcass had sunk and water was gently
drained from the aquaria (so the degree of articulation could be
Fig. 4. Photograph of the belly and ventral surface of the tail base of CR3A on day 21 (during ad
visible at thewater's surface. Insect larvae are feeding on the flesh around the cloaca, exposing t
rotated to now sits lateral to the left ischium. Scale bar represents 5 cm.
documented), we deduce that the majority of disarticulation occurred
when the carcasses contacted the substrate. Due to the lack of distur-
bance in the aquaria and the position of the carcasses during decay
andwhile sinking (with the head andwhole of tail submerged, creating
an inverted U-shape profile), themostly likely source of this disarticula-
tion was the pressure placed on skeletal elements and decayed joints at
the sediment–water interface as the body succumbed to gravitational
forces, ‘buckled’ and pressed on other body parts, causing bones to
move out of life position. Treatment 2 carcasses were buried during
this stage, with a top layer of water added, and then drained 13 days
after burial to replicate the Treatment 1 variables.

3.2.2.9. Remains stage: day 55.3 ± 15.04. Only the unburied carcasses
(Treatment 3) could be examined for visible signs of the end of the ad-
vanced decay stage and the remains stage. These carcasses continued to
decay subaqueously via necrolysis and frommosquito larvae feeding on
soft tissue, exposingmore than 50%of the skeleton. Themosquito larvae
averaged 2 mm in length, and were not strong enough to move or
disarticulate any bones. Themajority of soft tissuewas decayed, exclud-
ing some dermis, cuticle, and adipocere resulting from saponification of
fatty tissues, exposing the underlying disarticulated skeletal elements.
Soft tissue decay continued until the end of the experiment on day 161.

Figs. 5 and 6 show the general pattern of the five stages of decay
observed in Treatment 2 and 3 crocodiles. The exact positions of skeletal
elements are described in Section 3.4.

3.3. Patterns of decay and disarticulation in floating carcasses

All the crocodile carcasses in Treatments 2 and 3 floated after
reaching the bloated stage. One crocodile carcass in Treatment 1,
CR1B, also floated (see previous description in Section 3.2.1.2). On
vanced decay). Cranial is to the left, with the ventral surface of the left and right hindlimbs
he left and right ischia (image centre) and the right pubis, which has become detached and
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Fig. 5. Stages of decay shown as outlines in lateral view. Day number, equivalent to number of day's post-mortem, indicates average starting day of each stage. ‘Bloat and float’ commenced
during the bloated stage and continued through to the advanced decay stage.
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average, carcasses spent 32 days (±standard deviation of 12.79 days)
floating: the average pattern and timing is outlined below.

• Three days post-mortem, the carcass showed visible signs of bloat
(abdominal swelling).

• After the carcass began to bloat, it took 24–48 h for it to float and rise
20 cm to the surface of the water. This marked the beginning of ‘bloat
and float’.

• The carcass floated for approximately 19 days, initially with the
majority of the ventral surface subaerially exposed (from the tip of
the mandibular rostrum to the terminus of the tail, the medial sur-
faces of the limbs, and palmar/plantar surfaces of themanus/pedes re-
spectively). Sinking of the tail progressed from the tip cranially, with
the terminal-most portion being the first to fall below the surface of
the water. Similarly, sinking of the head progressed from the tip of
the rostrum caudally. White foam was observed around the mouth,
cloaca, and pre-experiment right hindlimb surgical wound (see
Fig. 3). The carcasse stayed articulated during this initial float period,
and during both the bloat and the active decay stages.

• Over the next 12 days, the neck and the entire length of the tail
DAY 4.5 ±1.22 to DAY 36 ±12.17
 Bloat and fl oat

 DAY 1 ±0
 Fresh

DAY 3.8 ±0.75                       
 Bloated

DAY 14 ±4.15
Active Decay

CR3C                Day 1 Day 2 Day 3 Day 19

Fig. 6. Photographs of typical decay stages experienced by juvenile Crocodylus porosus in freshw
day number ± standard deviation, equivalent to number of days post-mortem. ‘Bloat and float’
Photographs are of CR3C carcass, day of photograph indicated in grey. Scale bar represents 10
submerged, with the head, limbs, and terminal half of the tail begin-
ning to sink. The pubic bones, gastralia, and some thoracic ribs were
exposed and disarticulated, coinciding with the start of advanced
decay. As decay progressed, the trunk and tail base remained at
the water's surface while the head, neck, forelimbs, hind limbs, and
the remainder of the tail continued to becomemore submerged, with-
out disarticulating. This resulted in an inverted U shape profile (see
Fig. 7).

