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Introduction

A death occurs. If it is a result of foul play followed by a time interval prior to
discovery, and there has been an association of insects with the corpse, then there is
a good chance that an entomologist will be required to help determine when the
crime occurred. The discipline is called forensic entomology and in more recent
times has become the gold standard for estimating the time since death [1]. Within
this chapter, the reader will appreciate that there is much more that insects can offer
when they become involved with a crime scene. Apart from their value in determin-
ing an accurate estimate of the chronological interval of death, forensic entomolo-
gists are able to extract drugs and gunshot residues (GSR) (entomotoxicology) from
larvae [2] and make determinations on species identification as well as host sub-
strate using DNA from where the larvae were collected [3]. So what is forensic
entomology? The following chapter will describe its history; it will define the actual
science and detail its many applications as a tool to help solve crime. In addition, the
following chapter should serve as a guide for pathologists and other scientists inves-
tigating a corpse as to the location of insect material and how to sample and pre-
serve collected specimens.

Forensic entomology is comparable to many of the other sciences that now have
an affiliation with forensics. Forensics is a Greek word meaning “in the forum” and,
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in its more contemporary guise, it is any science or skill set that is used to solve a
crime that typically concludes in a court of law.

Forensic entomology has been a useful tool for crime scene investigators for the
best part of a century in the Western world. There have been numerous case histo-
ries now where entomology has played a crucial role in helping to work out the
details of a crime or unattended death. However, three cautionary details apply to
forensic entomology [4]:

1. Insects are animals, and it is not always possible to rely on animals to do what is
expected of them, even when conditions seem favorable.

2. All care must be taken in the collection of entomological evidence; this should
be gathered only by individuals who have knowledge and experience and/or
accreditation as a practitioner in this activity.

3. Entomological evidence that is likely to appear before a court should be analyzed
by individuals who have demonstrable experience with the aspects and assump-
tions of entomology that are applied to medicolegal investigations.

As previously stated, the term “forensic entomology” is generally used to
describe the study of insects and other arthropods associated with criminal events
[5]. In practice, however, most crime scene examiners are not entomologists, so
any non-backboned animal associated with a legal investigation has in the past
been sent to a forensic entomologist for analysis. Such animals may include
snails, millipedes, spiders and mites, land shrimps, and flatworms, which can be
passed on by the entomologist to an expert associated with that animal group.
This range of invertebrate fauna is further expanded when a corpse is located in a
water body and a variety of crustaceans may then be presented for examination.
Unfortunately, very few species of animals, apart from a small number of insects
and mites [6], have been studied sufficiently to have any reliable use in forensic
entomology [4].

What Is Forensic Entomology?

The field of forensic entomology can be divided as follows [7, 8]:

» Urban entomology (e.g., civil actions relating to insect- and human-built struc-
tures, as may occur with termites and buildings) [9, 10]

e Stored product entomology (e.g., civil actions related to insect infestations of
commodities such as food) [11, 12]

* Medicolegal entomology (e.g., criminal cases involving the estimate of time
since death for decomposing remains of humans or animals) [13]

The last of these categories, medicolegal entomology, includes determining
where and when the human death occurred, cases involving possible sudden or sus-
picious death, and criminal misuse of insects [14].
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Uses for entomology in forensic situations seem to be broadening continually
[15, 16]. This breadth is evidenced by applications in specific legal cases related to
detection of:

» Toxins, drugs, and GSR [17-22]

e Injuries after death [23]

e Movement of vehicles and transport of remains [24]

*  Movement of people through bites or infestations [25]
e Neglect of children and the elderly [26-29]

e Food contamination by insects [30, 31]

e Veterinary and wildlife forensics [32-35]

Estimating minimum time since death is still one of the most fundamental ques-
tions following a death, and the application of the developmental rates of insects
associated with a corpse has become most essential in calculating the postmortem
interval (PMI) in legal situations [1]. There are a number of other ways of establish-
ing minimum time elapsed since death [36], including histological, chemical, and
bacteriological methods, but such traditional techniques reputedly lose precision if
more than a day has elapsed since death [37]. This has now been extended using
modern molecular biology techniques, whereby the parameters responsible for
changes in DNA yield have been researched as a possible measure [38].

There has always been a need for a broader range of methods that can be applied
to determining PMI, and this is where entomology can be of use. Indeed, the case
should be argued for pathologists, entomologists, and anthropologists to be consid-
ered as part of a continuum, working together for improved information on time
since death [1]. Forensic pathology is about the process of autolysis, entomology
with the early decay stages, and anthropology with the later stages. As such, the
pathologist first calls on the entomologist when insects are present and then the
anthropologist to assist with time since death assessments.

Determining minimum time since death is generally based on two
considerations:

e The time it takes for insects attracted by carrion to arrive on a body
e The temperature-dependent rate at which carrion-eating insect species develop
through their life cycles

With respect to time taken for carrion-eating insects to arrive on a body, there are
many environmental- and species-specific factors that will determine which insects
will utilize a corpse. However, a predicted order of corpse utilization typically
occurs. Therefore, the first arrivals will be those insects attracted by and feed only
on a fresh corpse [39-41]. In contrast, other types of insects will not be attracted by
a corpse until it is in one of the later stages of decay. So, the presence of an insect
known to be attracted only by a dry, decayed corpse indicates that the corpse has
been dead for some time and has already passed through fresh, bloat, and wet decay
stages. Insects involved in feeding on decaying flesh include blowflies, beetles,
wasps, and moths, and, by the time the last species arrives, the earliest arrivals are
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generally no longer present. Within the first hour, blowflies are generally the first
insects to arrive at the site of decomposing flesh and are, to date, the only insect
group to provide reliable estimates of PMI [42]. There are many species of blow-
flies, each with its own habits. Therefore, in entomological applications to forensic
situations, it is critical that the species is correctly identified. Most forensic ento-
mologists can identify genus and species, but typically the judiciary requests that
actual identifications are conducted morphologically and/or genetically by a quali-
fied taxonomist (Dadour 2011, personal communication).

