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ABSTRACT: Wildlife DNA forensics is an applied field that has emerged from a synthesis of conservation genetic research and forensic genetic practice to meet the increasing need for investigative
tools in wildlife law enforcement. This review describes the principal technologies and applications
available to wildlife forensic geneticists, focussing on the four most common casework questions:
What species is it? Where did it come from? Who did it come from? Was it captive bred? The conversion of established research tools into forensic identification systems is discussed, explaining the
need for method validation at each stage of the analytical process, from sample collection to data
analysis. The requirement for wildlife DNA forensic analysis to be performed under equivalent quality assurance standards to those of human forensic genetics is highlighted and approaches for the
interpretation and presentation of DNA evidence are described. A perspective is provided on the
potential for new genetic techniques and their future role in the increasingly complex fight to enforce
the protection of endangered species. The review concludes with a number of recommendations for
promoting a unified, rigorous approach to the development and application of wildlife DNA forensic
techniques.
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The field of conservation genetics has developed
over the past 20 yr to support the application of molecular genetic analysis to problems and questions
encountered in species conservation. Research is primarily undertaken by academic scientists and has led
to new approaches for the collection, analysis and
interpretation of biological samples in addition to generating information relevant to the management of target populations. The breadth of possible applications
requires conservation geneticists to draw on a wide
range of established biological subjects including pop-

ulation genetics, molecular ecology, molecular phylogenetics, phylogeography and taxonomy. Their principal objective is to synthesize this knowledge and
develop best practice solutions to specific challenges
faced in conservation (Frankham et al. 2002).
One area of conservation genetics that has long been
recognized but is now receiving increasing attention is
the development of analytical techniques capable of
providing DNA evidence to assist in conservation law
enforcement, commonly termed ‘wildlife DNA forensics’. Wildlife DNA forensics is essentially concerned
with the identification of evidence items in order to
determine the species, population, relationship or indi-
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vidual identity of a sample. The subject has developed
in parallel to human forensic genetics and has benefited from the horizontal transfer of molecular and statistical techniques; however, it remains a highly specialist area with its own distinct set of challenges,
situated between wildlife conservation research and
applied forensic science. With the development of
national and international legislation to protect everdiminishing habitat and species diversity, DNA forensics is now becoming a key investigative tool to combat
wildlife crime. At the same time, the way in which
DNA evidence is generated and presented in court is
coming under renewed scrutiny. This review introduces the subject of wildlife DNA forensics, highlighting the potential advantages and pitfalls surrounding
this emerging field, and aims to provide recommendations for promoting a unified, rigorous approach to the
development and application of wildlife DNA forensic
techniques.

requirements of the forensic science community to
present clear, unequivocal evidence produced using
validated, robust methods. In many ways, the field of
wildlife DNA forensics is undergoing the same process of gradual incorporation into law enforcement
that human DNA forensics underwent in the late
1980s and early 90s. During this period of time, the
initial acceptance of DNA evidence was followed by
a series of challenges that led to the re-evaluation of
many forensic genetic practices (Lander 1989, Lander
& Budowle 1994). It is important that the lessons
learnt from these experiences are transferred to
wildlife forensic genetics, in order to avoid evidence
being dismissed from courtrooms and the subsequent
loss of credibility to the field. One of the objectives of
this study is to raise awareness of these issues and
communicate the need for conservation genetic
researchers to keep in mind the implications of their
work.

HISTORY

SPECIES PROTECTION AND LAW ENFORCEMENT

The use of genetic analysis to identify non-human
evidence began shortly after the first DNA fingerprints
were applied to human forensic investigation (Gill et
al. 1985). The realization that the same technique
could allow familial identification in birds (Burke &
Bruford 1987) rapidly led to the use of these methods to
verify captive breeding claims in cases where wild bird
theft was suspected (Shorrock 1998). The development
of individual DNA identification systems has since followed that of human methods through the use of multilocus (Thommasen et al. 1989) and single-locus (Wetton & Parkin 1997) probes and microsatellites (Jones et
al. 2002, Singh et al. 2004, Xu et al. 2005). In parallel to
this research, DNA also began to be used to identify
the species from which trace evidence originated
(Cronin et al. 1991, Parson et al. 2000). This application
relied on molecular taxonomy rather than human
forensic techniques and proved particularly useful for
investigating cases of illegal trade (Baker et al. 1996,
Baker & Palumbi 1994) and poaching (Guglich et al.
1994, Sweijd et al. 1998).
Today we can see a wide array of molecular identification techniques applied in many countries to evidence originating from a diverse range of taxa. This
expansion offers huge potential for the conservation
of endangered species but at the same time presents
multiple challenges to those attempting to transfer
research methods into forensic analytical tools. Perhaps the most pressing issue of all is the need to find
an acceptable balance between the utilization of academic research to drive the development of genetic
identification techniques, and the expectations and

In recent years the law enforcement community has
observed increasing links between wildlife crime and
organized crime. The illegal trade in flora and fauna
offers financial rewards comparable to those of the
narcotics trade with only a fraction of the risk, and thus
attracts the attention of international criminal organizations. Such activities clearly threaten the survival of
critically endangered target species, for example tiger,
rhinoceros and mahogany; however, they also reduce
our ability to sustainably harvest more abundant species, pushing them towards extinction and threatening
global economic markets such as the fishing and timber industries. This new understanding has added
weight to the long-held position of conservationists
regarding the need to legally protect global biological
resources.
Legislation for the protection of specific species and
the strength with which any such laws are enforced
varies widely among countries. Internationally, the
Washington Convention on International Trade in
Endangered Species of Wild Fauna and Flora (CITES),
provides a framework for trade control and monitoring;
however, each of the current 173 member states is
responsible for implementation of the convention
through national law. National laws generally extend
beyond CITES to include species conservation within
each country, controlling exploitation and trade at a
domestic level. For example, in the USA, the Endangered Species Act (ESA) describes federal wildlife
laws for both national conservation and international
trade. Any application of wildlife DNA forensic analysis must be directly related to the legislation being
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enforced and, conversely, any new legislation relating
to biological identification must be enforceable, making it important to develop a reciprocal understanding
between wildlife legislators, law enforcers and forensic
scientists.
The purpose of any forensic analysis is to provide
information or evaluate hypotheses concerning the
evidence available. This means that analysis is driven
by the questions asked by casework investigators.
Individual cases generate individual questions; however, in wildlife law enforcement most forensic
enquiries can be divided into 4 main problems: what
species is it from, where is it from, who did it come
from and was it captive bred? Each of these questions
can be considered in wildlife DNA forensics using a
variety of different techniques; the following section
examines the methods associated with each one.

