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ABSTRACT

Forensic entomology—the application of arthropod biology to legal investigations—has become a cornerstone method for
estimating the postmortem interval (PMI) or time since death when traditional medico-legal approaches are limited. This
review synthesises classical and recent developments in entomological PMI estimation, covering insect colonisation patterns,
developmental and successional approaches, sampling and laboratory protocols, thermal summation models, DNA and molecular
identification, statistical and error-quantification methods, pitfalls and courtroom acceptance, and future directions. Emphasis is
placed on practical application: how insect evidence is collected, interpreted, and presented, and what limitations investigators
must account for (environmental variables, cadaver relocation, drugs/toxins, interspecific and intraspecific variability). Recent
advances—standardised field protocols, improved developmental datasets, DNA barcoding for species identification and more
robust statistical frameworks—have increased precision and reliability, but challenges remain in model validation, accounting
for microclimate effects and quantifying uncertainty. This article provides investigators, pathologists, and researchers with a
comprehensive and practical resource for entomology-based PMI estimation, cites key literature and recommends best practices
to increase evidentiary value.
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INTRODUCTION AND HISTORICAL
CONTEXT

Forensic entomology applies insect ecology, development,
and behaviour to medico-legal questions—chiefly the
estimation of time since death (postmortem interval, PMI).
Insects have predictable developmental patterns tied to
temperature and exhibit reproducible successional assemblages
on decomposing remains, making them effective biological
clocks when human tissues are no longer amenable to classical
postmortem changes. Although observations of insects on
corpses date back centuries, systematic scientific application
began only in the 20th century and has matured rapidly with
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Biological Basis: Necrophagous Insects and their

methodological standardisation and molecular advances. The ~ Life Cycles
principal modern applications are: .
«  estimation of the minimum PMI based on the age of the Major arthropod groups

The primary taxa relevant to PMI estimation are necrophagous
Diptera (blowflies — Calliphoridae, flesh flies Sarcophagidae,
and muscid flies Muscidae), Coleoptera (silphids, dermestids,
staphylinids), Hymenoptera (parasitic wasps affecting larval
mortality) and other arthropods (mites, beetle predators).

oldest necrophagous insects (developmental method)

* estimation of PMI based on the successional stages of
insect communities (successional method)

» ancillary uses such as detection of body movement,
presence of wounds or toxins, and geographic origin.

The literature emphasises that entomology frequently
provides a minimum bound for PMI and—when applied
carefully—yields highly valuable temporal information in
investigations.!

OLJETV. All rights reserved

Among these, blowflies (Calliphoridae) are often the first
colonisers and thus central to developmental PMI estimation.
Different species vary in attraction timing, oviposition
behaviour, developmental rates and ecological preferences (e.g.,
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open vs sheltered environments), which must be accounted for
in PMI reconstructions.’

Life cycle fundamentals

Most forensic models rely on the holometabolous life cycle
of flies: egg — larval instars (L1, L2, L3, including feeding
and post-feeding “wandering” stages) — pupa — adult.
Developmental timing is largely temperature-dependent and
can be modelled using thermal summation (accumulated degree
days/hours), but species-specific developmental datasets are
required. Oviposition timing is affected by accessibility of
the body, time of day, weather and local insect fauna. Larval
aggregations generate metabolic heat (maggot mass effect),
accelerating development relative to ambient temperature—an
important consideration in modelling.’

Entomological Approaches to PMI Estimation

Developmental (age-estimation) methods

Developmental methods estimate a minimum PMI (PMI) by

determining the age of the oldest immature insects collected

from remains. The essential steps are:

* accurate species identification

* measure developmental stage/size of specimens

«  apply species-specific developmental data (growth curves
at known temperatures) to estimate age

*  Reconstruct thermal exposure (ambient temperature,
microclimate, and maggot mass effects) to convert
physiological age into calendar time.

Common analytical frameworks include thermal summation
models (degree-days/hours), isomegalen diagrams (size/time
at given temperatures), and modern statistical models (e.g.,
generalised additive models, Bayesian approaches) that
integrate variability and uncertainty.’