• The end of ‘bloat and float’ occurred when the carcass sunk over the
next 11-day period and settled on the bottom of the aquarium. It is
important to note that the end of the bloated stage did not coincide
with the cessation of floating: carcasses continued to float while
progressing through the active decay stage and part of advanced
decay stage.
3.4. End of experiment articulation

The results are described below for each treatment, and intra- and
inter-unit articulation stage scores are summarized in Tables 4 and 5,
DAY 24 ±4.52                   
Advanced Decay

DAY 55.3 ±15.04 
 Remains

Day 23 Day 27 Day 44 Day 161

ater, taken fromdirectly above the carcass. Average starting day of each stage indicated by
commenced during the bloated stage and continued through to the advanced decay stage.
cm.
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Fig. 7. Photograph and illustration of the inverted U-shaped profile typical of floating carcasses during the advanced decay stage. (A) Photograph of CR2A (Day 33) in left lateral aspect,
floating ventral surface up, exhibiting the invertedU-shaped profile common in Treatment 2 and Treatment 3 carcasses during the advanced decay stage. A portion of skin from the ventral
surface of the trunk and neck has partially detached and is hanging across the left side of the body, obscuring the left forelimb, neck, and part of the head. Scale bar represents 10 cm.
(B) Stylized drawing of CR2A from the photograph in panel A. Some of the partially detached skin was not drawn so as to show the position of the left forelimb, neck, and head. Scale
bar represents 10 cm.
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respectively. As per the Beardmore et al. (2012b) generalized vertebrate
bauplan, minor skeletal elements (e.g. gastralia, hyoids, teeth) were not
included in the analysis of skeletal articulation.
Table 4
Intra-unit articulation scores using Beardmore et al. (2012b) classification scheme. Refer
to Fig. 8 for skeletal units used. Treatment 1 carcasses showed highest intra-articulation
scores due to burial during the fresh stage. Treatment 2 and 3 carcasses showed lower
intra-unit articulation scores due to soft tissue decay in water and gravitational forces up-
on sinking forcing skeletal elements out of in-vivo positions. Treatment 2 carcasses overall
scored higher than Treatment 3 carcasses, as they were buried during the advanced decay
stage with some soft tissue still attached.

Intra-unit articulation Treatment 1 Treatment 2 Treatment 3

CR1A CR1B CR2A CR2B CR2C CR3A CR3B CR3C

Head 4 4 4 4 4 0 4 4
Neck 4 3 4 4 4 2 2 0
Trunk 4 4 3 2 4 2 2 2
Ribsa 4 3 0 0 0 0 0 0
Tail 4 4 4 2 4 0 1 2
L forelimb 4 4 0 1 4 0 0 2
R forelimb 4 4 0 1 4 0 0 2
L hindlimb 4 4 3 1 3 1 0 1
R hindlimb 4 4 3 1 3 1 0 1

a The ‘ribs’ skeletal unit defines articulation between ribs and the thoracic vertebrae,
and therefore is technically ameasure of inter-unit articulation, not intra-unit articulation.
However, as the ‘ribs’ unitwasdefined by Beardmore et al. (2012b),wehave opted to keep
it in the intra-unit articulation category.
3.4.1. Treatment 1 — buried one day post mortem
As seen in Fig. 8, skeletal elements of Treatment 1 crocodile carcasses

maintained their initial post-mortem positions and showed high intra-
unit articulation scores with full inter-unit articulation, as shown in
Tables 4 and 5. No overlaps, rotations, or greater than expected spaces
Table 5
Inter-unit articulation scores between skeletal units, where ‘F’ indicates full inter-unit ar-
ticulation— in contact, no breaks (rotations or spaces), ‘P’ indicates partial inter-unit artic-
ulation — skeletal elements in contact or near-to, but rotated out of life position, and ‘D’
indicates inter-unit disarticulation — skeletal elements are not in contact and not in-
vivo. Treatment 1 carcasses showed highest inter-articulation scores due to burial during
the fresh stage. Treatment 2 and 3 carcasses showed lower inter-unit articulation scores
due to soft tissue decay in water and gravitational forces upon sinking forcing skeletal el-
ements out of in-vivo positions. Treatment 2 carcasses overall scored higher than Treat-
ment 3 carcasses, as they were buried during the advanced decay stage with some soft
tissue still attached.

