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Project Summary 

The Forensic Anthropology Center at the University of Tennessee has been the leader in human 

decomposition research at the Anthropology Research Facility (ARF), or “Body Farm,” for over 

forty years. The majority of decomposition research has focused on how environmental factors, 

such as temperature, insect activity, sunlight, clothing and wrappings, soil chemistry and microbes 

affect decomposition rates (e.g., Damann et al. 2015; Mann et al. 1990; Rodriguez and Bass, 1983; 

Rodriguez and Bass, 1985; Vass et al. 1992; Wilson-Taylor and Dautartas, 2017). Recently, 

however, researchers conducted a series of trials with multiple donors placed simultaneously in 

the same microenvironment at the ARF (3-5m apart) and observed differential decomposition. 

Specifically, some donors were heavily scavenged while others were completely ignored by 

scavengers, insect colonization times varied despite identical external environments, and even soil 

chemistry profiles differed between individuals (Dautartas et al. 2018; Steadman et al. 2018; 

DeBruyn et al. 2021). It seems, therefore, that characteristics of the deceased body itself may 

enhance or disrupt decomposition progression such that time since death estimates based on human 

morphology or entomological evidence could carry unquantified error. The purpose of this study 

is to systematically examine if and how the body exerts agency over its own decomposition process 

by studying the effects of drugs and end of life diseases on decomposition rates and patterns.   

Use of prescription medications as well as drugs of abuse has risen 30% worldwide between 

2009 and 2018, and the drug overdose rate in the United States increased nearly 10% in a single 

year (2016-2017) (U.N. World Drug Report, 2021). While illicit drug use also has increased, 

almost half of all opioid-related overdoses are attributed to prescription sources, a rate that has 

quadrupled since 1999 and increasingly affects the elderly (National Institute on Drug Abuse, 

2020; CDC 2017:25). Beyond the opioid epidemic, however, pharmaceutical dependence tracks 
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U.S. morbidity and mortality trends, where seven of the top 10 causes of death in the U.S. in 2019 

(prior to the emergence of SARS-CoV-2) were chronic diseases requiring pharmaceutical 

intervention, including heart disease, cancer, chronic lower respiratory diseases, stroke, 

Alzheimer’s, diabetes, and other kidney diseases (Kochanek et al. 2020). Medication use is not 

restricted to older adults as children are also high consumers of antibiotics, asthma medication 

(steroids), and behavior/mood altering drugs (Chai et al. 2012; Hales et al. 2018; Visser et al. 

2014). Estimates of “long-haul disease” in over one-third of Covid-19 patients will also necessitate 

long-term medications even for those who were once healthy (Huang et al. 2021). The permanence 

of drugs (hereafter to include both illicit drugs and prescribed or over-the-counter medications) in 

daily American life means that most death investigations will involve decedents who have drugs 

in their system. An important forensic question, then, is whether pathological conditions and/or 

the drugs used for treatment (or drugs of abuse) alter expected decomposition rates of the body 

and introduce unknown error to morphological and entomological estimates of the postmortem 

interval (PMI). Hayman and Oxenham (2016) evaluated two human subjects that differed in 

medical treatment (cancer and diabetes/heart attack) before death, and the results of this work 

suggested that perimortem medical treatments can have significant effects on decomposition rates 

and patterns. To address this issue, we study a larger number of donors and combine taphonomic 

observations with cutting edge -omics approaches to examine how drugs and diseases suffered by 

donors at the end of their life impact the primary decomposers – insects, scavengers, enteric 

bacteria and soil microbes.   

Studies of pharmaceuticals and drugs of abuse in animal carcasses have clearly shown that 

drugs differentially affect the timing of insect life cycles (e.g., Goff et al 1989; Kintz 1990, Bourel 

et al. 2001). For instance, maggots reared on organs of rabbits injected with diazepam exhibited 
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increased growth rates and altered pupa morphology compared to controls (Carvalho et al. 2001). 

Pharmaceuticals can also significantly alter the composition and functioning of our gut microbiota 

(Fuyuan 2016, Banarjee 2016). Research on application of human or animal wastes (e.g. biosolids 

or reclaimed water) to land has demonstrated that the antibiotics and pharmaceuticals found in 

these wastes can significantly alter soil microbial communities (Qin et al. 2015, Caracciolo et al. 

2015); thus, it is highly plausible that drugs or drug metabolites found in decomposing bodies 

would affect the environmental microbiota in this system. Since insects and both the internal and 

external microbiomes mediate decomposition, a change in these communities could ultimately 

influence the rate or trajectories of decomposition. Finally, no studies have explicitly correlated 

scavenger choice in consumption of human body tissues with individuals of documented diseases, 

treatments, and multiple drugs in their system. 

This longitudinal study of human donors with known disease and drug histories examines 

whether drugs and their metabolic products impact the physiology, behavior, and/or community 

composition on the three primary groups of decomposers (insects, scavengers, and microbes) and 

correlate these with observed decomposition rates (Figure 1). We applied multi-omics approaches 

to determine whether drugs lead to a detectable shift in the metabolome and microbiome of human 

donors that will then impact the behavior and/or physiology of organisms that use the human body 

as a food source. Our data will ultimately inform if and how postmortem interval (PMI) estimates 

should be modified when certain drugs are present and assess the need to perform toxicological 

testing of different matrices prior to PMI estimation. 
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Figure 1. Relationship between drugs and end of life diseases and decomposers that may affect the postmortem interval 
estimate. 

Goals and Objectives 

The overall goal of this research project was to establish the relationship between human 

toxicological loading and decomposition dynamics. Our hypothesis was that multiple drug 

metabolites can influence the behaviors of these decomposers by changing the metabolite profile 

(the total metabolite content in the system) of the decomposing body and, thus, result in differential 

rates of decomposition. To test this hypothesis, we conducted metabolomic profiling, microbial 

DNA sequencing, and entomological identifications to carry out the following objectives: 

1. Determine if the metabolites present in blood serum can be tracked across decomposer 

matrices. 
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2. Determine the relationship between the drug metabolite profile of donated human subjects 

and the community structure and/or physiology of insects and microbes.  

3. Determine the relationship between the metabolite profile of donated human subjects and 

the behavior of scavengers. 

Research Design 
Data Collection 

Human subjects involved in this project were obtained through the Body Donation Program of 

the Forensic Anthropology Center (FAC). The FAC requested a list of medications and treatments 

given during the last two weeks of life as well as a description of the diseases and conditions at 

end of life. Donors without open wounds, and for whom femoral and aortic blood serum samples 

could be obtained, were enrolled and placed at the ARF for this longitudinal study. Baseline soil 

samples were taken at the placement site and at a control site approximately one meter away from 

the donor. A data logger was placed close to the donor to provide a localized hourly recording of 

temperature and relative humidity. These local temperatures were used to calculate the 

accumulated degree hours (ADH)1 that served as a metric to determine sampling points for soil 

and decomposition fluid. Infrared motion sensing digital game cameras were set by each donor to 

collect images of any scavenger presence and activity on the bodies. 

1 Accumulated degree hours (ADH) and accumulated degree days (ADD) measure the thermal energy available to 
organisms over time. ADH for this study is calculated as the sum of hourly temperatures (minus 10°C) until 
unenrollment. ADD is calculated as the daily mean temperature above the threshold of 0°C until unenrollment. 
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Donor decomposition and insect and scavenger activity were documented twice daily with 

photographs and data collection forms. Table 1 provides the sampling strategy (by ADH) for all 

field data. Data collection techniques included: 

• Decomposition fluid was collected when it was released from the donor and had 

sufficiently pooled on the ground surface within the cadaver decomposition island 

(CDI). The tip of a sterile 30-ml syringe was carefully inserted into the surface of the 

pooling fluid and slowly drawn up. This process was repeated until ten milliliters were 

collected. The syringe was inverted to mix and 1.75 ml dispensed into four 2-ml 

cryovials.  

