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ABSTRACT

The estimation of Post-Mortem Interval (PMI) remains a global challenge, but the estimation of Post-Mortem
Submersion Interval (PMSI) in cases of drowning or those submerged from aquatic ecosystems is still particu-
larly difficult. Decomposition Scoring Systems (DSS) are currently used to estimate PMSI for drowning cases. The
most used DSS methods include the Heaton et al. (2010), van Daalen et al. (2017) and Reh (1967), which have
been developed in temperate climates with predominantly lighter skin-toned populations. This posed the
question, ‘Are these DSS useful for drowning cases involving individuals with darker skin tone?” We aimed to
validate whether current DSS are applicable to forensic cases involving individuals with darker skin tones who
were recovered from water. Accurate estimates of the PMSI were assessed using the Heaton, van Daalen and Reh
DSS to measure decomposition visible in photographs of 73 cases of bodies recovered from water compared with
the stated PMSI in their case notes from the Netherlands, United Kingdom, and South Africa. The results showed
that discolouration changes in skin can be misleading when using the current DSS for individuals with darker
skin tone, and these DSS are erroneous for estimating the PMSI of individuals with darker or lighter skin tones in
an advanced decomposition stage or those recovered in cold months. Therefore, current DSS are only applicable
to cases with comparable climates and aquatic environments, but also to individuals with lighter skin tones. To
improve the PMSI estimation, recommendations are provided to apply the current DSS to individuals with darker
skin tones. Additionally, global studies are required to improve the suitability of current DSS to assess decom-
position and estimate PMSI for individuals with darker skin tones.

1. Introduction

on estimation of the postmortem submersion interval (PMSI), or how
long the body has been submerged [1,2]. There are a few usable

Accurately estimating the postmortem interval (PMI) is important for
medico-legal death investigations as it is often fundamental to deter-
mining the sequence of events leading to the death of the individual and
can aid in the determination of the nature of the death [1,2]. Decom-
position scoring methods in the early postmortem interval rely on
assessing changes in skin texture and colour [2,3]. In aquatic environ-
ments, when bodies have been partially or fully submerged in water,
there are additional challenges of the effect of water saturation on the
body [2,3]. Estimating time since death in these environments is based

methods, the most used of which are visual decomposition scoring sys-
tems, which include the Heaton et al. [4], van Daalen et al. [5] and Reh
[6]. These were created in Europe and North America, regions with
temperate climates and predominantly lighter skin toned populations.
While these methods rely on skin colour changes, there is no mention of
the ancestral affiliation, amount of skin pigmentation, or baseline skin
tone of the individuals used [4-6]. The tone of human skin is correlated
with the type, size and quantity of melanocytes eumeleanin (black and
brown pigment) and phomeleanin (yellow and red pigment) cells
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located in the basal layer of the epidermis and occurs on a continuous
spectrum of human variation [7-9]. The diversity of human skin tone
has been underrepresented in the investigative methods and techniques
for many scientific fields, including the forensic sciences [10-12]. In this
study we have not measured skin pigment, thus, use the word “skin
tone” to refer to and represent the continuous spectrum of human
variation from lighter tones to darker tones. During decomposition, the
skin tone can appear lighter or darker due to the absence of blood
beneath the skin surface; this could lead to difficulty in assessing the
discolouration changes described in these DSS, and mistaking the orig-
inal skin colour could lead to incorrect assumptions being made about
the ancestral affiliation of the unknown individual, potentially delaying
identification [13,14]. Gelderman et al. [15] argue that it is challenging
to identify the presence of liver mortis in bodies with darker skin tones.
Our research question was ‘Are the current DSS methods accurate for
estimating PMSI in cases of decedents with darker skin tones from aquatic
environments in regions such as Africa, South Asia, the Caribbean, with
tropical climates?” We aimed to investigate the ease of scoring and
observing the descriptive changes listed in the DSS for the various body
regions and stages of decomposition, and validate whether the Heaton
et al. [4], van Daalen et al. [5] and Reh [6] DSS can achieve accurate
PMSI estimates for drowning cases involving individuals with different
skin tones.

2. Materials and methods
2.1. Collation of images and case notes

Hard copies and electronic copies of images, closed case files, au-
topsy files, and case notes of a total of 143 drowning cases concerning
bodies recovered from 2014 to 2022 were initially obtained from da-
tabases in the UK., Netherlands, and South Africa. The Netherlands
database used was the Maastricht University/Netherlands Forensic
Institute “Water Decomposition Atlas” (Duijst, 2023). The cases from
South Africa were obtained through a memorandum of understanding
and research collaboration agreement with the University of Cape Town
Division of Forensic Medicine and Toxicology; case note data was
retrieved from the “Office Autopsies database” (Ethics reference- HREC:
R036/2014), while the pictures for each case were retrieved from
electronic records stored on “Livelink (Open Text, Canada)”. Approval
for the inclusion of these cases in this study was granted by the Director
of the Forensic Pathology Services in the Western Cape, South Africa, as
well as the Directorate of Health Intelligence, Department of Health,
Western Cape Government. Ethical approval was obtained from the
University of Cape Town, Faculty of Health Sciences, Human Research
Ethics Committee (HREC: 416,/2022).

For the cases from the United Kingdom, permission was granted by
HM Coroner for Blackpool and Fylde to assess the extent of decompo-
sition visible in drowning cases. After searching, 32 cases (from 2015 to
2021) were selected from the Water Decomposition Atlas, while 89 cases
(from 2017 to 2021) were retrieved from the Office Autopsies database
and 22 cases (from 2014 to 2022) from the Blackpool and Fylde Coro-
ner's service.

2.2. Exclusion criteria
Cases were excluded when:

e The decedent was a child (below 18 years).

e The decedent was skeletonised with no trace of skin attached to the
body.

e The body was dismembered with missing limbs, head, or trunk.

e No images of the deceased were available, and descriptions of the
physical conditions or descriptions of decomposition changes of the
remains were missing.
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No images of one or more of the following: head, neck, limbs, and
trunk were available

No estimated PMSI for the decedent was available, or there was
uncertainty regarding the time of death, the date and time of the
body's entry and exit from the water.

The decedent had received medical intervention, such as resuscita-
tion; or the decedent was still alive after the body was retrieved from
the water, or the decedent died in the hospital (or ambulance) or at
the scene but not in the water.

e The forensic case was still active and under investigation, or the
decedent remained unidentified.

Table 1 details the number of cases selected from each source after
exclusion. Ethical approval was granted by the University of Central
Lancashire Research Ethics Committee (SCIENCE 0172).

2.3. Demographic data

The following variables were collected from each case file: age and
sex of the decedent, the date, location and type of water environment (e.
g. river, ocean, swimming pool, etc.) the decedent was recovered from,
as well as the estimated PMSL. If the following additional variables were
available, they were also collected: weight and height of the decedent,
body temperature at recovery, type of clothing or objects covering the
body, whether the body was found submerged or floating, water current
and pH of water, and cause of death.