Inter-unit articulation Treatment 1 Treatment 2 Treatment 3

CR1A CR1B CR2A CR2B CR2C CR3A CR3B CR3C

Head–neck F P D P D D D D
Neck–trunk F F F F F P P P
Trunk–tail F F F F F P P F
L forelimb–trunk F F D D D D D D
R forelimb–trunk F F D D D D D D
L hindlimb–trunk F F D D D P D D
R hindlimb–trunk F F D D P D D D
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Fig. 8. Schematic outline of skeletal elements for Treatment 1 carcasses. The skeletal units used are modified from Beardmore et al. (2012b), and are defined in the key as follows: head
(skull and mandible), neck (cervical vertebrae), trunk (prothoracic, thoracic, lumbar, and sacral vertebrae), tail (caudal vertebrae), ribs (thoracic ribs), left and right forelimbs (including
pectoral girdles), and left and right hindlimbs (including hips and each pubis). The combination of the pectoral girdle unit with forelimb unit, and hip unit with the hindlimb unit, are
equivalent to the Beardmore et al. (2012b) forelimb and hindlimb units respectively. All elements were drawn looking down on the carcass as it lay in the sediment, such that some el-
ements appear distorted due to parallax. The antibrachial elements of CR1A have their distal ends angled into the sediment so appear shortened. The axial skeleton is preserved dorsal side
up, excluding the terminal half of the tail on CR1B, the vertebrae of which are preserved left lateral surface up. The manus and pes have their palmar and plantar surfaces parallel to the
sagittal plane, thereby allowing for vertical preservation of elements through the burial medium. The right femur on these and all other specimenswas sectioned prior to the experiment,
but both the distal and proximal portions of all femora remained roughly in their in vivo position during decay due to the presence of surrounding soft tissue and burial medium. These
skeletal configurations are representative of carcasses buried during the fresh stage. Scale bar represents 10 cm.

117C.E. Syme, S.W. Salisbury / Palaeogeography, Palaeoclimatology, Palaeoecology 412 (2014) 108–123
between skeletal elements were observed, excluding the thoracic rib X
and the atlas of CR1B, most likely dislodged during ‘bloat and float’ on
days 12 and 13. The fore- and hindlimbs of both carcasses remained in
their post-mortem pre-burial positions. The forelimbs of CR1A were
protracted with minor flexion at the elbow and flexion of the left
manus and extension of the right manus, whereas in CR1B the right
forearm is protracted and flexed at the elbow and neutral at the carpus,
and the left is partially retracted and flexed at the elbow and partially
adducted at the shoulder. The hindlimbs of both CR1A and CR1B are
protracted and flexed at the knee and the tarsus, excluding CR1B,
which shows extension of the right pes. The left manus of CR1A is pre-
served lateral surface up, whereas the left manus of CR1B is preserved
medial surface up, with both right manus preserved dorsal surface up.
For the left manus of each carcass, the plane defined by the palmar
surface is parallel to the sagittal plane, whereas for the right manus of
each carcass, the same plane is parallel to the horizontal. The pedes of
both carcasses were preserved medial surface up, such that the plane
defined by the plantar surface is parallel to the sagittal plane, except
for the right pes of CR1A, which lies dorsal surface up with the plantar
surface parallel to the horizontal plane. This resulted in the vertical
preservation of metacarpals, metatarsals, and digits.

3.4.2. Treatment 2 — subaerial decay prior to burial upon sinking
In contrast to Treatment 1, skeletal elements of Treatments 2