• Between five and eight soil cores were obtained at a depth of 5 cm using a sterile 10-

ml syringe with the tip cut off. Soil cores were taken from adjacent to the donor and at 

a control point at least 1 m away from the donor. Soils were homogenized and debris 

larger than 2 mm (i.e. rocks, roots, insects, etc.) was removed. 

• Larvae of all immature development stages (1st through post-feeding 3rd instars) were 

collected. Larvae collected for the purposes of morphological identification were 

immediately par-boiled and placed in 70% ethanol on-site. Flying adult insects were 

collected with an aerial sweep net, whereas non-flying adults were collected by hand 

when possible. All adult insects were killed and stored in 70% ethanol. 

• Subsamples of larvae, soil and fluids were immediately flash frozen with liquid 

nitrogen in the field, stored in liquid nitrogen at the FAC and then regularly transported 

to the UTK Biological and Small Molecule Mass Spectrometry Core (BSMMSC) for 

targeted and untargeted analysis for metabolomic profiling as well as the Department 

of Biosystems Engineering & Soil Science for DNA profiling and sequencing. 
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Laboratory Analysis 

Postmortem toxicological analysis was performed on central and peripheral serum collected at 

intake using ultra-high-performance liquid chromatography–high-resolution mass spectrometry 

(UHPLC-HRMS). Stock solutions of commercial drug standards (Restek, Bellefonte, PA) 

containing 15 drugs from major pharmaceutical classes were used for validation of compound 

identity as well as quantitative analyses. Metabolites were extracted and targeted tandem mass 

spectrometric analyses were performed using an UPLC-Quadrupole/Orbitrap Q Exactive MS 

while untargeted, global metabolite analyses used an UPLC- Orbitrap Exactive MS. The 

untargeted metabolomics methods were able to simultaneously quantitate both the known 

metabolites and the molecules of undetermined structures (“unknowns”). All spectral profiles were 

filtered to remove peaks below an abundance threshold to lower the chances of including peaks 

that arose from random noise. Metabolite identification and annotation was performed using 

retention time and exact mass, as well as fragmentation data of lipids and larger metabolites.  

Microbial DNA was extracted from all soil and decomposition fluid samples using the DNeasy 

Powerlyzer PowerSoil kit (QIAGEN Inc.). Soil was also analyzed using an Orion Star™ A329 

multiparameter meter (Thermo Scientific) to measure pH and electrical conductivity (EC). Soil 

respiration was assessed as CO2 evolved in a closed headspace after 24 hours at 20°C, measured 

using an Infrared Gas Analyzer (IRGA). 

Dichotomous keys were used to determine the taxonomic classification of all 3rd instar larvae 

(Liu and Greenberg 1989, Szpila 2009) (larvae younger than 3rd instar cannot be reliably identified 

to genus or species) and all adults. Additionally, all sampled larvae were measured to the nearest 

0.1 millimeter. In order to determine if there were any significant differences between the length 

of larvae present on each donor, 3rd instar larvae of the blow fly Phormia regina were used for 
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analysis as they were present on all but three donors. Intrinsic factors (including disease status and 

presence of pharmaceuticals) and environmental factors (e.g., temperature), were analyzed to 

determine their impact on the pre-colonization interval (pre-CI), or time interval between donor 

placement and initial blow fly colonization. 

The time between placement and scavenging (if it occurred at all), frequency of scavenging 

events and extent of scavenging were evaluated from the morning and afternoon field notes and 

photographs.  Evidence of scavenging modification on the donors included superficial scratching, 

penetration of the skin, tissue disruption, and consumption. Scavenger species were identified from 

the game camera images. The minimum number of scavenging sites (MNSS) represents the 

frequency of any scavenger alteration of the remains and is a measure of the extent of scavenging 

on each donor (Steadman et al. 2018).  

Morphological changes during decomposition were documented from daily photos using Total 

Body Score (TBS) (Megyesi et al. 2005). The scoring method involves assigning incremental 

scores of decomposition, from fresh to skeletonized, for three regions of the body – head and neck, 

torso, and limbs – and then summed. The estimated ADD is then compared to the known ADD as 

determined from the time of placement to unenrollment. 

Results 

The analysis of multifactorial data (e.g., metabolomics, genomics, insect behavior, microbial 

community structures, soil chemistry, scavenging frequency) is complex and our work to assess 

statistical relationships is ongoing. While there are a number of important findings, we focus here 

on three key trends that will be analyzed further in upcoming publications. First, we document that 

drug metabolites detected from donor blood serum can be traced to insects and microbes. Second, 
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we found changes in community structure or physiological responses of insects and microbes that 

can be correlated with end of life diseases and/or their attendant drugs. Finally, we begin to explore 

the effects of drugs and diseases on decomposition rates and insect behavior that will ultimately 

affect PMI estimations. To demonstrate these findings, we first document the health and 

toxicological loads of the donors studied.   

Donor Disease Loads and Toxicological Screening 

Longitudinal data were collected for 22 donors. Appendix 1 provides the demographic and 

medical conditions for each donor as well as the medications reported to be taken within two weeks 

of death. Figure 3 demonstrates the drug classes represented as well as reported disease categories. 

All 22 donors had documented co-morbidities or risk factors (e.g., tobacco use), with cancer and 

respiratory diseases representing the most common disease conditions reported (Figure 4). All of 

the 17 donors for whom medication lists are available reported use of multiple drugs (between 3 

and 24 drugs per donor), with a mean of 11 drugs per donor. 

Figure 5 compares the drugs detected in the toxicological screenings to the drugs reportedly 

taken by each donor (n = 17). Approximately 54% of drugs on the provided medication lists were 

detected by the toxicological screenings. Moreover, the toxicological screenings detected 

approximately 35% more drugs than were listed on the medication lists. Of these, six drugs were 

detected but not reported by any donor – codeine, dihydrocodeine, meperidine, oxymorphone (all 

opioids), mirtazapine (anti-depressant), and promazine (anti-psychotic), while others were under-

reported, such as acetaminophen (pain), morphine (opioid), citalopram (anti-depressant), and 

carbidopa-levodopa (Parkinsons). Duloxetine (an anti-depressant), was reported but not detected 

in in two cases, but this compound was detected in the sera of two other donors for whom it was 

not reported. Two donors (Tox 013 and Tox 022) died from acute trauma, rather than chronic end-
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Toxicological Screening Across Matrices 

Toxicological screens of the non-serum matrices (decomposition fluid, larvae that fed on the 

body, and soil under the donor) demonstrated that metabolites detected in the serum were also 

found in the other matrices. In Figure 6, drugs and drug metabolites in green were both confirmed 

by the toxicological screens and were on the patient’s medical history. Drugs shown in yellow 

were detected by our toxicological screens but not reported for the donor, and compounds in blue 

were measured from donors for whom we did not have a medication history. The intensity of the 

color indicates drug concentrations. The drugs had the highest concentrations in serum or 

decomposition fluid, although detectable amounts were also found in larvae and fluid-soaked soil.  

