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ABSTRACT

Many factors affect aquatic decomposition and the accuracy ofniwttm Submersion Interval
(PMSI) estimations but have not been researched thoroughly. The extent of decompaosition in bodies
recovered from water is measured using visual decompositiangsystems (DSS). The applicability

of the Heaton, van Daalen and Reh DSS is limited becausevidreydevelopewvith predominantly
paleskinnedindividuals in temperate climates. This PhD aimed to (1) determine the effect of water
temperature, hardnesslinity, and current on decomposition rate in human analogues, (2) compare the
effectiveness and suitability of these DSS for assessing decomposition changes in human

analogues/human remains and estimating PMSI inskiried individuals.

Laboratory stuiges, where 660 mice decomposed for 35 days, were conducted to investigate the effect

of salinity, hardness and current on decomposition rate. To augment the laboratory results with larger
human analogues, 35 pigs were decomposed for 70 days in wateredf sanity. To evaluate the

accuracy of the DSS in PMSI estimation of human cases, the Heaton, van Daalen and Reh DSS to assess
the extent of decomposition visible in pictures of drowning victims from the Netherlands, U.K., and

South Africa and compareddi t h known PMSI. A 6édrowning databas
cases cited in scientific literature and media was collated to understand worldwide drowning

demographics.

This research demonstrated that temperature, salinity, hardness, and curifecdrgigraffected the
decomposition rate of human analogues0.05 and has shown for the first time that discolouration
changes can be misleading in dark skined individuals when using the DSS, and these DSS are
inaccurate for estimating the PMSIadrk and paleskinned bodies in advanced decomposition states

or recovered in winter. Recommendations for applying the DSS tes#tamiked individuals have been

made to improve the estimation of PMSI. Therefore, temperature, salinity, current, and Hakaitess
should be considered when estimating the PMSI of bodies recovered from marine environments, and
more global studies should be conducted to improve the suitability of these DSS in assessing

decomposition and estimating PMSI in dark&in-toned indviduals.
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1 INTRODUCTION

1.1 Drowning, Aquatic Decompositionand Decompositimm Scoring Systems

Drowning occurs when a body is immersed in water or other liquid until there is no access by air to the
lungs due to the blockage of the airways by the flldglard, 2017 Szpilman & Morgan, 2021).
Drowning is a common cause of death; annually, over 200,000 people die by drovemidgide
(Reijnenet al, 2018; Yorulmazt al, 2003).Due to this phenomenon, there is an increased need to
understand the process of drowning and aquatic decompositatonet al, 2010).Therefore, more
studies are being conducted to investigate the factors affecting aquatic decomposition and improve the
estimation oPostmortemSubmersion Interval [PMSI] (Byard, 2018; Mateus & Vieira, 2014; Reijnen

et al, 2018; varDaaleret al., 2017).Death by drowning in various water environments occurs because

of recreational accidents, natural and transport disasters, suicide, and homicide (Byard, 2017
Papadodimat al, 2010).

In the United Kingdom, the Human Tissue Act@@Pwas designed for the regulation of all activities
involving the postmortem examination and retention of human tissue, organs, or bodies, with consistent
emphasis on the need for fully informed consent; this Tissue Act prevents the use of humarfeemains
decomposition studies (Human Tissue Authority, 2004; Prieglal, 2010).Due tothese ethical
restrictionson the use of human bodies for reseapatticularly in the U.K.these accidents, case
studies, and the use of human analogues in empétiedies serve as a source of vital information for
estimatingPMSiIfor forensic sciences and help with the location of drowned victims (Mateus & Vieira,
2014).

Like decomposition in air and soil, the decomposition process and rate in water are comghex, bu

rate of aquatic decomposition differs from terrestrial decomposition due to a range of different factors;
however, these factors have not been researched thoroughly (Rsijaler2018;Saukko & Knight,

2015H. These factors include the cooler temgperes experienced in aquatic environs, tidal fluctuations,

the absence of insects, water currents, turbulence in the water, water salinity, and the presence of
microorganisms and scavengers in water (Campobetssd, 2001; Di Maio & Di Maio, 2001,
Humphreyset al, 2013; Kahanat al, 1999; Rodriguez, 1997). Thereligle existing research on
decomposition in water or PMSI estimation methods, especially compared to the amount of literature
about decomposition anéostmortem Interval (PMI) estimation on land or other terrestrial
environments. Therefore, further research is required to understand better the water conditions and

factors affecting the aquatic decomposition process to help improve the estimation methods of PMSI.

The interval between immersion/death and the recovery of human remains from a body of water is
known as Posmortem Submersion Interval (Humphrestsal, 2013). Accurately estimating the PMSI
in drowning cases plays an essential role in reconstructing the aveutd deathexcluding suspects,

and identifying unknown human remains (Moffatt al, 2016; van Daaleret al, 2017).Various



methods have been formulated to give estimations of the PMSI of bodies recoverteinater, and
these methods have been adtptes of the techniques for estimating Plh land/in terrestrial
environmentsOne of the methods involveddicatingthe presence of microorganisms such as bacteria,
protozoans, algae, and fungi on the bodies recovered from water (Bemlzdw2015; Lag et al,
2016 Zimmerman & Wallace, 2008Another set of meth@lnvolvesadaptingthe Total Body Score
(TBS) system developed by Megyesial (2005) for bodies decomposing on Idodthose recovered

from water

Various researchers have modifiedstiiBS scoring system into different Decomposition Scoring
Systems (DSS), such as the Total Aquatic Decomposition Score (TADS), which scores the extent of
decomposition in bodies recovered from water (Heatoal, 2010; Van Daalest al, 2017). These
DSSare based on visual assessments of the external and internal observations of the decomposition
changes visible on the head, neck, trunk, and limbs (Hestah, 2010; Reijneret al, 2018; Van
Daalenet al, 2017). These decomposition features asseisgdalde anatomical changes such as
disarticulation, bone exposure and skeletonization tHmimajority of these observable changes are

di scolouration changes such as Ilivor mortis (pu
(white or pale) and thgreenish colour observed during putrefaction stage of decomposition because of
bacterial activities (Heatoet al, 2010; Van Daalest al, 2017). These changes are assessed, scored,
and recorded as TADS; this, along with the Accumulated Degree Days)(Adben used to estimate

the PMSI (Mateus & Vieira, 2014). ADD represents the accumulation of heat energy needed for
biological and chemical reactions in soft tissues for decomposition (Padazdo 2020). ADD is
calculated by adding the average gaiimperatures exposed to the decomposing body (Humpéireys

al., 2013).

Moststudies on aquatic decomposition have been carried out in regions such as Europe, Australia, and
the USA. Theconventional methods fé#MSI estimationandthe availableDSSwere developed from
these studie@Byard, 2017; Heatoet al, 2010; Humphreyst al, 2013; Reijneret al, 2018) Some
commonDSS formulated from these aquatic decomposition studies include Heab1G2010) van
Daalenet al (2017)DSSand the Rel{1967) table These existing DSS are limited because they have
been developed from studies carried out in countsiéls temperate climateand individuals with
predominantly pale skin and are rarely implemented in cases with darkesrskivi¢tims. Tis means
that the existing DSS and PMSI estimation mettodgapply only to cases with comparable temperate
climates and waterways but most often agplyndividuals with pale skin tones. This leaves a gap in
knowledge and uncertainty orhether these methods could i ful in cases of drowning or body
deposition in water environments in regions such as Africa, Asia, the Caribbean, or withséarker
tona individuals. Therefore, there is a potential for investigati@m PMSI estimatios of cases

involving individuals with darker skin tones to be compromised



1.2 Research Questions

The following are key questions tHaicus on the gaps in knowledge of this researchreeadl to be

answered t@rsure the aims of this research will be met

1. Will each water condition studiedatisticallysignificantly affectthe decomposition rate and PMSI
estimationof human analogu@s

2. Will changing salinity concentratiostatistically significantly affectthe decomposition rate and
PMSI estimatiorof humananalogue®

3. Will the adapted Heaton and van Daalen DSS be suitaiulesffectivefor assessing the extent of
decomposition in human analogues such as mice and pigs?

4. Will there be a statistically significant difference in the TADS of the human analogues when
comparing the adapted Heaton and van Daalenda8®@s of each analogtie

5. Will there be a statistically significant difference in the TADS of the huoaaesvhen comparing
the Heaton and van Daalen DSS scores of eas®

6. Canthis research improve theigbility of the existing DSS for assessing decomposition changes
in individuals with darker skin tones other than the reference individuals?

7. Canthe DSS be adapted regionally (regardless of the skin tone of the victim) because of the varying
climatescompared to Europe?

8. Canthis researcimprove the accuracy and precision of the available PMSI estimation methods?

1.3 Research Outlire

The research was divided irftiur broad partst.aboratory Studies on Water Conditioiseld Studies
on SalinityConcentrationComparative Human Image Analyaisd DrowningCaseDatabaseFurther
details on thestur broad parts are given beloWhe research was divided inteesesections because
each part of the study hadpecific human analogue or data on wegperimentsand analyses were
conducteqSeeexplanationdelow). This thesis will present each sutbmponentsvith its introduction,

methodologyresults,and discussion sections.

1.3.1Laboratory Studies on Water Conditions

Before the commencement of thedadtory studies, a pilot stutiwas conductedlhe pilot study was
designed to have two purposes. Firstly, to test if the Heaton and van Daalen DSS could be adapted (a
TADS) and be suitable for assessing the extent of decomposition in human analoguees raigzh
Secondly, to help provide the experience, skills, and practice of procedsergial andecessary for

further empiricalaquatic decompositiostudies.These procedures inclutl@ssessing the extent of
decomposition withthe scoring systems, preparing a standarelpdor aquatic decomposition studies,
cleaning or discarding biological wastes, and other aspects that would later help in the laboratory and

field studies

1 Undert&en at the University of Huddersfield before transfer to the University of Central Landaghidirst year of study.
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The Bboratory experimentaere designed to investigate the effect of water temperature, salinity,
hardnesscurrent total dissolvedsolids (TDS) pH and skin tonen the decomposition rate of human
analogues (miceMus musculusin a laboratory settingMice were chosen for these experiments
because of their small sizeosteffectiveness in purchasad storageand the potential tatsdy large
numbers at oncd herefore, largescalemice experiments were carried out, givihg laboratory studies

a high statistical power.

1.3.2Field Studies on Salinity Concentration

These studies mirrored the laboratory experimentsirarastigatedvater salinity's effect on porcine

human analogues' decomposition r&eomising results were obtained from the laboratory studies
investigatingsalinity's effect on mice's decompositiater hence studies investigating the effect of
salinity on |l arger human anal ogues6 Thestudiesposi t i
were conducted using pigSys scrofa domesticduat the TRACES Animal Taphonomy Facilay the

University ofCentral Lancashira an outdoor setting

1.3.3Comparative Human Image Analysis

Due to ethical restrictions on using human bodies in resé@atble U.K., a retrospective analysigs
conducted on pictures of drowned victifinem forensic cases obtained frohetJ.K., Netherlands,

and South AfricaA retrospectivestudy was chosen because of the time constraints of the study and
solvedclosed cases were the best option for such a sfupsospective study would have taken longer
than the allocated time for tiRhD research, and primarily only open cases with many missing data that

were stillsub judicewould have been available.

Where possiblethe autopsy records and photograpbfshuman drowning victims from the U.K.,
Netherlands, and South Africa were asseésto evaluate the extent of decomposition using Heston

al. (2010), van Daaleet al. (2017) and Reh (1967) scoring systems against the known PMSI in a variety

of water conditions. Temperature data from each location and the decompositionnareresed to
estimate the PMSI. This estimated PMSI was compared to the stated PMSI in the case files to see if
there was a significant difference between the estimated PMSI based on the DSS and the known PMSI
values.This analysis also aied to improve the suitability of theDSS for assessing decomposition

changes in individuals with dark skin tones

1.3.4Drowning CaseDatabase

In addition, data from drowning incidents and cases published in the liteaatireews medito date
werecollated into an Excel spaesheet filand referred tas a "DrowningCaseDatabase", comprising
age, sefgender temperatur¢body, water and ambieninown PMSI, and other essential information
about each drowning case. Thistabase serves as a referdioc@&lrowning casecanhelp determine

if there is a correlation between any data obtaif@sgecially the water conditions) and the PMSI

provide insightsor establish any trends the frequency of drowning, demographitsyels of risk
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makemeaningful comparisonacross vaous locations and where possible, suggest prevention and

intervention steps for drowning occurrences.

1.4 Aims and Objectives
1.4.1Aims

Thisresearchhad three broad aims:

1. To investigate the impact grying concentrationsr levels ofwater temperature, salinity, hardness,

pH, TDS, skin tone and current on the decomposition chteuman analogues (mice and pigs).

H. = There isasignificant difference in the decomposition rate of a human analogue exposed to varying
concentrations devels of the water conditions listed above.
Ho = There is no significant difference in the decomposition rate of a human analogue exposed to

varyingconcentrations devels of the water conditions listed above.

2.To investigate itheHeatonet al (2010) and van Daaleast al. (2017 DSScould be adapteduitable

and effective for assessing the extent of decomposition in mice and pigs

H. = Thereis a significant difference in the TADS of the pigs when comparing the Heaton and van
Daalen DSS

Ho = There is no significant difference in the TADS of the pigs when comparing the Heaton and van
Daalen DSS

3. To investigatef the Heatoret al (2010) and van Daalest al (2017) DSS are suitable to achieve
accurate PMSI estimates for drowning cases from regions or cases involving individuals with dark skin

tones

Hi= There isasignificant differencédetweerthe estimate®MSlisand case noteMSIswhen applying
the Heatoret al (2010) and van Daaleat al (2017)DSSto drowning cases Wwolving dark skin tone
victims.

Ho = There is no significant differendeetweenthe estimated®MSIs and case note PMSivhen

applying the Heatoet al (2010)and van Daalert al (2017)DSSto drowning cases Wolving dark

skin tone victims



1.4.20Dbjectives

1.To carry out laboratory and field studies using mice and pigs to investigate the effect of varying levels
of the following conditionsa) temperaturdy) salinity,c) hardnessy) pH, €) TDS, f) skin toneandg)

current, on the rate of aquatic decomposition. By carrying out these experiments and investigating the
impact of each condition, this study wilirther understanthe processesf aquatic decomposition

under these differefiaictors and water conditions aimiprove and validate the current DSS and PMSI

estimation methods

2. To statistically compard there is a significant difference ithe TADSwhen using the adapted
Heaton ad van Daalen DSS for assessing the extent of decomposition in the human analogues for
laboratory and field studies. This will validate whether the DSS are suitable for scoring decomposition

changes in human analogues.

3. To compare case files, picturesdasutopsy reports dfumanbodies recovered from water regions

in the U.K, Netherlandsand South Africa The comparative studyasconducted by analysing the

images obtained from these countries; Heaton and van Dela&8wereused to assess the degoée
decomposition in these pictures. Temperature data of each country and the decomposition scores
formulatedwereused to estimate the PMSI; this estimated Pi#&kecompared to the stated PMSI in

the case files to see if thewms asignificant differene between both PMSI values. This will help
determine if there are similarities between the animal analogues and the human cases and if the cases
show the same variations with water conditiofsis analysis also aietito improve the suitability of

the DSSfor assessing decomposition changes in individuals with dark skin tones

4. To create a "Drownin@aseDatabase" that stores details such as agetesaperaturébody, water
and ambient) estimated PMSI, and other essential informatdrout drowning cases published
worldwide It will serve as a referenéar drowning cases arttklp determine if there is a correlation

between any data obtained and the PMSI.



2 EXISTING RESEARCH INTO AQUATIC DECOMPOSITION

The process of aquatic decomposition is compledis affected by various facto(Reijnenet al,
2018;Saukko & Knight, 201p Toinvestigate the process of aquatic decomposition aridfthencing
factors, it is neessary taunderstand theontext of taphonomy, decompositipnocessn terrestrial

environmentsandthe process of drownirend to look at existing research into aquatic dea@sttipn.

2.1 Taphonomy

In scientific disciplines such as archaeology, palaeonolpglaeobiology, anthropology, zoology,
geology, and forensic scienc&@aphonomy" has different definitions (Lyman, 2010). Taphonomy, as

a word, originated from two Greek wordspphos'’; meaning "burial;'and 'nomos’ meaning "law"
(Schotsmanst al, 2017). In 1935, a Russian palaeontologist, Ilvan Antonovich Efremov, defined
Taphonomy as "the study of the transition of organisms from the biosphere to the lithosphere" (Turner
et al, 2013). In a forensic context, Taptwony can be broadly defined as the use of models, analyses,
and approaches to study the diverse factors and condifiansorganism's decompositifidaglund &

Sorg, 1997; Verheggest al., 2017).

Forensictaphonomy aims to provide accurate estimatidngostmortem interval (PMI), give vivid
reconstructions of the events of death and decomposition, aid the judicial system in death cases, provide
more understanding ¢the products of decomposition, aid in identifying unknown human remains, and

to investgate the factors that affect human decomposition (Rokers, 2017; Schotsmanst al.,

2017). Thereforetaphonomy plays an essential role in reconstructing the circumstances linked to
decompositionfrom the moment death occurs until after the pofrglkeletonization(Schotsmangt

al., 2017).

