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A B S T R A C T   

The determination of time since death is a major challenge to law enforcement when faced with the discovery of 
human remains. This is due to the fact that decomposition is a complex, dynamic process influenced by several 
abiotic and biotic factors. For decades, post-mortem decomposition studies have used pigs as human analogues 
due to ethical and legal restrictions surrounding the use of human cadavers for such research. However, few 
comparative studies have been conducted to assess the suitability of these analogues. Recent forensic studies 
have successfully demonstrated the use of post-mortem lipids in textiles as a method to obtain vital information 
about decomposition process. The current investigation involved two studies: Trial 1 (summer) and Trial 2 
(winter). Each trial with n = 1 human cadaver and n = 2 pigs. Samples were collected over a timeline of 105 days 
post-placement and analyzed using attenuated total reflectance (ATR-) Fourier-transform infrared (FTIR) spec
troscopy. The data was then statistically assessed using functional principal component analysis, semi-parametric 
regression modeling and analysis of variance. The results demonstrated a clear statistically significant inter
species difference between pigs and humans in both trials. The preliminary implications of this study suggest that 
pigs are not suitable analogues for humans in decomposition research and have broader implications that caution 
the direct translation of decomposition data obtained from pigs to real human casework, particularly with 
respect to time since death estimations.   

Introduction 

Determination of time since death presents as a major challenge to 
law enforcement when faced with the discovery of human remains [1]. 
This is primarily due to complex relationships between biotic and abiotic 
factors influencing the post-mortem process [2]. Decomposition in
volves a series of chemical processes that result in the breakdown of soft 
tissues containing carbohydrates, proteins and lipids [3–6]. This process 
occurs immediately after death and ultimately results in the disinte
gration of all soft tissues, leaving dry or skeletal remains [3–6]. 

For decades, studies investigating post-mortem decomposition and 
time since death have utilized human analogues, primarily the domestic 
pig (Sus domesticus) due to ethical and legal restrictions limiting the use 
of human cadavers in decomposition research [3]. The use of pigs as 
analogues has been widely accepted in forensic science, due to 
anatomical similarities in the skin, digestive, and immunological sys
tems [7–9]. As a result, the field of forensic taphonomy has become 
heavily saturated with information regarding the post-mortem processes 

gained from pig models. 
A review article published in 2020 by Matuszewski et al. [10] 

detailed selected cadaver studies conducted between 1955 and 2018 
related to carrion ecology, forensic entomology and taphonomy. Of the 
studies listed, more than half were conducted on pigs and less than 10% 
on humans. However, with the emergence of human taphonomic 
research facilities, researchers have been able to directly compare the 
taphonomy of pigs and humans. Recent comparative studies have 
investigated the differences between pigs and humans with respect to 
adipose tissues [11], volatile organic compounds (VOCs) [12], insect 
succession [13–16], skeletal muscle tissue [17], soil biogeochemistry 
and microbiology [18] and total body scoring [19,20]. However, there 
remains an urgent need to continue these comparative studies in more 
fields, using different scientific methods in order to adequately assess 
whether pigs are suitable analogues for human decomposition work. 
Therefore, the current study aims to investigate the interspecies differ
ences between pigs and humans using post-mortem lipids collected in 
textiles. Recent forensic studies [21–24] have demonstrated that textiles 
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are a valuable source of physical evidence, particularly as a host for 
decomposition fluids rich in lipids [21–23]. 

Lipids contribute to approximately 60–85% of adipose tissues [4], 
with the predominant type being triacylglycerols [4,21,25]. The struc
ture of triacylglycerols are comprised of three fatty acid tails attached 
via ester linkages to a glycerol molecule [4]. Following death, these 
lipids undergo hydrolysis due to enzymatic activity, resulting in the 
release of free fatty acids [4,21,22]. Due to their hydrophobic nature, 
these fatty acids are extremely persistent in the environment and are 
more stable when compared to other soft tissue biomarkers such as 
proteins, carbohydrates and nucleic acids [26]. Despite the fact that pigs 
and humans both contain approximately 20% adipose tissue [27], the 
composition and individual proportions differ greatly between species 
[11,28]. 