Postmortem toxicology of Tox 019 exemplifies this trend of trackability for the analgesic 

morphine by demonstrating a defined route of the drug from the cadaver into the surrounding 

environment (Figure 7A). Not only was morphine present in the serum but also in larvae that were 

feeding on the cadaver and in decomposition fluid. Morphine was eventually detected in the CDI 

soil. Furthermore, the developmental stage of larvae seemed to influence drug detectability, with 

intensities of detectable drugs decreasing with older larval specimens. 
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Figure 6. Toxicological screens of donors reveal that all donors had mixtures of drugs in their bodies (S), and during decomposition, these drugs are passed to larvae (L), 
decomposition fluids (DF) and soil (DS). Drugs and their metabolites were detected in all matrices from the 22 donors except in serum from donors Tox 001, 003, and 005 
which we were unable to collect. Compounds in green (confirmed) were detected and were reported on the patient’s medical history. Drugs in yellow were detected but not 
reported, and compounds in blue refer to donors for whom we do not have a medical history. The intensity of the color indicates relative drug concentration. 
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Figure 7. Toxicological analysis of different human postmortem 
matrices. Detection of morphine in the serum, larvae, fluid, and 
soil collected from donor Tox 019. Significant changes in drug 
abundances were derived using students t-test and one-way 
ANOVA. Letters are a result of post-hoc Tukey test. 
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The sheer number of metabolites detected in our analyses provides a glimpse into the 

complexity and scale of metabolomic analyses with human serum and across the decomposer 

matrices, but also yields some potential biomarkers of human decomposition. We detected 

approximately 12,000 metabolites per sample in decomposition fluids and 3,000 in soils saturated 

with decomposition fluid adjacent to the donors. Decomposition increased the number of 

metabolites available to the microbial communities in the soil by more than 60%. Decomposition 

fluid, soil, and larvae from all 22 donors were extracted to analyze their metabolomes using PLS-

DA. Overall, we noticed that the entirety of larvae, fluid, and soil samples collected from each 

donor had a specific metabolic signature that allowed discrimination amongst the donors (Figure 

8A). For instance, larvae from Tox 002-004 seemed to be metabolically distinguishable from those 

collected from other donors, while decomposition fluid collected from Tox 010 showed a different 

metabolic profile and separated along the first component (72.3%). Analysis of decomposition soil 

revealed three distinct groups of donors exhibiting similar metabolomes. Intra-donor comparisons 

for soils (Figure 8B) showed increased metabolite abundances in decomposition soils compared 

to controls for later decomposition periods. As fluid is purged from the body during active decay, 

an accumulative influx of a diverse suite of metabolites can be expected in the soil. Further efforts 

were made to deconvolute time-dependent changes of the postmortem metabolome. Accordingly, 

data were split by percent ADH (0%, 25%, 50%, 75%, and 100% ADH) and analyzed using 

supervised, multivariate models (Figure 9A). Multiple donors (exemplified by Tox 005, 011, and 

020) demonstrated a change in metabolic dynamics in the soil as decomposition progressed. Given 

the distinguishable cluster formation at each percent ADH interval, the metabolic composition of 

CDI soils appeared to shift over time. Samples forming 0% and 25% ADH clusters seemed to have 

distinct metabolic profiles (shown in yellow, Figure 9A) as they created a group separated from 
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the remaining three percent ADH classes (shown in blue, Figure 9A). Lastly, preliminary machine 

learning approaches identified several metabolites that could help to accurately classify a soil 

sample as decomposition or control soil. Specifically, our random forest classification algorithm 

predicted control and decomposition samples with 93% accuracy, identifying pantothenate, 

creatine, taurine, xylitol, xanthosine, and hypoxanthine as potential indicators of decomposition 

soils (Figure 9B). Generally, decomposing cadavers are a concentrated nutrient source affecting 

nitrogen, phosphorus, and carbon pools in the soil by providing a significant source of proteins 

and amino acids. Metabolites enriched in decomposition-impacted soils might have resulted from 

human global molecular mechanisms after death (e.g., breakdown of muscle tissue, nucleic acids) 

or via microbial-mediated processes – a topic that remains to be explicated in a future metabolome-

microbiome analysis. 
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Decomposer Effects 

Given that drugs enter the local environment, we are beginning to examine the effects of these 

drugs on the decomposers. Insect and microbial communities were impacted by both the reported 

medical conditions, especially cancer and diabetes, and by the drugs taken to treat these conditions. 

The scavenging data indicates raccoon preference for certain donors, though correlations with 

specific drugs or illnesses are not yet fully elucidated.  

Soil Chemistry and Microbial Ecology 

Soil chemistry analysis included electrical conductivity (EC), a measure of ionic strength in 

the soil, and pH, both of which can alter soil microbial activity. Soil responses between individuals 

were variable for both these parameters. EC in the soils within the cadaver decomposition island 

of all donors increased during active decomposition (Figure 10). This intensification was largely 

due to increases in ammonium from protein decomposition, though the rate and magnitude of this 

increase varied between donors. Tox donors 006, 012, 013, and 019 displayed the greatest 

increases in EC during active decomposition. We investigated if the presence of six end-of-life 

conditions (cancer, diabetes, cardiovascular diseases, neurological diseases, respiratory diseases, 

and pneumonia) impacted soil responses during decomposition. Of the six, only respiratory 

diseases displayed a trend, whereby individuals with respiratory diseases resulted in reduced EC 

increases over time compared to those without (Wilcoxon p = 0.0009). We also saw that season 

did not significantly impact EC increases over time (Kruskal p = 0.85). 

The direction and magnitude of pH change within decomposition-impacted soils differed 

between individuals (Figure 10). Soils around the majority of donors (n = 16) decreased in soil pH 

during active decomposition, though soil pH increased around five donors. There was also a 

positive relationship between soil pH and leucine amino peptidase activity (LAP) response to 
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human decomposition (Figure 11), which may have implications for protein degradation patterns 

in decomposition soils, as LAP is an enzyme involved in protein degradation.  

The effects of presence and absence of four disease categories (cancer, respiratory illnesses, 

cardiovascular illnesses, and neurological illnesses) and their influence on soil parameters over 

time were evaluated with hierarchical linear modeling (HLM). HLMs revealed that 1) pH 

decreased to a greater extent in decomposition soil of those with neurological illnesses compared 

to those without (F = 30.79; p < 0.001); 2) microbial respiration increased to a greater extent for 

those with cardiovascular illnesses over time (F = 5.077; p = 0.026); and 3) as ADH increased, 

individuals with cancer displayed a greater decrease in soil LAP activity (F = 4.201; p = 0.045) 

and reduced increase in microbial respiration (F = 8.776; p = 0.004). These preliminary trends do 

indicate that soil characteristics are influenced by donors with certain diseases and the complexity 

of interactions requires additional analysis.   

Figure 10. Soil parameter changes over time. Soil pH had variable response between donors, while electrical conductivity (EC), 
and heterotrophic respiration increased for all donors. Log response ratio (LRR) values (y-axis) are calculated by taking the 
natural log of the treatment value divided by the control value. Percent accumulated degree hours (x-axis) values were 
determined by dividing the ADH of the sample by final ADH of the donor, this allows for comparison of donors as the total time 
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required to complete active decomposition varies between individuals. Linear regressions were used to generate trendlines and 
color corresponds to each donor and is consistent through all three panels. 

Figure 11. Principle components analysis (PCA) of soil chemical and enzyme profiles over active decomposition for Tox 011- 020. 
The log response ratio (calculated by taking the natural log of the treatment value divided by the control value) of the following 
soil parameters were used: pH, electrical conductivity (EC), and four enzyme activities (β-glucosidase, BG; N-acetyl-β-D-
glucosaminidase, NAG; alkaline phosphatase, PHOS; leucine amino peptidase, LAP). Arrows represent the loadings of each 
variable, while color denotes time as percent of total ADH. 