carcasses (Fig. 9) ranged from fully articulated to disarticulated. Some
skeletal elementswere preserved vertically through the burialmedium;
in CR2A, thoracic vertebra X, lumbar vertebrae I to V, sacral vertebrae I
and II, and caudal vertebrae I–V lay approximately 0.2 cm dorsal to
articulated cervical vertebrae, prothoracic vertebrae I–II, and thoracic
vertebrae III–IX. The remaining skeletal elements of CR2A, and all
skeletal elements in CR2B and CR2C, were distributed laterally, not ver-
tically. The highest intra-unit articulation scores were for the head, with
the skull andmandible for each carcass remaining articulated and laying
ventral side up, and the neck, with the cervical vertebrae flexed dorsally
in each carcass (all carcasses scoring ‘4’ for both units). However, inter-
unit articulation between the head and the neck varied from partially
articulated for CR2B, to disarticulated for CR2A and CR2C. Full inter-
unit articulation was observed between the neck and the trunk, and
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Fig. 9. Schematic outline of Treatment 2 crocodile carcass skeletal elements. All elementswere drawn looking downon the carcass as it lay in the sediment, such that some element appear
distorteddue to parallax. The skull of each specimenwas preserved ventral side up,with themandible articulated. CR2Cwas the only carcass thatfloated lateral left surface up, and also the
only carcass from Treatment 2 or 3 that retained full articulation of the axial skeleton excluding the skull andmandible. Amoderate degree of articulation ismaintained for all the forelimb
and hindlimb units, lower than that of Treatment 1 carcasses, but higher than Treatment 3 carcasses.Manual and pedal elements remained in articulation due to the presence of soft tissue
at the time of burial. These skeletal configurations are representative of a floating carcass that has sunkand been buriedduring advanceddecay. Colours in thisfigure relate to the key in Fig.
8, CR1A. Scale bar represents 10 cm.
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the trunk and the tail. Themajority of thoracic ribs in all three carcasses
became disarticulated from the trunk (scoring ‘0’ for intra-unit articula-
tion). Although full inter-unit articulation was maintained between the
trunk and tail for all carcasses, the degree of intra-unit articulationwith-
in the trunk, tail, left and right forelimbs and hindlimbs, and inter-unit
articulation between the neck and trunk, and hindlimb and trunk,
were not consistent between Treatment 2 individuals (see Tables 4
and 5). Carcasses CR2A and CR2B had portions of the vertebral column
from the trunk and tail separated into articulated sections; where
these breaks in occurredwithin the vertebral columnwasnot consistent
within or between carcasses. CR2C, the only carcass to float left lateral
side up instead of ventral surface up, was the only Treatment 2 carcass
to maintain articulation along the entire length of the vertebral column.
Those limbs that retained full, near, moderate, or limited intra-unit
articulationwere preserved in a variety of positions with skin still intact
on some manus and pedes. For example, the left and right forelimbs of
CR2C were flexed at the elbow and extended at the carpus, the left
and right hindlimbs of CR2A were flexed at the knee and flexed at the
tarsus and metatarsus, and the left and right hindlimb of CR2C and left
hindlimb of CR2Bwere extended at the knee and extended at the tarsus.
CR2A showed no intra-unit articulation of left and right forelimb
elements (scoring ‘0’ for each), whereas its hindlimbs retained near-
full articulation (with an intra-unit articulation score of ‘3’ for each).
CR2B suffered the same degree of limited articulation for all limbs (scor-
ing ‘1’ for intra-unit articulation of both forelimbs and hindlimbs). Only
CR2C maintained full articulation of the left and right forelimb (scoring
‘4’ for intra-unit articulation for each limb), with near-full articulation of
the left and right hindlimb (with an intra-unit articulation score of ‘3’ for
each). In all three carcasses, forelimbs and hindlimbs (including pecto-
ral and pelvic girdles respectively) disarticulated from the trunk,
excluding the partially articulated right hindlimb of CR2C. Although
the degree and pattern varied between individuals, intra- and inter-
unit limb articulation on average was mirrored between the left and
right sides of each individual; when the left forelimb or hindlimb
showed higher degrees of intra- and inter-unit articulation, so did the
right forelimb or hindlimb, even with the right dorsal femoral muscles
and the femur of each carcass being severed prior to the start of the
experiment.

3.4.3. Treatment 3 — subaerial and subaqueous decay, no burial
As with Treatment 2 skeletons, and in contrast to Treatment 1

skeletons, skeletal elements of Treatment 3 carcasses (Fig. 10) were
disarticulated or partially disarticulated. Individual variation in intra-
and inter-unit articulation was observed, with carcasses on average
scoring lower for intra-unit articulation than Treatment 2 carcasses.
The skulls of CR3B and CR3C remained articulated with their mandible,
both laying ventral side up. The exceptionwas CR3A, with themandible
disarticulating from the skull, and both elements lying dorsal side up
(scoring ‘0’ for intra-unit articulation). In all three carcasses, the cervical
vertebrae disarticulated from the base of the skull. The majority of pro-
thoracic, thoracic, lumbar, and sacral vertebrate in Treatment 3 carcasses
were rotated out of, but remained near to, their in-vivo positions (each
carcass scoring ‘2’ for trunk intra-unit articulation). The intra-unit articu-
lation of caudal vertebrae varied from disarticulated to moderately
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Fig. 10. Schematic outline of Treatment 3 crocodile carcass skeletal elements. All elements were drawn looking down on the carcass as it lay in the sediment, such that some elements
appear distorted due to parallax. The disarticulated skull and mandible of CR3A lay dorsal side up, whereas for CR3B and CR3C they remain articulated and ventral side up. Treatment
3 carcasses showed higher degrees of disarticulation than Treatment 2 carcasses due to the continued loss of soft tissue that in turn allowed for rotation of axial skeletal elements and
movement of smaller phalangeal elements. This was due to extensive soft tissue decay and the lack of burial medium that might otherwise restrict movement of skeletal elements.
These skeletal configurations are representative of a floating carcass that has sunk with decay progressing to the remains stage. Colours in this figure relate to the key in Fig. 8, CR1A.
Scale bar represents 10 cm.
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articulated among all three carcasses (with intra-unit articulation scores
of ‘0’, ‘1’, and ‘2’ for CR3A, CR3B, and CR3C respectively). Among all three
carcasses, the only full inter-unit articulation maintained was between
the trunk and tail for CR3C. Partial inter-unit articulation was noted
between the neck and trunk in all three carcasses, the trunk and tail in
CR3A and CR3B, and the left hindlimb and trunk of CR3A. Disarticulation
was observed between all other units in all three carcasses. Treatment 2
and 3 carcassesweremost similar in intra-unit articulation for ribs (scor-
ing ‘0’), and inter-unit articulation for left and right forelimb–trunk (with
disarticulation between all excluding the left hindlimb of CR3A) (see
Tables 4 and 5). Similar to Treatment 2, Treatment 3 carcass forelimbs
and hindlimbs disarticulated at the shoulder and hip joint, respectively.
On average, the manus, pedes and caudal vertebrae of Treatment 3
carcasses had relatively lower intra-unit articulation scores than in Treat-
ment 2 carcasses. No soft tissue remained on the manus and pedes;
carpals/tarsals, metacarpals/metatarsals, and digits were disarticulated,
rotated, and moved out of in-vivo position. CR3C retained some intra-
unit articulation in the forelimbs and hindlimbs (scoring ‘2’ for both fore-
limbs, and ‘1’ for both hindlimbs), whereas CR3A and CR3C suffered
greater degrees of disarticulation (with scores of ‘1’ for the hindlimbs of
CR3A, and ‘0’ for the forelimbs of CR3A and all limbs in CR3C). For
those limbs that retained some articulation, CR3A showed flexion at
the right hindlimb tarsus, and extension at the left hindlimb knee, and
CR3C showed flexion of the right forelimb at the elbow, flexion of the
right hindlimb at the knee and tarsus, and extension of the left hindlimb
knee and tarsus. Limb articulation patterns on average were mirrored
between the left and right sides of each individual;when the left forelimb
or hindlimb was articulated, so was the right forelimb or hindlimb.