FORENSIC GENETIC IDENTIFICATION METHODS
Species identification
The use of genetic analysis to identify the species of
an evidence sample is the most common application in
wildlife DNA forensics. Species identification may be
used in cases of illegal poaching in order to identify
trace evidence in the field or from a suspect’s possessions (Gupta et al. 2005). It has also been widely
applied to the identification of traded products that
have lost identifying morphological characters, such as
processed wood (Deguilloux et al. 2002), traditional
medicines (TMs) (Hsieh et al. 2003, Wetton et al. 2004,
Peppin et al. 2008) and shark fins (Shivji et al. 2002,
Chapman et al. 2003).
Genetic species identification relies on the isolation
and analysis of DNA markers that show variation
among species, but are generally conserved within
species. In animals, the most commonly used markers
are gene regions within mitochondrial DNA, particularly cytochrome b (Parson et al. 2000) and
cytochrome oxidase subunit I (COI) (Hebert et al.
2003a,b), as their mutation rates roughly coincide with
the rate of species evolution. In plants, suitable genetic
markers are normally found in the chloroplast genome
within genes such as matK and trnH-psbA (Kress et al.
2005). Due to the presence of multiple mitochondrion
and chloroplast organelles within a single cell, these
markers are present in multiple copies. In comparison
to nuclear DNA, where in diploid species a single
nucleus carries just 2 copies of each marker, this
increases the chance of success when analyzing
trace evidence samples that typically contain relatively
little cellular material (Butler & Levin 1998, Budowle
et al. 2003).
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In practice, there are several techniques used to analyze species informative markers (Box 1). The principal
method is DNA nucleotide sequencing, followed by
comparison of the resulting sequence with reference
sequence data from different species. The level of similarity between test and reference sequences enables
the species of origin to be inferred. DNA sequencing
has been approved for use by the International Society
for Forensic Genetics (ISFG) (Carracedo et al. 2000,
Bär et al. 2000) and has been validated as a technique
for use in forensic identification casework (Wilson
et al. 1995). A particular advantage associated with
sequencing is that universal PCR primers can be
employed enabling the amplification of DNA from a
wide range of species without any prior information
regarding the sample (Verma & Singh 2003).
The primary method of identifying a DNA sequence
is through the use of a reference database search
whereby the unknown sequence is compared to those
of known samples: a measure of the similarity between
sequences is calculated and the most similar species is
attributed to the sample (Parson et al. 2000, Branicki et
al. 2003). The most commonly used reference databases for comparative species identification searches
are the NCBI/EMBL/DDBJ database collaboration
(www.insdc.org) and BOLD, part of the Consortium for
the Barcoding of Life (CBOL, www.barcodinglife.com).
For species that are well represented in such public
databases it is common to encounter a 100% sequence
match between the unknown sample and its reference
species. However, due to sequence variation within
species, no exact match may be observed, resulting in
a species identification based on, for example, a 98.5%
match. Closely related species may have sequence
similarities of 90 to 95%, or higher. The total length of
the sequence which is being matched also affects the
confidence of identification. It is therefore left to the
experience and judgement of the forensic scientist to
evaluate the strength of evidence when undertaking a
sequence similarity match.
An alternative analysis method for species identification is the construction of a phylogenetic tree. The tree
is used to discern the evolutionary relationships
between the test sample and reference sequences from
each possible species (Avise 1994, Roman & Bowen
2000, Verma et al. 2003). The position of the test
sample in the tree allows the closest reference species
to be identified as the likely source. However, there
are several different methods for constructing phylogenetic trees (e.g. neighbor-joining, maximum parsimony, maximum likelihood, Bayesian; see Holder &
Lewis (2003) for overview) and there is currently no
consensus in wildlife forensic science over which to
use (Terol et al. 2002, Wong et al. 2004). Both the tree
topology (branching pattern) and associated support
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Box 1. Introduction to the current techniques used in wildlife DNA forensics
1. DNA nucleotide sequencing
Sequencing identifies each nucleotide (base) within a specific target region of DNA (the genetic marker). Species
identification usually involves sequencing around 500
bases of DNA to provide a species-specific sequence.
Sequencing provides data for developing genetic markers
such as single nucleotide polymorphisms (SNPs) microsatellites and InDels, which describe specific areas of
sequence variation.

(a) Four DNA sequences of 16 bases in length; the three
reference sequences differ, the unknown sequence
matches Ref. 2
Ref. 1
Ref. 2
Ref. 3
Unknown

T
T
T
T

A
A
A
A

T
T
C
T

T
T
T
T

C
C
C
C

A
T
T
T

T
T
T
T

A
A
A
A

C
T
C
T

A
A
A
A

T
T
T
T

A
A
A
A

C
C
C
C

G
G
G
G

A
A
A
A

C
C
C
C

C/T SNP site
Single base differences are known as SNPs. Individual
variants (e.g. C or T) are referred to as ‘alleles’

2. SNP typing
SNP typing, or genotyping, allows specific variable sites in a DNA sequence to be investigated. Focussing on a SNP site allows
faster, cheaper tests to be developed that do not require such long fragments of high quality DNA, however less information
is gained in comparison to DNA sequencing. There are multiple methods for typing SNP markers; 3 examples used in DNA
forensics are provided below:

(i) PCR-RFLP
PCR-RFLP relies on the ability of enzymes to cut DNA at
specific recognition sites. Where these sites coincide with
a SNP marker, some sequences will be cut to produce 2
DNA fragments (S1), others will not (S2), leading to differences in the number and length of DNA fragments between samples. These differences can be resolved under
electrophoresis.

(ii) Allele-specific PCR
Primers used in PCR for amplifying genetic markers can
be designed for conserved regions of DNA (universal
primers) or regions where DNA varies between species
or populations (allele specific primers). Allele specific primers are designed so that PCR only works when DNA
from the target sequence is present in a sample.

(b) Enzyme recognition site only present in S1, therefore
only S1 DNA is cut
Enzyme

TA C AT

S1

S2

Enzyme
T
TA C A

TATT CATA CATA CG A C
TATT CTTATATA CGA C
ATA
C
A
T
CG
T CA
AC
TAT
DNA sequence cut
DNA sequence not cut
= 2 fragments
= 1 fragment

(c) Complimentary primer only binds to target DNA
sequence (S1), enabling amplification
Enzyme

A G TAT G

S1

S2

e
Enzym
TG
A
AGT

TATT CATA CATA CG A C
Primer binds, PCR proceeds

TATT CTTATATA CGA C
No primer binds, PCR fails

Target DNA sequence detected

No detection

(d) PCR amplification with universal primers (UP)
(iii) Allele-specific probes
An alternative to using specific primers is to use universal
primers in combination with a specific probe. Different
probes are designed to attach to different DNA sequence
variants (S1 and S2) allowing the base present at a SNP
site to be detected.