Anonymous demographic data were collected from the information
provided with the case notes, including the age and biological sex of the
individuals. Biological sex was recorded as either male or female. The
age of the decedent was categorised in the following categories:
18-29 years old, 30-39 years old, 40-49 years old, 50-59 years old, and
over 60 years old, or unknown if the case notes did not specify or esti-
mate the age of the individual. In this study, the ages were categorised
into 10-year bands for clarity, consistency, and statistical usefulness.
These categories often correlate with major life stages such as early
adulthood and midlife, and these can help summarise trends of
drowning across these life stages.

As the ethnicities or ancestral affiliations of most of the cases were
not recorded in the case files, the authors decided to stratify the cases
based on the Massey-Martin skin tone guide [16]. The skin tone of the
least decomposed parts of the torso, hand and face of the bodies was
examined to give an estimated original skin tone score. However, it is
important to note that these are post-mortem scores and may not
represent the antemortem skin tone of the individual. Cases with a skin
tone score between 1 and 3 were categorised as “lighter”, while those
with a score between 4 and 10 were categorised as “darker”.

In addition, a categorisation of the water type where the body was
found was applied. This information was obtained from the case notes;
the type of water body from which each body had been retrieved was
stated in these case notes. Water types were categorised as natural or
artificial. Natural water types included: sea, river, canal, lake or brook,
and artificial water courses included: dam, bath, ditch.

Table 1
Breakdown of cases that met the study criteria.
Country Database No. of Year
Cases Period
Netherlands Water Decomposition Atlas 20 2015-2021
South Africa Office Autopsies database/ 44 2017-2021
Livelink
United Blackpool and Fylde Coroner's 9 2017-2022
Kingdom Service
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2.4. Temperature data

The retrospective daily ambient temperatures of the location of each
case were obtained from online sources such as the Global Historical
Weather and Climate and Weather Underground websites [17,18]. The
geographical location and date of the body retrieval were used to obtain
the average daily temperatures using these websites.

2.5. Measuring decomposition

The extent of decomposition of the bodies in the photographs, along
with the description of the physical conditions or decomposition
changes of the remains in the case notes, was visually assessed using the
Heaton, van Daalen and Reh DSS [4-6]. The Heaton DSS was derived
from a study on human remains recovered from freshwater in the United
Kingdom, while the van Daalen DSS was derived from the North Sea
borders in the Netherlands [4,5]. Both methods assess the extent of
decomposition through scoring changes observed in the face, head,
neck, trunk, and limbs of a body; the sum of the decomposition scores of
the body parts assessed is referred to as the Total Aquatic Decomposition
Score (TADS). Full descriptions associated with each score can be found
in [4,5].

The Reh DSS was derived from a study on human remains recovered
from the Rhine and Rhine harbour, running waters, lakes, and pools in
Germany [6]. The Reh DSS also considers physical signs of decomposi-
tion on a body, but does not consider decomposition scores or Accu-
mulated Degree Days (ADD). Instead, Reh created a table for PMSI
estimation by considering the month the body was discovered, the
actual water temperature and the external or internal physical changes
in the bodies immersed in water [6].

2.6. PMSI estimations

2.6.1. Heaton DSS

The TADS calculated when using the Heaton DSS were substituted
into the regression formula developed by Heaton et al. [4] to extrapolate
an ADD value:

TADS = —3.706 + 7.778 log19ADD.

To estimate the PMSI, the average daily ambient temperature values
obtained from the weather forecast websites were added retrospectively
and cumulatively from the day the body was discovered until the ADD
value was reached.

2.6.2. van Daalen DSS

The van Daalen et al. [5] method predicts the PMSI directly from the
TADS using a prediction model; however, the study did not provide the
prediction formula or equation. Hence, a conversion factor was needed
to convert the van Daalen scores to the 25-point scale used for the
Heaton scores (Heaton maximum score = 25, van Daalen maximum
score = 18). To do this conversion, each van Daalen score was divided by
0.72 (which is 18/25). For example, a van Daalen score of 18 was
divided by 0.72 to give 25, and a van Daalen score of 10 was divided by
0.72 to give 13.9 [or (10/18) x 25]. These converted values were then
substituted into the Heaton regression formula to extrapolate an ADD for
each case. The PMSI of each case was estimated by cumulatively adding
the average daily ambient temperature values retrospectively from the
day the body was discovered until the ADD value was reached.

2.6.3. Reh DSS

Unlike the Heaton and van Daalen DSS, the estimated PMSI of a body
using the Reh DSS is not extrapolated from an equation. In the Reh [6]
table, decomposition changes were correlated with a minimum time in
which this sign can develop. The immersion time taken for the last
decomposition feature to be visible is considered the minimum PMSI,
while the maximum PMSI was estimated by considering the putrefaction
changes that have not yet occurred in the body.
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2.6.4. Statistical analyses

Intraclass correlation coefficients (ICC) for the PMSI stated in the
case notes compared to the estimated PMSI from the three DSS were
calculated to assess the level of agreement between methods. ICC was
calculated using a two-way mixed-effect model with absolute agreement
for single measurements [19]. ICC scores below 0.25 were classed as
“exceptionally poor agreement”, while those between 0.25 and 0.49
were tagged as “poor agreement”. “Moderate agreement” was classed as
0.50-0.74, and “good agreement” was tagged as 0.75-0.99 [19]. This
ICC was also used to determine the agreement of the three DSS methods
in comparison to PMSI reported in the case notes. Good agreement
scores (0.75-0.99) were denoted as accurate estimations, moderate
agreement (0.50-0.74) was classed as relatively accurate estimates,
while the poor and exceptionally poor agreement scores (0-0.49) were
deemed as inaccurate estimates.

To assess systematic differences between the stated and estimated
PMSIs a linear mixed-effects model (LMM) was fitted. Model residuals
were examined using untransformed and natural log transformation
PMSI. Residuals associated with the natural log transformation of PMSI
more closely approximated a normal distribution and were therefore
chosen as the primary outcome. Graphical examination of residuals
following the final model showed no substantial deviation from
normality.

The LMM included natural log-transformed PMSI (logPMSI) as the
dependent variable and the fixed effects of DSS method, skin tone
(darker/lighter pigmentation), season (hot/cold), decomposition stage
(fresh/advanced) and geographic location, along with the two-way in-
teractions of DSS method with each of these factors. A random intercept
for individuals was added to account for the correlation of repeated
measures within individuals. Simple main effects were assessed using
the estimated marginal means with post-hoc Bonferroni correction
applied for multiple comparisons. Estimated marginal means and
Bonferroni-adjusted 95% confidence intervals were back-transformed
from the log scale and are presented as PMSI ratios for ease of
interpretability.

Effect sizes for the effects included in the model were calculated
using Cohen's f2, following the approach described by Selya et al. [20].
For each effect of interest, fz was calculated from the change in the
proportion of variance explained by comparing the full model contain-
ing the effect with a reduced model in which the effect was omitted, thus
quantifying the incremental contribution of each effect (and its associ-
ated interaction terms where applicable) to the variance explained by
the model. The random-intercept variance was constrained when
calculating the change in explained variance, such that the effect size
reflected the contribution of the fixed effect rather than changes in the
estimated random-effect variance. Effect sizes were interpreted using
Cohen's guidelines [21], with fz > 0.15 indicating a moderate effect and
2 > 0.35 indicating a large effect.