2.2 Terrestrial Decomposition

Decomposition is a multidimensional and natural process associated with physical, biological, and
chemical changes that involve the degradation of an organism's biological macrorsatgowdealler
organic units (Perraudtt al, 2015). Terrestrial decompaosition occurs on land or in the/aile aquatic
decomposition occurs in bodies of waf€he factors affecting thdecomposition process aquatic
environments hawveot been reseahed thoroughlybut the limited knowledgef aquatic decomposition
has been acquired through adaptations of factors related to terrestrial decompésiti@xample,
decomposition scoring systems such as the TADS system used to assess the extenpobiiecoof
bodies recovered from water was adapted from the TBS system dogdiéehyesiet al. (2005) for
bodies decomposing on larfHeatonet al, 2010 van Daaleret al, 2017).Therefore, an irdepth
understanding of the proceand stagesf terrestrial decomposition is essential fiovestigaing the

process of aquatic decomposition and the factors that influence it



2.2.1Stages andChemistry of Terrestrial Decomposition

The physichprocesses of terrestrial decomposition are broadly underatwinéin even be categorised

into ordinal parts, but there iémited knowledge about the underlying chemistrytbé terrestrial
decomposition process (Igbat al, 2017).Terrestrial decomsition is a continuous and intricate
process; although it can be categorised into stages based on gross observations, classifying it into stages
is subjective (Matuszewsket al, 2010). Depending on the geography, organism and weather
conditions, the stags of terrestrial decomposition may vary froit® Istages (Goff, 2009); still, it is

mainly classified intofive distinct stageswhich include Fresh, Bloat, Active decay, Advanced decay
andSkeletonizatior{Dekeirsschieteet al, 2009).

2.2.1.1 Fresh Stage

The fresh stagesuallybeginammediatelyafter deattandlasts three or four days in a temperate climate
(Shresthaet al., 2023. In the winter months, it can last forore tharseven dayéShresthaet al., 2023.
This stage ignainly initiated by the actions dfiological factors such asactive oxygen species,
bacteria, enzymes, fungi, microorganismsscavengers (Boumbst al, 2008; Paczkowski & Schiitz,
2011). The intrinsic activities of these biological factors leaddohemical changes such as autolysis,
putrefaction, and liquefaction (Forbetsal, 2017).The fresh stagmcludesa chemical reaction known
as autolysisandincludesphysical changes such agor mortis, algor mortis, livor mortisandtache
noire (Gof, 2009 Shresthaet al, 2023.

The process through which body cells and organs undergdigefition and degradation by the activity

of intracellular enzymes is known as autolysis (Di Maio & Di Maio, 2081i}folysis beginsabout 4
minutes after deattiRosieret al, 2014) After death, aompromisen the integrity of the cell membrane
occurs due ta lack of supply of oxygena decrease in cytoplasmic pH and the presence of aerobic
microorganisms; this reduction in cell membrane integrniitiates the release of lysosomes and
enzymecontaining organelles (Tsokos, 2005). Autolysis is said to first occur in the pancreas due to the
release of proteolytic and hydrolytic enzymes that digest the organ (Hamilton & Green, 2017). Autolysis
also ocars rapidly in other organsuch as the liver, spleen, lungs, kidneys, stomach, and Wtaah

are rich in hydrolytic enzymes. Proteins, carbohydrates, and fats are broken dthasdywrgans'
enzymes, like proteases, amylases, and Igpé&eou & Byad, 2011). The products of autolysis serve

as nutrients for microorganisms in the b@aythis initiates putrefaction (Mayer, 2012).

The onset of algor mortis occurs immediately after death. Algor mortis Isothgs cooling process

after death due to itsability to regulate its internal temperature through homeostatic regulation and
heat loss to the environment (Goff, 20@bresthaet al., 2023. During algor mortis, thenternalbody
temperatureeducesuntil theambient temperatutis reachedthis pocess can last up to 18 to 20 hours
(Fisher, 2007)Exposure to sunlight, weather conditions, clothing, and body size can affect the rate of
body cooling(Henssge & Madea, 2008hresthaet al., 2023.



Livor mortis is tie gravitational pooling of blood ihe lower dependent are&®th externally in the

skin capillaries and venules and in the internal organs resulting in Hduesplurple discolouration of

the skin after death (Hayman & Oxenham, 2016; Simmons & Cross, 2013). The mechanism of livor
mortis is complexthe onseusually occurs within 30 minutes to 3 hours after deatld the pooling
patterns otthe blood being formed in this process become evident and fixed at about 12 hours after
death(Byard, 2020 Shresthaet al,, 2023. An example of livor mortis in a body illustratedn Figure

2.1 below The redpurple discolouration in this body can be observed on the thacpart of the body

pressed against the surface it is placed upon.

Figure 2.1: Livor Mortis in a cadaver (Goff, 2009).

Rigor mortisis a postmortem chemical change characterised by the stiffening of muscles in the body
due to the depletion and lack of productionAoienosine Triphospha{féTP] (Shresthaet al, 2022)

After death, oxygen supply stops and aerobic respiration in the muscle cells is halted; this leads to the
depletion of ATP needetb break dowrthe covalent bond formed between myosin and actin fibres
(Anderset al, 2013). This bor and thebuild-up of lactic acid cause muscle contraction and rigour
(Goff, 2009).The onset of rigor mortis occurs approximately 2 hours after dealmitially observed

in the facial muscles and spreads to other muscles in the body betweendaite 8fter death (Anders

et al, 2013). The duration of rigor mortis can last up to 84 hours before the muscles start(teatf|ax

2009). The covalent bonds formed between the myosin and actin fibres are broken down at this phase
by proteolysis and therigor in the muscles is lost with relaxation starting in the facial muscles and
spreading to the limbs and other body paBtwrésthat al., 2022) An example of rigor mortis occurring

in the limbs of a bdy can be seen in Figure 2\ith the right armpointing upwards and the left arm

bent while the body is in a supine position.



Figure 2.2: Presence of rigor mortis in the upper limbs of a cadaver (Goff, 2009).

Tachenoireis thedrying andblack discolouration of theorneavhen the eyeemairs openand exposed

after deatl{Goff, 2009). An example aftache noire can be seen below in Figure 2.3.

Figure 2.3: Pictorial representation of Tache Noire in a body because of drying (Goff, 2009).

Ovipositionor the enty of insects into body orificek depositeggscanalso occur during the fresh
stage(Verheggeret al, 2017).An example of insects entering the body throtighnasal openings of

a @rpsecan be seen in Figured2These colonies of insects are attracted to a cadaver because of a wide
range of compounds known eglatile organic compounds (VOCghese compounds are responsible

for the smell emanating fromdeecomposing bodfVerheggeret al, 2017) Figure 25is a picture of a
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decomposing body in the fresh stage of decomposititiiie Table 2.1 shows the breakdown of the
characteristics of some of the insect activities and the type of smell for eacbfslagemposition,

Figure 2.5: Fresh stage oflecomposition in a human cadaver (Rodriguez & Bass, 1985).
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Table2.1: The stages of decomposition along with the odour and insect activity (Verheggeh 2017).

Stage Description Insect Activity Odour Evolution
Fresh -First hours following death Initial attraction of flies to Minimal perceived odor
_ carcass and oviposition in body
-Onset of autolysis
orifices
-Rigor mortis, livormortis, algor

S

2 mortis

o

S

3

8 Bloat -Onset of putrefaction -Continued attraction and -Strong perceived odor

= . oviposition .

S -Gas accumulation due to -Odour typically
microorganisms and macromolecule -Development of fly larvae and perceived as containing
breakdown initial larval masses found sulfur compounds,

methane, and ammonie
Active -Deflation of the body Active consumption of tissue by Strong and complex
Decay . . matured insect larvae odor comprising a wide
-High rate of tissue remval by
. . . . array of compounds
microorganisms, insect activity, and
macromolecule breakdown

c

o

G Advanced -Reduction in moisture -Reduced insect activity and ~ Reduction in perceived

o

g— Decay o : . migration of fly larvae odor but still complex

5 -Some remaining tissugpically in

9 . N and present

a torso region -Colonization by beetles

2

©

-

Dry/Remains

-Hair, cartilage, and bone remain

-Mineral degradation

-Minimal fly andbeetle activity -Reduced odor

-Regular assemblage-re -Perceived odor mostly

established from surrounding soll
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2.2.1.2 Bloat Stage

The bloat stage begins approximatélyo days after death and can last up to 2 we€ksesthaet al.,
2022).Theonset of thébloat stages characterised byutrefaction, which leads to the accumulation of
gases in the bodyrimariy observed in the abdomasslightinflation or bloat(Dekersschieteet al,

2009). Putrefactionbeginsapproximately 4872 hours after death (Rosiet al, 2014).Due to the
reduction in oxygen levels in the body after death, the process of putrefaction is mainly stimulated by
anaerobic bacteria that resulttire breakdown and liquefaction of soft tissues (Janavay, 2009).

The degradative action of anaerobic bacteria in the respiratory and digestive tracts leads totipe build

of gases; this causes bloating, which is observaidiynin the abdomen (Zho& Byard, 2011).

Green discolouration of the abdomen is one of the first physicas sfgoutrefaction(Janawayet al,
2009) It is caused by the release of hydrogen sulphide from sutmiaining amino acids, which
then combine with haemaoglobin to create sulfhaemoglobin (Goff, 2009; Rosigr2014).The spread
of thegreen sulfhaemoglobin through the capillaries cremtisk dendritior mosaigoattern just under
the &in surface known agimarblingd (Goff, 2009. Marbling is typically observedn theabdominal
region, neckandlimbs, and a example of this can be seen in FigRe

~
‘ .'

“.'__,4-"'-~..A‘—"°

Figure 2.6: Evidence of marbling on a cadaver (Goff, 2009).
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These putrefactive reactions involving anaerobic bacteria in the bodipl#edbreakdown athe soft
tissuesand the accumulation of gases that cause a foul shaddlg2.1] (Swannret al, 201Q. The smell
produced by the decomposition process at this stage is said to be that of gasdsysirolyas sulphide
methanecarbon dioxideand ammonialish et al, 2019).The production and release of these gases
from the body attract blowflie€Calliphoridag, leading tosignificant masses ahaggotgSwannet al.,
201Q Verheggeret al,, 2017).

Due to the metabolic reactions occurring during the putrefaction process in this decomposition stage,
the body temperature increases and can significantly rise above the ambient tem{igoétL2609.

As gases accumulate, body flumisd the byproductsof the putrefactive reactiomget released through

the body orifices and other openings because of the internal pressure built up in the body; this process
is known as liquefactio(Goff, 2009; Swanet al, 2010) Liquefaction leads to a reduction in thieat,

and it marks the end of the bloat stage.example of a body in the bloat stage can be seen in Figure
2.7; the abdominal region and genitals of the body are bloated due to theipuifdyases produced

during putrefaction.

Figure 2.7: Bloat stage of decomposition in a human cadaver (Rodriguez & Bass, 1985).
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2.2.1.3 Active Decayand Advanced Decagptage

The decay stages can start alfout days after death or as latetasdays after deathnd can last for
up to 6 monthshresthaet al, 2022).Splitting the Active decayand Advanced decastages intstart
andendpointsis mainly subjective but the liquefaction proceasd the feeding on the cadavers by the
maggot massecan be referred to as the start points (Goff, 200guefactionreduces the body's
bloated statand causes the appearance cived abdomen andamse appearance of skin due to the

release of accumulated gases in the bloat pfgisesthat al, 2R2).

In these stages, the body decomposes fyntidh the skin sloughing ofand thebreakdown of soft
tissues and internal orgarsaving the muscles, tendons, cartilage, and bones exposed (Goff, 2009;
Shresthaet al, 2022).The skin sloughs off du® the release of hydrolytic enzymes (during autolysis)
between the dermis and epiderpnesulting intheloosening and slippage of the epidermis; vesicles or
blisters are initially observedut overtime the nails, hairs and large ased the skin slogh off
(Simmons & Cross, 2013)ctive and Advanced decay are the stages with the most pungent theour
skin becomes dark, there is evidence of tissue decomposition, and reduced moisture content as the body
deflatedGennard, 2012; Vass al, 2004; Veheggeret al., 2017) A reductionin the moisture content

of the decomposing bodgspecially in dry climates or a location with high temperatures, can lead to
mummification (Goff, 2009; Shresthaet al, 2023. Large body sectiondecome desiccated with a
leathery appearancandbacterialand insect activities are inhibited, thus preserving the body (Goff,
2009).An example of a mummifiedody can be seen in Figure& the tissues have been desiccated

and the body looks presedie

Figure 29 is an example of a body in the active decay stigepresence of a caved abdomen due to
the release of accumulated gases can be observed on the body.
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Figure 2.9: A body with a caved abdomen duririge active decay stag@godriguez & Bass, 1985).

Figure 2.Dis an example of a body in the advanced decay stdgee is evidence of bone exposure,

adark discolouration of the skimnd some soft tissue drying.up
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2.2.1.4 Skeletonization

This stage can start as earlyta® months after deatbr as late as nine months dadt for yearsvith

no fixed endpoint$hresthaet al, 2022).In this stagedisartculation of bones occurs, and only the
bones,teeth, cartilages some soft tissuesind hairs remain (Goff, 2009; Verheggenal, 2017).
Skeletonization is tagged fAcompletedo when al/l
when there is stilthe presence of soft tissue (Degttal, 2004).Chemical factors such assects,
bacteria andacidic environmentgan causehe fracture and decalcificationf bones leadingo the
disarticulation and wearing of bon@2inheiro, 2006)Other factorsontributingto the disarticulation
and scattering of human remains during the skeletonization stage include scaardg@ngMoraitis

& Spiliopoulou, 2010) The sequence ofgarticulation of the bones could vary for different cadgvers
but most timegt occurs from the distal to the proximal parts of the bodybtirees of the handearists,
feet, and ankledisarticulate first followed by the knee joints,mandible,and craium while the
vertebrates tend to disarticulate lé8ameron& Oxenham, 2012Ellinghamet al, 2017;Haglund

1993) Figure 2.1 is an example of a disarticulated skull.

Figure 2.11: A cadaver's skulthat has reached the skeletonization stage of decomposition (Goff, 2009).
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Figure 2.2 illustrates the first four stages of terrestrial decomposition as observed in a pig.

Advanced decay

Figure 2.12: The first four stages of decomposition, as observed in the carrion of a pig (Dekeirsscleietdr 2012).
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Figure 2.B is an illustration of the summary of the decomposition process; products of the self
digesting chemical process known as autolysis are further broken down by the process of putrefaction
leading to the production of gases. Putrefactive products are released from the body through
liquefaction, further disintegration of the remains occurs, andebhemposition proces®ntinues till

the skeletal stage is reach@&entet al, 2004)

Human Remains

¢

Autolysis (early stage decomposition)

Release of carbohydrate, protein and fat

breakdown products by hydrolytic enzymes

l

Putrefaction (later stage decomposition) ——— = CO>2 + Hz20O + gases

|

Body tissues rapidly devoid of oxygen.Oxygen in grave
environment (about 5 mole) used in oxidation of some

carbohydrate, fat and protein. NHa from protein

:

Liguefaction & Disintegration —® Putrescent mass + gases

;

Skeletonisation — = Bone + teeth + cartilage

;

Chemical weathering

breakdown

Figure 2.13: Overview of the chemistry of terrestrial decomposition (Dehal, 2004).
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2.2.2Accumulated Degree Days

Therate of decompositioof a bodyis affected byhetemperaturef the surrounding environmerthe
higher the temperaturethe faster thedecomposition rate(Champaneri, 2006). Hence, the
decomposition procestepends on temperature and time (Megegesil, 2005). ADD represents the
accumulation of heat energy neddéor biological and chemical reactions in soft tissues for
decomposition (Palazzet al, 2020). ADD is calculated by adding the average daily temperatures
exposed to the decomposing b@umphreyset al, 2013). ADD is a construct of chronological time
and temperatur&here is no difference in triliecomposition ratéemperaturgime) when the ADD is
compared against tlextent ofdecomposition (Heatoet al, 2010). To put in context, a body exposed
to a temperature of 3 0edecorhposition4ateshdgdg exposetbd have t |
for 30 days; both bodies have an ADD of 120.

2.2.3Estimating Postmortem Interval

Estimating the PMI of a discovered body is an essential process in forensic science but isthessibly
most challenging part of identifying human remains (Simmons, 2017; Wescott, 2018). PMI estimation
aids in missing person cases, identification of human remains, reconstruction of the events around death
and finding the cause (Cockle & Bell, 2015; Simmep2017). Shortly after death, physical observations
such agigor mortis, livor mortis, algor mortisbody temperature, the excitability of muscles and the
concentration of potassium ions in the eyes can be used to predict the PMI of a body (Hensdga,& Ma
2004; Madeat al,, 2014; Wartheet al., 2012; Zilget al, 2015). These methods are only valid for short

PMI durations and early stages of decomposition, approximately up to 72 hours after death (Gelderman
et al, 2018).The use of entomology, deteination of ATP levels in body organsolonisation by
bacteriaand the presence of volatile fatty acids in soil samples around a cadaver are examples of PMI
estimation methods that can be used for cases at later decomposition stages (Charahi@3;

Dash & Das, 2020Fancheret al, 2017;Hautheret al, 2015;Mao et al, 2013). As theextentof
terrestrial decomposition increases, the complexity of estimating the PMI ingithasefore, Henssge

& Madea (2007) suggested that PMI estimation methods should be predsantitative and consider

the factors affecting terrestrial decomposition.