Successional (assemblage) methods

Successional methods use predictable patterns of species
arrival and community turnover through decomposition
stages. When a robust, region-specific succession calendar
exists (based on carrion studies), the presence or absence of
particular taxa can inform PMI across longer intervals (weeks
to months). Successional approaches are particularly useful
for advanced decomposition or skeletonised remains where
larval development provides little information. However,
successional inferences are region and habitat-specific and
require local validation.?

Pre-appearance interval (PAI) and colonisation delays

A crucial concept is the pre-appearance interval (PAI) — the
period between death and first colonisation by necrophagous
insects. PAI can be influenced by body concealment, season,
weather, diurnal patterns, chemical masking and presence
of scavengers. Accurate PMI reconstruction must consider
potential delays; some modern studies recommend explicitly
estimating PAI from field experiments and integrating it into
PMI models to reduce bias.>
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Practical procedures: scene sampling and laboratory processing

Good forensic practice requires standardised sampling at the
scene with chain-of-custody documentation. Typical scene
protocol includes:

*  Photographing insect activity and larval aggregations
in situ.

*  Collecting representative samples of all life stages:
eggs, larvae (both killed/preserved and live for rearing),
pupae and adults. Standard practice preserves a subset in
ethanol for morphological and molecular ID and keeps
live specimens to rear to adulthood for confirmatory
identification and age determination.

» Taking substrate/soil samples and environmental
measurements: ambient temperature, humidity, sun
exposure and immediate microhabitat notes (sheltered,
submerged, indoors/outdoors). Place data loggers or
obtain nearest reliable meteorological data and adjust for
microclimate (e.g., shade, maggot mass heat).

*  Documenting any interfering factors: insect repellents,
insecticide use, body concealment, wounds, belongings
and presence of drugs.

Laboratory procedures include species identification
(morphology and/or molecular), measurement and staging of
larvae (instar determination, cephalopharyngeal skeletons,
spiracular plates), rearing of live samples for adult confirmation
and comparison to species-specific developmental datasets
obtained under controlled temperatures. Standardised
preservation (e.g., hot water killing followed by ethanol storage)
prevents shrinkage artefacts in larvae. These standard practices

are set out in forensic entomology manuals and contribute to

admissible evidence.*

Thermal Models: Degree-days, Accumulated
Degree-hours and Advanced Modelling

Thermal summation basics

Because insect development is temperature dependent and
roughly linear between species-specific lower and upper
thresholds, thermal summation (accumulated degree days,
ADD or accumulated degree hours, ADH) is widely used. ADH
=2 (T _mean — T base) for time increments where T mean
>T base. Species-specific developmental thresholds (T base)
and required thermal totals for each stage are empirically
determined through laboratory rearing. Converting insect
physiological age into calendar time requires reconstructing the
thermal history experienced by the insects—including ambient
temperatures, microclimate offsets and maggot mass heating.’

Accounting for maggot mass and microclimates

Maggot masses can drastically increase local temperatures
(commonly 5-15°C above ambient), accelerating development.
Investigators must, where possible, measure maggot mass
temperature at the scene or estimate it based on laboratory
or field studies. Microhabitat features (sun exposure, burial,
clothing) alter insect access and temperature exposure;
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modelling must incorporate such conditions. Some advanced
approaches use mechanistic microclimate models or numerical
simulations to reconstruct plausible temperature histories and
then apply Bayesian frameworks to integrate uncertainty.
Recent research emphasises the importance of field validation
of these models.”

Modern statistical and mechanistic models

Beyond simple thermal sums, statistical approaches
(regression, generalised additive models and Bayesian
inference) and mechanistic models (developmental rate models,
physiologically based models) better account for nonlinearities,
seasonal effects and parameter uncertainty. Papers argue for
reporting PMI as a probability distribution or credible interval
rather than a single value. This advances forensic utility by
explicitly communicating uncertainty in court.’