PCR amplification of both sequences with universal primers (UP)
Probe 1
GTA
TAT TCATA CATA CG A C

S1

UP1

Probe 2
ATA
TA T TC T TA TA TA C G A C

S2

UP1

UP2

UP2

Allele specific probes detect target sequence differences (SNPs)

3. Microsatellite genotyping
Microsatellite markers describe differences between DNA
sequences due to variation in the number of repetitive
units of DNA in a specific region. Changes in the repeat
number lead to different sized DNA fragments (alleles)
that can be resolved under electrophoresis.

(e) The number of repeat units (ACAT) varies between
the 2 samples, altering the length of the DNA fragments
(microsatellite alleles)

ACAT
Allele 1
7 repeats
Allele 2
8 repeats
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may differ among construction methods, complicating
the presentation of such evidence to a jury and requiring forensic practitioners to take great care in the
interpretation of their results.
The differences observed among species at a genetic
marker are largely due to single base pair changes in
the DNA sequence, known as single nucleotide polymorphisms (SNPs) (Box 1). SNPs can be directly utilized to identify species, without the need for full
sequencing, using a number of techniques that are
either more cost-effective and low-tech, for example
PCR-restriction fragment length polymorphism (RFLP)
(Box 1) (Tahir et al. 1996, Hold et al. 2001), or enable
analysis of shorter DNA sequence regions via SNP
genotyping. Minimizing the size of the genetic marker
targeted is often necessary to obtain results from
samples that are either degraded or have been highly
processed, fragmenting the DNA (Butler et al. 2003,
Hajibabaei et al. 2006).
By reducing the genetic information available from
an entire sequence to the characterization of several
SNPs within the genetic marker, there is an increased
risk of sample misidentification that must be considered when designing assays and interpreting forensic
data. Both PCR-RFLP and SNP-genotyping methods
are widely accepted within the forensic genetic community, however they are applied in the context of species detection, rather than species identification. SNP
genotyping assays will have a defined scope that
describes the total set of species that have been tested
during development. The application of such a test
therefore assumes knowledge of the potential species
present, with the aim of discriminating among them; it
does not exclude the possibility that other non-target
species are present. This theoretically allows for a positive result for a target species being generated from a
non-target species that was not included in the original
assay design. This issue drives the definition of the
total species set; from a scientific perspective it
requires inclusion of phylogenetically related (evolutionarily similar) species; from a forensic perspective it
requires inclusion of species that could reasonably be
expected to be found in place of the target species. For
example, the development of an assay to detect the
CITES-listed tropical hardwood genus Gonystylus
(ramin), included species from all con-familial genera
and a further 17 unrelated species that were known to
occur in the timber trade and could conceivably have
been misidentified as ramin on the basis of morphology (Ogden et al. in press, this Theme Section). While
this may seem odd to someone with a background in
evolutionary genetics, it is crucial to the defence of
forensic interpretation in court.
Although the development of assays that target
SNPs rather than generate whole sequences restricts
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their scope to species detection, it does allow the
analysis of samples where multiple species are present, in contrast to DNA sequencing with universal
primers. The detection of DNA from endangered species in TMs that may contain multiple animal and plant
derivatives has been achieved using allele-specific
PCR primers and probes (DeSalle & Birstein 1996, Wan
& Fang 2003, Wetton et al. 2004, Imaizumi et al. 2007)
(Box 1). The development of multiplex assays that can
simultaneously detect any species from a target set is
increasing the utility of these approaches (Tobe &
Linacre 2008). The recent transfer of array-based
genotyping methods from human to non-human
research has led to the development of SNP assays for
the simultaneous detection of large numbers of target
species (Kochzius et al. 2008) and it is anticipated that
this technology will soon become available to the
wildlife forensic community.
The power to identify species offered by DNA
sequencing and the ability to analyze mixed DNA
through SNP approaches can be combined. By using
species-specific PCR-primers it is possible to generate
a single DNA sequence for the target species from a
sample containing multiple species DNA. This
sequence can then be identified to species level to categorically demonstrate its presence in the sample and
is therefore a favoured method in wildlife DNA forensics. Applications include the identification of bear bile
in TMs (Peppin et al. 2008) and shark body parts
(Chapman et al. 2003).

Identification of geographic origin
Wildlife legislation usually operates within political
boundaries such as national and regional borders or
marine fishery zones. Species distributions are governed by biological and environmental factors that
rarely coincide with such legislation. This mismatch
often leads to wildlife crime investigations asking
questions concerning the geographic origin of a
sample. For example, to enforce CITES regulations it
may be necessary to demonstrate the geographic
source of a specific sample, in addition to identifying
the species. Similarly, the effective management of
marine protected areas requires methods that enable
illegally harvested stocks to be distinguished from
those taken legally from elsewhere. Genetic analysis
has been employed to infer geographic origin of samples in biological research for many years; however,
the number of published studies detailing the application of these tools to forensic casework is low, suggesting this arena is in its infancy.
From a forensic genetic perspective, identifying the
geographic origin of a sample is equivalent to identi-
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fying its reproductive population of origin. Biological
populations include many different levels of genetic
variation, from extended families to subspecies, making them difficult to define. Populations are often
capable of sharing genetic material, therefore compared to species identification, DNA markers are less
likely to show discrete differences among groups
(Fig. 1). Geographic origin identification is based on
our ability to assign a sample to a particular population, requiring the source population to be sufficiently
genetically distinct from other candidate populations
and relying on the existence of population data from
multiple areas. Despite these limitations, a wealth of
existing academic and conservation management
research focussing on population assignment is now
being transferred to address the urgent need for
enforcement techniques capable of identifying geographic origin. The methods employed are largely
dictated by the degree of genetic differentiation
between populations.
Within some species, populations may be so isolated
from one another that there is effectively no exchange
of genetic material between them. Genetic differences
will gradually accumulate over evolutionary time to a
point where members of an isolated region share the
same types of genetic marker (alleles) within their population, but exhibit different alleles to that of any other
population. Markers that exhibit such discrete variation are very useful for identifying populations and
therefore for assigning an individual to a geographic
region with a high degree of confidence (Fig. 1). In