For the current study, cotton textile samples were examined using 
attenuated total reflectance (ATR) - Fourier transform infrared (FTIR) 
spectroscopy to measure the relative absorbance of target lipid regions. 
One hundred percent cotton was selected as the baseline for this work 
due to its known absorptive properties and feasibility for the collection 
of decomposition products and assessment using FTIR spectroscopy 
[21–23]. The ability to identify and monitor trends in the post-mortem 
lipids collected in textiles over the decomposition timeline and statisti
cally assess these patterns provides a new pathway for the analysis of 
functional data on a time-dependant scale. This is a useful tool for 
forensic investigations where time since death is in question. 

This preliminary study provides the first assessment of post-mortem 
lipids collected in textiles to examine interspecies differences between 
pigs and humans in the southern hemisphere. 

Materials and methods 

Experimental field site 

This study was conducted at the Australian Facility for Taphonomic 
Experimental Research (AFTER), an outdoor eucalypt woodland on the 
Cumberland Plain in Western Sydney, New South Wales, Australia. This 
field site is privately owned and operated by the University of Tech
nology Sydney (UTS). A description of the facility is documented in 
Knobel et al. [12]. Weather data were collected using a HOBO® U30 
weather station within the AFTER site. 

Donor information 

Two human donors and four pig cadavers were placed in a supine 
position on the soil surface and allowed to decompose naturally. Trial 1 
was conducted over the Australian summer – autumn period 
(commencing January 29, 2021) and included human donor 1 (H1), an 
86-year-old male with a height of 174 cm and weight of 63 kg, giving a 
body mass index (BMI) [29] of 20.8. H1 was directly compared with two 
domestic 6-month-old pigs, one female (P1) and one male (P2), both 
weighing approximately 65 kg. Trial 2 was conducted over the Austra
lian winter – spring period (commencing June 11, 2021) and included 
human donor 2 (H2), an 84-year-old male with a height of 182 cm and 
weight of 100 kg, giving a BMI of 30.2. H2 was directly compared with 
two domestic female 6-month-old pigs (P3 and P4) both weighing 
approximately 70 kg. All individuals were clothed in a 100% white 
cotton t-shirt as described in Collins et al. [22]. 

The human donors (H1 and H2) were received through the UTS Body 
Donation Programme, with consent provided in accordance with the 
New South Wales Anatomy Act (1977). Ethics approval was provided by 
the UTS Human Research Ethics Committee (HREC ETH15-0029). The 
human donors were not treated with any chemicals prior to placement at 
the facility and were allowed to decompose naturally. 

Control sites were created for both trials, containing identically 
sourced clothing placed on the soil surface at AFTER at a minimum 
distance of 5 m from the decomposing remains, twice the minimum 

recommended distance proposed by Luong et al. [30]. 
Photographs and visual observations were recorded for human and 

pigs on each sampling day. Visual decomposition was determined using 
the five reported stages of decomposition: fresh, bloat, active, advanced, 
and skeletal [5]. 

Sample collection 

Textile samples were collected using sterilized scissors from the 
anterior aspect of the decomposing remains and respective control sites 
on a series of days from 0 to 105 days post-placement (Table S1). The 
scissors were thoroughly washed with acetone between each section. 
The textile samples were photographed, and any visible changes were 
documented. Each textile sample was individually packaged and labeled 
in a paper envelope and stored in a cooler for transportation to the 
laboratory. The textile samples were dried at ambient temperature to 
impede bacterial and fungal growth. Adhering soil and hair was also 
removed. The textile samples were then re-packaged into new, indi
vidually labeled envelopes and stored for a maximum of 3 months, at 
− 18 ◦C until further analysis. 

Due to a local flooding event, the AFTER facility was closed between 
19 March – 4 April 2021, which directly impacted sample collection for 
Trial 1 between days 42 and 70 post-placement (Table S1). 