The second consideration concerns the rate of development of insects associated
with carrion. This requires knowledge of how climate, topography, vegetation, and
other environmental factors will influence how quickly an insect grows from egg to
adult (oviparous) (or in some species larvae only are born: ovoviviparous) on a
corpse. Temperature (the most important) and rainfall (humidity) are two critical
weather factors to consider. It is therefore necessary to find out the recent weather
patterns for the area in which a body is found to estimate how overall insect activity
in the area and rate of growth of those insects found feeding on a corpse may have
been influenced by such factors [43].

History of Forensic Entomology

Sung Tz’u (1235) translated in 1981 [44] was the first known account of entomol-
ogy being involved in a legal matter. The original details describe an incident involv-
ing a Chinese peasant who died of wounds inflicted by a sickle. The investigator
assembled the farmers in the village and had them place their sickles on the ground.
All were placed in the sun with flies being attracted to one sickle. As a consequence,
the owner confessed guilt.

However, forensic entomology stayed unrecognized until the work of several
European pioneers whose case studies were published in the last half of the nine-
teenth century. Dr. Bergeret d’Arbois is credited as being the first Westerner to
apply “entomology” to a forensic situation. Bergeret identified some arthropods
from a child’s body found in 1850 behind a mantelpiece [14] and as a consequence
of their identity and biology suspicion lay with previous rather than current short-
term occupants of the house.

Megnin [45] is attributed as establishing entomology as a useful forensic tool
when he published a treatise on the fauna of cadavers and their legal applications
based on 15 years of work at the Paris morgue. Megnin [46] was the first to suggest
that an exposed corpse would undergo a series of predictable changes during decom-
position and that these stages would be visited by a succession of specific arthro-
pods. By the end of the nineteenth century, the use of entomology in forensic cases
was also well established in North America [47, 48].

Literature during the early part of the twentieth century is depleted on the topic
of forensic entomology case work and research. In the UK, the first case utilizing
forensic entomology occurred in late 1935 [49]. Police recovered about 70 pieces of
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butchered human remains belonging to two females from a Scottish ravine that the
media of the day dubbed “The Devil’s Beef Tub.” In this case, the forensic patholo-
gists relied heavily on maggots to provide an estimate of the time of death.

The pioneers of regularly using forensic entomological evidence in European
courts during the last century were Leclercq and Nuorteva. Publications of their
research and involvement in police cases over a number of years were principally
responsible for the growing interest by police in Western countries in gathering
insect specimens from crime scenes. This resulted in a resurgence of interest in
forensic entomology [50-56].

An Overview of Succession

Two types of succession typify the decomposition of a cadaver. The first succession
pattern is the actual decomposition of the body, and it is generally categorized as
gross morphological changes [1]. This section will not dwell on these changes as
overviews of these patterns have been documented extensively [57, 58]. However,
from a forensic entomology perspective, probably the most informative sequence is
the four stages described by Reed [59] as they are not subjected or altered by cli-
matic change. A fifth and final stage termed ‘“skeletal” was added by Goff [60].
These stages include:

1. Fresh stage: begins with death; continues until early stages of bloating.

2. Bloat stage: begins during early stages of bloating; loss of hair begins; ends
when bloating ceases.

3. Decay stage: begins when bloating ceases; hair loss is conspicuous; skin is usu-
ally broken in one or more places; soil within 30 cm of carcass is pulverized by
burrowing activity of insects; ends when most of the carcass remnants are rela-
tively dry.

4. Dry stage: begins when only small amounts of decay tissue remain; the limits of
the stage are difficult to define due to lack of pronounced events marking the
beginning and end, and diversity in appearance of similar-aged carcasses and
fauna living on them; considerable moisture due to rain, dew, or underlying soil
and litter may be present; small amounts of semisolid putrefying material is
occasionally present on the ground under solid remnants; ends when no carrion
fauna remains.

5. Skeletal stage: characterized by skeletal remains and hair and an absence of car-
rion fauna. During this stage some useful forensic information can be derived
from the soil composition under the corpse [6, 60-62].

The second pattern of succession is based upon the behavior and biology of
(mostly) immature insects occurring and developing on a cadaver following death.
This locality-specific but predictable succession is then correlated with the
temperature-dependent developmental data for the immature insects found on the
cadaver in order to estimate the PMI [4].
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The use of successional data in the estimation of PMI assumes that following
death, an orderly and predictable succession of insect species occurs on a cadaver.
In a terrestrial environment, insects are generally the first organisms to locate a body
following death. The carrion community is comprised of four categories. The first
category includes insects classified as necrophages that feed from the body itself
and are most useful in estimating the PMI. The second category consists of preda-
tors and/or parasites that may feed on other species that have already colonized the
body, and as more research is being conducted especially on the parasites, this cat-
egory is also becoming a useful tool for estimating the PMI [63—65]. The third cat-
egory is far less useful for estimating the PMI and includes omnivorous species such
as beetles, which occur later in the decomposition process. The last category is the
adventive or incidental species, which simply visit by chance and generally have
little forensic relevance [18]. Insect evidence no matter what category it falls into
should only be discounted by a forensic entomologist.

