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ABSTRACT 

Death investigations often rely on the minimum post mortem interval (minPMI) 

estimations provided by forensic entomologists.  The models accepted by courts in 

Canada are not based on research involving humans but rather on a human substitute, the 

domestic pig.  However, now that facilities for human decomposition research are 

opening, we are faced with the prospect that pigs may not be so similar to humans as 

originally thought.  The purpose of this research is to analyze the entomological and 

chemical decomposition of human and pig remains to determine if the domestic pig is an 

appropriate substitute for humans in research applied to minPMI estimations.   

 Two human (n=4, n=2) and one pig (n=2) study were performed in Sydney, 

Australia, while three pig (n=3, n=2, n=3) studies were performed in Oshawa, Ontario.  

The environmental conditions were monitored as well as the accumulated degree days 

(ADD), rates of decomposition, primary dipteran colonizers, and volatile organic 

compound (VOC) production. 

 Domestic pigs in Oshawa, Ontario, had rates of decomposition that were highly 

alike. Rates of insect colonization were rapid, with little to no delay.  The production of 5 

known apneumones showed no significant difference (p < 0.05) between pigs.  Human 

decomposition in Sydney yielded results with varied rates of decomposition and 

colonization – some with long pre-colonization intervals (Pre-CIs), which affected the 

rate of decomposition.  It was noted that the donors with long Pre-CIs were likely to have 

been taking strong peri-mortem antibiotics due to their antemortem health conditions.  

These antibiotics could have affected the donor’s microbiome, killing the beneficial 

bacteria that produce apneumones.  The domestic pigs observed in Sydney showed 

decompositions, colonizations and VOC productions more similar to the pigs in Ontario 

than to the humans in Sydney. 

 Humans live differently than domestic pigs with varying diets, habits, body types, 

and medications that can influence their decomposition and colonization after death.  

Since this cannot be said for the domestic pig, it is recommended that the researching 

community aim to shift future research to human donors so that the data collected can be 



iv 

 

applied to human death investigations while considering comorbidities and how it affects 

insect colonization.   

 

Keywords: forensic entomology; human decomposition; volatile organic compounds; 

postmortem interval 
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Chapter 1 - Introduction  

1.1 History of Forensic Entomology 

The term forensic entomology refers to the study of insects that are relevant to legal cases 

(1). This can range from civil cases, such as issues with contamination, to criminal cases 

involving neglect or a suspicious death.  Forensic entomology has a long history and has 

been used as a method for criminal investigations for centuries (2).  As early as the mid-

tenth century the presence of flies was used as an investigative method by the Chinese 

armory (2,3).  A training manual written by Sung Tz’u in 1235 entitled “Washing Away 

Wrongs” describes how the presence of blow flies on a weapon, containing trace amounts 

of blood, was evidence enough to compel a confession from the victim’s murderer (2,3).  

In 1850, an infant’s mummified body was discovered in the chimney of a house.  Results 

from an autopsy revealed the presence of larval casings in several orifices that were 

determined to belong to the species Sarcophaga carnaria (Linnaeus, 1758) (Diptera: 

Sarcophagidae), a flesh fly (4).  The investigator, knowing the habits of this species was 

able to determine a time since death which led to the exoneration of the house’s current 

dwellers and pointed suspicion onto the previous occupants (2,4).    It was later 

discovered, however, that the life cycle stages of this species were used incorrectly in this 

instance (2). 

In 1894, Mégnin, a French army veterinarian and entomologist, published his findings on 

the eight stages of decomposition as well as the importance of environmental conditions 

and accessibility to the cadaver during these stages of decomposition (2,3).  The work of 

Mégnin inspired the research of Canadian medical doctors Wyatt Johnston and George 

Villeneuve, published in 1897.  Johnston and Villeneuve conducted multiple 
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entomological studies involving human cadavers as well as observations from 

medicolegal cases (5).  Having no other North America research to compare to, Johnston 

and Villeneuve compared their findings to those of Mégnin.  They discovered that the 

order of succession observed closely mirrored those reported by Mégnin (5,6); however, 

the duration of each succession wave was significantly shorter than originally published 

(5).  The doctors used this result to caution other researchers against applying Mégnin’s 

data to other countries and climates (6).  Johnston and Villeneuve determined that once 

empty pupal casings were found near a corpse, the date of exposure of the remains to 

insect activity must have been at least one month prior.  As such, if pupal casings were 

not found, the exposure must have been less than one month (5).  Johnston and 

Villeneuve were the first to use the development stages of insects as a factor in 

determining an estimated post-mortem interval (PMI). 

The field of forensic entomology continued to expand.  It was in the twentieth century 

that the colonization of insects on a body was used as evidence in court, due to the 

advancement of knowledge thanks to scientific studies on the subject (2,3).  In 2002, the 

European Association of Forensic Entomology (EAFE) was founded (2).  Similarly, in 

2003, the North American Forensic Entomology Association held its first meeting (2,7).  

Both associations continue to grow and encourage reliable research in the field of 

forensic entomology.  Today, forensic entomologists may receive board certification 

through the American Board of Forensic Entomology (ABFE).  
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1.2 Fly Development and Olfaction 

1.2.1 Fly Life Cycle 

The life cycle of most blow flies (Diptera: Calliphoridae) include four stages: egg, larval 

(first instar, second instar, and third instar), pupal, and adult (8,9), see Figure 1.  The 

cycle begins with an egg that is oviposited by a female blowfly.  A larva, in its first 

instar, will hatch from the egg and begin to feed on available resources.  The larva will 

undergo ecdysis, a process where the cuticle is shed or molted, twice during this life 

cycle; each time entering into a new phase of instar (8).   Once the third instar larva has 

finished feeding, it will enter into a post-feeding phase where it will utilize the contents 

of its crop and migrate in search of shelter (8,10).  Once shelter is found, the larva’s outer 

cuticle will harden to form the puparium and the larva will become a pupa within its 

protective casing.  The pupa will undergo metamorphosis and, once complete, an adult 

fly will emerge from the puparium (8).    

 

Figure 1:  The typical life stages of a blow fly.  A) Egg, B) First instar, C) Second instar, D) Third 

instar, E) Pupa and F) Adult fly, Chrysomya rufifacies (Macquart, 1844) (Diptera: Calliphoridae). 

Provided by S. Kolodij of the LeBlanc Entomology Lab. Original image 2015. 
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The rate at which a fly will progress through these stages of life is based on the 

temperatures in which the immature stages develop (8,11).  This rate of development can 

differ between each species, but is largely a continuous and predictable process.    

Instances where the process is not continuous include the onset of diapause.  Diapause is 

an interruption or pause in the development of an insect in response to unfavorable 

environmental conditions such as temperatures too high or too low, absence of daylight, 

low humidity, or low access to resources (12,13). This predictable life cycle is what has 

made it possible to apply entomology to forensic investigations, discussed in Section 1.4. 

Because the development process is predictable, the development rates of necrophagous 

blow flies are important areas of research, as they are used to assist in death 

investigations.  Studies are performed in order to determine the rate of development of 

blow fly species of interest, mainly to determine the minimum and maximum temperature 

thresholds where development is halted or to determine the rate of development at 

constant temperatures (10,14–20).   

1.2.2 Olfaction 

Necrophagous flies are attracted to a deceased body with high sensitivity, finding a body 

within hours or even minutes of death (8).  Blow flies are able to detect a decomposing 

corpse from several kilometers away (21,22).  This high sensitivity is due to their 

antennae.  An insect antenna’s morphology is unique and can be used as a tool to identify 

the species of the insect (23).  Each antenna has three main segments: the scape, the 

pedicel, and the flagellum (23,24), see Figure 2.  The flagellum is comprised of multiple 

flagellomeres that will contain sensory features such as hairs, bristles or pegs which are 
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called “sensilla” (23).  Some species such as Lucilia sericata (Meigen, 1826) (Diptera: 

Calliphoridae) also possess additional protrusions such as aristas that provide further 

sensitivity (23,24), see Figure 2.  Blow flies utilize these biological tools to detect minute 

traces of scents and compounds that will lead them to a location with desirable conditions 

in order to receive nourishment, mate and/or oviposit. 

The insect’s olfactory systems is incredibly sensitive (25,26).  An insect’s antenna is 

capable of detecting a compound at a concentration as low as 1 ppb (26).  In 2004, a 

study was performed where the sensitivity of the antenna of a wasp was tested and 

compared to that of the Cyranose 320, the most sensitive electronic nose commercially 

available at the time.  The insect’s antenna was shown to have one to two orders of 

magnitude higher sensitivity than the electronic nose (27).   Aside from their antennae, 

blow flies are able to detect solid chemicals with sensilla found on the mouthparts, 

ovipositors and tarsi (28).  These solids are sensed through touch.  In the case of the 

proboscis, or mouth parts, the dorsal setae are the first to make contact with outside 

stimulus (29).   
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Figure 2:  A scanning electron microscope view of the head of a Diptera.  CE = Compound eye, 

AR = arista, S = Scape, P = Pedicel, F = Flagellum and M = Mouthparts.  Reprinted from “The 

Antennal Sensilla of Species of the Palpalis Group (Diptera: Glossinidae)” by C. Isaac et al., 

2015, Journal of Medical Entomology, 52(4), p.615. 

 

1.3 Stages of Decomposition 

Decomposition begins almost at the moment of death (30,31). There are five recognized 

stages of decomposition:  the fresh stage, the bloated stage, the decay or active decay 

stage, the advanced decay stage and skeletonization stage (2,30).  Observations of the 

stages of decomposition remains the most commonly used method of describing post 

mortem changes and is a universal method of describing the state of decomposing 

remains.   

The fresh stage:  This stage begins as soon as death occurs and continues until the 

bloating of the corpse begins (2,30).  At this point, there are very few changes to be seen 
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on the corpse.  Some discoloration may be seen as the tissue begins to break down, 

however, the body will remain mostly unchanged (30).  Autolysis begins to take place 

where cells are dissolved by internal enzymatic activity (32–34).  The breakdown of 

tissue due to enzymes will produce the first faint odours which attract the primary insect 

colonizers to the remains, with little to no odours perceived by humans (30,34,35).    It is 

at this stage that necrophageous insects, usually blow flies (Diptera: Calliphoridae) and 

flesh flies (Diptera: Sarcophagidae) will begin to colonize the remains (2,30,36).  

Colonization can occur within minutes after death (34,37).  Colonization usually begins 

at open orifices such as the mouth, nose, eyes, ears, anus, genitals, and any open wounds 

(30,36).  Towards the end of this stage, eggs that have been laid inside the corpse will 

have hatched and begun their feeding process internally (38). 

The bloat stage:  At the bloat stage, putrefaction begins (2,30).  This is when the 

anaerobic bacteria in the body begins to break down and metabolize tissue, causing the 

production of gases within the body (2,30).  The corpse will swell and extend as it is 

filled with these gases produced.  The pressure created inside the body will cause fluids 

to seep from various areas of the body, creating a strong odour (30,35).  Discolouration 

will begin to occur and sometimes produce a marbling effect (35).  This marbling affect 

is caused by anaerobic bacteria from the abdomen entering the blood vessels and 

presenting as a purple to greenish discolouration of the vessels, typically in the trunk and 

extremities (30).  Due to reductive catalysis, bacteria will generate hydrogen sulfide. 

Hydrogen sulfide reacts with the hemoglobin and forms sulphahemoglobin that stains the 

surrounding region green.  As microbes travel though the body using the blood vessels, 

putrefaction of erythrocytes within the vessels leads to the formation of greenish-blue 
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colour (30,39).  During this process, the temperature of the corpse will increase and this, 

in combination with the odor of the volatile gases and fluids produced, attracts a larger 

number of insects, specifically calliphorids, to the body (2,30,38).  Colonizing insects can 

also introduce new microbial communities to the remains that will increase the diversity 

of microbes and effect on the rate of decomposition (40).  Although the bloating can 

make it difficult to observe, there can be a loss of up to 25% body weight due to larval 

activity during the bloat stage (35).  Skin slippage can also occur during this stage when 

the epidermis separates from the dermis due to production of hydrolytic enzymes from 

cells at the junction between the two layers (30,41,42). 

The active decay stage:   It is at this stage of decomposition that the pressure due to the 

activity of the bacteria and larvae will cause a weakening and rupture of the outer layer of 

skin where gases and internal larvae can escape and an obvious deflation of the remains 

can be seen (2,30,34,35,43).  The odour during the active decay stage is very pungent.  

The escape of liquids will produce an area surrounding the remains where the soil is dark 

and rich with carbon and nutrients.  This area is called the cadaver decomposition island 

(CDI) and has increased soil microbial biomass,  increased microbial activity and 

nematode abundance to feed floral and faunal communities (44).  This, in turn, creates a 

specialized habitat for flies, beetles and vegetation that promotes biodiversity (44).  This 

also marks the general stage when advanced putrefaction occurs, attracting other families 

of flies such as muscids (Diptera: Muscidae), sepsids (Diptera: Sepsidae) and 

cheeseskippers (Diptera: Piophilidae) to the body (2,36).  During the active decay stage, 

Calliphoridae larvae are the most prominent insect on the remains and the odour is said 

to be the strongest.  This stage also marks the arrival of some predatory species and the 
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completion of the development of the Calliphoridae and Sarchophagidae larvae that 

initially colonized the remains into pupae (34).  There is a loss of at least 50% of the 

weight of the remains by the end of the active decay stage and only skin and cartilage 

will remain (30,35,45). 

The Advanced Decay Stage:   As there is little to no flesh or tissue remaining on the body 

during the advanced decay stage, the fly presence will have subsided and been replaced 

predominately with Coleoptera species, such as beetles of the families Silphidae, 

Staphylinidae, Histeridae and Dermestidae (2,30,34,36).  These families of arthropods 

are attracted to the dried bone, skin and cartilage that remains during the advanced decay 

stage (43).   The CDI is still visible but is lighter in colour and larval activity from later 

colonizers such as Muscidae, Sepsidae and Piophilidae continues.  There is still an odour 

associated with the remains at this point but it is less pungent with a slightly sweet aroma.   

In arid conditions with high solar radiation, desiccation of the upper surfaces of the 

deceased can occur, causing tough, leathery skin (42).  Desiccation begins in the early 

decomposition stages with the digits of the extremities and progresses towards full 

desiccation, dehydrated tissue over bone (46).  This typically occurs in the advanced 

decay stage (42,46). 

The skeletonization stage:  At this stage, little is left of the body but skin, hair, cartilage, 

tendon, ligaments and bone (34).  There are little to no insects associated with the body as 

decomposition is essentially complete (2,30).  The CDI has dried at this point and is no 

longer visible. The length of time associated with the decomposition process will vary 

greatly depending on various factors such as geography, temperature, humidity, rainfall, 

habitat, season, carcass size and type, and insect activity (47). 
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Decomposition follows a relatively predictable process; however, progression through the 

decomposition stages is highly dependent on insect activity, temperature, and humidity. 

1.4  How Entomology is Used in Death Investigations 

Forensic entomology is primarily used in suspicious death investigations to estimate time 

since death of an individual. While forensic entomology can be applied to more than 

estimating the post-mortem interval, the focus of this thesis will remain on its primary 

use.  

1.4.1  The Post Mortem Interval, Minimum Post Mortem Interval, and Time of 

Colonization 

The post mortem interval (PMI) is a term used to describe the time between death and 

discovery and is the most relied upon calculated estimation in death investigations (1).  

Forensic pathologists can calculate an estimated time of death or PMI based on early post 

mortem changes such as livor mortis, rigor mortis, and algor mortis; however, these 

methods are only useful within the first few hours since death and are not reliable beyond 

72 hours after death (48).  Beyond this point, the PMI will most likely be calculated 

based on insect activity using forensic entomology.  Rearing the oldest larvae for 

identification is highly specific information that aids in the determination of the PMI 

through the use of forensic entomology.  Determining the PMI based on successional data 

occurs when the oldest larvae have already completed their life cycle.  The issue with this  

is that, at this time, successional data is most crucial but also where the PMI can be so 

broad as to have little statistical value (1). 



11 

 

Descriptions of the time interval, from death to discovery, are based on insect behavior 

and carcass colonization referred to as pre-colonization interval (Pre-CI) and post-

colonization interval (Post-CI) (49,50).  Using these descriptions, the PMI is 

encompassed by the Pre-CI and the Post-CI.  The Pre-CI refers to the period of time 

between death and colonization and is difficult to determine due to variability in foraging 

behaviours and lack of evidence of interaction between the insects and the remains (49).   

The Post-CI refers to the time between oviposition and the departure of arthropods or 

time of discovery; the time when colonization occurs, the onset of Post-CI, will act as the 

minimum post-mortem interval (minPMI) and time of colonization (TOC) (49–51).  The 

minimum post-mortem interval (minPMI) describes the minimum time when the flies 

first laid eggs (or larvae) on the body until the body is discovered, providing the primary 

colonizing insects have been recovered.  Typically, a minPMI determination will only 

encompass the Post-CI and not take into account the widely unknown Pre-CI, although 

research has attempted to fill this void (52–54).  More recently, TOC has also been used 

to describe this minimum time interval of when first eggs are laid (50,55,56). While 

minPMI and TOC may be used interchangeably, in certain cases, for example, cases of 

myiasis (where colonization occurred before death), TOC would encompass the interval 

prior to death (50,55). A reliable estimate of minPMI and TOC is ultimately limited by 

the accuracy of condition and development parameters which affect these determinations. 

These include, the weather station data closely represent the climate at the site of 

decomposition, published development datasets, the absence of myiasis, no other 

decomposing organism near the body, colonization occurs during the daytime hours, 

insects have access to the remains, and faunal succession patters can be used (47). 
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Finally, minPMI, TOC and Post-CI are all accepted terms to describe the time in which 

arthropods have colonized decomposing bodies, as long as the chosen form is suitably 

defined (55).  For the purposes of this thesis, the term minPMI will be used; however, 

TOC would be equally as accurate as there were no instances of myiasis. 

1.4.2  Oldest Immature Stage 

There are two ways in which forensic entomology is used to estimate the TOC in death 

investigations. The first method uses the oldest immature stage present upon discovery to 

retrogressively estimate when the first eggs were laid on the decomposing remains.   The 

method used to estimate when the larvae began their life cycle, is a thermal summation 

known as accumulated degree hours (ADH) or accumulated degree days (ADD) (1,8,11). 

Accumulated degree days (ADD) are heat-energy units, which characterize the 

accumulation of thermal energy required for biological and chemical reactions to take 

place in decomposing remains (57,58).  The reason why ADD is so important to forensic 

entomologists is that insects are ectothermic, meaning they rely on environmental 

conditions such as temperature and humidity for development (6).  Each species has 

specific developmental rates dependent on temperature, which can be used to determine 

time of oviposition, these rates can vary even between closely related species (8).  The 

average temperature for each day is used to calculate ADD until the full development 

time of the insect is reached and a time of oviposition can be estimated which, in turn, 

allows the forensic entomologist to determine when the female fly first laid her eggs 

(1,8,11).  To date, it is the most reliable method to determine the minPMI during the early 

stages, mainly the fresh and bloat stages, of decomposition after traditional forensic 

pathology methods can no longer be applied (1). 
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1.4.3 Succession 

The next method also involves the collection of larvae and adult flies present to 

determine their species.  These data is then compared with known fly successional 

patterns, the order in which insect species colonize a carcass, in the area as well as the 

current decomposition stage to determine an interval of time in which the deceased is 

estimated to have died (1).  This type of estimation is used when decomposition is in the 

later stages and when blow flies, the most common primary colonizer and most useful in 

post mortem interval determination (8,11), are no longer present (1,59) or the larvae from 

the primary colonizers have completed their life cycle (11).  It is at this time, when 

successional data are most crucial but also where the minPMI can be so broad as to only 

indicate a month or season, rather than a more specific period of time. For forensic 

entomology purposes, the term succession refers to the timed and predictable order in 

which insects will colonize a body (11).   The population of necrophagous insects that 

colonize a carcass depends mostly on environmental conditions and will, therefore, vary 

based on geography and climate (48).   The interpretation of insect succession can be 

used once the primary colonizers have completed their life cycle (11).  As the 

successional data is dependent on specific locations and conditions, it is one of the 

primary pieces of data forensic entomologists use to determine the approximate time 

since death of the deceased (60).  This information is applied by first determining the 

earliest colonizing species by sampling the oldest larvae available at the time of 

discovery (11).   Knowledge on the general order in which insect species colonize a 

carcass in a certain geographical area, including temperature, can be applied to the 

community of species found on the body in order to approximate a time since death 
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estimation (1).  This is the preferred method for determining the minPMI interval in the 

later stages of decomposition when the primary colonizers are no longer available (1). 

1.5 Chemistry of Decomposition 

Volatile organic compounds or VOCs are produced during decomposition and are created 

by a variety of factors such as the breakdown of cells in the body by autolysis and 

bacterial activity, temperature, and insect activity (61,62).  The identities and 

concentrations of these VOCs will vary depending on the stage and rate of decomposition 

(62).  Putrefaction is an integral part of the decomposition process and consists of the 

anaerobic breakdown of tissues by bacteria and fungi.  Further reductive processes will 

result in the production of gases such as ammonia and hydrogen sulfide (61).   The main 

components of tissue that are broken down during the decomposition process are: 

proteins, fats, and carbohydrates (61,63).   

Proteins are broken down via the proteolysis process to produce polypeptides, amino 

acids, peptones and proteoses (61,63).  These products can be further decomposed into 

sulfur-, nitrogen-, and phosphor-containing compounds (61).  Soft neuronal and epithelial 

tissues, such as the gastro-intestinal membrane lining, are the first proteins to undergo 

proteolysis (63).  Other types of proteins such as the epidermis, reticulin, collagen, and 

muscle protein will take much longer to decompose, usually not until the later stages of 

decomposition.  Keratin proteins are the most resistant to proteolysis (63).  The 

proteolysis process is very dependent on factors such as moisture, temperature and 

bacterial activity (63). 
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Fatty adipose tissue or neutral fat is made up of 5-30% water, 2-3% protein, and 60-85% 

lipids (90-99% of which are triglycerides) (63).  Triacylglycerides will undergo 

saponification into small units such as glycerin and free fatty acids while other lipids will 

undergo hydrolysis in order to produce fatty acids (61,63).  The fatty acids produced can 

then be further broken down into saturated and unsaturated fatty acids by either 

hydrogenation or oxidation.  Adipose tissues that are reduced under the right conditions 

can result in the production of adipocere, a water-insoluble soap created from saturated 

fatty acids (63).   

Carbohydrates are complex polysaccharides and are broken down by microorganisms 

into their simple sugars during the early stages of decomposition (63).  When these 

sugars are broken down completely, carbon dioxide and water are common products.  

When the breakdown of these sugars by bacterial or fungal action is incomplete, the 

products will include organic acids and alcohols.  Alcohols are generally produced 

through the fungal breakdown of carbohydrates into simple sugars, peptides and amino 

acids followed by the microbial fermentation of these components into alcohols (64–66).  

The process of bacterial fermentation of sugars will also result in the production of 

compounds such as methane, hydrogen gas and hydrogen sulfide (63). 

Few VOCs are chromatographically detected during the fresh stage, since their 

concentration is so low that they are usually found below the limit of detection of the 

instruments (2).  VOCs that are detected at this stage are largely attributed to the ambient 

environment (2).  While sulphurous compounds are known to be produced throughout the 

decomposition process, they are most prevalent during the bloat stage (65,67,68).  Poly-

sulfide compounds such as dimethyl disulfide (DMDS), dimethyl trisulfide (DMTS), and 
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dimethyl tetrasulfide (DMQS) are among the most commonly detected sulphurous 

compounds (65).  These are produced through the proteolysis of proteins into 

polypeptides and amino acids that are then further broken down by microbial activity 

causing the desulfhydralation of sulfur-containing amino acids like cysteine and 

methionine (65).  Alcohols are also typically detected during the bloat stage (33,65).  The 

active decay stage shows the strongest odour profiles since the diversity and abundance 

of compounds is highest (65).  Among the detected compound classes are sulfur 

compounds, alcohols, carboxylic acids, aldehydes and aromatics, namely indole and 

phenol (33,65).  Neutral fat that has been hydrolyzed into unsaturated fatty acids are 

oxidized by aerobic bacterial and fungal action and exposure to visible and UV light will 

accelerate this process, yielding aldehydes and ketones as products (63).  Aromatic 

compounds such as phenol and indole are thought to be produced through the advanced 

proteolysis of proteoses, peptones, polypeptides and amino acids in the later stages of 

decomposition (63).  During the advanced decay stage, higher instances of aromatics 

(phenol, indole, skatole), aldehydes and ketones are produced while sulphuric compounds 

and alcohols are still produced in smaller quantities (33,65). 

 

1.6  Volatile Organic Compounds (VOCs) and Semiochemicals 

Volatile organic compounds are compounds that have a low boiling point and a high 

vapor pressure, causing them to vaporize at room temperature (69).  Many VOCs are 

produced during the decomposition process, as described in Section 1.4.  Their 

production is influenced by factors such as microbial activity, insect activity and 

environmental factors like temperature and humidity (61,62).  Semiochemicals are 
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chemical cues that allow for communication between different organisms (70,71) and are 

classified into two groups: pheromones and allelochemicals (71).  Pheromones allow for 

chemical interaction within a species while allelochemicals do so between species (71).  

Many of the VOCs produced during decomposition act as apneumones that incite a 

response in necrophagous insect species (72).  An apneumone is a type of allelochemical 

that aids in the communication between a non-living entity, the emitter, and a living 

species, the receiver (71).  In the case of decomposition, the emitter is the corpse and the 

receivers are any insect species where the emitted VOC causes a behavioural response.  

The effect that these chemicals have on the receiver will vary based on the chemical as 

well as the concentration of the chemical.  Some will act as attractants, calling relevant 

species to an area that is favorable for food, mating and/or oviposition.  Others will act as 

repellants, indicating to the receivers that the remains are no longer beneficial to them.  

Through experimental research with various blow fly species, several decomposition 

VOCs have been identified as apneumones.  The most prevalent are the sulphurous 

compounds like dimethyl sulfide (DMS), DMDS, DMTS and DMQS (21,72–76).  Other 

known apeumones include phenol (21,72,74,75), indole (21,72,74,75), and p-cresol 

(21,72–75).  The majority of these compounds have been determined to be both 

attractants and oviposition stimulants (72).  Finally, it has been suggested that blends of 

these compounds could be more attractive than the individual compounds themselves 

(71). 
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1.7 Objectives 

This PhD research thesis explores the suitability of the use of domestic pig remains as a 

substitute for human remains in decomposition research. Various factors were monitored 

during outdoor decomposition trials of both humans and domestic pigs.  These factors 

include environmental conditions, dipteran colonization, rate of decomposition and 

volatile organic compounds produced.  Recent literature indicates that domestic pigs may 

not be an appropriate proxy for humans and that data collected from research involving 

domestic pigs should not be applied to human medicolegal cases.  The objective of this 

thesis is to determine the reproducibility of the decomposition processes of humans and 

pigs using these monitored factors, to compare the results between humans and between 

pigs and to make a recommendation as to the use of domestic pigs as proxies in forensic 

science research based on these findings. The approaches were broken down as follows: 

Chapter 2 – The reproducibility of domestic pig decomposition in Oshawa, Ontario 

based on rate of decay, dipteran colonization and semiochemical production  

Research question: Is domestic pig decomposition reliably reproducible in southern 

Ontario? 

Chapter 3 - Human decomposition in Sydney, Australia 

Research question: Is human donor decomposition reproducible in a similar area such as 

Sydney, Australia?  Co-morbidity, medication and lifestyle will be discussed between 

human donors. 
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Chapter 4 - Human vs Domestic Pig decomposition in Sydney, Australia 

Research question: Is the decomposition process of human donors comparable to 

domestic pigs in the same area, Sydney, Australia, based on rate of decomposition, 

dipteran colonizers, and VOCs produced? 
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Chapter 2 - The reproducibility of domestic pig decomposition in 

Oshawa, Ontario based on rate of decay, dipteran colonization and 

apneumone production 

 

2.1  Introduction 

Domestic pigs (Sus scofa domestica (Erxleben, 1777)) have preferentially been used as a 

substitute for human remains in decomposition research for over 50 years (1–6).  Pigs 

share some common features with humans, such as relatively hairless skin, the same 

approximate body size and similar gut flora (7,8).  Decomposition research studies using 

domestic pigs have yielded comparable results in rate of decomposition and insect 

colonization (2,5,9–15).  Until recently, there have not been any facilities in Canada 

where human decomposition research can be performed.  As such, decomposition 

research in Canada relied heavily on the use of domestic pigs as proxies for humans.   

Published research on forensic entomology and the decomposition of the domestic pig 

performed in Canada has been lacking in recent years, not to mention the fact that only a 

few studies have been published representing only eight of the thirteen provinces and 

territories.  Domestic pig decomposition research has been conducted and published in 

British Columbia (7,16), Alberta (17,18), Saskatchewan (19), Manitoba (12), Quebec 

(20,21), New Brunswick (22), Nova Scotia (23,24) and the Yukon territories (25).  

Published research performed in Ontario has been limited.  One study, performed by 

VanLaerhoven in 2008, focused on identifying the best model for determining the post-

mortem interval using larval samples collected from pig remains and degree-days (26).   

Comstock et al., (2015), conducting a study in Ontario publishing possible new stages, 

specifically applied to decomposition with the exclusion, or partial exclusion, of insect 

colonizers (27).  The published works demonstrate that there is a research gap when it 
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comes to studies performed in Ontario, which includes the rate of decomposition, 

colonizing dipteran species and volatile organic compound production.  This gap will be 

addressed with the current research on domestic pigs that took place between 2016 and 

2019 in Oshawa, Ontario.    More recently, specifically during the  Fall of 2020, the 

Research on Experimental and Social Thanatology facility was opened in Trois Riviere, 

Quebec, associated with the Université du Québèc à Trois-Rivière (UQTR) (28).  This is 

the first facility in Canada where human decomposition research is allowed, however, 

this facility is limited in space and was not available during the time of this thesis’s 

research period.  

2.1.1  Factors Affecting the Decomposition Process 

There are certain environmental conditions that have an important effect on the rate of 

decomposition of remains.  Most notably, temperature and humidity are key factors in the 

rate and type of decomposition (29,30).  Consequently, these factors also play a large role 

in the extent at which remains are colonized by invertebrate scavengers like blow flies 

and beetles (30–33).  Insect colonization is a major component of the decomposition 

process of vertebrate remains, such that decomposition is slowed or almost halted when 

there is an absence of insect colonization (2,27,34–36).  Colonizing insects require 

specific temperature ranges that will promote the continuation of their life cycle, 

temperatures too hot or too cold will delay or halt colonization and larval development 

and, in turn, delay decomposition (13,30).  The insects that colonize vertebrate remains 

will themselves contribute to factors that affect decomposition rate.  Larval masses with 

high activity on the carcass can generate additional heat causing the decomposition 

process to quicken (37,38).  Humidity also plays a large role in the rate of decomposition.  
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Instances of high humidity will promote oviposition and high larval activity as well as 

accelerate autolysis causing an increase in the rate of decomposition (2,39,40).  

Alternatively, conditions with low humidity will cause desiccation of tissue which can 

make food unavailable to larvae and cause larval death which, in turn, would slow the 

rate of decomposition.  Insect eggs laid on the remains may not be viable in lower 

humidity and when low humidity is coupled with high temperatures, mummification of 

the remains will occur (2,40,41). 

To make any conclusions from multiple decomposition studies, it is important that these 

can be reliably compared. Therefore, the research presented here is to explore how 

specific factors affect pig decomposition in Oshawa, Ontario, as well as determine if the 

decomposition process for domestic pigs produces consistent results over time.  

2.2  Methods 

 

2.2.1  Experimental Design 

Three studies investigating the decomposition of domestic pigs were conducted at the 

Forensic Ecology Research Facility (FERF), at Ontario Tech University in Oshawa, 

Ontario.  Study 1 took place in Summer of 2016 from 05-JUL-2016 to 18-AUG-2016, 

where the remains of three domestic pigs were observed. Study 2 was conducted in the 

Fall of 2016, between 08-SEP-2016 and 02-NOV-2016, where 2 domestic pigs were 

observed.  Finally, Study 3 was conducted in the Fall of 2019, between 09-SEP-2019 and 

07-NOV-2019, where three domestic pigs were observed.  

For each study, domestic pigs were obtained from a local farmer, Todd Malcolm, in Port 

Perry, Ontario.  These pigs (approximately 45kg each) were euthanized using a bolt gun 
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puncture to the head approximately 1 hour prior to placement in the FERF.  It should be 

noted that Study 3 Pig 1 was slightly smaller in size, approximately between 35-40kg.  

The pigs were placed in a large fibreglass container (uncovered) and transported in the 

back of a cargo van, where fly access to the remains was limited. 

The FERF is a secure area, approximately 75 m × 20 m in size, surrounded by a 2.5 metre 

fence topped with barbwire, located on the Ontario Tech University campus, 

approximately 51 km northeast of Toronto (43o56’N, 78o54’W), Canada. The facility has 

a slight gradient and some minor drainage/depression areas and is bordered on two sides 

by a small woodlot, predominantly containing eastern white cedar (Thuja occidentalis 

(Linnaeus, 1753)), maples (Acer spp.), and trembling aspen (Populus tremuloides 

(Michx)) (42). 

The substrate at the facility is a Grey-Brown Podzolic soil of the Darlington Series, 

which has a loam texture and is free-draining. Soil physicochemical characteristics (± 

standard error) included pH (7.3 ± 0.1), total carbon (5.3% ± 0.8), total nitrogen (0.3% ± 

0.01), total phosphorus (0.001 µg g-1 soil ± 0.0001), and electrical conductivity (1.33 

mS.cm-1 ± 0.07) (42).   

Pigs were placed directly on the grass in areas with approximate equal sun exposure and 

care was made to ensure the carcasses were placed 6m apart from each other.   Pigs for 

Studies 1 and 3 were placed along the north fence and pigs for Study 2 were placed along 

the south fence (Figure 2.1).  The date and time of placement was documented and the 

day of placement was deemed Experimental Day (ED) 0. 
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Figure 2.1:  Pig carcass placement.  A map of the Forensic Ecology Research Facility 

indicating where each experimental pig carcass was placed within the facility. 

 

Data loggers (Onset, HOBO) were used during each pig decomposition study to monitor 

conditions.  The locations of data logger placement and data collected are described in 

Table 2.1.  Any logger that was placed directly near the pig remains was placed inside a 

plastic cup, to partially protect from rain, and the cup was placed on the grass next to the 

pig.  For studies 1 and 2, loggers were attached to the weather station pole at various 

heights to monitor ambient conditions.  For all three studies, additional loggers were 

placed on the fence at various locations to monitor ambient conditions further from the 



31 

 

weather station pole.  For Study 3, the logger data from the weather station pole was 

collected, however, my computer hard drive died before the data was backed up.  As 

such, environmental conditions for Study 3 were solely determined from data loggers 

placed near pigs and on the fence.  Learning from the first 2 studies, during Study 3 it 

was decided that the environment conditions of the pigs while under the hood used during 

VOC sampling should be monitored.  Therefore, a logger was placed near pigs 1 and 2 so 

that it could be placed under the hood as well in order to document the conditions.  A 

logger could not be placed near Pig 3 since loggers were limited. 
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Study 1 Study 2 Study 3 

Purpose 
Position of 

logger 
Purpose 

Position 

of logger 
Purpose 

Position of 

logger 

Pig 2 

Monitoring 

Logger 

approx. 0.5m 

from head 

(T) 

 

Pig 1 

Monitoring 

Logger 

approx. 

0.5m from 

head (T) 

Pig 1 

Monitoring 

Logger 

approx.10cm 

behind pig’s 

back and 

15cm from 

the ground 

(T)(RH) 

Ambient 

conditions 

(1m)  

Attached to 

weather 

station pole 

~4m from 

Pig 3 and 1m 

from the 

ground (T) 

Ambient 

conditions (1m)  

Attached 

to weather 

station 

pole ~2m 

from Pig 2 

and 1m 

from the 

ground (T) 

Pig 2 

Monitoring 

Logger 

approx.10cm 

in front of 

pig’s 

abdomen 

and 15cm 

from the 

ground (T) 

Ambient 

conditions 

(3m) 

Attached to 

weather 

station pole 

~4m from 

Pig 3 and 3m 

from the 

ground 

(T)(RH) 

Ambient 

conditions (3m) 

Attached 

to weather 

station 

pole ~2m 

from Pig 2 

and 3m 

from the 

ground 

(T)(RH) 

Ambient 

conditions 

Placed on 

north fence 

approx. 1m 

behind Pig 1 

and 15cm 

from the 

ground (T) 

Ambient 

conditions 

(Ground) 

Attached to 

weather 

station pole 

~4m from 

Pig 3 and 

approx. 10 

cm from 

ground (T) 

Ambient 

conditions 

(Ground) 

Attached 

to weather 

station 

pole ~2m 

from Pig 2 

and 

approx. 10 

cm from 

ground (T) 

  

Ambient 

conditions 

Attached to 

north fence 

~6m from pig 

2 and pig 3 

and 0.5m 

from the 

ground (T) 

Ambient 

conditions 

Attached 

to west 

fence 

~4.5m 

from pig 1 

0.5m from 

the ground 

(T)(RH) 
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Table 2.1:  Data logger placements.  A table depicting the placement of the data loggers 

during each pig decomposition study.  The data collected from each logger and probe is 

indicated beside the location of the logger where (T) = Temperature and (RH) = % 

Relative Humidity. 

2.2.1.1 Field Collections 

Field visits took place daily for the first 10-13 days in order to document changes to the 

carcasses during the early stages of decomposition.  After this, field visits were reduced 

to every 2 days for 1 week, then further reduced to every 3 days for 1 week.  Finally, field 

visits were reduced to once per week for one week and then once per two weeks until the 

end of the study.     

Site visits were conducted as follows:  to begin, photographs were taken of the remains 

from various angles and distances.  Upon the completion of the photos, observation 

sheets were filled documenting the weather, decomposition stage, fly activity, and any 

other entomology notes and observations.  A 30-second fly count was performed by 

counting the number of flies that can be seen in a 30 second time period.  This is 

performed so that the abundance of attracted flies present near the remains can be 

compared between carcasses, between stages of decomposition and/or to temperature at 

the time.  Next, the dominant order of both flies and immature insects (larvae) was 

documented.  Next, internal (mouth), surface (skin), and ambient temperatures were 

collected. The temperatures of the internal mouth, external skin and any larval masses 

present were measured using a handheld digital thermometer. A handheld manual rising 

thermometer was used for the ambient temperature.  Once temperatures were 

documented, samples of insects present on and near the remains were collected using a 
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specimen cup in order to document the flies, eggs/larvae and beetles present.  When 

collecting larval samples, care was taken to select 1st to 2nd instar larvae based on size, 

since a microscope was not available in the field to document spiracle slits, normally 

used to determine the larval instar.  Egg and larval samples collected were reared to 

adulthood and identified, while fly and beetle samples were frozen for preservation, to be 

later identified, discussed in Section 2.2.2.  The final step performed during the field 

visits was to collect a volatile organic compounds sample.  These samples were collected 

using Tenax sorbent tubes and/or Porapak solvent tubes (Markes International Limited).  

The VOC collection methods are detailed in Section 2.2.3.2.   VOC samples were 

collected either in the morning or the evening to avoid mid-day high temperatures. Care 

was taken to ensure the time of collection for each pig carcass was consistent.  During 

these visits, if the weather had changed or there were some obvious changes to any of the 

remains since the previous visit, a second set of pictures was taken and a new 

documentation form was filled. All information collected was documented on pre-printed 

documentation forms. 

2.2.2  Insect Samples 

2.2.2.1  Rearing 

Samples collected in the field were transferred to the entomology laboratory in plastic 

50mL clear plastic collection cups (125mL) containing moistened paper towel to prevent 

the immature insects from desiccating or drowning in urea.  Upon arrival to the 

laboratory, a plastic bowl (rearing bucket) was prepared with an aluminum foil cup 

containing approx. 14 grams of beef liver, purchased at a local grocery store.  The 

collected egg/larval samples were transferred to the beef liver as a source of food and 



35 

 

sprayed with water to prevent desiccation.  This aluminum foil cup, containing the meat 

and entomological sample, was then placed on top of moistened wood chips, to allow for 

migration and eventual pupation.  The rearing bucket was then placed in an incubator 

[Caron, model 6021-1, SN012512-6012-1-34] at 23.5°C.  Larvae were kept moist and 

supplied with beef liver until they migrated into the woodchips to pupate.  Pupae were 

kept in the incubator until adult flies emerged from their pupae.  Adult flies were 

identified using taxonomic keys. 

2.2.2.2  Pit fall trap digging and collection 

 

Pitfall traps are used to collect specimen samples of insects that are in the area of the 

remains. These are traditionally used to collect crawling insects that come to the remains, 

but are rarely seen during observations. This makes it possible to monitor insect activity 

between visits. To position the pitfall traps, three holes were dug in the dirt surrounding 

each pig carcass with a spade; approximately 0.5 meter from the head, rear and belly.  

Two stacked plastic cups were placed in each hole and the top cup was filled with soapy 

water.  The soapy water was used because the soap blocks the spiracles of the insect, 

preventing them from breathing, killing them more quickly.   Pitfall trap samples were 

collected by pouring the soapy water through a colander and placing the collected insects 

into a specimen cup where they were then stored in 75% ethanol in order to be identified 

at a later date. The bottom cup was simply used to keep the shape of the hole in the 

ground and make it easier to remove and replace the top cup. 
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2.2.2.3  Insect Identification 

Adult and immature specimens were observed through a stereo microscope [Leica S8 

APO B, SN OT11205] and identified with the use of the following entomological 

identification keys:  

Marshall, S, Whitworth, T., Roscoe, L. (2011) (43), Bajerlein, D.,et al. (2012) (44),  

Szpila, K. (N.D.) (45), Szpila, K. (N.D.) (46), and Szpila, K. (N.D.) (47).  

2.2.3  VOC Sampling 

Two types of sorbent tubes were used to collect VOC samples during these studies.  The 

first was a metal tube containing Porapak® Q sorbent packing and the second was a metal 

tube containing the sorbent packing Tenax® GR/CarbopackTM B.  The Porapak® Q 

sorbent was chosen so that it would bind highly volatile compounds (low molecular 

weights) and could be eluted with a solvent.  The Tenax® GR/CarbopackTM B sorbent 

was also chosen to collect low molecular weight compounds as well as to allow for 

thermal desorption of samples. 

2.2.3.1  Tube Conditioning 

Studies 1 and 2:  Porapak and Tenax tubes were conditioned using a Markes Unity 2 

thermal desorber (Markes International Limited) with a constant flow of nitrogen at 

220°C for a minimum of 30 mins for the Porapak tubes and at 330°C for a minimum of 

30 mins for the Tenax tubes.  

Study 3: Two Porapak sorbent tubes were screwed into a constructed nitrogen flow 

apparatus. The assembled apparatus was kept inside an oven [Precision SN 604091556] 
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at 220°C for a minimum of 2hrs and a maximum of 3hrs.  The nitrogen flow, 

approximately 50mL/min, was constant throughout the conditioning process.  Once 

conditioning was complete, the oven was turned off and the oven door was opened to 

allow the tubes to cool.  Nitrogen flow was maintained until tubes were cooled to the 

touch. 

All studies:  Once tubes were ready to be removed from the apparatus, the nitrogen flow 

was turned off and the tubes were removed from the apparatus.  Swagelok caps were 

screwed on the ends of the tubes and tubes were stored in a clean, sealed glass mason jar 

until use. 