One of the key groups of decomposers are microbes: the bacteria and fungi in, on, and around 

the body that break down and metabolize dead tissues for their growth and energy, and whose 

communities change substantially during decomposition. Changes in microbial community 

structure were assessed using 16S rRNA gene (bacterial) and internal transcribed spacer (ITS) 

region (fungal) amplicon sequencing for donors Tox 001-020. In general, the richness (number of 

species) and diversity (richness plus distribution of the species) of soil microbial communities 

decreased during decomposition (Figure 12). However, inter-donor variability was observed, with 
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Figure 13. Species richness (Chao1 estimate) of soil microbial communities during decomposition is affected by donors with 
(gold) compared to those without (grey) cancer (A), respiratory (B) or neurological diseases (C). p values are from Wilcoxon tests 
between disease presence and absence at each time point (DeBruyn et al. in prep.) 

Insect Activity 
Adult female blow flies use chemoreceptors to assess suitability of carrion and determine the 

appropriate location to lay eggs. This behavior may be deterred by inopportune conditions and 

may delay colonization of a body. Therefore, we measured the pre-colonization interval (pre-CI) 

- the delay from donor placement to the first egg-laying event - to determine if drugs or disease 

condition impacted female fly oviposition. Pre-colonization intervals ranged from 2.8 – 2,760 h, 

or 54.5 – 5,664.9 ADH. The pre-CI was most strongly affected by seasons, with significantly 

longer pre-colonization intervals for donors placed in the winter compared to all other seasons (P 

< 0.001; Figure 14). No other drugs, disease conditions, or other biotic or abiotic factors 

significantly impacted the pre-CI in this preliminary analysis. 
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Species richness (S) and Simpson diversity (D) were highly variable among donors and overall 

beta diversity was moderately high among donors (β = 0.502). Eleven blow fly species were 

collected during this project. The most common and abundant larval and adult species was 

Phormia regina, as it was collected from 19 out of 22 donors. Included in this highly diverse 

sample is Chrysomya megacephala (Fabricius), which represents a new distribution record for this 

species in the state of Tennessee (Owings et al. 2021). Donor Tox 021 exhibited the greatest larval 

blow fly richness compared to the other donors (five species compared to a mean of 1.85 for all 

other donors) (Figure 14 B,C). Tox 022 exhibited the highest adult blow fly richness, with six 

species compared to a mean of 1.38 species for all other donors. While this diversity may be due 

to the extended period in active decomposition, it is also notable that this was the only donor to 

have a combination of anti-psychotic and anti-depressant drugs detected in the serum. Season was 

the biggest predictor of changes in species richness, with the most species detected in the fall, and 

the fewest species detected in the summer (Figure 14B). No drugs, disease conditions, intrinsic, or 

other extrinsic variables significantly impacted larval richness of donors in this study. 
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Figure 14. A) Pre-CI in different seasons, B) richness in different seasons, and C) the richness and diversity over donor. 

The larval length of Phormia regina was analyzed from the 12 donors colonized by this 

species. A strong seasonal effect was observed, with significantly shorter larvae collected in the 

winter compared to all other seasons (P < 0.05 for all comparisons). Inter-donor variability was 

also significant (P = 0.000) and a Wilcoxon test was implemented to obtain pairwise comparisons 

(Table 3). Notably, Tox 021 exhibited significantly shorter larvae compared to all donors except 

Tox 020 (P = 0.000), and Tox 022 exhibited significantly longer larvae compared to all donors 

except Tox 003, Tox 011, and Tox 020 (P = 0.000). Though both Tox 021 and 022 were placed in 

the fall within a few weeks of each other, temperatures were still warm for most of Tox 021’s 

decomposition, whereas temperatures began cooling down after Tox 022 was placed. This 

difference in temperature could explain the drastic larval size difference from these donors, but 

further statistical analyses will need to be implemented to explain these differences. However, it 

is notable that Tox 021 had tobacco-related drugs as well as an opioid in the blood serum, whereas 
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Scavengers 

Scavenger preference may also be affected by drugs in the body, as evidenced by differential 

scavenging among the 22 donors. The primary scavenger observed throughout the duration of the 

project was the common raccoon (Procyon lotor). Tox 013 can be considered a “control” for these 

purposes as this donor died of suicide rather than chronic disease, only reported taking three drugs 

(Ambien, Imitrex, Sildenafil), and only Ambien was detected in their system. No scavenging of 

this donor occurred at all. Another case example is Tox 001, who had a long list of medications 

related to heart disease and who died of coronary artery disease, hypertension and diabetes. 

Raccoons visited the body frequently, but the minimum number of scavenging events (MNSS) 

were relatively low compared to the number of visits, suggesting the body was not particularly 

attractive for consumption. In contrast, Tox 006 was completely scavenged throughout the body 

(Figure 15), not only by raccoons but also by an opossum and a cat. This donor died from 

lymphoma, COPD and renal failure, and was prescribed a number of analgesics, including opioids, 

related to chronic disease suffering. Moreover, the timeframe of enrollment of Tox 001 and Tox 

006 at the ARF overlapped, indicating that the scavengers had equal access to both donors 

simultaneously but made specific choices. Though this current sample size is too small for 

statistically significant relationships, Tox 006 exemplifies an observed trend towards greater 

scavenging activity on donors with nicotine and/or opioid use. Seasonal or temperature variation 

does not explain differential scavenging. The variation in scavenging observed shows that 

raccoons (and perhaps other scavengers) have preferences for human tissue consumption that may 

be related to end of life disease and/or drugs in the system. 
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Figure 15. Comparison of scavenging activity of Tox 001 (left) on the last day of enrollment (Day 93) who was not scavenged, to 
Tox 006 (right) also on the last date of enrollment (Day 17) whose arm bones and cranium are fully exposed and diarticulated 
and leg muscles consumed by scavengers.  

Impact on Decomposition Rates and Postmortem Interval 

Given that we have documented that drugs can be detected across decomposer matrices, we 

hypothesized that inter-donor variation in microbe, soil chemistry and insect diversity may affect 

postmortem interval (PMI) estimates. While preliminary trends are provided here, additional 

computational analyses are forthcoming that will better model the effects of both intrinsic (disease, 

drug metabolites, BMI) and extrinsic variables (particularly seasonality) on PMI. 

As demonstrated in Table 5, there are differences in the length of time an individual takes to 

complete active decomposition even within seasons. For instance, donors placed at the ARF in the 

summer months completed active decomposition in as little as 4934 ADH (Tox 009), but also took 

as long as 17460 ADH (Tox 010). Fall and winter had the most variability in decomposition time 
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Figure 16. Comparison of the total ADH required to complete active decomposition between donors with (yellow) and without 
(grey) different illnesses. Panel A – cancer, B – diabetes, C- cardiovascular, D – respiratory, E- neurological, F- pneumonia. Red 
x’s indicate group means and p-values were derived from Wilcoxon tests. 

Microbial Ecology 

To date, the use of a “microbial clock” to estimate PMI has not been validated in human remains 

(though see Deel et al. 2020; Metcalf et al. 2013; Pechal et al. 2013) so we did not employ a 

specific method to evaluate PMI, but rather examined microbial community composition and 

diversity. Soil microbial community composition (bacterial and fungal) clearly changed during 

active decomposition (Figure 17), however differences between the bacterial and fungal 

community responses were observed. While fungal community composition becomes more similar 

as decomposition progresses (Figure 17B), bacterial communities were more variable from the 

onset and did not become more similar (Figure 17A). Statistical beta dispersion (a measure of 

variability between donors over time) shows that dispersion within soil bacterial communities 
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varied between individuals (Figure 18A; F=3.5277; p=0.001). In contrast, dispersion within soil 

fungal communities does not differ between individuals (Figure 18B; F=0.7168; p=0.789). These 

data show that decomposition disturbs soil microbial communities, but that the changes in soil 

bacterial communities are not consistent between individuals. 