2.2.3.1 Mortis Triad

Rigor mortis, livor mortisand algor mortisare the three physical changes commonly usedPMI
estimation in the early phase of the decomposition pro&mskko & Knight, 2015Shrestheet al,

2022. The onset of rigor mortis is approximately téeofour hours after deatlit fully develogs dter
abouttwelve hours and can be observed for atibreedays before it disappeaiBonzonet al, 2015
Madeaet al, 2017. The PMI of bodies found with rigor mortis can be estimated to be in this range of
time intervals.The onsebf livor mortis usually occurs within 30 minutes to 3 hours after death, and

the pooling patterns of the blood being formed in this process beedent and fixed at about 12
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hours after death (Byard, 2020; Shresthal, 2022) A body found with livor mortis can be estimated
to have been dead for a minimum of approximately 12 h&@imeéthaet al, 2022) During algor mortis,
the internal bodyemperatureéeducesauntil theambient temperatuiie reachedthis process can last up

to 18 to 20 hours (Fisher, 200%)hen a body is found with its temperature equal to the ambient

temperature, it can be assumed to have a PMI of approximat@¥ BOus; dgor mortis is the most
accurate method of estimatii®MI in the earlyphase of the decomposition procedsut it is an
intensive andumbersom@rocess thatequires knowledge arekperience éforebeing appliediue to

the temperature differenedaweenthe body surroundingst differenttimes (Shresthaet al, 2023.

2.2.3.2 Vitreous Potassium Concentration

In antemortemstates there is a high concentration of potassium ions (~150 mmol/L) in the lmetls
after death, potassium ions leak out of the cefito the extracellular fluid through diffusion
(Dominiczak& Woodward,2007). There are few cells in the vitreous of the eyesl the potassium
concentration of the vitreous and extracellular fluid are similar; therefore, there israqrast rise in
the potassium levels in the vitreous like that occurring in extracellular flliidsrmet al, 201).
This increase in potassn ions in the vitreous has been used as a method for PMI estiroegiothe

past decadeZflg et al, 2015. Various studies have proposed different numerical equations for PMI

estimation with potassium concentration in the vitreous, wéiieHisted inTable2.2 below.Table 2.2
includes the authorshe proposed equatiorthe study's sample sizand the maximum PMI estimate

from each study.

Table2.2: List of equations developed for PMI estimation througiotassium ions in the vitreous (Zilgt al, 2015).

Authors (year) Equation (h) n Max PMI Comments
(h)

Adelsonet al (1963) PMI = 5.88 [K']-31.53 209 21 -

Sturner and Gantner (1963) PMI =7.14 [K]-39.1 125 104 -

Hansoret al (1966) PMI = 5.88 [K']-47.1 203 310 -

Coe (1969) PMI = 6.15 [K']-38.1 145 100 A separate equation was provided for a P
<6h

Stephens and Richards (1987)] PMI = 4.20 [K]-26.65 1427 35 Ouitliers, drownings, SIDS, electrolyte
imbalances, anttmperature extremes we|
excluded

Madeaet al. (1989) PMI = 5.26 [K']-30.9 107 130 Cases involving elevated urea and
prolonged agony were excluded

Jamest al (1997) PMI = 4.32 [K]-18.35 100 80 Also included hypoxanthine

Munozet al (2001) PMI = 3.92 [K]-19.04 133 40 Only norrhospital cases were examined,
there was a change in variables

Zhouet al (2007) PMI = 5.88 [K']-32.71 62 27 -

Jashnanét al (2010) PMI = 1.076 [K]-2.81 120 50 Mostly includes casesavolving sepsis or
tuberculosis

Bortolotti et al (2011) PMI = 5.77 [K]-13.28 164 110 -

Mihailovic et al (2012) PMI = 2.749 [K]-11.98 32 30 Repetitive sampling

Siddamsettyet al. (2013) PMI = 4.701 [K]-29.06 210 170 -

Presenstudy . "O] To 6 710 462 409 No cases were excluded. The proposed

uu ; n
] a

a Yy

equation includes temperature and
decedent age.
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2.2.3.3 Idiomuscular contraction

After death, some muscles contract duert@steriormechanical stimulation of the musgthis local
contraction of the muscle is known as idiomuscular contraction, and it has been used as a method for
PMI estimation(Henssge & Madea, 20Pp4A limited number of studies have been published on this
technique, and the available literatwrestudiesare in German,; therefore, it is challenging to estimate

a maximum posinortem time limit for idiomuscular contraction to octiioughmost studiegstimate

a maximum of 13 hourdHenssge & Madea, 2@0Wartheret al, 2013. Wartheret al. (2012 studied

270 corpses and confirmed that an estin@ted3 hours posmortem is the maximum limit for
idiomuscular contractiarFigure 2.4 shows the mechaeal stimulation of theipper arm musclesnd

the contraction response experienced.

(a)- stimulation of the biceps. (b)- idiomuscular contraction response.

Figure 2.14: Mechanical stimulation with a steel chisel and the contraction response (Wartiel, 2012).

2.2.3.4 Entomology

Entomologcal analysisof the presence of insects on human cadawesseen a highly useful practice

for PMI estimatbnin the early and late pestortemphaseor over two decadgt.ei et al, 2019 Villet

& Amendt, 2011).Forensic entomologists use two approaches for estimating fddéd orinsect
development anduccessior(Shresthaet al, 2023. The insect development approagtiises the
presence and estimatef the age or stages of immature insectsetrieved from a cadaver and its
surroundingsusng this vital information as the minimum estimate of the RAthendtet al, 2011)

The succesen approach mainly investigates different crucial occurrences such as the duration
successive insect species colonise a cadalverstage of decompositi@t whichthis colonisation

occurs, the prappearance interval (PAI) and the presence intervabffhsect family succession on
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a cadavefMafiasJordaet al,, 2018 Matuszewski, 2021 These data are essential for PMI estimation
in the late decomposition phases the PAlof the insect coulde longer than theuration for the
developmenbf the insecttherefore, to estimatMI accuratelyit may be necessary to combine insect
age with the PAI (Bajerleiet al, 2018) The PAI of insectscanalsovalidateestimates of maximum
PMI in cases whermsect evidence is absen a cadavefWells, 2019) Dueto the variation of insect
development and succession across geographical locations, it is essentiatteferesse data from
different locations when estimating PMI through entomology analgsigngset al, 2014) A variety

of families of insects &ve been used in PMI estimation using the insect development and succession
approachesthese include th€alliphoridae Staphylinidae Silphidag SarcophagidaeDermestidag
Cleridae Nitidulidae, Fanniidae Muscidae Histeridag and Pteromalidaefamilies (Matuszewski,
2021)

2.2.3.5 Microbiome Analysis

Microbes are comprised aflarge communityof single-celled bacteria, ukaryotes viruses andfungi;

these microbes could be intrinsic to a cadaver or from the surrounding environment of the cadaver and
are essdial in PMI estimationbecausecadaverdecompositioncan be utilised for gredictable
succession of microbes that reflects the different stagesluratiorof decompositiorfMetcalf, 2019)

DNA samples of these microbiabmmunites aresequenced using various sequendaghniques to
understandhe succession and changes of these microbes over the course of the decomposition process
(lancuet al, 2018 Tozzoet al, 2022) Various studiehave investigatedhe succession and changes

of the microbial community associated witlifferenthumanbody parts such dhke skin (Hydeet al,

2015), digestive trac(DeBruyn & Hauther, 201 Hautheret al, 20195, oral, eyesnose and eaprifices
(Johnsoret al, 2016 Pechalet al, 2018) internal organgJavanet al, 2016) bones (Damannet al,

2015) and soilsaround a cadavéCobaughet al, 2015; Finley et al,, 201§. The AdseriasGarrigaet

al. (2017)studysequenced DNA obtained from three human cadavers through oral swabsirzhd fo

that Firmicutes and Actinobacterigerethe predominanspeciesn the fresh stagelenericutesvere
predominanin the bloat stageof decomposition while a different community Eifmicuteswere the

highest occurringghylumduring theadvanced decagtage.

2.2.3.6 Nomograms

The use of temperature and the cooling of a body, most especially in the fresh stage or early post
mortem, has been utilised as a PMI estimation method for many gleting) over a centurfHenssge

& Madea, 2004 Biological reactions ah processessuch as posmnortem heat production and
hypothermia oafever occurring antemortem, have negligible effects on the cooling of gHedgsge

& Madea, 2004 Henssge (1988)eveloped a nomogram methimdpredict the PMI of bodies marly
postmortem withrectal temperaturé his nomogram is easy and quick to use and can be used on the
crime scene to estimate the PMIhis nomogram methodonsideredthe body weight, rectal

temperature, ambient temperature, and corrective factorstaseshsider the presence and effect of
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clothing on a body or when the body is found in water. An example of the nomogram can be seen in
Figure 2.5 below. The left and right scaleon the nomogram represent the rectal and ambient
temperatures, respectivelwhile the scale at the botiorepresents the body weighithe top arch
represents the corrective factomhile the other archegpresent thestimated PMI values in hours.
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Figure 2.15: Schematic of the Nomogram developed for PMI estimation in early posttem (Henssge, 1988).

24



Table 2.3iststhe corrective factors used in the nomogram method. The corrective factors consider if a
body is naked or clo#d (thin or thick layers), still or moving, and submerged. The corrective factor is
multiplied by the body weight to obtain a corrected weight.

Table2.3: Corrective factors in the nomogram methdtlenssge, 1992).

Dry In air Corrective Wet through In air In water
Clothing/covering factor Clothing/covering
Wet body surface
0.35 Naked Flowing
0.5 Naked Still
0.7 Naked Moving
0.7 1-2 thin layers Moving
Naked Moving 0.75
1-2 thin layers Moving 0.9 2 or more thicker Moving
Naked Sitill 1.0
1-2 thin layers Siill 11 2 thicker layers Still
2-3 thin layers 1.2 More than 2 thicker  Still
layers
1-2 thicker layers Moving or 1.2
3-4 thin layers still 1.3
More thin/thicker Without 1.4
layers influence
Thick bed spread 1.8
plus clothing
combined
2.4

Figure 2.5 is an application of the nomogram method. This nomogram was fokg BOdywith a
rectal temper at ur e d4 thikldayers agndound onllandwith la antbientt i n
t emper at uThe folloviing &t&ps were taken to estimate the PMIgu8ie nomogram:

1 The corrective factor of 1.3 foii 8 thin layers of clothing (obtained frofable 23) was multiplied
by the body weight of 70 kg to obtain a corrected weight of 90 kg

1 Alinei s dr awn ortheaental @rmperature scael5 onthe ambient temperature scale.

9 This line drawn between the two scales intersects with dHateextends from the top of the rectal
temperaturescale.

1 A second line is drawn from the middle of the cirideside the bottom of the rectal temperature
scale) to pass through the intersection and the arch for the corrective factbes2.8 range)

1 The corrected body weight of 90 kg is traced from the weight scale till it intersects with this second
line drawvn. A value of 17 hours was obtained at this intersection.

1 Because the second line passes through the corrective factor arch at the 2.8 range, then the estimated
PMI is: 17 hours + 2.80ours.

25



: 0
it - for ambient lemperatures up lo 23°C

“'md:' ” (n.k.d-etlll alr) 5

ae? s L o e x 3 88

0 0 ’
18

>3

E
"
©
¢ 160 | 200
R 10 140 180
E KILOGRAM
z
1]
M
Rectal temperature: 27°C
Ambient temperature:  16°C
Body welght 70kg
corrective factor: 1.3 (for clothing)

corrected body weight: 90kg

Result: about 17.2 hpm t 2.8 h (95%)

Figure 2.16: An application of the nomogram method (Henssge & Madea, 2004).

=4
O ~ZmMm—m=>

S

+

o

&

T T T T T T T T
o 1 w

26



The application of thimomogram methotb bodies recovered from water has some limitations. Firstly,
it consides theweightandrectal temperaturef a body and thambienttemperaturgbut other factors
such as waterflow, salinity, movement of surrounding ainater depthhumidity, insect activityvhen

a body floatsand scavenging byan aquatic organisnare not considered in this meth(Noor et al,
2018) These factors at considered affect the decomposition rate of a btithrefore, this method
could give false PMI estimates. In additiamo bodies that have the same weight but different
compositiors, such as body fat, water content, body hair, and statdilleundergo body cooling at
different rateg¢Byard, 2020).Considering just the body weight, the nomogram method implies that the
two bodies will cool at the same rathis limitation will lead toinaccura¢ PMI estimates with up to
approximately #hour differencesvhen using the nomogram meth@lilk et al, 2020) Finally, this
nomogram method iavasive andequires entry into the rectum of the cadaver; this could lead te cross
contamination of the body or the destruction of other evidence that can be obt&enealliy (Wilk et

al., 2020)

2.2.3.7 Aerobic and Anaerobic Conditions

To estimate the PMI of bodies decomposing in aeriiclies found above groundhd anaerobic

(buried bodiestonditions, Vass (2011) developed two formulae tloaisiderthe extent of softissue
decomposition, temperature, adipocere, an ADD constant, humidity and maistapared to the TBS

system that only considered temperatUigese formula were developed using data obtained over a

span of20 years (~19902011)f r om t he Uni versity of Tennesseebs

This facility focuses on various decomposition experiments on human remains.
The formula for bodies found above grounghi®wn below.
v QQOE GNéi QO QEE
5 e p c l'IJ p ','[ ','[
WP QAnN QI OOE TNQ0 w

Where

1285 a constantepresenting ADD valuat whichthe releasef volatile fatty acids fronsoft tissue

ends

Decompositiona percentage of the extent of decomposition tlaatdccurred
0.0103 a constantepresentinghe moistureeffecton decomposition rates
Temperatureambienttemperaturef the location of the body

Humidity: average humidityalue of the location of the body
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The formula for bodies found abogeound is shown below.

) pquuQQ“’psno‘n”S' %8 Bdone dai 0
Mpm®dQANQI WOHIWMQI 001 Q

Where:

1285 a constantepresenting ADD valuat whichthe releas®f volatile fatty aciddrom soft tissue

ends

Decompositiona percentage of the extent of decomposition that has occurred

4.6. a constant represeéng a reduceddecompositiomatebecause of reduced oxygen levels
Adipocere a multiplier constantor the contribution of theedimatedpercentageadipocerdormed
0.0103 a constantepresenting thmoistureeffecton decomposition rates
Temperatureambienttemperaturef the burial site of the body

Soil moisture a percentageepresenting the saihoistureof the burialsite

These formulae have been applied to-téalcases worldwidandhave had successhe formula for

bodies found above groumhs applied tohe case of a partly clothetb-yearold manfound outdoors

and died of strangulationVass, 2011) Data on temperature, humidity, and the percentage of
decomposition were obtained and substituted into the formula to calculate the PMI. A value of 63.8
days was obtained with the formula. After an extensive investigation, it was discdvairédet man

was killed 65 daybeforethe day the corpse was found.

The formula for buried bodies was applied to the case of a fully clothed woman that was found in a
shallow graveNecessary data on soil moisture, temperature, and percentage of detomp@s

obtained and substituted into the formula. A value of 6628 days which is approximately 18 @ggars
obtained. DNA tests indicated that the identified victim had gone missing 18 yearBhage.case
demonstrate that these formulae have pramigiotential in accurately estimating the PMI of bodies
found on land or buriecnd more studies need to be conducted using these formMh&éass (2011)

study suggests that the accuracy of these formulae can be evaluated and improved by applying these
formulae to more cases from many locations worldwide that undergo different weather and

environmental conditions.
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2.2.3.8 TBS System

The most frequently used PMI estimation method for cases at later decomposition stages is the Total
Body Score (TBS) system devpkd by Megyeset al (2005); it was adapted from tkBallowayet al.

(1989) andvasset al (1992) stugks Further details on the TBS systend its flawsare explained

later in this thesis (See Section 3 Rhysicaldecompositiorchanges in theead, trunk and limbare
observed and scored to assign a TBS for the .bbliygyesiet al (2005) formulated a regression
equation for the TBS system that can be used to extrapolate the ADD of the body with a standard error.
The TBS is substuted into the regression equation formulated to calculate the. ADB regression

equation formulated by Megyest al. (2005) is displayed below:
LogicADD = 0.002(TBS*TBS) + 181 + 38816

The average daily temperatures are then added retrivghettl the ADDvalue is reachetb estimate
the PMI (Simmons, 2017).
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2.3 Drowning

Drowning is a process that occurs when a body is immersed in water or other liquid until there is no
accesdy air to the lungs due to the blockage of the airways by the fluid (Byard, 2017; Szpilman &
Morgan, 2021)Drowning has three possible outcomfzdal, nonfatal, and nonfatakith permanent
injuries or neurological impairment (Beermeiral, 2018).0One ofthe top ten causes of death for those
under 25yearsis drowning, which is especially common in loand middleincome nationgFranklin

et al, 2020) Globally, drowning results in about 1000 fatalities daily and many more cases with lifetime
morbidity (Tipton & Montgomery, 202).

Due to ethical restrictions on the use of human bodies for resgarticularly in the LK., drowning
casesserve as a source of vital information fayuatic decompositiorestimating PMSI for forensic
sciences ah helpng with the location of drowned victims (Mateus & Vieira, 201Fherefore,
reviewing the existing research and studies on drowning is essdiptan & Montgomery (2022)
conducted an extensive review of reports, websites and literature thaddomughe duration and
subjective experience of drowning, along with inputs from two medical experts on their experiences
with drowning casualties. From their study, they were able to divide the exfeshiswning into the
following six sequencegi) Struggle to keep the airway clear of the wa#y Initial submersion and
breathholding (iii) Aspiration of water (iv) Unconsciousnesgv) Cardicrespiratory arresiand (Vi)
Death To understand thdrowning process ancbntribute to forensic invagations of drowningand
aquatic decompositiorthe physiological mechanisms associated wvitbseevents angequences of
drowningneed tdbeexplorel.