As the body progresses through the stages of decomposition, from fresh dead to
bloat, decay, dry, and skeletal stages, the resource changes chemically [66], and as
a consequence the odors emitted by the corpse also change [64, 65, 67]. The odors
vary in attractiveness to different insects, and as the body decomposes and various
resources are depleted, new insect types will colonize, being more suited to the
current decompositional stage [68]. These insect taxa reflect the physical and
chemical changes in the body and are therefore predictable and useful in estima-
tion of PMI.

Flies (Diptera) and beetles (Coleoptera) are the insects most frequently collected
from corpses [69], and although both groups are important, the flies are the focus of
most forensic invertebrate research and applications. The blowflies (Diptera:
Calliphoridae) are usually the first insects to arrive following death. Female flies
will deposit eggs or live larvae around orifices or wound sites on the corpse, and
larvae will secrete enzymes and bacteria, facilitating consumption of the soft tissues
of the corpse. Larvae will feed through three stages of growth (instars) each punctu-
ated by the molting of their size-restricting cuticle, enabling further growth. At the
cessation of feeding, larvae will pupate in soil, clothing, or beneath surrounding
objects if inside a dwelling, and following a period of metamorphosis, the adult fly
emerges. The empty pupal casings may persist around the corpse for many years
and even longer in soil.

The arrival of blowflies, and subsequently their larvae, is coincided or followed
quickly by the arrival of the flesh flies (Diptera: Sarcophagidae), other carrion flies
(Diptera: Muscidae), and predaceous beetle species such as rove beetles (Coleoptera:
Staphylinidae), carrion beetles (Silphidae), clown beetles (Histeridae), skin beetles
(Dermestidae), and checkered beetles (Cleridae). A variety of other fly families may
be found in association with the body, and hide beetles (Trogidae) and larvae of
some of the aforementioned beetle groups may feed on carrion itself, often on
remains of hair, skin, and clothing in late decomposition [24].

As mentioned previously, when the body is decomposing in a terrestrial environ-
ment, the substrate beneath it is also altered. This initiates a series of changes in
vegetation and soil fauna, beginning a succession of arthropods affected by the
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decomposing corpse above. This is a most important aspect of sampling and collect-
ing for the entomologist or proxy, as the environment directly underneath the corpse
may conceal arthropods of forensic importance. Generally, this sampling can only
occur after the corpse is removed from the scene and taken to the mortuary (see later
section: General Methods for Collecting and Preserving Insect Material).

Bornemissza [61] observed the greatest effect of the decomposing corpse on the
soil beneath to occur during the black putrefaction and butyric fermentation stages.
Fluid seepage contributes to development of a crust of hair, plant matter, and the
uppermost soil layer beneath the body. During fermentation, the decomposition flu-
ids released from the body, along with the waste products excreted by the insects
feeding on the body, combine to kill the plants beneath the body and alter the soil
fauna, altering the microenvironment [6, 70].

During the decay stage, the soil beneath the carrion may become disturbed to a
depth of approximately 3 cm by the action of arthropods, particularly dipteran
larvae, burrowing [59]. Decomposition fluids and associated arthropods are
reported to affect the soil to a depth of 14 cm, with most effect in the upper soil
layers. The area directly beneath the body, the “carrion zone,” serves as a decom-
positional zone occupied by carrion dwellers, distinct from a surrounding area of
approximately 10 cm, which provides an “intermediate zone” of both carrion and
regular soil-dwelling invertebrates [61]. Generally, 10-20 cm away from the body,
the soil fauna is typical of general litter-dwelling fauna, but perhaps the size of
these zones may be dependent on the size of the carrion, as Bornemissza’s work
was based on guinea pigs, and human decomposition may produce greater amounts
of fluid.

Nomenclature and Insect Life History

The biomass of insects is huge with an estimated (extrapolated) species richness
ranging from 3 to 80 million species. Five major insect orders stand out for high
species richness: Coleoptera (beetles), Diptera (flies, mosquitoes), Hymenoptera
(wasps, ants), Lepidoptera (butterflies and moths), and Hemiptera (true bugs) [71].
The first three orders have adapted directly or indirectly to using carrion as a
resource.

The vast majority of the insects lack a common name. A scientific name once
applied to a species is recognized throughout the world, although there may be the
occasional species being described twice.

Insects owe their success to several adaptations [72]. They mostly produce large
numbers of eggs to help compensate for predation or fewer live larvae to escape
predation. Wings allow insects to travel far for food or in search of mates and to
escape their enemies. A further advantage is the ability of insects to feed on an
amazing variety of food materials. Most plant species are utilized by some insect for
food and/or shelter. Many insects prey on other insects, a number depend on blood
derived from mammals or birds, some feed on the waste products of larger animals
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or on decaying plants and animals, and there are others that feed only on dried ani-
mal remains including hair and feathers. Insects as poikilotherms can reduce their
metabolic activity when conditions are unfavorable (i.e., extreme temperatures,
water, or food shortages) and can colonize areas of limited food and water supply
(i.e., deserts) and as small organisms can adjust to temperature rather quickly to
make maximum use of favorable thermal conditions [71].

The external anatomy of most insects includes four wings. However, true flies
have only one pair (the forewings, the second pair modified into stabilizers), while
beetles use only the hind pair in flight with the forewings serving as a protective
covering. Some insects, generally more primitive forms, never developed flight,
while some did have wings but due to the niches they now occupy, their wings have
been lost.