A 

B 

Figure 17. Bray-Curtis distance-based principal coordinate analysis (PCoA) of soil bacterial (A) and 
fungal (B) communities for Tox 001-020 show compositional shifts during active decomposition. 
Symbols denote donor, while color represents time in percent ADH. 
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B 

Figure 18. Statistical beta dispersion (y-axis) of soil bacterial (A) and fungal (B) communities between individuals (x-axis). 
Color represents individual, while letters at the top of each figure are the result of post-hoc Tukey tests. Dispersion of 
bacterial communities varies between individual, while fungal communities do not. 
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Entomological Methods of PMI Estimation 

Larval age estimations are the most accurate method in forensic entomology to determine the 

time of colonization (TOC), or when the specimens in question began their life cycle on the body. 

The TOC is then used to infer a portion of the PMI. In order to make this type of estimation, the 

development stage (e.g., egg, 1st instar, 2nd instar, 3rd instar, post-feeding 3rd instar, or pupa) is 

determined, and then a species identification is made. Once the species and stage are known, 

previously published developmental datasets are used to determine the length of time required to 

reach the respective stage under conditions similar to those experienced by larvae at the death 

scene. Once the development time is known, it is transformed to accumulated degree hours and 

used to go back in time from the point at which larval samples were collected from the body. This 

estimated window of time comprises the TOC. In this analysis, an estimation was considered 

accurate if it fell within the minimum and maximum estimated range for a given species. 

Overall, 352 TOC estimations were generated for all larval blow fly species sampled 

throughout decomposition for each of the 22 donors. Using samples from all timepoints throughout 

decomposition revealed an accuracy of only 31%, with 50% of estimations underestimating the 

time of donor placement, and 19% overestimating the time of placement. Since entomological 

estimations are based on the development of insects with only an approximate two-week life cycle, 

larval samples taken after this time period usually result in underestimations of the TOC. 

Therefore, in order to account for this biological timeline and to glean more insight about the utility 

of certain colonizers, only estimations made at or earlier than 3000 ADH for each donor were used 

for further analysis (N = 157 estimations). Using this updated dataset, 61% of all estimations were 

accurate, with underestimations accounting for 11% and overestimations accounting for 28% of 

inaccuracies. When TOC accuracy was assessed by drug class, there were no significant 
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interactions detected (Figure 19). No other abiotic factors were found to be significant in predicting 

TOC estimation accuracy. However, the species of blow fly used to make an estimation was 

significant for TOC accuracy (P < 0.001). While this preliminary analysis does not indicate that 

drugs impacted entomological PMI estimation, the fact remains that insect physiology has been 

shown to be significantly impacted by human-derived drugs, including those found in our donor 

populations, such as opioids (e.g., George et al. 2009). Additional field and directed laboratory 

experiments will better elucidate the impact of drugs on entomological PMI estimations. 

Figure 19. 100% stacked bar graph illustrating the time of colonization accuracy by drug class, where coral represents accurate 
estimations and teal represents inaccurate estimations. 

Morphological PMI Methods – Total Body Score 

Megyesi et al. (2005) developed the Total Body Score (TBS) as a means to correlate the 

morphological changes of decomposition with time since death, measured in ADD. Table 6 

provides the estimated ADD and known ADD for each donor, as measured from placement until 

unenrollment (end of active decomposition). The estimated ADD range is calculated using the 

point estimate and the standard error (±388.16). The estimated ADD derived from the TBS 

equation is considered accurate if the known ADD falls within the error range. Given that this 
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will disseminate the methods and results of our work. All metabolomics data will also be made 

available through the MetaboLights database concurrent with manuscript submission.  
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	increased growth rates and altered pupa morphology compared to controls (Carvalho et al. 2001). Pharmaceuticals can also significantly alter the composition and functioning of our gut microbiota (Fuyuan 2016, Banarjee 2016). Research on application of human or animal wastes (e.g. biosolids or reclaimed water) to land has demonstrated that the antibiotics and pharmaceuticals found in these wastes can significantly alter soil microbial communities (Qin et al. 2015, Caracciolo et al. 2015); thus, it is highly 
	This longitudinal study of human donors with known disease and drug histories examines whether drugs and their metabolic products impact the physiology, behavior, and/or community composition on the three primary groups of decomposers (insects, scavengers, and microbes) and correlate these with observed decomposition rates (Figure 1). We applied multi-omics approaches to determine whether drugs lead to a detectable shift in the metabolome and microbiome of human donors that will then impact the behavior and
	Figure
	Figure
	Figure 1. Relationship between drugs and end of life diseases and decomposers that may affect the postmortem interval estimate. 
	Goals and Objectives 
	Goals and Objectives 
	The overall goal of this research project was to establish the relationship between human toxicological loading and decomposition dynamics. Our hypothesis was that multiple drug metabolites can influence the behaviors of these decomposers by changing the metabolite profile (the total metabolite content in the system) of the decomposing body and, thus, result in differential rates of decomposition. To test this hypothesis, we conducted metabolomic profiling, microbial DNA sequencing, and entomological identi
	1. 
	1. 
	1. 
	Determine if the metabolites present in blood serum can be tracked across decomposer matrices. 

	2. 
	2. 
	Determine the relationship between the drug metabolite profile of donated human subjects and the community structure and/or physiology of insects and microbes.  

	3. 
	3. 
	Determine the relationship between the metabolite profile of donated human subjects and the behavior of scavengers. 


	Figure


	Research Design 
	Research Design 
	Data Collection 
	Data Collection 
	Human subjects involved in this project were obtained through the Body Donation Program of the Forensic Anthropology Center (FAC). The FAC requested a list of medications and treatments given during the last two weeks of life as well as a description of the diseases and conditions at end of life. Donors without open wounds, and for whom femoral and aortic blood serum samples could be obtained, were enrolled and placed at the ARF for this longitudinal study. Baseline soil samples were taken at the placement 
	1 

	Figure
	Donor decomposition and insect and scavenger activity were documented twice daily with photographs and data collection forms. Table 1 provides the sampling strategy (by ADH) for all field data. Data collection techniques included: 
	• 
	• 
	• 
	Decomposition fluid was collected when it was released from the donor and had sufficiently pooled on the ground surface within the cadaver decomposition island (CDI). The tip of a sterile 30-ml syringe was carefully inserted into the surface of the pooling fluid and slowly drawn up. This process was repeated until ten milliliters were collected. The syringe was inverted to mix and 1.75 ml dispensed into four 2-ml cryovials.  

	• 
	• 
	Between five and eight soil cores were obtained at a depth of 5 cm using a sterile 10ml syringe with the tip cut off. Soil cores were taken from adjacent to the donor and at a control point at least 1 m away from the donor. Soils were homogenized and debris larger than 2 mm (i.e. rocks, roots, insects, etc.) was removed. 
	-


	• 
	• 
	Larvae of all immature development stages (1through post-feeding 3instars) were collected. Larvae collected for the purposes of morphological identification were immediately par-boiled and placed in 70% ethanol on-site. Flying adult insects were collected with an aerial sweep net, whereas non-flying adults were collected by hand when possible. All adult insects were killed and stored in 70% ethanol. 
	st 
	rd 



	• 
	• 
	Subsamples of larvae, soil and fluids were immediately flash frozen with liquid nitrogen in the field, stored in liquid nitrogen at the FAC and then regularly transported to the UTK Biological and Small Molecule Mass Spectrometry Core (BSMMSC) for targeted and untargeted analysis for metabolomic profiling as well as the Department of Biosystems Engineering & Soil Science for DNA profiling and sequencing. 