All statistical analyses were conducted using Stata Ver 13 (StataCorp,
Tx, USA), with p < 0.05 considered statistically significant.

3. Results
3.1. Demographic profile of the sample population

The demographic profile of the 73 cases used for this study is listed in
Table 2.

3.2. Water-type profile of the sample population

The water types from which the bodies were recovered are given in
Table 3.

3.3. TADS

The results of the TADS for each case when using the Heaton and van
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Table 2
Demographic Profile of the Sample Population.
Demographic data from case notes Category n (%)
Male 61 (84%)
Sex Female 12 (16%)
Total 73
18-29 18 (25%)
30-39 13 (18%)
40-49 5 (7%)
50-59 12 (16%)
60 and above 21 (29%)
Age (years) Unrecorded 4 (5%)
Total 73
Darker 35 (48%)
. . Lighter 38 (52%)
Skin Tone (Massey-Martin scale) Total 73

Table 3
Water types from which the bodies were recovered.
Water type Description n (%)
Sea 32 (44%)
River 6 (8%)
Canal 15 (21%)
Lake 2 (3%)
Natural Brook 1(1%)
Dam 6 (8%)
o s Bath 5 (7%)
Artificial Ditch 6 (8%)
Total 73

Daalen DSS are listed in Table 4. The TADS values indicate that the
decomposition across the cases ranged from a fresh appearance to an
advanced stage of decomposition, with most cases in the fresh stage.
Some of the fresh cases in the study had no visible decomposition
change, whilst some fresh cases exhibited signs of mild wrinkling of the
flesh of the hands and feet, epidermis peeling off, and discolouration
changes. The advanced decomposed cases were identified as cases with a
minimum TADS of 12, meaning they were past the bloating stage of
decomposition; they exhibited decomposition features such as skin
slippage, bone exposure, liquefaction, degloving of the hands and feet,
and advanced soft tissue and internal organ decomposition. Only 10
cases exhibited advanced decomposition in the sample — these have been

Science & Justice 66 (2026) 101531

highlighted in Table 4. Most of the bodies retrieved in this study were in
a fresh or pre-bloated stage.

3.4. PMSI estimates

The PMSI of each case was estimated using the Heaton, van Daalen
and Reh DSS. Table 5 shows the post-mortem skin tone, the season the
body was recovered, the PMSI recorded in the case notes, and the
maximum PMSI estimates obtained using the Heaton, van Daalen and
Reh DSS. There was no clear pattern in the accuracy of the three DSS in
relation to location, months and season; there were overestimations and
underestimations across the three DSS, the three countries and the
different months, but these over- and under-estimations were more
evident in cases with bigger stated PMSIs.

In 27 cases (40%), the PMSI estimated using the Heaton, van Daalen,
or Reh methods matched the PMSI given in the case notes. In Table 5, a
PMSI estimation with a + symbol indicates an overestimation by
<3 days and a ++ symbol indicates an overestimation by >3 days.
Similarly, a — symbol indicates an underestimation by <3 days and a — -
symbol indicates an underestimation by >3 days. In total, the PMSI was
overestimated in 41 cases (56%) and underestimated in 12 (18%) cases.
Overestimations and underestimations were common with all three DSS
across different months, with no obvious pattern. However, the PMSI in
cases involving individuals with darker skin tones were more likely to be
incorrectly estimated.

Intraclass correlation coefficients (ICC) (Table 6) indicated moderate
agreement with case note PMSI overall, with the Reh DSS providing the
greatest agreement in PMSI overall. The ICC also indicated greater
agreement with the Heaton and van Daalen DSS in cases involving in-
dividuals with darker skin tones and in hot months. However, the Reh
DSS had greater agreement in cold months than hot months. Similar ICC
values were obtained for cases in the fresh and advanced stages of
decomposition; the ICC for each DSS in advanced decomposition cases
was not statistically significant, with extremely wide 95% confidence
intervals.

Assessing cases from specific regions showed that the Heaton and
van Daalen DSS had moderate agreement with cases in the Netherlands
(ICC = 0.73, 0.61) and South Africa (ICC = 0.61, 0.76), but poor
agreement with cases in the UK (ICC = 0.47, 0.43). The Reh DSS showed
good agreement for cases in the Netherlands (ICC = 0.84) and the UK
(ICC = 0.87); however, agreement was exceptionally poor for cases from

Table 4
TADS of the 73 cases; scores are /25.
TADS TADS TADS TADS
Case - Case Case - Case
Heaton van Heaton van Heaton van Heaton van
Daalen Daalen Daalen Daalen
1 4 5.6 19* 15 13.9 37 4 5.6 55 3 4.2
2 4 5.6 20 7 9.7 38 6 6.9 56 5 5.6
3 5 5.6 21 4 4.2 39 4 5.6 57 4 5.6
4* 14 125 22 9 9.7 40 3 4.2 58 3 4.2
5 6 8.3 23 6 8.3 41 6 6.9 59 4 4.2
6* 15 16.7 24 6 8.3 42 10 9.7 60 3 4.2
7 5 6.9 25 6 8.3 43 3 4.2 61 3 4.2
8* 16 12.5 26 6 8.3 44+ 15 12.5 62 7 5.6
9 5 6.9 27 6 8.3 45 4 5.6 63 4 5.6
10* 17 13.9 28* 19 19.4 46 6 8.3 64 5 5.6
11 6 6.9 29 7 8.3 47 3 4.2 65 5 5.6
12* 16 12.5 30 4 5.6 48 6 9.7 66 6 8.3
13 11 11.1 31 4 5.6 49 3 4.2 67 3 4.2
14 6 6.9 32 3 4.2 50 4 5.6 68* 14 11.1
15 5 5.6 33 3 4.2 51 5 5.6 69 4 5.6
16 6 6.9 34 9 8.3 52 3 4.2 70 7 8.3
17 6 6.9 35 3 4.2 53* 13 9.7 71 3 4.2
18 5 6.9 36 4 5.6 54 5 5.6 72 4 5.6
73 3 4.2

*: bodies in advanced stages of decomposition

van Daalen scores have been converted to match the Heaton scoring system (i.e. they have been divided by 0.72).
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Table 5
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PMSI from case notes compared to the estimated PMSIs using the three DSS. Cases 1-20: Netherlands; Cases 21-29: UK; Cases 30-73: South Africa.