Another insect attribute is their external skeleton, which is segmented which in
turn facilitates movement. However, the tough external skeleton impedes insect
growth. The skeleton is constrained as to how much it can grow. As a consequence,
insects must molt their exoskeletons. Immediately after molting, they increase in
size, but with the hardening of the new skeleton, growth is once again constrained
until the next molt. To offset the problem of constantly molting, some insects have
developed a soft-bodied larval stage (grub, caterpillar, or maggot) reducing the
number of required molts. Amongst the Diptera, the larvae (or maggots) generally
undergo 3 molts; the final one forms the pupa and during this period—termed
“metamorphosis”’—the adult insect forms [73].

Like the Diptera, the more advanced insect groups’ (moths, beetles, flies,
wasps, and fleas) development passes through four stages: egg, larva (maggot,
grub, caterpillar), pupa (chrysalis, cocoon), and winged adult. Pupation is a
period of rest between the feeding and growing larval stage and the final trans-
formation (metamorphosis) into an adult. Those families of flies that have a mag-
got-like larval stage have simplified the process of pupation whereby the last
larval skin hardens and darkens and forms a puparium. In certain blowfly species,
the period taken from egg to adult may be as short as 10 days, but as stated previ-
ously this time is greatly influenced by climate, especially temperature and
humidity [71].

The majority of the other insect groups have no pupal stage, and the young
(nymphs) usually resemble the adults except that they lack wings. For example, in
grasshoppers, which may molt eight times, the wings grow a little with each molt
and appear fully developed only after the last molt. The most primitive insect orders
are wingless, and their young closely resemble the adult forms.

In adult flies, the most important external stimuli are those concerned with odors
[64, 65], light [71], moisture, and wind direction [74, 75]. Receptors in the antennae
detect odor. For blowflies, the most powerful reaction shown by all species is their
attraction to the specific odors of decomposition, more especially odors of carrion
or decaying animal matter, of the feces of human beings and other animals, and the
odors given off under certain conditions by the skin and wool of living sheep. Very
importantly, different species of flies react differently to successive stages in the
process of decomposition.
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General Methods for Collecting
and Preserving Insect Material

Numerous accounts of how to collect at a crime scene or a decomposing animal
have been documented and published [16, 76, 77]. The following is a précis on
much of the current literature and the authors’ experience.

At the Scene

In many cases when insect material is observed at homicides, suspicious deaths, and
suicides, then the medical examiner, coroner, pathologist, or trained forensic field
officer will call an entomologist. In some cases, although not ideal, any one of these
attending persons may do the collections on behalf of an entomologist. At homi-
cides when the entomologist attends, that person is generally integrated into the
forensic team dealing with the case. Typically, the entomologist arrives with a kit
and dons a disposable and protective type coverall, which includes booties, gloves,
and a head covering. At this point the entomologist can, under the direction of
forensic officers, assess the evidence and acquire the necessary tools to collect the
evidence. The kit should contain tools such as a net and/or sticky paper for the col-
lection of adult fly insect; forceps, spoons, and paintbrushes for collecting immature
and some adult insects; collecting jars that are capable of being ventilated for stor-
ing insect samples; pens and pencils for writing labels; thermometers (standard but
more appropriate infrared) for checking temperatures of large visible masses of fly
larvae; and some form of refrigeration—either a cooler containing ice or freezer
blocks or a fridge in which to place collected specimens. Prior to delivering speci-
mens to an entomologist, never place insect material directly into a freezer for kill-
ing or storage of immature insects.

What to Collect

Although experience is required to sample from a corpse at a scene, it is reasonably
straightforward if the person collecting has some basic skills and understanding
about what to collect. One major assessment within the environment where the body
is situated is if any other decomposing material is closely associated with the corpse.
The original observation of the visible insect material on the corpse should include
the accessible areas where immature insects are likely to be found. The main areas
are the head region, due to the large number of orifices present, and also the hairline;
the armpits; between fingers and toes; back of knees or front of elbow if both are
bent; where the body and substrate meet; orifices in the groin region; any wound;
and the in situ area under the corpse following its removal to the mortuary. It is
important to search and sample beneath the corpse as well, so an entomologist or
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their proxy will be required to collect samples when the corpse is first located and
when it is removed. In any one of these locations, a fly larval masses may be present,
and the temperature of this mass should be recorded. Studies have shown that these
larval masses produce elevated temperatures, which influences the developmental
time and consequently affects the PMI [78]. Always place samples into ventilated
containers, and do not place live fly and beetle larvae together. Following removal
of the corpse, a weather station (generally a miniature Stevenson Screen containing
a data logger) should be placed as near as possible to the scene. The weather station
should remain in place for 7-10 days.

Preservation

Although a number of different methods are available to preserve collected imma-
ture insects, the best procedure following sampling as suggested above is to place all
samples into a cooler or refrigerator. All samples can then be conveyed to the ento-
mology laboratory to be processed and preserved. The preferred process in the labo-
ratory is to place the insect material firstly into hot water (approximately 80 °C). Hot
water prevents autolysis in the larva by destroying proteins in the gut, which would
otherwise darken the specimens during storage, and it reduces the elasticity of the
cuticle [79]. Following the hot water treatment, all immatures (eggs, larvae, and
pupae) can be placed directly into 70-90 % ethyl alcohol with one exception and that
is pupae that must be pierced to allow infusion of the preservative into the pupal case
[80]. Sometimes cooling and/or refrigeration is not available, and the preservation
processes will need to be conducted at the scene. Processing at the scene can involve
anumber of steps depending on whether hot water and preservatives are available. In
essence, some alcohol will need to be sought, which may include a white spirit such
as vodka. If such a liquid is used, this needs to be swapped out into 70-90 % ethyl
alcohol at the earliest opportunity. There are many solutions not suited for preserving
insect immatures, including methyl alcohol and formalin [79]. During autopsy most
preservation issues do not arise as refrigeration is available, and specimens collected
can be stored appropriately pending being sent to an entomologist.