4. Discussion

This experiment has demonstrated that juvenile Crocodylus porosus
carcasses decomposing in undisturbed fresh water progress through
the five recognizable stages of vertebrate decay (fresh, bloated, active
decay, advanced decay and remains), reaching the final stage on aver-
age 55 days post-mortem. Based on the results of this experiment, we
can conclude that preservation of articulated skeletons of extant
C. porosus ismore likely to result from ‘rapid burial’, that is, burial during
the fresh stage, and less likely to result from decay in a low-energy
aqueous environment or burial during the advanced decay stage. The
degree of articulation that we observed in different treatments related
to the amount of soft tissue still present and holding skeletal elements
in place, which in turn was related to the decay stage that the carcass
was in. Floating was found to be integral to the disarticulation process:
not only did it provide terrestrial micro-scavengers with access to soft
tissue, but also enabled endogenous and exogenous soft tissue decay
to progress to a point where, upon sinking, gravitational forces forced
bones out of their in-vivo position as the parts of the carcass settled
on the substrate. It is pertinent to note that the timeframes discussed
herein are based on a ‘best case’ scenario for juvenile C. porosus, as the
experiment took place in a cool, low energy pool of freshwater (average
temperature of 22.1 °C with daily temperatures fluctuating between 18
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and 27 °C, and initial average water parameters of pH 7.65, salinity
0.24 ppt, and DO 92.2%), with limited solar radiation, no macro-
scavenging, and minimal aquatic micro-scavenging. The results are
therefore interpreted to represent maximum possible times for each
decay stage for juvenile C. porosus, and under the specified environmen-
tal parameters. Increases in erosional forces, or faunal interactions such
as terrestrial or aquatic macro- and micro-scavenging would likely
decrease the time taken to decay and disarticulate, and increase the
degree of disarticulation suffered.

Crocodylus porosus carcasses floated to the surface of the water on
average four days post-mortem due to the build-up of putrefaction
gases in the digestive tract during the bloated stage. Floating carcasses
did not start to sink immediately after gases started to escape via the
mouth, cloaca, and right hindlimb surgical wound, or even after larval
insects penetrated the intestinal and stomach walls during the active
decay and advanced decay stages. Although bloat might be responsible
for the carcass initially floating, the end of the bloated stage did not co-
incide with the end of the float time. Anderson and Hobischak (2004)
similarly noted that pig carcasses in aquatic settings could float for
weeks due to trapped pockets of intestinal gas, which was not to be
confused with ‘true’ bloat where the integrity of the stomach and intes-
tinal walls have not been disrupted, and gases have not been released
through natural orifices. We noted that the white foam forming around
carcass orifices and the right hindlimb surgical wounds was indicative
of the release of some endogenous gas, but conclude that some gases
must have remained trapped in the intestinal tract which allowed the
C. porosus carcasses to continue floating after the bloat stage ended.
The degree of saturation of soft tissue may also affect flotation time: as
water enters the carcass either through intact epidermal and dermal
layers that are permeable to water or disrupted epidermal and dermal
layers, it will fill interstitial spaces in bone and displace endogenous
gases in soft tissue. This will increase the overall density of the carcass,
and if its density becomes greater than that of water, the carcass will
sink.