Lighter Skin Toned Cases PMSI (days)

Darker Skin Toned Cases PMSI (Days)

Case Season PMSI Heaton V Daalen Reh Case Season PMSI Heaton V Daalen Reh
3 Hot months 1 1 1 2F 1 Hot months 1 1 1 1
5 Hot months 1 2F 3t 9t 30 Hot months 1 1 1 1
6 Hot months - 11 20 3 31 Hot months 1 1 1 1
7 Hot months 1 1 2" 3" 32 Hot months 1 1 1 1
8 Hot months 8 17+ 8 1+ 33 Hot months 1 1 1 1
10 Hot months 18 24+t 117 10~ 34 Hot months 6 3 27 23+
11 Hot months 1 1 1 2" 35 Hot months 1 1 1 1
12 Hot months 27 494+ 19~ 35++ 43 Hot months 1 1 1 1
16 Hot months 1 1 2t 2* 44 Hot months 8 17++ 8 14+
19 Hot months 7 13** 9t 37 49 Hot months 1 1 1 1
21 Hot months 1 1 1 2t 50 Hot months 1 1 1 1
22 Hot months 2 3t 4+ 3t 52 Hot months 1 1 1 1
23 Hot months 1 2" 3t 1 53 Hot months 2 gt 4+ 4"
24 Hot months 1 2t 3" 1 56 Hot months 2 1- 1~ 1~
26 Hot months 1 2F 3t 2F 57 Hot months 2 1 1 1
29 Hot months 2 2 3" 2 58 Hot months 1 1 1 1
36 Hot months 1 1 1 1 59 Hot months 1 1 1 1

41 Hot months 2 2 2 3t 60 Hot months 1 1 1 1
42 Hot months 5 4 4 8t 61 Hot months 1 1 1 1
45 Hot months 1 1 1 7" 63 Hot months 1 1 1 1
46 Hot months 2 2 3" 10t* 67 Hot months 1 1 1 1
47 Hot months 1 1 1 1 68 Hot months 3 gt 41 35+
48 Hot months 1 1 3t 107 69 Hot months 1 1 1 1
51 Hot months 1 1 1 1 71 Hot months 1 1 1 1
62 Hot months 1 1 1 1 13 Cold months 29 16~ 15 35+
64 Hot months 1 1 1 1 15 Cold months 3 3 3 1
65 Hot months 1 1 1 1 37 Cold months 1 1 2" 1
70 Hot months 1 2t 2+ 25++ 38 Cold months 1 2+ 3t 1
2 Cold months 1 5t 7+ 1 39 Cold months 1 1 2! 2*
4 Cold months 7 141+ 8" 7 40 Cold months 1 1 1 1
9 Cold months 1 3t 5+ 17+ 54 Cold months 1 1 2t 1
14 Cold months 1 17" 22+ 1 55 Cold months 1 1 1 1
17 Cold months 2 3t 4+t 1 66 Cold months 2 2 4" 2
18 Cold months 5 27 4~ 1 72 Cold months 1 1 2" 1
20 Cold months 7 4 9t 1 73 Cold months 1 1 1 1
25 Cold months 1 2F 3t 7"
27 Cold months 1 67" 9" 1
28 Cold months 28 107+ 117+ 45+t
Table 6
Intraclass correlation coefficients for each DSS compared to the observed PMSI.
DSS Heaton van Daalen Reh
ICC 95% CI ICC 95% CI ICC 95% CI
Overall 0.56 0.38-0.70 0.47 0.27-0.63 0.66 0.50-0.78
Skin tone
Darker 0.76 0.57-0.87 0.79 0.61-0.89 0.61 0.36-0.78
Lighter 0.53 0.26-0.73 0.44 0.15-0.66 0.69 0.46-0.83
Season
Cold 0.46 0.06-0.74 0.41 0.01-0.71 0.85 0.67-0.94
Hot 0.82 0.69-0.89 0.89 0.82-0.93 0.49 0.25-0.68
Decomposition stage
Fresh 0.62 0.45-0.75 0.49 0.28-0.66 0.56 0.36-0.71
Advanced 0.41 —0.15-0.81 0.36 —0.35-0.81 0.54 —0.05-0.87
Location
Netherlands 0.73 0.43-0.89 0.61 0.22-0.83 0.84 0.64-0.94
UK 0.47 —0.18-0.84 0.43 —0.21-0.83 0.87 0.56-0.97
South Africa 0.64 0.43-0.79 0.76 0.60-0.86 0.19 —0.08-0.44

South Africa (ICC = 0.19).

Overall, the linear mixed-effects model was statistically significant
(p < 0.001). Significant effects were observed for DSS method
(p < 0.001; 2= 0.41), season (p = 0.002; f2 = 0.11), and decomposition
stage (p < 0.001; f2 = 0.18) DSS method had a large effect on PMSI,
although significant interactions indicated that the magnitude of the
differences between DSS-derived PMSI and the PMSI recorded in the
case notes varied in magnitude according to season (p < 0.001;
f2 = 0.10), skin tone (p = 0.029; 2 0.04), decomposition stage

(p = 0.011; f2 = 0.05), and location (p = 0.027; 2 = 0.06).

Following Bonferroni correction, in comparison to the case notes,
The Heaton DSS (PMSI ratio: 1.85; 95% CI: 1.33-2.59; p < 0.001) and
van Daalen DSS (PMSI ratio: 1.74; 95%CL 1.25-2.42; p < 0.001)
generated PMSI larger than the case notes. As expected, the PMSI was
significantly longer for cases in cold seasons (PMSI ratio: 1.74; 95%CI:
1.18-2.06; p = 0.002) and cases with advanced decomposition (PMSI
ratio: 6.6; 95%CI: 4.59-9.49; p < 0.001). Owing to the large effect of DSS
method with smaller effects associated with the interactions, systematic
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differences between DSS methods within levels of the interacting vari-
able were assessed. Within individuals with darker skin tones, no sig-
nificant systematic differences were observed between the PMSI stated
in the case notes and the PMSI estimated from each of the DSS. However,
in individuals with lighter skin tones, the Heaton (PMSI ratio: 2.09; 95%
CI: 1.39-3.12; p < 0.001) and van Daalen (PMSI ratio: 2.14; 95%CI:
1.43-3.21; p < 0.001) scoring systems significantly overestimated the
PMSI. For decomposition stage the Heaton DSS (PMSI ratio: 2.58; 95%
CI: 1.38-4.83; p < 0.001) significantly overestimated cases in advanced
stages of decomposition and the van Daalen DSS (PMSI ratio: 1.77; 95%
CI: 1.31-2.38; p < 0.001) significantly overestimated cases in the fresh
stage of decomposition.

Similarly, Similarly, significant differences between DSS-derived
PMSI and case-note PMSI varied according to geographic location.
These were primarily associated with cases in South Africa and the UK.
No significant difference in the estimated PMSI and the PMSI given in
the case notes was observed between the DSS in the Netherlands. In
cases from South Africa, significant differences were observed between
the stated PMSI in the case notes and the PMSI calculated using the
Heaton (PMSI ratio: 1.62; 95%CI: 1.01-2.64; p = 0.045) DSS. In UK
cases, the Heaton (PMSI ratio: 2.45; 95%CI: 1.18-5.09; p = 0.006) and
van Daalen DSS (PMSI ratio: 2.45; 95%CL: 1.18-5.09; p = 0.006)
significantly overestimated the PMSI. Regarding season, the Heaton DSS
significantly overestimated the PMSI in hot (PMSI ratio: 1.57; 95%CI:
1.06-2.32; p = 0.014) and cold (PMSI ratio: 2.19; 95%CI: 1.35-3.57;
p < 0.001) seasons. The van Daalen DSS (PMSI ratio: 2.39; 95%CI:
1.46-3.90; p < 0.001) significantly overestimated the PMSI in cold
seasons.