2.2.3.2  VOC Collection 

A stainless steel hood, approximately 1.2m x 0.9m x 0.6m, was placed over the remains 

and the headspace was allowed to equilibrate for 15 mins.  A sorbent tube was screwed 

onto a Swagelock vent on the top of the hood with the grooved end facing down and an 

air pump [LeMotte GENEQ Inc.] attached to the other end.  Air was pumped through the 

sorbent tube at a rate of 1-2 L/min (Figure 2.2).  The Tenax tube samples were collected 

first (Study 1 only, 5 minute collection) followed by the Porapak tube samples (Study 1 

for 2 hours, studies 2 and 3 for 3 hours). Once the samples were collected, each sorbent 

tube was removed and capped at both ends.  Sorbent tubes were capped and stored in a 

clean mason jar, away from the conditioned tubes, until analysis.   



38 

 

 

Figure 2.2:  The VOC sample collection set-up.  The photo on the left shows the entire 

set-up, including the stainless steel hood over the remains.  The photo on the right 

includes A) the stainless steel hood, B) the sorbent tube connected through Swagelock 

vent, and C) the pump used to collect the sample. 

 

The VOC samples were collected using a Tenax tube in order to obtain a profile analysis 

of the VOCs, without solvent, where the sample was desorbed directly into the GCMS 

using the Markes Unity 2 thermal desorber.  Porapak tubes were used to collect samples 

that were later eluted with acetone.  The elute was collected so that a small portion of the 

sample could be analyzed, allowing for multiple analyses of the same sample solution.  

2.2.3.3 VOC porapak tube elution 

 

The porapak tube to be eluted was held in place vertically using a retort stand and clamp, 

with the grooved end down.  Three aliquots of 350µL of the HPLC grade acetone were 

added to the top of the tube using a micropipette.  The solvent moved its way down the 

packing of the tube by way of gravity and the elute was collected into a glass GCMS vial 

until approximately 0.5mL of elute was collected. 
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This research suffered two setbacks: 1) The Markes Thermal Desorber broke shortly after 

Study 1 began and so the Tenax samples could not be analyzed.  2) The acetone solvent 

used to elute the Porapak samples for Study 1 was found to be contaminated.  The GCMS 

chromatogram for the blank solvent showed multiple hexane and heptane peaks that 

should not have been present in the solvent. There are many alkane compounds that are 

expected to be produced during the decomposition process, however, it would be unclear 

whether any alkanes detected in the experimental samples were present due to the 

decomposition process or the contaminated solvent.  As such, these VOC samples could 

not be analyzed further. 

2.2.4  VOC Chromatographic Analysis 

Liquid samples were injected into an Agilent 8890 GC (SN: US2020A028) gas 

chromatograph using an Agilent PAL RSI 85 (SERIAL # 512295) autoinjector equipped 

with an Agilent Liquid Tool for injection. The detection of compounds was performed by 

an Agilent 5977B MSD (SN: US1737D003) quadrupole mass spectrometer.  The injector 

port temperature was 240°C and a split liner was used during injection with a ratio of 

50:1. The injection volume was set to 1.0µL.  Acetone was used as the wash solvent 

followed by methanol post-injection washes to clean the injector needle. The GC was 

equipped with two Agilent 19091S-431UI SN: 0342832B J&W HP-5ms Ultra Inert GC 

Columns that measured 15 m x 250 µm x 0.25 µm each. These columns were connected 

with a PSD2 port that allowed for a backflush of the first column mid-analysis.  Helium 

was selected as a carrier gas for its inert nature. A solvent delay of 3 minutes was 

incorporated into the method to allow the solvent to pass though the MS before the 

filament was turned on. The method was optimized to identify compounds within a 
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molecular weight range of 0 to 400. A flow rate of 1 mL/min was maintained. The initial 

temperature was 50 °C, which was held for 1 minute. Three ramps were set, the first 

increasing 3 °C/min to 80 °C and held for 11 minutes, the second increasing at a rate of 

10 °C/min to 120 °C for 15 minutes, and the third increasing at 40 °C/min to 240 °C, held 

for two minutes, for a total runtime of 20 minutes. A post-column backflush was used, 

which started at 20 minutes and lasted 5 minutes while the temperature was 290 °C.  

Peaks detected in the chromatograms were identified using the NIST 2017 library.  

Compounds that were identified with a minimum match score of 60% were accepted as 

correct; any identifications of compounds that were below 60% were manually analyzed 

by visually comparing the fragmentation of the sample peak to that of the suspected 

compound in the NIST library.  If a visual identification could not be made, the peak was 

disregarded. 

2.2.5 Apneumone Selection 

 

In Chapter 1 Section 1.6, seven apneumones published in the literature were listed: DMS, 

DMDS, DMTS, DMQS, phenol, indole, and p-cresol.  Five of these compounds have 

been shown to incite a response in blow fly species through research performed in the 

LeBlanc Entomology Laboratory at Ontario Tech University: DMDS, DMTS, DMQS, 

phenol and indole (48).  As such, it is the production of these five apneumones that was 

tested for reproducibility through statistical analysis, described in Section 2.2.6. 
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2.2.6  Data Analysis 

 

Accumulated Degree Day (ADD) values were calculated, for each study, in Microsoft 

Excel using the data from the data logger positioned closest to the carcass in question.  

To be more precise, if there was a data logger directly near the pig carcass, the data from 

that logger was used; if no logger was positioned near the pig, the data from the logger on 

the fence closest to the pig carcass was used. Daily average temperatures were calculated 

and cumulative ADD values for each experimental day were determined from these, 

using a lower threshold of 5°C.   This threshold temperature was used because it led to 

the best overall fit and percentage of variability models (49). 

Environmental condition scatter plots were generated using Microsoft Excel 2017.  The 

description of the environmental data was obtained with the use of R 4.0.2 and R Studio 

1.3.1056 statistical software and the Psych package.  The correlation analysis of fly count 

versus temperature, including the trendline and R2 value, was also performed using 

Microsoft Excel 2017.  The fly count values were normalized by calculating the log of 

each value.  Any entries were the fly count was zero were removed.  The correlation 

coefficient was calculated using the correlation statistical test found in Data Analysis 

package in the Data tab.  All statistical results were calculated using the R 4.0.2 and R 

Studio 1.3.1056 statistical software.  All Two-Way ANOVA results were computed using 

the aov function followed by the TukeyHSD function to determine which data were 

significantly different. 

Volatile organic compounds produced were first corrected against the control sample 

collected at the beginning of the study, then normalized by dividing the area of each 

compound by the area of the largest peak in the sample.  This normalized area was then 
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further altered by diving the normalized area by the volume of air collected during the 

VOC entrainment of that sample to produce a normalized area per liter value.  Each 

compound was assigned a compound class by comparing to a master list of detected 

compounds and using the VLOOKUP feature in Excel.  The total normalized areas per 

liter for each compound class in each stage of decomposition was calculated using the 

Consolidate feature in Excel. 

2.3   Results 

 

2.3.1   Environmental Conditions 

 

The average daily temperature and average daily percent relative humidity results for 

each study are displayed in Figures 2.3 to 2.5.  In Study 1, during the Summer of 2016, 

the temperature was high, ranging from a low of just under 20°C to a high of over 30°C.  

After the initially high average temperature on experimental day (ED) 0 during Study 1, 

the daily average temperature remained consistent between 19°C and 27°C during the 

early stages of decomposition.   Study 2, which took place in the Fall of 2016 was cooler 

than Study 1, ranging from just over 0°C (night) to almost 27°C (day).  The daily average 

temperatures during early decomposition were seen to be between 14°C and 27°C.  The 

temperature was the coolest during Study 3, Fall of 2019, with a low of 0°C and a high of 

just over 23°C.  Average daily temperatures during the early decomposition period 

ranged from 15°C to 23°C. 

The percent relative humidity for Studies 2 and 3 were comparable, ranging from about 

80-100% while the percent relative humidity for Study 1 was lower, ranging from about 

45-90% (Figures 2.3-2.5). 
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Figure 2.3:  Study 1 environmental conditions.  Temperature (left vertical axis) and % 

relative humidity (right vertical axis) for every experimental day of pig 

decomposition Study 1.  The stages of decomposition are indicated with the black 

vertical lines and red lettering. 

 

Figure 2.4:  Study 2 environmental conditions.  Temperature (left vertical axis) and % 

relative humidity (right vertical axis) for every experimental day of pig 

decomposition Study 2.  The stages of decomposition are indicated with the black 

vertical lines and red lettering. 
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Figure 2.5:  Study 3 environmental conditions.  Temperature (left vertical axis) and % 

relative humidity (right vertical axis) for every experimental day of pig 

decomposition Study 3.  The stages of decomposition are indicated with the black 

vertical lines and red lettering. NOTE:  The stages of decomposition were observed at 

different rates for each pig in this study, therefore, the stages depicted in this graph 

are for Study 3 Pig 3. 

 

A description of the environmental data collected for each study is represented in tables 

2.2-2.4.  Each table includes:  sample size (n), mean, standard deviation (sd), median, 

trimmed, mad, minimum, maximum, range, skewed value, kurtosis value, and standard 

error (se) for both temperature and % relative humidity.   

 

  n Mean sd median trimmed mad min max range skew kurtosis se 

AVG 
Temp 93 23.91 2.6 23.6 23.75 2.33 18.98 31.39 12.41 0.59 0.09 0.27 

AVG 
% RH 93 73.33 8.39 74.66 73.72 10.2 48.86 85.17 36.31 -0.53 0.27 0.87 
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Table 2.2:  Description of the weather data collected for Chapter 2 Study 1.  This 

includes the values for: n, mean, sd, median, trimmed, mad, min, max, range, skew, 

kurtosis, and se for both temperature and percent relative humidity. 

 

Table 2.3:  Description of the weather data collected for Chapter 2 Study 2.  This 

includes the values for: n, mean, sd, median, trimmed, mad, min, max, range, skew, 

kurtosis, and se for both temperature and percent relative humidity. 

 

Table 2.4:  Description of the weather data collected for Chapter 2 Study 3.  This 

includes the values for: n, mean, sd, median, trimmed, mad, min, max, range, skew, 

kurtosis, and se for both temperature and percent relative humidity. 

 

The temperature for Study 1 was the warmest, while the temperatures for Study 2 and 

Study 3 were each cooler than the study conducted previously.  The percent relative 

humidity for Study 1 ranged from 49-85% while the range for Study 2 was 73-100% and 

the range for Study 3 was 64-100%.  This means that Study 1 was slightly drier than 

Studies 2 and 3.  All data sets had a standard error of 0.7 or less. 

 

 

 

 

  n Mean sd median trimmed mad min max range skew kurtosis se 

AVG 
Temp 112 12.97 5.53 14.27 13.17 4.95 0.18 27.18 27 -0.27 -0.34 0.52 

AVG 
% RH 112 87.03 7.35 86.91 86.91 8.24 73.35 100 26.65 0.02 -1 0.69 

  n Mean sd median trimmed mad min max range skew kurtosis se 

AVG 
Temp 180 11.85 5.51 10.82 11.71 5.6 0.62 27.1 26.48 0.25 -0.49 0.41 

AVG 
% RH 180 89.65 8.13 89.98 90.23 10.01 64.13 100 35.87 -0.61 0.01 0.61 
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2.3.2   Rate of Decay 

 

The rate of decay during the early stages of decomposition (Fresh, Bloat and Active) are 

comparable between all pigs, aside from Study 3 Pig 1 who was slightly smaller in size, 

where the carcasses reached the midpoint of the Bloat stage around 100 ADD (Figure 

2.4).  The rates of decay during the later stages of decomposition were shortest in Study 1 

where the Advanced decay stage was completed around 400 ADD.  This late decay rate 

was slightly longer in Study 2, where the transition between Advance decay and 

Skeletonization occurred around 550 ADD.  This transition was not seen during the 

observation period of Study 3 since temperatures were low, causing a pause to the 

decomposition process during the Advanced decay stage.  The Skeletonization stage was 

not reached during the observation period of Study 3. The rate of decay for the pigs that 

were observed in all three studies can be seen in Figure 2.6.  

2.3.2.1  Study 1 

All three pigs observed during Study 1 began in the Fresh stage on ED 0 with Pig 1 and 

Pig 2 showing early signs of bloat in the evening of ED 0.  By ED 1 (~55 ADD), all three 

pigs had entered into the Bloat stage.  This was indicated by the two upper limbs 

beginning to rise up due to the bloating of the carcass.  Further signs of bloat could be 

seen in all three pigs by ED 2 (~82 ADD) including marbling on the torso and 

pronounced lividity in the flesh nearest to the ground.  The Bloat stage for all three pigs 

lasted until ED 4 (128-140 ADD) when the Active decay stage was reached.  The Active 

decay stage was recognized by the heavy Calliphoridae larval activity and an obvious 

deflation of the torsos of the carcasses causing liquids to seep into the ground, creating a 

decomposition island.  The Active decay stages observed in the pigs in Study 1 were 
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short, beginning on ED 4 and completed by ED 6 (172-190 ADD).  The Advanced decay 

stage was the longest stage in this study, beginning on ED 6 (172-190 ADD) and 

continuing for nine experimental days until ED 14 (354-383 ADD).  The Advanced decay 

stage was reached when the majority of the tissue was consumed by larvae and most 

larvae had entered into the post-feeding stage and migrated from the remains to pupate.  

With all three pigs, when the Advanced decay stage was seen, dried skin covered the 

skeletal remains of the pigs.  Little to no flesh remained, however, the decomposition 

islands were still present and insect activity from species expected to colonize during the 

later stages of decay was detected.  The Skeletonization or dry remains stage was reached 

by ED 15 (375-406 ADD) where no insect activity was seen and the decomposition 

island was no longer visible, completing the decomposition process.  

2.3.2.2  Study 2 

The Fresh stage of decay for Pigs 1 and 2 of Study 2 began on ED 0 and continued up to 

ED 2 (~70 ADD) when the Bloat stage began.  As with the pigs in Study 1, bloat was 

indicated by the two upper limbs rising towards the sky as well as marbling on the torso.  

The Bloat stage for both pigs lasted until ED 6 (~138 ADD) when the Active decay stage 

was reached, indicated by deflation, larval activity and the production of the 

decomposition island.    The Active decay stages observed in the pigs in Study 2 were 

longer than those in Study 1, beginning on ED 6 and ending by ED 11 (~225 ADD), for a 

length of 6 EDs.  The Advanced decay stages were also much longer for the pigs in Study 

2 compared to Study 1.  For both pigs in study 2, the Advanced decay stage began on ED 

11 (~225 ADD) and continuing for 23 EDs until ED 34 (538-552 ADD).  As with the 

pigs in Study 1, when the Advanced decay stage was seen with the pigs in Study 2, dried 
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skin covered the skeletal remains of the pigs, little to no flesh remained yet the 

decomposition islands were still present.  The Skeletonization or dry remains stage was 

reached by ED 34 (538-552 ADD) where no insect activity was seen and the 

decomposition island was no longer visible. 

2.3.2.3  Study 3 

With the two previous studies, the length of the Fresh stage was similar for all pigs, 

however, for the pigs observed in Study 3, this was not the case.  The Fresh stage of 

decay for all three pigs in Study 3 began on ED 0.  Pig 1 had reached the Bloat stage by 

ED 1 (35 ADD), Pig 2 entered into Bloat by ED 4 (88 ADD), and the Bloat stage for Pig 

3 began on ED 2 (53 ADD).  The Bloat stages for Pig 1 and Pig 2 were 3 EDs in length 

with the Bloat stage for Pig 1 ending on ED 4 (89 ADD) and the Bloat stage for Pig 2 

ending by ED 7 (141 ADD), where the Active decay stages began.  The Bloat stage for 

Pig 3 was the longest of the study, lasting until ED 9 (161 ADD).  The Bloat stages were 

indicated by the same observations seen in Studies 1 and 2.  The Active decay stages 

observed in the pigs in Study 3 were similar in length, ranging from 5 EDs (Pigs 2 and 3) 

to 7 EDs (Pig 1).  Pig 1 was observed in the Active decay stage from ED 4 (90 ADD) to 

ED 10 (192 ADD), Pig 2 began the Active decay stage on ED 7 (141 ADD) that ended on 

ED 11 (228 ADD), and Pig 3 was in Active decay from ED 9 (161 ADD) to ED 13 (236 

ADD), for a length of 6 EDs.  The Advanced decay stages were much longer for the pigs 

in Study 3 compared to Studies 1 and 2.  The Advanced decay stage for Pig 1 began on 

ED 11 (210 ADD) and persisted past the end of the observation period.  Similarly, Pigs 2 

and 3 entered into Advanced decay on ED 12 (249 ADD) and ED 14 (257 ADD) 

respectively and were still seen to be in the Advanced decay stage on ED 59 (Pig 2 – 737 
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ADD, Pig 3 – 671 ADD) when the study was completed.  For all pigs in Study 3, the 

Skeletonization or dry remains stage was not seen during the observation period.  By ED 

59, all three pigs were still in the Advanced decay stage when the first snowfall of the 

season occurred.  When this happened, the study was completed and no further 

observations were made. At this time, all three pigs showed a covering of skin over 

skeletal remains with a small amount of flesh still present.  Some larvae were still 

present; however, development was most likely halted due to the low temperatures at this 

time. 

 

Figure 2.6:  Rates of decay for pigs in all three studies.  This graph shows the length 

of each stage of decomposition in ADD (horizontal axis) for each pig carcass 

observed in each study (vertical axis.  The Fresh stage is depicted in light blue, the 

Bloat stage is shown in yellow, the Active decay stage is indicated in gray, the 

Advanced decay stage is shown in orange, and the Skeletonization stage is depicted in 

dark blue. 
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2.3.3   Primary Dipteran Colonizers and Fly Counts 

 

2.3.3.1 Primary Dipteran Colonizers 

The primary dipteran colonizers that laid eggs on the remains were documented and 

included primarily species belonging to the family Calliphoridae (Order: Diptera).  

Colonization was determined through the presence of clutches of eggs or 1st instar larvae.  

During Study 1, there were only 3 primary colonizing species throughout the 

decomposition process:  Phormia regina (Meigen, 1826) (Diptera:Calliphoridae), Lucilia 

illustris (Meigen, 1826) (Diptera:Calliphoridae), and Lucilia sericata (Meigen, 1826) 

(Diptera:Calliphoridae).  Lucilia sericata was only observed on Pig 1 while L. illustris 

and P. regina were seen to colonize all three pigs.  There was no delay in colonization 

observed; all three pigs were colonized by ED 1, during the Bloat stage, however, some 

samples were collected as larvae on ED 1 indicating that colonization would have 

occurred sometime on ED 0 (Table 2.5). 

Stage ED Pig 1 Pig 2 Pig 3 

Bloat 

1 

P. regina (E)  P. regina (E, L)  P. regina (L)  
L. sericata (E)  L. illustris (E, L)  L. illustris (L)  
L. illustris (E)  

  

2  P. regina (L)  P. regina (L)  
L. illustris (L)  L. illustris (L)  

3 P. regina (E)  
  

 

Table 2.5:  Study 1 Colonizing Calliphoridae (Order: Diptera) species for Study 1.  

Presence of blow fly eggs or larvae on the remains indicated colonization.  The life 

cycle stage of the sample collected is indicated beside the species name where (E) = 

Eggs and (L) = 1st instar larvae. 
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The variety of colonizing Calliphoridae species was slightly more diverse during Study 2 

with four main colonizing species during the Fresh stages of decomposition: P. regina, L. 

sericata, L. illustris, and Lucilia coeruleiviridis Macquart, 1855 (Diptera:Calliphoridae).  

Interestingly, Pig 1 was colonized by only one of these four species on ED 1 while Pig 2 

was colonized by three species.  As seen in Study 1, there was no delay in colonization 

since colonizing eggs were collected on ED 1 from both pigs.  Lucilia sericata and L. 

illustris were collected as larvae from Pig 2, indicating that the colonization occurred 

prior to ED 1.  One additional colonizing species was collected from Pig 2 on ED 2 

during the Bloat stage, Cochliomya macellaria (Fabricius, 1775) (Diptera:Calliphoridae) 

(Table 2.6).  Colonization of Pig 2 by C. macellaria would make a total of five 

colonizing species for Pig 2, two less than Pig 1.  It should be noted that, on ED 1, a 

sample of eggs was collected from Pig 2 that did not emerge as adults, further indicating 

that colonization of Pig 2 most likely occurred prior to ED 1. 

 

 

 

Table 2.6:  Study 2 Colonizing Calliphoridae (Order: Diptera) species.  the primary 

colonizing species for each carcass observed during Study 2.  The life cycle stage of 

the sample collected is indicated beside the species name where (E) = Eggs and (L) = 

1st instar larvae. 

Stage ED Pig 1 Pig 2 

Fresh 1 

P. regina (E)  L. sericata (L)  
 L. illustris (L)  
 L. coeruleiviridis (E)  

Bloat 

2 

L. sericata (E)  P. regina (E)(L)  
L. illustris (L)  L. sericata (L)  
P. regina (L)  L. illustris (E)(L)  

 C. macellaria (L)  
4 P. regina (L)  

 

 L. illustris (L)  
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The variety of colonizing species during Study 3 was identical to that of Study 2 in that 

the same four colonizing species were observed on ED 1: L. illustris, P. regina, L. 

sericata, and L. coeruleiviridis.  While the colonizing species seen on ED 1 for each pig 

were slightly different, each pig was colonized by a combination of three of these four 

main colonizing species.  As with both previous studies, there was no delay in 

colonization seen as all three pigs were colonized with eggs by ED 1.  Phormia regina 

larvae were collected from Pig 3 on ED 2, indicating that colonization from this species 

occurred prior to ED 2.  Pig 3 was further colonized in the late Bloat stage by one 

additional species, Protophormia terraenovae (Robineau-Desvoidy, 1830) (Diptera: 

Calliphoridae) (Table 2.7).   

Stage ED Pig 1 Pig 2 Pig 3 

Fresh 1 

L. illustris (E) 
  

L. sericata (E)  L. sericata (E)  

P. regina (E)  L. illustris (E)  L. illustris (E)  
L. coeruleiviridis (E)  P. regina (E)  L. coeruleiviridis (E)  

Bloat 

2 
L. illustris (E)  

 P. regina (L)  
L. coeruleiviridis (E)  

  

4 

L. illustris (L)  P. regina (L)  P. regina (L)  
P. regina (L) L. illustris (L)  L. sericata (L)  

L. sericata (L)  L. sericata (L)  L. illustris (L)  

  L. coeruleiviridis (L) 
(Macquart) 

6 
  

P. regina (E) 
 

  
P. terraenovae (E) 

 

 

Table 2.7:  Study 3 Colonizing Calliphoridae (Order: Diptera) species.  The primary 

colonizing species for each carcass observed during Study 3.  The life cycle stage of 

the sample collected is indicated beside the species name where (E) = Eggs and (L) = 

1st instar larvae. 
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2.3.3.2  Fly Counts 

For all three studies, the dominant fly family was Calliphoridae from ED 0 until the mid- 

to end of the Active Decay stage.  After this time, the dominant families were Sepsidae 

and Piophilidae.  The fly counts (see 2.2.1.1 Field Collections) for the pigs in Study 1 

were higher during the early stages of decomposition when the temperatures ranged from 

24°C to 37°C.  After the site visit on ED 4, there was no fly count that surpassed a 

Category 2 for the remainder of the decomposition process.  During this period after 

ED4, the recorded temperatures for visits were between 20°C and 32°C (Figure 2.7).  The 

fly counts for Study 2 appear to be more correlated with temperature than those of Study 

1.   Earlier visits during an Experimental Day are seen to have lower temperatures as well 

as lower fly count categories.  Unlike observations during Study 1, fly counts remained 

fairly consistent throughout the decomposition process where a fly count surpassing 

Category 3 was only recorded once with one pig during a single visit.  Similarly, the 

recorded temperatures during the Study 2 visits were consistent with highs around 30°C 

and lows around 10°C (Figure 2.8).   The fly counts for Study 3 are correlated to 

temperature as was seen with Study 2.  Visits earlier in the Experimental Day showed 

lower temperatures, between 10°C and 17°C, as well as lower fly count categories, 

usually a Category 1.  Site visits later in the Experimental Day yielded higher 

temperatures, between 17°C and 29°C, and generally higher fly count categories like 

Category 3 and Category 4.  After the second visit on ED 21, the temperature began to 

drop consistently between ED 24 and ED 29.  During this period, the fly counts were no 

higher than Category 2 (Figure 2.9). 
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A correlation analysis was performed to determine if there was a correlation between the 

fly counts collected and the ambient temperatures during collection (Figure 2.10).  The 

correlation coefficient was found to be 0.5760, meaning that there is a moderate 

correlation between temperature and fly count.  The R2 value of 0.3318 indicates that the 

temperature is responsible for 33% of the variation in the fly counts.   

 

Figure 2.7:  Chapter 2 Study 1 Fly Counts.  This combination graph shows a bar for 

each pig carcass per site visit where green bars are for Pig 1, yellow bars are for Pig 2 

and blue bars are for Pig 3.  Site visits are labeled based on the experimental day and 

whether it is the first visit of that day (indicated by “a”) or the second (indicated by 

“b”).  The fly count category associated with each bar can be seen on the left axis 

entitled “Fly Count Category”.  Category 1 = < 5 flies, Category 2 = 5-20 flies, 

Category 3 = 20-50 flies, Category 4 = 50-75 flies, and Category 5 = >75 flies.  The 

grey line indicates the temperature during the visit.  The value for each reading can be 

seen on the right axis entitled “Temperature (°C)”. 
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Figure 2.8:  Chapter 2 Study 2 Fly Counts.  This combination graph shows a bar for 

each pig carcass per site visit where yellow bars are for Pig 1 and blue bars are for Pig 

2.  Site visits are labeled based on the experimental day and whether it is the first visit 

of that day (indicated by “a”), the second (indicated by “b”), or the third (indicated by 

“c”).  The fly count category associated with each bar can be seen on the left axis 

entitled “Fly Count Category”.  Category 1 = < 5 flies, Category 2 = 5-20 flies, 

Category 3 = 20-50 flies, Category 4 = 50-75 flies, and Category 5 = >75 flies.  The 

grey line indicates the temperature during the visit.  The value for each reading can be 

seen on the right axis entitled “Temperature (°C)”. 
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Figure 2.9:  Chapter 2 Study 3 Fly Counts.  This combination graph shows a bar for 

each pig carcass per site visit where green bars are for Pig 1, yellow bars are for Pig 2 

and blue bars are for Pig 3.  Site visits are labeled based on the experimental day and 

whether it is the first visit of that day (indicated by “a”), the second (indicated by 

“b”), or the third (indicated by “c”).  The fly count category associated with each bar 

can be seen on the left axis entitled “Fly Count Category”.  Category 1 = < 5 flies, 

Category 2 = 5-20 flies, Category 3 = 20-50 flies, Category 4 = 50-75 flies, and 

Category 5 = >75 flies.  The grey line indicates the temperature during the visit.  The 

value for each reading can be seen on the right axis entitled “Temperature (°C)”. 
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Figure 2.10:  A correlation analysis of the normalized fly counts vs temperature for 

each visit.  The vertical axis shows the fly count number and the horizontal axis 

shows the temperature in degrees Celcius.  An R2 value was calculated and reported 

as 0.4039.  The equation of the line of best fit is y = 0.0412x – 0.0552.   The 

Correlation Coefficient was calculated to be 0.5760. 

 

2.3.4   VOC Analysis 

 

While there was a total of 28 classes of compounds throughout the decomposition 

process of Study 2 Pig 1 (Appendix B), the most abundant class detected was by far the 

ketone class, followed by the sulphurous compounds and alcohol compounds (Figure 

2.11).  Both ketones and sulfur-containing compounds were seen to be produced 

consistently throughout the Bloat, Active decay and Advanced decay stages while the 

alcohol compounds were detected in most abundance during the Advanced decay stage.   

It should be noted that the majority of the ketone abundance detected can be attributed to 
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the compound 4-methyl-4-hydroxy-2-pentanone which was detected in almost every 

single sample analyzed and was generally the peak with the highest area detected in the 

chromatograms.  The VOC production of Study 2 Pig 2 was similar in that 31 classes of 

compounds (Appendix B) were detected throughout the decomposition process and the 

most abundant class of compounds was the ketone class (Figure 2.12).  As with Study 2 

Pig 1 most of the ketone abundance is due to the detection of 4-methyl-4-hydroxy-2-

pentanone.   There was a similar rate of production seen for the Alcohol, Carboxylic Acid 

and Sulphurous classes for Study 2 Pig 2, showing a slightly different profile compared 

to Pig 1. 

 

Figure 2.11: The VOC production during the decomposition of Chapter 2 Study 2 Pig 

1.  This bar graph shows an accumulated normalized area per liter for the top 4 

classes of compounds detected.  The total abundance of each class of compound is 

further separated into the abundances detected during each stage of decomposition.  

The portion detected in the: Fresh stages is seen in light blue, Bloat stage is depicted 

in yellow, Active decay stage is shown in grey, Advanced decay stage is seen in 

orange, and the Skeletonization stage is depicted in dark blue. 
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Figure 2.12:  The VOC production during the decomposition of Chapter 2 Study 2 

Pig 2.  This bar graph shows an accumulated normalized area per liter for the top 4 

classes of compounds detected.  The total abundance of each class of compound is 

further separated into the abundances detected during each stage of decomposition.  

The portion detected in the: Fresh stages is seen in light blue, Bloat stage is depicted 

in yellow, Active decay stage is shown in grey, Advanced decay stage is seen in 

orange, and the Skeletonization stage is depicted in dark blue. 
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of 4-methyl-4-hydroxy-2-pentanone.  The next most abundant class produced for all three 

pigs, was the Sulphurous class (Figures 2.13 to 2.15).  While ketones were detected 

consistently throughout the decomposition process, the majority of the sulphurous 
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stages.  This observation was also made with VOCs detected from Pig 2; however, Pig 3 

showed less production of ketones during the Advanced decay stage compared to the 

other two pigs and sulphurous compounds were detected in higher concentrations during 

the Bloat stage compared to the other two pigs.  It should be noted that there was a higher 

instance of sulphurous compounds seen with Study 3 Pig 3, where its production was 

nearly as high as the ketone class (See Figure 2.15).  There were fewer classes of 

compounds detected during Study 3 compared to Study 2 where 23 classes were detected 

from Pigs 1 and 2 and 24 classes were detected from Pig 3 (Appendix B).   

 

Figure 2.13:  The VOC production during the decomposition of Chapter 2 Study 3 

Pig 1.  This bar graph shows an accumulated normalized area per liter for the top 4 

classes of compounds detected.  The total abundance of each class of compound is 

further separated into the abundances detected during each stage of decomposition.  

The portion detected in the: Fresh stages is seen in light blue, Bloat stage is depicted 

in yellow, Active decay stage is shown in grey, and the Advanced decay stage is seen 

in orange. 
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Figure 2.14:  The VOC production during the decomposition of Chapter 2 Study 3 

Pig 2.  This bar graph shows an accumulated normalized area per liter for the top 4 

classes of compounds detected.  The total abundance of each class of compound is 

further separated into the abundances detected during each stage of decomposition.  

The portion detected in the: Fresh stages is seen in light blue, Bloat stage is depicted 

in yellow, Active decay stage is shown in grey, and the Advanced decay stage is seen 

in orange. 
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Figure 2.15:  The VOC production during the decomposition of Chapter 2 Study 3 

Pig 3.  This bar graph shows an accumulated normalized area per liter for the top 4 

classes of compounds detected.  The total abundance of each class of compound is 

further separated into the abundances detected during each stage of decomposition.  

The portion detected in the: Fresh stages is seen in light blue, Bloat stage is depicted 

in yellow, Active decay stage is shown in grey, and the Advanced decay stage is seen 

in orange. 

 

2.3.5   Comparison of VOC Apneumone Production 

 

When comparing the production of known apneumones (compounds produced by a non-

living material that allow for communication between the non-living material and a living 

species, where recipient species benefits) during Study 2, there was no significant 

difference (p < 0.05) in production of 4 of the 5 tested apneumones between the two pigs 

of Study 2 when performing a two-way ANOVA test with a 95% confidence interval 

(Table 2.8).  Apneumone DMQS did not return any results because it was only detected a 

total of 3 times in the dataset, this is not enough data to perform a two-way ANOVA test.  

Looking at the production between the stages of decomposition, it can be seen that there 

0

0.01

0.02

0.03

0.04

0.05

0.06

Aromatic alcohol Ketone Nitrogenous Sulphurous

N
o

rm
al

iz
ed

 A
re

a/
L

Compound Class

VOC Production by Compound Class
Study 3 Pig 3

Fresh

Bloat

Active

Advanced



63 

 

was a significant difference in the production of DMDS, DMTS, Phenol, and Indole 

when comparing the stages of decomposition to each other.  The significant differences 

with DMDS, DMTS and DMQS production are associated with the Bloat stage, whereas 

the significant difference seen with Indole is associated with the Active Decay stage.   

Apneumone Test Df Sum Sq Mean Sq F value Pr(>F) 

DMDS 

as factor (Pig) 1 0.112 0.112 0.202 0.65719 

as factor (Stage) 3 13.614 4.538 8.206 0.00057 

Pig:Stage 3 0.683 0.228 0.411 0.7462 

Residuals 25 13.826 0.553     

DMTS 

as factor (Pig) 1 0.688 0.688 1.125 0.304588 

as factor (Stage) 2 13.497 6.749 11.036 0.000973 

Pig:Stage 2 0.182 0.091 0.149 0.862807 

Residuals 16 9.784 0.612     

Phenol 

as factor (Pig) 1 1.335 1.335 4.637 0.07476 

as factor (Stage) 1 4.911 4.911 17.06 0.00614 

Residuals 6 1.727 0.288     

Indole 

as factor (Pig) 1 0.88 0.8797 2.838 0.12631 

as factor (Stage) 2 5.49 2.7451 8.857 0.00748 

Pig:Stage 2 0.544 0.2719 0.877 0.44869 

Residuals 9 2.789 0.3099     

 

Table 2.8:  Apneumone production reproducibility analysis for Chapter 2 Study 2.  

This table shows the results of two-way ANOVA test performed on the abundances 

of each tested apneumone between the pigs of Study 2 (as factor (Pig)) and between 

the five observed stages of decomposition (as factor (Stage)).  The interaction 

between Pig and Stage is also reported (Pig:Stage).  These tests were performed with 

a 95% confidence interval.  A significant difference was found were p = < 0.05 (in 

red). 

 

Two-Way ANOVA results for the production of known apneumones during Study 3 

begin to show some significant difference (p < 0.05) between the three pigs of Study 3 in 

the production of 3 of the 5 apneumones tested, at a 95% confidence interval.  The 
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significant difference with DMDS was small where the P-value was very close to the 

significance level of 0.05, meaning there was almost no significant difference in 

production of DMDS.  DMTS, the second most abundant apneumone showed no 

significant difference (p > 0.05).  Looking at the production of each apneumone and 

comparing the stages of decomposition to each other, it can be seen that there was a 

significant difference (p < 0.05) in the production of DMDS, DMTS, phenol and indole 

between the stages of decomposition (Table 2.7).  The significant differences with the 

production of all three of these VOCs are associated with the Active Decay stage.  There 

is, therefore, a discrepancy between Study 2 and Study 3 where DMDS and DMTS 

productions were significantly different during the Bloat stage in Study 2 and during the 

Active decay stage in Study 3. 

Apneumone Test Df Sum Sq Mean Sq F value Pr(>F) 

DMDS 

as factor (Pig) 2 3.172 1.586 3.237 0.0495 

as factor (Stage) 2 15.958 7.979 16.282 6.24x10-6 

Pig:Stage 4 2.303 0.576 1.175 0.3361 

Residuals 41 20.091 0.49     

DMTS 

as factor (Pig) 2 0.354 0.177 0.323 0.727 

as factor (Stage) 2 17.031 8.515 12.556 3.21x10-5 

Pig:Stage 4 2.757 0.939 1.716 0.176 

Residuals 27 14.78 0.547     

DMQS 

as factor (Pig) 1 0.021 0.0206 0.023 0.888 

as factor (Stage) 2 2.389 1.1944 1.311 0.365 

Residuals 4 3.645 0.9114     

Phenol 

as factor (Pig) 2 5.034 2.5171 5.692 0.011 

as factor (Stage) 1 0.668 0.6681 1.511 0.233 

Residuals 20 8.845 0.4422     

Indole 

as factor (Pig) 2 4.352 2.176 5.551 0.0126 

as factor (Stage) 2 4.885 2.4424 6.231 0.0083 

Pig:Stage 3 0.741 0.2469 0.63 0.6047 

Residuals 19 7.448 0.392     

Table 2.9:  Apneumone production reproducibility analysis for Chapter 2 Study 3.  

This table shows the results of two-way ANOVA test performed on the abundances 
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of each tested apneumone between the pigs of Study 3 (as factor (Pig)) and between 

the five observed stages of decomposition (as factor (Stage)).  The interaction 

between Pig and Stage is also reported (Pig:Stage).  These tests were performed with 

a 95% confidence interval.  A significant difference was found were p = < 0.05 (in 

red). 

 

2.4   Discussion 

 

It is not surprising that the rates of decay during the early stages of decomposition were 

comparable between the majority of the pigs of all three studies.  It is at this time, from 

the beginning of the Fresh stage to the end of the Active decay stage, that significant 

blow fly activity, both adult and immature, takes place.   There are many factors that 

influence the decay rate, three of which were heavily monitored during these studies: 

temperature, primary colonizers, and VOCs produced.   

While there was a significant difference in the hourly temperature and percent relative 

humidity recordings between the studies, the average daily temperatures during the early 

decomposition process were actually quite similar.  Study 1, showing slightly higher 

daily average temperatures, progressed through the Fresh and Bloat stages at the same 

rate as the pigs in the rest of the studies.  The Active decay stage, however, was shortest 

for the pigs in Study 1.  One reason why the early stages of decomposition could have 

been similar between the majority of pigs is that larval activity in itself creates heat much 

greater than that of the ambient temperature.  This, in turn, will accelerate the rate of 

growth in the larvae as well as further drive the decomposition process (50).  As larval 

activity begins to wane and fewer larval masses can be seen, it seems likely that the 

remains will equilibrate to ambient temperature rather than the heat created by larval 
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activity.  This theory is further supported by the fact that the rates of decay in the later 

stages of decomposition (Advanced decay and Skeletonization) are drastically different 

between studies.  It is during this time that the majority of flesh has been consumed and 

blow fly activity is at an end.  When speaking of temperature and how it influences insect 

activity and the decomposition process, it is important to point out the relationship that 

was seen between temperature and fly activity during these studies.  Since the 

decomposition of the pigs in Study 1 was so quick, it was difficult to see the correlation 

between the temperature and fly counts; however, this relationship was clearly seen in the 

results of the fly counts for Studies 2 and 3.  This is most likely because there were more 

fly counts recorded each Experimental Day during Studies 2 and 3.  Collecting the fly 

counts in the morning and again in the afternoon allowed for the correlation to be 

observed.  It should be noted; however, that there are likely more factors that would 

influence adult fly behavior such as sun exposure, solar radiation and VOCs produced 

(48,51).  Study 3 Pig 1 was seen to decay faster than the rest of the pigs during the Fresh 

and Bloat stages.  This can be explained by the slightly smaller body size in Study 3 Pig 1 

as smaller carcasses have been shown to decompose quicker than larger carcasses (50).   

This is attributed to the idea that, while a smaller carcass may have less larval activity, 

there is less tissue to be consumed causing decomposition to occur in less ADD (50) 

The repeatability of the rate of decomposition for the pigs in these three studies can be 

confirmed since the rates of decay were similar between all pigs observed, especially in 

the early decomposition period.  Differences in the later stages of decay between the pigs 

of each study can be explained by differences in environmental conditions, most notably 

in temperature.   
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One main factor that affects the decomposition process of a carcass is insect access to the 

remains.  There were no obstacles present that deterred access to the remains during these 

studies and, as such, colonization of all observed pigs occurred on or before ED 1.  This 

means that the pre-colonization intervals (Pre-CI) were very short and not likely to have 

influenced the decomposition rate.  Throughout the three studies there were three species 

of blow fly that were seen to colonize the remains consistently:  L. sericata, L. illustris, 

and P. regina.  Every single pig carcass observed, aside from Pigs 2 and 3 from Study 1, 

were colonized by these three species.  In the Ontario study performed by VanLaerhoven 

in 2008, P. regina was seen as a colonizer in all mock cases studied (26).  As published 

research on forensic entomology studies in Ontario is sparse, further information on 

primary colonizers in Ontario was not found.  Decomposition and entomological research 

performed in British Columbia has shown that L. illustris and P. regina are known 

colonizers and have been documented as primary colonizers (16).  Similarly, a study 

performed in Alberta reported that L. illustris, L. sericata, and P. regina colonized 

carcasses rapidly in an outdoor environment, along with P. terraenovae (17) – a species 

seen as a colonizer in Study 3 of this chapter.  Phormia regina and P. terraenovae were 

both named as most common colonizing species in a Saskatchewan study published in 

2008, while L. sericata and L. illustris did not colonize until the Bloat stage and were 

labeled as uncommon visitors (19).  Lucilia illustris, P. regina, and P. terraenovae have 

also been reported as colonizers in Quebec (20) while, in the Yukon, L. illustris and P. 

terraenovae are seen as early colonizers but P. regina is rarely collected as adults and L. 

sericata was not mentioned (25).  Since the three main colonizers reported from this 
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chapter’s research have been reported as colonizers throughout Canada, it stands to 

reason that they would also be expected colonizers in Ontario as well. 

It is suspected that there was less variety of colonizing blow fly species during Study 1 

because of the high temperatures that were seen during the observation period.  These 

high temperatures caused the rate of decay to be quick, where the Bloat stage was already 

commencing by ED 1.  This would, theoretically, leave less time for many species to 

colonize the remains.  The few species that were able to colonize the remains would have 

developed at a faster pace than with the pigs in the other studies, causing the flesh to be 

consumed at a hastened pace as well.  This theory is further supported by the fact that 

there were more colonizing species observed during Studies 2 and 3 where temperatures 

were cooler and the rate of decay was slightly slower.   Additionally, the fly count results 

can shed some light on the variety of colonizing species.  The fly count categories 

observed at the beginning of the decomposition process for Study 1 were seen to be 

higher than those in the later decay stages.  Ideally, one would expect this to be the case 

since the majority of attractive apneumones for blow flies would be produced during this 

time.  With Study 1 being warmer in temperature, it is expected that VOC production 

would be high, thus, attracting more flies to the remains.  These high fly counts would 

create more competition between the flies for the resource, causing a few species to 

become dominant.  Alternatively, Studies 2 and 3 were conducted during cooler 

temperatures, causing decomposition to proceed more slowly, allowing for smaller fly 

counts and more time for the remains to be colonized.  It should also be noted that the 

higher fly counts during the early decay stages were not observed during Studies 2 and 3.  

Instead, the fly counts were fairly consistent throughout the decomposition process.  This 
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can be attributed to the fact that decomposing remains will see several waves of 

colonizing species, some waves coming later in decay with other dipteran species besides 

blow flies, such as Muscidae (Order: Diptera), Piophilidae (Order: Diptera), and Sepsidae 

(Order: Diptera) species (7,12,19).  So, while the fly counts would have been consistent, 

the species of flies would have changed.  The earlier discussion on the fact that lower 

temperatures will yield lower fly counts can be supported by the regression analysis 

performed between fly counts and temperatures.  A distinct trend can be seen in the 

regression analysis where fly counts begin to rise as the temperature increases.  One 

would expect that, with this visible trend, the correlation or R2 value for the trendline 

would be high.  This was not the case; the trendline R2 calculated was 0.3318.  This 

means that temperature is only responsible for 33% of the variation in fly counts, the 

correlation coefficient of 0.5760 shows that there is a moderate correlation between 

temperature and fly count.  The reason for this could be because there is one important 

aspect of decomposition that is not being considered in the analysis; the stage of 

decomposition.  There were many instances where the temperature was high during the 

later stages of decay yet the fly count was low or very low.  While the earlier discussion 

about the fly counts being consistent due to changes in fly species is true, one must 

consider that the smaller flies present during the later stages of decay can be difficult to 

see and also located internally and out of sight.  Another factor not considered in this 

regression is the VOC production during decomposition.  High concentrations of VOCs 

can both attract and repel flies and would have influenced the fly counts.  The 

reproducibility of the colonization of pig remains during these studies can be seen in the 

primary colonizing species; however, one should be cautious to not compare the 



70 

 

succession of primary colonizing species during different seasons as succession patterns 

can differ between seasons and blow flies also exhibit seasonality (19).      