Species

Population

PopA PopB
Fixed allele
methods
Mitochondrial DNA
Sequencing
or SNPs

Individual

PopA PopB
Allele frequency
methods
Nuclear DNA
Microsatellites
or SNPs

Fig. 1. The level of genetic diversity between populations
exhibits continuous variation, from subspecies (dark end) to
extended families (light end). The degree of population (Pop)
divergence dictates the selection of genetic markers and
subsequent analytical methods used to assign a sample to its
geographic origin. SNPs: single nucleotide polymorphisms

highly divergent populations, mitochondrial DNA
(mtDNA) can be used to identify populations, similar to
species identification. The hypervariable mtDNA control region, or D-loop, is often used as a marker in geographic origin identification, with individual control
region sequence types (‘haplotypes’) corresponding to
specific populations. Wu et al. (2005) applied this technique to the Chinese sika deer Cervus nippon that is
classified into 4 subspecies. Following widespread
hunting to supply the TM trade, 2 sub-species were
extirpated (lost) from the wild and now exist only in
captivity where they are bred in large numbers for
medicinal use. The remaining 2 subspecies that exist in
the wild are very seriously threatened and heavily protected by Chinese law. In order to enforce this conservation legislation, a method to discriminate one of the
wild subspecies from one of the domesticated subspecies was developed, based on mtDNA control
region haplotype variation.
In the absence of sufficient mitochondrial DNA variation, it is necessary to employ genetic markers from
the nuclear genome that show variability among
regions. Although some microsatellite and SNP markers (Box 1) do show discrete differences, individual
alleles will often be distributed across populations
(Fig. 1). This means that differentiation can only be
achieved on the basis of differing allele frequencies.
The frequency of the alleles observed in a population
can be used to characterize its genetic structure and to
assess the probability of a sample originating from that
area. Such probabilistic approaches have 2 important
implications for wildlife forensic investigations. First, it
is necessary to develop large genetic databases to provide representative allele frequencies for all of the
potential source populations. Second, it requires the
use of statistical analysis to provide quantitative probabilities of assignment for a sample to each of those
populations.
In practice, a DNA profile is first generated from a
test sample using a panel of genetic markers. The profile is then assigned to a population by comparing the
alleles observed in the profile with the allele frequencies observed in the populations. There is a wide
range of analytical methods available for assignment (reviewed by Manel et al. 2005) and it is important to understand the statistical basis and underlying
assumptions of any that are used. In a forensic context
it is necessary to select a method that enables the
scientist to evaluate both prosecution and defence
hypotheses; that is, one which provides a quantitative
estimate of the probability that the sample originated
from the source claimed by the defence, rather than
simply identifying the most likely genetic geographic
origin. Assignment tests are normally implemented in
software packages, and a number are freely available
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for data analysis (reviewed by Hauser et al. 2006). Population assignment is extensively used to prosecute
illegal salmon fishing in the NW Pacific (Withler et al.
2004), where large databases have been established
(Seeb et al. 2007), but applications are currently limited for endangered species where data are difficult to
collect.
In populations that exhibit much larger rates of
gene exchange, allele frequencies among different
regions may be almost equal at neutral genetic
markers, making it impractical to apply this approach
to identify the geographic origin of wildlife samples.
This may occur where a population has been defined
by non-biological criteria, such as fishing zones
drawn along geopolitical boundaries, or nationally
certified timber products obtained from species with
wind-dispersed pollen. In both these examples, there
is no biological restriction to the dispersal of genes
across multiple ‘populations’ and exact geographic
origin cannot be described. Where genetic populations are widely distributed, non-genetic alternatives,
such as stable isotopes (Benson et al. 2006) may be
more suitable to determine the source of biological
material.

Individual identification
The use of DNA profiling for the individual identification of genetic evidence has revolutionized human
forensic analysis over the past 20 yr. In contrast, the
identification of individual animals and plants has
often been less relevant to the protection of endangered species. However, for certain issues such as
poaching, where it may be necessary to demonstrate
that a horn, tusk, bone or skin has originated from a
specific individual, DNA profiling techniques can provide key evidence to wildlife crime investigations.
Other applications include the identification of stolen
animals and the authentication of legally traded
wildlife products.
DNA profiling works by targeting genetic markers
that are highly variable within species and are therefore likely to show differences among individuals. As
with geographic origin identification, multiple microsatellite or SNP markers are used to create a profile
that consists of a series of alleles (Box 1). The greater
the number of markers used, the less likely it is that
another individual has the same series of alleles (same
profile). If 2 samples produce different DNA profiles,
the possibility that they originate from the same individual can be excluded. If 2 samples share the same
profile, it suggests that they may come from the same
individual and it is then necessary to calculate the
probability that 2 individuals have the same profile by
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chance. This probability is affected by the number
and variability of markers in the profile, how common
the alleles are in the species (their frequency), and
how closely related individuals are in the population
where the samples were taken. Evaluating these factors requires a representative sample of DNA profiles
from the population.
The development of individual profiling techniques
for wildlife DNA forensic investigation has been limited by the need to generate reference data; however,
examples of successful applications do exist. In
Canada, DNA profiling systems have been developed
and are regularly applied to support investigations into
the poaching of mule deer Odocoileus heimonus,
white-tailed deer O. virginianus, elk Cervus canadiensis, moose Alces alces, caribou Rangifer tarandus and
black bear Ursus americanus (www.forensicdna.ca/
dnadatabases.html). In northern Italy, evidence of wild
boar poaching has been generated using DNA profiling to match blood on the defendant’s knife to a wild
boar carcass (Lorenzini 2005).
Individual DNA profiles can also be used to regulate
the legal trade in species that are protected in only part
of their range, or are subject to strict quotas. Wildlife
DNA registers in which legally traded specimens can
be individually recognized through a DNA profile,
provide a method of ensuring that illegally obtained
wildlife cannot be laundered into a legitimate supply
chain. This has been demonstrated in principle for the
minke whale Balaenoptera acutorostrata by comparing
samples obtained from markets to an existing Norwegian genetic register of legally caught whales (Palsbøll
et al. 2006). An adaptation of this approach is already
applied in south-east Asia to verify the source of merbau Intsia spp., a tropical hardwood traded under
quota. DNA profiles are produced for each tree stump
in a concession and stored on a database. Logs and
timber products originating from that concession are
subsequently resampled throughout shipment and
processing. Illegally laundered wood can be identified
via DNA profile exclusion from the original tree
stumps (Lawson 2007). This type of innovative
approach can provide forensic evidence for enforcing
trade controls, but importantly also offers a method
for self-regulation, allowing limited enforcement
resources to be more efficiently deployed elsewhere.
However DNA registers are not without controversy.
The ability to individually identify tigers using DNA
profiles has been used to support the argument for
tiger farms in China, by demonstrating that animal
bones and skins originate from captive sources. In
such endangered species, any level of legal trade may
threaten the survival of those remaining in the wild by
supporting a lucrative market and incentivising
poachers.
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Familial identification
The ability to verify or refute familial relatedness is
the fourth principle application of wildlife DNA forensic techniques. Establishing levels of relatedness is
important for many aspects of conservation genetics,
but for forensic investigation the focus lies primarily on
the differentiation of captive bred from wild caught
animals. Captive breeding programmes are now commonplace throughout the world and focus on either
sustaining global populations of highly endangered
species, or the production of animals and plants of
commercial value. Problems arise when the 2 drivers
cross-over, as they often do, and rare species become
highly prized commodities with large profits to be
made from their commercial trade. This situation may
lead to unscrupulous ‘breeders’ laundering animals or
plants taken from the wild and re-selling them as
captive bred individuals. Examples of current issues
include the trade in parrots, birds of prey, tortoises
and orchids.
The fact that genetic markers are inherited from one
generation to the next allows DNA profiles to be used
to verify parent –offspring relationships. The alleles
present in the DNA profile of an individual must also
be present in its putative parents, 1 allele per marker in
each parent. If alleles are observed that do not correspond to those in the putative parental profiles, then
the possibility of the individual being their offspring
can be excluded. This method of profile exclusion to
refute parentage claims, like individual sample matching, does not require profile data from the wider population and is therefore relatively simple to apply. However, the results of parental exclusion are not as
definitive as those for individual profile exclusion and
require more interpretation. The basis of variability at
a genetic marker is the occurrence of heritable mutation events, where 1 allele changes to another between
generations. Although such events rarely occur, they
do create the possibility that disagreement between
parent and offspring profiles may be due to mutation
rather than false parentage. Ideally, as in human
genetics, the mutation rate at each marker should be
incorporated into parentage analysis; however, this is
rarely possible for wildlife species, and profile interpretation therefore requires caution.
A number of forensic DNA profiling systems have
been developed specifically for parentage verification.
In the UK, where the theft of chicks from wild nest sites
persists, genetic tools have been used to investigate
captive breeding claims in a number of birds of prey
species for the past 20 yr (Wetton & Parkin 1997;
reviewed by Shorrock 1998). The techniques used
have evolved in parallel to human forensic genetic
techniques, resulting in the recent development of