4. Discussion
4.1. Demographic profile

Seventy-three cases met the inclusion criteria, with 61 (84%) male
individuals and 12 (16%) female individuals. Despite this small sample
size, the sex distribution aligns with existing research that shows most
victims of fatal drowning tend to be male [22-24]. It has been suggested
that males are known to intentionally partake in more high-risk activ-
ities around water bodies compared to females; therefore, this could be
the reason for a higher number of males represented in the sample used
for this study [25,26].

It is estimated that for individuals less than 29 years of age, drowning
is among the three major leading causes of unintentional death [27].
However, global variations exist in age-related mortality rates derived
from medico-legal death investigations; some countries record the
highest mortality rates in children, while some record the highest rates
in younger adults [28]. Peden et al. [29] revealed that from 2005 to
2014, the percentage of drowning deaths in children aged 0-17 years in
Australia, Canada, and New Zealand was 17.6%, 12.1%, and 17.0%,
respectively. More recent Australian evidence further demonstrates
changing patterns in drowning mortality across age groups. Miller et al.
[30] analysed 5692 unintentional drowning deaths in Australia between
2002 and 2022 and reported a significant decline in drowning rates
among children aged 0-4 years, whereas no statistically significant
change was observed among older adults aged 65 years and over,
highlighting the continued importance of older age groups in drowning
prevention efforts. In the current study, variation in the number of
deaths for each age category was also observed, with most cases
occurring in the age range of 18-29 years [18 cases (25%)] and the
greater than 60 years category [21 cases (29%)].

In the 73 cases used for this study, the skin tones of 38 cases (52%)
were categorised as lighter, while 35 cases (48%) were categorised as
darker. A Clemens et al. [31] study reviewed the drowning cases
involving people below the age of 29 years in the United States from
1999 to 2019. Their study found that drowning was more prevalent
among African Americans or darker skin-toned people (1.5 times more)
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and Native American or Alaska Native ethnicities (2.0 times more) when
compared to non-Hispanic lighter skin-toned persons. A 2022 study
found that in the United States, there was a 23.73% increase in the
occurrence of death by drowning in African American or darker skin
toned persons from 2019 to 2020 [27]. Africa accounts for the highest
drowning mortality rate globally, while low- and middle-income coun-
tries (LMICs) contribute approximately 92% of the global burden of
drowning [32-35]. More recently, the World Health Organization [35]
reported that the African Region had the highest drowning death rate
globally, at 5.6 deaths per 100,000 population, and that drowning
mortality rates in LMICs were more than three times those in high-
income countries. This is consistent with previous research identifying
a disproportionate burden of drowning in LMICs and highlighting the
challenges associated with limited drowning prevention measures,
regulations and policies, swimming skills, education and awareness
campaigns in these settings [34,36,37]. The persistence of these dis-
parities, despite increasing international attention to drowning pre-
vention [33], demonstrates the continuing need for effective prevention
strategies in these regions. It is important to note that these LMICs,
indigenous populations, and Africa are predominantly made up of in-
dividuals with darker skin tones. The high rates of drowning in these
regions reiterate the importance of validating whether the DSS used for
PMSI estimation is suitable for individuals with darker skin tones.

4.2. Water-type profile

The bodies of 56 out of the 73 cases (77%) were retrieved from
natural water sources such as seas, rivers, canals, brooks, and lakes,
while 17 (23%) bodies were retrieved from artificial sources such as
dams, sewage channels, and ditches. These results follow the trend that
drowning more frequently occurs in natural water sources compared to
artificial sources [38]. Lin et al. [28] investigated unintentional
drowning cases in 60 countries, revealing that in most countries,
drowning occurs more in natural water bodies such as lakes, seas, and
ponds, compared to man-made water sources such as swimming pools
and bathtubs. Lithuania (85%), Finland (93%), and Panama (87%) had
the highest occurrence of drowning in natural water sources.

4.3. PMSI estimation

The results indicate significant variability in the accuracy of each
DSS, dependent on the country, as well as the skin tone and stage of
decomposition of the individual. The PMSI estimation results (Tables 5
and 6) indicate that the Heaton and Reh DSS were relatively accurate for
estimating the PMSI of bodies in a fresh stage of decomposition
(ICC = 0.56-0.62), while only the Reh DSS was relatively accurate for
bodies in advanced decomposition stages (ICC = 0.54). The PMSI esti-
mation of each DSS is explained below.

4.4. Heaton DSS

Skin tone did not directly determine PMSI estimation accuracy of the
Heaton DSS but interacted with the decomposition stage and tempera-
ture to influence the estimated PMSIs. The Heaton DSS and regression
formula were relatively accurate (ICC = 0.62) for estimating the PMSI of
bodies exhibiting fresh decomposition features, regardless of skin tone.
This suggests that in the early stages of decomposition, the Heaton DSS
was not significantly biased by skin tone. The Heaton DSS had the higher
relative accuracy (ICC = 0.62) for estimating the PMSI of bodies in a
fresh decomposition stage, compared to the Reh DSS (ICC = 0.56). The
van Daalen DSS was inaccurate (ICC = 0.49). Although it should be
noted that effect sizes were small.

A body was described “fresh” when it had a maximum TADS of 7-9;
such bodies had discolouration features such as pink, red, yellow, green,
and white and the wrinkling of the palms and the soles of the feet. For
most of the bodies in a fresh stage, the known PMSIs and estimated
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PMSIs using the Heaton DSS matched, and there was a difference of only
one day between the known PMSIs and the estimated PMSIs in a few
cases. Only four fresh cases (Cases 2, 9, 14 and 27; all decedents with
lighter skin tones from the Netherlands and UK) had more than one day
difference between the known PMSIs and the estimated PMSIs; these
cases occurred during the European cold months of February and
December. It is possible that the low air and water temperatures expe-
rienced during the cold months could be the reason for this major dif-
ference between the case note PMSIs and the estimated PMSIs of these
cases [39]. The low temperatures mean more daily temperatures are
required to equate the ADD, leading to an overestimated PMSI value.
Yet, the absence of such discrepancies in darker-skin toned individuals
in similar conditions might indicate that the Heaton DSS performs
slightly more consistently for darker skin in fresh decomposition stages
during cold months, but the sample size is too small for certainty.

Across all skin tones, the Heaton DSS significantly over- and under-
estimated PMSI in advanced decomposition. There were overestimated
PMSIs in five cases with lighter skin tones (4, 8, 10, 12, 19; all
Netherlands) and two cases with darker skin tones (44, 53; both South
Africa); all occurring in warmer months (Table 5). In these cases, esti-
mated PMSIs were about twice the actual value. This overestimation was
not uniquely tied to skin tone but to the high TADS (13-17) and the
environmental temperatures influencing the ADD extrapolation. How-
ever, most affected cases had lighter skin tone, suggesting a possible
trend toward greater overestimation in lighter skin toned bodies during
warmer months, though this might reflect regional case distribution (i.e.
more “lighter skin” toned decedents in the Dutch dataset).