However, some other issues can arise at the mortuary, and this is because sam-
pling of the insect evidence on many occasions occurs only during the autopsy. As
a consequence, the time period between corpse discovery and the autopsy may
range from a few hours to several days, but generally no more than a week. During
most of this time, the corpse and the insects feeding on it are stored in a cool room
in the mortuary (with temperatures approximating 4 °C). The purpose of refrigera-
tion is to slow down the decomposition of the corpse and the activity and the devel-
opment of the necrophagous insects (poikilotherms) on or in the corpse. In some
cases prior to autopsy, the corpse may be shifted from the cool room to the labora-
tory to have other procedures (e.g., fingerprinting, inspection of clothing) con-
ducted. These periodic transfers in and out of cooling may affect the development
rate of insects reliant on the corpse, which will affect the PMI.
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Although there are several studies that have been conducted to determine devel-
opment of dipterans when subjected to low temperature and its potential effect on
the estimation of PMI, no information is available on the effects of moving a corpse
in and out of the cool room environment. In addition, all these studies have been
focused on larva and pupa, not on the effect of cooling of fly eggs. The results of the
effects of cooling on all other life-history stages have demonstrated significant
increases in development time [81-87].

Contemporary Research in Forensic Entomology

There is still much to learn about forensically useful insects. Besides their seasonal
occurrence in various geographical regions and their rates of development in the
many situations of forensic interest, research worldwide continues to explore how
this material can be best utilized and increase the credibility of forensic evidence.

Entomotoxicology (Drugs and Gunshot Residue)

It is becoming more commonplace that insects associated with a corpse can be used
for toxicological analyses [2, 88]. Forensic toxicology is usually associated with
poisons and other illicit substances or their metabolic subproducts found during a
death investigation. This combined with the pathology, biology, and pharmacology
evidence will typically determine the circumstances of death [2].

Goff and Lord [89] reported that the use of illicit drugs has increased in recent
years on a global scale. Many victims having used drugs that cause death may
remain undiscovered for different periods of time. Mainstream toxicological tech-
nologies require samples of the highest quality and best conditions for analyses.
However, such samples become more difficult to extract, especially when the body
is highly decomposed. Other factors that may prohibit proper sampling include
mummification, a lack of body fluids such as blood or urine, the presence of high
levels of alcohol or carbon monoxide, and in some instances due to the religious
beliefs of the person that forbid sampling directly from the body [90].

Over the last 35 years, insects have become an alternative source of samples for
toxicological analyses. In addition, many toxic substances can modify the develop-
ment of arthropods [89] and in doing so alter the determination of the postmortem
interval. This relatively new science has been coined entomotoxicology, with the
first reports showing that adult house flies accumulated metals such as copper, zinc,
and iron [91]. Following this, Beyer et al. [17] wrote a technical note based on a
highly decomposed corpse discovered after 14 days in a wooded area. The fly larvae
collected confirmed that the person had consumed phenobarbital. Later, Nuorteva
and Nuorteva [92] extracted mercury from a number of different species of fly lar-
vae feeding on fish tissue. More recently, Roeterdink et al. [21] extracted metals
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such as antimony, barium, and lead associated with gunshot residues [93]. During
the last 25 years, extractions have been made from fly larvae of pesticides and drugs.
The following is a compilation of these extractions from fly larvae, which is by no
means complete but includes malathion [20, 94], parathion [95], and drugs and
narcotics such as alimemazine, bromazepam, clomipramine, levomepromazine,
oxazepam, triazolam [96, 97], cocaine [98, 99], amitriptyline, propoxyphene and
acetaminophen [100], opiates [101-103], temazepam, trazodone and trimipramine
[104], salicylates, paracetamol, amphetamines and barbiturates [105, 106], and
derivatives from amphetamines [107]. Furthermore, when a body is highly decom-
posed, beetle larvae may also be present, but currently limited information is avail-
able on drug detection from these larvae [103, 108].

Sampling

The principle to sampling toxicological specimens is that all the apparatus used to
collect and store the sample must be clean and preferably autoclaved. Insects, like
tissue and fluids, must be collected in vials free of preservatives or any external
contamination. Parafilm can be put in a lid of a glass vial to avoid contamination of
the sample by rubber seals and metal lids.

Prior to analysis, all samples should be kept refrigerated, and a part of each ana-
lyzed specimen should be retained, stored in the refrigerator, and be kept as a refer-
ence sample. The toxicological analysis should be conducted as soon as possible to
guarantee the integrity of samples.

In the laboratory, live larvae should be sacrificed by freezing prior to analysis.
Following death they must be rinsed in distilled water and pupae/puparia rinsed
with methanol prior to extraction to avoid contaminants. Prior to toxicological anal-
ysis, the substances to be analyzed must be taken into account [109]. It is important
to emphasize that all material used for analysis must be stored in clean glass con-
tainers to avoid contamination of phthalate present in plastic vials.

Hydrocarbons: A New Tool

A thin epicuticular layer of wax covers the cuticle of all insects. This wax is a com-
pound containing alcohols, hydrocarbons, fatty acids, waxes, acylglycerides, phos-
pholipids, and glycolipids [110]. The purpose of this waxy layer is to prevent
desiccation and penetration of microorganisms [71]. In the majority of the insects,
the wax layer is dominated by hydrocarbons [111]. Cuticular hydrocarbons are
found in all life stages of insects and are biologically stable. Their biosynthesis is
genetically based and modulated by factors such as reproductive status [112], devel-
opmental stage [113], diet [114], or temperature [115, 116].