The final factor to be discussed is the volatile organic compound production during the 

decomposition process of these carcasses.  The most abundant class of compound 

detected in both Study 2 and Study 3 for all pigs observed was the ketone class.  This was 

surprising since few known blow fly apneumones are of the ketone class.  It should be 

mentioned, however, that flies, like dogs, can sense minute concentrations of volatiles 

and, as such, may not be responding to the most abundant chemical compound (52).  As 

was reported, the main ketone compound detected was 4-hydroxy-4-methyl-2-pentanone, 

where the majority of the total normalized area/L detected could be attributed to this 

compound.  A suspicion that the high detection of this class of compound, and 

specifically of 4-methyl-4-hydroxy, could be due to environmental volatiles present 

prompted a search of known ketone pollutants in the ambient air.  In an information sheet 

from the Government of Canada on the ketone compounds known to be air pollutants, it 

is reported that 4-hydroxy-4methyl-2-pentanone (reported as the common name 

diacetone alcohol) is in fact a known pollutant that is commercially produced and is also 

naturally present in the environment through plants and/or foods or through microbes and 

other organisms (53).  This compound is most likely used as a solvent in products such as 

paints, adhesives and coatings for industrial applications.  If the detection of this 

compound was due to the ambient air, one would expect that correcting the peak areas by 

subtracting the area detected in the control sample would eliminate the amount detected 

in the test samples; however, this was not the case.  If some of the 4-hydroxy-4-methyl-2-

pentanone detected could be attributed to the decay process, there is no evidence of it in 
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the literature.  One possible mechanism for the production of 4-hydroxy-4-methyl-2-

pentanone that could be classified as artifact can be discussed.  Since acetone was used as 

a solvent when eluting the compounds from the Porapak solvent tubes, it is possible that 

the elution of acidic compounds like carboxylic acids or basic compounds like amines 

could have caused an aldol condensation reaction between two acetone molecules, 

creating this abundant ketone compound.  This would also explain why there was less 4-

hydroxy-4-methyl-2-pentanone found in the background samples since the acidic or basic 

compounds produced by decomposition were not present to initiate the condensation 

reaction with acetone.   

The next most abundance class of compound to be detected in the majority of the pigs 

observed was the sulphurous class.  This is interesting since the majority of known blow 

fly semiochemicals are sulfur-containing compounds such as DMS, DMDS, DMTS and 

DMQS (54).  These sulphurous compounds were detected consistently throughout the 

stages of decomposition for all pigs observed.  One would expect that, since these 

sulphurous compounds are known to be attractants to blow flies, they would only be 

detected at the beginning of the decomposition process when the remains would be the 

most attractive to blow fly species; however, it is suspected that varying concentrations of 

the same volatile compound can send different messages to the flies.  As an example, the 

concentrations detected in the Fresh and Bloat stages could differ from those in the later 

stages, causing the apneumone to change from an attractant to a repellant.  A different 

concentration of apneumone in the later stages of decay could indicate to flies that the 

carcass is no longer suitable for nutrients, mating and/or oviposition.  While the results 

show that all pigs shared the most abundant classes of compounds detected, the 
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reproducibility of the total VOC production during decomposition cannot be confirmed 

since the compound class profiles for each of the pigs differ slightly.  One interesting 

result that should be mentioned is the concentrations of volatiles that were detected from 

Study 3 Pig 1.  When compared to the other pigs of the same study, the abundances of 

volatiles detected in Study 3 Pig 1 were consistently lower.  It is suspected that this can 

be attributed to the smaller carcass size of this pig; however, further research is required 

to support this hypothesis.  

Alternatively, if one looks at the production of known apneumones between pigs and 

between studies, it has been shown that reproducibility exists.  There was no significant 

difference seen in the production of each of the five known semiochemicals tested 

between the pigs of Study 2.  During Study 3, a small significant difference was seen in 

the most abundant apneumone, DMDS.  The next two most abundance apneumones, 

DMTS and DMQS showed no significant difference.  This means that the production of 

these semiochemicals is largely consistent.  It should be discussed; however, that the two 

studies in which the VOCs were analyzed both occurred during the Fall season.  It is 

suspected that, had the VOC results from Study 1 not been contaminated, there may have 

been a difference in the rate of production of these apeumones in warmer conditions.  

There was a significant difference in the production of these apneumones when 

comparing between stages of decomposition.  This is unsurprising because, as discussed 

before, it is expected that the concentration of volatiles produced will differ between 

stages of decomposition (48).  The fact that the significant difference seen in the 

production of DMDS, DMTS, and DMQS was attributed to the Bloat stage is not 

surprising since the liquids produced internally begin to start seeping from the orifices of 
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the remains during this time due to internal pressure and the odor of the remains is quite 

pungent (55).  The production of indole, on the other hand, was significantly different 

during the Active decay stage.  Since the production of indole is generally reported to be 

first detected in the Active decay stage (56,57), this would make sense. 

When looking at the decomposition process as a whole and factoring in all the observed 

factors influencing the process such as rate of decomposition, primary colonizers, VOC 

production, and apneumone production, it has been confirmed that this process is 

reproducible with domestic pig remains in Oshawa, Ontario.  It should be noted that 

Study 1 of this research was performed in the late summer while Studies 2 and 3 were 

performed in the early fall.  While there was not much difference in the reporting of 

results between all three studies, it must be said that more research needs to be performed 

where multiple studies are performed in each season to determine whether reproducibility 

is affected by season. 
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Chapter 3:  The reproducibility of human decomposition in Sydney, 

Australia based on rate of decay, dipteran colonization and apneumone 

production 

In-part from; Skopyk AD, Forbes SL, and LeBlanc HN. Recognizing the Inherent 

Variability in Dipteran Colonization and Decomposition Rates of Human Donors in 

Sydney, Australia. Journal of Clinical and Health Sciences. 2021; 6(1):102-119. 

 

3.1  Introduction: 

Human decomposition is a complex process affected by many intrinsic and extrinsic 

factors. The decomposition process can be studied, in specific regions of the world, using 

human donors.  When human donors are not an option, animal carcasses such as domestic 

pigs, can be used as an alternative source for vertebrate decomposition research that can 

aide in making inferences about human decomposition (1–8).  Decomposition begins 

almost immediately after death, and is highly dependent on many factors including 

temperature, relative humidity and insect activity, which can influence, among other 

things, the rate of decomposition and tissue desiccation (9–15).    

Insect colonization is a major driver of the decomposition process, such that 

decomposition is slowed and/or halted when there is an absence of insect colonization 

(2,16–19).  Insects, specifically blow flies (Diptera: Calliphoridae) and other filth flies, 

colonize the remains by laying eggs so that their subsequent immature stages may feed 

and seek shelter (11,20).   

During the decomposition process, there are five recognized stages:  fresh, bloated, active 

decay, advanced decay, and dry remains or skeletonization (21,22). These stages are 
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typically used to describe the process of soft tissue loss, particularly as a result of insect 

activity (16,23–26).  Insect communities and diversities change during each of these 

stages (10,16,21,27–29).  These are greatly affected by geographical location.   

Currently, the determination of minPMI and decomposition progression has involved the 

use of accumulated degree days (ADD).  ADD can be used to show a measurement of 

time that will integrate the effect of temperature on the rate of insect development and 

rate of decomposition (30,31).   Factors such as temperature and humidity are key in 

determining the extent to which remains are colonized by invertebrate scavengers, such 

as blow flies and beetles (15,32–34).  Colonizing insects require specific temperature 

ranges that will promote the continuation of their life cycle.  Temperatures close to the 

upper or lower limit of insects’ development threshold will delay or halt colonization and 

larval development and, in turn, delay soft tissue loss during the decomposition process 

(15,25).  Humidity also plays a large role in the rate of decomposition.  Instances of high 

humidity will promote oviposition and high larval activity as well as accelerate autolysis 

and putrefaction causing an increase in the rate of decomposition (1,5,16).  Alternatively, 

conditions with low humidity will cause desiccation of tissue that can make food 

unavailable to larvae and cause larval death which, in turn, would slow the rate of 

decomposition.  Insect eggs laid on the remains may not be viable in lower humidity and 

when low humidity is coupled with high temperatures, desiccation of the remains will 

occur (5,16,35).  The use of ADD considers the influence that one of these factors, 

temperature, has on the development rate of specimens, and thus on decomposition, over 

time. 



81 

 

While there have been many publications on the forensically-relevant insects associated 

with carrion (25,36–40), there are comparatively few studies to date that have 

investigated the insect colonization and succession during the decomposition of human 

remains (39,41,42). Specifically, none of these studies have included detailed information 

on the rates of decay and colonizing species on human remains in Sydney, Australia.  As 

such, this research was the first study conducted at AFTER to investigate the 

decomposition process and blow fly colonization of human donors in an effort to 

determine whether the findings are reproducible in humans in the same region. 

Additionally, co-morbidities, medication and lifestyle will be considered.     

3.2  Methods 

3.2.1  Research Period 

These research experiments were performed in the Australian autumn season, from 

March to June of 2017 and repeated during the same period in 2018.    

3.2.2  Australian Facility for Taphonomic Experimental Research (AFTER) 

AFTER is a secure facility located in the rural outskirts of Sydney.  It is approximately 

12 acres of eucalypt open forest defined as a Cumberland Dry Sclerophyll Forest. Soils at 

AFTER are classified as sandy clay loam or gravelly sandy clay, with a pH of 5.5–6.5 

(4). The facility is located in the south-eastern region of Australia, classified by the 

Köppen Climate Classification System as a moist, mid-latitude (Cfb) climate where 

summers are warm to hot and winters are mild. This region does not represent the climate 

across all of Australia, however, results from AFTER can be applied to national and 

international regions with similar climates (43).   
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3.2.3  Experiment Design 

The six human donors in this study were provided through the Body Donation 

Program overseen by the Surgical and Anatomical Science Facility (SASF) at the 

University of Technology Sydney (UTS).  All donors provided consent to use their body 

for the purposes of research at AFTER, in accordance with the NSW Anatomy Act 

(1977) (4). The research project was approved under the UTS Human Research Ethics 

Committee Program Approval (UTS HREC REF NO. ETH15‐0029).  During both years 

of study, research began in early autumn (April) and ended in late autumn (June). Since 

donors were received as they became available, the time span for each donor study 

varied.  The donors received in the early autumn were observed for a longer time span, 

from ED 0 to ED 32-58.  Donors received during the late autumn were observed for a 

shorter time span of ED 0 to ED 18-27.  It was not possible to observe the donors for the 

entire period of decomposition, rather this study focused on dipteran activity on human 

remains during a particular season. Information on each donor is available in Table 3.1.  
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Table 3.1:  A table with information for all donors that were observed during the 

study including date placed, season, sex, size, age, whether they were clothed, cause 

of death (COD) and the number of experimental days for which the donor was 

observed. 

 

Upon arrival to the facility, the donors were given an anonymous identity code that 

represents the year of donation and donor number; e.g. H18-09 was the 9th human donor 

received in 2018. For the purposes of this publication however, the donors will be 

referred to as Donors H1 to H6.  Each human donor was refrigerated at 4°C until arrival 

at the AFTER facility. The date of placement was deemed Experimental Day (ED) 0. 

Upon arrival, the donor was placed on the ground either unclothed (H1, H2, H3, H4) or 

clothed (H5, H6) in the centre of a 5x5m delineated plot.  This means that donors were 

placed approximately 5m apart.  This is less than the >50m recommended by Perez et al 

(2016) and could not be avoided (44).  As space needed to be used efficiently, plots were 

Donor Date Placed Season Sex Size Age Clothed? COD Obs. 

Days 

H1 17-MAR-17 
Early 

autumn 
M 

Extra 

Large 
74 No 

Bowel 

perforation  
54 

H2 01-APR-17 
Early 

autumn 
M Small 84 No 

Kidney 

injury/renal 

failure 

Parkinson’s 

disease 

32 

H3 11-MAR-17 
Early 

autumn 
F Large 64 No Cancer 53 

H4 03-MAY-17 
Late 

autumn 
M Medium 21 No Asphyxiation  18 

H5 28-MAR-18 
Early 

autumn 
F Large 61 Yes 

Bacterial 

meningitis 
58 

H6 04-MAY-18 Late 

autumn 

M Small 57 Yes Pneumonia, 

Liver 

Failure, 

Alcoholism 

27 

days 
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placed adjacent to each other, being careful not to place donors in the early stages of 

decay in proximity to each other.  These donors were separated so that the primary 

colonizers of one donor would not influence the colonization of other donors nearby.   

Information about the donor such as biological sex, age, cause of death (COD) and size, 

as well as any wounds or marks that were present on the remains were documented.  

Donors placed in 2018 were clothed because the donors were shared among researchers.  

The size of the donor was classified as small, medium, large or extra large, based on the 

approximate clothing size (Australian) the donor would wear, since the weight of the 

donors was not available.  In 2017, a data logger (HOBO, Onset, Ontario, Canada) 

recording ambient temperature and relative humidity every hour was placed in the plot of 

Donor H1, which was in the vicinity of the plot of Donor H2 and H4.  Because of the 

limited number of data loggers, the hourly ambient temperature and relative humidity 

data for Donor H3 were collected from the weather station located at AFTER equipped 

with a HOBO U30 No Remote Communication data logger (OneTemp, Melbourne, 

Australia).  In 2018, the same data logger was placed in the plot of Donor H5, near the 

plot of Donor H6.  ADD was calculated using average daily temperatures of 8-34˚C, 

since Australian blow flies cannot complete their life cycle outside of this temperature 

range (25).  Note: Donor H4 was shared among researchers for differing studies.  As a 

result, alterations were made to the donor with the insertion of four temperature probes 

into the torso of the donor.  Two probes were inserted into the upper left and right sides 

of the chest and the other two probes were inserted into the lower left and right sides of 

the abdomen.  These were inserted approximately 10 cm deep. 
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Each donor was visited once daily for the first week of decomposition.  Visits were 

reduced to every second day for approximately 2 weeks thereafter and then further 

reduced to once per week until the end of the study. This frequency of visits was chosen 

so that more observations could be made during the early stages of decomposition when 

the rate of decomposition and dipteran attraction are generally high.  As decomposition 

slowed, fewer visits were necessary to document changes in the bodies and insect 

activity.  The time of day when visits occurred was between 10am-12pm with the 

exception of approximately 5 experimental days where the visit occurred in the early 

afternoon. During each visit, photographs were taken of the remains and observations 

were made on the stage of decomposition, and then entomological samples such as eggs, 

larvae and adult flies were collected.  In between sample collection, anti-scavenging 

cages were placed over the remains to deter vertebrate scavenging (particularly avian) 

while still allowing invertebrate scavenging and exposure to natural environmental 

conditions.   

 

3.2.4   Entomological Sample Collection and Rearing 

Adult fly specimens were collected by trapping flies of interest under a plastic cup and 

quickly adding a lid to the cup before the specimen escapes.  Care was taken to collect as 

many different species as possible.  During each visit, the donors were examined for new 

egg clutches and larval masses.  Samples were collected from any area with new eggs or 

young larvae (1st to 2nd instar).  The instars of the larvae were estimated based on size, 

rather than number of spiracles as there was no portable microscope on site.  Specimens 

were collected using a small metal spoon or tweezers and placed in a cup with a small 

piece of moist paper towel until they could be transferred to the area designated for insect 
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rearing.  Care was taken not to collect too many samples so as not to interfere with the 

natural insect activity.  All rearing was performed in a small cabin on land adjacent to the 

AFTER facility and as such the environmental conditions were similar to ambient 

conditions outdoors.  All larval samples were reared to adulthood with kangaroo mince as 

a protein source.  Kangaroo mince was used because it was readily available at grocery 

stores and it was a common source of protein for blow flies in the wild in Sydney, 

Australia.  Rearing larvae were kept hydrated with sprays of water when needed and 

migrating larvae were given moist straw in which to pupate.  Once emerged, all flies 

were identified using the LUCID Key to Australian Carrion Breeding Flies (45) and the 

LUCID Key to Australian Sarcophaga (sensu lato) (Diptera: Sarcophagidae) (46).  

3.2.5   Data logger placement 

Data loggers were placed in various places during the decomposition studies in order to 

record internal and external temperature data as well as ambient relative humidity.  

Internal data logger probes were positioned in the rectum, mouth or under the torso of the 

specimen (in order to obtain internal temperatures once the active decay stage has 

commenced.  Probes were configured to collect temperature (some collected relative 

humidity (RH)).  The probes and loggers that were placed during the decomposition 

studies can be seen in Table 3.2. 
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Study 1 Study 2 

Purpose Position of 

Logger 

Purpose Position of Logger 

H1 Monitoring Probe in 

rectum and 

under torso  

H5 Monitoring Probe in rectum and under 

torso (IntT) 

Ambient 

conditions 

Placed in 

grass 

~1.5m from 

H1 (T)(RH) 

H6 Monitoring Probe under torso (IntT) 

  Ambient conditions ~2m from Donor H5.  

~1.5m from ground 

(T)(RH) 

 

Table 3.2:  Data logger placement.  A table depicting the placement of the data 

loggers during each human decomposition study.  The data collected from each 

logger and probe is indicated beside the location of the logger where (T) = 

Temperature, (IntT) = Internal Temperature and (RH) = % Relative Humidity. 

 

3.2.6  VOC Sampling 

3.2.6.1  Study 1 

3.2.6.1.1  Tube conditioning 

Porapak and Tenax tubes were conditioned using a TC-20 Conditioner (Markes 

International, SN: R-10881-16/08) with a 75mL/min flow of nitrogen at 230°C for 45 

minutes for the Porapak tubes and at 330°C for one hour for the Tenax TA/Carbograph 

5TD tubes.  It should be noted that Markes International recommends a conditioning time 

of 30 minutes for Porapak tubes.  The Porapak tubes used were conditioned for 45 

minutes to allow extra time for the conditioning apparatus to reach the conditioning 

temperature.  Once tubes were cool to the touch, they were removed from the apparatus. 
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Caps were screwed on the ends of the tubes and tubes were stored in a clean, closed 

mason jar until use. 

3.2.6.1.2  VOC Collection 

Every visit, a stainless steel hood was placed over the remains and left for 15 min to 

allow the VOCs to accumulate in the headspace. An ACTI-VOC low flow air sampling 

pump (Markes international Ltd., Llantrisant, UK) was connected to one end of a dual 

sorbent tube containing Tenax TA/Carbograph 5TD (Markes international Ltd.), with the 

other end of the tube attached to the sampling port on the hood. The pump was used to 

actively draw 1L of headspace through the sorbent tube at a flow rate of 100 mL/min.  

The collection tube was then switched for a Porapak tube and the headspace was pumped 

through the tube using an air sampling pump (LeMotte GENEQ Inc.) at a rate of 1.0-1.7 

liters/min for 3 hours.  All tubes were sealed with brass storage-caps after collection, 

wrapped in aluminium foil and placed in an airtight glass container for transportation and 

storage in the laboratory. The sorbent tubes were stored at 4°C until the sample analysis 

was performed. 

3.2.6.2   Study 2 

3.2.6.2.1  Tube Conditioning 

Porapak and Tenax tubes were conditioned using a TC-20 Conditioner (Markes 

International, SN: R-10881-16/08) with a 75mL/min flow of nitrogen at 230°C for 45 

minutes for the Porapak tubes and at 335°C for 45 minutes for the Tenax TA tubes.  It 

should be noted that Markes International recommends a conditioning time of 30 

minutes.  The Tenax TA and Porapak tubes were conditioned for 45 minutes to allow 
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extra time for the conditioning apparatus to reach the conditioning temperature.  Once 

tubes were cool to the touch, they were removed from the apparatus. Caps were screwed 

on the ends of the tubes and tubes were stored in a clean, closed mason jar until use. 

3.2.6.2.2  VOC Collection 

An stainless steel hood was placed over the remains and left for 15 min to allow the 

VOCs to accumulate in the headspace. An air sampling pump (LeMotte GENEQ Inc.) 

was connected to one end of a dual sorbent tube containing Tenax TA (Markes 

international Ltd.), with the other end of the tube attached to the sampling port on the 

stainless steel hood. The pump was used to actively draw at a flow rate of 1-1.25L/min 

for 5 minutes.  The collection tube was then switched for a Porapak tube and the 

headspace was pumped through the tube using an air sampling pump (LeMotte GENEQ 

Inc.) at a rate of 1.0-1.7 liters/min for 2 hours.  The sampling time was one less hour than 

what was collected in Study 1 because of time constraints.  All tubes were sealed with 

brass storage-caps after collection and placed in an airtight glass container for 

transportation and storage in the laboratory. The sorbent tubes were stored at 4°C until 

the sample analysis was performed.   

3.2.7   VOC Analysis 

3.2.7.1  Chromatographic analysis 

To enable peak area normalization, an internal standard consisting of 5uL of 

Bromobenzene (150ppm) (GC grade, Sigma-Aldrich, Castle Hill, NSW, Australia) in 

methanol (HPLC Grade, Sigma-Aldrich) was injected onto each sorbent tube prior to 

analysis. A Markes Unity 2 Thermal Desorber and Series 2 ULTRA multi-tube 



90 

 

autosampler (Markes International Ltd.) was used to perform thermal desorption of the 

sorbent tubes. Each sorbent tube was heated to 300°C for 4 min to allow thermal 

desorption of the compounds before being collected onto a general-purpose cold trap 

(TenaxTA/Carbograph 1TD) at –10°C. The trap was desorbed at 300°C for 3 min with a 

split flow of 20 mL/min. 

The thermal desorption unit was connected to a Pegasus 4D GC×GC-TOFMS (LECO, 

Castle Hill, NSW, Australia) using a 1 m uncoated silica transfer line (Markes 

International Ltd.) held at 120°C by way of an Ultimate Union Kit (Agilent 

Technologies, Mulgrave, NSW, Australia). A 30 m × 0.25 mm inner diameter (ID), 1.40 

μm film thickness Rxi-624Sil MS column (Restek Corporation, Bellefonte, PA, USA) 

was used as the first-dimension column, and a 2 m × 0.25 mm ID, 0.50 μm film thickness 

Stabilwax column (Restek Corporation) was used as the second-dimension column. The 

columns were joined with a SilTite μ-Union (SGE Analytical Science). Helium (high 

purity, BOC, Sydney, NSW, Australia) was used as the carrier gas at a constant flow rate 

of 1.00 mL/min. The first-dimension oven was set to 35°C and held at this temperature 

for 5 min before increasing at a rate of 5°C/min to 240°C where it was held for a further 5 

min. The offset for the modulator was +5°C relative to the GC first dimension oven 

temperature and the offset for the second-dimension column was +15°C relative to the 

second-dimension oven temperature. The modulation period was 5 s with a 1 s hot pulse. 

The transfer line between the second-dimension column and the MS was held at 250°C. 

An acquisition rate of 100 spectra/s was used to target a mass acquisition range of 29–

450 amu. The ion source was held at 200°C, the electron ionization energy was 70 eV, 
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and the detector voltage was programmed with a 200 V offset above the optimized 

detector voltage determined. 

3.2.7.2  Data Processing 

ChromaTOF (version 4.51.6.0; LECO) was used for data processing. A 150 signal-to-

noise (S/N) ratio was used with a baseline offset of 0.8. The peak widths for the first and 

second dimensions were 30 s and 0.15 s, respectively. The National Institute of Standards 

and Technology (NIST) Mass Spectral Library was used to establish a list of compounds 

with a mass spectral match threshold of 80%. Peak alignment was performed between 

samples using a mass spectral match threshold of 60% by utilizing the Statistical 

Compare software feature within ChromaTOF.   

3.2.7.3   Data Analysis 

Since ADD values are important to the determination of a minPMI, a scatter plot of the 

Experimental Day (ED) and accompanying Accumulated Degree Days (ADD) was 

generated in order to determine if there was a high correlation between ED and ADD.  

The scatter plot graph was created using Microsoft Excel 2019 including the trendline, 

equation of the line and R-Squared value functions. 

Principal component analysis (PCA) was also employed to analyse and interpret the data. 

The prime purpose of PCA is to reduce the dimensionality of a multivariate data set and 

to clarify its interpretation by identifying a smaller number of variables to summarize the 

larger data set (47). PCA reduces data by geometrically projecting them onto lower 

dimensions called principal components (PCs).  The goal is to find the best summary of 

the data using the lowest number of PCs (48).  The principle component analysis (PCA) 
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of the ADD values required to reach each stage of decomposition was performed using 

the PAST v4.02 statistical software available for free online (49).  

Environmental condition scatter plots (Figures 3.1 & 3.2) were generated using Microsoft 

Excel 2017.  A summary of the environmental data was obtained with the use of R 4.0.2 

and R Studio 1.3.1056 statistical software and the Psych package.  VOC production by 

compound class was visualized using bar graphs.  The compound areas detected were 

first corrected against the control sample (collected at the beginning of each study) and 

the area of each peak was divided by the number of liters collected during sampling to 

provide an area/L value.  Finally, the data were normalized by dividing the area/L of each 

compound by the area of the largest peak in the sample.  Each compound was assigned a 

compound class by comparing to a master list of detected compounds and using the 

VLOOKUP feature in Microsoft Excel 2017.  All methyl alcohol peaks were disregarded 

since the internal standard solution introduced to the sample was made with methanol as 

a solvent.  The total normalized area/L for each compound class in each stage of 

decomposition was calculated using the Consolidate feature in Excel.     

An analysis of the volatile organic compounds detected, their concentrations, and the rate 

of colonization of the donors observed in Australia was performed.  This analysis was 

performed in R 4.0.2 by statistician Dr. Wesley Burr in the Department of Mathematics at 

Trent University.  The steps taken to perform this analysis were as follows:  

• Conditions of First Colonization determination:  Search that data for larval 

collections and mark colonization as 2 ED prior.  Search the data for egg 

collections and mark colonization of 1 ED prior, with the idea of taking a 
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conservative approach and assuming the eggs were not freshly laid.  Find the 

earliest colonization for each donor. 

• Extract VOC compounds and mark each as being pre-colonization or post-

colonization based on colonization day determined in previous step. 

• Calculate ratio of each compound by dividing the pre-colonization amount by the 

post-colonization amount.  High ratios indicate compounds that were mostly 

present prior to colonization.  Compounds with a ratio designation of “Inf” 

indicate that these compounds were only present before colonization. 

3.2.7.4  Statistical Analysis 

The correlation analysis of fly count versus temperature, including the trendline and R2 

value, was performed using Microsoft Excel 2017.  The fly count values were normalized 

by calculating the log of each value.  Any entries were the fly count was zero were 

removed.  The correlation coefficient was calculated using the correlation statistical test 

found in Data Analysis package in the Data tab.  All ANOVA and Two-Way ANOVA 

results were computed using the aov function in R-Studio followed by the TukeyHSD 

function to determine which data were significantly different using the R 4.0.2 and R 

Studio 1.3.1056 statistical software.  For analysis of known apneumones, compound 

areas were converted to an area-per-liter value by dividing the detected area by the 

number of liters of headspace collected.  All statistical analyses were performed with a 

confidence interval of 95%. 
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3.3  Results 

3.3.1  Environmental Conditions 

The donors that were placed during the early autumn in Study 1 experienced comparable 

average temperatures, ranging from 18-19˚C; Donors H1, H2, and H3 had average 

temperatures of 19˚C, 18˚C, and 19˚C respectively.  The minimum temperatures, ranged 

from 7-8˚C where the minimum temperature for Donor H1 was 7˚C, Donor H2 was 8˚C 

and Donor H3 was 7˚C. The maximum temperatures ranged from 32-47˚C; where Donors 

H1, H2, and H3 were exposed to maximums of 47˚C, 37˚C, and 32 ˚C respectively.  The 

only donor to be placed in the late autumn in Study 1 was Donor H4.  The temperature 

during the decomposition of Donor H4 averaged 15˚C with a maximum temperature of 

28˚C and a minimum temperature of 6˚C.  

The only donor placed in the early autumn in Study 2, Donor H5, experienced an average 

temperature of 18˚C and minimum and maximum temperatures of 3˚C and 37˚C, 

respectively.  Donor H6 was placed in the late autumn in 2018, with an average 

temperature of 14˚C and minimum and maximum temperatures of 3˚C and 28˚C, 

respectively.  The relative humidity (RH) averages were much higher in 2017, 81-91%, 

than the averages recorded in 2018, 65-66%.   

There was a higher amount of rainfall that took place during the months of Study 1 in 

2017.  This did not seem to influence the rate of decomposition or colonization.  While 

there were some instances of rainfall during Study 2 period in 2018, less rainfall took 

place compared to the study period of Study 1.  
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A breakdown of the environmental conditions for each Experimental Day for each study 

can be seen in Figures 3.1 and 3.2.   Table 3.3 shows a summary of the data for Study 1 

while Table 3.4 shows the summary for Study 2.  Overall, the temperatures for Studies 1 

and 2 were comparable but the percent relative humidity for Study 1 were higher than for 

Study 2.  The standard errors for all data sets were below 1.0. 

 

Figure 3.1:  Chapter 3 Study 1 Environmental conditions.  This scatter plot shows the 

average temperature (left axis, blue line) and average % relative humidity (right axis, 

orange line) for each Experimental Day of Chapter 3 Study 1. 
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Figure 3.2:  Chapter 3 Study 2 Environmental conditions.  This scatter plot shows the 

average temperature (left axis, blue line) and average % relative humidity (right axis, 

orange line) for each Experimental Day of Chapter 3 Study 2. 

 

  n Mean sd median trimmed mad min max range skew kurtosis se 

AVG 
Temp 165 17.81 3.10 17.91 17.65 3.12 11.87 26.43 14.56 0.45 -0.22 0.24 

AVG 
% RH 165 83.95 8.44 84.57 84.37 6.81 62.92 99.41 36.49 -0.45 -0.04 0.66 

 

Table 3.3:  Description of the weather data collected for Chapter 3 Study 1.  This 

includes the values for: n, mean, sd, median, trimmed, mad, min, max, range, skew, 

kurtosis, and se for both temperature and percent relative humidity. 
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  n Mean sd median trimmed mad min max range skew kurtosis se 

AVG 
Temp 87 16.72 4.15 15.69 16.44 4.07 9.89 26.59 16.70 0.56 -0.82 0.44 

AVG 
% RH 87 60.16 9.03 60.41 60.29 7.80 34.89 83.48 48.59 -0.17 0.27 0.97 

 

Table 3.4:  Description of the weather data collected for Chapter 3 Study 2.  This 

includes the values for: n, mean, sd, median, trimmed, mad, min, max, range, skew, 

kurtosis, and se for both temperature and percent relative humidity. 

 

3.3.2  Rates of decomposition and Dipteran Activity 

The rate of decomposition of the bodies varied and, importantly, no two bodies 

decomposed at the same observed rate (Figure 3.3).  There were some aspects of the 

decomposition processes that were noticeably different between bodies. The rate of 

decomposition for the remains of Donor H1 progressed much faster through the early 

stages of decomposition than any of the other bodies, reaching active decay by ED 7 (182 

ADD) (Figure 3.3).  The higher temperatures and probable higher levels of solar radiation 

caused desiccation of the skin to occur and made the transition between the bloated stages 

and the active decay stages difficult to determine.  Donor H1 began the bloated stage of 

decomposition quickly, ED 2 (66 ADD) and as the exposure to the environmental 

conditions continued, the skin of the torso became hard and leathery causing the bloated 

shape to be maintained.  The active decay stage for Donor H1 occurred predominantly 

internally and was not as visually apparent since minimal tissue loss could be seen on the 

exposed surfaces.  Shortly after the onset of the active decay stage, Donor H1 showed 

desiccation on all exposed skin by ED 9 (229 ADD). Donor H1 reached the advanced 

decay stage on ED 26 (552 ADD) and, by the end of the observation period of 54 ED 
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(1022 ADD), skeletonization had not occurred.  Primary colonizers for Donor H1 

included Calliphora ochracea Schiner 1868 and Chrysomya rufifacies (Macquart, 1843) 

(Diptera: Calliphoridae) who colonized in the fresh stage on ED 1 (42 ADD).  Donor H1 

was colonized by two more species in the bloated stage, Chrysomya incisuralis 

(Macquart, 1851) and Calliphora augur (Fabricus, 1775) (Diptera: Calliphoridae) (Table 

3.5).  Piophilidae (Diptera: Piophilidae) larvae were observed during the advanced decay 

stages of this donor. 

 

Figure 3.3:  Rates of Decomposition.  A bar graph of the rate of decomposition for 

each donor showing the ADD values on the x-axis and duration of each stage of 

decomposition in Experimental Days (black numbers found within each bar section). 
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Stage ED H1 H2 H5 H4 H6 
 

2017 2017 2018 2017 2018 

Fresh 1 C. ochracea (E)      C. hilli hilli (L)   

Ch. rufifacies(E)       

2 C. ochracea (L)         

4   C. augur (L)   C. hilli hilli (L)   
 

L. cuprina (E) 
 

  

  C. stygia (E)     

8   Ch. rufifacies (L)       

10   Ch. rufifacies (L)       
 

Ch. incisuralis (L) 
 

    

  C. ochracea (L)       

14         S. impatiens (L) 

Bloat 3 Ch. incisuralis (L)   C. ochracea (L)     

Ch. rufifacies (L)     
 

4 Ch. rufifacies (L)   H. fergusoni (L)   
 

5 Chr. rufifacies (L)   Ch. megacephala (L)     

C. augur (L)   Ch. rufifacies (L)     

6       C. stygia (E)   
 

  
 

C. ochracea (E)   
 

  
 

C. hilli hilli (L)   

      Sarcophaga sp.(L) *   

7     L. cuprina (L)   
 

9     Ch. incisuralis (L)   
 

 
  Ch. latifrons (L)     

 
  Ch. megacephala (L)     

    Ch. rufifacies (L)   
 

12     Ch. rufifacies (L)   
 

16     Ch. rufifacies (E)     

Active  
Decay 

19     S. impatiens (L)     

21     S. impatiens (L)     

27 
 

  S. impatiens (L)     

    P. casei (L)     

* Sample was damaged and species ID was not possible through microscopic 

examination. 

Table 3.5:  The colonizing fly species that were collected and reared to adulthood for 

each donor.  Life cycle stages of collected specimens are listed beside the species 

name where (E) = Egg and (L) = Larva.   
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The rate of decomposition for the remains of Donor H2 was slower than the majority of 

donors, with the fresh stage of decomposition lasting up to 12 ED (210 ADD), (Figure 1).  

In contrast, the bloated and active decay stages for Donor H2 were notably faster than 

Donor H1, even though Donor H2 was placed two weeks after Donor H1, lasting only 3 

ED (54 ADD) and 10 ED (189 ADD), respectively. Donor H2 began to desiccate in the 

head and arms on ED 12 (230 ADD) and desiccation was complete by ED 21 (579 

ADD).  Donor H2 was colonized by three blow fly species, C. augur, Lucilia cuprina 

(Wiedemann, 1830) and Calliphora stygia (Fabricius, 1782) (Diptera:Calliphoridae), 

during the fresh stage but not until ED 4 (88 ADD).  Colonization by three more species, 

Ch. rufifacies, Ch. incisuralis and C. ochracea, occurred later in the fresh stage on ED 8 

(160 ADD) (Table 3.4).  Piophilidae larvae were observed during the advanced decay 

stages of this donor as well. 

The decomposition rate of Donor H3 was observed over a period of 53 experimental 

days.  The fresh stage was long, lasting 9 ED (195 ADD), however, the bloat stage for 

Donor H3 was only 2 ED in length, lasting 49ADD.  The active decay stage, lasting 404 

ADD, spanned from ED 11 to ED 31; the number of experimental days Donor H3 was in 

active decay was similar to Donors H1 and H5.  The advanced decay stage for Donor H3 

began on ED 32 and persisted until ED 52, lasting 21 ED (359 ADD).  Donor H3 was the 

only donor in either study to reach the skeletonization stage within the observation 

period.  This took place on ED 53 (1021 ADD) where the decomposition process was 

essentially complete.  Due to sharing of donors, Donor H3 was not monitored for 

entomological activity. 
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The fresh stage for the remains of Donor H4 lasted 9 ED (142 ADD).  The bloated stage 

for Donor H4 was not completed during the observation period of 18 experimental days, 

likely due to the cooler temperatures in late autumn.  The earliest colonizing species was 

Calliphora hilli hilli Patton, 1925 (Diptera: Calliphoridae) which colonized on ED 1 (30 

ADD).  These were collected as 1st instar larvae, indicating that oviposition occurred an 

undetermined number of hours prior to collection on ED 1 (30 ADD), since no 

development data is published for this species. The only other donor to be colonized as 

quickly was Donor H1, placed in the early autumn.  Additional blow fly species, C. 

stygia and C. ochracea, colonized the remains of Donor H4 in the bloated stage on ED 6 

(101 ADD).  A Sarcophaga species (Diptera:Sarcophagidae) colonized Donor H4 on ED 

6 but the sample was damaged and the species was not able to be determined. 

The remains of Donor H5 experienced a short fresh stage, lasting 2 ED (71 ADD). When 

comparing the size of their body and temperature conditions, this is comparable to the 

rate of decomposition for donor H1 in the early stages of decomposition.  The bloated 

stage for Donor H5, however, was longer, lasting 17 ED (389 ADD).  This was 

considerably longer than the bloated stage for Donors H1 and H2 who were also studied 

during the early autumn months.  Early signs of desiccation could be seen on the face, 

hands and feet of the body by ED 7 (184 ADD) and by ED 16 (391 ADD) desiccation 

was more pronounced, also affecting the skin under the clothing.  The remains of Donor 

H5 were first colonized in the bloated stage of decay on ED 3 (94 ADD) by C. ochracea, 

showing a delay in colonization.  The colonization of this donor also differed in that three 

of the colonizing species, Hemipyrellia fergusoni Patton, 1925, Chrysomya megacephala 

(Fabricius, 1794) and Chrysomya latifrons (Malloch, 1927) (Diptera:Calliphoridae), were 
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not recorded on any other donors (Table 3.4).  Colonization of Piophila casei (Linnaeus, 

1758) (Diptera: Piophilidae), also known as the cheeseskipper, was documented on ED 

27 (611 ADD) during the active decay stage.   

The fresh stage for the remains of Donor H6 lasted a minimum of 27 ED (384 ADD).   

This was much longer than the 9 ED (142 ADD) seen for Donor H4, also decomposed in 

the late autumn.  Due to the slow decomposition of the remains of Donor H6 as well as 

the completion of the time allotted for the research, the bloated stage was not reached 

during the observation period.  This was the longest fresh stage observed in this study.  

The colonization of Donor H6 was delayed with little to no fly activity present until ED 

14 (219 ADD). The body showed minimal decomposition and was still considered to be 

in the fresh stage at this time. First instar larvae were collected from the mouth and were 

later identified as Sarcophaga impatiens Walker, 1849 (Diptera: Sarcophagidae) (Table 

3.4). 

Calliphora ochracea was one of the more prominent colonizers in this study and 

colonized four out of five bodies, during both the early and late autumn.  Other species 

observed as both early and late colonizers were Ch. rufifacies and S. impatiens (Table 

3.4).  Chrysomya incisuralis and Ch. rufifacies were prominent colonizers in the early 

autumn while C. hilli hilli was only seen in the late autumn.   

Many forensically relevant blow fly species were collected as adults during the early 

autumn, however, few of these forensically relevant species were collected in the late 

autumn (Table 3.5).  Certain Diptera species were observed throughout the entire autumn 

season including Ch. incisuralis, Ch. rufifacies, Chrysomya varipes (Macquart, 1851), 

and Chrysomya nigripes Aubertin, 1932 (Diptera:Calliphoridae).  Adult species that were 
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collected exclusively in the early autumn of this study included Ch. megacephala, Ch. 

latifrons, H. fergusoni, C. stygia and C. augur (Table 3.5).  The most abundant adult 

dipteran species collected in the early autumn were Ch. rufifacies and Ch. varipes, the 

former was seen as a colonizer in this study while the latter visited the bodies but no 

immature stages were recovered (Table 3.5, Table 3.6).  Fewer dipteran specimens were 

available for collection in the late autumn due to a lower abundance of flies and as such 

no specific species was observed to be more abundant over the other. 

 

Sub-Family Species 
Forensically 

Relevant 
Species 1,2 

Summer 
Bush 3 

Winter 
Bush 3 

Early Late 

Autumn Autumn 

Bush Bush 

Chrysomyinae 
Chrysomya 
megacephala       

  Chrysomya rufifacies      
  Chrysomya incisuralis       

  Chrysomya latifrons 
    

  
  Chrysomya varipes      

  Chrysomya nigripes      

  Chrysomya saffranea 
 

        

Luciliinae Lucilia cuprina    

    
  Lucilia sericata 

 

        
  Hemipyrellia ligurriens 

 

       
  Hemipyrellia fergusoni        

 

   

Calliphorinae Calliphora stygia     

  
  Calliphora augur     

  
  Calliphora hilli hilli    

    
  Calliphora ochracea     

    
  Calliphora centralis 

   

    
  Calliphora vicina     

 

    
  Calliphora fulvicoxa     

 

    

Sarcophaginae Sarcophaga praedatrix 
 

      

  
Sarcophaga 
crassipalpis 

 

      

  Sarcophaga impatiens 
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Table 3.6:  Adult Blow Fly Species Collected.  Blow fly and other species collected 

during this research are listed in this table. Those that are forensically relevant are 

depicted as well as blow flies present in southeastern Australia during the summer 

and winter months. These results were taken from the literature.  Results of adult flies 

collected during this research are also shown (early and late autumn bush).  A portion 

of the table is crossed out because Kavazos and Wallman did not discuss 

Sarcophagidae species in their 2012 publication. 1(25,39), 2(50), 3(51). 

 

An analysis of the fly counts was performed to visualize the relationship between 

temperature and fly count or abundance of flies on each of the donors (Figures 3.4 - 3.8).   

In these graphs, the fly counts are separated into categories one through five, one being 

the least abundant and five being the most abundant.  The graphs for Donors H2 and H4 

(Figures 3.5 and 3.6) did show a visual trend where the fly count category dropped or 

rose with the temperature.  The graphs for the remaining donors did not show this visual 

trend (Figures 3.4, 3.7-3.8).  In order to statistically test the correlation between fly count 

and temperature, a correlation scatterplot was generated with a line of best fit, equation of 

the line, an R2 value, and a correlation coefficient (Figure 3.9).  The results of the 

correlation test showed that the correlation between temperature and fly count for the 

human donor data was small (CC = 0.1756) indicating that there is little to no correlation 

between the two variables.  Additionally, the R2 value for the line of best fit was very 

low (R2 = 0.0308), indicating that temperature is only responsible for 3% of the variation 

in fly count (Figure 3.9) 
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Figure 3.4:  Chapter 3 Donor H1 Fly Counts.  This combination graph shows a bar for 

each site visit.  Site visits are labeled based on the experimental day.  The fly count 

category associated with each bar can be seen on the left axis entitled “Fly Count 

Category”.  Category 1 = < 5 flies, Category 2 = 5-20 flies, Category 3 = 20-50 flies, 

Category 4 = 50-75 flies, and Category 5 = >75 flies.  The orange line indicates the 

temperature during the visit.  The value for each reading can be seen on the right axis 

entitled “Temperature (°C)”. 
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Figure 3.5:  Chapter 3 Donor H2 Fly Counts.  This combination graph shows a bar for 

each site visit.  Site visits are labeled based on the experimental day.  The fly count 

category associated with each bar can be seen on the left axis entitled “Fly Count 

Category”.  Category 1 = < 5 flies, Category 2 = 5-20 flies, Category 3 = 20-50 flies, 

Category 4 = 50-75 flies, and Category 5 = >75 flies.  The orange line indicates the 

temperature during the visit.  The value for each reading can be seen on the right axis 

entitled “Temperature (°C)”. 