2.3.1Physiology of Drowning

The exact mechanism of the process and pathophysiology of droismiamplexand hasonly been
speculatively addresseder the yearsHjierenset al.,, 2002;Layonet al.,, 2009;Szpilmanet al, 2012).
Drowning physiologyhas been split intomo broaddistinct events: immersigrmvhen theupper airway

is above waterand submersigrwhen theupper airwayis underwatefvan der Ploegt al,, 2010) The
physiology ofimmersiornis stipulated to include processes sucimgjrated cardiorespiratorgactions

to skin and body temperatumhangescold shock, physicahcapacitation, and hypovolemiahile
submersion includes fear of drowning, diving response, autonomic conflict, airway reflexes, water

aspiration swallowing, emesis, arabdyelectrolyte disorderéBierenset al, 2016).

2.3.1.1 Immersion

The phrase fowater emperatures at whidieatproductionand heat loss are equald hfer monpeut r al
water temperature thermoneutraligyapproximately35  (Bierenset al,, 2016 Schmidet al, 2009.

Asidesfrom rare occurrences of hot wataasegNishiyamaet al., 2011 Suzukiet al., 2017;Suzukiet

al., 2019) most drownings occurelow this thermoneutral poirand the first process of drowning is
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the fAiskin coolingo or (Berendeta, 2@l6)Koldrskoskpeakssnegheo f t h
first 30 second of immersionit is initiated bynociceptordn the skin betweewater temperatures of

10i 25 and diminishes during the next2minutes of immersio(Campercet al, 1996 McKemy,

2005 Tipton et al, 1991) At the onset of cold shock, the followingr@zious reaction is to prevent

water from entering the mouth and airways by ho
response lasts for approximately a minute until it is overcome by cold shock (Szptirmgr2012;

Tipton & Golden, 2014).

2.3.1.2 Submersion

Towards the end of immersion, a person holds their breath or spits water out of their mouth to prevent
waterfrom entering the moutand airways, buvatergetsaspirated into the airways, amild irritation
of the laryngeal mucodaads tocoughing a protectivereflex respons&nown as laryngeal closure
reflex to prevent the entry of waté@Bierenset al, 2016 Szpilmanet al, 2012).0Other protective
reflexes experienced by the airways to prevemater aspirationinclude the phangoglottal,
esophagoglottaind aerodigestivieflexes(Duaet al, 2011) In some case&ryngospasm occurs, but
it is rapidly terminated by hypoxia the brainaspiration of water continués the airwaysvomiting
could also occurand hypoxemiaapidly leads tounconsciousness arapnoeaErtekin, 2011 Jean,
2001; Lang, 2009Matsuo & Palmer, 20Q8Mliller, 2008; Salomez & Vincent, 20Q45teele& Miller,
2010).

Theseautonomicchanges in the respiratory systeasult in fatal arrhythmiasuch astachycardia
bradycardia, pulseless electricthtesand asystoléGrmecet al, 2009) Figure 217 showshow the
autonomic changes and responses dudmgwvning causearrhythmias The immersion phase of
drowning iniiates two autonomic responses; the diving response, which is an ecygesTving
response that occurs when a drowning victim tries to hold their breath, and the cold shock response
initiated by the receptors in the skiBi¢renset al, 2016 Shattock & Tpton, 2012.

The diving and cold shock response activate the parasympathetic and sympathetic nervous systems,
respectively; the parasympathetic stimulation leads to bradycamtiathe sympathetic stimulation

leads tdachycardigShattock & Tipton, 202; Tiptonet al, 2010). In the presence of underlying health
factors such aatherosclerosi ischemic heart disease, channelopatraedother cardiac diseases or
conditions,bradycardia and tachycardia may be the actual cause of death drotineing process
(Shattock & Tipton, 2012 The fatal drowning processisually occurs in seconds to a few minutes
however,in rare circumstancesuch as hypothermia or drowning in ice watke drowning process

can last for an hoyfTipton & Golden, 201).
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Figure 2.17: Autonomic changes leading to arrhythmias (Shattock & Tipton, 2012).

2.3.2Diagnosis of Drowningand its Difficulties

The investigation andiagnosisof suspected drowning deaths, most especially unwitnessed cases, is a
complex procesthat calk for ruling out other potential causes of death ershcked up by thorough
autopsies, scene investigations, and detailed hist@iesd, 2015 Stephensoet al., 2019) Also, it
isimperativeto acknowledge that not every individual whose body is pulled frmwater hasirowned
(Rauxet al, 2014).Some might have been deposited in the waterpostem.Many factors affect the
diagnosis of drowning, partitarly environmental factorsdelayed body retrievalcomorbidities

animal predatioand the lack gpathological findinggStephensost al., 2019) Various techniques for
diagnosingdrowning and the limitations of the techniques are discussed below.
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2.3.2.1 Presence ofPathological Features

When a body drowns, some pathological changes may be observed on the skin; though these features
are not established changes that ascertain drowning has occurred, they could act as a means of drowning
diagnosis(Byard, 2013) These observable features inclgken slippage of the hands and feet, also
known aswa s h er wo ma torigge photeusiothssratchesand laceration®n thelimbs from
draggingand struggles to stay afloat, amdid debris,andfoam around théacial orifices(Alexander

& Jentzen, 2011Bernitzet al, 2019;Byard, 20¥; Lunettg 2016).Figure 218 shows examples of the

iwas her doottnaiméat ur an atoawhose goldhas @ wrinkled surface. Figurelg.also

showsthefeature of skin and nails sloughio§f from a toe.

Figure 2.18 A-Washerwoman'd-oot; B-Skin and nail slough off in the toes (Stephensenal., 2019).

The presence of fluid or foam in the airmpgssagegaranasal sinusemiddle earnasal pharynx,
oropharynx trachea,and stomach{Wydler's sign)has been used as a standard diagnostic tool for
drowning Byard, 2017 Stephensowt al, 2019 Vander Plaetsest al, 2015 Wardaket al, 2014)
However, fluid or foam is neither always present noamiqueto drowning Reijnenet al (2019)
suggested that fluid could enter the airways jpasttem and cause foam formatiorherefore the
presence of foam is not always exclusive to drowning. Alefoammay bepresenin the airways in
head traumar opiate overdoseases $tephensoet al, 2019 Wardaket al, 2014)

Over time, the foam could get degraded because of environmental factors; therefore, in cases of longer
PMSI, there will be a lesgr chance of foam in the airwaiReijnenet al, 2017) In addition, causes of
death such agoisoning cardiovascular issues and burning could lead to fluids in the sinuses

(Kawasumiet al, 2013). Therefore, fluids in the sinuses cannot be regardad agclusive fatal
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drowning diagnosisLunetta, 2016Vander Plaetseat al, 2015. Figure 219is an example ofoam
released outsidine body through the nasal airwagssagelue to pulmonary oedema

Figure 2.19: Foam released from nasal airways due to pulmonary oedema (Stepheetsah 2019).

2.3.2.2 Spleen Size

A reduction in the size of the spleen has been used as a diagnostic tool for drowning over,thetyears
caution must be k&n in this process because spleen size reduction could be caused by hypoxia and
reduced blood pressure (Palmietal, 2019; Stephensat al, 2019; Wardalet al, 2014).

2.3.2.3 Weight of the Lungs

Water aspiratiorrould lead to pleural effusions, emphysesmg@aosumand pulmonary oedema during
drowning (Alexander & Jentzen, 2011; Byard, 2017; Waetal, 2019. Emphysema aquosumtise
hyperinflaed or hyperextended state of the lungs due to water loggingakesthe lungs meet in the
midline of the chest region, thusvering the heafStephensoet al, 2019. Figure 220 is an example

of lungs with emphysema aquosufrom the picture, it is difficult to see the heart because the
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hyperextended lungs have cowtiie up. Therefore, increased weight and size of the lung haen
adaptedo diagnosedrowning Sugimuraet al, 2010 Tseet al, 201§. The weight of the lungs of
drowned victims has been compared to that of victims of other causes obdeldtie lmgs of drowned

victims have been proven taveigh moresignificantly (Hadley & Fowler, 2003; Zhwet al, 2003)
However, using lung weight as a diagnostic tool has its constraints because an increased lung weight
can be observed in other conditions asfdes drowning and the weight of the lungs can reduce over

a longer PMSITseet al, 201&; Tseet al, 2018). Lunetta (2016) stated that the lung weight method

of drowning diagnosis has no significant diagnostic value, bueffak(2018) suggested that using a

lung-heart weight ratio will be of more significance in drowning diagnosis.

e

NERY

Figure 2.20: Picture of emphysema aquosum of the lungs in drowning (Stephensbal., 2019).
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2.3.2.4 PostmortemComputedmaging

Postmortem forensic imaginglevices suchas Magnetic Resonance Imagin®y/MR), Computed
Tomography AngiographyCTA), and Computed Tomograph¢CT) have been widely used in the
diagnosis of drowningy assessingnorphologicfeaturesof internal orgaathat suggest drowning has
occurred(Chen 2017;Hyodohet al, 2016 Rauxet al, 2014 van Hoywegheret al, 2014) Figure
2.21lis a CT scan of various organs of aygharold womarwho drowned and had her body submerged

for approximately24 hours; the arrowheads in the picture inditla¢egpositions irthe organs filled with

fluid due to drowning.

Figure 2.21: Computed tomography scans Afsphenoidal sinusB-lungs; C-trachea;D-bronchi; E-stomach (Wanget al, 2020).
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These imaging deviceare minimally invasive to nemvasive,and the CT has beemseful for
visualising anatomically difficiito-accessbody partslike the paranasal sinus¢kawasumiet al,
2012). A significant limitation ofusng CT imaging successfullys the need foran extensive
understanding of thieatures ofirowning pathologyChristeet al, 2008) Wanget al. (2020)suggested
thatthe combination ofCT andan endoscopic autopsgould beusedin the successful diagnosis of

drowningandyield morecomprehensive morphologidatdingswhile retaining minimal invasiveness

2.3.2.5 Diatoms

Diatoms are singleelled algae found in both fresh asghwater, during the process of drownintpey
move into the lungs duringntemortem violent aspiration of waterdcan diffusefrom the lungsnto
other closed organghroughthe systemic circulatioiStephensoret al, 2019 Xiao et al, 202).
Detecting datoms in the lungs or other closed orgars bodyhas beewommonlyused as a diagnostic
tool for supportng evidence of drownin@Fucciet al, 2017 Ludeset al, 2013. Aside from the lungs,
detectingdiatoms inthe bone marrowalso suggestthat aspiration of water occurrethtemortem
(Krstic et al, 2002).During the diagnosis of drowning, the presence of diatoms in the body could be a
false positive case because diatoms have been fotimeldrgans of humans who have died from other
cause (Fucci et al, 2017. Diatoms could gain access to the body antemosingastroenteric
absorption when diatoroontaining food such as seafood are ingestetthroughinhalation of inert
chemicalmaterials, while the presence of diatoms in only othgams asides the lungs could be used

to exclude drowning as a cause of deatimgttaet al, 2013).

The use of diatoms has successfully pinpointed the qpdiantry or downing site of a body that has
drifted in the water by comparing the diatoms founthabody with that of the water suspected to be
the pointof-entry Saukko & Knight, 2015Stephensost al., 2019) Determining a drowning site with
diatom testing is possible becauseme diatom speciesare unique to specific water types or
environmentsand can bepresentedis evidence to confirm downing location or link suspects to a
crime scene because sigediatomare not easily concealédhouet al, 2020) Diatomscannotthrive

in the human body and atieerefore embedddd the water fromthe drowningsite (Carballeiraet al,
2018)

Ludeset al (1999) analysediatom profiles extracted from the lungé 20 bodes recovered from

known drowning sites and 20 from unkno{water where the bodies were found immersed at the time

the body waseacoveredwhich may not be the actual drowning site). Results indicated that there was a
70% correlation between the diatom types in the lungs and the unknown site, while there wés a 100
correlation between the diatom types found in the lungs and thenkdawning site; the 3@ that

showed no correlation between the lungs and the unknown drowning site could be a difference between
the actual drowning site and the site of reco\endeset al, 1999).Carballeiraet al (2018)studied

rats submerged in fo differentfreshwater sourcdsr 15 days Their study concluded that organs that

37



have open access to the outside of the baaigh aghelungs and stomagchave a higher potential for
identifying a drowning site through the diatoms found in them coedptar the kidney, bone marrow,
heart,and spleen; they were able to identify diatom species specific to each freshwater source on the
rats submergeCarballeiraet al, 2018)

The traditional method for diatom detection is known as the acid digestion methode{Zip2020).

A diatom cell wall structureomprisedrustules, a hydrated silicon dioxide cell wall that is not easily
destroyed Rana &Manhas2018. To separate dtoms from organ tissues, the tissue is dissolved in a
strong acid solution such as hydrogen peroxide, nitric acid, hydrochlori®asidinas&, and sulfuric
acid(Bortolotti et al, 2011 DiGiancamilloet al, 2011 Kakizakiet al, 2019 Ming et al., 2007; Scott

et al, 2014. After digestion, the products are centrifuged until the components are separated, and a
visualassessment of the diatoms is conducted using a microscope. Care must be taken when carrying
out the acid digestion process becausessive digestion could lead tgdsted diatomsnd the visual
examinations with the microscope will indicate false negative results @haly 2020). Figure 22
illustrates the steps taken during the acid digestion method; digestion, centrifugiationicroscopy,

while Figure 2.3 is an example of what diatoms look like under a 400x magnification of light
microscopy.

eppendort Contiuge 702

Figure 2.22: Beaker, hot plate, centrifuge, and microscope used in acid digestion (Zdtaal., 2020).
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Figure 2.23: Different diatom under 400x magnification light microscopy (Zhaat al., 2019).

However, the use afonventional diatontesting in diagnosindorensic drowning casdsas had its
constraints and has been criticised since its introduction as a diagooktigyard, 201%. The diatom
test islaborious time intensive, andn air pollutant(Xiao et al, 2021).There have been arguments
about thevalidity, sensitivity,andreliability of the tessince diatoms may be present in the tissues of
bodies that did not drown or may not be present in those th@ddidmannet al, 2000;Lunettaet al,
2013; Xiao et al, 202). It has been noted that antemortem and -pustem environmental
contaminatio, which can happeduring the submersion phasgdiatom penetratiothrough wounds,
from resuscitationpr duringthe samping procedurehas a detrimental impact on the usefulness of
diatom testindDi Giancamilloet al, 2010 Sonodeet al,, 2023.

Zhao et al (2013) created a novel diatom test technique utilising membrane filtration, microwave
digestion, and scanning electron microscopyrther studies have been conductedmprovethe
reliability and sensitivityof diatom testing Kakizaki et al, 2015;Zhao et al, 2017).It has been
suggested that to increase the reliability and accuracy of the diatom testing pratiessestests
shouldbe combined with polymerase chain reaction [PCR] (Ré&e#, 2016; Ruly et al, 2016) The

Xiao et al. (202]) study attainettigh specificity for drowning diagnosiszy combiningamultiplex PCR

and capillary electrophoresi§CE) to detect genes of drowninrglated diatoms, cyanobacteria, and

Aeromonas species.
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2.3.3Body Displacementin Water

In forensic analyses related to downidge to the complex nature and reaction of the aquatic system
with the body,difficulties may arise when trying to determine the point of entry and displacement
trajectory which in turn affect thedimation ofPMSIfor that body(Mateuset al,, 2013) When a body
drowns, it drifts away from its point of entiyto the wateihorizontally or vertically; the direction of
displacement depenads several factor@Dicksonet al, 2011; Ellinghanet al, 2017) In theBlanco
Pam@n & LépezAbajo Rodguez (2001) study, the death investigation records of nine bodies
recovered fronthesea indicated that the bodiésftedas far a220' 420 km within 3 to 26 days, with

one of theébodies drifting as far as 380 km in 3 days

The specific gravitythedensity of a bodandthe density of the water it is submergedniftuencethe
vertical displacement of the bagdye average density ¢fie human bodjs 0.98gcnT® while thatof
seavater is 1.024cnt® (Mateuset al, 2013 Simmons & Heator2013. This similarity in thedensities
of the human body andaterindicates that a sliglthangen the density would considerably affect the
body's buoyancbecause less dense bodiese a higher chance of floatingliinghamet al, 2017.
Also, abody will most likely float because of increased buoyancy fputmefactivegas production
during bloating (Reisdost al., 2012)

A body will remain sunken du factors such athe current, gravitational force of the water on the
body, frictional forces, and substratdlinghamet al, 2017 Mateuset al, 2013 Simmons & Heaton,

2013. In cases whera body sinksfrictional forces are increaség a body baig snagged withinocks
anddebris andthere isinsufficientwater current at greater depthessr horizontal displacemenntill
occurbecause the drag forces of the body will not be able to overcome the gravitational and frictional
forces exerted by the wat@vateuset al., 2013) When buoyancy increases due to bloradir trapped

in clothing a bodyresurfaces, andubstantialhorizontal displacementan occur because of the
increased surface current and reduced frictional and gravitational force on theAhddyspn 2009;
Ellinghamet al,, 2017 Mateuset al, 2013.

Bodies submerged in watanay bedisplacedfor a distancecreatng body marks, disarticulation of
body parts and bones, amjuries, while a body that is immobile in water could be preserved due to
less impact from object$imphrey<set al, 2013;Palmer, 2020Stuart & Ueland, 2007 The remains
may get caughon transport vesselspcks and plants undester, creating abrasionthat may be
difficult to distinguishaspostmortemor antemortem trauma on ttenes andody (O 6 Bem, 199;
Stuart & Ueland, 201)7 These body displacement processes in water leakrtsloughng off, soft
tissuedecompotion, andexposure otinderlying muscles, tendons, cartilages, ligaments, and bones
and ovetrtime they are disposed to sequential disarticulation; in most d¢agestars with hand and

wrist bones, feet, and ankldollowed by the arm and leg bones (Haglund & Sorg, 2002). The mandible
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also gets detached from the skull, while the ribs, vertebrae and pelvic bones tend to disarticulate last
(Stuart & Ueland, 2017).