ATR-FTIR spectroscopy 

ATR-FTIR spectra were obtained using a Nicolet Magna-IR 6700 
spectrometer (Thermo Scientific, USA) and an ATR accessory consisting 
of a diamond crystal with a 45◦ angle of incidence. Spectra were 
recorded over a range of 4000–400 cm− 1, with a spectral resolution of 4 
cm− 1 and averaged over 128 scans. Triplicates were taken for each 
textile sample and acetone was used to clean the ATR crystal between 
each sample. OMNIC software (version 8.2, Thermo Scientific, USA) was 
used to record and baseline-correct the spectra which were then 
exported as individual comma-separated values (CSV) files. The aver
aged stacked plots of the IR functions are shown in Figs. S1–S6. 

The data was then further processed in accordance with the respec
tive statistical methods (Fig. S7). 

Data processing and statistical analyses 

Functional principal component analysis (FPCA) 
Principal component analysis (PCA) is a multivariate technique for 

high-dimensional data which is commonly used as a dimensionality 
reduction tool for exploratory data analysis and predictive models [31]. 
The purpose of PCA is often to compress, simplify and extract the most 
important information present within a dataset [32]. PCA has been 
applied as an exploration tool for chemometric analysis of IR data 
[21–23,33]. However, IR data is functional data due to the dependence 
of the observations over the wavenumber domain (in this case a scan
ning range of 4000–400 cm− 1) [34]. For this reason, the use of an 
extension of traditional PCA, in the form of functional principal 
component analysis (FPCA) was selected in the current study to inves
tigate the variation within the full functional dataset more accurately. 
FPCA replaces vectors with functions, covariance matrices with 
covariance operators, and scalar products in vector space by scalar 
products in square-integrable functional space [34–37]. 

For the FPCA, the triplicate absorbence values extracted from the 
CSV files were averaged to provide a single set of full spectra absorbence 
values as a representative for each sample collected post-placement. 
Two datasets were created, one for Trial 1 containing the data for H1, 
P1 and P2, and one for Trial 2 containing the data for H2, P3 and P4. 
These datasets were imported directly into the Unscrambler X (version 
10.3, CAMO, Norway) statistical software to further process the data 
prior to FPCA. The first derivative using the Savitzky-Golay (SG) algo
rithm with 3 smoothing points and extended multiplicative scattering 
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correction (EMSC) was applied to the datasets. This processing method 
for ATR-FTIR spectra has previously been employed as it minimizes 
baseline differences [38–40]. Two FPCAs were produced in R [41] using 
the package fdapace [42], one for each trial: Trial 1 and Trial 2. The 
plots of eigenfunctions for each FPCA were then used to determine the 
bands of interest (Table S2) for further targeted statistical analysis (2.5.2 
and 2.5.3). The residual plots (Figs. S8c and S9c) from the projection of 
the first two FPCs for each trial were used to determine that there are 
minimal unexplained features of the spectral profiles. 

Semi-parametric regression analysis 
In addition to FPCA, the functional data was also analyzed using 

semi-parametric regression models. The baseline corrected triplicate 
data obtained were used to extract maximum absorbence values within a 
set boundary for the IR bands of interest (Table S2) revealed from the 
plots of eigenfunctions of the FPCAs. Triplicate normalized absorbence 
ratios were then computed using an adapted method from Ueland et al. 
[23]. Each extracted maximum absorbence value was then normalized 
to the asymmetrical CH2 stretching of the methylene chain ~2920 cm− 1 

present in all spectra as a stable reference point as per Ueland et al. [23]. 
This method provided five normalised ratios: ~1540 cm− 1/ ~2920 
cm− 1, ~1575 cm− 1 / ~2920 cm− 1, ~1710 cm− 1 /~2920 cm− 1, ~1720 
cm− 1 /~2920 cm− 1 and ~1745 cm− 1 / ~2920 cm− 1. 

Semi-parametric regression models [43] in linear mixed model form 
were then fitted in R for the normalized ratios on a time dependant scale 
(days post-placement). The non-parametric components were given by 
O’Sullivan penalized splines [44]. The number of knots were selected 
using the simple default indications from Rupert et al. [45]. Regression 
lines and 95% confidence bands were obtained for the mean of the un
derlying process using Markov chain Monte Carlo (MCMC) sampling. 
The models were validated by checking the assumptions of normality, 
independence of the residuals and the appropriate convergence of 
MCMC chains. This analysis allowed a more targeted investigation of the 
post-mortem lipids on a time-dependant scale. 