 

 

Figure 3.6:  Chapter 3 Donor H4 Fly Counts.  This combination graph shows a bar for 

each site visit.  Site visits are labeled based on the experimental day.  The fly count 

category associated with each bar can be seen on the left axis entitled “Fly Count 

Category”.  Category 1 = < 5 flies, Category 2 = 5-20 flies, Category 3 = 20-50 flies, 

Category 4 = 50-75 flies, and Category 5 = >75 flies.  The orange line indicates the 

temperature during the visit.  The value for each reading can be seen on the right axis 

entitled “Temperature (°C)”. 
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Figure 3.7:  Chapter 3 Donor H5 Fly Counts.  This combination graph shows a bar for 

each site visit.  Site visits are labeled based on the experimental day.  The fly count 

category associated with each bar can be seen on the left axis entitled “Fly Count 

Category”.  Category 1 = < 5 flies, Category 2 = 5-20 flies, Category 3 = 20-50 flies, 

Category 4 = 50-75 flies, and Category 5 = >75 flies.  The orange line indicates the 

temperature during the visit.  The value for each reading can be seen on the right axis 

entitled “Temperature (°C)”. 
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Figure 3.8:  Chapter 3 Donor H6 Fly Counts.  This combination graph shows a bar for 

each site visit.  Site visits are labeled based on the experimental day.  The fly count 

category associated with each bar can be seen on the left axis entitled “Fly Count 

Category”.  Category 1 = < 5 flies, Category 2 = 5-20 flies, Category 3 = 20-50 flies, 

Category 4 = 50-75 flies, and Category 5 = >75 flies.  The orange line indicates the 

temperature during the visit.  The value for each reading can be seen on the right axis 

entitled “Temperature (°C)”. 

 

  

Figure 3.9:  A correlation analysis of the normalized fly counts vs temperature for 

each visit during the human studies.  The vertical axis shows the fly count number 

and the horizontal axis shows the temperature in degrees Celcius.  An R2 value was 

calculated and reported as 0.0308.  The equation of the line of best fit is y = 0.0227x 

– 0.6193.   The Correlation Coefficient was calculated to be 0.1756. 
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3.3.3  Experimental Day vs. ADD 

Based on the scatter plot of Experimental Day vs. ADD values, the results show that 

there is a high correlation between the ED and ADD values.  The R2 value of the 

trendline for the data was 0.9744 and the equation for the line was y=19.249x+17.35 

(Figure 3.10).   

 

Figure 3.10:  ED vs ADD. A scatter plot of the Experimental Day versus ADD values 

that includes data from all donors.  This scatterplot includes the Equation of the 

Trendline and R2 Value for the data. 

 

3.3.4  PCA Analysis of the Onset of Decomposition Stages in ADD  

PCA analysis of the ADD values calculated for all donors to reach each stage of 

decomposition shows the rate of decomposition of Donors H4 and H6 to be similar which 

may be explained by their placement during the later autumn months. These two donors 
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are found at the intersection of the two axes of the graph and form a group.  Donor H3 

can be found at a similar location to Donors H4 and H6 on the Component 1 axis which 

accounts for 71% of the variance in the data, indicating that there is less variation in the 

data of these three donors.  Donors H1 and H2 are clustered in the lower and upper left 

quadrants, respectively.  Although there is a large gap between these two donors on the 

Component 2 axis, they are found at similar locations on the Component 1 axis. This 

means that there is less variation between Donors H1 and H2 and they were more similar 

to each other than to Donor H5 who was also placed at AFTER in early autumn, located 

in the upper right quadrant and at the edge of the positive end of the Component 1 axis 

(Figure 3.11).  Donor H5 shows the most variation in decomposition rate from the other 

donors.    

 

Figure 3.11:  PCA of Rates of Decay.  A principle component analysis of the ADD 

values required for each stage of decomposition to commence.  The donors with black 

triangles are those that were unclothed and the donors with the black circles were 

clothed. 
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3.3.5  VOC Analysis 

Over the course of the studies performed on human donors, an average of 16 VOC 

samples were collected from each donor.  The least number of samples collected, 13, was 

for Donor H2 and the most samples collected, 22, was for Donor H5 (Table 3.7).  An 

average of 164 compounds were detected throughout the human studies.  The most 

compounds, 271, were detected in the samples collected from Donor H1 while the least 

number of compounds, 36, were detected from Donor H6 (Table 3.7).  A summary of the 

most abundant compound class groups produced for each donor has been generated to 

provide an overview of the most abundant compound classes and the stages of 

decomposition in which they were produced (Figures 3.12 - 3.16).  Figures with the total 

number of classes detected can be found in Appendix B.  When the normalized areas of 

the detected compounds were separated by compound class, the alcohol compound class 

was seen to have been detected in most abundance for the majority of the donors.  

Alcohol production was seen to take place throughout the decomposition process in 

Donors H1, H2, H3 and H5.  Donor H6 was only observed for the Fresh stage of 

decomposition, however, this stage included many days of sampling yet only a small 

amount of alcohol was detected. 

Aside from alcohols, Donor H1 produced sulphurous compounds in the highest 

concentrations.  These compounds were detected from the Fresh stage until the Active 

stage of decay, the Active decay stage produced the highest concentration of sulphurous 

compounds.   Ketones were the second most abundant compounds detected from Donor 

H1, the majority being detected during the Active and Advanced decay stages (Figure 

3.12).   
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The overall concentration of compound groups detected during the decomposition of 

Donor H2, aside from the alcohol group, was lower than that of most of the donors.  

Alkanes were detected in most abundance after alcohols, with the highest concentration 

of them being produced in the Fresh stage.  Sulphurous compounds were the third most 

concentrated compound class detected from Donor H2, production of which took place 

throughout the decomposition process.  Similar to Donor H1, the most concentrated 

compound class found after the sulphurous class was the ketone class.  Ketones were 

produced mostly in the Fresh stage of decomposition for Donor H2, however, they were 

detected during the Bloat, Active and Advanced stages as well (Figure 3.13). 

The overall concentration of compound classes detected from Donor H3 was lower than 

most donors and found to be similar to that of Donor H2, with a maximum normalized 

area of around 5 for all compound groups except alcohols.   The second most 

concentrated compound class produced during the decomposition of Donor H3 was the 

sulphurous class.  While sulfur compounds were seen to be produced throughout the 

decomposition process, the majority produced from Donor H3 occurred in the active 

decay stage.  Esters were the next most abundance class of compounds produced from 

Donor H3, as with the majority of the classes of compounds detected from this donor, 

most of these compounds were seen in the Active decay stage.  In slightly less abundance 

than the esters, ketones were the next most concentrated compound class produced from 

Donor H3 (Figure 3.14).    

The most abundant compound class produced during the decomposition of Donor H5 was 

alcohols, as stated prior, however, alcohols were produced in less abundance compared to 

the first three donors.  The second most abundant compound class produced was 
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nitrogenous, only detected during the Advanced stage of decay.  The third most abundant 

compound class was ketones, however, the abundance of this class was low, less than 1 

normalized area per liter (Figure 3.15).   

There were very few compound classes that were produced during the decomposition of 

Donor H6 that could be seen in the same scale as the ester class of compounds.  Esters 

were produced throughout the decomposition of Donor H6, with an overall normalized 

area of over 20.  The next most abundant compound class, with an overall normalized 

area of just over 5, was the nitrogenous class, followed closely by the aldehyde class.  

Contrary to the results of the first three donors presented, the alcohol and sulphurous 

classes were detected in minute quantities with Donor H6.  Since Donor H6 was observed 

only in the Fresh stage, these concentrations shown are from the accumulation of all 16 

VOC samples collected in the Fresh stage (Figure 3.16). 

Since many of the donors studied have shown to produce a high abundance of sulphurous 

compounds, it should be noted that the identities of these compounds were predominantly 

dimethyl sulfide (DMS), dimethyl disulfide (DMDS), dimethyl trisulfide (DMTS) and, in 

some cases, dimethyl tetrasulfide (DMQS) for all chromatograms.   
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Donor # of Samples Collected # of Compounds Detected 

H1 15 271 

H2 13 134 

H3 15 246 

H5 22 132 

H6 16 36* 

*Donor H6 was only sampled during the Fresh stage 

Table 3.7:  VOC Analysis Summary by Donor.  This table shows the number of 

samples collected from each Donor and the total number of compounds detected from 

those samples. 
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Figure 3.12:  VOC Class Production Bar Graph for Donor H1.  This bar graph shows 

the amounts of the top 5 classes of VOCs produced during the decomposition of 

Donor H1.  The bar for each compound class is organized to show production for 

each stage of decomposition. 

 

 

Figure 3.13:  VOC Class Production Bar Graph for Donor 2.  This bar graph shows 

the amounts for the top 4 classes of VOCs produced during the decomposition of 

Donor H2.  The bar for each compound class is organized to show production for 

each stage of decomposition. 
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Figure 3.14:  VOC Class Production Bar Graph for Donor H3.  This bar graph shows 

the amounts for the top 5 classes of VOCs produced during the decomposition of 

Donor H3.  The bar for each compound class is organized to show production for 

each stage of decomposition. 
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Figure 3.15:  VOC Class Production Bar Graph for Donor 5.  This bar graph shows 

the amounts for the top 4 classes of VOCs produced during the decomposition of 

Donor H5.  The bar for each compound class is organized to show production for 

each stage of decomposition. 

  

 

Figure 3.16:  VOC Class Production Bar Graph for Donor H6.  This bar graph shows 

the amounts for the top 3 classes of VOCs produced during the decomposition of 

Donor H6.  The bar for each compound class is organized to show production for 

each stage of decomposition. 
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of production of these compounds were too sporadic to be tested (Table 3.6).  It should 

also be noted that none of the tested apenumones were detected in Donor H3 until ED 9 

and in donor H5 until ED 12. 

Apneumone Test Df Sum Sq Mean Sq F value Pr(>F) 

DMDS 

as factor (Donor) 4 29.809 7.452 27.11 2x10-10 

as factor (Stage) 4 4.823 1.206 4.3387 0.00543 

as factor (Donor):(Stage) 5 3.579 0.716 2.604 0.04136 

Residuals 36 9.896 0.275   

DMTS 

as factor (Donor) 3 20.217 6.739 17.945 2.52x10-6 

as factor (Stage) 3 6.382 2.127 5.665 0.00443 

as factor (Donor):(Stage) 4 3.227 0.807 2.148 0.10582 

Residuals 24 9.013 0.376     

 

Table 3.8:  Apneumone production reproducibility analysis for Chapter 3.  This table 

shows the results of two-way ANOVA test performed on the abundances of each 

tested apneumone between the pigs of Chapter 4 (as factor (Donor)) and between the 

five observed stages of decomposition (as factor (Stage)).  The interaction between 

Pig and Stage is also reported (as factor Donor:Stage).  These tests were performed 

with a 95% confidence interval.  A significant difference was found were p = < 0.05 

(in red). 

 

The data analysis that was used to identify any volatile organic compound present in high 

abundances prior to blow fly colonization did not identify one common pre-colonization 

VOC among all donors.  Donor H1 had the most instances where specific volatiles were 

only detected prior to colonization (indicated by “Inf” or very high values >250), 

followed closely by Donor H2.  Donors H4 and H5 had very few instances where a 

volatile was detected prior to colonization and not after (indicated by “Inf”) (Table 3.9) 
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Compound H1 H2 H4 H5 

2-Chloroethanol 48.4 Inf NA Inf 

Sulfur dioxide 664.5789 341.3333 NA NA 

Carbamic acid, monoammonium salt Inf NA Inf NA 

Hydrazine Inf Inf NA NA 

Ethane 206 NA NA 14.75641 

Butanoic acid, methyl ester NA Inf 11.28571 NA 

Isopropyl Alcohol 252.5294 NA NA NA 

Phenylephrine Inf NA NA NA 

2-Pentanone, 4-hydroxy-4-methyl- Inf NA NA NA 

Acetonitrile, hydroxy- 135.7 NA NA NA 

Benzoic acid, 2-hydroxy-, 2-methylbutyl 
ester Inf 

NA NA NA 

3-Penten-2-one, 4-methyl- Inf NA NA NA 

2-Nonen-1-ol, (E)- Inf NA NA NA 

3-Hexanone, 2,5-dimethyl-4-nitro- Inf NA NA NA 

1-Hexanol, 2-ethyl- NA Inf   

2-Butanone, 3-methyl- NA Inf   

1,2-Benzenedicarboxylic acid, butyl 2-
methylpropyl ester NA Inf 

  

Cyclopentanol NA Inf   

Methyl propionate NA Inf   

Cyclohexene, 3,5,5-trimethyl- NA Inf   

Propanoic acid, 2-methyl-, 1-(1,1-
dimethylethyl)-2-methyl-1,3-
propanediyl ester NA Inf 

  

Sulfurous acid, dimethyl ester NA Inf   

Cyclohexene, 3,3,5-trimethyl- NA Inf   

Hexadecane NA Inf   

Acetic acid, hydroxy- NA NA Inf NA 

Acetaldehyde NA NA 186.7386 NA 

Acetone NA NA 1213.5 NA 

4-Penten-2-ol NA NA 428.7059 NA 

Ethane, nitro- NA NA NA 4221.856 
 

Table 3.9:  The results of an analysis to determine possible unknown apneumones in 

human decomposition.  Column one lists the possible apneumone, columns two and 

five give the ratio value for each compound for Donor H1 (column 2) and Donor H2 

(column 3), Donor H4 (column 4), and Donor H5 (column 5). High ratios indicate 

compounds that were mostly present prior to colonization.  Compounds with a ratio 

designation of “Inf” indicate that these compounds were only present before 

colonization. 
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3.4  Discussion 

While minPMI provides the best estimate of time since death after pathological methods 

can no longer be applied, it does not take into consideration an extended Pre-CI.  It is the 

Pre-CI that is largely responsible for the difference between the actual time of death and 

the minPMI, making the determination of the Pre-CI incredibly important if any delays in 

colonization occurred (52,53).  Variations in decomposition rates and colonization have 

been reported based on variables such as clothing (7,37,54,55), carcass size (7,56,57), 

peri-mortem antibiotic usage (58), and VOC production (59,60).  It is important to 

explore the impact of each of these variables to insect colonization and subsequent 

minPMI, TOC and Post-CI estimations.   

3.4.1  Factors affecting Decomposition 

As previously mentioned, the difference between the actual time of death and an 

estimated minPMI is largely attributed to the Pre-CI (53).  There are many factors that 

influence the duration of Pre-CI, making this interval unpredictable.    In the current 

study, there were multiple instances where there was a prolonged period before insect 

colonization, which occurred in both early and late autumn.  A similar delay was reported 

by Dawson et al. (2020) at the AFTER facility (41).  The authors described delays in 

colonization of human remains placed both in summer and winter seasons, with more 

prominent delays recorded in the winter season (41).  This was also observed in the 

current study, where delays were seen regardless of date of donor placement however, 

delays occurring during cooler temperatures were longer.   As the length of the Pre-CI is 

crucial to determining an accurate PMI, this will be discussed first.  Donor H1 and H3 

each had a Pre-CI of 1 ED (30-42 ADD). In comparison, Donors H2, H5 and H6 all 



121 

 

showed a prolonged Pre-CI of 4 ED (74-117 ADD) or later.  Since colonization can occur 

minutes after death (61,62), these are considered important delays. Two of these three 

donors also showed a slowed decomposition rate in the early stages of decomposition.  

Relevant literature reports that a delay in primary colonization of remains does have an 

effect on the rate of decomposition, slowing the rate considerably (19,63–65).   The 

variation seen between the donors can be explained by various factors, both biotic and 

abiotic, that could have affected the Pre-CI and/or microbial activity of the remains.  The 

main abiotic factor is temperature while the biotic factors to be discussed include donor 

size, clothing, peri-mortem medication, and VOC production.  Variations between donors 

could be attributed to more than one factor, offering competing hypotheses on why 

certain aspects of the decomposition process may or may not have occurred. 

The remains of Donors H1 and H5 were placed earliest in the autumn seasons, in their 

respective years, when temperatures were highest. As a result, both of these bodies had 

the shortest fresh stages as well as earliest times of colonization.  Alternatively, the 

remains of Donors H4 and H6, who decomposed in cooler conditions, had the long fresh 

stages and reduced insect activity.  This supports the findings by George, Archer and 

Toop (2013) who state that temperature is a positive predictor variable for blow fly 

colonization, meaning that higher temperatures yield a higher probability that calliphorids 

will colonize a carcass (66).  It should be noted, however, that the decomposition of 

Donor H2, exposed in the early autumn, did not follow this pattern.  Donor H2 was not 

colonized until ED 4 (88 ADD).  The average temperature for Donor H2 only differed by 

one degree from those of Donors H1 and H5, which may have accounted for the 
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difference in colonization time, however, it is not likely.  Further research is required 

before coming to any conclusion.  

Studies indicate that, generally, larger masses of carrion decompose slower than smaller 

masses (56,57).  Matuszewski et al. (2014) reported that larger carcasses tend to take 

longer to decompose due to the large amount of organic material that needs to be 

anaerobically broken down and consumed by microbiological and entomological 

processes (7).  Despite this, a larger mass will go though autolysis and begin putrefaction 

more efficiently, presenting as a quick onset of the bloated stage followed by a prolonged 

bloated stage (7).  According to Matuszewski et al. (2014), larger carcasses were then 

seen to have a less efficient active decay stage where tissue loss and the onset of 

advanced decay were delayed (7).  Similar observations were reported in the current 

studies when comparing donors who decomposed in both early and late autumn (67).  

Beginning with the early autumn, the fresh stage of decomposition was shortest for 

Donors H1 and H5, the two largest donors in the study.  As seen in Matuszewski et al. 

(2014), both Donor H1 and H5 of this study also had prolonged bloated and active decay 

stages.  The remains of Donor H2, one of the smaller donors, had a fresh stage that lasted 

much longer than the larger donors.  Additionally, the body of Donor H2 showed the 

fastest overall decomposition rate, indicating that the observations seen in Matuszewski 

et al. (2014) were also witnessed in this study.   Comparing donors who decomposed in 

the late autumn, Donor H4 was a medium-sized donor while Donor H6 was very thin, 

almost emaciated.  Donor H4 reached the bloated stage by ED 9 while Donor H6 had not 

reached the bloated stage during the observation period of 27 ED.  It should be noted, 

however, that emaciated individuals often transition from fresh stage directly to 
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desiccation without passing through the more traditional stages of decomposition such as 

bloated (67).   This phenomenon was also reported by Knobel et al. in 2019 at the 

AFTER facility and involved the observation of two human donors in the summer and 

two in the winter (4). Observations included the absence of characteristic bloating 

features in one of the winter donors, and active decay stages were noted to have occurred 

internally and were only apparent in the head and neck of all four donors.  While Knobel 

et al. (2019) may show there is a possibility that Donor H6 entered into the active decay 

stage without any signs of bloat, the near lack of larval activity as a whole with this donor 

would make this difficult to determine as larval activity is one of the main aspects of the 

active decay stage. 

Although two of the donors in this study were clothed (H5 and H6), Donor H5 

demonstrated a comparable rate of decomposition to the unclothed donors (H1-H4).  

Donor H5 experienced the longest bloated stage but then progressed through active and 

advanced decay similar to Donor H1, who was unclothed.  While published research 

performed in western Australia shows that the active decay stage of decomposition can 

be extended with clothed remains (37), the length of the bloated stage was not discussed 

in the referenced study.  Other publications have documented that clothing causes an 

extension in moist decomposition and insect activity (37,54).  Based on this, clothing 

could be responsible for the prolonged insect activity as well as the length of the bloated 

stage in Donor H5.  It is possible that clothing is the reason for the high variation seen 

between Donor H5 and other donors in the PCA analysis.  While a lengthy fresh stage 

was recorded with Donor H6, the other clothed donor, there was almost no insect activity 

reported, which does not corroborate the prolonged insect activity seen with clothed 
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individuals in the literature.  The remains of Donor H5 also showed the highest variety of 

colonizing dipteran species.  Research investigating the colonization of clothed remains 

shows that clothing allows for more areas for female blow flies to oviposit (55).  It is 

probable that the clothing on Donor H5 provided the opportunity for the colonizing 

community to become more diverse with less competition for resources. 

One seldom-discussed biotic factor to be considered is peri-mortem medications.  Peri-

mortem medications is an example of a factor that can make the decomposition of 

humans unpredictable, since they vary ante-mortem and are often unknown.  In certain 

cases in this study, the possible peri-mortem use of antibiotics was suspected to have 

influenced the rate of decomposition and possibly the Pre-CI (67).  Donor H5 died of 

bacterial meningitis.  Treatment of bacterial meningitis includes strong antibiotics (68,69) 

because the bacteria that cause meningitis can be antibiotic resistant (69).  Similarly, 

Donor H6 suffered from alcoholism and died due to liver failure.  Complications can 

arise in individuals that have cirrhosis of the liver such as pneumonia, which was also an 

aspect of this donor’s death.  If his pneumonia was bacterial, it would have been treated 

with antibiotic drugs (70).  The result of antibiotic use is that the beneficial bacteria in the 

body is killed along with the pathogenic bacteria (71).  A publication by Hayman and 

Oxenham (2016) described the decomposition process for an individual who was treated 

with cytotoxic drugs as well as 5 antibiotics prior to death  (58).  The authors outlined a 

slowed decomposition process, the absence of bloated stage features like marbling and an 

extended abdomen and the absence of insect activity (58).   One possible explanation for 

these results would be a reduced load of microbial communities caused by antibiotic 

medications (58).  Since both Donor H5 and H6 were likely treated with antibiotics, a 
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change in the microbial flora could have impacted the onset of the bloated stage of 

decomposition (58).  Donor H5 had a prolonged bloated stage whereas Donor H6 did not 

show marbling or reach the bloated stage at all in 27 ED (384 ADD).  Less beneficial 

bacteria in the system would theoretically delay or slow the bloat process as well as the 

marbling effect.  The detection of volatiles by blow flies could have been delayed due to 

low concentrations caused by diminished bacterial communities (67).  VOC production 

analysis of the decomposition processes of Donors H5 and H6 did show highly reduced 

production of sulphurous compounds, DMDS and DMTS, compared to other donors 

observed.  These sulphurous compounds are known to be attractive apneumones to blow 

flies seeking oviposition sites (60).  This, in turn, could have affected the Pre-CI and thus 

the minPMI.  While it is not suggested that antibiotic treatment alone is responsible for 

these results (58), it is suspected to be an influencing factor (67). 

The VOC analysis performed on the decomposition process of these human donors has 

yielded interesting results.    The alcohol production during the decomposition of most of 

the donors was seen to be in higher concentrations compared to the remainder of the 

compound classes.   High alcohol production was expected since other published research 

on volatiles produced during decomposition has reported alcohol as being one of the most 

abundant classes (59).  It was surprising, however, that alcohols were the most abundant 

class by a large margin.  Alcohol production during decomposition is known to occur due 

to the fungal breakdown of carbohydrates into simple sugars, peptides and amino acids.  

These components are then further reduced by the microbial fermentation into alcohols 

(72–74).  It is also known that the breakdown of carbohydrates occurs mainly in the early 

stages of decomposition (75).  Thus, production of alcohols would be expected in the 
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fresh and bloat stages of decomposition.  Alcohols are reported to be produced mostly in 

the Active decay stage (76), however, but have been seen to be produced during most 

decomposition stages (77).  A study on characterizing the smell of death performed by 

Dekeirsschieter et al. in 2012 reported the most prominent class of compound to be 

detected during the fresh stage was the alcohol class (14).  Alcohol reportedly waned to a 

third of overall production during the bloat stage of decomposition thereafter.  Alcohol 

detection continued throughout the rest of the decomposition process, however the 

concentration or abundance of alcohols were not mentioned (14).  The continued alcohol 

production at high levels throughout the decomposition of some donors in the current 

study could possibly be explained by results seen in a study performed by Perrault et al. 

in 2015.  The Perrault et al. (2015) study involved allowing remains to decompose for an 

extended period of time followed by the removal of the remains and a subsequent 

analysis of the volatiles detected from the soil (78).  An elevated amount of alcohols was 

detected 94 days after the removal of the remains.  It was suspected that a recent rainfall 

had allowed for the favorable conditions of further release of volatiles trapped in the soil.  

This moisture would allow for a more efficient volatilization of polar VOCs in the soil 

(78,79).  The rainfall in the current study was found to be higher during the study months 

of the 2017 period of study compared to the 2018 period of study.  This could explain 

why the Donors H1, H2 and H3, who decomposed during 2017, had much higher 

production of alcohol than both donors who decomposed in 2018 (H5, H6).  

The high production of sulphurous compounds seen in the VOC analysis of many of the 

donors was an interesting result.  Sulfur-containing compounds, specifically DMDS and 

DMTS, are known to be produced in high concentrations during decomposition (14,59) 
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and that these sulfur-containing compounds are known to be attractants, or apneumones, 

to blow fly species (60,72).  When observing the blow fly colonization pattern and the 

production of sulphurous class compounds of the current study, a pattern emerges.  

Donor H1 had the highest concentration of sulfur-containing compound production and 

was also one of the only donors to be colonized within the first 24 hours of 

decomposition.  Donor H2 had a delay in colonization of 3 ED.  The production of sulfur-

containing compounds throughout decomposition for Donor H2 was approximately one 

fifth that of Donor H1.  Since we know that blow flies can detect volatiles in minute 

concentrations (80), it is possible that the initial production of blow fly apneumones was 

also reduced in the early days of decomposition for Donor H2.  Similarly, there was a low 

level of sulphurous compounds detected during the decomposition of Donor H6 as well 

as a long delay in colonization.  This hypothesis would have been further tested had the 

current researcher been able to collect further information from Donors H3 and H4.  

Donor H3 was shared between researchers and, therefore, entomological information was 

not able to be collected.  Donor H3 did not produce any apneumones until ED 9 and the 

sulphurous compound production for this donor was a fraction that of Donor H1 

(approximately one third).  Had the colonization pattern been documented, it would have 

provided valuable insight.   Similarly, Donor H4 was shared among researchers and the 

VOC analysis could not be performed.  Donor H4 was the only other donor aside from 

Donor H1 that was colonized within the first 24 hours of placement.  Had the volatiles 

been sampled during this donor’s decomposition process, it is possible we would have 

observed high concentrations of sulfur compounds as was seen with Donor H1.  There is 

one donor in this study, Donor H5, that has provided some competing results.  Donor H5 
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did not produce apneumones until ED 12 and barely produced any sulfurous compounds 

during the entire decomposition process.  While there was a 3 ED delay to the 

colonization of this donor, colonization after this delay was abundant and with high 

variety.  This does not support the hypothesis that sulphurous compound production has 

influenced blow fly colonization and subsequently, the rate of decomposition.  One last 

item to discuss is the production of phenol and indole in these human donors.  The 

production of these apneumones could not be tested statistically because of the sporadic 

instances of detection between humans.  Interestingly, the production of phenol in indole 

from the pigs in Ontario was much more predictable with many instances of detection for 

each pig.  Therefore, further research should be performed to investigate the relationship 

with apneumone production and blow fly colonization intervals. 

3.4.2  Experimental Day vs. Accumulated Degree Days 

Evaluating the rate of decomposition based on changes in stage of decomposition in 

relation to Experimental Day is comparable to evaluating based on ADD value, since a 

scatter plot shows there is a high correlation between ED and ADD values in this study.  

The equation of the trendline for this data could be useful in estimating the rate of decay 

for humans in similar environmental conditions by calculating the expected ADD values 

for specific experimental days.   Attempting to predict the rate of decay of donors using 

these data would aid in the understanding of the relationship between time and 

temperature relating to decomposition.  These results, however, are specific to the 

Sydney, Australia climate and would not be applicable elsewhere.  Conducting further 

human research at the AFTER facility and adding further ED and ADD values to the 
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dataset would serve to strengthen the correlation between ED and ADD and improve the 

accuracy of ADD estimations.   

3.4.3  Dipteran Community 

Few publications exist which discuss primary colonizers in Sydney, Australia (51).  

During this study, primary colonizing species in the early autumn include C. ochracea 

and Ch. rufifacies while primary colonization during the late autumn occurred primarily 

for Donor H4 who was colonized by C. hilli hilli.  These are expected colonizing species 

in southeastern Australia (51).  Kavazos et al. (2012) reported Ch. rufifacies to be one of 

the most abundant species in the summer while C. hilli hilli and C. ochracea were both 

most abundant in the winter months (51).  Calliphora augur, L. cuprina, C. stygia, C. 

ochracea, Ch. megacephala, Ch. rufifacies, H. fergusoni, Ch. incisuralis and Ch. 

latifrons were all recorded as delayed colonizers in the early autumn.  Delayed colonizers 

in the late autumn for Donor H4 include C. stygia and C. ochracea while Donor H6 

showed delayed colonization from species S. impatiens.  Calliphora augur, L. cuprina, 

and C. stygia are considered important colonizers (25,39) and are a mix of species 

expected during the summer and winter months (51).  A previous publication on blow fly 

community composition in Sydney, Australia found that H. fergusoni was present in high 

abundances but were only observed in urban and suburban areas (51).  In contrast, this 

study identified H. fergusoni as a colonizer in a Sydney bush environment. This may be 

the first record of this species in such an environment.  Chrysomya megacephala and Ch. 

rufifacies acting as colonizers is expected as they are some of the most abundant species 

to be observed in Sydney, Australia and are both considered forensically relevant 

(25,39,51).  Chrysomya incisuralis and Ch. latifrons were not among the list of expected 
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species to colonize remains and, in fact, Ch. latifrons is reported to be an uncommon 

species as it constitutes less than 1% of the total blow flies caught in the Sydney 

community study (51).  Chrysomya incisuralis and Ch. latifrons, however, have been 

reported in the Sydney bush areas in summer and winter months (51). 

Species S. impatiens, was documented as both a primary and secondary colonizer in this 

study.  This species is larviparous (81), which explains why they were not detected in egg 

form.  Sarcophaga impatiens was observed as a secondary colonizer on Donor H4, which 

agrees with published literature indicating Sarcophagidae are generally recorded as 

secondary colonizers in Australia (37,38).  In the case of Donor H5, however, S. 

impatiens acted as a delayed primary colonizer.  Only one publication supports these 

findings; in one mortuary case in Queensland, Australia, S. impatiens acted as a primary 

colonizer whereas the same species was seen as a secondary colonizer in three other 

mortuary cases (39).  Very little is known about the development of S. impatiens even 

though the species has been shown to be forensically relevant (50).  More recent studies 

have begun exploring the thermobiology of S. impatiens in order to aid in the 

determination of the PMI (39).   
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3.5  Conclusion 

Decomposition research involving human remains occurs less frequently than animal 

decomposition studies due to the limited human decomposition facilities available.  The 

locations of human decomposition research facilities do not cover the many different 

environmental climates of the world and as such cannot contribute to all death 

investigations.  Previous PMI estimation models have relied on data collected from 

research performed on human proxies, such as the domestic pig, however recent research 

shows that the rates of decay between humans and pigs differ (6,82,83).  This study has 

shown that human decomposition and initial colonization was not predictable among the 

5 human donors observed.  Our findings suggest that it is possible for extrinsic factors 

such as temperature and intrinsic factors such as body size, clothing, peri-mortem 

medications, specifically antibiotics, and apneumone production to influence the 

processes of colonization and decomposition.  Therefore, it is extremely important to 

continue research using human donors in order to understand how variation in human 

physiology and ambient environment can affect decomposition and insect colonization in 

order to explore the various factors that may delay colonization, thereby affecting 

minimum time since death estimations.  
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Chapter 4 - Comparing the Colonization and Decomposition of human 

remains to domestic pig (Sus scrofa domestica) remains in Sydney, 

Australia 

 

4.1  Introduction 

 

Understanding the process of human decomposition is important for death investigations; 

however, research involving human remains is rare and restricted due to ethical and legal 

concerns (1,2).  It is for this reason that a suitable analog is used for most taphonomic 

decomposition research.  Researchers have been documenting the use of the domestic pig 

as a substitute for human remains for over 50 years (1,3–7).  Pigs share common features 

with humans, such as relatively hairless skin, the same approximate body size, a 

monogastric digestive system and similar gut flora, making them the ideal analogue 

(2,8,9).  Decomposition research studies using domestic pigs (Sus scrofa domestica) have 

yielded comparable results in regards to rate of decomposition and insect colonization 

when performed in similar environments (4,6,10–16).  This is unsurprising as domestic 

pigs are all fed a similar diet, are housed under similar conditions and follow similar 

habits.  This cannot be said for humans.  Humans have a wide and diverse range of 

dietary habits as well as social habits, such as smoking and drinking alcohol, which can 

affect the health of an individual.  Not to mention other factors such as medications and 

medical treatments that can also affect the health of an individual, such as chemotherapy, 

radiation, antibiotics, and strong antifungal drugs.  These are some reasons why further 

research needs to be performed on human cadavers in order to observe similarities and 
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differences that can arise when comparing humans of varying ages, health, body types 

and histories.   

Regardless, facilities do exist where human decomposition is researched in controlled 

conditions. Six such facilities are located in the United States, an example of one of these 

is the Forensic Anthropology Research Facility (FARF), established in 2008.  FARF is 

affiliated with Texas State University and is located on 26 acres at the Texas State’s 

Freeman Ranch (17).  FARF has already hosted research projects on approximately 650 

individual human donors. There are also similar facilities found in Australia and the 

Netherlands.  The Australian Facility for Taphonomic Experimental Research (AFTER) 

was established in 2016, is affiliated with The University of Technology Sydney (UTS) 

and is located on 12 acres of land in Sydney, Australia (18,19).  The taphonomical 

cemetery, located in Amsterdam, is the first of its kind to be established in Europe and is 

affiliated with Amsterdam’s Academic Medical Center.  This facility is only 500 square 

meters and is used to research buried remains (20).  These types of research facilities are 

uncommon and are generally inaccessible to most researchers.  Research and publications 

on human decomposition in which researchers were unable to perform controlled 

experiments must, therefore, rely on casework examples in which variables were not 

controlled (16,21–24).  Although some of the work done in these facilities is published, 

other work revolves around aiding law enforcement with scenarios in which the results 

are not generally published due to legislative restrictions (25).  Also, one large limitation 

of these facilities is that results are only applicable to the immediate environment and 

researchers are warned to not extrapolate data on decomposition from various areas of the 

world as climates vary and will have an effect on time since death or post-mortem 
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interval determinations (25).  Thus far, with only a few climates being represented, there 

is a large gap in the research on the rate of decomposition of human remains.  With a new 

facility open in Quebec, Canada in 2020, we are one step closer to filling this gap.  This 

Research in Thanalogical Sciences [Experimental and Social] (REST[ES]) is affiliated 

with the Université du Québec à Trois-Rivières (UQTR) and is dedicated to the physical, 

chemical and biological study of human decomposition in a Northern cold climate (26).    

The purpose of this chapter is to compare the monitored aspects of the decomposition 

process of both humans and domestic pigs in the climate conditions of Sydney, Australia 

in order to evaluate the efficacy of the domestic pig as a substitute for humans in forensic 

research.  This work includes the introduction of additional research conducted using two 

domestic pigs on University of Technology Sydney (UTS) owned land adjacent to the 

AFTER facility in Sydney, Australia.   

4.2  Methods 

4.2.1  Research Period 

The research conducted on two domestic pigs was conducted in tandem with the research 

conducted at the AFTER facility in the autumn of 2017 and presented in Chapter 3.   The 

decomposition study on domestic pigs took place from 30-MAR-2017 (ED 0) to 24-

MAY-2017 (ED 55).   

4.2.2  Decomposition Location 

Animal decomposition does not take place inside the AFTER facility, however, there was 

a property owned by UTS located across the street from the AFTER facility where pig 

decomposition took place.  This land is also located in the south-eastern region of 
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Australia, classified by the Köppen Climate Classification System as a moist, mid-

latitude (Cfb) climate where summers are warm to hot and winters are mild.  The 

entrance to the property was located approximately 500m down the street from the 

AFTER entrance.  Access to the site where decomposition took place required an 

approximate 15 minute walk through forested land, moving back towards the AFTER 

facility. 

4.2.3  Experiment Design 

The two domestic pig carcasses used in this study, weighing 60–80 kg each, were 

compared with donated human cadavers of varying sizes. The pig carcasses were 

purchased post-mortem from a licensed abattoir. Both pigs were killed by captive-head 

bolt following the standard guidelines for Australian abattoir procedures. All carcasses 

were wrapped in large polyethylene tarpaulins for transportation to the site. This provided 

a barrier to deter insect colonization during transportation.  The pig remains were placed 

directly onto the soil surface approximately 3 m apart within 1 hour of death. No visible 

signs of decomposition were seen upon placement.  It was noted, once the pigs were 

visited during different times of day, that Pig 2 was placed in a location that was slightly 

more shaded than the location for Pig 1. 

A data logger (HOBO, Onset, Ontario, Canada) was placed in the plot of Pig 1 to collect 

hourly recordings of ambient temperature as well as an internal temperature from a probe 

inserted in the pig’s rectum.  Additionally, ambient temperature and % RH data was 

collected in the plot of Donor H1 using a data logger (HOBO, Onset, Ontario, Canada); 

these data were used for analysis of conditions for Donors H1 and H2 in 2017.  Since 

Donors H3 and H4 were shared among researchers and located some distance from the 
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plot of Donor H1, the data used was taken from the weather station located on the 

AFTER property and equipped with a HOBO U30 No Remote Communication data 

logger (OneTemp, Melbourne, Australia).  The data logger placed near Pig 1 did not 

record %RH, as such, the weather data used for the pig decomposition analysis was 

gathered from this weather station.  In 2018, the data collected from a data logger 

(HOBO, Onset, Ontario, Canada) placed in the plot of Donor H5 was used in the analysis 

of conditions for Donors H5 and H6.   Domestic pigs were not observed for year 2018 

(while Donors 5 and 6 were being observed) because no other researchers were 

conducting research on domestic pig cadavers that year and as such I would not have had 

the obligatory second person present for field work.  ADD was calculated using average 

daily temperatures of 8-34˚C, since Australian blow flies cannot complete their life cycle 

outside of this temperature range (14).   

The pigs were visited once daily for the first week of decomposition.  Visits were reduced 

to every second day for approximately 2 weeks thereafter and then further reduced to 

once per week until the end of the study. This frequency of visits was chosen so that more 

observations could be made during the early stages of decomposition when the rate of 

decomposition and dipteran attraction are generally high.  As decomposition slowed, 

fewer visits were necessary to document changes in the bodies and insect activity.  

During each visit, photographs were taken of the remains and observations were made on 

the stage of decomposition, and then entomological samples such as eggs, larvae and 

adult flies were collected.  In between sample collection, anti-scavenging cages were 

placed over the remains to deter vertebrate scavenging (particularly avian) while still 

allowing invertebrate scavenging and exposure to natural environmental conditions.   
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4.2.4  Entomological Sample Collection and Rearing 

During each visit, the donors were examined for new egg clutches and larval masses.  

Samples were collected from any area with new eggs or young larvae (1st to 2nd instar).  

The instars of the larvae were estimated based on size, rather than number of spiracles as 

there was no portable microscope on site.  Specimens were collected using a small metal 

spoon or tweezers and placed in a cup with a small piece of moist paper towel until they 

could be transferred to the area designated for insect rearing.  Care was taken not to 

collect too many samples so as not to interfere with the natural insect activity.  All 

rearing was performed in a small cabin on the same land as the decomposition site and as 

such the environmental conditions were similar to ambient conditions outdoors.  All 

larval samples were reared to adulthood with kangaroo mince as a protein source.  

Rearing larvae were kept hydrated with sprays of water when needed and migrating 

larvae were given moist straw in which to pupate.  Once emerged, all flies were identified 

using the LUCID Key to Australian Carrion Breeding Flies (27).  

4.2.5  VOC Sampling 

A stainless steel hood was placed over the remains and left for 15 min to allow the VOCs 

to accumulate in the headspace. An ACTI-VOC low flow air sampling pump (Markes 

international Ltd., Llantrisant, UK) was connected to one end of a dual sorbent tube 

containing Tenax TA and Carbograph 5TD (Markes international Ltd.), with the other 

end of the tube attached to the sampling port on the aluminium hood. The pump was used 

to actively draw 1 L of headspace through the sorbent tube at a flow rate of 100 mL/min. 

All tubes were sealed with brass storage-caps after collection, wrapped in aluminium foil 
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and placed in an airtight glass container for transportation and storage in the laboratory. 

The sorbent tubes were stored at 4°C until the sample analysis was performed. 

4.2.6  VOC Analysis 

To enable peak area normalization, an internal standard consisting of 5uL of 

Bromobenzene (150ppm) (GC grade, Sigma-Aldrich, Castle Hill, NSW, Australia) in 

methanol (HPLC Grade, Sigma-Aldrich) was injected onto each sorbent tube prior to 

analysis. A Markes Unity 2 Thermal Desorber and Series 2 ULTRA multi-tube 

autosampler (Markes International Ltd.) was used to perform thermal desorption of the 

sorbent tubes. Each sorbent tube was heated to 300°C for 4 min to allow thermal 

desorption of the compounds before being collected onto a general-purpose cold trap 

(TenaxTA/Carbograph 1TD) at –10°C. The trap was desorbed at 300°C for 3 min with a 

split flow of 20 mL/min. 

The thermal desorption unit was connected to a Pegasus 4D GC×GC-TOFMS (LECO, 

Castle Hill, NSW, Australia) using a 1 m uncoated silica transfer line (Markes 

International Ltd.) held at 120°C by way of an Ultimate Union Kit (Agilent 

Technologies, Mulgrave, NSW, Australia). A 30 m × 0.25 mm inner diameter (ID), 1.40 

μm film thickness Rxi-624Sil MS column (Restek Corporation, Bellefonte, PA, USA) 

was used as the first-dimension column, and a 2 m × 0.25 mm ID, 0.50 μm film thickness 

Stabilwax column (Restek Corporation) was used as the second-dimension column. The 

columns were joined with a SilTite μ-Union (SGE Analytical Science). Helium (high 

purity, BOC, Sydney, NSW, Australia) was used as the carrier gas at a constant flow rate 

of 1.00 mL/min. The first-dimension oven was set to 35°C and held at this temperature 

for 5 min before increasing at a rate of 5°C/min to 240°C where it was held for a further 5 
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min. The offset for the modulator was +5°C relative to the GC first dimension oven 

temperature and the offset for the second-dimension column was +15°C relative to the 

second-dimension oven temperature. The modulation period was 5 s with a 1 s hot pulse. 

The transfer line between the second-dimension column and the MS was held at 250°C. 

An acquisition rate of 100 spectra/s was used to target a mass acquisition range of 29–

450 amu. The ion source was held at 200°C, the electron ionization energy was 70 eV, 

and the detector voltage was programmed with a 200 V offset above the optimized 

detector voltage determined. 

4.2.7  Data Processing 

ChromaTOF (version 4.51.6.0; LECO) was used for data processing. A 150 signal-to-

noise (S/N) ratio was used with a baseline offset of 0.8. The peak widths for the first and 

second dimensions were 30 s and 0.15 s, respectively. The National Institute of Standards 

and Technology (NIST) Mass Spectral Library was used to establish a list of compounds 

with a mass spectral match threshold of 80%.  Peak alignment was performed between 

samples using a mass spectral match threshold of 60% by utilizing the Statistical 

Compare software feature within ChromaTOF.   

4.2.8  Data Analysis 

Accumulated Degree Day (ADD) values were calculated in Microsoft excel using the 

data from the data logger positioned closest to the carcass in question.  Daily average 

temperatures were calculated and cumulative ADD values for each experimental day 

were determined from these, using a lower threshold of 8°C and an upper threshold of 

32°C, as described in Section 4.2.3.    
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Environmental condition scatter plots were generated using Microsoft Excel 2017.  All 

two-way ANOVA results were computed using the R 4.0.2 and R Studio 1.3.1056 

statistical software and the aov function followed by the TukeyHSD function to determine 

which data were significantly different. 