Figure 2.2 is a £hematic of the forceacting on éody during horizontal and vertical displacement

In part A of the picturethe process of vertical displacement is illustratedpdy with a lower specific
gravity or density floats to the top of the box while a body with higher specific gravity atydginks

to the bottom. In part Bthe forces responsible for both horizontal and vertical displacement are
illustrated. Friction forces (such as a body being snagged witbksanddebrig and drag forces (such

as current) act in opposite directiorfsthie current is higher than the frictional force, the body would

be displaced horizontally, and if the drag forces are higher than the current, the body would be
immobile. Part Cliustratesthe phases of movements a body undergoes when deposited inavater
body sinks when deposited in water and resurfaces at the top during the bloating stage of decomposition.
During this phasea substantialamount ofhorizontal displacemerttan occur; after the bloating stage,

the body sinks again due to a reduced level of buoydtitgghamet al, 2017 Mateuset al., 2013.

F—a Lower 3G

frictiaon drag

Pty  Higher $G
A, B

time  sinking bloating phase resurfacing
= - =
Ine

r—— il

C

Figure 2.24: Schematics of the forces duringorizontal and vertical displacement.- &pecific gravity; b forces

acting on the body; gphases of movement (Matees al, 2013).

The movement and behaviour of cadavers in bodies of watet especially disarticulatiooan have

implications for th& search and recovefyom aquatic environmen{glaglund 1993).
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2.3.4Detection, Recovery, and Identification of Drowned Bodies

The entire procedure and process of detecting, recovering, and identifying drowned human remains is
complex and requirethorough planning, training, and experiené&gdlifgham et al, 2017. These
processes can be hindered dupdor visibility, thedifficulty of preserving body parts and the lack of

prior knowledge of that specific underwater environm@wcker et al, 20L3; Winskog, 2012)
Traditional methods$or detecting drowned bodies include search dogs, divers and draining the water
body (Parkeret al, 201Q Schultzet al., 2013)

Water search dogs detect human remains submerged in water by picking up the twebbdf or
other materials that float to the surface when released from the Bosking & Armstrong, 2021
Osterkamp 201). Smell or scent is detected mare water surfaces; therefore, when using search
dogs, it is recommended to place the dogs octrgdeboats (they do not releasames or gasy when
patrolling the water Rebmannet al, 200Q. Divers also make use of haheéld solar units when
searchindor bodies under wat€Healyet al, 2015) the solar units produce acoustic energy thisds
back off a target, which can be the submerged body, as a sound signal, theaigbg e change in the

audio signals based on the distance to the bedskine & Armstrong, 2021

In cases where the location of the body is unknown, sonar explooatioewater beds and waterproof
coloured video cameras can be used to déftecbody Dumser & Turkay, 2008Ellinghamet al,
2017). Different devices used for terrestrial seardege also been applied to the search for submerged
bodies(Ruffell et al, 2017. These devices map out the seabed and underwater environsicthdsg
Compressed Higintensity Radar Puls@CHIRP (Plets et al, 2009; Vos et al, 2012) Ground
Penetrating Radar [GPRRuffell, 2006;Schultzet al, 2013, SideScanSonar(Healy et al, 2015)

magnetometryParkeret al, 2010, and seismiceflection and refractiofRuffell et al.,, 2017.

Remotely Operated Vehicles (ROV) are commonly equipped with cameras to aid in the detection of a
body, while the ROVs could havelrotic arms to recover remains (Dumser & Tirkay, 20Bgjure

2.2%5is an example of the ROVs usedfierecovery ofasubmerged body, while Figure B.i8 a picture

of a ROV used in combination with a robotic artme robotic arm is used to hold whenrgglifted

from underwaterf-or optimal recovery, remains are placed in distinctive bags, preferably made of vinyl
coated polyester; this will help with the identification process and draining of water after recovery
(Winskog, 2012). During recovery, disartlated body parts and intact bodies are placed in metal cages
or baskets, with the entire body gripped at the lower limbs, shoulders, and waist regions by robotic arms
(Schuliar & Perich, 2012; Winskog, 201Fjigure 227 showsa metal cage wheriatact submerged

bodies are placed for recovery.
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Figure 2.26: ROV equipped witha robotic arm (Ellinghamet al, 2017).
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Figure 2.27: A metal cage usetb recoversubmerged remains (Ellingharet al, 2017).

Depending on the available antemortem information, dental records and DNA analysis are the most
common and standard procedures ittentifying drowned remainsButler, 2005; Holmlund et al,

2008; Frederickset al, 2013;Winskog, 2012) DNA has been sucssfully extracted and used to
identify human remains submerged for up to 35 ygao®@winet al, 2003). Tattoos, piercings, scars,

and other visual identifiers have also been used for identifying submerged remains, but DNA samples,
dental records and fierprints are mainly used as the primary identifietBnghamet al.,, 2017%.
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2.4 Aquatic Decomposition

2.4.1Processand Chemistry of Aquatic Decomposition

Thedecomposition chemistiy aquatic environments s@milar toterrestrial environments, withfew
distinguishable differencesSaukko & Knight, 201p The differences betweethe two sets of
decomposition are mainly physical markers that are evident at different intervals in only aquatic
environs (Heatoret al, 2010); they include deglovingw'a s h e r wo ma (Figuse 228)aamadl
adipocere (Benbowt al, 2015; Ubelaker & Zarenko, 201The decomposition process continues as

soon as a dead body is immersed in water, but the decomposition rate is much slovezrebizial

decomposition (Haglund & Sorg, 2002).

Figure228 Pictori al examples of washer woam20t7).s hand

Depending on differing factors, a body immersedater either sinks or floats (Hobischak & Anderson,

2002). Air in the lungs, clothing, body fat, decomposition gases and density of the water are the factors

t hat affect a bodyds buoyancy, determining whet
Every 10 m of water exerts an extra 1 atm of pressure on a body; hence, the deeper a body is placed in
water, the lower its chances of floating (Higgs & Pokines, 2013). A higher desfsityater is
experienced in seawater than freshwater due to the higgrahand salt content in the sea; thus, a body

will most likely stay afloat in seawater (Stuart & Ueland, 2017).

Within minutes of immersion, there is a shortage of blood flow tdtiuy extremities because tie
vasoconstriction of the bloogessels (Stuart & Ueland, 2017). This respdnsa prolonged state of
immersioncauses the wrinkling and shrinking of the skin of the limbs due to the loss of blood volume;
this phenomenon is known as thea s h e r wo ma(Sdukko & kKnight, 201k Another skin

change observed within minutes of ;itisrcauseddyithen i s 1
erector pilli muscles (Di Maio & Di Maio, 2001). As the period of immersion increases, the skin
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covering the hands and legs slips off (deglovireg)d skin slippage may occur in other body parts
(Hobischak & Anderson, 2002).

Although rigor mortis and livor mortis are frequently found in bodies retrieved from watenses
anddurationof these postortemfeaturesareaffected by water temperature, current, bodyitjmos

and amount ofmuscle and orgaactivity before deatliKarhunenet al.,, 2008) Discolouration of the

skin occurs in both terrestrial and aquatic decompositions, but the discolouration of the teetm&nd

is unique to aquatic decomposition; onaengidered to be an indication of drownirnthe pink
discolourationof the teeth and gums is likely caused by lividity in these tissues happening when the

body is ina proneposition(Sakumeet al,, 2015)

Vascular marbling, discolouration of the skin, autolysis and putrefaction also occur during aquatic
decomposition at a sl@wvrate due to the low/reduced insect and maggot activity, lower temperature
and restriction of other factors that speed up decompos$hiiggs & Pokines, 2013; Karhunext al,
2008).Due to the reduction in oxygen levels in the body after death, the process of putrefaction is
mainly stimulated by anaerobic bacteria that result in the breakdown and liquefaction of soft tissues
(Janawayet al., 2009). The degradative action of anaerobic bacteria in the respiratory and digestive
tracts leads to the buildp of gases; this causes bloating, which is observed mainly in the abdomen
(Zhou & Byard, 2011).

The products of the metabolic reactidhat occur during autolysis and putrefaction are responsible for
the discolouration of the skifHamilton & Green, 201;Mayer, 2012Zhou & Byard, 201} The geen
discolouration of the abdomen caused by the release of hydrogen sulphide from-soifp&ining

amino acids, which then combine with haemoglobin to create sulfhaemqgkline of the first
physical signs of putrefaction (Goff, 2009; Rosétral, 2014).Also, as decomposition progresses,
there is evidence of tissue decomposition and reducésture hencehe skin becomes dark (Gennard,
2012; Vasst al, 2004; Verheggeat al, 2017).Due to a reduced possibility of insect colonisation on

a body in water, there is little to no maggot mass during putrefaction; therefore, the decomposition rate
of soft tissue is significantly reduced in aquatic decomposition compared to terdstoatpsition

(Higgs & Pokines, 2013).

The skin sloughs off due to the release of hydrolytic enzymes (during autolysis) between the dermis
and epidermisresulting in loosening and slippage of the epidermis; vesicles or blisters are initially
observedbut overtime the nails, hairs and large aseéthe skin slough off (Simmons & Cross, 2013).

As skin sloughs off and soft tissues decompose, underlying muscles, tendons, cartilages, ligaments, and
bones become exposeahd overtime they are disposed to sequendisarticulation; in most cases,
starting with hand and wrist bones, feet, and ankles, followed by the arm and leg bones (Haglund &
Sorg, 2002). The mandible also gets detached from the skl the ribs, vertebrae and pelvic bones

tend to disarticulie last (Stuart & Ueland, 2017).
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Figure 229is an example of the accumulation of gases in the abdominal region due to putrefaction,
while vascular marbling and discolouration of the skin are observed in FigR&ég.20.

BDS 3.23: pt
Marbling .

Figure 2.29: Example of vascular marbling on a body (Geldermanal, 2018).

LDS38.2
Gravto green
discoloration

Figure 2.30: Pictorial illustration of discolouration of the limbs of a body (Geldermanal., 2018).
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I n certain wet, anaerobic circumstances, a fatt

remains recovered from aquatic environments. Adipocere is angriéy, greasy substance often found

on bodies recovered from aquatic or damp environmentaflai@l, 2002; Pfeiffelet al, 1998).The

presence of adipocere on human remains has been said to slow down the decomposition process and
preserve remains (Stuart & Ueland, 2017).

Adipocereis a complex of fatty acids; it is produced through the hydrolysis and hydrogenation of
triglycerides ly the actions of lipases and anaerobic bacteria to faturatechnd ursaturatedatty
acids(Fiedleret al., 2009; O'Brien & Kuehner, 2007)heprimarysaturated fatty acidacludestearic
palmitic, and myristic acidswhile the unsaturated fatty acginclude palmitoleig oleic and linoleic
acids thesefatty acids camefurtherbroken dowrby anaerobegke Clostridium perfringensthrough
metabolic reactions such hgdrolysisor hydrogenatior{Stuartet al, 2016.

Adipose Tissue
Decomposition
Triglyvcerides
H; ydrjolysis

|

Unsaturated fatty acids
(Palmitoleic Acid, Oleic Acid, Linoleic Acid)

Hydrogenation

Saturated fatty acids
(MyTistic Acid, Palmitic Acid, Stearic Acid)

Salts of fatty acids Hydroxy fatty acids
(Na*, K*, Ca®, Mg?") (10-hydroxystearic acid)
\ | /
ADIPOCERE

Figure 2.31: The process of adipocere formation (Forbesal, 2005).
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Figure 231 above illustrates the process of adipocere formation; as adipose tissues in the body
decompose, they release triglycerides. Tigdywerides are broken down into unsaturated fatty acids
through the process of hydrolysis. Hydrogen ions are added tm#iaturated fatty acids through the
process of hydrogenation to form saturated fatty acids; a combination of these fatty ac&dhéorm
complex known as adipocef€orbeset al, 2005) Figure 232 illustrates tiglycerides' hydrolysis

processvhen broken down into glycerol atltreefatty acids.

Triglyceride Glycerol + 3 Fatty Acids
r : H [ 3 % H
H—C o— 51 - c——C¢-8B
i &) F HO —— S o  om
=2Q)] o O]

= e e
= E-E—H ¢e9
g BE-C-H H-C-B
B H-C-H H-C-B
= F-C-E 2-C-BE
= B-C-3 H-C-H
= 2-C-H H-C-B
= H-C-H H-C-E
= N BEQ—E\ g-C-H
= H-C-E H-C-H
= H-C-B H-C-H
= H-C-H H-C-Tk
=2 B-C-E B-C-H
= H-C-E H-C-H
= H-C-E H-C-H
H H-C-E H-C-H
B H-C-E H-C-H

B H-C-H

H-C-H
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Figure 2.32: An illustration of a hydrolysis reaction during adipocere formation (Moses, 2012).

Adipocere has been observed on bodies recovered from different environmental conditions @iushida
al., 2008; Stuaret al, 2016; Widyeet al, 2012); therefore, various mditions affect the formation of

adi pocere, but a combination of opti menl19%%0ndi ti o
The conditions that affect the production of adipocere include moisture content, temperature, humidity,
and pH (Widyaet al., 2012).A Stuartet al (2016 study investigateddipocere formatioim various

model aquatic environmenssich aseawater, river, and chlorinated wafier 18 monthsThe study
suggestethat adipocere formation significantlyinhibited in asaline environmertiecause of reduced
microbiological activity while it was enhanced in the river and chlorinated environment due to hacteria
The enhanatadipocere formatiombservedn the chlorinatecenvironmentwas unexpectethecause
hypochlorous ad, which is typically found in chlorinated wateris known for reducingbaderial
activities, but the formation @hlorohydrinthroughthe hydrolysis reaction betwelgpochlorous acid
andunsaturatedatty acidscould have been responsible for the foiprabf adipocere observed in the
chlorinated environmengpickett 2007;Stuartet al,, 2016
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Adipocere can last centuries on a badiypending on the conditions of the environment (Fiestlat,

2009; Frind & Schoenen, 2009). The presence of adipdeesebody slows down the process of
decomposition; in most cases, it can keep the body preserved by restricting the air to the surface of the
body, minimising bacterial activityand keeping the body moist (Boylet al, 1997; Stuart, 2013,
Uelandet al, 2013). This could eventually lead to an inaccurate estimation of PMSI (Stualrt

2016). To improve PMSI estimation for a body with adipoc@fielya et al (2012)conducted a study

on wild rabbits submerged for two months to investigate the fmarhation of adipocerenirelationto

ADD; results indicated that adipocere formation was most likely to have occurred at an ADD of 630.
In the absence of insects, the decomposition rate of bodies is not affected by body s{&ronfans

et al, 2010Q. Therefore Widya et al (2012) suggested thtte results of their study can be applied to
largersized remains remains with adipocere should have a minimum PMSI of 630 ADD when
estimating the PMSI. Figure 3 is an example of adipocere formation onaalaver some facial
features are preserved due to the presehadipocere.

Figure 2.33: Presence of adipocere on recovered remains (Karhueeal, 2008).
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2.4.2Stages of Aquatic Decomposition

Classifying aquatic decomposition into stages is synonymidthsterrestrial decomposition; it relies

on grouping the stages based on vismaphysical modificationsfathe decomposing body at different
intervals during decomposition (Merritt & Wallace)1D). The stages of aquatic decomposition were
initially divided into six categoriesSubmerged freshEarly floating, Floating decay, Bloated
deterioration, Floating remains, and Sunken remains (Stuart & Ueland, 2017). After further studies
(Haefneret al, 2004; Hobischak & Anderson, 2002), it was then reduced to 5 stages of decomposition;

Fresh SubmergedEarly Floating, Early Floating Decay AdvancedFloating Decay and Sunken

RemainsDetails on each stage of aquatic decompositioswarenarised in Table 2.

Table2.4: Stages of aquatic decompositi¢Btuart & Ueland, 2017)

Stage

Summary of details of each stage

Fresh submerged

The body remains sunken and has a fresh look with barely any siq
decomposition excepiew a s h e r w 0o magodsespinmiplasramnd i
discolourationRigor, algor and livor mortis could also occur in this st

for a shorter duratiothanterrestrial decomposition.

Early floating

The body resurfaces as bloating ocalue to the release of gases dur
putrefaction skin discolouration(green/purple/imk/brown), marbling,
and slippage occuDue to the body resurfacingnsect and maggd
activity is primariy observed in this stagalong with animal predatio

features or marks.

Early floating decay

Bloating still occurs, skin slippagend sloughingloss of muscle mas:
decomposition and disarticulation of soft tissues become app
discolouration darkensowards a greenishlue or grey coloyrand

adipocere may occur on the body.

Advanced floating deca

Decay becomes morapparentithe skeletorbecomes exposed due
extensive loss of soft tissyeand the disarticulation of the bones beg
Continuous liquefaction causes thieatingto reduce, the skin becomg
dry and darker (discolouration can be brown or blaekid the body

begins to sink.

Sunken remains

At this stage, disarticulation is complete and only bpnags and hairg

remain the remains also sink.
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Figures 234i 2.36 show some physical changes that occur dutiegaquatic decomposition stages

1',,‘
Ay ",'L > ¢
fl 8 e

Figure 2.35: Exposure of the skeleton during the Advanced floating decay stage (Waalenet al,, 2017).
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Figure 2.36. Example of thedisintegrationof soft tissue during the Early floating decay stage (Kahagtaal, 1999).