One-way analysis of variance 

The triplicate normalized ratios computed were averaged to perform 
one-way analysis of variance (ANOVA) to compare the mean differences 

between species groups (human v pig) within each trial. As the one-way 
ANOVA compares the mean differences between groups, the triplicate 
normalized ratios were averaged to eliminate the influence of intra
sample variation on the overall statistical significance. The ratios were 
log-transformed so that the assumptions of normality and homoscedas
ticity were not violated. Normality was tested using the Shapiro-Wilk 
test of the residuals and the hypothesis of equal variances was tested 
using the Levene test. The resulting p-values were then compared to a 
reference level of 0.05. Tukey honestly significant different (HSD) post- 
hoc tests were run to understand the source of the statistically significant 
differences from the one-way ANOVAs. The ANOVAs, tests for checking 
assumptions and post-hoc tests were performed using R in-built func
tions and the package ’car’ [44]. 

Results and discussion 

Environmental conditions 

Mean temperature and total rainfall for the duration of the study is 
displayed in Fig. 1. Two trials were conducted for this study: Trial 1 
(January 29, 2021 – May 14, 2021) and Trial 2 (June 11, 2021 – 
September 24, 2021). H1, P1 and P2 of Trial 1 experienced several 
rainfall events (Fig. 1) and an overall mean temperature of 19.4 ◦C. Trial 
2 experienced relatively less rainfall events and a lower overall mean 
temperature of 14.8 ◦C. 

Visual decomposition 

The visual decomposition of the pigs and humans was considerably 
different between Trial 1 and Trial 2 (Fig. 2). During Trial 1, the pigs and 
human experienced several periods of heavy rainfall throughout the 
investigation and an overall mean temperature of 19.4 ◦C (Fig. 1). When 
compared with P1 and P2, there was a considerable difference in the 
visual decomposition observed for H1 (Fig. 2). H1 progressed from the 
fresh stage into the bloat stage within the first 10 days post-placement, 
however, H1 did not experience a distinct active decay stage. Instead, 
H1 transitioned from bloat into an advanced decay, relatively stable 
state of mummification. In contrast, P1 and P2 progressed from fresh, 
bloat and then active decay within the first 10 days post-placement. 

Fig. 1. Total rainfall (mm) and mean temperature ( ◦C) for the duration of Trial 1 and Trial 2. The overall mean temperature for Trial 1 was 19.4 ◦C and Trial 
2, 14.8 ◦C. 
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During the active period for P1 and P2, there was dense entomological 
activity which is typically attributed to an abundance of volatile organic 
compounds (VOCs) being emitted during this stage [45]. Between days 
20 and 42 post-placement, P1 and P2 reached an advanced state of 
decomposition with a significant loss of soft-tissue mass, resulting in 
skeletonization. By day 35 post-placement, both pigs were fully ske
letonised (Fig. 3a and b). 

Trial 2 experienced less rainfall than Trial 1 and had a lower overall 
mean temperature of 14.8 ◦C (Fig. 1). In contrast to Trial 1, there were 
no obvious differences in the rate and manner of which H2, P3 and P4 
progressed through the stages of decomposition (Fig. 2), with the 
exception of H2, which did not exhibit signs of the bloat stage. By day 42 
post-placement, H2, P3 and P4 had reached an advanced state of 

decomposition with a large portion of soft tissue exhibiting signs of 
mummification (Fig. 3c and d). Overall, visual differences between the 
pigs and humans were evident. This occurred in both seasons, with the 
human not experiencing bloat in winter. However, the differences were 
a lot more pronounced in summer. 