Currently, research on cuticular hydrocarbons has identified that the profiles of
these compounds found on larvae and pupae change over time [117-119]. If these



6 Forensic Entomology: A Synopsis, Guide, and Update 117

changes occur as part of the development of necrophagous insects, then these hydro-
carbons could be a very useful tool in estimating the age of a larvae or pupae and
hence could enhance the accuracy of the PMI.

There are two techniques used to collect cuticular hydrocarbons from the cuticle of
the insect: via liquid extraction or solid phase micro-extraction (SPME) [110]. It has
now been established that many different hydrocarbons exist on the cuticle of insects
and that each insect generally has a very distinctive hydrocarbon profile. This profile
is fast becoming a valuable tool in identifying species—a research area referred to as
chemotaxonomy and now used extensively in plant taxonomy [120, 121].

This latest technique in forensic entomology has the potential to firstly identify
the species of immature necrophagous insects. As will be discussed later, DNA has
become extremely useful in determining species identification; however, this pro-
cess is time consuming and not very sensitive when using either spent eggs or pupae.
Like DNA, hydrocarbons are species specific and can be compared with a database
of profiles of known species; however, species identification can be completed in a
few hours [122]. There is also recent evidence that insects could have varying cutic-
ular hydrocarbon profiles, depending on what geographical region where they occur
[123, 124]. Once profiles for different regions are established, then hydrocarbon
profile could play a role in identifying if a body has been relocated. This would be
achieved by comparing the profile of the hydrocarbons on insects associated with
the corpse to those of the local insects found in a certain region.

The second area in which cuticular hydrocarbons can be a valuable tool in aiding
forensic entomology and alluded to earlier is in establishing the postmortem interval
(PMI). It has been demonstrated that a significant change over time of the hydrocarbon
profile on the larvae and pupae of the blowfly Chrysomya rufifacies has been observed
[117]. Furthermore, Roux et al. [119] provided evidence (with a precision of 1 day) for
the importance of hydrocarbons as an alternative method for evaluating the postmor-
tem interval demonstrating changes in hydrocarbon profiles in three calliphorids of
forensic interest: Calliphora vomitoria, C. vicina, and Protophormia terraenovae.

The Value of DNA in Forensic Entomology

In forensic entomology case work, there is a growing need to use molecular tech-
niques [125]. This comprises numerous aspects such as identification, host detec-
tion, including victim suspect associations, and postmortem interval. The first two
aspects have become quite important, whereas research on DNA degradation as a
measure for the postmortem interval has not yet become a mainstream technique.

Identification

Research into molecular techniques has become more common as a research tool,
providing more equivocal identification of immature stages of flies [126-129].
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Globally, an increasing number of publications now emphasize the molecular iden-
tification of forensically important blowflies: Canada [130], France [131], USA
[132], UK [133], Australia [126, 129], and Harvey et al. [126] for comparison of
southern African and Australian species. However, in case work many of these tech-
niques are used only as support for more traditional morphological identifications.

Molecular techniques have many advantages over morphological techniques in
that species can potentially be readily identified at all life-history stages. For exam-
ple, areliable genetic identification of forensically important flies can be performed
from empty puparia and/or their fragments, although DNA degradation can deeply
compromise the genetic analysis of older fly puparia [134]. “On-site” identification
of first-stage maggots may also become a reality through development of rapid
immunodiagnostic assays [135].

To develop suitable diagnostic tests for use in forensic entomology, species-
specific molecular markers—regions of DNA used for identification purposes—
need to be identified for interspecific distinction. DNA sequencing produces data of
high information content and allows both intra- and interspecific comparison. In
particular, sequencing of the mitochondrial region encoding the cytochrome oxi-
dase I (COI) gene has proved useful in evolutionary studies, population genetics,
and systematics due to the relatively high degree of variation in the region [131].
Generally, mitochondrial DNA (mtDNA) has a higher mutation rate than nuclear
DNA and, therefore, an increased chance of generating species-specific markers. In
addition, mtDNA may be isolated more easily than nuclear DNA [136]. This is
clearly advantageous to forensic studies where specimens may be incomplete or in
poor condition.

Ten or so years ago, it would have been thought that DNA analysis would replace
any need to rear through fly larvae to adults for identification and possibly would
assist in questions of how much time may have been spent in a particular develop-
mental stage. However, in forensic entomology, application of molecular biology
techniques and knowledge are still in their infancy. Not only does one need unique
stretches of DNA sequence common to all members of the taxon in question (or at
least subsets of such a group), but also that such DNA stretches should be distinct
from all other taxa [137]. To reach a point of reliable, robust identification from
molecular techniques, considerably more geographic sampling and pooling of data
from various researchers, is needed.

Host Determination

As stated previously, identification is still the main focus, but DNA analysis of the
gut contents of certain arthropods, including maggots, has been used successfully in
establishing victim/suspect associations [132, 138], and determining whether the
larvae collected from a corpse assumes that these larvae have developed entirely on
this resource [138]. Generally, other signs of decomposition, on and around the
corpse, will justify this assumption [139]. Situations where host confirmation is
necessary include the discovery of a corpse in an area where food scraps are present,
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or a corpse located in a bushland area where alternate animal carcasses may provide
suitable development sites for fly larvae.

Estimating the PMI based on the oldest larvae at a scene may therefore be flawed;
as such larvae may have developed on a substrate external to the corpse (see previous
discussion of sampling techniques). It may be necessary for the forensic entomologist
to confirm the food source on which larvae completed their development. In case work,
the PMI may be disputed as a consequence of an alternative feeding resource. As a
result, the material present in the digestive system of the larvae needs to be identified.