	Accumulated degree hours (ADH) and accumulated degree days (ADD) measure the thermal energy available to organisms over time. ADH for this study is calculated as the sum of hourly temperatures (minus 10°C) until unenrollment. ADD is calculated as the daily mean temperature above the threshold of 0°C until unenrollment. 
	Accumulated degree hours (ADH) and accumulated degree days (ADD) measure the thermal energy available to organisms over time. ADH for this study is calculated as the sum of hourly temperatures (minus 10°C) until unenrollment. ADD is calculated as the daily mean temperature above the threshold of 0°C until unenrollment. 
	1 
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	Laboratory Analysis 
	Laboratory Analysis 
	Postmortem toxicological analysis was performed on central and peripheral serum collected at intake using ultra-high-performance liquid chromatography–high-resolution mass spectrometry (UHPLC-HRMS). Stock solutions of commercial drug standards (Restek, Bellefonte, PA) containing 15 drugs from major pharmaceutical classes were used for validation of compound identity as well as quantitative analyses. Metabolites were extracted and targeted tandem mass spectrometric analyses were performed using an UPLC-Quadr
	Microbial DNA was extracted from all soil and decomposition fluid samples using the DNeasy Powerlyzer PowerSoil kit (QIAGEN Inc.). Soil was also analyzed using an Orion Star™ A329 multiparameter meter (Thermo Scientific) to measure pH and electrical conductivity (EC). Soil respiration was assessed as COevolved in a closed headspace after 24 hours at 20°C, measured using an Infrared Gas Analyzer (IRGA). 
	2 

	Dichotomous keys were used to determine the taxonomic classification of all 3instar larvae (Liu and Greenberg 1989, Szpila 2009) (larvae younger than 3instar cannot be reliably identified to genus or species) and all adults. Additionally, all sampled larvae were measured to the nearest 
	rd 
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	0.1 millimeter. In order to determine if there were any significant differences between the length of larvae present on each donor, 3instar larvae of the blow fly Phormia regina were used for 
	0.1 millimeter. In order to determine if there were any significant differences between the length of larvae present on each donor, 3instar larvae of the blow fly Phormia regina were used for 
	rd 

	analysis as they were present on all but three donors. Intrinsic factors (including disease status and presence of pharmaceuticals) and environmental factors (e.g., temperature), were analyzed to determine their impact on the pre-colonization interval (pre-CI), or time interval between donor placement and initial blow fly colonization. 

	Figure
	The time between placement and scavenging (if it occurred at all), frequency of scavenging events and extent of scavenging were evaluated from the morning and afternoon field notes and photographs.  Evidence of scavenging modification on the donors included superficial scratching, penetration of the skin, tissue disruption, and consumption. Scavenger species were identified from the game camera images. The minimum number of scavenging sites (MNSS) represents the frequency of any scavenger alteration of the 
	Morphological changes during decomposition were documented from daily photos using Total Body Score (TBS) (Megyesi et al. 2005). The scoring method involves assigning incremental scores of decomposition, from fresh to skeletonized, for three regions of the body – head and neck, torso, and limbs – and then summed. The estimated ADD is then compared to the known ADD as determined from the time of placement to unenrollment. 


	Results 
	Results 
	The analysis of multifactorial data (e.g., metabolomics, genomics, insect behavior, microbial community structures, soil chemistry, scavenging frequency) is complex and our work to assess statistical relationships is ongoing. While there are a number of important findings, we focus here on three key trends that will be analyzed further in upcoming publications. First, we document that drug metabolites detected from donor blood serum can be traced to insects and microbes. Second, 
	The analysis of multifactorial data (e.g., metabolomics, genomics, insect behavior, microbial community structures, soil chemistry, scavenging frequency) is complex and our work to assess statistical relationships is ongoing. While there are a number of important findings, we focus here on three key trends that will be analyzed further in upcoming publications. First, we document that drug metabolites detected from donor blood serum can be traced to insects and microbes. Second, 
	we found changes in community structure or physiological responses of insects and microbes that can be correlated with end of life diseases and/or their attendant drugs. Finally, we begin to explore the effects of drugs and diseases on decomposition rates and insect behavior that will ultimately affect PMI estimations. To demonstrate these findings, we first document the health and toxicological loads of the donors studied.   

	Figure
	Donor Disease Loads and Toxicological Screening 
	Donor Disease Loads and Toxicological Screening 
	Longitudinal data were collected for 22 donors. Appendix 1 provides the demographic and medical conditions for each donor as well as the medications reported to be taken within two weeks of death. Figure 3 demonstrates the drug classes represented as well as reported disease categories. All 22 donors had documented co-morbidities or risk factors (e.g., tobacco use), with cancer and respiratory diseases representing the most common disease conditions reported (Figure 4). All of the 17 donors for whom medicat
	Figure 5 compares the drugs detected in the toxicological screenings to the drugs reportedly taken by each donor (n = 17). Approximately 54% of drugs on the provided medication lists were detected by the toxicological screenings. Moreover, the toxicological screenings detected approximately 35% more drugs than were listed on the medication lists. Of these, six drugs were detected but not reported by any donor – codeine, dihydrocodeine, meperidine, oxymorphone (all opioids), mirtazapine (anti-depressant), an
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	-