There were underestimated PMSIs for one darker skin case (13) and
two lighter skin cases (18 and 20) in the cold months (January-March,
Netherlands), likely due to suppressed decomposition under cold envi-
ronmental conditions and the resulting low TADS. Here, skin tone did
not appear to influence the direction of PMSI error, reinforcing the idea
that temperature has a more dominant role in early decomposition
stages than skin tone.

Two outlier cases involved significant PMSI overestimation. Case 28
(Lighter skin, February, UK) and case 68 (Darker skin, January, South
Africa) had their PMSI overestimated by 4 and 3 times more than the
known PMSI, respectively. Both cases had high TADS values, leading to
high ADD extrapolation and, subsequently, inflated PMSIs. Despite
differing skin tones and locations, the core issue was the same: extreme
decomposition paired with environmental factors that distorted the
ADD-to-PMSI relationship. This suggests that skin tone alone does not
account for extreme PMSI discrepancies when using the Heaton DSS but
may contribute to how decomposition features are scored or interpreted.

Overall, darker skin toned individuals were underrepresented in the
dataset, yet when included, they displayed similar PMSI estimation
trends to lighter skin toned cases in advanced decomposition stages.
Notably, no darker skin toned cases in a fresh stage of decomposition
showed PMSI estimation errors greater than one day, which may suggest
that early post-mortem changes in darker skin are either more consis-
tently interpreted or less prone to visual ambiguity. However, PMSI
estimation inaccuracies for darker skin toned decedents were more
common in advanced decomposition, indicating that reduced visual
contrast in tissue discolouration may hinder accurate scoring using the
Heaton DSS at later stages. Lighter skin toned individuals were more
prevalent in the dataset, particularly from European regions, and
exhibited a broader range of PMSI estimation errors. Both un-
derestimations and overestimations were observed, particularly in
relation to seasonal extremes in some of the cold months and hot
months. This variability in PMSI accuracy among lighter skin toned
cases could stem from the more pronounced or inconsistent visibility of
decomposition features, such as colour changes, which may be more
susceptible to subjective interpretation across lighting conditions or
stages of discolouration.
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4.5. van Daalen DSS

When examined from a skin tone perspective, the van Daalen DSS,
like the Heaton DSS, demonstrates notable limitations in estimating the
PMSI across skin tones, particularly in fresh and advanced decomposi-
tion stages. Although the van Daalen DSS yielded PMSI estimations like
those of the Heaton DSS, it recorded the lowest ICC (0.49) among the
three DSS when applied to both lighter- and darker skin toned in-
dividuals in a fresh stage of decomposition, indicating reduced reli-
ability. Notably, the four fresh cases (Cases 2, 9, 14, and 27), all
involving individuals with lighter skin tones, exhibited greater dis-
crepancies between the case note PMSIs and the van Daalen DSS esti-
mates than when assessed using the Heaton DSS. This suggests that even
in cases involving lighter skin, the van Daalen DSS was less accurate.

Its lower ICC in advanced decomposition cases (0.36 compared to
0.41 for Heaton) further underscores its limited reliability, particularly
in scenarios where visual indicators of decomposition are more difficult
to interpret on darker skin. Although two darker skin toned decedents in
advanced decomposition (Cases 8 and 44) were accurately assessed
using the van Daalen DSS, where the Heaton DSS had previously over-
estimated their PMSIs, the remaining five cases (4, 10, 12, 19, and 53)
were overestimated, again highlighting inconsistent performance for
bodies with darker skin tones.

Importantly, the van Daalen DSS also failed to accurately estimate
PMSIs for three bodies (Cases 13, 18, and 20) recovered during Euro-
pean cold months. These bodies, which likely presented decomposition
features affected by both cold conditions and potential skin tone-related
visual obscurities (e.g., decomposition changes, bruising, lividity, or
discolouration may be harder to detect or interpret) [15], had PMSIs
estimated at roughly half the duration of those recorded in case notes
when scored using the Heaton DSS, and were similarly incorrectly
estimated by van Daalen. In the most extreme cases, Cases 28 and 68, the
van Daalen DSS significantly overestimated PMSIs for bodies with
darker skin tones by three to four times the actual PMSIs noted in case
files. For Case 28, the van Daalen DSS estimated a PMSI ten days longer
than the Heaton DSS, further reinforcing the compounded error.

Collectively, these findings underscore that both the van Daalen and
Heaton DSS are insufficiently calibrated to account for the visual pre-
sentation of decomposition in individuals with darker skin tones. This
reinforces the urgent need for DSS frameworks that are sensitive to the
effects of skin tone on observation of post-mortem changes, and for more
inclusive forensic tools that can support accurate estimation across
diverse populations.

4.6. Reh DSS

From a skin tone—centred perspective, the Reh table demonstrated a
relatively strong performance in estimating PMSI for both lighter- and
darker skin toned individuals in a fresh stage of decomposition
(ICC = 0.56), particularly when clear physical features such as wrinkling
of the feet and palms were present. However, this apparent accuracy did
not extend to cases dominated by skin discolouration changes, which are
more difficult to identify or interpret reliably on darker skin tones.

In advanced decomposition stages, the Reh table showed slightly
higher accuracy (ICC = 0.54) compared to the Heaton (ICC = 0.41) and
van Daalen (ICC = 0.36) DSS, with smaller day-to-day differences be-
tween estimated and actual PMSIs. However, this marginal improve-
ment did not eliminate skin tone-related limitations. For example, cases
dominated by discolouration features, such as green, pink, red, or purple
hues, frequently resulted in PMSI overestimations, particularly when
applied to individuals with darker skin, on whom these colour changes
are not always visibly apparent. Across the cases presented, clear dif-
ferences emerge between the stated and estimated post-mortem sub-
mersion interval (PMSI), as well as the influence of environmental
conditions and skin tone. In Case 5, involving a lighter skin toned in-
dividual recovered in the Netherlands during a warm April, the stated
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PMSI of 1 day was significantly lower than the estimated 9-10 days. A
similar pattern appears in Case 9, also from the Netherlands but in colder
December conditions, where a stated PMSI of one day contrasts with a
much higher estimate of 17 days, suggesting temperature may slow
decomposition and affect accuracy. In warmer climates, discrepancies
are even more pronounced: Case 70 (lighter skin tone, South Africa,
February) shows an increase from one day stated to 25 days estimated.
For darker skin toned individuals in South Africa, Case 34 (March)
shows a stated PMSI of six days compared to an estimated 23 days, while
Case 68 (January) shows a rise from three days to 35 days. Overall,
estimated PMSI consistently exceeds stated values, particularly in
warmer environments, indicating that both climate and potentially skin
tone may influence decomposition rates and the accuracy of initial PMSI
assessments.

While all five cases (including those with lighter skin tones) had
PMSIs overestimated, the extent of overestimation was more pro-
nounced in individuals with darker skin. The most substantial over-
estimations occurred in darker skin toned cases (e.g., Cases 34 and 68),
where decomposition signs were likely misinterpreted due to poor vis-
ibility of discolouration on darker skin. This pattern demonstrates how
skin tone-related biases in decomposition descriptors can lead to
disproportionately inaccurate PMSI estimations.