2.5 Water Parameters Affecting Aguatic Decomposition

2.5.1Temperature

Temperature is the most crucial factor affecting the rate of both aquatic and terrestrial decomposition
(De Donncet al, 2014; Zhou & Byard, 2011\Water temperatureisfluenceon the decomposition rate

has been noted as far kas B years ago (Reh, 196%and t  Hlawsthtésdhat theateof chemical
reactions increasdxy two orthreefoldswith everyl0  rise in temperaturehis law links temperature
andthedecompositioprocesdecause enzymatic, biological, and mlieal reactions occur during the

decomposition proceg¥ass, 2011).

Like on land, the higher the water temperature, the faster the decomposition rate (Champaneri, 2006).
This is because bacteria and other microorganism activities are increased at tdevag¢eatures (Vij,

2014); the increase in temperature provides an optimum environment for decompositionefGéyrter

2015; lanctet al,, 2015).The autolysis rate increases at a higher temperature (Tsokos, R@®5pld
temperature levelsxperienced during winter montivamenselyretard the decomposition rate of a

body because of thahibition of the biological activites of enzymes, bacteria, and insects (Fortes

al., 2014) At low temperatures, the eggs laid by insects have litth®tappropriate conditions needed

to survive therefore,nsect colonisation and activity in decomposing bodiesimmensely reduced
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(Carter & Tibbett, 2008)The Roberts & Dabb$2015 study that investigatetthe differences irthe
decomposition rateoffrozen and never frozen pigslicated that decomposing occurs at a slower rate

in frozen pigs.

ADD represents the accumulation of heat energy needed for biological and chemical reactions in soft
tissues for decomposition (Palazzbal.,, 2020).Like terrestrial decomposition, th&DD in aquatic
decompositioris calculated by adding the average daily temperatures exposed to the decomposing body
(Humphreyset al, 2013).When calculatingAccumulated Degree Day#DD) in the winter months,
temperatures belowero degreea r e ¢ 0 u n t(Adfsdiotter & Pearos, 2021 emperature also
affects other factors that directly affect the rate of decomposition. For example, as the depth of water
increases, the temperature reduces, thereby reducinigtbenpositionate (Stuart & Ueland, 2017).

Also, the level of adipocere formation depends on the temperature and moisture content of the
environment in which the body is discovered (Humphetyat, 2013; Widyeet al, 2012). The process

of gas formation and bloating, which will, in turn, make the body float, is affected by temperature; gas
formationis reducedat cold temperatures (Stuart & Ueland, 2017).

2.5.2Salinity

The salt content of a body of water influencesdbaatic decomposition raf(€hristensen & Myers,
2011 Reijnenet al, 2018).The salt concentratiemof frestwater, brackish water angseawaterare
approximately 0.5 pp0ppt and B ppt, respectively (Duncan Seraplinal, 2014).Different types

of bacteria are essential in tli'ecomposition procesbut in the presence of high salt concentration,
bacterial activities become immensely reduced (De Daginal, 2014; Rodriguez, 1997). This is
supportedby the fact that brine (salt solution) is commonlsedto preserve and prevent organic
substance decgfaratet al, 2005). Hence the reason why decomposition is slower in seawater (high
salt content) compared to freshwater (low salt content) like lakes and rivers éBay]e1997).

In freshwater envonment, water moves into the lungs by the process of osmaosis, resulting in increased
blood volume and dilution; this causes haemolysis, and the body organs are damaged, thus, speeding
up the process of decomposition (Stuart & Ueland, 20tig)believed that when a body is submerged

in high-saline water, the process of osmosis occurs; there is a loss of water from cells and bacterial cells
in the body (Stuart & Ueland, 2017). This causes osmotic shealing to death or decelerating
bacterial cell gpwth (Davidsonret al, 2012). Also, the presence of salt can limit the solubility of oxygen

and enzyme activities in microbial cells, thus reducing the growth rate of the cells (Shelef & Seiter,
2005). The loss of water can also cause blood thickeningéfaation), which reduces the oxygen
conditions necessary for the growth of bacteria (Stuart & Ueland, 2017). All these processes tend to

preserve the submerged body and reducedemposition rate
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2.5.3Depth

The depth of the water in which a body is placed influences other factors that directly affect the
decomposition process (Reijnehal, 2018). It has been suggested that sunlight does not penetrate
beyond 2 metres deep in water (Heatbmal, 2010); theefore, as the depth increases, the temperature
reduces, thus slowing down the process of decomposition. At depths greater than 200 metres, the body
becomes predominantly scavenged rather than decomposed due to the presence of aquatic invertebrates
and annals at greater depths (Anderson & Bell, 2017; Anderson & Hobischak, 2004). In deep water
(approximately > 61 m), submerged bodies do not bloat due to the increased pressure of the water
which reduces the gas volume in the soft tissues of the body;dfesrtfere is a lower chance of the

body floating to the surface (Teather, 2013).

During drowning, as a body goes deepéw thewater, there is an increaspbssure gradient between
the air in the lungs and the surrounding tissoesstespecially the pulmonary blood vess@eenink

& Wingelaar, 2021) This increased pressure gradient leads to the leatfabedy fluids from the
pulmonaryvessels into the lunggyis process is said to be one of the possitdehanisms in immersion
pulmanary oedema (Wilmshurst, 2019his pulmonary oedemaauses damagend injuriesto the
lungs and the surrounding vessdlais, speeding up the process of decomposition (Stuart & Ueland,
2017).

2.5.4Water Flow

Factors like water current, turbulence and tias affect the degree of water flow in aquatic ecosystems
significantly affectthe decomposition ratéHaglund & Sorg, 2002)/Vatercurrent isthe movement of
waterin a specific direction caused bgveral forces acting upon the watbese factors inctlewind,

the volume of water flowing cabbelingstream gradientiverbed topographytemperaturecoriolis
effect and salinity differencéNational Geographic Society, 2Q2%ational Oceanic and Atmospheric
Administration, 2021Rahmstorf, 2003Water airrentdoes not directly affect the decomposition rate,
but it has a mechanical effect @abmergedodies the water current creates other occurrences that
directly affect the decomposition procé&aruso, 2016)A body deposited in watemay be dagged

for a distance, creatinglisarticulation and mark®r discolourationthat can be mistaken for
decomposition changes imjuries while a body that is immobile in water may be more preserved due
to less impact from other objectdymphrey<=et al, 201L3; Palmer, 2020Stuart & Ueland, 2017

The remains or clothing may get caughtransport vesselspcks,sea planbranches and other objects
in the watercreating abrasions and laceratidhatmay be difficult to distinguislaspostmortemor
antanortem trauma on tHeones andbody (O 6 Bm, 199, Stuart & Ueland, 2007 Theseoccurrences
lead to theexposure andamage of soft tissugsausingan acceleratedecompositiommate (Heatoret

al., 2010; Teather, 2013\Iso, the fast flow of water could lead to the removal of the products of
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decomposition from the surrounding environment of the body, thus affecting microbial activity
(Haglund & Sorg, 2002).

Fastmoving water bodies and areas with concentrated flowsidretty experience turbulencehich
may impactdecompositionHaglund & Sorg, 2002)There is limited literature ostudiesthat have
noticed the significance of turbulence and fast currentslecomposition chang@s some forensic
drowning casefHaefneret al, 2004; Heatomet al, 2010;Reijnenet al, 2018 van Daaleret al,, 2017.
TheHaefneret al (2004 study suggestetthatd e c omposi ti on was faster in
afaster flowthanin waterenvirorments with a slower flonHowever,decomposition changes in these
studiessuch as abrasion and disarticulation, likelate to differences in turbulencet thedifferences

in theflow rateof the water body (Palmer, 2028Yater flow without turbulencelso known ataminar
flow, will not have suctdecomposition changes the bodyLaminar flow is believed to primarily
impactdecomposition by washing away decomposition fluids and tissue as it break§3tcae &
Ueland, 201Y. The Palmer (2020) study demonstrated that the oigosition rate of rabbitslacedin
nonflowing water (@na) occurredat a significantly slower ratdanrabbits placed irilowing water
(river); this is probably because effect ofvater flowis skin sloughing anthedisarticulation obones
and musas.

2.5.5Aquatic Organisms

Like the terrestrial ecosystem, the presence of organisms in the aquatic environment will affect the
decomposition ratéMartlin et al, 2022) These organisms speed up deeomposition ratby feeding

on theexposedsoft tissues ofhe decomposing bodies, exposing the scavenged parts to other agents of
decomposition (Stuart & Ueland, 2017). Bacteria, protofomagi, and algae are microorganisms

involved in the microbial activities of the process of aquatic decomposition @taaig2016).

Insects and crustaceans are invertebrtascontribute to aquatic decomposition, while vertebrates
mainly includefishin the respective water environment (Anderson & Bell, 2017). The presence of these
organisms or their scavenging activities on decomposing bodies can als@lbetdetool in PMSI
estimation (Benbovet al, 2015; Ribéreaayonet al, 2018).As statecearlier, insects play crucial

roles in the decomposition process, but due to a body of water preventing the access of insects to a
submerged body, the influence of insects on the decomposition process is (¥daicgdt al., 2022)

Insects mainly gain aess to bodies undergoing aquatic decomposition during the bloat stage of
decomposition, in which the body resurfaces to the top of the vix¢erit & Wallace, 2A.0). In cases

where bodies are submerged in shallow water, ditchembamdl water, insectsancolonisethebodies

but only the exposed as.

In maritime environments wondde, shark trauma is common and results in several fataditivgally

(Stocket al, 2017) Examples of sharks that have been involved in different human cases of drownin

56



includethe grey reeghark Carcharhinus amblyrhynchpgiger shark{Galeocerdo cuvigrand white
shark (Carcharodon carcharigsdiscovered inHawaiian watergRibéreauGayonet al, 2018).A
smaller species of shark involved in shark trauma, thougghdecumented, is tleokiecutter shark
(Isistiusspp.),also foundin Hawaiian waterg§RibéreauGayonet al, 2016) The feeding patterns of
these sharks and tebark bitexanlead to the loss of body parts dmasten the decomposition process
while seawater can erodg evenconcealthe borders of the bitemarkRibéreauGayonet al, 2016
Stocket al,, 2017)

TheAnderson & Bel(2014; 2017) studieplaced pigs under surveillantetheSaanich InleandStrait

of Georgiain British Columba to investigate the nature of the marine decomposition process of these
pigs. Awide range of quatic organisms &asscavenging on the pigs at different study intesvale
organism spotted on the pigs inclubdeeeSpot ShrimgPandalusplatycero3, Squat_obster(Munida
guadrisping, Dungenessrab (Metacarcinusmagiste), amphipodgOrchomenellaobtusg, herring,
dodfish slendersole, Tannercrab(Chionectesanner), Arrow worms(Sagitta elegarjs SunflowerSea

star (Pycnopodiaheliarthoideg and Ruby octopus(Octopusrubescens Figure 237 below is an
example of squat lobsters feeding on one of the pigs in the Anderson & Bell (2014) study.

’

S & P 4

- i

Figure 2.37: Picture of a Squat lobster feeding on a pig underwa@nderson & Bell, 2014).
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TheRibéreauGayonet al (2016 study showed that cookiecuttdrarkbites on victims changed injury
patterns and made it difficult to reconstruct what happened gioiheof submersionFigure 238 is
an examplef the differentshapescolours,and sizes othe bite mark theookiecuttersharks left on
submerged bodiesBite marksmadeit challengingto differentiate between perimortem and post
mortem injuries than on fresher tissuéerebycomplicating thereconstructiorof the everis leading
to death and PMSI estimation (Best & Photopoulou, 2016RibéreauGayon et al, 201§. The

Selachimorphaspecis of sharks, glatheaeand crabs are other aquatic organisms that have been

documented to feed on human remains recovered from (#iaghamet al., 2017).

perer*t

e T 1

(a)-Cranium (b)-Femur

Figure 2.39: Examples of theGalatheaescavenging marks lefon bonegEllingham et al, 2017)
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Schuliaret al (2014) conductea study by carrying ow postmortem examination of 154ictims
recovered fronthe Atlantic Ocearafter theAir France disasterthey found signs of scavenging by
Galatheaeand amphipods Figure 239 above is an example of the pictorial representations of the
predation signs dbalathead¢eeding on the bones of victims recovered from the air cFagares 2.8i

2.41 areotherexanples of scavenging marks on bones by crabs and sharks.

Figure 2.40: Crab feeding on a bone (Ellingharet al, 2017).

Figure 2.41: Evidenceof predation byShark [Selachimorpha] (Ellinghamet al, 2017).
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2.5.6Body Coverings

The presence of body coversaffectsthe rate of aquatic decomposition (De Doenal., 2014; Notter

& Stuart, 2011). The rate of putrefaction is delayed ime#l-covered body because decomposition
agents such as insects and microorganisms have limited access to thendaitiye reduced level of
oxygen affects microbial activities (Pakosh & Rogers, 2009; Stuart & Ueland, Zidrdet al (2015

reported thatlipteran speciesolonization was delayeich pigs because of the presence of clothing.
Figure 2.2 shows examples of body parts that are preserved due to the presence of clothing on the
bodies prior to when the pictures were taken; the head and nechseithhe body that were exposed
exhibit extensive decomposition features such as bone exposure while the trunk regions of the body that

were covered with clothing materials look preserved.

Figure 2.42: Bodies exhibiting extensive decomposition in the cervi@phalic and mandible regions, but the trunk looks presery
due to theprior presence of clothing (Ellinghanet al, 2017).

In contrastMatuszewskeiet al (2014 argue thathe presence of clothingn a decomposing bodhas

a negligible effecon the decompositiorate,but the mass of the body has a more significant effect on
the decomposition rate; smaller phgsd a faster active decay rate while larggspiad a longer duration

of the active decay stage. Thatuszewskeet al. (2014 study suggests that putrefaction talesyer

to complete in larger carcass@$ie Vosset al. (2011 study revealed that colonisation by dipteran
larval masses lasted fol@ger duration on clothed pigs. The Vetsal (2011) study also suggested

that clothed pigs have longer wet decay stages; hence insects that thrive in wet conditions will be
attracted to these clothed pig&elly et al, 2009)

The presence of body cerings slows down the cooling of a body by keeping it warm and humid; this

condition is essential for insect diversity, feeding, abundance and protection from predators and
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unfavourable environmental conditionSampobasset al, 2001 Mashalyet al, 2019).However,

some researchers contend that clothing is only marginally significant for insect succession on carrion
(Matuszewskiet al, 2016). Also, the types of coverings on the body have differing effects on the
decomposition proces3hick covermngs can insulate a body from the environment and speed up the
formation of adipocere on the body (Notter & Stuart, 2011; Vij, 2014). Natural fibre coverings are more
waterabsorbent than synthetic fibre coverings; therefore, they accelerate the fornfiatipozere

(Notter & Stuart, 2011)

The effect ottlothing onthedecomposition rate was accounted for in the nomogram method developed
by Henssge (1988) [See Section 2&.Henssge (1988) formulated constants referred to as corrective
factors. Theseorrective factors consider if a body is naked or clothed (thin or thick layers), still or
moving, and submergd&igure 2.B). The corrective factor is multiplied by the body weight to obtain

a corrected weighised in estimatinthe time since death.

Tale 25 is a summarghowing factors that accelerated retard aguatidecompsition

Table2.5: Summary of conditions that affect the decomposition rate.

Speed Up Slow Down

Factors Process Factors Process

Temperaturg The higher the temperature, the faster | Temperaturg Low temperatures reduce or inhibit th¢

chemical, enzymatic and biological reactions needed for decomposition a
reactions during decompaosition. reduce the survival of inseeggs

Current | Fastflowing water can lead to Salinity Higher salinity concentratns reduce
disarticulation and the dragging of a bo bacterial activitythereby slowing down
against submerged objegtshese the decompositiorprocess.

damageso the body speed up

decomposition

Organisms | Aquatic organisms feed on submerged Depth There is no sunlight penetration at
bodies thus exposing soft tissues. Thes deeper depthgnd temperaturievels
speed uphe decomposition of the body. are reduced. Thiew temperatureslows

downthe decompositiorprocess.

Clothing | Clothing can prevent insect colonisati(

of a body; it can also keep the body

warm and preserved
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2.6 Water Profile of Water Bodies in the UK.

This chapter of the PhD research has focused on related subjects on aquatic decomposition extensively;
the process of drowning, stages and description of aquatic decomposition and the water conditions that
affect the decomposition rate. This PhD researels wonducted in the U.K,, it is reasonable to

understand the water profile of water bodies in the U.K. before the results of this research are produced.

Understanding the water profile of water bodies in the U.K. helgzrdwide further context and

justification forthe study and tsee if the results of this research can be comparable witfifeeal
scenarios that occur in the U.K. Table 2.6 below shows the breakdown of the water profile of seas and

rivers in the U.K. These data were collated from vargiudies such aBanks & Boycg2023, Dye et
al. (2020),Findlayet al (2022),Jianget al (2022)andJonkers & Sharkeg2016)

Table2.6: Water profile of ®as and rivers in the U.K.