VOC production by compound class was visualized using bar graphs.  The compound 

areas detected were first corrected against the control sample (collected at the beginning 

of each study) and the area of each peak was divided by the number of liters collected 

during sampling to provide an area/L value.  Finally, the data was normalized by dividing 

the area/L of each compound by the area of the largest peak in the sample.  Each 

compound was assigned a compound class by comparing to a master list of detected 

compounds and using the VLOOKUP feature in Microsoft Excel 2017.  All methyl 

alcohol peaks were disregarded since the internal standard solution introduced to the 

sample was made with methanol as a solvent.  The total normalized area/L for each 

compound class in each stage of decomposition was calculated using the Consolidate 

feature in Excel.     

An analysis of the volatile organic compounds detected, their concentrations, and the rate 

of colonization of the pigs observed in Australia was performed.  This analysis was 

performed in R 4.0.2 by statistician Dr. Wesley Burr in the Department of Mathematics at 

Trent University.  The steps taken to perform this analysis were as follows:  

• Conditions of First Colonization determination:  Search that data for larval 

collections and mark colonization as 2 ED prior.  Search the data for egg 

collections and mark colonization of 1 ED prior.  Find the earliest 

colonization for each pig. 
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• Extract VOC compounds and mark each as being pre-colonization or post-

colonization based on colonization day determined in previous step. 

• Calculate ratio of each compound by dividing the pre-colonization amount by 

the post-colonization amount.  High ratios indicate compounds that were 

mostly present prior to colonization.  Compounds with a ratio designation of 

“Inf” indicate that these compounds were only present before colonization. 

4.3  Results 

 

4.3.1 Environmental Conditions 

 

The average daily temperatures during the experimental period in Australia were between 

16°C and 20°C, except on ED 11 where the average temperature dropped to 13°C.  The 

average daily percent relative humidity began with low percentages, 70-73% between ED 

1 and ED 3.  The average %RH was in the high 80s during ED 4 then began to decrease 

gradually to 73% by ED 13.  After this, the average daily %RH rose steadily into the high 

to mid 80s until ED 27 where the average %RH was 75% (Figure 4.1).    The standard 

error for the average temperatures and average % relative humidity were both below 0.8 

(Table 4.1) 
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Figure 4.1:  Environmental Conditions for the decomposition of domestic pigs in 

Sydney, Australia.  The left vertical axis and orange data line are associated with the 

daily average temperature and the right vertical axis and blue data line are associated 

with average daily relative humidity.  The stages of decomposition are separated by 

black (Pig 1) and green (Pig 2) vertical lines. 

 

  n Mean sd median trimmed mad min max range skew kurtosis se 

AVG 
Temp 112 16.16 1.99 16.06 16.22 2.29 11.87 20.36 8.49 -0.17 -0.81 0.19 

AVG 
% RH 112 81.34 8.10 81.25 81.47 7.62 62.92 98.80 35.88 -0.13 -0.33 0.77 

 

Table 4.1:  Description of the weather data collected for Chapter 4 Study 1.  This 

includes the values for: n, mean, sd, median, trimmed, mad, min, max, range, skew, 

kurtosis, and se for both temperature and percent relative humidity. 
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4.3.2  Rates of Decay 

 

The rate of decay for pigs decomposing in Australia were similar between pigs, although 

Pig 2 decomposed slightly slower than Pig 1 due to its shaded position, see 4.2.3.  Pig 1 

began decomposition in the fresh stage and transitioned in to the bloat stage around 40 

ADD.  The bloat stage for Pig 1 lasted for 84 ADD then the active decay stage was 

reached around 175 ADD.  The active decay stage lasted for 8 ED where the advanced 

decay stage began at 315 ADD.  The advanced decay stage was prominent for the 

remainder of the observation period and the skeletonization stage was not reached.  Pig 2 

proceeded through the stages of decomposition at a slower pace where the bloat stage 

was not reached until around 90 ADD and lasted 6 ED until the active decay stage was 

reached at 195 ADD.  The active decay stage was much longer in Pig 2 than in Pig 1 as it 

lasted from ED 10 to ED 26 where the advanced decay stage was reached at 495 ADD.  

As with Pig 1, the skeletonization stage was not observed for Pig 2 by the end of the 

experiment.   

When comparing the decomposition rates of humans to that of the pigs, it was observed 

that the humans showed a slower rate of decay.  The human with the decomposition 

pattern most similar to those of the pigs is Donor H1.  The rate of decay in the early 

stages for Donor H1 was comparable to those of the pigs; however, the onset of the 

advanced decay stage came much later in Donor H1 (Figure 4.2).    

When comparing the rate of decay of the pigs in Australia to those in Canada (Chapter 2), 

it is seen that the rates are very similar (Figure 4.3), even though the climates are 

considered to be different between the two countries.  Due to the differing climates, this 

comparison is anecdotal only. 
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Figure 4.2:  Rates of Decomposition for all human donors and pigs that decomposed 

in Sydney, Australia.  A bar graph of the rate of decomposition for each donor 

showing the ADD values on the x-axis and duration of each stage of decomposition 

(see legend). 
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Figure 4.3:  Rates of Decomposition for all pigs that decomposed in Ontario, Canada 

and Sydney, Australia.  The pigs that decomposed in Ontario are labeled “Ch. 2” and 

the pigs that decomposed in Sydney are labeled as “Ch. 4”.  A bar graph of the rate of 

decomposition for each pig showing the ADD values on the x-axis and duration of 

each stage of decomposition (see legend). 

 

4.3.3  Blow Fly Colonization 

The first colonizers, C. ochracea,  of Pig 1 were collected on ED 1.  The larvae of blow 

flies species, Ch. megacephala, ch. rufifacies, and Ch. latifrons were collected from Pig 1 

on ED 4.  Further colonization of Ch. rufifacies on Pig 1 was detected since young larvae 

were collected from Pig 1 on ED 6 and ED 12.  Larvae of unknown species were 

collected from Pig 2 on ED 1, indicating that colonization occurred the previous day.  

The species of these larvae could not be identified because the flies failed to emerge from 

their pupae.  The presence of species C. stygia was observed on Pig 2 on ED 3 while still 

another species, Ch. megacephala, was seen to colonize Pig 2 on ED 4.  Pigs 1 and 2 

decomposed approximately 3 meters from each other and, while the two pigs shared 

some colonizing species, such as Ch. ochracea and Ch. megacephala; there were still 

further colonizers that were only seen to colonize one pig and not the other (Table 4.2). 
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Table 4.2:  A table showing the species of blowflies that colonized the remains of 

Pigs 1 and 2 of this study.  The stage of decay is indicated in the first column of the 

table.  The second column of the table indicated the experimental day in which the 

sample was collected.  Finally, columns 3 and 4 show the colonizing species that was 

collected.  The stage that the sample was in at collection is indicated next to the 

species names.  Egg samples are indicated by (E) and larval samples indicated by (L). 

 

4.3.4  VOC Analysis 

 

4.3.4.1  Total VOC Summaries 

 

The volatiles that were produced during the decomposition processes of these pig remains 

can be seen in Figures 4.4 and 4.5.   The volatiles that were emitted during the 

decomposition of Pig 1 consisted mainly of sulfur-containing VOCs.  The next most 

abundant classes of compounds produced by Pig 1 were ketones followed by esters, 

though it should be noted that the concentrations of the ketones and esters amounted to 

about 12% each compared to the concentrations of sulfur compounds produced (Figure 
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4.4).  The results for the total VOC summary for Pig 2 are very similar to those of Pig 1, 

where sulfur containing-compounds were most prevalent (in about half the amount 

produced by Pig 1), followed distantly by the ketone, ester, and aromatic ester groups 

(Figure 4.5).   

When comparing the total VOC summaries of the humans compared to the pigs, only two 

of the five human donors (Donors H1 and H3) to be analyzed for VOC production 

showed sulfur-containing compounds as the most abundance class of compounds.  While 

another donor, Donor H2, showed sulfur compounds as the second most abundant class 

of compounds, the remainder of the human donors (Donors H5 and H6) produced minute 

concentrations of sulfur compounds.  As a whole, Donor H1 had a total VOC summary 

most similar to those of Pigs 1 and 2. 

 

Figure 4.4:  VOC Class Production Bar Graph for Chapter 4 Pig 1.  This bar graph 

shows the amounts for the top 4 classes of VOCs produced during the decomposition 

of Pig 1.  The bar for each compound class is organized to show production for each 

stage of decomposition. 
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Figure 4.5:  VOC Class Production Bar Graph for Chapter 4 Pig 2.  This bar graph 

shows the amounts for the top 5 classes of VOCs produced during the decomposition 

of Pig 2.  The bar for each compound class is organized to show production for each 

stage of decomposition. 

 

4.3.4.2  Statistical Analysis on Apneumone Production Between Pigs 

 

The five known apneumones that were analyzed during the human donor decomposition 

were also analyzed during the pig decomposition.  A Two-way ANOVA test on the 

production of each apneumone was performed and the results show that there was no 

significant difference in the production of DMDS, DMTS, DMQS, phenol and indole 

between the two pigs (p > 0.05).  The productions of DMDS, DMTS and phenol were 

seen to be significantly different between the stages of decomposition (p < 0.05).  The 

results of a Tukey test showed that production of DMDS and DMTS was most different 

between Fresh – Active and Bloat – Active, while the production of DMQS was 

significantly different between the active stage and each other stage observed.   There 
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was no significant difference seen in the production of DMQS and indole between stages 

of decomposition (Table 4.3).  In all instances, there was no interaction between the pigs 

and the stages of decomposition. 

Apneumone Test Df Sum Sq Mean Sq F value Pr(>F) 

DMDS 

as factor (Pig) 1 0.625 0.625 1.821 0.193007 

as factor (Stage) 3 11.003 3.668 10.689 0.000245 

as factor (Pig):(Stage) 2 0.079 0.039 0.115 0.092263 

Residuals 19 6.519 0.343     

DMDTS 

as factor (Pig) 1 1.124 1.124 2.489 0.13113 

as factor (Stage) 3 10.039 3.346 7.408 0.00176 

as factor (Pig):(Stage) 2 0.131 0.066 0.145 0.86591 

Residuals 19 8.583 0.452     

DMQS 

as factor (Pig) 1 0.007 0.0074 0.018 0.8962 

as factor (Stage) 2 2.718 1.3592 3.271 0.0768 

as factor (Pig):(Stage) 2 0.103 0.0515 0.124 0.8847 

Residuals 11 4.571 0.4156     

Phenol 

as factor (Pig) 1 0.0006 0.0006 0.04 0.85988 

as factor (Stage) 1 1.745 1.745 122.64 0.00806 

as factor (Pig):(Stage) 1 0.4648 0.4648 32.66 0.02928 

Residuals 2 0.0285 0.0142     

Indole 

as factor (Pig) 1 0.782 0.7823 1.201 0.305 

as factor (Stage) 1 2.825 2.8247 44.338 0.0708 

as factor (Pig):(Stage) 1 0.005 0.0052 0.008 0.9308 

Residuals 8 5.21 0.6512     

 

Table 4.3:  Apneumone production reproducibility analysis for Chapter 4 Study 1.  

This table shows the results of two-way ANOVA test performed on the abundances 

of each tested apneumone between the pigs of Chapter 4 (as factor (Pig)) and between 

the five observed stages of decomposition (as factor (Stage)).  The interaction 

between Pig and Stage is also reported (as factor Pig:Stage).  These tests were 

performed with a 95% confidence interval.  A significant difference was found were p 

= < 0.05 (in red). 
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4.3.4.3  Statistical Analysis on Apneumone Production of Pigs and Donor H1 

 

Since the total VOC summary for the two pigs observed was most similar to that of 

Donor H1 and since the rates of decay of the pigs were most comparable to that of Donor 

H1, Two-Way ANOVA tests of the apneumone production between the pigs and Donor 

H1 were performed (Table 4.4).  These results show that there was a significant 

difference (p < 0.05) seen in the production of DMDS and DMTS, the most abundant 

apneumones, when comparing the pigs and Donor H1 to each other (Table 4.4).  Both of 

these significant differences can be attributed to a difference in production of the 

apneumones between Pig 1 and Donor H1, according to the results of a Tukey test.  

When comparing the production of DMQS, phenol, and indole between the pigs and 

Donor H1, there was no significant difference seen (p > 0.05).  There was a significant 

difference (p < 0.05) seen in the production of DMDS, DMTS and phenol between the 

stages of decomposition.  In all cases, there was no interaction seen between the carcasses 

and the stages of decomposition. 
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Apneumone Test Df Sum Sq Mean Sq F value Pr(>F) 

DMDS 

as factor (Carcass) 2 5.674 2.837 8.979 0.000923 

as factor (Stage) 3 14.263 4.754 15.046 4.31 x 10-6 

as factor (Carcass):(Stage) 4 0.452 0.113 0.358 0.836649 

Residuals 29 9.163 0.316     

DMDTS 

as factor (Carcass) 2 10.367 5.184 11.016 0.000276 

as factor (Stage) 3 14.308 4.769 10.135 9.9 x 10-5 

as factor (Carcass):(Stage) 4 1.046 0.262 0.556 0.696284 

Residuals 29 13.646 0.471     

DMQS 

as factor (Carcass) 1 0.007 0.0074 0.018 0.8962 

as factor (Stage) 2 2.718 1.3592 3.271 0.0768 

as factor (Carcass):(Stage) 2 0.103 0.0515 0.124 0.8847 

Residuals 11 4.571 0.4156     

Phenol 

as factor (Carcass) 2 0.1505 0.0753 0.909 0.46051 

as factor (Stage) 1 1.745 1.745 21.08 0.00589 

as factor (Carcass):(Stage) 1 0.4648 0.4648 5.615 0.06399 

Residuals 5 0.4139 0.0828     

Indole 

as factor (Carcass) 1 0.782 0.7823 1.201 0.305 

as factor (Stage) 1 2.825 2.8247 4.338 0.0708 

as factor (Carcass):(Stage) 1 0.005 0.0052 0.008 0.9308 

Residuals 8 5.21 0.6512     

 

Table 4.4:  Apneumone production reproducibility analysis for Chapter 4 Study 1 

pigs and Chapter 3 Donor H1.  This table shows the results of two-way ANOVA test 

performed on the abundances of each tested apneumone between the pigs of Chapter 

4 and Donor H1 from Chapter 3 (as factor (Carcass)) and between the five observed 

stages of decomposition (as factor (Stage)).  The interaction between Pig and Stage is 

also reported (as factor Carcass:Stage).  These tests were performed with a 95% 

confidence interval.  A significant difference was found were p = < 0.05 (in red). 

 

4.3.4.4 Determination of Possible Unknown Apneumones 

An analysis was performed on all the compounds detected from donors when 

colonization was observed.  Compounds that were found to be present in higher 

abundance before colonization than after, were identified.  The total area of each 
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identified compound prior to colonization was divided by the total area after colonization, 

providing a ratio value.  A value of infinity is considered to be the best as this indicates 

that the compound was only detected prior to colonization.  A high ratio, in the several 

hundreds as an example, is indicative of a compound that was present in much higher 

quantities before colonization than after colonization.  Table 4.5 shows a list of 

compounds and their ratio values during the decomposition of Pigs 1 and 2 of Chapter 4 

Study 1. 
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Compound Pig 1 Pig 2 

Sulfur dioxide 373 264 

Benzene, 1-methyl-3-(1-methylethyl)- 12 Inf 

1,2-Benzenedicarboxylic acid, butyl 2-ethylhexyl 

ester 

Inf 35 

5-Eicosene, (E)- Inf N/A 

Eicosane 262 N/A 

Isopropyl myristate Inf N/A 

Eucalyptol Inf N/A 

Squalene N/A Inf 

Nonadecane N/A Inf 

1,3,5-Cycloheptatriene N/A Inf 

p-Cymene N/A Inf 

 

Table 4.5:  The results of an analysis to determine possible unknown apneumones in 

decomposition.  Column one lists the possible apneumone, columns two and three 

give the ratio value for each compound for Pig 1 (column 2) and Pig 2 (column 3). 

High ratios indicate compounds that were mostly present prior to colonization.  

Compounds with a ratio designation of “Inf” indicate that these compounds were only 

present before colonization. 
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4.4  Discussion 

 

The results of analysis on multiple variables considered to be important to the 

decomposition process – mainly, rate of decay, dipteran colonization speed and diversity, 

VOC production, and apneumone production – show that the decomposition of pigs in 

Ontario is considered reproducible.  Chapter 2 lays out the reasons why this 

reproducibility has been determined.   The pigs that decomposed in Sydney, Australia 

were comparable to the pigs in Ontario in rate of decay, blow fly colonization rate and 

VOC class production.  While the n-value of the study performed in this chapter is only 

n=2, the similarities between the pigs in Ontario and those in Sydney suggest that the 

decomposition of the two pigs in Sydney may have been reproducible had more pig 

remains been observed.  Since the VOC analysis performed in Ontario utilized a different 

GC-MS instrument that the analysis performed in Sydney, concentrations of total VOC 

and apneumone production between the two studies cannot be compared.  It is suggested 

that further research is conducted on pigs in Australia in order to compile further data on 

the reproducibility of pig decomposition in Sydney Australia.     

In actuality, the decomposition of the pigs in Sydney, Australia were much more 

comparable to the pigs in Ontario than to the human donors in Australia.  Since current 

minPMI estimations are based on domestic pig research, this is an important finding.  

Chapter 3 results have shown that the decomposition process of the human donors could 

not be considered reproducible mostly because of large differences in rates of decay, 

colonization rates and species, and VOC class production.   In order to determine how 

easy it is to identify differences between humans and pigs when comparing the 

decomposition process, simply look at the apneumone production of Chapter 4 Pigs and 



162 

 

Chapter 3 Donor H1.  There was no significant difference in the production of all 

apneumones when comparing the two Australia pigs together.  When adding the human 

donor most similar to the pigs in rate of decomposition to the statistical analysis, we see 

that there is a significant difference seen in the most abundant apneumones, DMDS and 

DMTS.  When comparing the humans in Chapter 3 to each other, the two-way ANOVA 

tests could not be conducted on apneumones DMQS, phenol and indole.  This was 

because the detection of these apneumones for each donor was either one or two 

instances of detection or no instances at all.  Based on the apneumone statistical results 

for both Chapter 2 and 4 pigs, the production of the same apneumones: DMQS, phenol, 

and indole was more consistent pigs of both countries.  Even one human that decomposed 

most similarly to pigs, showing similar rates of decay, similar rates of colonization, and 

similar total VOC class summaries, reveals important differences when the data are 

examined more closely. 

Since decomposition research using human donors, is becoming increasingly possible 

with the introduction of new taphonomic facilities, the question remains is it better to use 

humans or pigs in decomposition research?   Through the decomposition studies 

performed in Chapters 2, 3, and 4, one glaring observation that can be seen in the 

decomposition of both human donors and pig remains is that domestic pigs have been 

shown to decompose faster than humans.  Many publications report differences between 

human and pig decomposition (11,28–31).  A recent study comparing the decomposition 

processes of rabbits, pigs and humans found that humans were more comparable to pigs 

than to rabbits but that pigs and rabbits demonstrated different decomposition patterns 

and trajectories from humans in each season based on Accumulated Degree Days and 
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Total Body Score values.  While fuzzy cluster analysis of this data grouped humans and 

pigs together and rabbits in a separate cluster, analysis of humans and pigs alone showed 

them to be in separate clusters (28).  A publication shortly after suggested that this result 

was due to the difference in body sizes between the humans and the pigs (29).  This 

publication refutes the criticism that has arisen regarding pigs as proxies for humans and 

maintains that research with pigs are still preferable because they can be better controlled 

with respect to time and cause of death and cadaver traits as well as the fact that pigs are 

readily available and reproducible (29).  Humans, however, are subject to the effects of 

routine processing of the remains, such as refrigeration, and are too dissimilar to each 

other in regards to sex, age, ethnicity, mass and other factors like disease and 

medications.  It was recommended that human remains only be used in final validation 

studies for forensic methods (29).  It should be noted, however, that the main focus of the 

study was to determine if animal cadavers can effectively substitute human cadavers with 

regards to insect colonization and taphonomy.  Focus was placed on cadaver 

decomposition and entomology and, therefore, the author did not address topics related to 

the accuracy and precision of PMI estimation techniques developed in forensic 

entomology or taphonomy (29).   

One study performed at the AFTER facility by Knobel et al (2019) compared the 

decomposition process of pigs and humans in two ways, visually and chemically (11).  

When the decomposition processes were compared visually, using Total Body Scoring 

(TBS), it was determined that the decomposition of humans were dissimilar to that of 

pigs.  Specifically, it was noted that there was a large difference in TBS determinations 

during the summer months but that this difference was less visible in the cooler winter 
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months (11).  Additionally, when comparing the decomposition processes of humans to 

that of pigs chemically, it was reported that the VOC production during the 

decomposition of pigs was much more abundant.  It was also noted that the ratios 

between compound classes for humans were not coinciding with those for the pigs over 

time (11).  The VOC ratios and classes were seen to be similar at the beginning of 

decomposition where both humans and pigs were decomposing at the same rate but as 

soon as the decomposition process began to proceed, the ratios and classes were not seen 

to be the same at any given time in decomposition again (11).  The current research being 

presented in this thesis corroborates the findings of the research presented by Knobel et 

al. where rate of decay and compound class production during the decomposition 

processes of humans and domestic pigs were not the same but are, in fact, statistically 

different.    

There is one large limitation to the current research that should be discussed.  The sample 

size of the domestic pigs observed in this research was only n=2.  The reason for this can 

be attributed to a lack of space, supplies, and time to observe a larger sample size.  Since 

this was the case, the results reported for the domestic pig decomposition in Australia and 

the differences and similarities to human decomposition, as well as to Ontario pig 

decomposition, that have been discussed are anecdotal and cannot be considered as fact 

until more research on domestic pigs in Australia is performed. 

By taking into account the compounds detected in the Chapter 4 Study 1 VOC samples as 

well as the approximate ED of colonization, a list of possible apneumones have been 

reported in this chapter.  These possible apneumones are reported as being either solely 

present prior to colonization or present in much higher concentrations before 
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colonization.  The idea is that one or some of these compounds could have been acting as 

an attractant to stimulate oviposition on female flies.  The most probable apneumone seen 

in the decomposition of the pigs in Sydney was sulfur dioxide.  The ratio assigned to this 

compound for both pigs was in the 250-350 range indicating high concentrations prior to 

colonization.  Sulfur dioxide was the only compound that was flagged as a possible 

apneumone in both pigs.  The remainder of the compounds suggested are only flagged in 

one of the two pigs.  It is suggested that these 11 compounds are tested in future research 

for attractiveness to blow fly species.  

The use of animal proxies for humans such as the domestic pig offers a medium that has 

been predictable and reproducible and so will always be useful and important to forensic 

research.  The truth is that while there are some similarities in the decomposition 

processes of humans and domestic pigs, there are also important differences.  For 

example, the post mortem interval determination was designed with humans in mind, not 

domestic pigs, and yet much of the forensic research on pigs has been performed so that 

it can contribute and be applied to human cases.  The decomposition process of humans is 

less predictable and has not been studied enough to become reproducible.  The diversity 

of human lifestyles and diets creates variables that could affect the rate of decomposition 

and colonization of humans that are not likely to be present in the domestic pig.  

Therefore, it is the recommendation of this author that many more studies on the factors 

that affect human decomposition are conducted in various areas of the world.  We are 

entering into an era where human research is becoming more common, there is no reason 

why researchers cannot begin to base methods of determining the PMI for human deaths 
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on research performed on human remains (and all the variation that exists within the 

human species). 
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Chapter 5 – Conclusion 

5.1  Conclusions and Recommendations 

The accurate estimation of time since death in death investigations, more specifically the 

minPMI, calculated from entomological data is crucial to the progress of the 

investigation.  Due to a shortage of facilities where human decomposition research can be 

performed, much of the research data that has fueled the minPMI determination has been 

performed on an analog specimen, the domestic pig.  Earlier publications on the efficacy 

of using these analogs showed promise but as human decomposition research became 

available, difference between humans and domestic pigs began to come to light.  The 

purpose of the current research was to evaluate the use of domestic pigs as analogs by 

monitoring multiple factors that affect the decomposition process such as environment, 

colonization, rate of decay and VOC production with emphasis on known apneumone 

production during the decomposition of both human and domestic pig remains.   

The decomposition of domestic pigs in Canada, n=8, showed a high instance of 

repeatability and reproducibility.  Rates of decay were seen to be parallel among all pigs, 

the rate of colonization for all pigs was fast, with short Pre-CIs, and species of colonizers 

were documented in each study, with few variations.  One should note, however, that 

since only two seasons of the year are represented in this data, further research into the 

reproducibility of primary colonizers should be conducted.  The compound class profiles 

of all Ontario pigs showed sulfur-containing compounds to be a prominent class, 

however, variations could still be seen in the remainder of the profiles and in VOC 

abundances.  When comparing the production of known apneumones, however, no 
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significant difference could be seen in the production of any of the 5 apneumones tested 

either between pigs of Study 2, showing reproducibility within the study.  There was no 

significant difference seen in the production of DMTS and DMQS, showing some 

reproducibility over a three-year gap. 

Unlike the domestic pigs in Ontario, human decomposition in Sydney, Australia, n=6, 

has proven to be more variable between donors.  The presented research showed 

decomposition rate can be influenced by donor size as well as the presence or absence of 

clothing; this information has been reported previously in literature.  The presented 

studies have also shed light on the fact that the decomposition rate could also be 

influenced by a donor’s peri-mortem health and medication usage.  Specifically, donors 

that were very likely to have been taking strong antibiotic medication prior to death 

showed evidence of prolonged early decomposition and delayed primary colonization, 

increasing the Pre-CI length.  As such, repeatability among the human donors could not 

be seen with the rate of decomposition.  Similarly, the rate of colonization and colonizing 

species did not show repeatability among the human donors.  When comparing the 

apneumone production between donors, there were significant differences in the 

production of two out of five apneumones tested – DMDS, DMTS, the most abundant 

apneumones.  The remaining three apneumones tested were produced so sporadically 

between donors that the statistical test could not be performed. 

In order to determine if the change of location influenced the differences seen between 

domestic pigs in Ontario and humans in Sydney, the decomposition of domestic pigs in 

Sydney was observed, n=2.  The rates of decomposition of the two pigs were very similar 

to each other, especially in the early to mid-decomposition stages.  These rates of decay 
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were comparable with only one of the six human donors, but comparable with all of the 

domestic pigs in Ontario.  The Pre-CIs seen with the pigs in Australia were short, this 

short Pre-CI was seen with all pigs in Ontario yet only 2 of the human donors.  One of the 

most abundant compound classes detected from the pigs in Sydney was the sulfur-

containing class, this was similar to all pigs in Ontario and only two of the six human 

donors.  The most interesting comparison to be seen, however, is the production of 

apneumones among the pigs in Sydney.  A two-way ANOVA test comparing the 

apneumone production of the two Sydney pigs showed no significant difference for all 

apneumones, however, the same test including both pigs and Donor H1 (the donor most 

similar to the pigs in rate of decomposition and compound class profile) showed a 

significant difference in the two most abundant apneumones, DMDS and DMTS.  Simply 

adding Donor H1 to the statistical test caused a significant difference to be seen.   This 

shows that the one human donor that decomposed most similarly to the domestic pigs out 

of all donors observed introduced a significant difference in the data making the 

remaining human donors even more statistically different than the domestic pigs in 

apneumone production.   

Based on the findings of this research, it can be concluded that human decomposition is 

not likely reproducible due to high variability in factors that affect decomposition.  It is 

understood why the domestic pig has been used in the past to spearhead forensic 

decomposition research since pigs provide reproducible, consistent data that have given 

way to reliable formulas to be applied to investigations and accepted in a court of law.  

The reality is that these death investigations are for human decedents and humans are 

much more variable in size, health, lifestyle and diet than domestic pigs.  These 
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variations have shown to influence the decomposition process.  As such, it is highly 

recommended that the forensic scientific community make more available opportunities 

for human decomposition research so that the influence of important factors on human 

decomposition can be determined and applied to forensic death investigations in the 

future.    

5.2  Future Research 

One observation that was made during the VOC analysis was curious but could not be 

tested further within the current studies.  The abundance of sulfur-containing compounds 

seen to be produced during decomposition is suspected to have possibly influenced the 

rates of colonization seen.  With the pigs in Sydney and Ontario, the sulfur-containing 

compounds were high, either the first or second most abundant class.  Similarly, all pigs 

showed a fast colonization rate.  Only two human donors showed sulfur-containing 

compounds as the first or second most abundant class, Donors H1 and H3.  Donor H1 

was one of two donors who had little delay in colonization.  Had Donor H3 been 

observed for primary colonizers, it is suspected that the colonization would have been 

quick.  Donor H4, who was not observed for VOC production, was the other donor that 

was colonized quickly.  It is suspected that Donor H4 would have shown high sulfur-

containing compound concentrations.  It is suggested that further research is performed to 

investigate this possible link. 

Other future research that could be performed is the investigation into the possible 

apneumones that were determined in this research.  VOCs that show a high ratio between 

pre-colonization and post-colonization periods indicate that the VOC may be an attractant 

for female blow flies looking for a place for oviposition.  Tests using 
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electroantennography can determine if the compound incites a response in blowflies 

while wind tunnel testing can determine if the compound is an attractant or repellant. 
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Appendices  

Appendix A 

A1.  Chapter 2 Temperature, ADD and Stage data for domestic pigs 

Study 1 Pig 1 

ED 
Average 
Temp ADD Stage 

0 30.23 30.23 fresh 

1 25.17 55.39 bloat 

2 26.63 82.02 bloat 

3 23.89 105.91 bloat 

4 22.78 128.69 active 

5 22.35 151.04 active 

6 21.59 172.62 advanced 

7 24.54 197.17 advanced 

8 27.39 224.55 advanced 

9 24.39 248.95 advanced 

10 21.50 270.44 advanced 

11 18.98 289.42 advanced 

12 20.02 309.44 advanced 

13 24.61 334.05 advanced 

14 20.37 354.43 advanced 

15 20.14 374.56 skeletonization 

16 23.12 397.69 skeletonization 

17 27.59 425.27 skeletonization 

18 25.80 451.07 skeletonization 

19 22.11 473.18 skeletonization 

20 24.35 497.54 skeletonization 

21 23.50 521.04 skeletonization 

22 21.42 542.46 skeletonization 

23 24.23 566.70 skeletonization 

24 22.87 589.57 skeletonization 

25 22.00 611.57 skeletonization 

26 20.75 632.32 skeletonization 

27 23.60 655.91 skeletonization 

28 22.21 678.13 skeletonization 

29 22.79 700.92 skeletonization 

30 23.48 724.40 skeletonization 
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Study 1 Pig 2 

ED 
Average 
Temp ADD Stage 

0 31.39 31.39 fresh 

1 27.77 59.16 bloat 

2 29.57 88.73 bloat 

3 26.38 115.10 bloat 

4 25.51 140.62 active 

5 25.76 166.38 active 

6 24.31 190.69 Advanced 

7 27.02 217.71 Advanced 

8 28.21 245.92 Advanced 

9 24.62 270.54 Advanced 

10 22.81 293.35 Advanced 

11 20.96 314.30 Advanced 

12 20.72 335.03 Advanced 

13 26.46 361.49 Advanced 

14 21.90 383.39 Advanced 

15 22.27 405.66 Skeletonization 

16 24.50 430.16 Skeletonization 

17 29.40 459.57 Skeletonization 

18 28.15 487.71 Skeletonization 

19 22.51 510.23 Skeletonization 

20 25.09 535.31 Skeletonization 

21 25.62 560.94 Skeletonization 

22 23.11 584.05 Skeletonization 

23 25.40 609.45 Skeletonization 

24 24.78 634.23 Skeletonization 

25 22.63 656.87 Skeletonization 

26 21.65 678.51 Skeletonization 

27 24.86 703.37 Skeletonization 

28 23.17 726.55 Skeletonization 

29 24.01 750.56 Skeletonization 

30 24.42 774.98 Skeletonization 
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Study 1 Pig 3 

ED 
Average 
Temp ADD Stage 

0 30.23 30.23 fresh 

1 25.17 55.39 bloat 

2 26.63 82.02 bloat 

3 23.89 105.91 bloat 

4 22.78 128.69 active 

5 22.35 151.04 active 

6 21.59 172.62 advanced 

7 24.54 197.17 advanced 

8 27.39 224.55 advanced 

9 24.39 248.95 advanced 

10 21.50 270.44 advanced 

11 18.98 289.42 advanced 

12 20.02 309.44 advanced 

13 24.61 334.05 advanced 

14 20.37 354.43 advanced 

15 20.14 374.56 skeletonization 

16 23.12 397.69 skeletonization 

17 27.59 425.27 skeletonization 

18 25.80 451.07 skeletonization 

19 22.11 473.18 skeletonization 

20 24.35 497.54 skeletonization 

21 23.50 521.04 skeletonization 

22 21.42 542.46 skeletonization 

23 24.23 566.70 skeletonization 

24 22.87 589.57 skeletonization 

25 22.00 611.57 skeletonization 

26 20.75 632.32 skeletonization 

27 23.60 655.91 skeletonization 

28 22.21 678.13 skeletonization 

29 22.79 700.92 skeletonization 

30 23.48 724.40 skeletonization 
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Study 2 Pig 1 

ED 
Average 
Temp ADD Stage 

0 27.18 27.18 fresh 

1 21.71 48.89 fresh 

2 21.34 70.23 bloat 

3 17.40 87.63 bloat 

4 14.81 102.44 bloat 

5 18.47 120.92 bloat 

6 18.89 139.81 active 

7 13.48 153.29 active 

8 15.61 168.90 active 

9 18.75 187.65 active 

10 20.75 208.40 advanced 

11 18.52 226.92 advanced 

12 18.51 245.42 advanced 

13 16.43 261.85 advanced 

14 18.19 280.04 advanced 

15 16.68 296.72 advanced 

16 11.61 308.33 advanced 

17 10.86 319.19 advanced 

18 13.32 332.51 advanced 

19 12.22 344.72 advanced 

20 14.71 359.43 advanced 

21 14.25 373.68 advanced 

22 15.84 389.52 advanced 

23 15.27 404.79 advanced 

24 17.09 421.88 advanced 

25 16.00 437.89 advanced 

26 16.35 454.24 advanced 

27 15.28 469.52 advanced 

28 16.18 485.70 advanced 

29 16.12 501.82 advanced 

30 14.64 516.46 advanced 

31 9.41 525.87 advanced 

32 5.80 531.67 advanced 

33 7.78 539.45 advanced 

34 12.50 551.95 Skeletonization 

35 11.92 563.87 Skeletonization 

36 7.70 571.57 Skeletonization 

37 10.11 581.68 Skeletonization 
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38 16.02 597.70 Skeletonization 

39 14.38 612.08 Skeletonization 

40 16.47 628.55 Skeletonization 

41 12.74 641.29 Skeletonization 

42 12.35 653.64 Skeletonization 

43 10.09 663.73 Skeletonization 

44 6.46 670.19 Skeletonization 

45 6.28 676.46 Skeletonization 

46 6.68 683.15 Skeletonization 

47 5.42 688.56 Skeletonization 

48 2.85 688.56 Skeletonization 

49 2.69 688.56 Skeletonization 

50 3.56 688.56 Skeletonization 

51 11.01 699.57 Skeletonization 

52 7.95 707.52 Skeletonization 

53 1.65 707.52 Skeletonization 

54 6.72 714.24 Skeletonization 

55 10.39 724.62 Skeletonization 

 

Study 2 Pig 2 

ED 
Average 
Temp ADD Stage 

0 26.384 26.384 fresh 

1 21.656 48.040 fresh 

2 20.929 68.969 bloat 

3 17.139 86.108 bloat 

4 14.628 100.737 bloat 

5 18.840 119.577 bloat 

6 18.123 137.700 active 

7 12.715 150.416 active 

8 15.807 166.223 active 

9 18.715 184.938 active 

10 20.117 205.056 active 

11 18.481 223.537 advanced 

12 18.696 242.233 advanced 

13 16.267 258.500 advanced 

14 18.205 276.704 advanced 

15 15.693 292.397 advanced 

16 11.007 303.404 advanced 

17 10.210 313.614 advanced 

18 13.016 326.630 advanced 

19 11.882 338.511 advanced 
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20 15.522 354.034 advanced 

21 14.289 368.322 advanced 

22 16.016 384.338 advanced 

23 14.663 399.001 advanced 

24 16.679 415.681 advanced 

25 15.291 430.971 advanced 

26 16.153 447.124 advanced 

27 15.796 462.920 advanced 

28 16.219 479.139 advanced 

29 16.913 496.052 advanced 

30 13.976 510.027 advanced 

31 7.341 517.369 advanced 

32 4.258 517.369 advanced 

33 7.428 524.797 advanced 

34 13.291 538.088 skeletonization 

35 11.329 549.417 skeletonization 

36 6.136 555.553 skeletonization 

37 10.731 566.284 skeletonization 

38 16.766 583.051 skeletonization 

39 14.324 597.375 skeletonization 

40 17.733 615.108 skeletonization 

41 13.248 628.355 skeletonization 

42 11.297 639.652 skeletonization 

43 8.045 647.697 skeletonization 

44 5.338 653.034 skeletonization 

45 5.326 658.360 skeletonization 

46 5.587 663.946 skeletonization 

47 4.411 663.946 skeletonization 

48 1.172 663.946 skeletonization 

49 1.236 663.946 skeletonization 

50 3.499 663.946 skeletonization 

51 12.591 676.538 skeletonization 

52 6.772 683.309 skeletonization 

53 0.181 683.309 skeletonization 

54 7.337 690.646 skeletonization 

55 11.553 702.199 skeletonization 
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Study 3 Pig 1 

ED 
Average 
Temp ADD Stage 

0 20.75 20.75 fresh 

1 14.58 35.34 bloat 

2 22.09 57.43 bloat 

3 17.15 74.58 bloat 

4 15.35 89.92 active 

5 19.00 108.92 active 

6 13.93 122.85 active 

7 16.82 139.67 active 

8 17.48 157.15 active 

9 17.62 174.77 active 

10 17.02 191.79 active 

11 18.57 210.36 advanced 

12 20.30 230.66 advanced 

13 22.55 253.21 advanced 

14 21.80 275.00 advanced 

15 15.08 290.09 advanced 

16 17.36 307.45 advanced 

17 15.63 323.08 advanced 

18 13.73 336.81 advanced 

19 16.15 352.96 advanced 

20 10.85 363.81 advanced 

21 14.15 377.96 advanced 

22 19.69 397.65 advanced 

23 14.69 412.34 advanced 

24 8.94 421.28 advanced 

25 8.71 429.98 advanced 

26 7.90 437.88 advanced 

27 13.74 451.62 advanced 

28 11.58 463.20 advanced 

29 9.47 472.67 advanced 

30 8.99 481.65 advanced 

31 10.73 492.39 advanced 

32 12.58 504.97 advanced 

33 11.32 516.28 advanced 

34 9.04 525.33 advanced 

35 8.83 534.15 advanced 

36 6.59 540.74 advanced 

37 9.80 550.55 advanced 
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38 7.69 558.23 advanced 

39 7.29 565.52 advanced 

40 5.56 571.08 advanced 

41 9.08 580.16 advanced 

42 10.55 590.71 advanced 

43 12.28 602.99 advanced 

44 7.71 610.70 advanced 

45 8.01 618.71 advanced 

46 6.78 625.49 advanced 

47 6.15 631.64 advanced 

48 10.79 642.43 advanced 

49 8.90 651.34 advanced 

50 10.53 661.86 advanced 

51 8.05 669.91 advanced 

52 9.19 679.10 advanced 

53 3.32 679.10 advanced 

54 2.70 679.10 advanced 

55 2.35 679.10 advanced 

56 5.86 684.97 advanced 

57 5.73 690.70 advanced 

58 2.39 690.70 advanced 

59 0.62 690.70 advanced 

 

Study 3 Pig 2 

ED 
Average 
Temp ADD Stage 

0 18.9 18.9 fresh 

1 14.6 33.5 fresh 

2 22.5 56.0 fresh 

3 17.2 73.2 fresh 

4 14.6 87.8 bloat 

5 18.7 106.6 bloat 

6 13.4 119.9 bloat 

7 20.8 140.7 active 

8 27.1 167.8 active 

9 22.2 190.1 active 

10 17.6 207.7 active 

11 20.1 227.7 active 

12 21.4 249.2 advanced 

13 23.9 273.0 advanced 

14 23.1 296.2 advanced 

15 17.0 313.2 advanced 
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16 18.4 331.6 advanced 

17 16.9 348.5 advanced 

18 15.3 363.8 advanced 

19 16.8 380.6 advanced 

20 12.5 393.1 advanced 

21 15.1 408.2 advanced 

22 20.8 429.0 advanced 

23 15.7 444.7 advanced 

24 10.1 454.9 advanced 

25 10.0 464.9 advanced 

26 8.8 473.7 advanced 

27 13.6 487.3 advanced 

28 12.6 499.9 advanced 

29 11.2 511.1 advanced 

30 10.3 521.4 advanced 

31 10.9 532.2 advanced 

32 12.7 545.0 advanced 

33 12.1 557.0 advanced 

34 10.1 567.1 advanced 

35 10.3 577.4 advanced 

36 8.1 585.5 advanced 

37 10.2 595.7 advanced 

38 8.7 604.4 advanced 

39 7.29 611.7 advanced 

40 5.56 617.3 advanced 

41 9.08 626.3 advanced 

42 10.55 636.9 advanced 

43 12.28 649.2 advanced 

44 7.71 656.9 advanced 

45 8.01 664.9 advanced 

46 6.78 671.7 advanced 

47 6.15 677.8 advanced 

48 10.79 688.6 advanced 

49 8.90 697.5 advanced 

50 10.53 708.0 advanced 

51 8.05 716.1 advanced 

52 9.19 725.3 advanced 

53 3.32 725.3 advanced 

54 2.70 725.3 advanced 

55 2.35 725.3 advanced 

56 5.86 731.1 advanced 

57 5.73 736.9 advanced 

58 2.39 736.9 advanced 
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59 0.62 736.9 advanced 

 

Study 3 Pig 3 

ED 
Average 
Temp ADD Stage 

0 16.26 16.26 Fresh 

1 14.12 30.37 Fresh 

2 22.93 53.30 bloat 

3 16.15 69.45 bloat 

4 15.20 84.65 bloat 

5 17.85 102.50 bloat 

6 12.51 115.01 bloat 

7 15.31 130.32 bloat 

8 15.92 146.25 bloat 

9 14.98 161.23 Active 

10 16.11 177.34 Active 

11 16.75 194.09 Active 

12 19.35 213.44 Active 

13 22.19 235.63 Active 

14 20.99 256.62 Advanced 

15 14.70 271.32 Advanced 

16 16.92 288.23 Advanced 

17 15.08 303.31 Advanced 

18 13.31 316.62 Advanced 

19 15.99 332.60 Advanced 

20 10.90 343.50 Advanced 

21 14.13 357.62 Advanced 

22 20.19 377.82 Advanced 

23 14.48 392.30 Advanced 

24 8.46 400.76 Advanced 

25 8.17 408.93 Advanced 

26 8.13 417.06 Advanced 

27 13.94 431.00 Advanced 

28 11.45 442.45 Advanced 

29 9.87 452.32 Advanced 

30 9.25 461.57 Advanced 

31 10.88 472.44 Advanced 

32 12.95 485.39 Advanced 

33 11.12 496.51 Advanced 

34 9.05 505.57 Advanced 

35 8.40 513.96 Advanced 

36 7.46 521.42 Advanced 
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37 9.76 531.18 Advanced 