microsatellite DNA profiling systems for 6 different
species (Dawnay et al. 2008). Similar systems are
employed throughout Europe and Australia to verify
captive bird breeding, while in Russia, parentage
analysis is used to authenticate caviar produced from
captive sturgeon (S. Rastorguev pers. comm.). Wildlife
DNA forensic approaches offer a powerful way to
investigate wild animal laundering and are set to
become more widely used as conservation enforcement increases.

Sample types for DNA analysis
The successful recovery of DNA from biological evidence is the most important stage in any forensic
genetic investigation. The diversity of DNA sources
available to human forensic scientists has been well
publicized and includes soft body tissues, bones, teeth,
hair, saliva, sweat, urine and faeces. The methods used
to extract DNA from these sample types can often be
transferred to other species; however, wildlife forensic
geneticists may be faced with quite different sample
types such as fish scales, feathers, fruits or processed
timber. Conservation geneticists have developed techniques for recovering DNA from a remarkable array of
sample types (e.g. snake venom, Pook & McEwing
2005; moulted feathers, Horvath et al. 2005; fish scales,
Kumar et al. 2007; porcupine quills, Oliveira et al.
2007; historic eggs, Lee & Prys-Jones 2008), enabling
genetic information to be recovered from almost any
biological material.
Sample types can be characterized in terms of the
quantity of DNA initially present, its protection from
environmental degradation and the ease with which
purified DNA can be recovered. For example, hard
materials such as bone, tooth, horn and ivory may contain relatively little DNA, which is difficult to extract,
but which is preserved in the sample for many years
(Yang et al. 1998). In contrast, soft tissues tend to contain more DNA which is simple to recover, but which is
prone to rapid decomposition. Plant tissues also vary
widely in composition, and different techniques need
to be used when dealing with root fibres, leaves, fruit
and seeds or solid timber.
One of the particular problems associated with DNA
recovery from wildlife samples is environmental degradation due to bacterial breakdown, physical destruction, or damage from natural UV light (Lindahl
1993). Another complication to DNA recovery is that
crimes against wildlife often involve the illegal trade in
processed parts and derivatives, such as in TMs, and the
investigator is often faced with needing to identify heavily treated sample types containing multiple individuals’
or species’ DNA (Gill et al. 2006, Tobe & Linacre 2008).
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The type and quality of biological evidence obtained
during an investigation affects the DNA analysis that
can be subsequently applied. Very low quantities of
cellular material may limit analysis to mitochondrial or
chloroplast DNA. Degraded DNA will fragment,
restricting analysis to small target sequences. Although processes such as ‘whole genome amplification’ are now being applied to increase the success rate
of non-human genetic analysis (authors’ unpubl. data),
the quality and quantity of DNA recoverable from the
sample type is critical to downstream applications. The
implications for wildlife crime investigations are that
there is a higher success rate for techniques that rely
on mitochondrial markers, such as species identification, and techniques that target short fragments of
DNA, such as SNP genotyping.
The diverse range of identification questions that can
be addressed using genetic methods offers great
potential to forensic investigation and wildlife law
enforcement. However, in order to reach the stage of
presenting evidence to an enquiry or prosecution, a
large number of practical issues surrounding the production and interpretation of genetic evidence must be
considered. The following section examines key areas
in the transfer from conservation genetic research to
forensic genetic application.