	Figure
	Figure
	Figure

	Toxicological Screening Across Matrices 
	Toxicological Screening Across Matrices 
	Toxicological screens of the non-serum matrices (decomposition fluid, larvae that fed on the body, and soil under the donor) demonstrated that metabolites detected in the serum were also found in the other matrices. In Figure 6, drugs and drug metabolites in green were both confirmed by the toxicological screens and were on the patient’s medical history. Drugs shown in yellow were detected by our toxicological screens but not reported for the donor, and compounds in blue were measured from donors for whom w
	Postmortem toxicology of Tox 019 exemplifies this trend of trackability for the analgesic morphine by demonstrating a defined route of the drug from the cadaver into the surrounding environment (Figure 7A). Not only was morphine present in the serum but also in larvae that were feeding on the cadaver and in decomposition fluid. Morphine was eventually detected in the CDI soil. Furthermore, the developmental stage of larvae seemed to influence drug detectability, with intensities of detectable drugs decreasi
	Figure
	Figure
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	Figure
	Figure
	Figure 6. Toxicological screens of donors reveal that all donors had mixtures of drugs in their bodies (S), and during decomposition, these drugs are passed to larvae (L), decomposition fluids (DF) and soil (DS). Drugs and their metabolites were detected in all matrices from the 22 donors except in serum from donors Tox 001, 003, and 005 which we were unable to collect. Compounds in green (confirmed) were detected and were reported on the patient’s medical history. Drugs in yellow were detected but not repo
	20 
	Figure
	. 
	Figure 7. Toxicological analysis of different human postmortem matrices. Detection of morphine in the serum, larvae, fluid, and soil collected from donor Tox 019. Significant changes in drug abundances were derived using students t-test and one-way ANOVA. Letters are a result of post-hoc Tukey test. 
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	Figure
	The sheer number of metabolites detected in our analyses provides a glimpse into the complexity and scale of metabolomic analyses with human serum and across the decomposer matrices, but also yields some potential biomarkers of human decomposition. We detected approximately 12,000 metabolites per sample in decomposition fluids and 3,000 in soils saturated with decomposition fluid adjacent to the donors. Decomposition increased the number of metabolites available to the microbial communities in the soil by m
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	020)demonstrated a change in metabolic dynamics in the soil as decomposition progressed. Given the distinguishable cluster formation at each percent ADH interval, the metabolic composition of CDI soils appeared to shift over time. Samples forming 0% and 25% ADH clusters seemed to have distinct metabolic profiles (shown in yellow, Figure 9A) as they created a group separated from 
	020)demonstrated a change in metabolic dynamics in the soil as decomposition progressed. Given the distinguishable cluster formation at each percent ADH interval, the metabolic composition of CDI soils appeared to shift over time. Samples forming 0% and 25% ADH clusters seemed to have distinct metabolic profiles (shown in yellow, Figure 9A) as they created a group separated from 
	the remaining three percent ADH classes (shown in blue, Figure 9A). Lastly, preliminary machine learning approaches identified several metabolites that could help to accurately classify a soil sample as decomposition or control soil. Specifically, our random forest classification algorithm predicted control and decomposition samples with 93% accuracy, identifying pantothenate, creatine, taurine, xylitol, xanthosine, and hypoxanthine as potential indicators of decomposition soils (Figure 9B). Generally, deco
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	Decomposer Effects 
	Decomposer Effects 
	Given that drugs enter the local environment, we are beginning to examine the effects of these drugs on the decomposers. Insect and microbial communities were impacted by both the reported medical conditions, especially cancer and diabetes, and by the drugs taken to treat these conditions. The scavenging data indicates raccoon preference for certain donors, though correlations with specific drugs or illnesses are not yet fully elucidated.  
	Soil Chemistry and Microbial Ecology 
	Soil Chemistry and Microbial Ecology 
	Soil chemistry analysis included electrical conductivity (EC), a measure of ionic strength in the soil, and pH, both of which can alter soil microbial activity. Soil responses between individuals were variable for both these parameters. EC in the soils within the cadaver decomposition island of all donors increased during active decomposition (Figure 10). This intensification was largely due to increases in ammonium from protein decomposition, though the rate and magnitude of this increase varied between do
	The direction and magnitude of pH change within decomposition-impacted soils differed between individuals (Figure 10). Soils around the majority of donors (n = 16) decreased in soil pH during active decomposition, though soil pH increased around five donors. There was also a positive relationship between soil pH and leucine amino peptidase activity (LAP) response to 
	The direction and magnitude of pH change within decomposition-impacted soils differed between individuals (Figure 10). Soils around the majority of donors (n = 16) decreased in soil pH during active decomposition, though soil pH increased around five donors. There was also a positive relationship between soil pH and leucine amino peptidase activity (LAP) response to 
	human decomposition (Figure 11), which may have implications for protein degradation patterns in decomposition soils, as LAP is an enzyme involved in protein degradation.  

	Figure
	The effects of presence and absence of four disease categories (cancer, respiratory illnesses, cardiovascular illnesses, and neurological illnesses) and their influence on soil parameters over time were evaluated with hierarchical linear modeling (HLM). HLMs revealed that 1) pH decreased to a greater extent in decomposition soil of those with neurological illnesses compared to those without (F = 30.79; p < 0.001); 2) microbial respiration increased to a greater extent for those with cardiovascular illnesses
	Figure
	Figure 10. Soil parameter changes over time. Soil pH had variable response between donors, while electrical conductivity (EC), and heterotrophic respiration increased for all donors. Log response ratio (LRR) values (y-axis) are calculated by taking the natural log of the treatment value divided by the control value. Percent accumulated degree hours (x-axis) values were determined by dividing the ADH of the sample by final ADH of the donor, this allows for comparison of donors as the total time 
	Figure 10. Soil parameter changes over time. Soil pH had variable response between donors, while electrical conductivity (EC), and heterotrophic respiration increased for all donors. Log response ratio (LRR) values (y-axis) are calculated by taking the natural log of the treatment value divided by the control value. Percent accumulated degree hours (x-axis) values were determined by dividing the ADH of the sample by final ADH of the donor, this allows for comparison of donors as the total time 


	Figure
	required to complete active decomposition varies between individuals. Linear regressions were used to generate trendlines and color corresponds to each donor and is consistent through all three panels. 
	Figure
	Figure 11. Principle components analysis (PCA) of soil chemical and enzyme profiles over active decomposition for Tox 011-020. The log response ratio (calculated by taking the natural log of the treatment value divided by the control value) of the following soil parameters were used: pH, electrical conductivity (EC), and four enzyme activities (β-glucosidase, BG; N-acetyl-β-Dglucosaminidase, NAG; alkaline phosphatase, PHOS; leucine amino peptidase, LAP). Arrows represent the loadings of each variable, while
	Figure 11. Principle components analysis (PCA) of soil chemical and enzyme profiles over active decomposition for Tox 011-020. The log response ratio (calculated by taking the natural log of the treatment value divided by the control value) of the following soil parameters were used: pH, electrical conductivity (EC), and four enzyme activities (β-glucosidase, BG; N-acetyl-β-Dglucosaminidase, NAG; alkaline phosphatase, PHOS; leucine amino peptidase, LAP). Arrows represent the loadings of each variable, while
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	One of the key groups of decomposers are microbes: the bacteria and fungi in, on, and around the body that break down and metabolize dead tissues for their growth and energy, and whose communities change substantially during decomposition. Changes in microbial community structure were assessed using 16S rRNA gene (bacterial) and internal transcribed spacer (ITS) region (fungal) amplicon sequencing for donors Tox 001-020. In general, the richness (number of species) and diversity (richness plus distribution 
	Figure
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	Figure 13. Species richness (Chao1 estimate) of soil microbial communities during decomposition is affected by donors with (gold) compared to those without (grey) cancer (A), respiratory (B) or neurological diseases (C). p values are from Wilcoxon tests between disease presence and absence at each time point (DeBruyn et al. in prep.) 
	Figure 13. Species richness (Chao1 estimate) of soil microbial communities during decomposition is affected by donors with (gold) compared to those without (grey) cancer (A), respiratory (B) or neurological diseases (C). p values are from Wilcoxon tests between disease presence and absence at each time point (DeBruyn et al. in prep.) 



	Insect Activity 
	Insect Activity 
	Adult female blow flies use chemoreceptors to assess suitability of carrion and determine the appropriate location to lay eggs. This behavior may be deterred by inopportune conditions and may delay colonization of a body. Therefore, we measured the pre-colonization interval (pre-CI) -the delay from donor placement to the first egg-laying event -to determine if drugs or disease condition impacted female fly oviposition. Pre-colonization intervals ranged from 2.8 – 2,760 h, or 54.5 – 5,664.9 ADH. The pre-CI w
	Figure
	Species richness (S) and Simpson diversity (D) were highly variable among donors and overall beta diversity was moderately high among donors (β = 0.502). Eleven blow fly species were collected during this project. The most common and abundant larval and adult species was Phormia regina, as it was collected from 19 out of 22 donors. Included in this highly diverse sample is Chrysomya megacephala (Fabricius), which represents a new distribution record for this species in the state of Tennessee (Owings et al. 
	Figure
	Figure 14. A) Pre-CI in different seasons, B) richness in different seasons, and C) the richness and diversity over donor. 
	The larval length of Phormia regina was analyzed from the 12 donors colonized by this species. A strong seasonal effect was observed, with significantly shorter larvae collected in the winter compared to all other seasons (P < 0.05 for all comparisons). Inter-donor variability was also significant (P = 0.000) and a Wilcoxon test was implemented to obtain pairwise comparisons (Table 3). Notably, Tox 021 exhibited significantly shorter larvae compared to all donors except Tox 020 (P = 0.000), and Tox 022 exhi
	Figure
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	Scavengers 
	Scavengers 
	Scavenger preference may also be affected by drugs in the body, as evidenced by differential scavenging among the 22 donors. The primary scavenger observed throughout the duration of the project was the common raccoon (Procyon lotor). Tox 013 can be considered a “control” for these purposes as this donor died of suicide rather than chronic disease, only reported taking three drugs (Ambien, Imitrex, Sildenafil), and only Ambien was detected in their system. No scavenging of this donor occurred at all. Anothe
	Figure
	Figure
	Figure 15. Comparison of scavenging activity of Tox 001 (left) on the last day of enrollment (Day 93) who was not scavenged, to Tox 006 (right) also on the last date of enrollment (Day 17) whose arm bones and cranium are fully exposed and diarticulated and leg muscles consumed by scavengers.  
	Figure 15. Comparison of scavenging activity of Tox 001 (left) on the last day of enrollment (Day 93) who was not scavenged, to Tox 006 (right) also on the last date of enrollment (Day 17) whose arm bones and cranium are fully exposed and diarticulated and leg muscles consumed by scavengers.  