38 6.93 538.12 Advanced 

39 7.29 545.40 Advanced 

40 5.56 550.96 Advanced 

41 9.08 560.04 Advanced 

42 10.55 570.59 Advanced 

43 12.28 582.87 Advanced 

44 7.71 590.58 Advanced 

45 8.01 598.59 Advanced 

46 6.78 605.38 Advanced 

47 6.15 611.53 Advanced 

48 10.79 622.32 Advanced 

49 8.90 631.22 Advanced 

50 10.53 641.75 Advanced 

51 8.05 649.79 Advanced 

52 9.19 658.99 Advanced 

53 3.32 658.99 Advanced 

54 2.70 658.99 Advanced 

55 2.35 658.99 Advanced 

56 5.86 664.85 Advanced 

57 5.73 670.58 Advanced 

58 2.39 670.58 Advanced 

59 0.62 670.58 Advanced 
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A2. Chapter 3 Temperature, ADD and Stage Data for Human Donors 

Donor H1 

Day 
Avg 
Temp ADD Stage 

0 20.75021 20.75021 fresh 

1 20.84825 41.59846 fresh 

2 23.93392 65.53238 Bloat 

3 25.30671 90.83909 Bloat 

4 24.30313 115.1422 Bloat 

5 24.22779 139.37 Bloat 

6 21.42033 160.7903 Bloat 

7 21.39004 182.1804 Active 

8 22.24308 204.4235 Active 

9 24.34821 228.7717 Active 

10 24.29617 253.0678 Active 

11 22.48067 275.5485 Active 

12 26.42579 301.9743 Active 

13 20.29671 322.271 Active 

14 18.87417 341.1452 Active 

15 19.78158 360.9268 Active 

16 18.13925 379.066 Active 

17 16.19896 395.265 Active 

18 16.44721 411.7122 Active 

19 17.33942 429.0516 Active 

20 17.08446 446.136 Active 

21 18.45546 464.5915 Active 

22 18.19129 482.7828 Active 

23 18.84833 501.6311 Active 

24 13.41692 515.048 Active 

25 17.50504 532.5531 Active 

26 18.98083 551.5339 Advanced 

27 19.33029 570.8642 Advanced 

28 18.00433 588.8685 Advanced 

29 17.70683 606.5754 Advanced 

30 18.75013 625.3255 Advanced 

31 18.59554 643.921 Advanced 

32 19.75454 663.6756 Advanced 

33 19.85567 683.5313 Advanced 

34 19.1465 702.6778 Advanced 
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35 17.94729 720.625 Advanced 

36 19.239 739.864 Advanced 

37 18.90542 758.7695 Advanced 

38 19.10488 777.8743 Advanced 

39 19.65775 797.5321 Advanced 

40 16.36671 813.8988 Advanced 

41 14.71308 828.6119 Advanced 

42 14.20567 842.8175 Advanced 

43 13.73717 856.5547 Advanced 

44 16.227 872.7817 Advanced 

45 15.74167 888.5234 Advanced 

46 16.26596 904.7893 Advanced 

47 15.00588 919.7952 Advanced 

48 15.52275 935.318 Advanced 

49 15.36838 950.6863 Advanced 

50 16.206 966.8923 Advanced 

51 14.92088 981.8132 Advanced 

52 12.52975 994.343 Advanced 

53 13.9295 1008.272 Advanced 

54 14.01117 1022.284 Advanced 

 

Donor H2 

Day 
Avg 
Temp ADD Stage 

0 19.78158 19.78158 Fresh 

1 18.13925 37.92083 Fresh 

2 16.19896 54.11979 Fresh 

3 16.44721 70.567 Fresh 

4 17.33942 87.90642 Fresh 

5 17.08446 104.9909 Fresh 

6 18.45546 123.4463 Fresh 

7 18.19129 141.6376 Fresh 

8 18.84833 160.486 Fresh 

9 13.41692 173.9029 Fresh 

10 17.50504 191.4079 Fresh 

11 18.98083 210.3888 Fresh 

12 19.33029 229.719 Bloat 

13 18.00433 247.7234 Bloat 

14 17.70683 265.4302 Bloat 

15 18.75013 284.1803 Active 

16 18.59554 302.7759 Active 

17 19.75454 322.5304 Active 
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18 19.85567 342.3861 Active 

19 19.1465 361.5326 Active 

20 17.94729 379.4799 Active 

21 19.239 398.7189 Active 

22 18.90542 417.6243 Active 

23 19.10488 436.7292 Active 

24 19.65775 456.3869 Active 

25 16.36671 472.7536 Advanced 

26 14.71308 487.4667 Advanced 

27 14.20567 501.6724 Advanced 

28 13.73717 515.4095 Advanced 

29 16.227 531.6365 Advanced 

30 15.74167 547.3782 Advanced 

31 16.26596 563.6442 Advanced 

32 15.00588 578.65 Advanced 

 

Donor H3 

Day 
Avg 
Temp ADD Stage 

0 21.48721 21.48721 Fresh 

1 22.31938 43.80658 Fresh 

2 23.45183 67.25842 Fresh 

3 20.67204 87.93046 Fresh 

4 20.81508 108.7455 Fresh 

5 22.00658 130.7521 Fresh 

6 20.70646 151.4586 Fresh 

7 20.54375 172.0023 Fresh 

8 23.29796 195.3003 Fresh 

9 24.79092 220.0912 Bloat 

10 23.61608 243.7073 Bloat 

11 23.34592 267.0532 Active 

12 20.57621 287.6294 Active 

13 20.69154 308.321 Active 

14 20.95592 329.2769 Active 

15 22.76025 352.0371 Active 

16 23.01779 375.0549 Active 

17 21.89388 396.9488 Active 

18 24.75225 421.701 Active 

19 20.35963 442.0607 Active 

20 17.92533 459.986 Active 

21 18.79183 478.7778 Active 

22 17.91146 496.6893 Active 
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23 15.66013 512.3494 Active 

24 16.29717 528.6466 Active 

25 17.20813 545.8547 Active 

26 16.75663 562.6113 Active 

27 17.87988 580.4912 Active 

28 17.63846 598.1297 Active 

29 18.18213 616.3118 Active 

30 13.16421 629.476 Active 

31 17.18658 646.6626 Active 

32 18.79983 665.4624 Advanced 

33 18.18742 683.6498 Advanced 

34 17.54621 701.196 Advanced 

35 16.92525 718.1213 Advanced 

36 18.22225 736.3435 Advanced 

37 17.91004 754.2536 Advanced 

38 19.08842 773.342 Advanced 

39 17.47008 790.8121 Advanced 

40 18.42367 809.2358 Advanced 

41 17.12604 826.3618 Advanced 

42 18.34888 844.7107 Advanced 

43 18.27896 862.9896 Advanced 

44 18.33242 881.322 Advanced 

45 19.40546 900.7275 Advanced 

46 16.17488 916.9024 Advanced 

47 14.52829 931.4307 Advanced 

48 14.20229 945.633 Advanced 

49 13.40429 959.0373 Advanced 

50 15.80842 974.8457 Advanced 

51 15.4365 990.2822 Advanced 

52 15.95263 1006.235 Advanced 

53 14.62533 1020.86 skeletonization 

 

Donor H4 

Day 
Avg 
Temp ADD Stage 

0 14.62533 14.62533 Fresh 

1 15.15625 29.78158 Fresh 

2 14.99333 44.77492 Fresh 

3 15.70163 60.47654 Fresh 

4 15.20979 75.68633 Fresh 

5 11.86963 87.55596 Fresh 

6 13.28117 100.8371 Fresh 
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7 13.34192 114.179 Fresh 

8 12.88942 127.0685 Fresh 

9 14.48992 141.5584 Bloat 

10 15.77333 157.3317 Bloat 

11 14.96229 172.294 Bloat 

12 15.19571 187.4897 Bloat 

13 12.64921 200.1389 Bloat 

14 12.35271 212.4916 Bloat 

15 14.50292 226.9945 Bloat 

16 15.59175 242.5863 Bloat 

17 17.00167 259.588 Bloat 

18 15.05192 274.6399 Bloat 

 

Donor H5 

Day 
Avg 
Temp ADD Stage 

0 24.4302 24.4302 Fresh 

1 22.46867 46.89887 Fresh 

2 24.29454 71.19341 Bloat 

3 22.64867 93.84208 Bloat 

4 23.32429 117.1664 Bloat 

5 23.30517 140.4715 Bloat 

6 21.30054 161.7721 Bloat 

7 22.47163 184.2437 Bloat 

8 22.18779 206.4315 Bloat 

9 21.27092 227.7024 Bloat 

10 23.91979 251.6222 Bloat 

11 22.1235 273.7457 Bloat 

12 22.76071 296.5064 Bloat 

13 21.67033 318.1767 Bloat 

14 22.24133 340.4181 Bloat 

15 24.15296 364.571 Bloat 

16 26.19321 390.7642 Bloat 

17 26.59029 417.3545 Bloat 

18 20.97108 438.3256 Bloat 

19 21.4545 459.7801 Active 

20 19.20288 478.983 Active 

21 18.30025 497.2832 Active 

22 16.83829 514.1215 Active 

23 19.09617 533.2177 Active 

24 20.52738 553.7451 Active 

25 19.68325 573.4283 Active 
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26 18.70025 592.1286 Active 

27 19.13804 611.2666 Active 

28 17.67733 628.944 Active 

29 19.3205 648.2645 Active 

30 18.03717 666.3016 Active 

31 16.35871 682.6603 Active 

32 17.09554 699.7559 Active 

33 15.00421 714.7601 Active 

34 14.91879 729.6789 Active 

35 14.28946 743.9683 Active 

36 16.24104 760.2094 Active 

37 18.39075 778.6001 Active 

38 13.54625 792.1464 Active 

39 12.94054 805.0869 Active 

40 14.276 819.3629 Advanced 

41 14.89508 834.258 Advanced 

42 15.68567 849.9437 Advanced 

43 15.3575 865.3012 Advanced 

44 11.84621 877.1474 Advanced 

45 16.50667 893.654 Advanced 

46 16.67196 910.326 Advanced 

47 16.20054 926.5265 Advanced 

48 14.05821 940.5847 Advanced 

49 14.4985 955.0832 Advanced 

50 12.61838 967.7016 Advanced 

51 11.51258 979.2142 Advanced 

52 11.93638 991.1506 Advanced 

53 11.05921 1002.21 Advanced 

54 12.62575 1014.836 Advanced 

55 13.16658 1028.002 Advanced 

56 13.36063 1041.363 Advanced 

57 13.65792 1055.021 Advanced 

58 15.33367 1070.354 Advanced 

 

Donor H6 

Day 
Avg 
Temp ADD Stage 

0 18.39075 18.39075 Fresh 

1 13.54625 31.937 Fresh 

2 12.94054 44.87754 Fresh 

3 14.276 59.15354 Fresh 

4 14.89508 74.04863 Fresh 
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5 15.68567 89.73429 Fresh 

6 15.3575 105.0918 Fresh 

7 11.84621 116.938 Fresh 

8 16.50667 133.4447 Fresh 

9 16.67196 150.1166 Fresh 

10 16.20054 166.3172 Fresh 

11 14.05821 180.3754 Fresh 

12 14.4985 194.8739 Fresh 

13 12.61838 207.4923 Fresh 

14 11.51258 219.0048 Fresh 

15 11.93638 230.9412 Fresh 

16 11.05921 242.0004 Fresh 

17 12.62575 254.6262 Fresh 

18 13.16658 267.7928 Fresh 

19 13.36063 281.1534 Fresh 

20 13.65792 294.8113 Fresh 

21 15.33367 310.145 Fresh 

22 12.03767 322.1826 Fresh 

23 11.93542 334.118 Fresh 

24 12.52033 346.6384 Fresh 

25 14.29467 360.933 Fresh 

26 13.28917 374.2222 Fresh 

27 9.88675 384.109 Fresh 

 

A3. Chapter 4 Temperature, ADD and Stage Data for Domestic Pigs (Sydney) 

Study 1 Pig 1 

Day 
Avg 
Temp ADD Stage 

0 20 20.36 Fresh 

1 18 38.28 Fresh 

2 19 57.08 Bloat 

3 18 74.99 Bloat 

4 16 90.65 Bloat 

5 16 106.95 Bloat 

6 17 124.15 Bloat 

7 17 140.91 Bloat 

8 18 158.79 Bloat 

9 18 176.43 Active 

10 18 194.61 Active 

11 13 207.77 Active 

12 17 224.96 Active 

13 19 243.76 Active 
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14 18 261.95 Active 

15 18 279.50 Active 

16 17 296.42 Active 

17 18 314.64 Advanced 

18 18 332.55 Advanced 

19 19 351.64 Advanced 

20 17 369.11 Advanced 

21 18 387.53 Advanced 

22 17 404.66 Advanced 

23 18 423.01 Advanced 

24 18 441.29 Advanced 

25 18 459.62 Advanced 

26 19 479.03 Advanced 

27 16 495.20 Advanced 

28 15 509.73   

29 14 523.93   

30 13 537.34   

31 16 553.14   

32 15 568.58   

33 16 584.53   

34 15 599.16   

35 15 614.32   

36 15 629.31   

37 16 645.01   

38 15 660.22   

39 12 672.09   

40 13 685.37   

41 13 698.71   

42 13 711.60   

43 14 726.09   

44 16 741.87   

45 15 756.83   

46 15 772.02   

47 13 784.67   

48 12 797.03   

49 15 811.53   

50 16 827.12   

51 17 844.12   

52 15 859.17   

53 15 873.92   

54 16 890.09   

55 15 905.04   
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Study 1 Pig 2 

Day 
Avg 
Temp ADD Stage 

0 20.36 20.36 Fresh 

1 17.93 38.28 Fresh 

2 18.79 57.08 Fresh 

3 17.91 74.99 Fresh 

4 15.66 90.65 Bloat 

5 16.30 106.95 Bloat 

6 17.21 124.15 Bloat 

7 16.76 140.91 Bloat 

8 17.88 158.79 Bloat 

9 17.64 176.43 Bloat 

10 18.18 194.61 Active 

11 13.16 207.77 Active 

12 17.19 224.96 Active 

13 18.80 243.76 Active 

14 18.19 261.95 Active 

15 17.55 279.50 Active 

16 16.93 296.42 Active 

17 18.22 314.64 Active 

18 17.91 332.55 Active 

19 19.09 351.64 Active 

20 17.47 369.11 Active 

21 18.42 387.53 Active 

22 17.13 404.66 Active 

23 18.35 423.01 Active 

24 18.28 441.29 Active 

25 18.33 459.62 Active 

26 19.41 479.03 Active 

27 16.17 495.20 Advanced 

28 15 509.73   

29 14 523.93   

30 13 537.34   

31 16 553.14   

32 15 568.58   

33 16 584.53   

34 15 599.16   

35 15 614.32   

36 15 629.31   
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37 16 645.01   

38 15 660.22   

39 12 672.09   

40 13 685.37   

41 13 698.71   

42 13 711.60   

43 14 726.09   

44 16 741.87   

45 15 756.83   

46 15 772.02   

47 13 784.67   

48 12 797.03   

49 15 811.53   

50 16 827.12   

51 17 844.12   

52 15 859.17   

53 15 873.92   

54 16 890.09   

55 15 905.04   
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Appendix B 

B1.  Full VOC Compound Class figures for Chapter 2 
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B2.  Full VOC Compound Class figures for Chapter 3 
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B3.  Full VOC Compound Class figures for Chapter 4 

 

 

 

0

5

10

15

20

25

30

35

40

45

A
ci

d

A
lc

o
h

o
l

A
ld

eh
yd

e

A
lk

an
e

A
lk

en
e

A
lk

yn
e

A
m

id
e

A
m

in
e

A
ro

m
at

ic
 a

ci
d

A
ro

m
at

ic
 a

lc
o

h
o

l

A
ro

m
at

ic
 a

ld
eh

yd
e

A
ro

m
at

ic
 a

m
id

e

A
ro

m
at

ic
 c

yc
lic

A
ro

m
at

ic
 e

st
er

A
ro

m
at

ic
 h

al
id

e

A
ro

m
at

ic
 h

yd
ro

ca
rb

o
n

A
ro

m
at

ic
 k

et
o

n
e

C
ar

b
o

xy
lic

 a
ci

d

C
yc

lic

Es
te

r

Et
h

e
r

H
al

id
e

h
yd

ra
zi

d
e

K
et

o
n

e

N
it

ro
ge

n
o

u
s

Si
lic

o
n

Su
lp

h
u

ro
u

s

Te
rp

e
n

e

N
o

rm
al

iz
ed

 A
re

a/
L

Compound Class

Summary of VOC Production by Class and Stages of 
Decomposition for Study 1 Pig 1

Fresh

Bloat

Active

Advanced



203 

 

 

 

  

0

2

4

6

8

10

12

14

16
N

o
rm

al
iz

ed
 A

re
a/

L

Compound Class

Summary of VOC Production by Class and Stages of 
Decomposition for Study 1 Pig 2

Fresh

Bloat

Active

Advanced



204 

 

Appendix C 

C1.  A complete list of compounds detected from decomposition VOC samples 

 

Phosphonic acid, (p-hydroxyphenyl)- 

1-Butanol 

1-Butanol, 3-methyl- 

1-Hexanol 

1-Hexanol, 2-ethyl- 

1-Pentanol 

Phenylethyl Alcohol 

(-)-cis-Isopiperitenol 

(-)-Myrtenol 

1,2:5,6-Dianhydrogalactitol 

1,2-Oxaphospholan-3-ol, 2-ethoxy-3,5,5-trimethyl-, 2-oxide, cis- 

1,4-Butanediol 

1,8-Nonadien-3-ol 

10-Chloro-1-decanol, chlorodifluoroacetate 

1-Ethynyl-3,trans(1,1-dimethylethyl)-4,cis-methoxycyclohexan-1-ol 

1-Heptatriacotanol 

1-Hexadecanol, 2-methyl- 

1-Hexanol, 2,2-dimethyl- 

1-Hexen-3-ol, 5-nitro-1-phenyl-, (R*,R*)- 

1-Methyl-2-pyrrolidineethanol 

1-Octanol 

1-Octyn-3-ol 

1-Octyn-3-ol, 4-ethyl- 

1-Pentanol, 2,2-dimethyl- 

1-Tetradecanol 

1-Tricosanol 

2-Cyclopropyl-2-nitro-1-phenyl-ethanol 

2-Decen-1-ol 

2-Decen-1-ol, (E)- 

2-Nonen-1-ol 

2-Octen-1-ol, (E)- 

2-Octen-1-ol, (Z)- 

2-Oxepanol, 5-(1,1-dimethylethyl)- 

2-Propanol, 1-amino- 

3-(Pyrrolidin-1-yl)cyclopent-2-en-1-one 

3,6-Dimethyl-1-heptyn-3-ol 

3-Cyclohexen-1-ol, 1-methyl- 

5,8,11-Heptadecatrien-1-ol 
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5-Methyl-1,5-hexadien-3-ol 

Bicyclo[2.2.1]heptane-2,5-diol, 1,7,7-trimethyl-, (2-endo,5-exo)- 

Cyclopentanol 

Cyclopropanemethanol, .alpha.,.alpha.-dimethyl-2-methylene- 

Ethanol, 2-(2-butoxyethoxy)- 

Ethanol, 2-butoxy- 

Ethanol, 2-nitro-, propionate (ester) 

Isolongifolol 

n-Nonadecanol-1 

(1-Allylcyclopropyl)methanol 

(3-Ethynyl-3-methyloxiran-2-yl)methanol 

1,2,4-Cyclopentanetriol 

1,2-Cyclooctanediol 

1,5-Cyclooctanediol, diacetate 

1,6-Cyclodecadiene-4,9-diol 

13-Tetradece-11-yn-1-ol 

1-Butanol, 2-methylene-, acetate 

1-Cyclohexyl-2-propen-1-ol 

1-Methyl-3-piperidinemethanol 

1-Methyl-4-[nitromethyl]-4-piperidinol 

1-Octanol, 2-butyl- 

1-Octanol, 2-nitro- 

1-Pentanol, 5-cyclopropylidene- 

2,2,2-Trichloro-1-(2-nitrophenylthioamino)ethanol 

2,3-Hexadien-5-ol 

2,4a,5,8a-Tetramethyl-1,2,3,4,4a,7,8,8a-octahydronaphthalen-1-ol 

2,4-Hexadien-1-ol 

2,5-Cyclooctadien-1-ol 

2,6,10-Dodecatrien-1-ol, 3,7,11-trimethyl- 

2,6-Cyclooctadien-1-ol, acetate 

2,6-Naphthalenediol, 1,5-bis[[3-(4-methylpiperazino)propylimino]methyl]- 

2,6-Octadien-1-ol, 2,7-dimethyl- 

2-Benzyloxy-4-bromobutane-1,3-diol 

2-Heptyn-1-ol 

2-Nitrohept-2-en-1-ol 

2-Oxaadamantan-6-ol 

2-Pentanol, 3-chloro-4-methyl-, (R*,R*)-(.+/-.)- 

2-Propanol, 1-[(1-methyl-2-propynyl)oxy]-, acetate 

3,4-Pyridinedimethanol, 6-methyl- 

3,5-Hexadien-2-ol 

3,9-Dimethyltricyclo[4.2.1.1(2,5)]decan-9-ol 

3-Azonia-5-hexene-1-ol, N,N-dimethyl-, carbamate ester, bromide 

3-Decyn-2-ol 
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3-Hepten-1-ol 

3-Methyl-6-hepten-1-yn-3-ol 

3-Octyn-1-ol 

4,7-Methano-1H-inden-1-ol, octahydro- 

4-Chloro-3-methylbut-2-en-1-ol 

4-Ethynyl-6,8-dioxabicyclo[3.2.1]oct-2-en-4-ol 

4-Methyl-cyclohex-2-en-1-ol 

4-Penten-1-ol, 3-methyl- 

5-(Methylthio)-2-phenylpent-4-en-2-ol 

5,7-Dodecadiyn-1,12-diol 

5-Isopropenyl-1,2-dimethylcyclohex-2-enol 

5-Methyl-1-hexyn-3-ol 

Bicyclo[2.1.1]hexan-2-ol, 2-ethenyl- 

Bicyclo[2.2.0]hex-1-yl-methanol 

Bicyclo[2.2.1]heptan-2-ol, 3-amino-1,7,7-trimethyl-, (endo,endo)- 

Bicyclo[2.2.1]heptan-2-ol, 7,7-dimethyl-, acetate 

Bicyclo[3.1.1]heptan-3-ol, 2,6,6-trimethyl-, (1.alpha.,2.beta.,3.alpha.,5.alpha.)- 

Bicyclo[3.1.1]heptan-3-ol, 2,6,6-trimethyl-, [1R-(1.alpha.,2.beta.,3.alpha.,5.alpha.)]- 

Bicyclo[3.2.1]octan-6-ol, exo- 

Bicyclo[4.1.0]heptan-2-ol, (1.alpha.,2.beta.,6.alpha.)- 

cis,trans-5,9-Cyclododecadiene-cis-1,2-diol 

Cyclodecanol, acetate 

Cyclohexanol, 1-methyl-4-(1-methylethenyl)- 

Cyclohexanol, 3-(acetyloxymethyl)-2,2,4-trimethyl- 

Cyclohexanol, 3-ethenyl-3-methyl-2-(1-methylethenyl)-6-(1-methylethyl)-, [1R-
(1.alpha.,2.alpha.,3.beta.,6.alpha.)]- 

Cyclooctanol, acetate 

Cyclopentene-1-methanol 

Ethanol, 1-(methylencyclopropyl)- 

Ethanol, 2-(9-octadecenyloxy)-, (Z)- 

Heptan-2-ol, 5-(2-tetrahydrofurfuryl)- 

Pyrazol-5-ol, 3-(3,4,5-trimethoxyphenyl)- 

Tricyclo[5.2.1.0(1,5)]decane-8,9-diol 

cis-2-Ethyl-2-hexen-1-ol 

2,6-Nonadien-1-ol 

2-Octyn-1-ol 

1,2,6-Hexanetriol 

1-Pentyn-3-ol, 3-methyl- 

2-Butyn-1-ol, 4-methoxy- 

2-Hepten-1-ol, (Z)- 

3-Penten-1-ol, 2-methyl- 

Gentamicin a 

9.alpha.-Fluoro-17.alpha.-methyl-4-androsten-3.alpha., 6.beta.,11.beta.,17.beta.-tetra-ol 
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p-Menthane-1,2,3-triol 

3-(Benzyloxymethyl)hex-5-ene-1,2-diol 

3-Hexene-2,5-diol 

Perhydrocyclopropa[e]azulene-4,5,6-triol, 1,1,4,6-tetramethyl 

11-Oxa-dispiro[4.0.4.1]undecan-1-ol 

2-Buten-1-ol, 2-ethyl-4-(2,2,3-trimethyl-3-cyclopenten-1-yl)- 

1-Methyl-8-propyl-3,6-diazahomoadamantan-9-ol 

1-ethyl-4-(2-methylallyl)piperidin-4-ol 

Hexanol-1, 6-cyclohexyl- 

1-Pentanol, 2,4-dimethyl-, (.+/-.)- 

2-Nonen-1-ol, (E)- 

trans-2-Ethyl-2-hexen-1-ol 

1,3,5-Pentanetriol, 3-methyl- 

Cycloheptanol, 2-chloro-, trans- 

1,3-Propanediol, 2-ethyl-2-(hydroxymethyl)- 

2-Hexyn-1-ol 

3-Nonen-1-ol, (Z)- 

2-Nonen-1-ol, (Z)- 

3-Octen-1-ol, (E)- 

(2,2,6-Trimethyl-bicyclo[4.1.0]hept-1-yl)-methanol 

2-Pentanol, 1-(2-methylenecyclopropyl)-4-methyl- 

Glycidol 

1-Octanol, 2,7-dimethyl- 

1-Penten-3-ol, 4-methyl- 

2-Penten-1-ol, 4-methyl- 

4-Cyclopentene-1,3-diol, cis- 

Methyl Alcohol 

2-Chloroethanol 

Ethanol 

Isopropyl Alcohol 

1-Propanol 

1-Propanol, 2-methyl- 

2-Butanol 

(R)-(-)-3-Methyl-2-butanol 

2-Pentanol 

1-Pentanol, 4-methyl- 

1-Octen-3-ol 

1-Pentanol, 2-ethyl-4-methyl- 

1-Dodecanol, 3,7,11-trimethyl- 

3,7,11,15-Tetramethyl-2-hexadecen-1-ol 

18-Nonadecen-1-ol 

6,11-Dimethyl-2,6,10-dodecatrien-1-ol 

1-Eicosanol 
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1-Hexadecanol 

Propylene Glycol 

2-Butanol, (R)- 

4-Penten-2-ol 

2-Hexanol, methyl ether 

Butanal, 3-methyl- 

Decanal 

Heptanal 

Hexanal 

Nonanal 

Pentanal 

(E,Z,Z)-2,4,7-Tridecatrienal 

10-Undecenal 

13-Tetradecenal 

2,4-Nonadienal, (E,E)- 

2-Dodecenal, (E)- 

2-Heptenal, (E)- 

2-Methyl-oct-2-enedial 

2-Octenal, (E)- 

2-Pentenal, 2-methyl- 

2-Propenal, 3-phenyl- 

4-Octadecenal 

Cinnamaldehyde, (E)- 

cis,cis-7,10,-Hexadecadienal 

Cyclobarbital 

Cyclohexanecarboxaldehyde 

E-15-Heptadecenal 

Octadecanal, 2-bromo- 

Octanal 

Pentanal, 2,3-dimethyl- 

Pentanal, 2-methyl- 

Undecanal, 2-methyl- 

1,2-Cyclohexanedicarboxaldehyde 

2,6-Nonadienal, 3,7-dimethyl- 

2-[4-methyl-6-(2,6,6-trimethylcyclohex-1-enyl)hexa-1,3,5-trienyl]cyclohex-1-en-1-
carboxaldehyde 

2-Methyl-4-octenal 

9,12,15-Octadecatrienal 

cis-4-Decenal 

Hexanal, 2-chloro- 

Pentanal, 5-(methylenecyclopropyl)- 

Succindialdehyde 

4-(2,2-Dimethyl-6-methylenecyclohexyl)butanal 
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5-Deoxypyridoxal 

9,12-Octadecadienal 

Cyclopropanecarboxaldehyde, 2-methyl-2-(4-methyl-3-pentenyl)-, trans-(.+-.)- 

2-Hexenal, (E)- 

3-[(3-Hydroxyphenyl)amino]-2-nitroprop-2-enal 

Nonanal, 3-(methylthio)- 

3,5-Heptadienal, 2-ethylidene-6-methyl- 

Formaldehyde 

Acetaldehyde 

Propanal 

Butanal 

Butanal, 2-methyl- 

2-Heptenal, (Z)- 

2-n-Butylacrolein 

2-Propenal 

Methacrolein 

Heptane, 2,4-dimethyl- 

Undecane 

Eicosane 

1,2-15,16-Diepoxyhexadecane 

13-Oxabicyclo[9.3.1]pentadecane, 15-chloro- 

1-Fluorononane 

2-Azido-2,4,4,6,6-pentamethylheptane 

3,7-Diazabicyclo[3.3.1]nonane, 3,7-dimethyl- 

6,7-Dioxabicyclo[3.2.1]octane, 1-methyl- 

7,7,9,9,11,11-Hexamethyl-3,6,8,10,12,15-hexaoxa-7,9,11-trisilaheptadecane 

Bicyclo[3.1.0]hexane, 4-methylene-1-(1-methylethyl)- 

Butane 

Butane, 1-chloro-3-methyl- 

Cyclobutane, 1,2,3,4-tetramethyl- 

Cyclododecane 

Cyclohexadecane 

Cyclohexane, 1,1'-(2-methyl-1,3-propanediyl)bis- 

Cyclopropane, 1-(diethoxymethyl)-2-methylene- 

Cyclopropane, 1,1,2,3-tetramethyl- 

Cyclotetradecane 

Decane, 4-methyl- 

Dodecane 

Dodecane, 1,2-dibromo- 

Dodecane, 5,8-diethyl- 

Eicosane, 7-hexyl- 

Heptadecane 

Heptadecane, 9-hexyl- 
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Heptadecane, 9-octyl- 

Heptane, 2,3-dimethyl- 

Heptane, 2,5-dimethyl- 

Heptane, 3,5-dimethyl- 

Hexadecane 

Hexadecane, 1,1-bis(dodecyloxy)- 

Hexadecane, 1-chloro- 

Hexadecane, 2,6,10,14-tetramethyl- 

Hexane, 1-(hexyloxy)-2-methyl- 

Hexane, 2,3,4-trimethyl- 

Hexane, 2,3,5-trimethyl- 

Hexane, 4-ethyl-2-methyl- 

Nonane 

Octadecane 

Octadecane, 1-(ethenyloxy)- 

Octadecane, 1-chloro- 

Octadecane, 3-ethyl-5-(2-ethylbutyl)- 

Octane, 2,5-dimethyl- 

Octane, 2-chloro- 

Octane, 3-ethyl- 

Octane, 4,5-diethyl- 

Octane, 4-methyl- 

Pentacosane 

Pentadecane 

Pentane, 3-ethyl-2,4-dimethyl- 

Spiro[bicyclo[2.2.1]heptane-2,2'-[1,3]dioxolane]-3-one, 1,7,7-trimethyl- 

Tetradecane 

Tetradecane, 2,6,10-trimethyl- 

Tridecane 

Undecane, 2,4-dimethyl- 

(4-Methoxymethoxy-hex-5-ynylidene)-cyclohexane 

2,6-Dimethyl-6-heptafluorobutyryloxyoctane 

2-Oxatricyclo[4.3.1.0(3,8)]decane 

3,8-Dioxatricyclo[5.1.0.0(2,4)]octane, 4-ethenyl- 

4-Cyclopropylcarbonyloxytridecane 

5,10-Dioxatricyclo[7.1.0.0(4,6)]decane 

5,5-Dimethyl-1-vinylbicyclo[2.1.1]hexane 

7-Oxabicyclo[4.1.0]heptane, 1-methyl-4-(2-methyloxiranyl)- 

9-Borabicyclo[3.3.1]nonane, 9-mercapto- 

Butane, 1-chloro-2-methyl- 

Cyclohexane, 1-(cyclohexylmethyl)-4-methyl-, cis- 

Cyclohexane, 1,2,4-trimethyl- 

Heptane, 3-(chloromethyl)- 
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Hexane, 1,6-dicyclohexyl- 

Hexane, 3-methyl- 

Oxane, 4-(1-hydroxy-2-dimethylaminoethyl)-4-(3,4-dimethoxyphenyl)- 

Oxetane, 3,3-dimethyl- 

Pentane, 1,2-dichloro- 

Pentane, 1-chloro- 

Propane, 1,2-dichloro-2-methyl- 

Tetradecane, 1-chloro- 

Cyclohexane, (2-nitro-2-propenyl)- 

1,4-Dimethyl-5-oxabicyclo[2.1.0]pentane 

3-Methyl-2,4,10-trioxatricyclo[3.3.1.1alanan3,7alanan]decane peak 2 

Spiro[bicyclo[3.3.0]octan-6-one-3-cyclopropane] 

Cyclopentane, 1-acetoxymethyl-3-isopropenyl-2-methyl- 

Hexane, 2,4-dimethyl- 

Octadecane, 6-methyl- 

9-Oxabicyclo[6.1.0]nonane 

Decane, 2,3,5,8-tetramethyl- 

1,8-Dichlorooctane 

Ethane 

Trichloromethane 

Decane 

Octane, 3,5-dimethyl- 

Nonadecane 

Propane, 2,2-dimethoxy- 

Heptane 

2,2-Dimethoxybutane 

2,4-Dithiapentane 

Octane, 2,4,6-trimethyl- 

Dodecane, 2,6,10-trimethyl- 

Heptadecane, 2,6-dimethyl- 

Tetradecane, 1-iodo- 

Heptadecane, 2-methyl- 

2-methyltetracosane 

1-Iodo-2-methylundecane 

Dotriacontane 

Dodecane, 2-methyl- 

Octane 

n-Hexane 

Heneicosane 

Undecane, 2-methyl- 

Pentane 

Cyclopropane, ethylidene- 

Methane, isocyanato- 
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Heptacosane 

Butane, 2-methyl- 

Cyclopropane, 1-ethyl-2-methyl-, cis- 

Cyclopropane, ethyl- 

Cyclopentane 

Butane, 2,2,3,3-tetramethyl- 

Heptane, 3-methylene- 

Hexane, 3-ethyl- 

1,5,5-Trimethyl-6-methylene-cyclohexene 

1,6-Octadiene, 3-ethoxy-3,7-dimethyl- 

1-Dodecene 

1H-3a,7-Methanoazulene, octahydro-1,4,9,9-tetramethyl-, 
(1.alpha.,3a.alpha.,4.beta.,7.alpha.,8a.beta.)- 

1-Octadecene 

1-Octene, 4-methyl- 

1-Tetradecene 

2,7-Dioxatricyclo[4.4.0.0(3,8)]dec-4-ene 

2-Pentene, 2,4-dimethyl- 

2-Pentene, 3,4-dimethyl-, (E)- 

3-Heptene, 2,2,4,6,6-pentamethyl- 

3-Hexene, 1-(1-ethoxyethoxy)-, (Z)- 

4-Octene, (E)- 

4-Undecene, 7-methyl- 

Cetene 

Cyclopentene, 1-(1-methylethyl)- 

Cyclopentene, 4-methyl- 

Dibenzo[b,e]7,8-diazabicyclo[2.2.2]octa-2,5-diene 

Z,Z,Z-1,4,6,9-Nonadecatetraene 

1,2-Epoxy-5,9-cyclododecadiene 

1,3,5-Cyclooctatriene 

1,3-Cyclopentadiene, 5-(1-methylethylidene)- 

1,4,8-Triazaspiro[4.5]decan-1-ene, 2,3,3,7,7,9,9-heptamethyl-, 1-oxide 

1-Cyclohexene, 1-ethynyl- 

1-Pentene, 5-nitro- 

2-Pentene 

4-Oxatetracyclo[6.2.1.0(2,7).0(3,5)]undec-9-ene (endo)- 

9,10-Diazatetracyclo[6.2.0(2,7).0(3,6).0(5,8)]dec-9-ene, N1-oxide 

Cyclohexene, 1-methyl-5-(1-methylethenyl)- 

Cyclohexene, 4-isopropenyl-1-methoxymethoxymethyl- 

Dicyclopentadiene diepoxide 

Z-1,9-Hexadecadiene 

2-Hexene, 6-nitro- 

7-Oxa-8-aza-tetracyclo[4.3.0(1,6).0(2,4).0(3,5)]non-8-ene 
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Cyclohexene, 6-butyl-1-nitro- 

Z,Z,Z-4,6,9-Nonadecatriene 

Spiro[2.7]dec-4-ene, 1,1,5,6,6,9,9-heptamethyl-10-methylene- 

1,2-Hexadiene, 5-methyl- 

2-Hexene, 2,5,5-trimethyl- 

3-Methyl-2-hexene 

Cyclohexene, 1-methyl-4-(1-methylethenyl)-, (S)- 

(1S)-2,6,6-Trimethylbicyclo[3.1.1]hept-2-ene 

Bicyclo[3.1.0]hex-2-ene, 4-methyl-1-(1-methylethyl)- 

1-Propene, 2-methoxy- 

2-Tridecene, (Z)- 

3-Tridecene, (Z)- 

1-Octene, 3,7-dimethyl- 

2-Hexadecene, 2,6,10,14-tetramethyl- 

4-Tetradecene, (E)- 

7-Hexadecene, (Z)- 

1-Docosene 

5-Eicosene, (E)- 

Z-1,9-Tetradecadiene 

Cyclopentene, 3-undecyl- 

1-Nonadecene 

Cyclohexene, 3-nonyl- 

(2Z,4E)-3,7,11-Trimethyl-2,4-dodecadiene 

1,13-Tetradecadiene 

cis-2-Methyl-7-octadecene 

Supraene 

Ethylene oxide 

Spiro[2,4]hepta-4,6-diene 

2,4,6,8-Tetramethyl-1-undecene 

3-Hexene, (Z)- 

1-Hexene 

1,3,5-Cycloheptatriene 

Cyclohexene, 3,3,5-trimethyl- 

Cyclohexene, 3,5,5-trimethyl- 

1-Heptene 

2-Pentene, (E)- 

1-Heptyne 

1,5-Decadiyne 

1-Decen-4-yne, 2-nitro- 

1-Octadecyne 

2,4-Hexadiyne 

5-Tetradecen-3-yne, (E)- 

1,3-Decadiyne 
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1,4-Decadiyne 

1H-Benzo[b]1,4-diazepin-2(3H)-one, 4,5-dihydro-7-amino-4,5-dimethyl- 

2,8-Decadiyne 

1,5-Heptadien-3-yne 

2-Heptyne 

3-Decen-1-yne, (Z)- 

3-Decen-1-yne, (E)- 

3-Cyclopentyl-1-propyne 

1-Cyclopropyl-3,4-epoxyhex-5-en-1-yne 

Phenylethyne 

3-Octadecyne 

3-Hexadecyne 

Acetamide, N-methyl- 

2-(4-Hydroxy-6,7-dihydro-5H-cyclopentapyrimidin-2-ylsulfanyl)-N-(4,5,6,7-
tetrahydrobenzothiazol-2-yl) acetamide 

Acetamide, N-[2-(acetyloxy)-1-methyl-2-phenylethyl]-N-methyl- 

Acetamide, N-[2,2,2-trichloro-1-(5-oxo-4-phenyl-5,6-dihydro-4H-[1,3,4]thiadiazin-2-
ylamino)ethyl]- 

Acetamide, N-methyl-N-[4-(1-hexahydropyridyl)-2-butynyl]- 

Acetamide, N-methyl-N-[4-(3-hydroxypyrrolidinyl)-2-butynyl]- 

But-2-enoylamide, 3-methyl-N-(2-phenylethyl)-N-ethyl- 

Hydrazinecarboxamide, 2-(2,6-cyclooctadien-1-ylidene)- 

Tertbutyloxyformamide, N-methyl-N-[4-(1-pyrrolidinyl)-2-butynyl]- 

2-(3-Oxo-2-pent-2-enylcyclopentyl)acetamide 

Acetamide, 2,2,2-trifluoro- 

Acetamide, 2-chloro-N-(3-cyano-4,6-dihydro-4,4,6,6-tetramethylthieno[2,3-c]furan-2-yl)- 

Acetamide, N-methyl-N-[4-[4-fluoro-1-hexahydropyridyl]-2-butynyl]- 

Cyclohexanecarboxamide, N-furfuryl- 

Cyclohexanecarboxamide, N-hydroxy-2(E)-2,4-pentadienyl- 

Cyclopropane-1-carboxamide, 2-(2,2-dichloroethenyl)-3,3-dimethyl-N-cyclohexyl- 

Formamide, N-methyl-N-4-[1-(pyrrolidinyl)-2-butynyl]- 

N-(2,5-Dicyano-3,4-dihydro-2H-pyrrol-2-yl)-acetamide 

Propanamide, 3-(3,4-dimethylphenylsulfonyl)- 

Propanamide, 3-(4-chlorophenyl)-3-hydroxy- 

Trifluoroacetamide, N-isopropyl-N-propyl- 

Cyclopentanemethylamine, 2-isopropylidene-N,N,5-trimethyl-, (1R,5R)-(-)- 

N,N-Dimethyldodecanamide 

Acetamide, 2-amino- 

Acetamide, N,N'-ethylenebis(N-nitro- 

(-)-Norephedrine 

(.+/-.)-p-Methoxyamphetamine, N-trifluoroacetyl- 

1-Methyl-1-p-tolylethylamine 

2,5-Dimethoxy-4-methylamphetamine, N-(trimethylsilyl)- 
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2,6,6-Trimethyl-bicyclo[3.1.1]hept-3-ylamine 

2-Butanamine, 3,3-dimethyl- 

2-Butyne-1,4-diamine, N,N,N',N'-tetraethyl- 

2-Propen-1-amine, N,N-bis(1-methylethyl)- 

4-Penten-2-ynylamine, N,N,4-trimethyl- 

Amphetamine 

Bicyclo[3.3.1]non-6-en-2-ylamine 

Cyclopentanemethylamine, 2-isopropylidene-N,N,5-trimethyl-, (1S,5R)-(+)- 

Dextroamphetamine 

Ethanamine, 2,2-diethoxy- 

Hydroxylamine, methyl-(1-phenylethyl)- 

Methiopropamine 3'-thiophene isomer 

N-Methyl-1-[(trimethylsilyl)oxy]-1-{4-[(trimethylsilyl)oxy]phenyl}propan-2-amine 

Phenethylamine, p,.alpha.-dimethyl- 

1,3-Propanediamine, N'-(ethylcarbonimidoyl)-N,N-dimethyl- 

1-Methyl-2-phenoxyethylamine 

1-(5-Bicyclo[2.2.1]heptyl)ethylamine 

1,12-Dicarbadodecarboran-2-amine, N-(benzylcarbonyl) 

Propylamine, 1,1,2,2-tetramethyl-, hydrochloride 

trans-1,4-Cyclohexanediamine 

Tricyclo[4.3.1.1(3,8)]undecan-1-amine 

4-(2,5-Dihydro-3-methoxyphenyl)butylamine 

N,N,N',N'-Tetramethyl-1,2-di-p-tolyl-ethane-1,2-diamine 

Methylamine, N-[4-(1-pyrrolidinyl)-2-butynyl]- 

[5,9-Dimethyl-1-(3-phenyl-oxiran-2-yl)-deca-4,8-dienylidene]-(2-phenyl-aziridin-1-yl)-amine 

(S)-(+)-1-Cyclohexylethylamine 

Hex-5-enylamine 

Methylamine, N,N-dimethyl- 

Methenamine 

Ethylenimine 

Hydroxylamine, O-decyl- 

Morpholine, 4-octadecyl- 

Phthalic anhydride 

1-Naphthalenol, 1,2,3,4-tetrahydro-3-methyl- 

Phenol 

1,4-Benzenediol, 2,6-bis(1,1-dimethylethyl)- 

2,4-Di-tert-butylphenol 

Phenol, 2-methyl- 

Phenol, 3-methyl- 

Phenol, 4-(ethylamino)- 

Benzeneethanol, .alpha.,.beta.-dimethyl- 

Benzenemethanol, 2-(2-aminopropoxy)-3-methyl- 

Benzenemethanol, 2-nitro- 
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Phenol, 2-(1,1-dimethyl-2-propenyl)-3,6-dimethyl- 