Textile analysis 

The textile control specimens remained intact until the completion of 
each trial with moderate discoloration. The IR bands of interest attrib
uted to post-mortem lipids were not visually observed in any of the 
control specimens throughout the duration of the trials. In contrast, the 
experimental samples showed considerable visual discoloration as the 

Fig. 2. Occurrence and duration of the stages of decomposition for the summer Trial 1 (H1, P1, P2) and the winter Trial 2 (H2, P3, P4) over the 105-day post- 
placement period. 

Fig. 3. H1 (a) and P1 (b) from Trial 1 on day 35 post-placement. H1 in a stable state of mummification. P1 skeletonized. H2 (c) and P3 (d) from Trial 2 on day 42 
post-placement. Both H2 and P3 in an advanced state of decomposition. 
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decomposition fluids were released from decomposing remains and 
absorbed into the textiles. 

Functional principal component analysis (FPCA) 

Trial 1 
The results from the FPCA for Trial 1 (Fig. 4a) were consistent with 

visual observations in the field for H1, P1 and P2. The fresh sampling 
days for both species (0, 3 and 7 post-placement) demonstrated a clus
tering toward the positive portion of functional principal component 1 
(FPC-1) and the negative portion of FPC-2 (Fig. 4b). The data for day 10 
post-placement from H1 was projected onto the negative portion of FPC- 
1 and FPC-2, clearly distinguished from P1 and P2 day 10 post- 
placement which were projected onto the positive portion of FPC-1 
and the negative portion of FPC-2. This trend was observed for the 
remainder of the data for Trial 1, with the data from the human (H1) 
being distinctly different from the pigs (P1 and P2). This provides pre
liminary evidence that the data obtained between humans and pigs for 
Trial 1 are not consistent, indicating interspecies differences. 

The separation and groupings projected in the FPCA (Fig. 4a) can be 
explained by the eigenfunctions in the loadings plot (Fig. 4c). It is clear 
that the carbonyl region pertaining to the 1710, 1720 and 1745 cm− 1 

bands were responsible for the vertical spread of the data along FPC-2 
(Fig. 4c). In contrast, it appeared that the C–H stretching band 2920 
cm− 1 was responsible for majority of the dispersion in the data along 
FPC-1 (Fig. 4c). During the decomposition process, the post-mortem 
lipids breakdown from larger triacylglycerols (~1745 cm− 1) and 
release smaller free fatty acids (~1710 cm− 1) into the immediate envi
ronment, explaining this dispersion. The data shown in Fig. 4a between 
day 10 and 42 post-placement corresponds to this pattern of lipid 
breakdown and provides evidence that this information is being effec
tively captured in the associated textile samples collected in-field 
(Fig. 4c). 

The data obtained from the final two sampling days (70 and 105 

post-placement) from both pig and human were more closely related to 
the initial cluster (Fig. 4b) than the rest of the data. This is likely due to a 
lower relative amount of post-mortem lipids present in the textile 
samples collected on those days. The loadings plot (Fig. 4c) demon
strated that this trend is due to the data from days 70 and 105 post- 
placement for H1, P1 and P2 containing lower relative amounts of the 
~2920 cm− 1 band corresponding to CH2 asymmetrical stretching of the 
methylene chain, similar to the data obtained from the earlier days 
(Fig. 4b). In addition, the loadings plot (Fig. 4c) revealed that the data 
obtained from P1 and P2 for days 70 and 105 post-placement contained 
higher relative amounts of the ~1540 and ~1575 cm− 1 bands corre
sponding to the C-O stretching from carboxylate bands of fatty acid salts. 
The ~1710 cm− 1 band relates to the C=O stretch of free fatty acids and 
the lower relative amounts of the ~1745 cm− 1 band is consistent with 
the decreased C=O stretch of triacylglycerols. 

The data obtained from day 105 post-placement for H1 was grouping 
with the data obtained from day 10 post-placement from both P1 and P2 
in the positive portion of FPC-1 and the negative portion of FPC-2. This 
correlates to the visual trends observed in-field, as the pigs decomposed 
at a much more accelerated rate than the human. This grouping provides 
further preliminary evidence to support the fact that there are consid
erable interspecies differences, particularly in respect to the decompo
sition timeline. 