Water Conditions Water Body
Sea Rivers
Salinity (ppt) 33i 35 ~1.0
pH 7.58.5 718.5
Conductivity mS/cm 3540 <1.0
Mean Annual T ¢ 61 20 10115
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3 PMSI AND DECOMPOSITION SCORING SYSTEMS
3.1 Methods of Estimation of PMSI

As stated earlier, the interval between immersion/death and the recovery of human remains from a body
of water is known as Poestortem Submersion Interval (Humphrestsal, 2013). Different methods

have been adapted from techniques for estimatingrRosem intervalsin terrestrial environments to

aid in estimatingthe PMSI of bodies recovered from aquatic ecosystems (Radjnah 2018). The

most frequently used PMSI estimation strategy is to count the days between when the victim was last
known to bealive andwhenthe body was recovered (Hobischak & Anderson, 1999). This approach
will only be valid in water death cases with a known timeliehppearance or the time the drowning
occurred and a known time of recovéAnderson, 2008). Multiple estimatianethods have also been
developed for casesherethe time of death or immersion usiknown,but aproblem encountered in

these methods the variability of environmental conditiorerosswater bodies (Humphreyt al,

2013)

3.1.1Weighing Decomposition

In developing PMSI estimation methodsspstudieshave weighed human analogue carrions before
and after submersioto determinethe amount ofdecompositionthat has occurregAnderson &
Hobischak2004; Humphreyst al,, 2013;Zimmerman & Wallace, 2008The Zimmerman & Wallace
(2008) stug investigatedlecomposition rate as a function of weight liosstillborn piglets submerged

in a pond for fifteen days by weighing the piglets on the sampling ddngr. study indicateda
statistically significantly greater weightoss in thepiglets during the early floatingstageand the
advanced floating decay stagé decomposition.This method had limitations becays® avoid
contaminationit requiral the researcher either startthe experiment ith many submergesamples
andremove one at each samplingervalor by surfacing a subjeatyeighingit, andthen resubmerging

it (Celata, 2015Humphreyset al, 2013) Another limitation is thatwater absorptiorand bloating
contribute tathe mass inceaseandthis increase in mass is contrary to the amount of decomposition

that has occurred in terms of weight loss (Humphetyd, 2013)

3.1.2Microbial Community Assembly (MCA)

Microorganisms have shown the potenfial successional colonisation of submerged remains; the
microorganisms include bacteria, algae, protozoa, and fungi (Davis & Goff, 2000gtahg2016;
Zimmerman & Wallace, 2008). Numerous studies have beemdanit to investigate the use of these
microorganisms in estimating PMSI, and they have shown promising forensic value (BenaiQw
2015; Casamatta & Verb, 2000; Haefeéeal, 2004; Heet al,, 2019).

Dicksonet al (2011) conducted a study to investig marine bacterial succession; they found that
bacterial families such adFirmicutes -Proteobacteria Actinobacteria Fusobacteria and

Bacteroidetesolonised the submerged remains in succesBimksonet al. (2011)also suggested that
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if microbes a@ to be exploited for forensic reasons, @asimicrobial community successiornadtterns

in different seasons should be consideieinbowet al (2015) conducted a studynia freshwater
streamduring the summer and found thRtoteobacteria predominatedrly in the decomposition
process, but Firmicutdsecame the dominanbmmunities after 21 days

MCA profiles and variabilityn these studies may have crucial forensic cortetietter understanding
the PMSI estimationof drownedbodes andprovide additional compellingiological evidence that
microbial profilesaredistinctamong weeks and community changesconsistent amongeplicate

carcassefKaszubinskiet al., 2020)

3.1.3Entomological Methods

Entomological approaches have been prop@segotential determinants of PMSI estimation; this
involves the successional colonisation of submerged remains by insects or invertebrate®{l&kjper
1997; Merritt & Wallace, 2010; Walla@ al, 2008). Keipeet al. (1997) suggested thidte colonsing

Midge larvae (Diptera: Chironomidaean be a forensic tool fastimatingthe PMSI of carcasses in
woodland streams. Hobischak & Anderson (2002) also proposed that in pond and stream habitats, the
successional colonisation by species like caddifflgwilies, carrion beetlesS{iphidag, nymphal
mayflies and stoneflies can be used as PMSI determind@dsnaclesare another example of
invertebrates used as entomological evidence in PMSI estimation. In a case reporetMbag?015)
estimated th®MSI of a discovered floating body to be 65 days by evaluating the presence of barnacles
Lepas anatiferd.. (Crustacea: Cirripedia: Peduncula}attached to the garments on the body (Figure
3.1).

Figure 3.1: Photograph of Barnacles attached to the shoe and garment on a recovered body (Maghi2015).
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3.1.4Decomposition Scoring Systems

Lastly, another standard PMSI estimation method involves the use of Decomposition SEM$s
(DSS) thatvisually measure the extent of decompositinrm body; tleseDSS scores are then used in
combination with the ADD of the recovered bodies to estimate the PMSI of the body (Reipien
2018). Further research is being conducted tiolatd and improve these methods of PMSI estimation.
Some of thestandarcaquatic DSS areomprised othe Total Aquatic Decomposition Score (TADS)
system observations in thédead and neclFacial Aquatic Decompositional Score [FADS]), trunks
(Body Aguatic Decompositional Score [BADS]) and limbs (Limb Aquatic Decompositional Score
[LADS]) of each body are noted, scored, and added to give a final TADS value.

The TADS value represents the extent of decomposition of the whole body (van Eaaler2017).

The most common DSS used for measuring the extent of decomposition in bodies recovered from water
were created by Heatast al (2010), van Daalent al (2017) and Reh (1967). The Decomposition
Scoring Systems (DSS) used for aquatic decompnsitie adaptations of the Megyesial. (2005)

Total Body Score (TBS) system that was developed for bodies undergoing terrestrial decomposition.
Like the TBS, these DSS assesses the sequential internal and external changes in the body's soft tissues

as deompoaosition processes progress (Hobischak & Anderson, 2002)

3.2 Megyesiet al (2005) TBS

3.2.1Description

Accurately estimating the PMbk essentialin reconstructing the even@round death, excluding
suspectsand identifying unknown human remairGeldermaret al., 2018. Various brensicfields
commonly applygross observations of tli'compositiorof soft tissues to estimatee PMlor PMSI

of a body becauseedomposition is a continuous proc#sat can be quantified and split into stages in
relation to tine and temperatur@Geldermaret al, 2018;Myburghet al, 2013 Parks, 2010)

To quantify the decomposition process, Megyatsal. (2005)developed a visual and quantitative
scoring systernthat assessed the physical changes obsamtbdhead/neck, trunk and limbs obady

and related therto ADD in terms of the temperature of the body or environni&able3.1). These
physical changes observed using the TBS systemmedédied into differentstageghat are predicted

to be frequenthsequential these stages includieesh, early decomposition, advanced decomposition,

andskeletonization.

Photographsf 68 human remainsere assessed and scousthg the TBS systenthis scoring system
assessed changes ranging from a fresh appearanskel&etonization which denotes complete
decompositionit also assessed discolouration changes of the skin, skin sloughing off and disaxgiculati

body parts.
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Table 3.1: Descriptive stages of decompositioor the TBS system (Megyest al, 2005).

A Categories and stages of decomposition for the head and neck.
A. Fresh
(1pt) | 1. Fresh, no discoloration

B. Early decomposition

(2pts) | 1. Pinkwhite appearance with skin slippage and some hair loss.

(3pts) | 2. Gray to green discoloration: some flesh still relatively fresh.

(4pts) | 3. Discoloration and/or brownish shades particularly at ediggsg of nose, ears and lips.

(5pts) | 4. Purging of decomposition fluids out of eyes, ears, mosath, some loating of neck and face may be preser

(6pts) | 5. Brown to black discoloration of flesh.

C. Advanced decomposition

(7pts) | 1. Caving in of the flesh and tissues of eyes and throat.

(8pts) | 2. Moist decomposition with bone exposure less than onéhzaldf the area being scored.

(9pts) | 3. Mummification with bone exposuless than one half that of the area being scored.

D. Skeletonization

(10pts)| 1. Bone exposure of more than half of the area being sustiegreasy substances and decomposedeiss

(11pts) | (11pts) 2. Bone exposure of more than half the area being scoredksiticated or mummified tissue.

(12pts) | (12pts) 3. Bones largely dry, but retaining some grease.
(13pts) | (13pts) 4. Dry bone.

B Categories and stages decomposition for the trunk.
A. Fresh

(1pt) | 1. Fresh, no discoloration.

B. Early decomposition

(2pts) | 1. Pinkwhite appearance with skin slippage and marliregent.

(3pts). | 2. Gray to green discoloration: some flesh relatively fresh

(4pts) | 3. Bloating with green discoloration and purgingdeicompositional fluids.

(5pts) | 4. Postbloating following release of the abdominal gases,digitioloration changing from green to black.

C. Advanced decomposition

(6pts) | 1. Decomposition of tissue prodng sagging of flesh; cavinig of the abdominal cavity.

(7pts) | 2. Moist decomposition with bone exposure less tharhati¢hat of the area being scored

(8pts) | 3. Mummification with bone exposure of less than one thalf of the area beirggored.

D. Skeletonization

(9pts) | 1. Bones with decomposed tissue, sometimes with body tindgrease still present.

(10pts) | 2. Bones with desiccated or mummified tissue coveringthessone half of the area being scored.

(11pts)| 3. Bones largelgry, but retaining some grease.
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(12pts) | 4. Dry bone.

C Categories and stages of decomposition for the limbs.
A. Fresh

(1pt) | 1. Fresh, no discoloration

B. Early decomposition

(2pts) | 1. Pinkwhite appearance with skin slippage of hands arfdéir

(3pts). | 2. Gray to green discoloration; marbling; some fleshrstiditively fresh.

(4pts) | 3. Discoloration and/or brownish shades particularly at ediygislg of fingers, toes, and other extremities.

(5pts) | 4. Brown to blacldiscoloration, skin having a leatheagpearance.

C. Advanced decomposition

(6pts) | 1. Moist decomposition with bone exposure less than onéhzaldf the area being scored.

(7pts) | 2. Mummification with bone exposure of less than onethalf ofthe area being scored.

D. Skeletonization

(8pts) | 1. Bone exposure over one half the area being scored,damomposed tissue and body fluids remaining.

(9pts) | 2. Bones largely dry, but retaining some grease.
(10pts) | 3. Dry bone.

To obtain a TBSor a body, the scores of the head, trunk and limbs were added together; for example

if a body 5 scored as follows: head and neckpoints trunk =5 points,andlimbs = 8 points then he
TBS would be3 + 5 + 8 = 16. Pictorial depictions of the TB&f 16 are illustrated in Figure 3.

Head=3; discolaration with the skin still fresh Trunk=5; bloating & black discolouration Limbs=8; bone exposure with some tissue lef

Figure 3.2: Pictorial depictions of a TBS of 16 (Pictures from Palazebal, 2021; van Daaleret al, 2017).
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Megyesiet al (2005) formulated a regression equation for the TBS sys#it@tncan be used to
extrapolatethe ADD of the body with a standard err@ihe TBS is substituted into the regression
equation formulated to calculate the ADIhe regression equation formulated by Meggesil. (2005)

is displayed below:

Log:10ADD = 0.002 (TBS*TBS) + 181 + 38816
This can be further expressed as:
ADD = 1(0002TBSTBS+181) + 38816
Using the example of a body with a TBS of e ADD will be calculated as:
ADD = 1(000216:16+181) + 38816
ADD = 100512181 + 38816
ADD = 10?322 + 38816
ADD = 209.89+ 38816

The PMI istheninferred by retrospectively adding up the average daily temperaturesvinemthe
body was found until the extrapolated ADD is reached

3.2.2Limitations

Although the TBS system is one of the fundamentahtjizdive methods used in PMI estimation, it has

flaws and limitationsThe TBS systenwas created using8 human remains. Theusly's sample size

was small, which could decrease the study's confidence level, reliability, and statisticalapdwer
increaseghe margin of error and bias in the study (Faber & Fonseca, 204gue t er ms such &
exposure of more than has$odmefft daeh aramimaviheghe ey ek p
various skin colour changes listed in descriptions ofelsesring systems, add to the subjectivity and
inconsistency of these D§Geldermaret al, 2018 Nawrockaet al., 2016)

In addition, photographs of the human remains were used and not the actual bodies)Entaat
decomposition changes might have been missed out in the pjcilnel might have affected the
descriptions of the DSShe human remains used in this stwdyre found in various locations that
might have affected the decomposition rates significantly. 11 out of the 68 remains were found indoors:
houseq3), apartment$3), residential trailef2), condominium(1), cabin(1), andabandoned building

(1). The renaining 57 cases were found outdodialqs, ditchesandwoodg exposed to sunlight in a

variety of waysfull sun(13), shaded areg45), and a mix of sun and sha(i9).

Using the example above of a body with a TBS of 16, the calculated ADR2G09a89+ 388.16 This

answer indicates that the lower confidence interval of the ADD is a negative 289891 288.16 =
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1178.27 this negative ADD makes it impossible to estimate PN®iffatt et al (2016) reviewed the
Megyesiet al (2005) TBS study and fonula, pinpointed some flawsind developean improved
equation for TBS and ADDI he first flawMoffatt et al (2016) highlighted in the TBS system was that
the ADD, which is arindependen{explanatory)variable was switched t@a dependen{response)
variable the formulapredictedADD from TBS

The second flaw involved rounding tipe regression slope valu®.002) from the formula to one
significant number; this overestimates the ADD by%5Moffatt et al (2016) excluded indoor cases,
cases with an ADD above 3000, and cases with their PMI estimated theotaghologicaimethods
from the Megyeset al. (2005) TBS study and were left with 15 cases out of 68. ThesasEs were
used to develop a@rdinary LeastSquaregOLS) linearregresion modelthat had a better line of fit
(r? = 0.97) and narrower confidence interval when compared to the Meglaki(2005) modelr¢ =
0.84). The modeMoffatt et al (2016) created is shown below:

TBSsuri= (125 x LogoADD T 212f62°

Smith et al (2022) reviewed the Moffa#t al. (2016) article that highlighted the flaws of the TBS
system. Their study found that the Moffatt al (2016) approach had some flawsreduced the
Megyesiet al (2005) TBS study sample size from 68 to 15, makmgADD calculation more
challenging and the TBS system less useful or applicable in practical applic&tiutiset al (2022)
suggested an ADD estimation interval model using the formula below:

ADD 95% P| = 1(J0-00155xTBSXTBS) +1.8§ 1 (j:2.00x 0.201

The Smithet al (2022) model eliminates the estimation of uncertainty error and is a simpler model that
can be applied to practical cases when compared to the Meiffdt(2016) and Megyesit al (2005)

models.
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3.3 Heatonet al (2010) DSS

3.3.1Description

Heaton DSS was derived from a studyl®&T human remains recovered from freshwater indti€. It
assesses the extent of decomposition by scoring decomposition chbegesdin the face head,
neck trunk, and limbs(Table 3.2). For PMSI estimationthe DSS usesa regression equation that
extrapolate the ADD from theTADS calculated when assessing the extent of decomposition in the
body. The PMSI is inferred by retrospectively adding up the average daily temperaturedé&otine

body was found until the extrapolated ADD is reached (Hesttah, 2010).

Table 3.2: Descriptive stages of decomposition for the Heatdral (2010) DSS.

Descriptive stages fatecomposition observed in the face athd assigned facial aquatic decompositional score (FADS

FADS Description

1 No visible changes.

2 Slight pink discoloration, darkened lips, goose pimpling.

3 Reddening of face and neck, marbling visible fane. Possible ar | 'y si gns of armni

concentrated on thears, nose, and lips.
Bloating of the face, green discoloration, skin beginning/dagh off.
Head hair beginning to slough &fimostly at the front. Braisoftening and bexning liquefied. Tissue becomir
exposedofi ace and neck. Green U black discoloration
6 Bone becoming exposé&dconcentrated over the orbital, frontahd parietal regions. Some on the mandible
maxilla. Earlyadipocere formation.
7 More extensive sietonization on the cranium. Disarticulationtloé mandible.

8 Complete disarticulation of the skull from torso. Extensid@ocere formation.

Descriptive stages for decomposition observed on the torso and the assigned body dquaatigositional score (BADS).

BADS Description

1 No visible changes.

2 Slight pink discoloration, goose pimpling.

3 Yell ow u green discoloraMaohl!l ioffg.abdotmennalndomg
autolysis.

4 Dark green discoloration of abdomen, mild bloatingabtiomen, initial skin slippage.

Green u purpl e di sc o bleatingttense to touch, swoken scriotunein rakes exposul
underlying fat and tissues.

Black discoloration, bloatm becoming softer, initial exposuoé internal organs and bones.

Further loss of tissues and organs, more bone exposed,adipaicere formation.

8 Complete skeletonization and disarticulation.

70



Descriptive stages for decompositiobserved in the limbs and the assigned limb aquatic decompositional score (LAD

LADS Description

1 No visible changes.
Mild wrinkling of ski ngoosepirhpinpds and u or feet.
Skin on pal ms of h &dacaning whitegvrinkied,amd thiclehed. Slight pink Hissaorati
of armsand legs.

4 Skin on palms of hands and loose.Marblisgof the Bmid@predommantly or
upper armand legs.

5 Skin on hands | wufgehetofdt agrted digp Wi aib Iga ceke nd it sodegsl. Initial:
skins|l i ppage on arms and u or | egs.

6 Degloving of B expadisg laage aeasiohdenyingf mascles and tendons. Patchy sloughin
skinonarmsand U or | egs.

7 Exposure of bones of handssnmand uvaroerasf eoeft .b ovhues ce

legs.
Bones of hands and 0 or feeppdrgamms ngn dexposed.rs al

Complete skeletonization and disarticulation of limbs.