While the Crocodylus porosus carcasses floated, the majority of skel-
etal elements stayed articulated or partially articulated within the still
intact epidermis and dermis. This phenomenon has been observed in
small lizards (Brand et al., 2003b), and large marine mammals
(Schafer and Craig, 1972), and has been attributed to the presence of
skin with relatively high durability and low permeability (Brand et al.,
2003b; Cambra-Moo et al., 2008). Brand et al. (2003b, pg 32) postulated
that this could lead tomisinterpretation of the fossil record,where artic-
ulation is maintained upon sinking and burial, and mistakenly attribut-
ed to rapid burial while the carcass was in the fresh stage. However, we
observed that after the Treatment 2 and Treatment 3 carcasses sank
~55 days post-mortem, most of the axial skeleton, forelimbs, and
hindlimbs were either partially articulated or disarticulated. Although
the dermis in floating carcasses maintained enough integrity to hold
skeletal elements together, it was relatively weak and allowed move-
ment of skeletal elements when gravitational forces were applied
upon contact with the substrate during sinking. The lateral profile of
the carcasses while floating took on an inverted ‘U’-shape, which
would have increased the gravitational forces applied on the skeletons
upon sinking. Only the buried carcasses of Treatment 1 maintained
full articulation retaining their pre-burial, in-vivo skeletal configura-
tions, due to the presence of soft tissue (primarily tendons, ligaments
and skin) at the time of burial, and support from the surrounding burial
medium restricting vertical and lateral movement. The high degree of
inter- and intra-unit articulation seen in Treatment 1 carcasses is indic-
ative of burial during the fresh stage, and in this experiment could not
bemisinterpreted as a result of prolonged decay in a low-energy aquatic
environment.

The variation in the degree of articulation that was observed
betweenTreatments 2 and 3 is likely attributable to three factors. Firstly,
variation in gut flora per individual may have led to changes in gas by-
product production rates and resulting variable ‘bloat and float’ times,
which in turn may have affected the length of time aerial scavengers
had access to carcasses and the extent to which soft tissue decay
progressed up to the time of sinking. Secondly, the orientation and po-
sition of each floating carcass changed the availability of orifices and
wounds to aerial scavengers: for example, the complete articulation of
the axial skeleton (excluding the skull) observed for CR2C was most
likely a result of the carcass floating left side up, prohibiting flying
insects access to the cloaca and therefore the bones of the pelvic girdle.
Thirdly, and in our opinion, most importantly, Treatment 2 carcasses
were buried during the advanced decay stage when some soft tissue
was still intact, especially on the manus and pedes — a phenomenon
also noted by Richter and Wuttke (2012) for iguanid decay in fresh
water — whereas Treatment 3 carcasses suffered continued soft tissue
decay inwater leading to the eventual collapse, rotation, and separation
of skeletal elements during the remains decay stage.While Treatment 2
carcasses retained some dermal integrity on the manus and pedes,
allowing for preservation of full to moderate articulation upon burial,
the Treatment 3 carcasses suffered loss of soft tissue holding the skeletal
elements of themanus and pedes in place due to prolonged subaqueous
decay, allowing for their disarticulation. Treatment 2 carcasses had adi-
pocere present beside the caudal vertebrae, allowing for the preserva-
tion of articulation prior to burial. Prolonged subaqueous exposure led
to the eventual dissolution of caudal adipocere in Treatment 3 carcasses.
Therefore, patterns of articulation seen in Treatment 2 carcasses are
indicative of burial during the advanced decay stage. Specifically, disar-
ticulation of the head from the neck and the limbs from the trunk, along
withmoderate articulation to disarticulation of skeletal elementswithin
the axial skeleton, combined with moderate to full intra-unit articula-
tion scores (‘2’ to ‘4’) for fore- and hindlimbs, including retention of
manual and pedal articulation. Further disarticulation of the fore- and
hindlimb including the manual and pedal elements, as was seen in
Treatment 3 carcasses, is indicative of burial during the remains decay
stage when further soft tissue decay has occurred. Even though the
degree of articulation differed between individual carcasses within
each treatment, patterns of limb articulation were on average mirrored
between the left and right side within each carcass. It would therefore
also seem reasonable to assume that a fossil with disparate articulation
between paired limbs had suffered non-necrolytic pre-, peri-, or post-
mortem soft tissue trauma.

Disarticulation of vertebrate carcasses in low-energy freshwater
settings as seen in our experiment has also been observed in other
experiments: both for multiple goldfish carcasses (Hellawell and Orr,
2012) and a single iguanid (Oplurus cuvieri) carcass (Richter and
Wuttke, 2012). Hellawell andOrr (2012) found that skeletal disarticula-
tion of goldfish occurred in shallow fresh water in petri dishes in the
absence of any outside disturbance. They concluded that decay in a
low-energy aqueous environment did not account for the high levels
of articulation seen in fossil fish of the Green River Formation
(Hellawell and Orr, 2012). In Richter and Wuttke's (2012) freshwater
decay experiment of one iguanid carcass, they conclude that while
some disarticulation may have resulted from the withdrawal of the car-
cass multiple times for X-radiographs over a 2-month period, themajor-
ity of disarticulation occurred in the absence of outside disturbance. We,
too, similarly conclude that in the absence of any outside disturbance,
disarticulation of skeletal elements in an aqueous setting can occur.
Richter and Wuttke (2012) also observed that the iguanid fore- and
hindlimbs separated from the axial skeleton but remained articulated
within each limb: as per the terminology used in our study, this would
be classified as full intra-unit articulation and inter-unit disarticulation.
We observed a similar pattern of high intra-unit articulation scores for
the fore- and hindlimbs of our Treatment 2 Crocodylus porosus carcasses
alongwith inter-unit disarticulation, and attribute this to the presence of
soft tissue along the length of the forelimbs and hindlimbs holding skel-
etal elements in place prior to burial.