	Impact on Decomposition Rates and Postmortem Interval 
	Impact on Decomposition Rates and Postmortem Interval 
	Given that we have documented that drugs can be detected across decomposer matrices, we hypothesized that inter-donor variation in microbe, soil chemistry and insect diversity may affect postmortem interval (PMI) estimates. While preliminary trends are provided here, additional computational analyses are forthcoming that will better model the effects of both intrinsic (disease, drug metabolites, BMI) and extrinsic variables (particularly seasonality) on PMI. 
	As demonstrated in Table 5, there are differences in the length of time an individual takes to complete active decomposition even within seasons. For instance, donors placed at the ARF in the summer months completed active decomposition in as little as 4934 ADH (Tox 009), but also took as long as 17460 ADH (Tox 010). Fall and winter had the most variability in decomposition time 
	Figure
	Figure
	Figure
	Figure 16. Comparison of the total ADH required to complete active decomposition between donors with (yellow) and without (grey) different illnesses. Panel A – cancer, B – diabetes, C-cardiovascular, D – respiratory, E-neurological, F-pneumonia. Red x’s indicate group means and p-values were derived from Wilcoxon tests. 
	Figure 16. Comparison of the total ADH required to complete active decomposition between donors with (yellow) and without (grey) different illnesses. Panel A – cancer, B – diabetes, C-cardiovascular, D – respiratory, E-neurological, F-pneumonia. Red x’s indicate group means and p-values were derived from Wilcoxon tests. 


	Microbial Ecology 
	Microbial Ecology 
	To date, the use of a “microbial clock” to estimate PMI has not been validated in human remains (though see Deel et al. 2020; Metcalf et al. 2013; Pechal et al. 2013) so we did not employ a specific method to evaluate PMI, but rather examined microbial community composition and diversity. Soil microbial community composition (bacterial and fungal) clearly changed during active decomposition (Figure 17), however differences between the bacterial and fungal community responses were observed. While fungal comm
	To date, the use of a “microbial clock” to estimate PMI has not been validated in human remains (though see Deel et al. 2020; Metcalf et al. 2013; Pechal et al. 2013) so we did not employ a specific method to evaluate PMI, but rather examined microbial community composition and diversity. Soil microbial community composition (bacterial and fungal) clearly changed during active decomposition (Figure 17), however differences between the bacterial and fungal community responses were observed. While fungal comm
	varied between individuals (Figure 18A; F=3.5277; p=0.001). In contrast, dispersion within soil fungal communities does not differ between individuals (Figure 18B; F=0.7168; p=0.789). These data show that decomposition disturbs soil microbial communities, but that the changes in soil bacterial communities are not consistent between individuals. 

	Figure
	A 
	B 
	Figure 17. Bray-Curtis distance-based principal coordinate analysis (PCoA) of soil bacterial (A) and fungal (B) communities for Tox 001-020 show compositional shifts during active decomposition. Symbols denote donor, while color represents time in percent ADH. 
	Figure 17. Bray-Curtis distance-based principal coordinate analysis (PCoA) of soil bacterial (A) and fungal (B) communities for Tox 001-020 show compositional shifts during active decomposition. Symbols denote donor, while color represents time in percent ADH. 
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	A B 
	Figure 18. Statistical beta dispersion (y-axis) of soil bacterial (A) and fungal (B) communities between individuals (x-axis). Color represents individual, while letters at the top of each figure are the result of post-hoc Tukey tests. Dispersion of bacterial communities varies between individual, while fungal communities do not. 
	Figure 18. Statistical beta dispersion (y-axis) of soil bacterial (A) and fungal (B) communities between individuals (x-axis). Color represents individual, while letters at the top of each figure are the result of post-hoc Tukey tests. Dispersion of bacterial communities varies between individual, while fungal communities do not. 
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	Entomological Methods of PMI Estimation 
	Entomological Methods of PMI Estimation 
	Larval age estimations are the most accurate method in forensic entomology to determine the time of colonization (TOC), or when the specimens in question began their life cycle on the body. The TOC is then used to infer a portion of the PMI. In order to make this type of estimation, the development stage (e.g., egg, 1instar, 2instar, 3instar, post-feeding 3instar, or pupa) is determined, and then a species identification is made. Once the species and stage are known, previously published developmental datas
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	rd 

	Overall, 352 TOC estimations were generated for all larval blow fly species sampled throughout decomposition for each of the 22 donors. Using samples from all timepoints throughout decomposition revealed an accuracy of only 31%, with 50% of estimations underestimating the time of donor placement, and 19% overestimating the time of placement. Since entomological estimations are based on the development of insects with only an approximate two-week life cycle, larval samples taken after this time period usuall
	Overall, 352 TOC estimations were generated for all larval blow fly species sampled throughout decomposition for each of the 22 donors. Using samples from all timepoints throughout decomposition revealed an accuracy of only 31%, with 50% of estimations underestimating the time of donor placement, and 19% overestimating the time of placement. Since entomological estimations are based on the development of insects with only an approximate two-week life cycle, larval samples taken after this time period usuall
	interactions detected (Figure 19). No other abiotic factors were found to be significant in predicting TOC estimation accuracy. However, the species of blow fly used to make an estimation was significant for TOC accuracy (P < 0.001). While this preliminary analysis does not indicate that drugs impacted entomological PMI estimation, the fact remains that insect physiology has been shown to be significantly impacted by human-derived drugs, including those found in our donor populations, such as opioids (e.g.,

	Figure
	Figure
	Figure 19. 100% stacked bar graph illustrating the time of colonization accuracy by drug class, where coral represents accurate estimations and teal represents inaccurate estimations. 
	Figure 19. 100% stacked bar graph illustrating the time of colonization accuracy by drug class, where coral represents accurate estimations and teal represents inaccurate estimations. 



	Morphological PMI Methods – Total Body Score 
	Morphological PMI Methods – Total Body Score 
	Megyesi et al. (2005) developed the Total Body Score (TBS) as a means to correlate the morphological changes of decomposition with time since death, measured in ADD. Table 6 provides the estimated ADD and known ADD for each donor, as measured from placement until unenrollment (end of active decomposition). The estimated ADD range is calculated using the point estimate and the standard error (±388.16). The estimated ADD derived from the TBS equation is considered accurate if the known ADD falls within the er
	Figure
	Figure
	Figure
	will disseminate the methods and results of our work. All metabolomics data will also be made 
	available through the MetaboLights database concurrent with manuscript submission.  
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