Moreover, despite the Reh table's relatively strong performance in
cold-weather cases across Europe (ICC = 0.85), its accuracy was dras-
tically reduced in warmer climates, specifically in South African cases
(ICC =0.19), where darker skin toned decedents were predominant, and
where decomposition progressed differently due to temperature and
humidity. These findings underscore that regional climate variations
intersect with skin tone to further complicate PMSI estimation, espe-
cially when tools like the Reh table are used outside their originally
validated contexts [40].

Overall, while the Reh table performs better than the Heaton and van
Daalen DSS in some decomposition contexts, its limited adaptability to
warmer climates and its reliance on colour-based indicators not always
visible on darker skin tones highlight its insufficiency as an inclusive
tool. These results further reinforce the need for decomposition scoring
systems that account for skin tone variability and regional environ-
mental differences to avoid introducing bias and inaccuracy into
forensic investigations.

4.7. DSS recommendations

4.7.1. Assessing decomposition changes

From this study, the Heaton DSS was the most suitable DSS among
the three DSS used for assessing decomposition changes, but the Reh
table had a higher ICC of 0.66 compared to the 0.56 ICC for the Heaton
DSS. The Heaton DSS is the most specific for describing the decompo-
sition changes expected in a body; it uses fewer vague terms to classify
the decomposition changes, and it includes more decomposition changes
and features. The only decomposition change listed in the van Daalen
etal. [5] and Reh [6] table, but missing in the Heaton DSS, is the absence
or loss of finger or toenails.

Regarding discolouration changes observed in the decomposition
process, the Heaton DSS is more specific and considers more colour
changes; it notes colours such as pink/white/red (used to describe early
decomposition changes in the colour of the skin, wrinkling of limbs and
marbling), yellow/green/purple (used to describe marbling and bloat-
ing changes) and black (used in describing post-bloating stages and
drying of the skin and soft tissues). The van Daalen DSS only considers
white (used to describe wrinkling of limbs) and grey (used to describe
post-bloating stages) colours. The Reh table makes mention of “dis-
colouration of the body” in its description of decomposition changes, but
it does not give any specific colour change or specific body part where
the colour change is expected. More colours, such as different shades of
brown, grey, and black, should be added to the descriptions listed in the
van Daalen DSS and Reh table to give more specific descriptions of the
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decomposition features observed in individuals with darker skin tones.
Therefore, more studies need to be conducted to improve the de-
scriptions listed in these three DSS, while the colours listed in the Heaton
DSS can be adapted into the van Daalen DSS and Reh table.

The Heaton DSS mentions decomposition changes such as “soft tis-
sue, tendon, and bone exposure”; and “extensive disarticulation and
skeletonisation” before “complete disarticulation and skeletonisation™;
as such, it differentiates bone exposure from partial or complete skel-
etonisation. The van Daalen DSS only mentions partial and complete
skeletonisation; so, it is challenging to differentiate between bone
exposure and partial skeletonisation when using this DSS. In this study,
when using the van Daalen DSS, cases where “bone exposure” was
evident it was scored as “partial skeletonisation” because the feature
“bone exposure” was not listed in the DSS descriptions, and this choice
can be utilised in other studies before any review of the van Daalen DSS.
Providing picture descriptions for terms such as “bone exposure” and
“partial and complete disarticulation” to be used along with the Heaton
and van Daalen DSS would improve and make scoring easier. The Reh
table makes no mention of “soft tissue, tendon, and bone exposure”,
“extensive disarticulation and skeletonisation”, and “complete disartic-
ulation and skeletonisation”. Bone disarticulation is a fundamental
decompositional change that can be utilised in PMSI estimation; there-
fore, more studies need to be conducted to improve the Reh table con-
cerning disarticulation and skeletonisation changes, or the Reh table
should be used with caution in further studies.

The Heaton DSS description mentions the presence of possible fea-
tures that can be observed in aquatic decomposition, such as “adipocere”
and “animal activity/predation”, but these features are not listed in the
van Daalen DSS or the Reh table. The van Daalen DSS and Reh table
could be amended to add these missing features. Also, in cases when
scoring two limbs with different decomposition changes leads to diffi-
culties in assigning a score, it has been suggested that each limb is
scored, and an average score of the four limbs is calculated as the final
LAD score [41].

In summary, it is recommended that the Heaton DSS be used pref-
erentially for assessing decomposition changes in most individuals.

4.7.2. Suitability for decedents with darker skin tones

It was challenging to assess discolouration changes in the darker skin
toned image cases because fewer colour changes were observed in the
bodies with darker skin tones. However, in all DSS, the accuracy of PMSI
estimates was better for individuals with darker skin tones
(ICC = 0.61-0.79) compared to individuals with lighter skin tones
(ICC = 0.44-0.69). This may be due to overconfidence in assessing
colour changes in individuals with lighter skin tones, but the variety of
colours listed in the Heaton et al. [4] DSS made it easier to assess the
extent of decomposition in cases of individuals with darker skin tones,
especially in the fresh and bloat stages of the decomposition process. It
was easier to detect one or two of the white, pink, red, yellow, green,
purple, and black colour changes from the Heaton DSS in bodies with
darker skin tones compared to the white/grey colour changes in the van
Daalen DSS and the “discolouration of the body” from the Reh table. The
advanced decomposition stages exhibited more anatomical changes
than discolouration changes; therefore, it was easier to use the three DSS
to assess the extent of decomposition of a body with darker skin tones in
an advanced decomposition stage.

In this study, when observing marbling and wrinkling of the skin, the
skin of individuals with darker skin tones did not appear pink, red,
yellow, purple, or green, but as a lighter or paler shade of their original
skin tone, with the blood vessels beneath the skin appearing more
visible. When discolouration changes, such as pink, green, and red, are
not visible, the pale appearance of the skin of a decedent with darker
skin tones, along with visible blood vessels beneath the skin, could be
used as a sign to identify marbling and wrinkling. In addition, further
studies where pictures of the colour change expected in a body with
darker skin tones could be included with the DSS as a reference guide.
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4.7.3. PMSI estimation

The three DSS were relatively accurate for estimating the PMSI of
bodies with both darker and lighter skin tones in a fresh stage of
decomposition, and the Heaton DSS was the most reliable, with an ICC of
0.62. The Reh table was the only relatively accurate DSS for estimating
the PMSI of bodies in advanced decomposition stages (ICC = 0.54)
because it gave the smallest difference between the stated and estimated
PMSI. The Heaton and van Daalen DSS overestimated the PMSI of bodies
recovered in cold months by at least two times longer than the PMSIs
stated in the case notes. It is possible that the low temperatures expe-
rienced during the cold months could be the reason for the over-
estimation of the PMSIs of the cases when using the Heaton and van
Daalen DSS.