Recently, molecular biological techniques have been used to identify the sources
of blood meals consumed by adult hematophagous insects such as mosquitoes [140]
and crab lice [141]. Human DNA has also been isolated from beetles that had fed on
human skeletalized remains [142].

Critical in host detection is the quality and quantity of host DNA present in the
alimentary canal of the insect. Importantly, the isolation method used to obtain host
DNA from the larvae should not result in further degradation of the DNA and should
provide a sufficient quantity of DNA, which can be detected and used in subsequent
molecular procedures [141].

Sampling

Collecting insects for DNA examination requires the application of different preser-
vation techniques than those required for insects to be used in morphological studies
[143]. Appropriate techniques include freeze drying or preserving in 95 % ethanol.
While forensic entomologists with appropriate molecular genetic training can
undertake the study of insect DNA, it is also likely that the process of identification
may be undertaken by a non-entomologist—a molecular technologist using relevant
standard operating procedures in the forensic laboratory. Similar to choosing a
forensic entomologist for PMI analyses, take the same care when choosing a molec-
ular biologist that he or she has an awareness of the expected analytical standards
and nature of legal systems.

Temperature Effects and Maggot Masses

Each fly species has its own unique developmental profile, even those that are genet-
ically close, as demonstrated by Nelson et al. [144] in a study of sibling species of
Chrysomya. There are numerous studies on rearing flies associated with cadavers/
carcasses at constant temperatures [84—86, 145, 146]. However, these records do not
cover all species known to be forensically important. Furthermore, there is an obvi-
ous gap in information on development rates of these species at many temperatures,
including populations of the same species in different geographic localities; some
species have yet to be studied, and thermal limits and optimum temperatures are
practically unknown for each of the life stages.
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There is a lack of uniformity in investigations that have measured the effect of
temperature on larval development. Some have used instar change to measure
development, while others have used larval length or weight, and a few studies use
a combination of instar and either length or weight [147, 148]. Most of these studies
have not recognized that instar change is a reflection of maturation and indicates the
“real” age of larvae, whereas length and weight are measures only of somatic
growth [149].

Dadour [150] demonstrated the effect of temperature and density on C. dubia.
The experiment was set up to measure the effect of density and temperature (fluctu-
ating [30 °C/19 °C] versus constant [24 °C]) on larval development in C. dubia.
Densities of 100, 500, 1,000, 2,000, 3,000, 4,000, and 5,000 were selected based on
observations of larval masses on carcasses in the field. The parameters measured
were larval instar changes and larval length. In general, the effects of temperature
and density on the rate of larval instar change were not pronounced. At 20 h of
development, temperature had a significant effect on larval instar. The proportion of
larvae attaining second instar at the fluctuating temperature regime was greater than
at the mean constant temperature, for larvae developing at densities of 100, 1,000,
2,000, 3,000, and 5,000.

Larval density had a significant effect on larval instar between 38 and 42 h of
development. At these sampling times, 90 % of the larvae reared at densities of
3,000, 4,000, and 5,000 had reached third instar at both constant and fluctuating
temperature regimes. For all other densities at both temperature regimes, less than
20 % of larvae had matured to third instar. Larvae developing at a density of 4,000
and at a constant 24 °C required the least amount of time to reach third instar. At a
fluctuating temperature regime, larvae reared at a density of 3,000 had the shortest
developmental time to reach third instar.

Overall, there was no significant difference in the rate of larval development of
C. dubia at a fluctuating temperature of 30 °C and 19 °C when compared with the
mean constant temperature of 24 °C. This suggests that both temperatures of the
fluctuating regime lie within the threshold and optimum temperature for the larval
development of C. dubia. The only significant difference in proportion of larvae at
each larval instar, between constant and fluctuating temperature regimes, was found
at 20 h of growth, probably as a result of the initial exposure of larvae to 30 °C at
the fluctuating temperature. Exposure to 30 °C in the first 12 h of growth is therefore
likely to have initially increased the rate of larval development at the fluctuating
temperature regime compared to the mean constant temperature of 24 °C. This ini-
tial increase was not sustained as development proceeded.

A significant difference occurred in the length of larvae developing at different
temperature regimes and densities. However, there was variation in the length of
newly deposited first instar larvae, which implies that there is natural variation in the
length of larvae of the same age deposited by adult female C. dubia.

The variation in larval length between treatments indicated that larvae did not
have to reach a certain size before instar change took place. Therefore, the time of
instar change was a response to the time of exposure to the environmental condi-
tions and not to larval length. The small amount of variation in larval length within
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treatments indicates that length is a good measure of larval age only when larval
density and environmental temperature are known. The greatest variation in larval
length was observed around the time of instar change, when larvae had shed the
cuticle of the previous instar. This had also been observed in the larval development
of C. vicina and C. vomitoria [151]. Therefore, the age of larvae of the same instar
can be determined using larval length. This is particularly useful for determining the
age of third instar larvae where an increase in larval size by six to seven times is
observed [152].

Further evidence of the effect of temperatures comes from studies in Western
Australia inside vehicles. In one set of experiments, Voss et al. [153] showed higher
temperatures, rates of decomposition, and insect succession between exposed pig
carcasses on the soil surface and those enclosed within a vehicle following carbon
monoxide poisoning. Another study, this time of temperatures in the cabin of parked
vehicles [154], showed the importance of vehicle color, amount of glass, and if the
window was open 2.5 cm or 5 cm on the internal temperature of the vehicle and also
produced a model for temperatures in vehicles.