FROM RESEARCH TO APPLICATION
The term ‘forensic’ is becoming something of a buzzword in the conservation genetic community. The
potential to transfer research applications into investigative tools is receiving enthusiastic recognition from
government agencies, non-governmental organizations and academic scientists. Furthermore, an increasing number of publications are associating biological research with the field of forensic science
through claims regarding the potential application of
their findings. While an increased focus on the subject
of wildlife forensics helps to raise the profile of the
field, it also risks blurring the boundaries between academic and forensic sciences. While many wildlife
forensic genetic techniques have developed directly
from conservation research, it is important to draw
a clear distinction between the production of data
for research purposes and the generation of evidence
destined for court.
Most recent wildlife ‘forensic’ genetic research can
be placed into 1 of 3 categories. First, there are technical papers describing novel methods or newly isolated genetic markers which detail their potential
applications to forensic casework or trade monitoring
(e.g. Fitzsimmons et al. 2001, Jones et al. 2002, Moore
et al. 2003, Rodzen et al. 2007). This research pro-
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vides the fundamental tools for the genetic identification of wildlife. Second, there are research papers
that describe the use of molecular genetic techniques
to monitor illegal persecution or trade in endangered
species (e.g. Roman & Bowen 2000, Wasser et al.
2004, Withler et al. 2004). Such work helps to develop
initial tools into practical applications, while the
resulting survey data play an important role in highlighting threats to endangered species and provide
useful intelligence to enforcement investigations.
Third, there are papers that describe the validation of
tools used to generate data of evidential quality (e.g.
Gilson et al. 1998, Branicki et al. 2003, Dawnay et al.
2007, 2008b). While all 3 research areas are effective
components of conservation genetics, only techniques
falling into the last group are sufficient for application to forensic investigations requiring evidential
data. What distinguishes this work from tool development and genetic monitoring is the level of validation, quality assurance (QA) and quality control (QC)
supporting the research.
In any enforcement application, all processes of data
production and interpretation may be subject to challenge. Sample collection and transfer, laboratory and
statistical analyses, the accuracy of the reference database and the presentation of findings are all scrutinized by lawyers and scientists searching for potential
sources of doubt in the evidence. It is therefore essential that each stage of the method is assessed and validated prior to enforcement use. ‘Validation’ is broadly
defined as the process by which the scientific community acquires the necessary information to (1) assess
the ability of a procedure to obtain reliable results, (2)
determine the conditions under which such results can
be obtained, and (3) define the limitations of the procedure (SWGDAM 2003). The validation process identifies the methodological aspects that are critical to the
production of evidential data. While validation studies
are embedded within the development of human
forensic genetic methods, they are often overlooked in
the transfer of conservation genetic research to wildlife
forensic application. The Scientific Working Group on
DNA Analysis Methods (SWGDAM) has identified 2
aspects of validation; developmental and internal.
Developmental validation involves demonstration of
the accuracy, precision, and reproducibility of a procedure and must be carried out prior to its use in forensic
casework. This is achieved by performing studies
specifically designed to question the novel technology’s reliability and limitations. Internal validation
is conducted by each testing laboratory and is the
‘in-house’ demonstration of the reliability and limitations of the procedure (SWGDAM 2003). Elements of
data production that require validation are briefly
introduced here.
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Sample collection and transfer

Statistical analysis

Choice of sample type and methods of sample collection, storage and transfer are extremely important. Validation studies are required to demonstrate that different
sample types can be reliably used for analysis, covering
various alternative source materials such as moulted
feathers, ivory, faeces and processed timber, different
production processes including cooking, tanning, and
mixing with other species products and the effects of environmental DNA degradation. The chain of custody that
links sample collection to result interpretation must follow a documented procedure applied by all agencies involved, to ensure that all transfer and storage of samples
is secure and that evidence tampering is detectable.
If evidential integrity can be successfully challenged,
subsequent forensic analysis is irrelevant.

Species identification is generally performed using
sequence similarity matches that often indicate a single
species of origin. While the associated sequence matching algorithms have been peer-reviewed (Altschul et al.
1997, Ratnasingham & Hebert 2007) and the resulting
data still require interpretation, they do not normally
require further analysis. Population assignment and individual or familial identification may also result in the
categorical identification or exclusion of a sample; however, data are more commonly described probabilistically, based on statistical analysis of the observed DNA
profiles. For geographic origin identification, there are
a number of possible statistical approaches and barring
rare examples (e.g. Phillips et al. 2007), there is no
precedent available from human applications to direct
the choice of method. The methods and assumptions
used to identify the most likely source population must
be critically evaluated in the context of each individual
case (for a review, see Manel et al. 2005). In contrast, individual and familial identification benefit from the
transfer of established human forensic statistical methods (Evett & Weir 1998, Balding 2005). However, important differences exist between human and non-human
systems, particularly relating to levels of inbreeding
(Ayres & Overall 1999, Waits et al. 2001) which require
explicit consideration.

Laboratory analysis
A wide range of DNA extraction chemistries and platforms are commonly used in genetics laboratories,
some of which have been validated (e.g. Nagy et al.
2005), many of which have not. Selection of a validated
method, or performance of a validation study, should be
undertaken in order to demonstrate the reliability of the
technique to recover DNA of sufficient quality and
quantity for subsequent analysis. Many of the most
common genetic analysis techniques (e.g. Wilson et al.
1995, Moretti et al. 2001) and platforms (e.g. Lygo et al.
1994, Koumi et al. 2004) have been validated for forensic use; however, it should be noted that some early
markers such as multi-locus probes and RAPDs are now
widely considered inappropriate, while state-of-the-art
array-based genotyping platforms have yet to undergo
formal validation. The key area for validation in the laboratory comes in the development of genetic markers
used to provide information about the sample. Generic
markers commonly used for species identification have
been validated, such as mitochondrial gene regions
within cytochrome b (Branicki et al. 2003) and cytochrome oxidase I (Dawnay et al. 2007). However, the
vast majority of nuclear markers used for population assignment and individual identification have been transferred directly from a research environment. In such
cases, validation is required to demonstrate that alleles
can be unambiguously identified, that markers exhibit
Mendelian inheritance and are independent of one another, and that variation in analytical conditions does
not affect the genotype produced. Guidelines for molecular marker validation are available for human systems (SWGDAM 2003) and these should be transferred
to non-human species as comprehensively as possible
(e.g. Coomber et al. 2007, Dawnay et al. 2008b).