Phenol, 4-(2-aminoethyl)- 

Phenol, 4-methylamino, ethyl(ether) 

3-tert-Butylphenol, O-pentafluoropropionyl- 

Benzeneethanol, .alpha.-methyl- 

Coumarin-6-ol, 3,4-dihydro-4,4-dimethyl-5,7-dinitro- 

Benzyl alcohol, .alpha.-isobutyl-2,4,6-trimethyl- 

2-Methoxy-5-nitrophenol, chlorodifluoroacetate 

2-sec-Butylphenol, tert-butyldimethylsilyl ether 

Benzaldehyde 

1,4-Benzenedicarboxaldehyde 

3,4-Dihydroxybenzaldehyde, bis(trimethylsilyl) ether 

Benzaldehyde, 2-nitro-, diaminomethylidenhydrazone 

Benzaldehyde, 3,4-dimethyl- 

Benzaldehyde, 4-ethyl- 

4-(3-Dimethylaminopropoxy)benzaldehyde 

Benzaldehyde, 2-nitro-4-trimethylsilyl- 

2,5-Dihydroxybenzaldehyde, 2TMS derivative 

Benzaldehyde, 4-[(4-fluorophenyl)methoxy]- 

1,2-Benzenedicarboxaldehyde 

Phenol, 2-(ethylamino)- 

4-Methyl-3,5-dinitrobenzamide 

Benzenecarbothioamide, 3,5-dinitro- 

4-Bromo-N-[2-(4-fluoro-2,7-dimethyl-1H-indol-3-yl)-ethyl]-benzamide 

2-Pyridinamine, 3,6-dimethyl- 

Benzenamine, 2,5-difluoro- 

Benzenamine, 2,6-bis(1-methylethyl)- 

Benzenamine, N,N-dimethyl-4-[[(1-methylethyl)imino]methyl]- 

1-Naphthalenamine, 5,6,7,8-tetrahydro-N,N-dimethyl- 

Benzeneethanamine, 2,5-difluoro-.beta.,3,4-trihydroxy-N-methyl- 

Benzenamine, 3-azido-N,N-dimethyl-4-nitro- 

Phenylephrine 

Benzeneethanamine, 2-fluoro-á,5-dihydroxy-N-methyl- 

Benzothiazole, 4,5,6,7-tetrahydro-2-amino- 

Indole 

Acetylcholine bromide 

3,4-Dimethyl-benzoic acid 4-tert-butyl-phenyl ester 

Benzoic acid, 4-ethoxy-, ethyl ester 

Phthalic acid, 2-ethylhexyl isohexyl ester 

5-Fluoro-3-trifluoromethylbenzoic acid, nonyl ester 

tert-Butyldimethylsilyl 2,3-dimethylbenzoate 

Benzoic acid, methyl ester 

Benzoic acid, 2-hydroxy-, 2-methylbutyl ester 
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Homosalate 

Phthalic acid, butyl hexyl ester 

Benzoic acid, 2-hydroxy-, pentyl ester 

Butanoic acid, butyl ester 

Dinocap 

1,2-Benzenedicarboxylic acid, butyl 2-methylpropyl ester 

1,2-Benzenedicarboxylic acid, bis(2-methylpropyl) ester 

Phthalic acid, butyl tridec-2-yn-1-yl ester 

2,4-Difluorobenzene, 1-benzyloxy- 

Benzene, 1,3-dibromo- 

Benzene, 1,4-dibromo- 

1,2,3-Trifluorobenzene 

1,3,5-Trifluorobenzene 

Benzhydrazide, N2-(2-methoxy-5-nitrobenzylideno)- 

Benzeneacethydrazide, N2-(2,6-dichlorobenzylideno)- 

Galactonic phenylhydrazide 

Benzene 

Benzene, 1-ethyl-3-methyl- 

Toluene 

p-Xylene 

1,2-Bis(trimethylsilyl)benzene 

1,3-di-iso-propylnaphthalene 

1,4-di-iso-propylnaphthalene 

1,7-di-iso-propylnaphthalene 

Benzene, (1-methylethyl)- 

Benzene, 1,3-dimethyl- 

Benzene, undecyl- 

Mesitylene 

Naphthalene, 1,3-dimethyl- 

Naphthalene, 1,4,5-trimethyl- 

Naphthalene, 1,6,7-trimethyl- 

Naphthalene, 1,6-dimethyl- 

Naphthalene, 2,7-dimethyl- 

o-Xylene 

Precocene I 

2-Allyl-1,4-dimethoxy-3-methyl-benzene 

5,5,8a-Trimethyl-3,5,6,7,8,8a-hexahydro-2H-chromene 

Benzene, [(3-methyl-2-butenyl)oxy]- 

Benzene, 1-ethyl-3,5-diisopropyl- 

Naphthalene, 2-methyl- 

Naphthalene, 1,2,3,4-tetrahydro-2,7-dimethyl- 

Benzene, ethoxy- 

trans-2,4,5-Trimethoxy-.beta.-methyl-.beta.-nitrostyrene 
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Benzene, 1-(1,1-dimethylethyl)-3,5-dimethyl-2,4,6-trinitro- 

Benzene, 1,3-diethyl-2,4,5,6-tetramethyl- 

3,4-Dimethoxy-.beta.-nitrostyrene 

1H-Indene, 2,3,3a,4,7,7a-hexahydro-2,2,4,4,7,7-hexamethyl- 

Benzene, 1-methyl-3-(1-methylethyl)- 

Benzene, nonyl- 

Naphthalene, 1,4,6-trimethyl- 

Naphthalene, 1,6-dimethyl-4-(1-methylethyl)- 

Anthracene, 9,10-dihydro-2-methyl- 

Phenanthrene, 1-methyl- 

Anthracene, 1-methyl- 

Benzene, tetradecyl- 

Ethylbenzene 

Benzene, cyclohexyl- 

Styrene 

Benzyl methyl ketone 

6-Benzamido-4-benzoyl-1,2,4-triazine-3,5(2H,4H)-dione 

Benzo[b]thiophene, 2-ethyl-5,7-dimethyl- 

Benzo[b]thiophene, 2,7-diethyl- 

Acetic acid 

Butanoic acid 

Butanoic acid, 2-methyl- 

Butanoic acid, 3-methyl- 

Hexanoic acid 

Hexanoic acid, 2-methyl- 

Pentanoic acid 

Propanoic acid 

Propanoic acid, 2-methyl- 

Z-10-Methyl-11-tetradecen-1-ol propionate 

[1-(1H-Pyrrol-1-yl)cyclohexyl]acetic acid 

1-(4-Amino-furazan-3-yl)-5-morpholin-4-ylmethyl-1H-[1,2,3]triazole-4-carboxylic acid 

1,6-Diaminohexane-N,N,N',N'-tetraacetic acid 

15-Hexenoic acid, 14-hydroxy-14-methyl- 

2,5-Dimethoxycinnamic acid 

2-Chloro-3-hydroxypropionic acid 

2-Myristynoic acid 

3-Benzotriazol-1-yl-propionic acid 

3-Nonynoic acid 

9-Hexadecenoic acid 

Acetic acid, 3-methyl-6-oxo-hex-2-enyl ester 

Heptanoic acid, 6-oxo- 

Hexanoic acid, 6-bromo- 

Propanedioic acid, propyl- 
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Pterin-6-carboxylic acid 

trans-13-Octadecenoic acid 

trans-Traumatic acid 

2-Bromo-4,5-dimethoxycinnamic acid 

2-Decanynoic acid 

2-Hexenoic acid, 3,4,4-trimethyl-5-oxo-, (Z)- 

2-Nonynoic acid 

3,4-Dimethoxycinnamic acid 

4-Hydroxy-3-methylsulfanyl-4,5,6,7-tetrahydro-benzo[c]thiophene-1-carboxylic acid N'-acetyl-
hydrazide 

5-Aminosalicylic acid, 3-isobutyl- 

6-Nonynoic acid 

7-Nonynoic acid 

8,11,14-Eicosatrienoic acid, (Z,Z,Z)- 

8-Chlorocapric acid 

9,12-Octadecadienoic acid (Z,Z)- 

Acetyl turicine 

cis-7-Hexadecenoic acid 

cis-Adamantane-2-carboxylic acid, 4-hydroxy- 

Dichloroacetic acid, dodec-9-ynyl 

E-15-Heptadecenoic acid 

E-9-Tetradecenoic acid 

Octanoic acid, 7-oxo- 

Ppropiolic acid, 3-(1-hydroxy-2-isopropyl-5-methylcyclohexyl)- 

Propanedioic acid 

Z,Z-2,5-Pentadecadien-1-ol 

Z-8-Methyl-9-tetradecenoic acid 

2-Chloro-3-hydroxy-butyric acid 

2-(2,2-Dimethyl-propionyl)-1-(hydroxy-phenyl-methyl)-1,2,3,4-tetrahydroisoquinoline-3-
carboxylic acid 

Dodecanoic acid, 3-hydroxy- 

4-Acetylbutyric acid 

1-(4-Amino-furazan-3-yl)-5-dimethylaminomethyl-1H-[1,2,3]triazole-4-carboxylic acid 

N,N'-Pentamethylenebis[s-3-aminopropyl thiosulfuric acid] 

17-Octadecynoic acid 

2-Hydroxy-2-octylsebacic acid 

5-Hexynoic acid 

Butanoic acid, 4,4'-dithiobis[2-amino-, [S-(R*,R*)]- 

Benzoic acid, 4-methyl-2-trimethylsilyloxy-, trimethylsilyl ester 

Carbamic acid, monoammonium salt 

n-Hexadecanoic acid 

Acetic acid, hydroxy- 

Acetic anhydride 
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Nonanoic acid 

Propanoic acid, 2-methyl-, anhydride 

Acetic acid, [(aminocarbonyl)amino]oxo- 

Propanoic acid, 3-amino-2-methyl- 

Chromo, 2,3-dihydro-2,2,7-trimethyl- 

(3S,4aR,8aS)-1,1,3,6-Tetramethyl-3-vinyl-3,4,4a,7,8,8a-hexahydro-1H-isochromene 

Furan, 2-pentyl- 

2,2'-Ethylidenebis(5-methylfuran) 

2,3,3,4,7-Pentamethyl-2,3-dihydro-benzofuran 

Benzofuran, 2,3-dihydro-2-methyl- 

Furan, 2,5-dimethyl- 

Furan, 2-methoxy- 

Furan, 4,5-diethyl-2,3-dihydro-2,3-dimethyl- 

Pyrrole, 1-methyl-3-(1,1-dimethylethyl)- 

Pyrrolidine, 2-butyl-5-heptyl- 

Quinoline 

2,4-Dimethylfuran 

Arteannuin b 

Caryophyllene oxide 

Dihydrobenzofuran-5-ol[2,3-a]octahydroindole, N-methyl- 

Edulan II 

Furan, 2,5-dihydro-2,5-dimethyl- 

Furan, tetrahydro-3-methyl- 

2-n-Octylfuran 

1H-Indene, 2-phenyl- 

Furan, 2-butyltetrahydro- 

Furan, 2-ethyl- 

Trimethylene oxide 

(-)-Isopinocampheol, acetate 

3-Hexen-1-ol, acetate, (E)- 

3-Hexen-1-ol, acetate, (Z)- 

4-Hexen-1-ol, acetate 

Glycerol 1,2-diacetate 

10-Methyl-8-tetradecen-1-ol acetate 

3,7-Dimethyl-6-nonen-1-ol acetate 

7-Methyl-Z-tetradecen-1-ol acetate 

8-Tetradecyn-1-ol acetate 

E,E-6,11-Tridecadien-1-ol acetate 

Limonen-6-ol, pivalate 

2,6-Dimethyl-2,6-octadiene-1,8-diol diacetate 

1,2-Cyclopentanedicarboxylic acid, 4-(1,1-dimethylethyl)-, dimethyl ester, 
(1.alpha.,2.beta.,4.beta.)- 

10-Heptadecen-8-ynoic acid, methyl ester, (E)- 
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12-Hydroxyoctadecanethioic acid, S-t-butyl ester 

2-(2,6,6-Trimethylcyclohex-1-enyl)cyclopropanecarboxylic acid, methyl ester 

2-Cyanobicyclo[3.2.1]octane-6-carboxylic acid, methyl ester 

3-Methylcyclopentadecylcarbamic acid, t-butyl ester 

5-Chloropentanoic acid, 2-ethylhexyl ester 

9-Octadecen-12-ynoic acid, methyl ester 

9-Octadecenoic acid (Z)-, phenylmethyl ester 

Acetic acid, 3-(2,2-dimethyl-6-methylene-cyclohexylidene)-1-methyl-butyl ester 

Acetic acid, trichloro-, nonyl ester 

Benzeneacetic acid, .alpha.-hydroxy-, 2-methylpropyl ester 

Butanoic acid, methyl ester 

Carbonic acid, dihexyl ester 

cis-10-Heptadecenoic acid, heptyl ester 

cis-9-Tetradecenoic acid, isobutyl ester 

Cyclopropaneoctanoic acid, 2-[(2-pentylcyclopropyl)methyl]-, methyl ester, trans,trans- 

Decanedioic acid, bis(2-ethylhexyl) ester 

Formic acid, ethenyl ester 

Hexanoic acid, 2,7-dimethyloct-7-en-5-yn-4-yl ester 

n-Butyric acid 2-ethylhexyl ester 

Phosphorothioic acid, S-ester with trimethylenediiminodipropanethiol (2:1) 

Propanoic acid, 3-hydroxy-, methyl ester 

Tetradecanoic acid, 2-oxo-, ethyl ester 

Undec-10-ynoic acid, 3-methylbut-2-en-1-yl ester 

[1,1'-Bicyclopropyl]-2-octanoic acid, 2'-hexyl-, methyl ester 

1,3-oxazole-4-carboxylic acid, 4,5-dihydro-5-(1-methylethyl)-, ethyl ester 

12,15-Octadecadiynoic acid, methyl ester 

1-Oxaspiro[4.5]decan-3-carboxylic acid, 2-oxo-4-cyano-, ethyl ester 

2,5-Octadecadiynoic acid, methyl ester 

2,6-Dimethyl-8-oxoocta-2,6-dienoic acid, methyl ester 

3,6-Octadecadiynoic acid, methyl ester 

3-Cyclohexene-1-carboxylic acid, 2-(dimethylamino)-1-phenyl-, ethyl ester, trans- 

4,9-Decadienoic acid, 2-nitro-, ethyl ester 

5-Chloropentanoic acid, 2-methylphenyl ester 

6,9,12,15-Docosatetraenoic acid, methyl ester 

8,11-Octadecadiynoic acid, methyl ester 

9,12,15-Octadecatrienoic acid, 2,3-bis(acetyloxy)propyl ester, (Z,Z,Z)- 

9,12-Octadecadienoic acid (Z,Z)-, phenylmethyl ester 

Acetic acid butyl-methyl-phosphinoylmethyl ester 

Acetic acid, (1,2,3,4,5,6,7,8-octahydro-3,8,8-trimethylnaphth-2-yl)methyl ester 

Acetic acid, (4-fluorophenyl)methyl ester 

Acetic acid, 2-acetyl-5-diethylaminophenyl ester 

Axetic acid, chloro-, 3,5-dichloro-2,6-dimethyl-4-pyridyl ester 
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Carbamic acid, N-[10,11-dihydro-5-(2-methylamino-1-oxoethyl)-3-5H-dibenzo[b,f]azepinyl]-, 
ethyl ester 

Cyclopropanecarboxylic acid,-2-(2-propynyl) methyl ester 

Fumaric acid, heptyl non-5-yn-3-yl ester 

Undec-10-ynoic acid, hexyl ester 

Cyclobutanecarboxylic acid, 2,7-dimethyloct-7-en-5-yn-4-yl ester 

9-Octadecenoic acid, (2-phenyl-1,3-dioxolan-4-yl)methyl ester, trans- 

Oleic acid 3,5-dichloro-2,6-dimethyl-4-pyridyl ester 

Heptafluorobutyric acid, 2,2-dimethylpropyl ester 

1-(4-Amino-furazan-3-yl)-5-dimethylaminomethyl-1H-[1,2,3]triazole-4-carboxylic acid ethyl 
ester 

Acetic acid, 6-morpholin-4-yl-9-oxobicyclo[3.3.1]non-3-yl ester 

Carbonic acid, 2-ethylhexyl nonyl ester 

Hexanoic acid, 2-isopropyl-2-methyl-5-oxo-, methyl ester 

10,12-Tricosadiynoic acid, methyl ester 

Acetic acid, 2-[(diethoxymethyl)ethylphosphinatomethyl)](ethoxycarbonyl)amino-, ethyl ester 

Chloroacetic acid, octyl ester 

2-Acetoxy-3,3-dimethyl-2-(3-oxo-but-1-enyl)-cyclobutanecarboxylic acid, methyl ester 

Butanoic acid, propyl ester 

Oxalic acid, hexyl 2-methylphenyl ester 

Pentanoic acid, octyl ester 

5-Chloropentanoic acid, 3-methylbutyl ester 

(6Z,9Z,12Z,15Z)-Methyl octadeca-6,9,12,15-tetraenoate 

3-Chloropropanoic acid, 2-ethylcyclohexyl ester 

Bis(2-ethylhexyl) phthalate 

Dibutyl phthalate 

Dihydroxanthin 

Dodecylsuccinic anhydride 

Mono(2-ethylhexyl) phthalate 

Geranyl isovalerate 

Methyl 6-oxoheptanoate 

S-Methyl methanethiosulphonate 

tert-Butyldimethylsilyl trifluoromethanesulfonate 

Z-2-Octadecen-1-ol acetate 

Methyl jasmonate 

exo-Norbornyl propionate 

N-Benzyl-2-aminocinnamate, methyl ester 

Methyl thiolacetate 

Acetic acid, methyl ester 

Oxalic acid, allyl nonyl ester 

1,2-Benzenedicarboxylic acid, butyl 2-ethylhexyl ester 

Ethyl Acetate 

Butanoic acid, ethyl ester 
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Hexanoic acid, ethyl ester 

Propanoic acid, ethyl ester 

Thiocyanic acid, methyl ester 

Acetic acid, butyl ester 

Propanoic acid, 2-methyl-, 1-(1,1-dimethylethyl)-2-methyl-1,3-propanediyl ester 

Carbonic acid, dimethyl ester 

Methyl propionate 

n-Propyl acetate 

Propanoic acid, 2-methyl-, ethyl ester 

S-Methyl propanethioate 

Propanoic acid, propyl ester 

Butanoic acid, 1-methylethyl ester 

Butanoic acid, 2-methyl-, ethyl ester 

Butanoic acid, 3-methyl-, ethyl ester 

Butanethioic acid, S-methyl ester 

Pentanoic acid, ethyl ester 

Propanoic acid, butyl ester 

Propanoic acid, 2-methyl-, butyl ester 

Pentanoic acid, 4-methyl-, ethyl ester 

Acetic acid, trifluoro-, 3,7-dimethyloctyl ester 

Oxalic acid, isobutyl nonyl ester 

Pentadecanoic acid, 14-methyl-, methyl ester 

Decanoic acid, 2-ethylhexyl ester 

2-Propenoic acid, 3-(4-methoxyphenyl)-, 2-ethylhexyl ester 

9,12-Octadecadienoic acid, methyl ester, (E,E)- 

Tetradecanoic acid, 12-methyl-, methyl ester 

Hexadecanoic acid, 15-methyl-, methyl ester 

Oxalic acid, allyl tridecyl ester 

Carbamimidothioic acid, methyl ester 

Carbonic acid, ethyl-, methyl ester 

9-Octadecenoic acid (Z)-, methyl ester 

2-Furanmethanol, tetrahydro-, acetate 

Acetic acid ethenyl ester 

exo-2-Norbornyl formate 

Isopropyl acetate 

Tridecanoic acid, methyl ester 

Methyl formate 

Diethyl azodicarboxylate 

2,2,4-Trimethyl-1,3-pentanediol diisobutyrate 

Hexanoic acid, butyl ester 

Butyl 2-methylbutanoate 

Pentanoic acid, butyl ester 

Boric acid, trimethyl ester 
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(S)-Isopropyl lactate 

Geranyl vinyl ether 

Dimethyl ether 

Ethyl ether 

Oxirane, 2-ethyl-2-methyl- 

10-Undecenoyl chloride 

9,12-Octadecadienoyl chloride, (Z,Z)- 

Hexanoyl chloride 

n-Dodecylpyridinium chloride 

Hexane, 3,3,4,4-tetrafluoro- 

Trichloromonofluoromethane 

Hydroxyacetic acid, hydrazide 

2-[2-(5-Norbornenyl)oxy]-tetrahydropyran 

2-Butyloxycarbonyloxy-1,1,10-trimethyl-6,9-epidioxydecalin 

2H-Pyran, 2-(2,5-hexadiynyloxy)tetrahydro- 

2H-Pyran, 3,6-dihydro-4-methyl-2-(2-methyl-1-propenyl)- 

2H-Pyran, tetrahydro-2-(2,5-undecadiynyloxy)- 

2-Heptanone 

2-Hexanone 

2-Nonanone 

2-Pentanone 

Acetone 

1-(6-Methyl-2-piperidyl)propan-2-one 

1,8-Dioxaspiro[4.5]decan-2-one, 4-(2-aminothiazol-4-yl)-7,7-dimethyl- 

16-Nitrobicyclo[10.4.0]hexadecan-1-ol-13-one 

1-Hepten-6-one, 2-methyl- 

1-Heptyn-6-one 

1-Oxaspiro[2.5]octan-4-one, 2,2,6-trimethyl-, trans- 

2,5-Furandione, dihydro-3-tetradecyl- 

2,5-Pyrrolidinedione, 1-(benzoyloxy)- 

2,6-Naphthalenedione, octahydro-1,1,8a-trimethyl-, cis- 

2,7-Bis(spirocyclopropane)bicyclo[2.2.1]heptan-5-one 

2-Butanone, 3-methyl- 

2-Cyclopenten-1-one, 2,3-dimethyl- 

2-Dodecen-1-yl(-)succinic anhydride 

2-Heptanone, 4-methyl- 

2-Heptanone, 5-methyl- 

2-Hexanone, 5-methyl- 

2-Octanone 

2-Pentanone, 4-amino-4-methyl- 

2-Pentanone, 4-hydroxy- 

2-Pentanone, 4-hydroxy-4-methyl- 

2-Pentanone, 5-chloro- 
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2-Pentanone, 5-hydroxy- 

2-Propanone, 1-cyclopentyl- 

2-Propanone, 1-hydroxy- 

2-Undecanone 2,4-dinitrophenylhydrazone 

3-(1-Phenyl-ethoxy)-3H-isobenzofuran-1-one 

3,4-Dimethyldihydrofuran-2,5-dione 

3',8,8'-Trimethoxy-3-piperidyl-2,2'-binaphthalene-1,1',4,4'-tetrone 

3-[(Dimethylamino)methylidene]oxan-4-one 

3-Hexen-2-one 

3H-Pyrazol-3-one, 2,4-dihydro-4,4,5-trimethyl- 

3-Methyl-1,4,6,7-tetrahydro-pyrazolo[3,4-c]pyridin-5-one 

3-Octanone 

3-Penten-2-one, 4-methyl- 

4-(2,2-Dimethyl-6-methylenecyclohexylidene)-3-methylbutan-2-one 

4,4'-Biscyclohexanone, 2,2',6,6'-tetramethyl- 

4,5-Dihydrooxazole-5-one, 4-chloromethylene-2-phenyl- 

4-[1,4]Diazepan-1-yl-1,5-dihydro-imidazol-2-one 

4H-1,3-Benzodioxin-4-one, hexahydro-4a,5-dimethyl-, [4as-(4a.alpha.,5.beta.,8a.beta.)]- 

4-Piperidinone, 2,2,6,6-tetramethyl- 

5,6,6-Trimethyl-5-(3-oxobut-1-enyl)-1-oxaspiro[2.5]octan-4-one 

5-Benzylidene-3-(3,4-dimethylanilinomethyl)-2,4-thiazolidinedione 

5-Ethyltricyclo[4.3.1.1(2,5)]undec-3-en-10-one 

5-Hexen-2-one 

7H-6,9a-Methano-4H-cyclopenta[9,10]cyclopropa[5,6]cyclodeca[1,2-d]-1,3-dioxin-13-one, 
6,6a,7a,8,9,12,12a,12b-octahydro-12,12a-dihydroxy-2,2,7,7,9,11-hexamethyl-, [6R-
(6.alpha.,6a.alpha.,7a.alpha.,9.alpha.,9a.alpha.,12.beta.,12a.beta.,12b.alpha.)]- 

8-Hydroxy-2-octanone 

Cathinone 

Cyclododecanone 

Cyclohexanone, 2,6-diethyl- 

Cyclohexanone, 2-[(dimethylamino)methyl]- 

Cyclohexanone, 4-methyl- 

Cyclohexanone, 5-methyl-2-(1-methylethylidene)- 

Cyclooctanone, 2-methyl- 

Di-n-decylsulfone 

Ethanone, 1-(3,4-dimethylphenyl)- 

Ethanone, 1-(4-ethylphenyl)- 

O-[n-Butylcarbamyl]-3-tropanone oxime 

Octan-2-one, 3,6-dimethyl- 

Pent-1-en-3-one, 1-(2-furyl)-5-dimethylamino- 

Propiophenone, 3-phenyl-3-piperidino- 

Pyrimidine-2,4,6-trione, 1-cyclohexyl-5-[(2-piperazin-1-yl-ethylamino)methylene]- 

Thujone 
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(2R,3R,4aR,5S,8aS)-2-Hydroxy-4a,5-dimethyl-3-(prop-1-en-2-yl)octahydronaphthalen-1(2H)-
one 

.alpha.,.beta.-Gluco-octonic acid lactone 

.alpha.-Tetralone, 8-fluoro-5,6-dimethoxy- 

.gamma.-Chlorobutyrophenone 

1-(2-Hydroxymethylpyrrolidin-1-yl)ethanone 

1,8-Dimethyl-3,6-diazahomoadamantan-9-one oxime 

1b,5,5,6a-Tetramethyl-octahydro-1-oxa-cyclopropa[a]inden-6-one 

1-Hydroxy-6-(3-isopropenyl-cycloprop-1-enyl)-6-methyl-heptan-2-one 

2(1H)-Quinolinone, 4-hydroxy-6-methoxy-3-(phenylmethyl)- 

2-(3-Hydroxy-4-methylcyclohexyl)acrylaldehyde semicarbazone 

2,3-Dimethylhydroquinone, bis(trimethylsilyl) ether 

2,4(1H,3H)-Pyrimidinedione, 5-[(1,2-dihydro-5-acenaphthylenyl)methyl]-6-hydroxy- 

2-Acetonylcyclopentanone 

2-Cyclohexen-1-one, 3,5-dimethyl-, O-methyloxime 

2E,4E-Hexadiene, adduct with 4-methyl-1,2,4-triazolin-3,5-dione 

2-Hexanone, 6-hydroxy- 

2H-Pyran-2-one, 5,6-dihydro-3,5,5-trimethyl- 

2-Propanone, 1,1,1-trifluoro- 

2-Undecanone 

3-(6,7-Dimethoxy-2H-1,3-benzodioxol-5-yl)-1-phenylprop-2-en-1-one 

3-Buten-2-one, 4-(2,2,6,7-tetramethyl-7-azabicyclo[4.1.0]heptan-1-yl)- 

3-buten-2-one, 4-(5,5-dimethyl-1-oxaspiro[2.5]oct-4-yl) 

3H-Cyclodeca[b]furan-2-one, 4,9-dihydroxy-6-methyl-3,10-dimethylene-3a,4,7,8,9,10,11,11a-
octahydro- 

3-Hepten-2-one, 5-methyl- 

3-Octene-2,6-dione, 5,5,7-trimethyl-, (E)- 

4-(2,4,4-Trimethyl-cyclohexa-1,5-dienyl)-but-3-en-2-one 

4-(3-Hydroxyanilino)-3-penten-2-one 

4,6-Dimethyl-5-nitromethylheptan-3-one 

4,7-Dimethoxy-2-methylindan-1-one 

4-Hepten-2-one, 5-ethyl-3,3,4-trimethyl- 

4-Hydroxy-.beta.-ionone 

4-Isobutyl-2-pyrrolidinone 

5H-Inden-5-one, 1,2,3,6,7,7a-hexahydro- 

5-Phenyl-1,3-diazaadamantan-6-one oxime 

6,6-Dimethylcycloocta-2,4-dienone 

Azuleno[4,5-b]furan-2(3H)-one, decahydro-8,9-dihydroxy-6,9a-dimethyl-3-methylene-, [3aS-
(3a.alpha.,6.beta.,6a.alpha.,8.alpha.,9.alpha.,9a.beta.,9b.alpha.)]- 

Bicyclo[3.1.0]hex-3-en-2-one, 4-methyl-1-(1-methylethyl)- 

Bicyclo[3.1.1]heptan-2-one, 6,6-dimethyl-, (1R)- 

Cycloheptanone, 2-methyl- 

Cyclohexanone, 2-isopropyl-2,5-dimethyl- 
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Cyclopentadecanone, 2-hydroxy- 

Dodec-5-yn-6-one 

Ethanone, 1-(1,2,2,3-tetramethylcyclopentyl)-, (1R-cis)- 

Ethanone, 1-(1-hydroxy-2,6,6-trimethyl-2,4-cyclohexadien-1-yl)- 

Methyl 4-pyridyl ketone 4-methyl-3-thiosemicarbazone 

Methyl Isobutyl Ketone 

O-Methylcarbamoyl-3-tropanone oxime 

Penta-2,4-dien-1-one, 5-dimethylamino-1-[5-(4-dimethylamino)buta-1,3-dienyl-2-thienyl]- 

1,3,5-Triazine-2,4(1H,3H)-dione, 6-(ethylamino)- 

1-Propanone, 1,3-diphenyl-3-(trimethylsilyl)- 

4-Methyl-1,3-oxazine-2,6[3H]-dione 

Bicyclo[6.2.0]decan-9-one, 10-chloro- 

3H-pyrazol-3-one, 2,4-dihydro-5-(3-nitrophenyl)-2-phenyl- 

2-Cyclopenten-1-one, 3-ethyl-2-hydroxy- 

Cyclohexanone, 2,6-bis(2-methylpropylidene)- 

1H-2,8a-Methanocyclopenta[a]cyclopropa[e]cyclodecen-11-one, 1a,2,5,5a,6,9,10,10a-
octahydro-5,5a,6-trihydroxy-1,4-bis(hydroxymethyl)-1,7,9-trimethyl-, [1S-
(1.alpha.,1a.alpha.,2.alpha.,5.beta.,5a.beta.,6.beta.,8a.alpha.,9.alpha.,10a.alpha.)]- 

trans,trans-3,5-Heptadien-2-one 

2,11-Dodecanedione 

Androst-4-en-11-ol-3,17-dione, 9-thiocyanato- 

Androsta-1,4-dien-3-one, 17-hydroxy-17-methyl-, (17.alpha.)- 

Azuleno[4,5-b]furan-2(3H)-one, 9a-[(acetyloxy)methyl]decahydro-6a,9-dihydroxy-6-methyl-3-
methylene-, [3aS-(3a.alpha.,6.beta.,6a.alpha.,9.beta.,9a.beta.,9b.alpha.)]- 

1,2,3,5,6,7-Hexahydro-inden-4-one 

2H-Furo[2,3-b]pyrrole-2,5(3H)-dione, tetrahydro-3a,6a-dimethyl-, cis- 

Cyclopentadecanone 

1,4,7-Androstatrien-3,17-dione 

1-(8-Methoxy-2,2,4-trimethyl-3,4-dihydroquinolin-1-yl)ethanone 

Testolactone 

5-Octen-2-one, 3,6-dimethyl- 

1,5-Dimethyl-4-phenylimidazolidin-2-one 

Bicyclo[6.2.0]decan-9-one, 10,10-dichloro- 

8-(2-Acetyloxiran-2-yl)-6,6-dimethylocta-3,4-dien-2-one 

Spiro[2,5-cyclohexadiene-1,7'-[2.8]dioxabicyclo[4.2.0]octane]-4,3'-dione, 5',5'-dimethyl- 

Androsta-1,4-dien-3-one, 16,17-dihydroxy-, (16.alpha.,17.beta.)- 

4(1H)-Quinolinone, octahydro-1-methyl- 

4-(2,6,6-Trimethyl-cyclohex-1-enyl)-but-3-en-2-one oxime 

Ethanone, 1-[3,3a,4,5-tetrahydro-3-(4-fluorophenyl)-7-methoxynaphto[1,2-c]pyrazol-2-yl]- 

Pantolactone 

dl-Mevalonic acid lactone 

1-(2-Acetoxyethyl)-3,6-diazahomoadamantan-9-one oxime 

2,4,6,8-Tetraazabicyclo[3.3.0]octan-3-one, 7-nitroimino- 
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1-Hydroxysulfonyl-3,4,4-trimethyl-2-azetidinone 

Ethanone, 1-[4-[4-(2-hydroxyethyl)-1-piperazinylsulfonyl]phenyl]- 

Bicyclo[3.1.1]hept-3-en-2-one, 4,6,6-trimethyl-, (1S)- 

9-Oxabicyclo[6.1.0]nonan-4-one 

2,6-Dihydroxyacetophenone, 2TMS derivative 

2-Butanone 

Acetophenone 

3-Hexanone, 2,5-dimethyl-4-nitro- 

2,3-Butanedione 

Methyl vinyl ketone 

2,3-Pentanedione 

2-Pentanone, 3-methyl- 

2,3-Pentanedione, 4-methyl- 

2-Pentanone, 3-methylene- 

1-Octen-3-one 

2,3-Octanedione 

2-Undecanone, 6,10-dimethyl- 

2-Tetradecanone 

2-Dodecanone 

2-Nonadecanone 

1,4-Pentadien-3-one 

3-Pentanone 

3-Buten-2-one, 3-methyl- 

5,9-Undecadien-2-one, 6,10-dimethyl-, (E)- 

3-Penten-2-one 

2-Heptanone, 7,7-dichloro- 

Pyrazine, 2,5-dimethyl- 

(Ethylthio)formamidine, N'-[(3-acetoxybenzylidene)amino]- 

1H-Pyrrole, 2,5-dihydro-1-nitroso- 

2,2,6,6,-Tetramethyl-4-acetoxyiminopiperidine 

2-Cyclohexylpiperidine 

2H-Pyran, 2-[(6-chlorohexyl)oxy]tetrahydro- 

2-Pyrazoline, 1,4,5-trimethyl- 

3-[3-[1-Aziridinyl]propoxy]-2,5-dimethylpyrazine 

4,4-Ethylenedioxy-pentanenitrile 

4,5-Dimethoxy-6-[2-nitroethenyl]-2H-1,3-benzodioxole 

4-[N-Methylpiperazino]-5-nitro veratrole 

5H-1-Pyrindine 

7-[3-Azido-2-hydroxypropyl]guanine 

Cyclopropane-1,1,2,2-tetracarbonitrile, 3-ethyl-3-methyl- 

Heptadecanenitrile 

Hexadecanenitrile 

Hexahydropyridine, 1-acetyl-4-[4-hydroxy-3-methoxyphenyl]- 
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Hygrine 

Lomustine 

Mepivacaine 

N-[2-Hydroxyethyl]succinimide 

n-Hexadecylsuccinic anhydride 

Norpseudoephedrine 

Octadecanenitrile 

Pentadecanenitrile 

Piperazine, 1-methyl- 

Piperidine, 1-(1-propenyl)- 

Piperidine, 1-(4-methyl-4-penten-2-ynyl)- 

Propanehydrazide, 3-(2-tolyloxy)-N2-benzylideno- 

Pyrazine, 3-butyl-2,5-dimethyl- 

Pyridine, 2,4,6-trimethyl- 

Pyrrolidine, 1-methyl-3,2'-spiro-benzo-1,3-dioxolane- 

Tetrahydrorhombifoline 

Tropidine, 2-acetyl-8-demethyl- 

Z-2-Acetoxy-12-tetradecenitrile 

.alpha.-[2-[N-Aziridyl]ethylamino]isobutyronitrile 

.gamma.-Cyano-3-methyl-5,10-dihydrobenzo[f]indolizine 

1,1-Cyclopropanedicarbonitrile, 2-butyl-2-methyl- 

1,1-Cyclopropanedicarbonitrile, 2-methyl-2-propyl- 

1,2,3,6-Tetrahydropyridine, 1-formyl-4-[4-hydroxy-3-methoxyphenyl]- 

1-[1-(2,2-Dichlorovinylimino)-2,2-dimethylpropyl]-3-(p-tolyl)thiourea 

1H-Azonine, octahydro-1-nitroso- 

1H-Indole, 2,3-dihydro-1,2,3,3-tetramethyl- 

1H-Pyrrole, 3,4-diethyl-2-methyl- 

1-Methyl-4-acetylaminomethyl-1,2,3,6-tetrahydropyridine 

2,5a-Methano-5aH-pyrido[1,2-b][1,2]oxazepine, octahydro-, (2.alpha.,5a.alpha.)-(.+-.)- 

2-Cyclohexylimino-3-methylbutane 

2H-Imidazole, 2,2,4,5-tetramethyl- 

2H-Tetrazole, 2-(4-morpholylmethyl)-5-nitro- 

2-Iodohiistidine 

2-Methoxy-6-methylaniline 

2-Methyl-9-.beta.-d-ribofuranosylhypoxanthine 

2-p-Nitrobenzoyl-1,3,5-tribenzyl-.alpha.-d-ribose 

3,4-Dichloroatropine 

3-Benzoylmethyl-3-hydroxy-5-nitro-2-indolinone 

4-[3-[Diethylaminopropyl]amino]benzo-1,2,3-triazine 

4-Aminobutyramide, N-methyl-N-[4-(1-pyrrolidinyl)-2-butynyl]-N',N'-bis(trifluoroacetyl)- 

4-Dehydroxy-N-(4,5-methylenedioxy-2-nitrobenzylidene)tyramine 

5-{3-[(2,2-Dichlorocyclopropyl)methyl]phenyl}-4,5-dihydro-1,2-oxazole 

5-MeO-MiPT 



230 

 

6-[(3,5-Dinitrosalicylidene)amino]benzimidazole 

6-Methoxytryptoline 

8-Amino-2,5-dimethyl-6-methoxyquinoline 

Acethydrazide, 2-phenoxy, N2-[1-(4-aminophenyl)ethylideno]- 

Acrylonitrile, .beta.-[3-(2,2-dimethylcyclopropyl)-2,2-dimethylcyclopropyl- 

Aminoacetamide, N-methyl-N-[4-(1-pyrrolidinyl)-2-butynyl]- 

Arginine 

Aziridine, 2-(1,1-dimethylethyl)-1,3-dimethyl- 

Butanenitrile, 3-methyl- 

Chlorodifluoroacetamide 

cis-8a-Methyl-3-oxodecahydro-4a-naphthalenecarbonitrile 

CMP 

Cyclohexanespiro-5'-(2',4',4'-trimethyl-2'-oxazoline) 

Dinordesoxy-9-methyl-7-methoxyeseroline 

D-Streptamine, O-6-amino-6-deoxy-.alpha.-D-glucopyranosyl-(1-4)-O-(3-deoxy-4-C-methyl-3-
(methylamino)-.beta.-L-arabinopyranosyl-(1-6))-2-deoxy- 

Hexanoyl glycine 

Imidazole, 4-trifluoromethyl-5-nitro- 

Indolizine 

N(1)-(3-Methyl-1,2,4-oxadiazol-5-yl)-1-piperidinecarboxamidine 

N-[2-[1-Piperazyl]ethyl]-N'-[2-thiophosphatoethyl]-1,3-propanamine 

N-[3-[N-Aziridyl]propylidene]tetrahydrofurfurylamine 

Naphth[2,3-b]oxirene, decahydro- 

Paromomycin 

Propanedinitrile, (acetyloxy)methyl- 

Propanedinitrile, methylene- 

Pyridine, 2-methyl- 

Pyridine, 2-nitro- 

Pyridine-3-carboxamide, 1,2-dihydro-4,6-dimethyl-2-thioxo- 

Pyridinium, 1-amino-, hydroxide, inner salt 

Pyrrolo[1,2-a]pyrazine, octahydro- 

Tricyclo[3.2.2.0(2,4)]non-8-ene-6,6,7,7-tetracarbonitrile 

Tropidine, 2-acetyl- 

2-Myristynoyl pantetheine 

2-Myristynoyl-glycinamide 

Imidazole, 2-amino-5-[(2-carboxy)vinyl]- 

1H-Pyrazole, 1,5-dimethyl- 

.epsilon.-N-Formyl-L-lysine 

2-[(1-Hexadecylpyrrolidin-2-ylidenamino)-(4-methoxyphenyl)-methylene]malononitrile 

2-Cyclohexyl-4-methyl-3,4,4a,5,6,8a-hexahydro-2H-benzo[e][1,2]oxazine-3-carbonitrile 

Pyrazine, 2,5-dimethyl-3-(3-methyl-3-butenyl)-6-(3-methylbutyl)- 

Cyclohexaneamine, N-(2,3,4-trimethylhex-3-enylidene)-, N-oxide 

O-Methylisourea 
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DL-Leucine, benzyl ester 

1-(2,4-Dichloro-phenyl)-N'-hydroxy-cyclopropanecarboxamidine 

Triazido-(1,2,3,4,5-pentamethylcyclopenta-2,4-dienyl)-german 

Nicotinonitrile, 2-chloro-4-(methoxymethyl)-6-methyl-5-nitro- 

6,7-Dimethoxy-2H-1,3-benzodioxole-5-carbonitrile 

2,4-Pentadienenitrile, 2-amino-4-methyl- 

2-Fluorophenylhydrazine 

N-[[6-Cyclooctylaminohexyl]aziridine 

Cyclohexylamine, N-(2-chloropropylidene)-N-oxide- 

Formamide, N-[2,2,2-trichloro-1-(cyano)(4-isopropylamino-6-methylthio-1,3,5-triazin-2-
yl)amino]ethyl- 

1-Adamantylamine, N-tert-butyldimethylsilyl- 

1,1,3,3-Tetra-tert-butyl-2-phenylsulfonylthiaguanidine 

N-2,4-Dnp-L-arginine 

Tetrazolo[5,1-a]phthalazine, 6-(1-azepanyl)- 

4-Ethynylaniline 

Propanamide, N-methyl-2-amino- 

Acetonitrile, hydroxy- 

Hydrazine 

Benzonitrile 

Ethane, nitro- 

Hydrazinecarboxamide 

2-Ethynyl pyridine 

Pyrazine, 2,6-dimethyl- 

1,3,5-Triazine 

Nitric oxide 

Acetonitrile 

Methyl isocyanide 

Nitrous oxide 

1H-Tetrazole 

Nitrosyl chloride 

Fumaronitrile 

Phenylphosphonous acid 

1,4-Bis(trimethylsilyl)benzene 

1-Heptene, 1,3-diphenyl-1-(trimethylsilyloxy)- 

2-[(Trimethylsilyl)oxy]-2-{4-[(trimethylsilyl)oxy]phenyl}ethanamine 

Salicylic acid, 2TMS derivative 

Silane, [[3,3-dimethyl-4-methylene-2-(trimethylsilyl)-1-cyclopenten-1-yl]methoxy]trimethyl- 

Silanediol, dimethyl- 

Tris(tert-butyldimethylsilyloxy)arsane 

1,2,5-Oxadiazol-3-amine, 4-(3-methoxyphenoxy)- 

1,2-Benzisothiazol-3-amine, TBDMS derivative 

2,4-Dihydroxyacetophenone, 2TMS derivative 
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Ethyl homovanillate, TMS derivative 

Silane, [[5,5-dimethyl-4-methylene-2-(trimethylsilyl)-1-cyclopenten-1-yl]methoxy]trimethyl- 

Silane, 1,3-decadiynyltrimethyl- 

Silane, dimethyldi-1-propynyl- 

Trimethyl(5-methyl-2-pentylphenoxy)silane 

.beta.-Hydroxyethyltheophylline tert-butyldimethylsilyl ether 

2-Dichloromethyldimethylsilyloxyadamantane 

Silanol, trimethyl- 

Silane, difluorodimethyl- 

l-Gala-l-ido-octose 

.beta.-D-Glucopyranose 

Phenyl-.beta.-D-glucoside 

.beta.-D-Glucopyranose, 4-O-.beta.-D-galactopyranosyl- 

1-Nitro-.beta.-d-arabinofuranose, tetraacetate 

Dimethyl trisulfide 

Disulfide, dimethyl 

1,3-Dithiane, 2-(phenylmethylene) 

S-2-[2-[4-Quinolyloxyethyl]aminoethyl]thiosulfate 

(+-)-cis-3,4-Dimethyl-2-phenyltetrahydro-1,4-thiazine 

3-Methylhexyl isothiocyanate 

Butane, 1-isothiocyanato-3-methyl- 

Dithiocarbamate, S-methyl-,N-(2-methyl-3-oxobutyl)- 

Methanethiol, N-(3-phenoxypropyl)amidino-, hydrogen thiosulfate 

tert-Hexadecanethiol 

Tetrasulfide, dimethyl 

Thiomorpholine 

(E)-1-Butenyl ethyl sulfone 

1-(4-Hydroxy-phenyl)-2-(1-p-tolyl-1H-tetrazol-5-ylsulfanyl)-ethanone 

10-Azido-1-decanethiol 

2-[3-Cyclohexylaminopropylamino]ethylthiophosphate 

4-Amino-5-(pyridin-2-ylmethyl)-1,2,4-triazole-3-thiol 

Carboisopropoxy isopropoxy sulfide 

Ethyl trifluoromethanesulfonate 

3,4-Epoxytetrahydrothiophene-1,1-dioxide 

Ethenyl tert-butyl sulfoxide 

Sulfur dioxide 

Aminomethanesulfonic acid 

Dibenzo[cd,g]indazole-3-sulfonic acid, 2,6-dihydro-6-oxo- 

Sulfurous acid, dimethyl ester 

Methyl ethyl disulfide 

Methanethiol 

Disulfide, methyl (methylthio)methyl 

2-Undecanethiol, 2-methyl- 
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Carbon disulfide 

Methanesulfonic anhydride 

.alpha.-Pinene 

D-Limonene 

p-Cymene 

Kessane 

Linalool 

(1R)-cis-Verbenol 

(+)-4-Carene 

.beta.-Phellandrene 

.alpha.-Pinene, 10-(dimethylaminomethyl)- 

à-Pinene 

Aromandendrene 

Phorbol 

(+)-cis-Verbenol, acetate 

R-Limonene 

trans-.beta.-Ocimene 

trans-Farnesol 

o-Cymene 

Limonene 
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INTRODUCTION 

Human decomposition is a complex process affected by 

many intrinsic and extrinsic factors. The decomposition 

process can be studied, in specific regions of the world, 

using human donors.  When human donors are not an 

option, animal carcasses such as domestic pigs can be 

used as an alternative source for vertebrate 

decomposition research, which can aide in making 

inferences about human decomposition [1–8].  