Using theTable 3.2 a victim with darkened lipandreddening of the face and neck will get a FAD
score of 3, a BAD score of 5 when a purple disa@tion and extensivebdominal bloating is observed

in the trunk and a LAD score of 5 when the skin on the hahds/ green/blackliscolourationand

they start to slough affPictorial depictions of these FAD, BAD, and LAdgores are illustrated in
Figure 33. Thesescoredotal a TADS of 13. This TADS is then substituted into the regression equation
formulated by Heatost al (2010) to calculate the ADD:

TADS =-3.706 + 7.778 logADD
13 =-3.706 + 7.778 logADD

'
Therefore, ADD 0 TT 't

ADD = 140.6

The PMSI is inferred by retrospectively adding up the average daily temperaturesheonie body
was found until ADD of 140.6 is reached.
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(a) FADS = 3; reddening of the face and neck  (b) LADS =5; discolouredskin on handsloughs off

re

(c) BADS = 5; purple discolouration and abdominal bloating in the trunk
Figure 3.3: Pictorial depiction of a TAD score of 13 ctures fromCaruso, 2016; Palazzet al, 2021)

3.3.2Limitation s

Photographs of the human remains were used and not the actual bodies; some vital decomposition
changes might have been misgethe pictures, whichight have affected the descriptions of the DSS.

The bodies used in developing this DSS were recoveredith®miversMerseyandClyde there could

be a gap in knowledge on whether this scoring system will be suitable for bodies recovered from
seawater sourcebkleatonet al. (2010) suggested that this D&Sunsuitable for estimating PMSI for

cases wherthe presence of adipocere is fouaddcases wherthe ADD value isless tharl0.Vague

t er ms smild vrinklng of Rands or feét, moné bone exposd |, amatl arda of bone
exposed, al ong with the vari ous onsbkfithescaringlsystanr,add hange
to the subjectivityof thisDSS (Geldermaet al, 2018; Nawrockat al, 2016).
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3.4 van Daalenet al (2017)DSS

3.4.1Description

Thevan Daalen DSS wageatedfrom a studyon 38 human remains recoverém the North Sea
borders irtheNetherlandsLike the Heaton DSSt alsoassesses the extent of decomposition by scoring
decomposition changes observed in the face, head,tnack,and limbs Table3.3). A summation of

the FADS, BADS and LADS to give the TAD score is also conducted when using the van Daalen DSS
but the PMSI is predicted from the TADS using a prediction model and not the ADD.

Table3.3: Descrptive stages of decomposition for the van Daatdral (2017) DSS.

Facial Aquatic Decomposition Score

FADS Description
1 1.1 No visible changes
2 2.1 Marbling and/or

2.2 Skin slippage and/or
2.3 Hair sloughs off

3 3.1 Bloating of eyelids and/or
3.2 Bloating of lips
4 4.1 Gray, matte discoloration of the skin with a crumbly surface
5 5.1 Partial skeletonization
6 6.1 Complete skeletonization

Body Aquatic Decomposition Score

BADS Description
1 1.1 No visible changes
2 2.1 Marbling ofupper trunk and/or

2.2 Marbling of lower trunk and/or
2.2 Skin slippage and/or
2.3 Hair sloughs off

3 3.1 Bloating of abdomen and/or

3.2 Bloating of genitals

4 4.1 Gray, matte discoloration of the skin with a crumbly surface
5 5.1 Partial skeletonizatio
6 6.1 Complete skeletonization

Limbs Aquatic Decomposition Score

LADS Description
1 1.1 No visible changes
2 2.1 Wrinkling and/or white discoloration of the skin of haadd/or feet
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3 3.1 Marbling and/or

3.2 Skin slippage and/or
3.3 Hairsloughs off and/or
3.4 Degloving and/or

3.5 Absence of nails

4 4.1 Gray, matte discoloration of the skin with a crumbly surface
4.2 Partial and/or gross skeletonization of the distal part dintis (hands and/or feet

4.3 Partial skeletonization of timeore proximal parts of the limidgarms and/or legs)

5 5.1 Partial skeletonization

6.1 Complete skeletonization

3.4.2Limitations

The DSS was created using 38 human rem@imsstudy's sample size was small, which could decrease

the study'sonfidence level, reliability, and statistical povegrd increase the margin of error and bias

in the study(Faber & Fonseca, 2014 addition, photographs of the human remains were used and
not the actual bodies; some vital decomposition changes nagatiieen missdd the pictures, which

might have affected the descriptions of the D& remains used were recovered from the North Sea;
there could be a gap in knowledge on whether this scoring system will be suitable for bodies recovered

from freshwagr sources.

Somefundamentablecomposition changes were missed in the descriptions of this DSS; for example,

the DSS aly considered grey and whiskin discolouration changes with no mention of the colour
changes expected in livor mortis, marbling, andrgfaction. There was als@ rmention ofother
decomposition changes or features sucladipocere formatignanimal activity or predationthe
disarticulation of body part&ndthe initial exposure of soft tissues, organs, and bdorague terms
suchafigr ey, matte discolouration of the skin with
listed in descriptions of this scoring system add to the subjectivity and inconsistency of this DSS
(Geldermaret al, 2018 Nawrockaet al., 2016)
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3.5RehDSS

3.5.1Description

In the 1960s, a German forensic pathologistateda table(Figure 34) for PMSI estimation by
consideringactual water temperature athge external or interngdhysical changes ibodies immersed

in water(Rehet al, 1977) The Reh DSSvas derived from a study &¥Y7human remains recovered

from the Rhine and Rhine harbgouunning waters, lakes, and pooisGermany (Madea, 2015)here

are similarities between the Reh DSS and the other two DSS; the Reh DSS also quimgsitsisigns

of decompositioron a body. In contrast, the Reh DSS does not consider decomposition scores or ADD
but considershe average water temperatures for each mamt thewater temperaturétaken at
approximately0.5' 1 mbelow the water surfagef the placeand time of recovery

Month Jan, Feb.  March April May June July Aug. Sept. Oct. Nov. Dec
Median water temperature
(C) of the month according
@ to measurements of Reh 3.5° 39 58" 99 13.0° 174° 186° 186° 173° 132° 88 4AF
Signs of putrefaction

1. Marbling 2 25 16(23) 9-10 45 2 1-2 2 3 4-5 10 17
2. Distension of tissues by gas L R 16(23) 10 45 23 2 3 -4 7 10 7
3. Discolouration of the body I B 6(23) (4 45 2 2 3 4 7 10 7
4. Peeling of the epidermis I B 16(23) (6) 45 3 2 3 4 7 10 7
5. Hairloss 35 25 6@} w12 45 23 23 3 7 10 17
6.  Hands: beginning of wrinkling (1) (/2830  (12h) (6h) 2h Zh )]
7. Nails become loose =35 (40)30-32 B 16 5 -3 3 3 41 7 28
B.  Peeling of skin in glove form 35 (45) B 16 10 3 3 34 4 7 20 28
9. Nailloss =53 45 0(40) A 4 8 3 4 10 =1 20 =35
10.  Feet: beginning of wrinkling (1) (1) (zh) (1) (6h) 1:h 2h Zh (1)
1. Nails become loose =53 40 26035 T 10 5 3 4 8 12 17 28
12.  Peeling of skin =53 60 35 16 10 5 3 5-6 89 =N(4) 20 28
3. Nailloss =53 =60 53 >3 =28 =10 3 =10 =0 =1 =20 =35
14, Transudate in pleural cavities' 35 25(40) 18(35) 10 5 34 3 3 n 5 =20
5. Heart without blood =39 32-34(40) B 1415 9 4 3 3 5 1 20 28
16.  Brain liquefied 35 30(40) (23) 4- 5 -4 3 3 il 10 17 28

" Minimunm time of immersion in days; maximum time in days shown in parentheses.
172500 ml in adults.

Figure 3.4: Decomposition changes and estimated monthly PMSI figures for the Reh DSS (Madea, 2015).

Unlike the Heaton and van Daalen DSS, the estimated PMSI of a body usiRghhBSS is not
extrapolated from an equation. StiNesy sign ofdecompositionis correlated with a minimum time in
which thissigncan developWhen estimating PMSI, the more the putrefaction signs are considered,
the more reliable the Reh DSS becomimdea, 2015)The duration of immersioffior the last
decomposition change is consideted minimumPMSI, while the maximunPMSI can be estimated

by consideringhe putrefaction changdhat have not yetccurred in the bodyor estimating the
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minimumPMS, the averageemperature closest to the actual water temperature@aitit®f recovery

is consideregdnot the water temperature of the mo(Reh, 1969)Using the Reh table in Figuf4

for PMSI estimation, a body found in July exhibiting marbling, degloving and nail loss; the minimum

PMSI is estimated to be three days.

3.5.2Limitation s

Due to climate changes in the last 40 years, there has been an increase in the water temperature of the

river Rhine; therefore, farases with watdemperaturesver 20

there i s a

of the Reh tabléMadea & Doberentz, 20)0Further studies are required to investightecorrelation

betweerthese highetemperatureandthedecamposition rat€Doberentz & Madea, 2010n addition,

vaguephrases uc h as

fidi s dodpo thetedcriptions ofattis sdoiting systeare not

specific for the colour changes expected in a body at different stages of decomposition; dhxce it
to the subjectivity of this DSS (Geldermenal., 2018; Nawrockat al, 2016).

3.6 Heatonvsvan Daalen DSS

Both scoring systems have similar scoring descriptions; these descriptions include skin discolouration,

marbling, bloating, skin slippage, haloggh off andskeletonizationThe differences between both

systems are listed in Talied.

Table 3.4: Differences between the Heatast al (2010) & van Daaleret al (2017) DSS.

Heatonet al (2010)

van Daalenet al (2017)

A minimum TAD score of 3 and a maximum of 25.

A minimum TAD score of 3 and a maximum
18.

FADS and BADS have a maximum score ofwhile

LADS has a maximum of 9.

FADS, BADS and LADS all have a maximu

score of 6.

It puts morecolours into consideration when referring
discolouration. The colours include pink, yellow, r¢

black, greenwhite, and purple.

Only considered grey and white colours.

It includes the presence of adipocere on bodies.

No mention of adipocerf®rmation.

There is mentiof the possibility of animal activity o

predation on the face.

Animal activity or predation is not noted.

The disarticulation of body parts akeletonization

occurs ismentioned

No mention othedisarticulation of body p#s.

The initial exposure of soft tissues, organs and bon

mentioned

No mention of the initial exposure of soft tissu

organsand bones.

No mention of the absence of nails.

The dsence of nails is mentioned.
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3.7 Limitations of Scoring Systemsin General

Although these DSS and TBS systems have been validated over the years and passed as reliable, they
have a few limitations (Dabbst al, 2016).In some cases, a cadaver could exhibit features
representative of more than one stage, eafpgeihen decomposition is advanc¢eldis could lead to

lesser accuracy of the scores given when using the scoring syskanwreckaet al., 2016) Also, when

scoring limbs, both pairs of the legs and arms could have different decomposition changegdeading
difficultiesin assigning a score; it has been suggested that each limb is, scwl@dh average score of

the four limbs is calculated as the final sc@eabbset al., 2016).The scoring systems are visual charts
assessing physical changes observedbadies therefore, they are subjective and depend on the
observerés percept iheaw.magda acividy, t dipmas t s a¢ h ske|l @t on |
exposandie o me f | esh r a@dnqawith thevdrigusskimr omleuh ¢hanges listeid
descriptions of these scoring systemasld to the subjectivity and inconsistency of these DSS
(Geldermaret al, 2018 Nawrockaet al., 2016)

77



4 SKIN COLOUR AND DECOMPOSITION

Human skin colouis an external feature thathighly significantin medical,anthropologicalgenetic,
andforensicscience field§Walshet al, 2017) In forensic science, skin tone or col@asessmeris
essential imecreating the events that lead to the death of a viatigestimaton of wounds,scas, and
bruises,forensic DNA phenotypingPMSI estimatioranddecompositiorchangesChenet al, 2021
Hayman & Oxenham, 201 6leatoret al., 2010;Scafideet al, 2013 van Daaleret al,, 2017) The vital
roles of skin colour and tone decompositiorand PMSI estimation will be further highlighted in this

chapter and other parts of this thesis.

4.1 Physical Structure of the Skin

The skin is the largestumanorgan representing approximately #0of the body mass for adultaith

a surface area range 2if25 n¥; it is the outermosphysicalinterfacebetween the body and isternal
environmentacting ashe first line of defence, controlling what ersand leavethe body(Boxberger
etal, 2021 Gallo, 2017 Ng & Lau, 20195. Theskin is compised ofacomplex nexusf cells microbes

and matrix elements providingarying functions such as the protection of the body against infectious
agents or UV radiatiorsensation and synthesis of vitamin thermoregulationand prevention of
dehydrationLima & Reis, 2018; Prausnitt al, 2012). The skin consists of thneemarylayers the
hypodermis, dermis, and epiderr(isgure 4.1)
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(a) Hair shaft

Stratum cornoum (10—20 jum)
Epidormiz Viablo epldermis (50-100 pum)
Arroctor pill muscle
Norve
Sebaceous gland
Dormis )
(1-2 mm) Halir follicle

Hair follicle receptor
Sebaceous fat

Hypodormis

(varlable thicknoss)

Blood vesesels

(b) Swoat glond
Loycer Structure Cell types Extracellolor matrix
compononty
Hypodermis Blood veswscls, nerves, hair follicles Adipocytes, Nibroblasty, endothelial Elaxtin, type I collagen

cells, muxcle colls

Dermls Blood veowcelu, nerven, Fibrablasty, endothelial cells, Elautin, protooghcune, type |,

mechanorecoptoni, appendages Longorhans cells, muscle cellu I'V and V11 collayon
Epldermis Stratified keratinized epithelium Kermtinocytes, melnnocytes, Merkel  Kerotin, type I'Vaod VII collagen

cells, Longerhons cells

Figure 4.1 Skin Structure. (a) Schematic representation (Gharacteristics of the skin layer@oniz et al., 2020)
The hypodermis,the innermost layeralso called the subcutaneous layansists ofadiposecells,
lymphatic and blood vessattacedbelow the dermis and between the skinisclesand bonesbut he
thickness of this layatiffers overvariousbodyparts(Joodaki & Panzer, 2018Jhislayer can be absent
in some thin skirlike the eyelid(Moniz et al, 2020) The hypodermisidsinsulation, mechanical
integrity and supportandconductance of the vascular and neural signals of theaskirconstitutes
about 106 of the body masgAlkilani et al, 2015;Joodaki & Panzer, 2018ig & Lau, 2019. Other
suggestion state thathe hypodermids a connective tissuandis not strictly dayer of the skin(Betts
et al, 2013).

The dermis is moderately densetegratedibrouslayercomprised otollagen elastin reticulin fibres
and a matrix obweat glanddhair follicles,sebaceous glands, sensory nerve endimaks, lymphatic
vesselsmacrophagesermal dendritic celldblood capillariesfibroblasts, and mast cel{doodaki &
Panzer, 2018Moniz et al, 202Q. The components of this layer have numerous functions slsirgy
a thermal barrier, protection from physical injummergy storageproviding flexibility, elasticity,
tensile strengthvariousmechanicabehavious of the skin at small stresses strainsandthe recoiling
mechanism after deformatid¢doodaki & Panzer, 2018; Lauregital, 2007 Lima & Reis, 2018Moniz
et al, 2020Q.

The epidermis is the outermost layer of the skin, approximatelyt 5 mm in thickness, and acts as

the barrier between the human body and the external enviroriieandc, 2018) It is a stratified
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keratinised epitheliunof four sublayers stratum spinosum, stratum basale, stratum granulosum, and
stratum corneurtMoniz et al., 202Q Rogeret al, 2019. Thestratum basalef theepidermiscomprises
various cells: kratirocytes corneocytesmelanocytes, Merkel, and Langerhans cells (Figure 4.1Db); it
is one celthick, and the melanocytes form abou®40f the cells present in thetratum basal@/enus

et al, 2010) The melanocytes plagssentiakoles indeterminingskin colour(Jothishankar & Stein,

2019) and these roles will be discussed further in the next section.

In the stratum spinosuprkeratinocytesoriginating from thestratum basaleform a layer attached by
desmosomes t hese formptihekIfesspdoi nel s eorrv e dAgaoval e r a
Krishnamurthy 2022). The stratum granulosuncompriseskeratinocytescontaining dense, ovoid
shaped, lipierich keratohyalingranules that release lipids into the intercellular parts of the skin layers,
aidbarrier function and cohesion within the outer stratum corneum(egauset al., 2010) The three
inner | ayers of the epi,dvkhichistossidérably hydrophile (Forseer a b | e
al., 2009).

There is a fifth sulbayer of the efglermis known aghe stratum lucidupmainly referred to as a lower

part of thestratum corneurnit is found in the sole of the foot or the palms of the rardiaccounts for

the thickness of these body pamtéofiz et al, 2020Q. The stratuncorneumis the outermost layer of

the epidermis comprised of about 20 layerdeddanucleate keratinocyté&mown ascorneocytesit is

the protective layer of the skin that regulates water loss and prevents oxidative and mechanical stress
(Moniz et al, 2020 Ng & Lau, 2015;Venuset al, 201Q. The stratum corneum contains%a@vater

and is lipophilic in contrast to the viable epiderigisrsteret al, 2009).Figure 4.2 below is a picture

of the layers and components of the skin and their respectivigoiusc

80



Figure 4.2: Schematic view ofhe crosssection of the skin layersvMenuset al, 2010.

4.2 Skin Colour and Tone

4.2.1Determinants of Skin Colour

Different factors influence kin colour in humans genetics,melanosomge melanin content, UV
exposure, anthe presence @fdditional chromophorgypesin the skin(Taylor, 2002) Thedifferences
in the combination of four chromophoreselanin,haemoglobincarotenoidsand oxyhaemoglobin,

impact theperception ohumanskin colour(Jothishankar & Stein, 2019yhe combinatiorof thefour
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