Trial 2 
The FPCA for Trial 2 (Fig. 5a) is also congruent with the visual ob

servations that were made in-field for H2, P3 and P4 with respect to the 
stages of decomposition. When compared to Trial 1, the data for both 
human and pigs were more closely related for the early decomposition 
period (Fig. 5b). Due to the lower temperatures observed (compared to 
Trial 1), there was a delay in the initial onset of visual decomposition 
from fresh into bloat, or active for both species. This was apparent with 
the large clustering toward the positive portion of FPC-1 and the nega
tive portion of FPC-2 (Fig. 5b) that captured data from day 0 up until 

Fig. 4. Functional principal component analysis of the data observed for H1, P1 and P2 of Trial 1. Each data point represents the averaged triplicate function for each 
day post-placement. The red dashed box in (a) represents expanded portion displayed in (b). Plot of the eigenfunctions (c) of the processed correlation matrix for Trial 
2 for FPC-1 and FPC-2 that capture 80.65% of the variation. The x-axis represents the wavenumber (cm− 1). 
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approximately day 31 post-placement for both species. This is consid
erably different to what was seen in Trial 1 (Fig. 4b) for H1, P1 and P2, 
as the early grouping only contained data from days 0 to 3 post- 
placement. Again, this is likely attributed to the warmer temperatures 
during the summer Trial 1. 

In contrast to Trial 1, the data from the last sampling day (105 post- 
placement) was clearly distinguishable from the early cluster, with 
obvious differences in the data obtained from H2 projected in the 
negative portion of FPC-1 and the positive portion of FPC-2, and P3 
projected in the negative portion of both FPC-1 and FPC-2. Overall, the 
patterns in the FPCAs demonstrate clear interspecies differences, 
particularly for the data obtained during the later decomposition period. 

Several studies have demonstrated the benefit of chemometric 
analysis via ordinary PCA for IR data [22,23,33]. However, as previ
ously mentioned, the application of ordinary PCA for functional data has 
its limitations [31,34]. The results of the current study demonstrate the 
successful application and interpretation of FPCAs for functional IR 
data. Overall, the plots of eigenfunctions from the FPCAs of Trial 1 and 
Trial 2 (Figs. 4c and 5c) revealed six IR bands of interest for further 
statistical investigation: ~1540, ~1575, ~1710, ~1720, ~1745 and 
~2920 cm− 1. 

Semi-parametric regression modeling 

In order to further investigate the post-mortem lipid interspecies 
differences, semi-parametric regression models were fitted. These 
models were applied to five different band ratios: ~1540 cm− 1/ ~2920 
cm− 1, ~1575 cm− 1 / ~2920  cm− 1, ~1710 cm− 1 /~2920 cm− 1, ~1720 
cm− 1 /~2920 cm− 1 and ~1745 cm− 1 / ~2920 cm− 1 on a time- 
dependant scale (day post-placement). The ~2920 cm− 1 C-H stretch
ing band was selected as the normalization factor as per Ueland et al. 
[23] and supported by Stuart et al. [46]. For each ratio and donor or pig, 
the model parameter estimates were used to produce a continuous ratio 
mean estimate over time and its 95% confidence bands. The residual 

scatter plots from the semi-parametric regressions (Figs. S10 and S11) 
show that the residuals are overall randomly distributed, which con
firms that the selected model fits the data in most cases. However, in 
some cases, such as (Fig. S10 h), extreme values, as seen on day 35 
post-placement for the ratio ~1710/2920 cm− 1 are not well captured by 
the models. 