The results of this study suggest that if a carcass is inhibited from
floating, the likelihood of articulated preservation increases. Rapid
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burial is one suchway to inhibit floating, as demonstrated by Treatment
1 carcasses, although for one carcass (CR1B) ‘bloat and float’ still
occurred even after burial under a 20 cm layer of non-compacted fine-
grained sand. Therefore, burial would not only have to be rapid enough
to occur before the bloated stage commenced (approximately before
4 days post-mortem for juvenile Crocodylus porosus carcasses), it
would also have to involve enough sediment to continue to negate the
positive buoyancy created by internal gas production. However, rapid
burial may not be the only avenue for inhibition of floating: (1) bloat
could still occur with floating prohibited by physical barriers, such as
might occur if a carcass became trapped under a log jam or jumble of
vegetation (see crocodile carcasses trapped under logs in Weigelt,
1989, Plates 27 and 30), (2) the carcassmight pass through the bloat pe-
riod in a terrestrial setting, then may either be covered with water and
sediment in-situ, or be transported into a body of water and buried (as
has been proposed for the holotype Susisuchus anatoceps by Salisbury
et al., 2003); (3) bloat not occurring due to species specific anatomical
and physiological characteristics (Schoener and Schoener, 1984; Brand
et al., 2003b; Reisdorf and Wuttke, 2012) — but we are unsure as to
what thesemight be or if there are any examples of taxa in which float-
ing is not known to occur— or (4) lowwater temperatures reducing gas
production (Elder and Smith, 1984; Elder et al., 1988). Any of these
scenarios that donot invoke rapid burial as the cause of articulated pres-
ervationmust inhibit the access of aerial or aqueousmacro-scavenger to
the carcass. Scenario (1) could occur in tandem with ‘rapid burial’,
extending the amount of time needed to sufficiently weigh a carcass
down with sediment. Skeletal elements in a Scenario (2) carcass could
be buried in a flood plain or riverbank under a relatively thin amount
of sediment, initially in an aquatic setting, but with water levels reced-
ing and reducing water in interstitial spaces in the sand during the
bloat stage. If a carcass underwent bloat unburied in a terrestrial setting
to be later buried in an aquatic setting, the carcass would retain some
intact soft tissue to avoid disarticulation during water and sediment in-
flux in-situ, or transport to the final burial site. Scenario (3) would not
require ‘rapid burial’, as the carcass would not float and disarticulate
on sinking; however, soft tissue trauma would increase the likelihood
of disarticulation occurring. In relation to Scenario (4), Elder et al.
(1988) and Elder and Smith (1984) propose that water temperature
controls the production of gases internally and the resulting buoyancy
of a decaying carcass, with cooler temperatures (below 16 °C) limiting
flotation of fish carcasses. In our experiment, carcasses began to float
on days 5 to 7 (22nd–24th of September) when water temperature
ranged between 21.2 °C and 23.6 °C with an average temperature of
22 °C (see Fig. 2), so it appears that theminimum fresh water tempera-
ture which still allow for juvenile C. porosus carcasses to float is at least
22 °C. It is feasible that lower water temperatures could have the same
flotation inhibition effect on crocodyliform carcasses.