Decomposition begins almost immediately after death 

and is highly dependent on many factors including 

temperature, relative humidity, and insect activity, 

which can influence, among other things, the rate of 

decomposition and tissue desiccation [9–15].  

 The post-mortem interval (PMI) is used to 

describe the time between death and discovery of a 

body, which is a vital component of death investigations 

[16]. Forensic pathologists can estimate PMI, or time of 

death, based on early post-mortem changes such as  

livor mortis, rigor mortis, and algor mortis; however, 

these methods are only useful within the first few hours 

since death and are not reliable beyond 72 hours after 

death [17].  Beyond this point, the PMI will most likely 

be inferred based on insect activity, if it is present.   

 Insect colonization is a major driver of the 

decomposition process, such that decomposition is 

slowed and/or halted when there is an absence of insect 

colonization [2,18–21].  Insects, specifically blow flies 

(Diptera: Calliphoridae) and other filth flies, colonize 
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the remains by laying eggs so that their subsequent 

immature stages may feed and seek shelter [11,22].  

Colonization usually occurs in open orifices such as the 

mouth, nose, eyes, ears, anus, genitals, and any open 

wounds [10,18,23,24].  The life cycle of an insect 

includes four stages, namely egg, larval (1st, 2nd, & 3rd 

instars), pupal, and adult [25,26].  The rate at which a 

fly species will progress through these stages of life is 

based on the temperature in which they develop [26,27], 

and can be used to estimate the minimum time elapsed 

since death [28–30].  Descriptions of the time interval, 

from death to discovery, are based on insect behavior 

and carcass colonization referred to as pre-colonization 

interval (Pre-CI) and post-colonization interval (Post-

CI) [31,32].  Using these descriptions, the PMI is 

encompassed by the Pre-CI and the Post-CI.  The Pre-

CI refers to the period of time between death and 

colonization and is difficult to estimate due to 

variability in foraging behaviours and lack of evidence 

of interaction between the insects and the remains [31].  

The Post-CI refers to the time between oviposition and 

the departure of arthropods or time of discovery; the 

time when colonization occurs, the onset of Post-CI, 

will act as the minimum post-mortem interval (mPMI) 

and time of colonization (TOC) [31–33].  The minimum 

post-mortem interval (mPMI) describes the minimum 

time when the flies first laid eggs (or larvae) on the body 

until the body is discovered, providing the primary 

colonizing insects have been recovered [24].  Typically, 

a mPMI estimation will only encompass the Post-CI and 

not take into account the widely unknown Pre-CI, 

although research has attempted to fill this void [34–

36].  More recently, TOC has also been used to describe 

this minimum time interval of when first eggs are laid 

[32,37,38]. While mPMI and TOC may be used 

interchangeably, in certain cases, for example, cases of 

myiasis (where colonization occurred before death), 

TOC would encompass the interval prior to death 

[32,37]. A reliable estimate of mPMI and TOC is 

ultimately limited by the accuracy of condition and 

development parameters which affect these 

determinations. These include, the weather station data 

closely representing the climate at the site of 

decomposition, published development datasets, the 

absence of myiasis, no other decomposing organism 

near the body, colonization occurs during the daytime 

hours, insects have access to the remains, and faunal 

succession patterns can be used [47]. Finally, mPMI, 

TOC and Post-CI are all accepted terms to describe the 

time in which arthropods have colonized decomposing 

bodies, as long as the chosen form is suitably defined 

[37].  For the purposes of this publication, the term TOC 

will be used; however, mPMI would be equality as 

accurate as there were no instances of myiasis.  

 During the decomposition process, there are 

five recognized stages:  fresh, bloated, active decay, 

advanced decay, and dry remains or skeletonization 

[23,39]. These stages are typically used to describe the 

process of soft tissue loss, particularly as a result of 

insect activity [18,25,40–42].  Insect communities and 

diversities change during each of these stages 

[10,18,23,43–45] and these are greatly affected by 

geographical location.  In arid conditions with high 

solar radiation, desiccation of the upper surfaces of the 

deceased can occur, causing tough, leathery skin [5].  

Desiccation begins in the early decomposition stages 

with the digits of the extremities and progresses towards 

full desiccation, dehydrated tissue over bone [46].  This 

typically occurs in the advanced decay stage [5,46]. 

 Currently, the estimation of TOC and 

decomposition progression has involved the use of the 

Accumulated Degree-Days (ADD).  ADD can be used 

to show a measurement of time that will integrate the 

effect of temperature on the rate of insect development 

and rate of decomposition [47,48].  The reason why 

ADD is so important to TOC determinations is that 

insects are ectothermic, meaning they rely on 

environmental conditions such as temperature and 

humidity [26].  Factors such as temperature and 

humidity are key in determining the extent to which 

remains are colonized by invertebrate scavengers, such 

as blow flies and beetles [15,16,49,50].  Colonizing 

insects require specific temperature ranges that will 

promote the continuation of their life cycle.  

Temperatures close to the upper or lower limit of 

insects’ development threshold will delay or halt 

colonization and larval development and, in turn, delay 

soft tissue loss during the decomposition process 

[15,25].  Humidity also plays a large role in the rate of 

decomposition.  Instances of high humidity will 

promote oviposition and high larval activity as well as 

accelerate autolysis and putrefaction causing an 
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increase in the rate of decomposition [1,5,18].  

Alternatively, conditions with low humidity will cause 

the desiccation of eggs laid as well as the desiccation of 

tissue, making food unavailable to larvae and increasing 

insect mortality.  This would slow the rate of 

decomposition considerably [5,18,51].  The use of ADD 

considers the influence that one of these factors, 

temperature, has on the development rate of specimens, 

and thus on decomposition, over time. 

 While there have been many publications on the 

forensically-relevant insects associated with carrion 

[25,52–56], there are comparatively few studies to date 

that have investigated the insect colonization and 

succession during the decomposition of human remains 

[38,55,57]. Specifically, none of these studies have 

included detailed information on the rates of decay and 

colonizing species on human remains in Sydney, 

Australia.  As such, this research was conducted to 

investigate the decomposition process and blow fly 

colonization of five human donors by performing 

studies during the autumn months of 2017 and 2018 at 

the Australian Facility for Taphonomic Experimental 

Research (AFTER), the only human decomposition 

facility in the southern hemisphere.  

  

MATERIALS AND METHODS 

Australian Facility for Taphonomic 

Experimental Research (AFTER) 

AFTER is a secure facility located in the rural outskirts 

of Sydney.  It is approximately 12 acres of eucalypt 

open forest defined as a Cumberland Dry Sclerophyll 

Forest. Soils at AFTER are classified as sandy clay 

loam or gravelly sandy clay, with a pH of 5.5–6.5 [4]. 

The facility is located in the south-eastern region of 

Australia, classified by the Köppen Climate 

Classification System as a moist, mid-latitude (Cfb) 

climate where summers are warm to hot and winters are 

mild. This region does not represent the climate across 

all of Australia, however, results from AFTER can be 

applied to national and international regions with 

similar climates [58]. 

 

 

 

Experiment Design 

These research experiments were performed in the 

Australian autumn season, from March to June of 2017 

and repeated during the same period in 2018. The five 

human donors in this study were provided through the 

Body Donation Program overseen by the Surgical and 

Anatomical Science Facility (SASF) at the University 

of Technology Sydney (UTS).  All donors provided 

consent to use their body for the purposes of research at 

AFTER, in accordance with the NSW Anatomy Act 

(1977) [4]. The research project was approved under the 

UTS Human Research Ethics Committee Program 

Approval (UTS HREC REF NO. ETH15‐0029).  

During both years of study, research began in early 

autumn (April) and ended in late autumn (June). Since 

donors were received as they became available, the 

observational time span for each donor study varied.  

The donors received in the early autumn were observed 

for a longer time span, from Experimental Day (ED) 0 

to ED 32-58.  Donors received during the late autumn 

were observed for a shorter time span of ED 0 to ED 18-

27.  It was not possible to observe the donors for the 

entire period of decomposition, rather this study 

focused on dipteran activity on human remains during a 

particular season. Information on each donor is 

available in Table 1.  

 Upon arrival to the facility, the donors were 

given an anonymous identity code that represents the 

year of donation and donor number; e.g. H18-09 was 

the 9th human donor received in 2018. For the purposes 

of this publication however, the donors will be referred 

to as Donors H1 to H5.  Each human donor was 

refrigerated at 4°C until arrival at the AFTER facility. 

The date of placement was deemed ED 0. Upon arrival, 

the donor was placed on the ground either unclothed 

(H1, H2, H3) or clothed (H4, H5) in the centre of a 

5x5m delineated plot.  This means that donors were 

placed approximately 5m apart.  This is less than the 

>50m recommended by Perez et al [59] and could not 

be avoided.  As space needed to be used efficiently, 

plots were placed adjacent to each other, being careful 

not to place donors in the early stages of decay in 

proximity to each other.  These donors were separated 

so that the primary colonizers of one donor would not 

influence the colonization of other donors nearby. 
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Table 1 A table with information for all donors that were observed during the study including date placed, season, sex, 

size, age, whether they were clothed, cause of death (COD) and the number of experimental days the donor was observed 

for. 

Donor Date Placed Season Sex Size Age Clothed? COD 
Obs. 

Days 

H1 17-MAR-17 Early 

autumn 

M Extra 

Large 

74 No Bowel 

perforation  

54 days 

H2 01-APR-17 Early 

autumn 

M Small 84 No Kidney 

injury/renal 

failure 

Parkinson’s 

disease 

32 days 

H3 03-MAY-17 Late 

autumn 

M Medium 21 No Asphyxiation  18 days 

H4 28-MAR-18 Early 

autumn 

F Large 61 Yes Bacterial 

meningitis 

58 days 

H5 04-MAY-18 Late 

autumn 

M Small 57 Yes Pneumonia, 

Liver Failure, 

Alcoholism 

27 days 

 

Information about the donor such as biological 

sex, age, cause of death (COD) and size, as well as any 

wounds or marks that were present on the remains were 

documented.  The size of the donor was classified as 

small, medium, large or extra large, based the 

approximate clothing size (Australian) the donor would 

wear, since the weight of the donors was not available.  

In 2017, a data logger (HOBO, Onset, Ontario, Canada) 

was placed in the plot of Donor H1, which was in the 

vicinity of the plot of Donor H2.  In 2018, the same 

logger was placed in the plot of Donor H4, near the plot 

of Donor H5.  The logger was used to collect hourly 

recordings of ambient temperature and relative 

humidity in the area. Because of the limited number of 

data loggers, the hourly ambient temperature and 

relative humidity data for Donor H3 were collected 

from the weather station located at AFTER equipped 

with a HOBO U30 No Remote Communication data 

logger (OneTemp, Melbourne, Australia).  ADD was 

calculated using average daily temperatures of 8-34˚C, 

since Australian blow flies cannot complete their life 

cycle outside of this temperature range [25].  Note: 

Donor H3 was shared among researchers for differing 

studies.  As a result, alterations were made to the donor 

with the insertion of four temperature probes into the 

torso of the donor.  Two probes were inserted into the 

upper left and right sides of the chest and the other two 

probes were inserted into the lower left and right sides 

of the abdomen.  These were inserted approximately 10 

cm deep. 

Each donor was visited once daily for the first 

week of decomposition.  Visits were reduced to every 

second day for approximately 2 weeks thereafter and 

then further reduced to once per week until the end of 

the study. This frequency of visits was chosen so that 

more observations could be made during the early 

stages of decomposition when the rate of decomposition 

and dipteran attraction are generally high.  As 

decomposition slowed, fewer visits were necessary to 

document changes in the bodies and insect activity.  The 

time of day when visits occurred was between 10am-

12pm with the exception of approximately 5 

experimental days where the visit occurred in the early 

afternoon. During each visit, photographs were taken of 

the remains and observations were made on the stage of 

decomposition, and then entomological samples such as 

eggs, larvae and adult flies were collected.  In between 

sample collection, anti-scavenging cages were placed 

over the remains to deter vertebrate scavenging 

(particularly avian) while still allowing invertebrate 

scavenging and exposure to natural environmental 

conditions. 

Entomological Sample Collection and Rearing 

During each visit, the donors were examined for new 

egg clutches and larval masses.  Samples were collected 
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from any area with new eggs or young larvae (1st to 2nd 

instar).  The instars of the larvae were estimated based 

on size, rather than number of spiracles, as there was no 

portable microscope on site.  Specimens were collected 

using a small metal spoon or tweezers and placed in a 

cup with a small piece of moist paper towel until they 

could be transferred to the area designated for insect 

rearing.  Care was taken not to collect too many samples 

so as not to interfere with the natural insect activity.  All 

rearing was performed in a small cabin on land adjacent 

to the AFTER facility and as such the environmental 

conditions were similar to ambient conditions outdoors.  

All larval samples were reared to adulthood with 

kangaroo mince as a protein source.  Rearing larvae 

were kept hydrated with sprays of water when needed 

and migrating larvae were given moist straw in which 

to pupate.  Once emerged, all flies were identified using 

the LUCID Key to Australian Carrion Breeding Flies 

[60] and the LUCID Key to Australian Sarcophaga 

(sensu lato) (Diptera: Sarcophagidae) [61]. 

Statistical Analysis 

Since ADD values are important to the determination of 

a TOC, a scatter plot of the Experimental Day (ED) and 

accompanying Accumulated Degree-Days (ADD) was 

generated to determine if there was a high correlation 

between ED and ADD.  The scatter plot graph was 

created using Microsoft Excel 2019 including the 

trendline, equation of the line and R-Squared value 

functions. 

 Principal component analysis (PCA) was also 

employed to analyse and interpret the data. The prime 

purpose of PCA is to reduce the dimensionality of a 

multivariate data set and to clarify its interpretation by 

identifying a smaller number of variables to summarize 

the larger data set [62]. PCA reduces data by 

geometrically projecting them onto lower dimensions 

called principal components (PCs).  The goal is to find 

the best summary of the data using the lowest number 

of PCs [63].  The principle component analysis (PCA) 

of the ADD values required to reach each stage of 

decomposition was performed using the PAST v4.02 

statistical software available for free online [64]. 

RESULTS 

Environmental Conditions 

Since this current research is focusing on dipteran 

colonization, the following temperature information is 

based on the first 3 weeks of decomposition where 

dipteran colonization occurred.  The donors that were 

placed during the early autumn in 2017 experienced 

comparable average temperatures, ranging from 18-

21˚C; Donor H1 had an average of 21˚C and Donor H2 

averaged 18˚C. Donor H4, placed in early autumn of 

2018, averaged 23˚C.  The minimum temperatures, 

ranged from 10-12˚C in 2017 where the minimum 

temperature for Donor H1 was 12˚C and Donor H2 was 

10˚C. Donor H4 experienced a minimum temperature 

of 14˚C.  The maximum temperatures in the early 

autumn ranged from 37-47˚C; where Donors H2 and H4 

were exposed to a maximum of 37˚C and Donor H1 to 

a maximum of 47˚C.  Two donors were placed in the 

late autumn.  Donor H3 placed in 2017, experienced an 

average temperature of 14˚C, with minimum and 

maximum temperatures of 6˚C and 24˚C, respectively.  

Donor H5 was placed in 2018, with an average 

temperature of 14˚C, and minimum and maximum 

temperatures of 3˚C and 28˚C, respectively.  The 

relative humidity (RH) averages were much higher in 

2017, 81-91%, than the averages recorded in 2018, 65-

66%. 

Rates of Decomposition and Dipteran Activity 

The rate of decomposition of the bodies varied and, 

importantly, no two bodies decomposed at the same 

observed rate (Figure 1).  There were some aspects of 

the decomposition processes that were noticeably 

different between bodies. The rate of decomposition for 

the remains of Donor H1 progressed much faster 

through the early stages of decomposition than any of 

the other bodies, reaching active decay by ED 7 (182 

ADD) (Figure 1).  The higher temperatures and 

probable higher levels of solar radiation caused 

desiccation of the skin to occur and made the transition 

between the bloated stages and the active decay stages 

difficult to determine.  Donor H1 began the bloated 

stage of decomposition quickly, ED 2 (66 ADD) and as 

the exposure to the environmental conditions continued, 

the skin of the torso became hard and leathery causing 

the bloated shape to be maintained.  The active decay 

stage for Donor H1 occurred predominantly internally 

and was not as visually apparent since minimal tissue 

loss could be seen on the exposed surfaces.  Shortly 
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after the onset of the active decay stage, Donor H1 

showed desiccation on all exposed skin by ED 9 (229 

ADD). Donor H1 reached the advanced decay stage on 

ED 26 (552 ADD) and, by the end of the observation 

period of 54 ED (1022 ADD), skeletonization had not 

occurred.  Primary colonizers for Donor H1 included 

Calliphora ochracea (Schiner 1868), and Chrysomya 

rufifacies (Macquart, 1843) (Diptera: Calliphoridae) 

who colonized in the fresh stage on ED 1 (42 ADD).  

Donor H1 was colonized by two more species in the 

bloated stage, Chrysomya incisuralis (Macquart, 1851) 

and Calliphora augur (Fabricus, 1775) (Diptera: 

Calliphoridae) (Table 2).  Piophilidae (Insecta: Diptera) 

larvae were observed during the advanced decay stages 

of this donor. 

  

 
Figure 1 Rates of Decomposition.  A bar graph of the rate of decomposition for each donor showing the ADD values on 

the x-axis and duration of each stage of decomposition in Experimental Days (black numbers found within each bar 

section) 

 

Table 2 The colonizing fly species that were collected and reared to adulthood for each donor.  Life cycle stages of 

collected specimens are listed beside the species name where (E) = Egg and (L) = Larva.  A section of the column for 

Donor H5 is “Not Applicable” because the donor was not observed during this period 

 

Stage 
ED H1 H2 H4 H3 H5 

 2017 2017 2018 2017 2018 

Fresh 

1 
C. ochracea (E)     

 C. hilli hilli (L) 
  

Ch. rufifacies(E)       

2 C. ochracea (L)         

4 

  C. augur (L)   

C. hilli hilli (L) 

  

 L. cuprina (E)    

  C. stygia (E)     

8   Ch. rufifacies (L)       

10 

  Ch. rufifacies (L)       

 Ch. incisuralis (L)      

  C. ochracea (L)       

14   
  

    
S. impatiens 

(L) 

Bloated 

3 
Ch. Incisuralis(L)   

C. ochracea (L) 
    

Ch. rufifacies (L)     N/A 

4 Ch. rufifacies (L)   H. fergusoni (L)   N/A 
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5 
Chr. rufifacies (L)   Ch. megacephala (L)    

C. augur (L)   Ch. rufifacies (L)   N/A 

6 

      C. stygia (E)  

    C. ochracea (E)  

    C. hilli hilli (L)  

      
Sarcophaga 

sp.(L) * 
N/A 

7     L. cuprina (L)   N/A 

9 

    Ch. incisuralis (L)   
 

   Ch. latifrons (L)    

   Ch. megacephala (L)    

    Ch. rufifacies (L)   N/A 

12     Ch. rufifacies (L)   N/A 

16     Ch. rufifacies (E)   N/A 

Active  

Decay 

19     S. impatiens (L)   N/A 

21     S. impatiens (L)   N/A 

27 

   S. impatiens (L)    

    P. casei (L)   N/A 

* Sample was damaged and species identification was not possible through microscopic examination. 

 

The early rate of decomposition for the remains of 

Donor H2 was slower than the majority of donors, with 

the fresh stage of decomposition lasting up to 12 ED 

(210 ADD) (Figure 1).  In contrast, the bloated and 

active decay stages for Donor H2 were notably faster 

than Donor H1, even though Donor H2 was placed two 

weeks after Donor H1, lasting only 3 ED (54 ADD) and 

10 ED (189 ADD), respectively. Donor H2 began to 

desiccate in the head and arms on ED 12 (230 ADD) 

and desiccation was complete by ED 21 (579 ADD).  

Donor H2 was colonized by 3 blow fly species, C. 

augur, Lucilia cuprina (Wiedemann, 1830), and 

Calliphora stygia (Fabricius, 1782) (Diptera: 

Calliphoridae), during the fresh stage but not until ED 4 

(88 ADD).  Colonization by three more species, Ch. 

rufifacies, Ch. incisuralis, and C. ochracea, occurred 

later in the fresh stage on ED 8 (160 ADD) (Table 2).  

Piophilidae larvae were observed during the advanced 

decay stages of this donor as well. 

 The fresh stage for the remains of Donor H3 

lasted 9 ED (142 ADD).  The bloated stage for Donor 

H3 was not completed during the observation period of 

18 experimental days, likely due to the cooler 

temperatures in late autumn.  The earliest colonizing 

species was Calliphora hilli hilli (Patton, 1925) 

(Diptera: Calliphoridae) which colonized on ED 1 (30  

ADD).  These were collected as 1st instar larvae,  

 

indicating that oviposition occurred an undetermined 

number of hours prior to collection on ED 1 (30 ADD), 

since no development data is published for this species. 

The only other donor to be colonized as quickly was 

Donor H1, placed in the early autumn.  Additional blow 

fly species, C. stygia and C. ochracea, colonized the 

remains of Donor H3 in the bloated stage on ED 6 (101 

ADD).  A Sarcophaga spp. (Diptera: Sarcophagidae) 

colonized Donor H3 on ED 6, but the sample was 

damaged and the species was not able to be determined. 

 The remains of Donor H4 experienced a short 

fresh stage, lasting 2 ED (71 ADD). When comparing 

the body size and temperature conditions, this is 

comparable to the rate of decomposition for donor H1 

in the early stages of decomposition.  The bloated stage 

for Donor H4, however, was longer, lasting 17 ED (389 

ADD).  This was considerably longer than the bloated 

stage for Donors H1 and H2 who were also studied 

during the early autumn months.  Early signs of 

desiccation could be seen on the face, hands, and feet of 

the body by ED 7 (184 ADD) and by ED 16 (391 ADD) 

desiccation was more pronounced, also affecting the 

skin under the clothing.  The remains of Donor H4 were 

first colonized in the bloated stage of decay on ED 3 (94 

ADD) by C. ochracea, showing a delay in colonization.  

The colonization of this donor also differed in that three 
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of the colonizing species, Hemipyrellia fergusoni 

(Patton, 1925), Chrysomya megacephala (Fabricius, 

1794), and Chrysomya latifrons (Malloch, 1927) 

(Diptera: Calliphoridae), were not recorded on any 

other donors (Table 2).  Colonization of Piophila casei 

(Linnaeus, 1758) (Diptera: Piophilidae), also known as 

the cheeseskipper, was documented on ED 27 (611 

ADD) during the active decay stage. 

 The fresh stage for the remains of Donor H5 

lasted a minimum of 27 ED (384 ADD).  This was much 

longer than the 9 ED (142 ADD) seen for Donor H3, 

who also decomposed in the late autumn.  Due to the 

slow decomposition of the remains of Donor H5 as well 

as the completion of the time allotted for the research, 

the bloated stage was not reached during the 

observation period.  This was the longest fresh stage 

observed in this study.  The colonization of Donor H5 

was delayed with little to no fly activity present until 

ED 14 (219 ADD). The body showed minimal 

decomposition and was still considered to be in the fresh 

stage at this time. First instar larvae were collected from 

the mouth and were later identified as Sarcophaga 

 

impatiens (Walker, 1849) (Diptera: Sarcophagidae) 

(Table 2). 

 Calliphora ochracea was one of the more 

prominent colonizers in this study and colonized four 

out of five bodies, during both the early and late 

autumn.  Species that acted as both early and late 

primary, possibly secondary, colonizers were Ch. 

rufifacies and S. impatiens (Table 2). Chrysomya 

incisuralis and Ch. rufifacies were prominent 

colonizers in the early autumn while C. hilli hilli was 

only seen in the late autumn.   

 Many forensically relevant blow fly species 

were collected as adults during the early autumn, 

however, few of these forensically relevant species 

were collected in the late autumn (Table 3).  Certain 

Diptera species were observed throughout the entire 

autumn season including Ch. incisuralis, Ch. rufifacies, 

Chrysomya varipes (Macquart, 1851), and Chrysomya 

nigripes (Aubertin, 1932) (Diptera: Calliphoridae).  

Adult species that were collected exclusively in the 

early autumn of this study included Ch. megacephala, 

Ch. latifrons, H. fergusoni, C. stygia and C. augur 

(Table 3).  

 

Table 3 Adult Blow Fly Species Collected.  Blow fly and other species that have been found to be forensically relevant are depicted 

as well as blow flies present in southeastern Australia during the summer and winter months. These results were taken from 

literature.  Results of adult flies collected during this research are also shown (early and late autumn bush).  A portion of the table 

is crossed out because Kavazos and Wallman did not discuss Sarcophagidae species in their 2012 publication. 1[25,55], 2[80], 

3[78]. 
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The most abundant adult dipteran species collected in 

the early autumn were Ch. rufifacies and Chrysomya 

varipes, the former was seen as a colonizer in this study 

while the latter visited the bodies but no immature 

stages were recovered (Table 2, Table 3).  Fewer 

dipteran specimens were available for collection in the 

late autumn due to a lower abundance of flies and as 

such no specific species was observed to be more 

abundant over the other. 

Experimental Day vs. ADD 

Based on the scatter plot of Experimental Day vs. ADD 

values, the results show that there is a high correlation 

between the ED and ADD values.  The R2 value of the 

trendline for the data was 0.9744 and the equation for 

the line was y=19.249x+17.35 (Figure 2). 

PCA Analysis of Duration of Stages in ADD 

PCA analysis of the ADD values calculated for all 

donors to reach each stage of decomposition shows the 

rate of decomposition of Donors H3 and H5 to be 

similar which may be explained by their placement 

during the later autumn months. These two donors are 

found at the intersection of the two axes of the graph 

and form a group.  Donors H1 and H2 are clustered in 

the lower and upper left quadrants, respectively.  

Although there is a large gap between these two donors 

on the Component 2 axis, they are found at similar 

locations on the Component 1 axis which accounts for 

71% of the variance in the data. This means that there is 

less variation between Donors H1 and H2 and they were 

more similar to each other than to Donor H4 who was 

also placed at AFTER in early autumn. Donor H4 is 

located in the upper right quadrant and at the edge of the 

positive end of the Component 1 axis (Figure 3).  Donor 

H4 shows the most variation in decomposition rate from 

the other donors. 

 

 

Figure 2 ED vs ADD. A scatter plot of the Experimental Day versus ADD values that includes data from all donors.  This 

scatterplot includes the Equation of the Trendline and R2 Value for the data 



Dipteran Colonization and Decomposition of Humans 

 

 

Vol 6(1) (Special Issue) (2021) 102-119 | jchs-medicine.uitm.edu.my | eISSN 0127-984X 

https://doi.org/10.24191/jchs.v6i1 (Special.13993                                                                                                            
 

111 

 
Figure 3 PCA of Rates of Decay.  A principle component analysis of the ADD values required for each stage of decomposition to 

commence.  The donors with black triangles are those that were unclothed and the donors with the black circles were clothed 

 

DISCUSSION 

While TOC provides the best estimate of time since 

death after pathological methods can no longer be 

applied, it does not take into consideration an extended 

Pre-CI.  It is the Pre-CI that is largely responsible for 

the difference between the actual time of death and the 

TOC, making the determination of the Pre-CI incredibly 

important if any delays in colonization occurred 

[31,33].  Variations in decomposition rates and 

colonization have been reported based on variables such 

as clothing [7,53,65,66], carcass size [7,67,68] and peri-

mortem antibiotic usage [69].  It is important to explore 

the impact of each of these variables to insect 

colonization and subsequent mPMI and TOC 

estimations.   

Factors affecting Decomposition 

As previously mentioned, the difference between the 

actual time of death and an estimated TOC is largely 

attributed to the Pre-CI [31].  There are many factors 

that influence the duration of Pre-CI, making this 

interval highly variable.  In the current study, there were 

multiple instances where there was a prolonged period 

before insect colonization, which occurred in both early 

and late autumn.  A similar delay was reported by 

Dawson et al. [57] at the AFTER facility.  The authors 

described delays in colonization of human remains 

placed both in summer and winter seasons, with more 

prominent delays recorded in the winter season [57].  

This was also observed in the current study, where 

delays were seen regardless of date of donor placement, 

however, delays occurring during cooler temperatures 

were longer.  As the length of the Pre-CI is crucial to 

determining an accurate PMI, this will be discussed 

first.  Donor H1 and H3 each had a Pre-CI of 1 ED (30-

42 ADD).  In comparison, Donors H2, H4 and H5 all 

showed a prolonged Pre-CI of 4 ED (74-117 ADD) or 

later.  Since colonization can occur minutes after death 

[24,70], these are considered important delays.  Two of 

these three donors also showed a slowed decomposition 

rate in the early stages of decomposition.  Relevant 

literature reports that a delay in primary colonization of 

remains does have an effect on the rate of 

decomposition, slowing the rate considerably [21,71–

73].  The variation seen between the donors can be 

explained by various factors, both biotic and abiotic, 

that could have affected the Pre-CI and/or microbial 
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activity of the remains.  The main abiotic factor is 

temperature while the biotic factors to be discussed 

include donor size, clothing and peri-mortem 

medication.  Variations between donors could be 

attributed to more than one factor, offering competing 

hypotheses on why certain aspects of the decomposition 

process may or may not have occurred. 

 The remains of Donors H1 and H4 were placed 

earliest in the autumn seasons, in their respective years, 

when temperatures were highest.  As a result, both of 

these bodies had the shortest fresh stages as well as 

earliest times of colonization.  Alternatively, the 

remains of Donors H3 and H5, who decomposed in 

cooler conditions, had long fresh stages and reduced 

insect activity.  This supports the findings by George, 

Archer and Toop [36] who state that temperature is a 

positive predictor variable for blow fly colonization, 

meaning that higher temperatures yield a higher 

probability that calliphorids will colonize a carcass.  It 

should be noted, however, that the decomposition of 

Donor H2, exposed in the early autumn, did not follow 

this pattern.  Donor H2 was not colonized until ED 4 

(88 ADD).  The average temperature for Donor H2 was 

only a few degrees lower than those of Donors H1 and 

H4, which may have accounted for the difference in 

colonization time. However, further research is required 

before coming to any conclusion.  

 Studies indicate that, generally, larger masses 

of carrion decompose slower than smaller masses 

[67,68].  Matuszewski et al. [7] reported that larger 

carcasses tend to take longer to decompose due to the 

large amount of organic material that needs to be 

anaerobically broken down and consumed by 

microbiological and entomological processes.  Despite 

this, a larger mass will go though autolysis and begin 

putrefaction more efficiently, presenting as a quick 

onset of the bloated stage followed by a prolonged 

bloated stage [7].  According to Matuszewski et al. [7], 

larger carcasses were seen to have a less efficient active 

decay stages where tissue loss and the onset of advanced 

decay were delayed.  Similar observations were 

reported in the current study when comparing donors 

who decomposed in both early and late autumn.  

Beginning with the early autumn, the fresh stage of 

decomposition was shortest for Donors H1 and H4, the 

two largest donors in the study.  As seen in Matuszewski 

et al. [7], both Donor H1 and H4 of this study also had 

prolonged bloated and active decay stages.  The remains 

of Donor H2, one of the smaller donors, had a fresh 

stage that lasted much longer than the larger donors.  

Additionally, the body of Donor H2 showed the fastest 

overall decomposition rate, indicating that the 

observations seen in Matuszewski et al. [7] were also 

witnessed in this study.  Comparing donors who 

decomposed in the late autumn, Donor H3 was a 

medium-sized donor while Donor H5 was very thin, 

almost emaciated.  Donor H3 reached the bloated stage 

by ED 9 while Donor H5 had not reached the bloated 

stage during the observation period of 27 ED.  It should 

be noted, however, that emaciated individuals often 

transition from fresh stage directly to desiccation 

without passing through the more traditional stages of 

decomposition such as bloated (S. L. Forbes, pers. 

comm).  This phenomenon was also reported by Knobel 

et al. [4] at the AFTER facility and involved the 

observation of two human donors in the summer and 

two in the winter. Observations included the absence of 

characteristic bloating features in one of the winter 

donors, and active decay stages were noted to have 

occurred internally and were only apparent in the head 

and neck of all four donors.  While Knobel et al. [4] may 

show there is a possibility that Donor H5 entered into 

the active decay stage without any signs of bloat, the 

near lack of larval activity as a whole with this donor 

would make this difficult to determine as larval activity 

is one of the main aspects of the active decay stage. 

 Although two of the donors in this study were 

clothed (H4 and H5), Donor H4 demonstrated a 

comparable rate of decomposition to the unclothed 

donors (H1-H3).  Donor H4 experienced the longest 

bloated stage but then progressed through active and 

advanced decay similar to Donor H1, who was 

unclothed.  While published research performed in 

western Australia shows that the active decay stage of 

decomposition can be extended with clothed remains 

[53], the length of the bloated stage was not discussed 

in the referenced study.  Other publications have 

documented that clothing causes an extension in moist 

decomposition and insect activity [53,65].  Based on 

this, clothing could be responsible for the prolonged 

insect activity as well as the length of the bloated stage 

in Donor H4.  It is possible that clothing is the reason 
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for the high variation seen between Donor H4 and other 

donors in the PCA analysis.  While a lengthy fresh stage 

was recorded with Donor H5, the other clothed donor, 

there was almost no insect activity reported, which does 

not corroborate the prolonged insect activity seen with 

clothed individuals in the literature.  The remains of 

Donor H4 also showed the highest variety of colonizing 

dipteran species.  Research investigating the 

colonization of clothed remains shows that clothing 

allows for more areas for female blow flies to oviposit 

[66].  It is probable that the clothing on Donor H4 

provided the opportunity for the colonizing community 

to become more diverse with less competition for 

resources. 

 The final biotic factor to be considered is peri-

mortem medications.  Peri-mortem medications is an 

example of a factor that can make the decomposition of 

humans unpredictable, since they vary ante-mortem and 

are often unknown.  In certain cases in this study, the 

possible peri-mortem use of antibiotics was suspected 

to have influenced the rate of decomposition and 

possibly the Pre-CI.  Donor H4 died of bacterial 

meningitis.  Treatment of bacterial meningitis includes 

strong antibiotics [74,75] because the bacteria that 

cause meningitis can be antibiotic resistant [75].  

Similarly, Donor H5 suffered from alcoholism and died 

due to liver failure.  Complications can arise in 

individuals that have cirrhosis of the liver such as 

pneumonia, which was also an aspect of this donor’s 

death.  If his pneumonia was bacterial, it would have 

been treated with antibiotic drugs [76].  The result of 

antibiotic use is that the beneficial bacteria in the body 

is killed along with the pathogenic bacteria [77].  A 

publication by Hayman and Oxenham [69] described 

the decomposition process for an individual who was 

treated with cytotoxic drugs as well as 5 antibiotics prior 

to death.  The authors outlined a slowed decomposition 

process, the absence of bloated stage features like 

marbling and an extended abdomen and the absence of 

insect activity [69].  One possible explanation for these 

results would be a reduced load of microbial 

communities caused by antibiotic medications [69].  

Since both Donor H4 and H5 were likely treated with 

antibiotics, a change in the microbial flora could have 

impacted the onset of the bloated stage of 

decomposition [69].  Donor H4 had a prolonged bloated 

stage whereas Donor H5 did not show marbling or reach 

the bloated stage at all in 27 ED (384 ADD).  Less 

beneficial bacteria in the system would theoretically 

delay or slow the bloat process as well as the marbling 

effect.  The detection of volatiles by blow flies could 

have been delayed due to low concentrations caused by 

diminished bacterial communities.  This, in turn, could 

have affected the Pre-CI and thus the TOC.  While it is 

not suggested that antibiotic treatment alone is 

responsible for these results [69], it is suspected to be 

an influencing factor. 

PCA Analysis 

While this PCA analysis shows the decomposition rate 

of H3 and H5 to be similar, the rate of decay shown in 

Figure 1 suggests otherwise.  It is suspected that these 

Donors were both found in the center of the plot, at the 

junction between the two axes, because of the lack of 

data beyond the fresh and bloated stages, showing a 

similarity that is not reflected in other results. 

Experimental Day vs. Accumulated Degree-

Days 

Evaluating the rate of decomposition based on changes 

in stage of decomposition in relation to Experimental 

Day is comparable to evaluating based on ADD value, 

since a scatter plot shows there is a high correlation 

between ED and ADD values in this study.  The 

equation of the trendline for this data could be useful in 

estimating the rate of decay for humans in similar 

environmental conditions by calculating the expected 

ADD values for specific experimental days.  

Attempting to predict the rate of decay of donors using 

this data would aid in the understanding of the 

relationship between time and temperature relating to 

decomposition.  These results, however, are specific to 

the Sydney, Australia climate and would not be 

applicable elsewhere.  Conducting further human 

research at the AFTER facility and adding further ED 

and ADD values to the dataset would serve to 

strengthen the correlation between ED and ADD and 

improve the accuracy of ADD estimations. 

Dipteran Community 

Few publications exist which discuss primary 

colonizers in Sydney, Australia [78].  During this study, 
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primary colonizing species in early autumn include C. 

hilli hilli, C. ochracea, and Ch. rufifacies.  These are 

expected colonizing species in southeastern Australia 

[78].  Kavazos et al. [78] reported Ch. rufifacies to be 

one of the most abundant species in the summer while 

C. hilli hilli and C. ochracea were both most abundant 

in the winter months.  Calliphora augur, L. cuprina, and 

C. stygia were recorded as delayed colonizers in the 

early autumn.  These three species are considered 

important colonizers [25,55] and are a mix of species 

expected during the summer and winter months [78], 

which is unsurprising as these donors were placed 

during April-May and observed for the entire autumn 

season. 

   As for colonization during the late autumn, C. 

ochracea, Ch. megacephala, Ch. rufifacies, H. 

fergusoni, L. cuprina, Ch. incisuralis, and Ch. latifrons 

were all documented as delayed primary colonizers on 

Donor H4.  These are a mix of species common in the 

summer and winter months [78].  A previous 

publication on blow fly community composition in 

Sydney, Australia found that H. fergusoni was present 

in high abundances but were only observed in urban and 

suburban areas [78].  In contrast, this study identified H. 

fergusoni as a colonizer in a Sydney bush environment. 

This may be the first record of this species in such an 

environment.  Chrysomya megacephala and Ch. 

rufifacies acting as colonizers is expected as they are 

some of the most abundant species to be observed in 

Sydney, Australia and are both considered forensically 

relevant [25,55,78].  Chrysomya incisuralis and Ch. 

latifrons were not among the list of expected species to 

colonize remains and, in fact, Ch. latifrons is reported 

to be an uncommon species as it constitutes less than 

1% of the total blow flies caught in the Sydney 

community study [78].  Chrysomya incisuralis and Ch. 

latifrons, however, have been reported in the Sydney 

bush areas in summer and winter months [78]. 

 Species S. impatiens, was documented as both 

a primary and secondary colonizer in this study.  This 

species is larviparous [79], which explains why they 

were not detected in egg form.  Sarcophaga impatiens 

was observed as a secondary colonizer on Donor H4, 

which agrees with published literature indicating 

Sarcophagidae are generally recorded as secondary 

colonizers in Australia [53,54].  In the case of Donor 

H5, however, S. impatiens acted as a delayed primary 

colonizer.  Only one publication supports this finding; 

in one mortuary case in Queensland, Australia, S. 

impatiens acted as a primary colonizer whereas the 

same species was seen as a secondary colonizer in three 

other mortuary cases [55].  Very little is known about 

the development of S. impatiens, even though the 

species has been shown to be forensically relevant [80].  

More recent studies have begun exploring the 

thermobiology of S. impatiens to aid in the estimation 

of the PMI [55]. 

CONCLUSION 

Decomposition research involving human remains 

occurs less frequently than animal decomposition 

studies due to the limited human decomposition 

facilities available.  The locations of human 

decomposition research facilities do not cover the many 

different environmental climates of the world and as 

such cannot contribute to all death investigations.  

Previous PMI estimation models have relied on data 

collected from research performed on human proxies, 

such as the domestic pig, however recent research 

shows that the rates of decay between humans and pigs 

differ [6,81,82].  This study has shown that human 

decomposition and initial colonization was highly 

variable among the 5 human donors observed.  Our 

findings suggest that it is possible for extrinsic factors 

such as temperature and intrinsic factors such as body 

size, clothing, and peri-mortem medications, 

specifically antibiotics, to influence the processes of 

colonization and decomposition.  Therefore, it is 

extremely important to continue research using human 

donors to understand how variation in human 

physiology and ambient environment can affect 

decomposition and insect colonization.  It is important 

that we explore the various factors that may delay 

colonization, thereby affecting minimum time since 

death estimations. 
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