Reference data
All genetic identification techniques rely on reference data, either to match unknown against authenticated samples, or to provide population data for probabilistic assignment. The reliability of results derived
from any database are dependent on data quality; validation of reference datasets is therefore of fundamental
importance (Parson et al. 2004). This is being achieved
through initiatives such as CBOL, in which species diagnostic DNA sequences are linked through an audit
trail to authenticated reference source material. This
approach reduces the risk of data error compared to the
NCBI/EMBL/DDBJ databases and is recommended for
the construction of localized reference data sets. Validation of reference data for population and individual
identification relies on accurate inter-laboratory allelic
identification, which has limited the exchange and development of these techniques in wildlife forensics.
However, reference datasets have been successfully
produced, for example for NW Pacific salmon (Seeb et
al. 2007) and UK badgers (Dawnay et al. 2008b), and
clear guidelines are available for allele nomenclature
systems and population data publication (Bär et al.
1997, Lincoln & Carracedo 2000).
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Despite their importance, validation studies on novel
techniques and genetic markers are not universally
performed or documented by laboratory staff conducting forensic casework on wildlife species and are mistakenly assumed to be time-consuming, expensive and
best suited for summer interns (Butler 2006). The development of formalized recommendations and guidelines
for forensic animal identity testing (e.g. Budowle et al.
2005, Dawnay et al. 2008b) may aid the adoption of
such practices by those performing wildlife forensic genetic casework. Additional useful information regarding validation and experimental methodology can be
found in many human-based forensic research papers
(e.g. Andersen et al. 1996, Moretti et al. 2001, Butler
2006) and web resources (STRBase, www.cstl.nist.gov/
biotech/strbase/validation.htm).
In addition to acknowledging differences between
the development of techniques to provide genetic data
for research and enforcement, it is also important to
recognize the importance of the laboratory environment in which sample testing is to be undertaken.
Analysis of forensic evidence samples should be
restricted to laboratories that are able to manage projects and conduct tests in accordance with auditable
standards. QA systems demonstrate the ability of a laboratory to provide accurate, reproducible and secure
results. While the lack of laboratory accreditation does
not prevent scientists from performing forensic casework, it may result in legal challenges to the evidence
that prevent admission to court. Genetic QA practices
include adherence to strict chain of custody procedures, complete separation between pre- and postPCR facilities, ongoing equipment calibration and regular internal and external audits of all analytical
processes. It should be noted that in many countries, all
notebooks, spreadsheets and emails relating to a case
are admissible as evidence and are therefore included
in QA systems. Useful information regarding QA and
QC practices are made by forensic working groups
such as the European DNA Profiling Group (EDNAP)
the International Society of Forensic Genetics (ISFG),
the Scientific Working Group on DNA Analysis Methods (SWGDAM) and the DNA Advisory Board (DAB).
The emphasis placed on QA and QC in forensic science is greater than in conservation genetic research.
This fact does not discredit academic research or imply
that results from forensic laboratories are necessarily
more accurate, but it recognizes the different questions
asked by each field. While conservation genetic
research often looks for patterns within populations,
forensic casework is concerned with the degree of certainty of identification from a single sample. Performing validation studies and adhering to laboratory QA
and QC increase data confidence for both practitioners
and the legal community and are the difference

between generating data for conservation genetic
research and providing forensic evidence.

Presentation of evidence
Alongside the practical aspects of method validation
and quality assurance, the role of the scientist also differs between wildlife DNA forensics and conservation
genetic research. In most wildlife crime investigations,
forensic analysis will have been requested by the
authorities responsible for prosecuting the case; however, the role of the forensic practitioner is always to
provide evidence for the benefit of the court, rather
than the prosecution or defence. It is therefore essential that the presentation of analytical results, as well as
being communicated for non-scientists, is seen to be
completely impartial. To achieve this, the forensic scientist must objectively evaluate the evidence under
both the prosecution and defence hypotheses relating
to the allegation and describe the relative likelihood of
the observed evidence under each scenario. This represents a different point of departure to the academic
experimental model where a single scientific theory is
proposed and tested using null and alternative
hypotheses.
The most widely accepted approach for evaluating
DNA evidence is to utilize Bayes’ theorem that allows
the uncertainty surrounding the hypothesized event to
be updated through the addition of the DNA evidence
given a specific set of circumstances (see Evett & Weir
1998). This allows the findings to be presented in the
form of a likelihood ratio that quantitatively describes
the difference between the likelihood of the prosecution and defence hypotheses. For example, in the case
of a DNA profile match between blood on a suspect’s
knife and a poached tiger carcass, the prosecution
hypothesis will state that the profiles are identical
because the samples come from the same individual
(the victim), while the defence hypothesis will state
that the profiles are identical by chance. The forensic
analyst must then calculate the probability of observing the evidence, given the available circumstantial
information, under each hypothesis (Box 2). In this
example, it leads to a large likelihood ratio (LR =
312 500) that indicates very strong support for the evidence under the prosecution hypothesis. It is important
to note that findings are presented in terms of the likelihood of the evidence, not an evaluation of which
hypothesis is correct; that is the role of the judge or
jury. The Bayesian approach is particularly useful
when dealing with quantitative probabilistic data such
as individual or population level identification; however it is also a good approach to take for species
identification as it protects forensic scientists from
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Box 2. Introduction to likelihood ratios for the evaluation of DNA evidence
When matching DNA profiles in a wildlife crime investigation, it is conventional to use Bayes’ theorem to help evaluate the relative likelihood of the two opposing hypotheses, Hp, the prosecution hypothesis and Hd, the defence hypothesis. Bayes’ theorem
can be applied when considering how the statistical odds for the occurrence of an event may be affected by the subsequent addition of new information. This of great use when incorporating DNA evidence into an evaluation of the odds associated with a
criminal investigation where there is uncertainty surrounding the actual events. The odds form of Bayes’ theorem is:
Posterior odds = Likelihood ratio × Prior odds

(1)

This can be written in the context of DNA profile evidence as:

P(H p E , I )
P(H d E , I )

=

P(E H p , I )
P(E H d , I )

×

P(H p I )
P(H d I )

(2)

where the first term is the posterior odds, or the probability of Hp relative to Hd, given the DNA evidence, E, and other circumstances of the case, I. The posterior odds are what the court evaluates at the end of trial. The second term is the likelihood
ratio, or the ratio of probabilities of the DNA evidence under either hypothesis; this what the forensic investigator must evaluate. The third term describes the odds prior to the inclusion of the DNA evidence.
The aim of the forensic scientist is to calculate the likelihood ratio (LR). In the case of matching 2 DNA profiles, this is achieved
by separating the evidence, E, into the 2 DNA profiles observed, the crime scene (victim) profile, GC, and the trace evidence profile connected to the suspect, GS:

LR =

P(GC ,GS H p , I )
P(GC ,GS H d , I )

(3)

which expands to:

LR =

P(GS GC , H p , I )
P(GS GC , H d , I )

×

P(GC H p , I )
P(GC H d , I )

(4)

The right hand term concerns the probability of observing the victim profile, GC, in the population. This is not conditional on either hypothesis; therefore this term can be cancelled out:

LR =

P(GS GC , H p , I )
P(GS GC , H d , I )

(5)

In the case of matching profiles (GS = GC) the top line of Eq. 5 represents the probability of observing the trace evidence profile,
GS, if it originated from the victim with profile GC, which is logically equal to 1, giving:

LR =

1
P(GS GC , H d , I )

(6)