The Heaton DSS overestimated the PMSI of bodies in advanced
decomposition stages by approximately double that of the PMSIs stated
in the case notes. These overestimated PMSIs could be a result of flaws in
the regression formulae because advanced decomposition stages led to a
high TADS value, resulting in a high extrapolated ADD from the
regression formula. Therefore, a lot of average daily temperatures were
needed to add up to the high ADD values, thereby increasing the days of
the estimated PMSI. The Reh table is also not suitable for estimating the
PMSI of bodies recovered from regions or countries with a different
climate or weather pattern from Germany, especially when there is a
significant difference in the monthly temperatures of the regions. It will
be necessary to make temperature adjustments to the table to make it
suitable for other regions. More studies need to be conducted on bodies
with lighter and darker skin tones in different regions with varying
climates across the world to improve the estimation of the PMSI of a
body using these DSS.

4.8. Study limitations

A total of 73 deceased persons were used for this study. This is a small
sample size, which could decrease the confidence level, reliability, and
statistical power and increase the margin of error and bias in the study
[42]. In addition, analysis was based on photographs of the deceased
persons' bodies, not the actual bodies; some vital decomposition changes
might have been missed in the pictures, or there may have been in-
consistencies in lighting or artefacts from flash/shadow that can confuse
colour identification and affect the process of assessing the extent of
decomposition in the human remains. None of the post-mortem photo-
graphs included colour correction or reference cards, meaning that
lighting and camera variations could not be controlled or corrected
retrospectively. This may have affected colour assessment and contrib-
uted to scoring errors. Future studies should use standardised photog-
raphy with colour reference cards to improve the reliability of colour-
based assessments.

The skin tone of the deceased persons was quantified using the NIS
Skin Colour Scale created by Massey & Martin [16]; a limitation of using
this scale is that it does not consider the effect of sun-tanning or other
light ray effects [10]. The skin tone was assessed using the pictures of the
body after it was recovered; this was not a reflection of their ante-
mortem skin tone, but rather a (fresh as possible) post-mortem assess-
ment. In addition, scoring the skin tone and assigning a decomposition
score to each body was a subjective choice; there could have been some
hidden/subconscious forms of bias included in the study when scoring
through visual observations. In future, pictures of the colour change
expected in a body with darker skin tones should be included with the
DSS.

The van Daalen et al. [5] study did not provide the prediction model
used to estimate the PMSI values from the TADS; therefore, this study
had to use a conversion factor to convert the van Daalen TADS to a scale
of over 25 (like the Heaton DSS) to substitute the van Daalen TADS into
the Heaton et al. [4] regression formula. These converted TADS did not
reveal the actual extent of decomposition of these bodies. For example, a
body with no visible decomposition change would be assigned a TADS of
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3 when using both the Heaton and van Daalen DSS, but this conversion
factor converts a van Daalen TADS of 3 to a 4.2 for Heaton TADS. A
Heaton TADS above 3 indicates that a visible decomposition change has
occurred compared to no visible decomposition change for a TADS of 3,
so an element of error has been integrated into the conversion.

Finally, there is a potential inaccuracy of the stated PMSI values in
the case notes because these stated PMSIs were probably reported when
the bodies were found and based on witness statements; there is a pos-
sibility that these bodies might have washed up on the shores for a while
before they were discovered.

4.8.1. Other considerations

Several additional factors should be considered when interpreting
these findings. Firstly, the time between removal of a body from water
and post-mortem photography was not available in the case records.
This may be important because decomposition can continue and
potentially change rapidly following removal from water and exposure
to air. Differences in recovery and post-mortem procedures between
countries may therefore have contributed to variation in the appearance
of decomposition.

Information on whether bodies were found submerged or floating, as
well as the type of clothing covering the body, was collected where
available but was not sufficiently complete to be included as indepen-
dent variables in the analysis. These factors may influence decomposi-
tion and should be systematically recorded in future studies. Similarly,
water movement and characteristics of the water environment may
affect decomposition [43]; however, although water current and pH
were collected where available, these data were not consistently avail-
able across cases.

The PMSI values used for comparison were obtained from the case
notes. Although cases with uncertainty regarding the relevant dates and
times were excluded, the researchers were unable to independently
verify how all PMSI estimates had originally been determined. There-
fore, variation in the methods used by different jurisdictions or in-
vestigators to establish PMSI may have influenced comparisons with the
estimates produced by the three DSS.

The decomposition scoring systems were applied retrospectively, by
one observer, to available photographs and case descriptions. The use of
retrospective material may introduce potential observer bias, particu-
larly where assessors have access to case information that could influ-
ence expectations regarding decomposition or PMSI. Future studies
should consider blinded assessments and examine inter-observer
reliability.

Finally, temperature data should be interpreted cautiously. The
Heaton et al. [4] and van Daalen et al. [5] DSS used retrospectively
obtained ambient temperature data to estimate PMSI, whereas the Reh
[6] DSS incorporates water temperature and observed decomposition
changes. Ambient air temperature may not accurately represent the
thermal conditions experienced by a submerged body, and water tem-
perature data may not have been consistently measured across juris-
dictions. Therefore, future research should prioritise recorded water
temperatures where available and clearly distinguish between air and
water temperatures when estimating PMSL

Future studies should adopt a more standardised and prospective
approach by systematically recording the time between body recovery
and photography, whether the body was submerged or floating,
clothing, water movement and characteristics, and accurately measured
water temperatures. Clear documentation of how the reference PMSI
was established should also be provided to improve confidence in
comparisons with decomposition scoring systems. In addition, photo-
graphs should ideally be assessed by multiple independent and blinded
observers, with inter-observer reliability evaluated to reduce potential
bias. Collecting these variables consistently across jurisdictions would
allow future research to better control for environmental and recovery-
related factors and improve the reliability and applicability of decom-
position scoring systems for PMSI estimation.
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5. Conclusions

This study highlights skin tone as an important variable influencing
the accurate assessment of decomposition and the estimation of post-
mortem submersion interval (PMSI). While environmental factors such
as temperature and water immersion were important factors, this
research shows that bodies with darker skin tones are disproportionately
affected by the limitations of existing decomposition scoring systems
(DSS). Specifically, although the Heaton, van Daalen, and Reh DSS
provided relatively accurate PMSI estimations for both lighter- and
darker skin toned individuals in a fresh stage of decomposition
(ICC = 0.49-0.62), they consistently overestimated PMSI for bodies in
more advanced decomposition stages or recovered in cold months. This
overestimation poses a risk of misidentification and investigative delays,
particularly for individuals with darker skin.

Importantly, the study reveals that skin discolouration changes
central to DSS scoring, such as pink, green, red, and purple, are not
reliably visible on darker skin tones. Instead, decedents with darker skin
tones may exhibit a pale or lighter appearance and visible subdermal
blood vessels, which could serve as alternative indicators of marbling
and skin wrinkling. However, such cues are not currently included or
well-described in the standard DSS frameworks. The study also identifies
compounding factors such as climate variability, inadequate represen-
tation of darker skin features in DSS descriptors, and biases embedded in
the regression formulae used for ADD extrapolation, all of which
contribute to inaccurate PMSI estimation.

In conclusion, this research demonstrates that currently validated
DSS are insufficient for accurate PMSI estimation in individuals with
darker skin tones and that forensic methodologies must evolve to
include inclusive, skin tone-responsive criteria. Without such adjust-
ments, significant disparities in post-mortem interval estimation will
persist, potentially compromising forensic outcomes and justice for
underrepresented populations and their families.
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