Species Identification: Morphology and Molecular
Methods

Morphology

Morphological identification remains fundamental—especially
adult flies and pupal cases—but early life stages (eggs, first-
instar larvae) are often morphologically cryptic and easily
misidentified. Specialist taxonomic keys are used by trained
forensic entomologists, and rearing immature specimens to
adults remains a gold standard for confirmatory ID.°

Molecular methods and DNA barcoding

Molecular identification (e.g., COI mitochondrial DNA
barcoding) allows species identification from tiny remains
(eggs, partial larvae) and overcomes morphological ambiguity.
DNA methods are increasingly used in routine forensic
workflows to validate morphological IDs or when rearing is
impossible. Recent regional studies (including work from India
and other biodiverse regions) demonstrate DNA barcoding’s
power to distinguish cryptic species and improve PMI
accuracy. However, the utility of molecular approaches relies
on comprehensive reference libraries and quality-controlled
protocols.*

Statistical approaches and expressing uncertainty

Modern forensic entomology emphasises rigorous uncertainty

quantification:

»  Use of confidence/credible intervals (not point estimates)
for PMI.

*  Cross-validation of multiple evidence lines (developmental
age + succession + scene context).

*  Bayesian frameworks to combine prior information (e.g.,
known local colonisation phenology) with observed insect
evidence, producing probabilistic PMI estimates.

»  Sensitivity analyses to demonstrate how PMI estimates
shift with changes in assumed temperatures, species
identification, or maggot mass heating.

The forensic community increasingly recommends
presenting PMI as a range with stated assumptions and

probabilities this is more scientifically honest and more
defensible in court. Statistical validation using controlled
field experiments and “blind” trials is encouraged to quantify
real-world error rates.’

Factors that Complicate PMI Estimation
(Environmental, Biological, Anthropogenic)

Environmental and ecological factors

*  Temperature fluctuations and microclimates: inaccuracy
if ambient meteorological records do not reflect the corpse
microenvironment.

*  Substrate and accessibility: bodies buried, submerged, or
enclosed may experience delayed colonisation or different
fauna.

«  Seasonality: species availability varies regionally and
seasonally, affecting both developmental and successional
approaches.

Biological and interspecific factors

*  Species misidentification: species vary in growth rates;
misidentification can produce large PMI errors.

» Intraspecific variability: populations from different
climatic zones may have different developmental thermal
requirements. Local developmental datasets are therefore
preferable.

*  Maggot mass effect and density dependence: higher
densities accelerate development; models must account
for that.?

Anthropogenic and chemical influences

* Drugs and toxins: ingestion of drugs (e.g., cocaine,
opioids) can accelerate or retard larval development
depending on the compound and concentration.
Toxicological profiling of larvae can inform this, but
it introduces complexity.

» Insecticides or coverings: topical insecticides, body
coverings, or embalming can delay colonisation.

* Animal scavenging and concealment: can remove or
redistribute evidence, altering successional signatures.’

Case examples and courtroom considerations

Entomological evidence has been admissible in courts
worldwide; successful forensic application depends on
methodological transparency, expert qualifications, and clear
communication of uncertainty. High-profile cases show both
the power and pitfalls: precise developmental PMI estimates
have supported timelines of disappearance and corroborated
other evidence, whereas misapplied data (wrong species,
unadjusted temperatures) have been contested. Modern judicial
guidance expects entomologists to (1) document the chain of
custody and field methods, (2) use validated developmental
data (preferably local), (3) report PMI as a range with clear
assumptions, and (4) explain limitations in nontechnical
language.’
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Current Challenges and Future Directions

Challenges

« Data gapsmany forensically relevant species lack
comprehensive, region-specific developmental datasets
across temperature ranges.

*  Microclimate reconstruction: accurately modelling site-
specific temperatures and maggot mass heating remains
difficult.

« Standardisation and validation: need for standardised
protocols and larger blind validation studies to quantify
real-world error rates.

*  Species complexity and cryptic taxa: cryptic species
complexes require molecular resolution and expanded
reference libraries.’