Using Crocodylus porosus decay patterns as an analogue for extinct
crocodyliform decay patterns, it can be inferred that preservation of
high intra- and inter-unit articulation in fossil crocodyliforms preserved
in fresh water sediments was a result of the inhibition of floating via
burial during the fresh stage, trapping under physical barriers, removal
fromwater, or enough trauma to prevent bloat (under our experimental
conditions, for juvenile C. porosus this would need to occur within the
first week post mortem). High degrees of cranial and post-cranial artic-
ulation including vertical preservation of manus and pedes, similar to
that seen in Treatment 1 carcasses, would be indicative of burial during
the fresh stage with soft tissue and burial medium holding skeletal ele-
ments in-vivo. A lack of pelvic girdle elements in fossil crocodyliforms
would be expected for carcasses of juvenile animals (with only partially
fused joints between the ilia and sacral ribs) that floated during decay
and that were buried only after sinking (see Salisbury et al., 2003).
Those that show vertical preservation of disarticulated portions of the
axial or appendicular skeleton, especially themanus and pedes (resem-
bling that of CR2A), were likely to have been buried during advanced
decay upon sinking (for juvenile C. porosus, approximately three to
eight weeks post mortem), with higher degree of articulation in the
manus and pedes resulting from burial with manual and pedal soft tis-
sue still intact. High degrees of articulation between caudal vertebrae
could result from the presence of adipocere prior to burial, given that
many species of extant crocodylians typically have large adipose tissue
deposits medial to both the epaxial and hypaxial muscle masses in the
base of the tail (Gadow, 1882; Frey, 1988a). Those that have a greater
degree of disarticulation of the forelimbs andhind limbs, especially skel-
etal elements of the manus, pedes, and tail, are most likely indicative of
carcasses having reached the remains decay stage (for juvenile
C. porosus, greater than approximately eight weeks post-mortem)
prior to burial, where extensive sub-aqueous soft tissue decay has
occurred. Disparate articulation in paired limbs would therefore be in-
dicative of pre-, peri-, or post-mortem soft tissue trauma excluding
necrolysis and micro-scavenging. In C. porosus, as occurs in all other
extant crocodylians, the osteoderms that form part of the dorsal shield
(paravertebral shield + accessory osteoderms) sit within the corium,
with sagitally adjoining osteoderms bound together via interosteoderm
ligaments (Schmidt, 1914; Frey, 1988a). Inmany taxa, laterally adjoining
dorsal osteoderms are also joined to each other by serrated sutures (Frey,
1988a; Salisbury and Frey, 2001); but we note that such joints to not
occur in C. porosus, which has very reduced dorsal osteoderms relative
to other extant taxa. These interosteodermal joints (interosteodermal
ligaments and interosteodermal sutures) could result in groups of articu-
lated osteodermsdetaching during decay andbecomingpreserving as in-
tact sections. Although osteoderms were not observed in their in-vivo
positions for the juvenile C. porosus carcasses at the end of the experi-
ment, the additional tight tendinous integration of the paravertebral
shieldwith the vertebral column of the trunk and tail base via the epaxial
musculature (see Frey, 1988a,b; Salisbury and Frey, 2001) could result
in the additional maintenance of anatomical coherence of these parts of
the trunk skeleton until after the carcass has sunk; this is not true
for the cervical and more terminal caudal vertebrae, which are not
tightly as integrated with the dermis and epaxial musculature (see
Frey, 1988a,b; Salisbury and Frey, 2001). In our experiment, the verte-
bral column of each carcass remained articulated during floating,
with only two specimens suffering vertebral disarticulation upon
sinking (CR2A and CR2B); even so, the vertebral column separated
into articulated sections, demonstrating some remaining anatomical
coherence between sections of the vertebral column and the epaxial
musculature.

The need to inhibit floating in order tomaintain skeletal articulation
must also be taken into account when considering the taphonomic his-
tories of vertebrate fossils associated with Lagerstätten. Articulation of
skeletal elements and preservation of soft tissues in Lagerstätten fossils
are thought to have resulted from carcasses in good condition decaying
in low energy aquatic environments that are anoxic, acidic or hypersa-
line, all of which limit opportunities for scavenging and destruction of
soft tissue (Allison, 1988; Allison and Briggs, 1991; Taylor, 1995;
Behrensmeyer et al., 2000). Although rapid or catastrophic burial can
form Lagerstätten, other ‘stagnation’ mechanisms can also result in the
formation of Lagerstätten, such as (1) sinking into a soupy substrate
(Smith and Wuttke, 2012), (2) microbial mat formation (Hellawell
andOrr, 2012; Schwermann et al., 2012; Iniesto et al., 2013), and (3) ad-
ipocere formation (O'Brien and Kuehner, 2007; Ubelaker and Zarenko,
2011; Schwermann et al., 2012). However, these stagnation scenarios
do not account for the likelihood that even in low energy conditions,
vertebrate carcasses may float and then disarticulate upon sinking.
And even after sinking, prolonged subaqueous decay prior to burial
might still allow for partial or total disarticulation. For example, in our
experiment, adipocere formed along the caudal vertebrae of the juve-
nile Crocodylus porosus, but those left to decay subaqueously (Treat-
ment 3) still suffered disarticulation of caudal elements. In future
taphonomic analyses, assumptions that involve any of these four
mechanisms must also take into account processes that stop carcasses
floating, or that reduce flotation time such that the carcass sinks



122 C.E. Syme, S.W. Salisbury / Palaeogeography, Palaeoclimatology, Palaeoecology 412 (2014) 108–123
immediately at the end of the bloat stage, or in the early stages of active
decay, before extensive soft tissue decay and skeletal disarticulation can
occur.
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