Morris [155] showed the degree to which temperatures where maggots are devel-
oping in pigs, goats, rabbits, and sheep can differ from ambient temperatures
recorded at the site of the decomposing carcasses. Field experiments with pigs
showed that when the pig was not infested by insects at all, the temperature within
the pig carcass quickly reflects ambient. Alternatively, when a sheep and a pig were
infested with maggots, the temperatures within the abdomen of both animals rise
above ambient.

The most distinctive feature of blowfly larval feeding aggregations is heat pro-
duction, that is, the capacity to generate heat within the aggregations, which can
exceed ambient temperatures by 30 °C or more [31, 156, 157]. Although larval mass
heat effects are accepted, the relationship between larval mass effect and larval
development time remains difficult to assess [13, 158].

From these results, one could presume that the temperatures are almost impos-
sible to estimate in forensic situations where we do not have access to the past his-
tory of the corpse or the local weather patterns. However, Morris [155] observed
(and recorded on time-lapse film) in field experiments the way in which the maggots
move their feeding site in response to temperature stimuli. This behavior was backed
up by results of laboratory experiments on responses to temperatures [31]. In par-
ticular, maggots move away from extreme temperatures in the carcass or food
medium and toward the optimum for their development. Many forensic entomolo-
gists use ambient temperatures as their base for estimating a time since death based
on insect fauna. The observations and experiments by Morris suggest that in many
situations, such as corpses found in summer with high numbers of maggots present
(maggot mass), it would be more appropriate to use the optimum temperature for
estimates of the temperatures driving development for the maggot species involved,
at least during the feeding stage of the third instar, unless evidence exists of mass
mortalities of maggots.

Other researchers have come close to suggesting the importance of maggot
behavior in controlling the temperature at which the maggot mass is developing.
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Dallwitz [159] stated that, for life stages capable of movement, the extent of devel-
opment occurring at high measured temperatures may be of slight importance, since
the insect may frequently be able to select a microenvironment where temperatures
are nearer to optimal.

Deonier [156] postulated that the heat generated by blowfly larvae in carcasses
enables the species to survive periods when weather conditions are unfavorable to
adult activity. Waterhouse [160] took up these thoughts and observed that many
larvae are killed by high temperatures generated in a carcass by the maggot activity,
and the temperatures and mortality vary directly with the degree of overcrowding.
Waterhouse [160] also found that when temperatures near 52 °C were reached, lar-
vae, both fully grown and immature, left the carcass. Many perished and the pri-
mary species were the first to leave. Morris [31] also found this when carcass
temperatures were 22 °C above ambient, L. cuprina, C. augur, and Ch. rufifacies all
spilled out of the carcass. Morris [31] suggested that the demise of numbers of mag-
gots is useful in decreasing the overall temperature of the maggot mass and may be
part of a behavioral adaptive advantage of some primary flies.

Waterhouse’s study [160] also found that when a carcass becomes a seething mass
of Chrysomya spp. larvae, immature primary larvae would leave it in large numbers.
It coincided with the time the carcass temperatures rose to their peak. Waterhouse
was not able to establish whether the Chrysomya larvae caused the primary flies to
depart because of the high temperatures generated by the Chrysomya larvae.

Fuller [161] may have been observing the same temperature phenomenon when
carrying out experiments on interspecific competition. She, however, concluded that
Lucilia larvae were “definitely repelled by those of Chrysomya [sic].” Even when
they were well established and there was an abundance of food, Lucilia larvae
became disturbed and some left the carcass when Chrysomya larvae were added.

Influences of clothing on the insect colonization of corpses have had little atten-
tion until recently in 2009 and in 2011. Both studies were preliminary in that only
small numbers of replicates were used; two seasons (autumn and summer) were
used in the Kelly at al. [162] study, and one season (autumn) over 2 years was used
in the Voss et al. [163] study. Interestingly the comparisons made between the
clothed pigs dressed in T-shirts and shorts in both studies, one in Africa and the
other in Australia, largely agree with each other in that there was no evidence of a
delay in Calliphoridae arrival or oviposition. However, Lucilia sericata in the
Australian study oviposited 24 h earlier on clothed carcasses compared to unclothed
carcasses, and this trend was consistent, within years, between all replicates [163].
No such delays were evident in the African study [162], which introduces a poten-
tial for error in the estimation of time since death when PMI is based on the arrival
and developmental time of this primary colonizing species. Furthermore, within
years, the duration of the wet decay stage was approximately 6 days longer for
clothed than unclothed carcasses. In both studies maggot masses were present on all
carcasses during wet decay, and internal carcass temperatures were consistently
above ambient temperature. It seems clothing potentially protects larvae from envi-
ronmental conditions and facilitates greater movement across the carcass surface
contributing to the greater visibility and distribution of maggot masses.
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Conclusion

As Jean Fabre [164] so eloquently quoted about the humble maggot:

“At the surface of the soil, exposed to the air, the hideous invasion is possible;
aye, it is the invariable rule. For the melting down and remoulding of matter, man is
no better, corpse for corpse, than the lowest of the brutes. Then the Fly exercises her
rights and deals with us as she does with any ordinary animal refuse. Nature treats
us with magnificent indifference in her great regenerating factory: placed in her
crucibles, animals and men, beggars and kings are one and all alike. There you have
true equality, the only equality in this world of ours: equality in the presence of the
maggot.”

This chapter by no means completes all the information that can be extracted from
insect material. However, it highlights the “bread and butter” aspect of forensic ento-
mology, which is to provide first and foremost a postmortem interval. Now we know
that the decomposition process is much more than this and that the insect material
present on a corpse can unlock other secrets to do with the way someone died.
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