Emerging solutions and research directions

*  DNA barcoding and genomic tools: improving species ID,
enabling identification from eggs or fragmented material,
and potentially allowing population assignment. Recent
studies show that DNA barcoding can distinguish closely
related blowfly species, aiding rapid identification.

* Integrated probabilistic models: Bayesian frameworks and
ensemble statistical models better capture uncertainty and
integrate multiple evidence lines.

* Improved field validation: larger, multi-site cadaver
and carrion field studies to develop regionally robust
succession calendars and validate developmental models
under real conditions. Recent literature calls for such
experiments and better reporting standards.®’

* Standard operating procedures: international and
national guidelines for insect sampling and laboratory
processing to ensure forensic admissibility. Books and
manuals (textbooks and procedural guides) remain central
educational resources.*!°

CONCLUSION

Forensic entomology is a mature and rapidly advancing
forensic discipline that provides one of the few reliable
biological clocks for estimating time since death when human
tissues no longer offer precise information. Developmental
and successional approaches—grounded in species-specific
biology, thermal modelling, and rigorous field/lab protocols—
can yield defensible PMI estimates when applied by trained
experts and reported with transparent uncertainty. Ongoing
improvements in molecular identification, statistical modelling,
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and field validation will continue to increase precision, but
investigators must remain vigilant of limitations caused by
microclimates, chemical effects, regional species differences,
and data scarcity. Forensic entomology’s greatest current needs
are expanded, high-quality developmental datasets across
regions, robust microclimate modelling protocols, integrated
probabilistic frameworks for reporting PMI, and continued
standardisation of sampling and analytic methods.

REFERENCES

1. Amendt J, Richards CS, Campobasso CP, Zehner R, Hall MJR.
Forensic entomology: applications and limitations. Forensic Sci
Med Pathol. 2011;7(4):379-392.

2. Matuszewski S, Hall MJR, Grzywacz A, et al. Post-mortem
interval estimation based on insect evidence: current concepts
and new directions. Forensic Sci Res. 2021;6(1):1-17. Available
from: doi.org/10.1080/20961790.2020.1835825

3. Harvey ML, Carter DO, Gasz NE, et al. Entomology-based
methods for estimation of postmortem interval. Res Rep Forensic
Med Sci. 2016;6:1-9. Available from: https://www.dovepress.
com/article/download/25362

4. Byrd JH, Castner JL, editors. Forensic entomology: the utility
of arthropods in legal investigations. 2nd ed. Boca Raton:
CRC Press; 2009. p. 111-159. Available from: doi.org/10.1201/
NOE0849392153

5. Wells JD, Smith KE, et al. A forensic entomological analysis
can yield an estimate of time since death. J Forensic Sci.
2019;64(5):1354-1362. Available from: doi.org/10.1111/1556-
4029.14031

6. Gennard DE. Forensic entomology: an introduction. 2nd ed.
Chichester: Wiley-Blackwell; 2012. p. 42-76. Available from:
https://books.google.co.in/books/about/Forensic_Entomology.
htmI?id=uVotBaEDCzMC

7. Abdulla AS, Mohammad A. Application of forensic entomology
in medico-legal investigations. Med Res J. 2024;9(1):107-112.
Available from: doi.org/10.5603/mrj.97143

8. R P, Gaffar MS, Subramanyam S. The silent witnesses: forensic
entomology in the estimation of time since death — a cross-
sectional study from a tertiary hospital mortuary in South India.
J Forensic Med Toxicol. 2025;42(2):67-76. Available from: doi.
org/10.48165/jfmt.2025.42.2.12

9. Matuszewski S, Madra-Bielewicz A. Field validation of post-
mortem interval estimation based on insect development. Part 2:
pre-appearance interval, expert evidence selection and accuracy
baseline data. Forensic Sci Int. 2025;367:112316. Available from:
doi.org/10.1016/j.forsciint.2024.112316

10. Bansode S, et al. Challenges and considerations in forensic
entomology: a comprehensive review. J Forensic Leg
Med. 2025;110:102831. Available from: doi.org/10.1016/j.
jflm.2024.102831