Trial 1 
The mean daily ratios of the post-mortem lipid bands for H1 (Fig. 6a, 

d,g,j,m) all exhibited a spike in relative absorbence within the first 20 
days post-placement, except for ~1710 cm− 1/~2920 cm− 1, which 
peaked at approximately day 40 post-placement. In contrast, the models 
for P1 (Fig. 6b,e,h,k,n) and P2 (Fig. 6c,f,i,l,o) did not exhibit this spike 
during the early period and were generally more stable over the 
decomposition timeline than H1. This was most pronounced when 
comparing the free fatty acid ratio ~1710 cm− 1/~2920 cm− 1 between 
species (Fig. 6g–i). The ratios corresponding to the carboxylate bands of 
the fatty acid salts ~1540 cm− 1/~2920 cm− 1 and ~1575 cm− 1/~2920 
cm− 1 demonstrated the most contrasting results between species. The 
mean of the underlying process of the relative absorbence for H1 for the 
carboxylate bands did not exceed 0.6 (Fig. 6a and d), whereas the mean 
of the underlying process of the relative absorbence for P1 (Fig. 6b and 
e) and P2 (Fig. 6c and f) far exceeded 0.6 by the final sampling day (105 
post-placement). The presence of the ~1540 cm− 1/~2920 cm− 1 and 
~1575 cm− 1/~2920 cm− 1 bands are indicative of adipocere formation, 
which is known to be a late-stage decomposition product [21,46,47]. 
This product is a waxy substance formed by the hydrolysis and hydro
genation of adipose tissues [46,47]. The results of the semi-parametric 
regression models provided evidence to support the formation of adi
pocere during the early stages of decomposition for P1 (Fig. 6b and e) 
and P2 (Fig. 6c and f) which continued to increase over the decompo
sition timeline. In contrast to the semi-parametric regression models for 
H1 (Fig. 6a and d) which provided poor evidence of this same finding. 

Fig. 5. Functional principal component analysis of the data observed for H2, P3 and P4 of Trial 2. Each data point represents the averaged triplicate function for each 
day post-placement. The red dashed box in (a) represents expanded portion displayed in (b). Plot of the eigenfunctions (c) of the processed correlation matrix for Trial 
1 for FPC-1 and FPC-2 that capture 95.63% of the variation. The x-axis represents the wavenumber (cm− 1). 
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Trial 2 
In contrast to Trial 1, the mean of the underlying process for the 

carboxylate bands of fatty acid salts ~1540 cm− 1 /~2920 cm− 1 and 
~1575 cm− 1 /~2920 cm− 1 showed a general decreasing trend for Trial 
2 (Fig. 7a–f), particularly for H2 (Fig. 7a and d). The models for the 
formation of free fatty acids ~1710 cm− 1 /~2920 cm− 1 over the 
decomposition timeline for H2 (Fig. 7g) and P4 (Fig. 7i) were more 
similar to each other than P3 (Fig. 7h), with a clear increasing trend over 
the decomposition timeline. The semi-parametric regression model of 

the free fatty acid band, ~1710 cm− 1 /~2920 cm− 1, for P3 (Fig. 7h) 
spiked within the first few days, providing evidence of post-mortem lipid 
degradation from triacylglycerols to free fatty acids during the early 
period. Additionally, there was an increase in the release of tri
acylglycerols, ~1745 cm− 1 / ~2920 cm− 1, into the textiles for H2 
(Fig. 7m) around day 40 post-placement which was not observed for P3 
or P4. This is likely due to differences in the rate and manner of 
decomposition between species. 

The results of the semi-parametric regression models of the 

Fig. 6. Semi-parametric regression models for Trial 1 of the five normalised post-mortem lipid ratios: ~1540 cm− 1/~2920 cm− 1, ~1575 cm− 1/~2920 cm− 1, ~1710 
cm− 1/~2920 cm− 1, ~1720 cm− 1/~2920 cm− 1 and ~1745 cm− 1/~2920 cm− 1. The y-axis represents the normalised absorbence values, and the x-axis represents the 
sample period (days post-placement). The red circles represent the normalised absorbence values per sampling day. The solid blue line represents the daily mean of 
the underlying process, and the dashed blue lines represent the 95% confidence bands. 
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normalised post-mortem lipid bands for Trial 1 and Trial 2 clearly 
indicate interspecies differences over the decomposition period, partic
ularly for the carboxylate bands of fatty acid salts attributed to the 
formation of adipocere. 

Analysis of variance (ANOVA) 

One-way ANOVA was performed on the daily averaged normalized 
ratios (Table S3) used in the semi-parametric regression modeling to 
statistically assess the mean differences between species groups (human 

Fig. 7. Semi-parametric regression models for Trial 2 of the five normalised post-mortem lipid ratios: ~1540 cm− 1/~2920 cm− 1, ~1575 cm− 1/~2920 cm− 1, ~1710 
cm− 1/~2920 cm− 1, ~1720 cm− 1/~2920 cm− 1 and ~1745 cm− 1/~2920 cm− 1. The y-axis represents the normalised absorbence values, and the x-axis represents the 
sample period (days post-placement). The red circles represent the normalised absorbence values per sampling day. The solid blue line represents the daily mean of 
the underlying process, and the dashed blue lines represent the 95% confidence bands. 
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or pig) within each trial. Statistically significant results were obtained 
between the two species for Trial 1 and Trial 2 for the ratios corre
sponding to carboxylate bands of the fatty acids ~1540/2920 and 
~1575/2920 (Table S3). Post-hoc tests revealed that the statistically 
significant differences for Trial 1 were between H1 and P1, H1 and P2 
and not between P1 and P2 (Table S3). Similarly, the post-hoc tests for 
Trial 2 showed statistically significant differences between H2 and P3, 
H2 and P4 and not between P3 and P4. The results of these tests provide 
strong evidence to support the fact that pigs and humans decompose 
incongruously as the post-mortem lipids collected in textiles demon
strate clear significant differences. 

Conclusions 

The current study has demonstrated the successful application of 
FPCA to IR data as a dimensionality reduction tool, to reveal underlying 
patterns in the data collected from cotton textiles associated with 
decomposing human and pig remains. The FPCA results indicated that 
post-mortem lipids collected in cotton textiles were the primary influ
ence on the variability within the datasets. In addition, the separation 
and groupings projected in the FPCAs could be directly correlated to 
both the visual in-field observations and environmental data recorded. 

The application of regression modeling was also explored in this 
study through the use of semi-parametric regression models of 
normalized post-mortem lipid bands to obtain the mean of the under
lying process using Markov chain Monte Carlo (MCMC). The results 
from these models clearly indicate interspecies differences between pigs 
and humans over the decomposition period, particularly for the 
carboxylate bands of fatty acid salts attributed to the presence of adi
pocere. The results from these models also provided sufficient evidence 
to support the use of normalized lipid ratios to monitor the chemical 
decomposition on a time-dependant scale. With further studies and an 
expansion of the current database, these models provide the potential 
application for casework where unknown textile evidence is yielded. In a 
forensic context, this could prove to be a useful tool for determining a 
relative post-mortem interval period, a vital aspect of complex death 
investigations [1]. 

Further statistical analysis of the averaged normalized post-mortem 
lipids bands was conducted via one-way ANOVA. These tests revealed 
statistically significant interspecies differences for the summer Trial 1 
and the winter Trial 2 for the normalized ratios corresponding to the 
C–O stretch of the carboxylate bands of fatty acid salts at ~1540 cm− 1/ 
~2920 cm− 1 and ~1575 cm− 1/~2920 cm− 1. No other normalized ratios 
for Trial 1 or Trial 2 revealed statistically significant results. These 
findings provide strong evidence to question the suitability of pigs as 
human analogues for taphonomic investigation as the lipid contents of 
the adipose tissues are not consistent between species over the decom
position period. 

Overall, the results of this study provide preliminary evidence that 
pigs are not statistically interchangeable analogues for human decom
position with respect to post-mortem lipids collected in textiles in an 
Australian summer or winter season. It is important to recognize that 
there were several uncontrollable and systematic differences between 
the pigs and humans used in each trial including age, sex, cause of death 
and mass which could have influenced the findings. Such factors are 
difficult to control when conducting decomposition studies including 
human donors. Recommendations for future investigations include 
further comparative studies to adequately assess the influence of these 
systematic differences with an increased sample size. 

In addition, the assessment of different textile types to determine the 
universality of this method. In particular, synthetic varieties such as 
polyester, which contains a sharp ester band in the carbonyl region of 
the infrared spectrum, would likely impact the investigation of the free 
fatty acids and triacylglycerols at ~1710 and ~1745 cm− 1 [22,33]. 
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