The bottom line represents the probability of observing the trace evidence profile, GS, if it originated from another individual in
the population. If we assume that the source of the trace evidence is unrelated to the victim, GC, then this term (GC) can be eliminated, to leave P(GS | Hd, I), which can be equated to the probability of observing a second identical profile in the population
(match probability). Therefore the likelihood ratio that allows the forensic investigator to evaluate the probability of the evidence
under the prosecution and defence hypotheses is:

LR =

1
Match probability

(7)

In a practical example, consider an investigation in which a bear has been poached and skinned. Several months later, a bear skin
is offered for sale on the internet by a man known to have been hunting in the area around the time the bear was killed. Wildlife
investigators obtain a sample of the skin, which the seller claims was from a different bear legally hunted the previous year, and
submit the sample for DNA profiling. The profile from the skin matches that of the poached bear. Based on allele frequencies for
the regional bear population, the match probability for the profile is calculated as 3.2 × 10– 6. The prosecution alleges that the bear
skin originated from the poached bear (Hp), the defence claims that the skin originated from another bear, which has since been
destroyed (Hd).
The DNA evidence is evaluated by calculating the likelihood ratio (Eq. 8):

LR =

P(GS GC , H p , I )
P(GS GC , H d , I )

(8)

The probability of observing the evidence profile assuming Hp is true, is equivalent to the probability that 2 samples from the same
bear have the same profile, which is equal to 1. The probability of the evidence assuming Hd is true, is the probability that a second bear in the population has the same profile as that already observed in the poached animal, which for unrelated animals is
equal to the match probability (3.2 ×10– 6). Therefore the likelihood ratio becomes:

1
= 312 500
3 . 2 × 10– 6

(9)

That is, the evidence is 312 500 times more likely under Hp, than under Hd, providing very strong support that the skin originated
from the poached bear.
For a more comprehensive explanation of how Bayes’ theorem is applied to interpret matching DNA profile data, see Evett & Weir
(1998), or Balding (2005).
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allegations of bias and ensures that they have considered possible alternatives.

LIMITATIONS OF FORENSIC DNA ANALYSIS
As with any other technique, DNA analysis does not
offer solutions to every type of question posed in a
forensic investigation. It is therefore important to
acknowledge the limitations of genetic identification
and to be aware of complementary or alternative
approaches. In relation to crime involving endangered
species, there are 2 issues that routinely need addressing in investigations for which DNA analysis is of no
real use, i.e. ageing samples and determining the geographic origin of captive/cultured specimens.
Estimating the age of samples is often required in
order to date specimens such as ivory, horn or timber
originating from protected species. Under CITES regulations, the trade in specimens that pre-date 1947 is not
subject to restriction, leading to false claims about the
age of traded products. DNA analysis alone cannot
provide information concerning either the age of the
individual organism concerned, or the time at which it
lived. Instead, the problem of aging samples with
respect to the 1947 cut-off can be addressed through
the use of radiocarbon dating. One affect of atmospheric nuclear testing that began in 1952 was to alter
the carbon isotope ratio that can be traced through
incorporation into organic material. This approach has
recently been used in a forensic context to demonstrate
that ivory claimed to pre-date 1947 was actually produced by an elephant living post-1952 (G. Cook pers.
comm.).
We have reviewed the use of DNA analysis to determine the geographic origin of wild animals and plants,
but such applications are of little use when species are
transported into captivity outside of their natural
range. Questions that subsequently relate to where a
sample came from, either range state A, or captivebred state B, are confounded due to the presence of the
same genetic markers in both regions. In the absence
of comparative parental samples to verify captive
breeding, it is not possible to use DNA markers to distinguish these alternatives. In such cases, use of environmental markers such as stable isotopes that reflect
the locality where the specimen lived are of more use.
Other limitations to the application of wildlife DNA
forensics relate to the level of resources available to
develop, validate and apply the required techniques.
This is particularly true for the identification of geographic origin, individuals and familial relationships,
which usually require the production of population
genetic databases in addition to the analytical methods
themselves. The effectiveness of finite resources can
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be maximized through careful prioritization together
with creative alternatives to direct identification that
remove the reliance on database availability. As mentioned earlier, using genetic data to exclude 2 samples
from having the same source is much simpler than categorical sample matching or identification. Where possible, therefore, forensic scientists, enforcement officers and legislators should seek to direct investigations
towards questions that can be addressed by exclusion.
For example, in cases where animals are suspected
to have been taken from the wild and laundered as
captive bred, DNA analysis can be much more
readily used to refute parentage claimed by the
defendant than prove wild parentage asserted by the
prosecution.
Ultimately, any forensic evidence is only as effective
as the enforcement system in which it is applied. The
use of forensic genetics in wildlife law enforcement
requires a multi-agency approach that will include
field officers, investigation agencies and prosecution
authorities often from a range of organizations, such as
customs, police, national parks, government departments and non-governmental organizations; in addition to forensic scientists. Communication and cooperation among all elements is essential to enable forensic
evidence to be successfully collected, stored, transferred, analyzed and presented in court.

FUTURE DEVELOPMENTS AND CHALLENGES
The future development of wildlife DNA forensics is
dependent on the continuation of novel research and
technology transfer to address new enforcement
issues. It is equally reliant on conservation action by
the authorities to formulate new legislation and
enforce existing regulations. While specific issues in
individual countries are now routinely approached
using forensic genetic tools to support enforcement
investigations, the full potential of these techniques
will only be achieved through the more widespread
development of a forensic framework for tackling
crime against endangered species.
The rate at which genetic data can now be produced
is outstripping our ability to analyze it. Genome
sequencing is becoming faster and less expensive, and
is being applied to an ever greater number of taxa.
While novel technologies are focused on human and
model species systems, horizontal transfer is bringing
genomic methods within reach of endangered species
researchers. This offers great promise for many aspects
of conservation genetics (Luikart et al. 2003, Kohn et
al. 2006), including the development of novel markers
for forensic identification and the subsequent production of reference data. Increased genomic data will not
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the increasing availability of DNA analysis, but also
highlights the alarming extent to which illegal activity
is threatening endangered species. Forensic genetic
methods are now used to address questions relating to
the identification of species, populations, geographic
origin, family relatedness and individual identity,
offering a large number of possible investigative tools
to enforcement officers worldwide. Wildlife DNA
forensics is heavily dependent on conservation genetic
research for the development of novel techniques and
production of reference datasets; however, it is vital
that a distinction is made between applied conservation genetics and any extension to forensic genetic
investigation. The credibility of any forensic application relies on being able to demonstrate evidential
security and the validity of the laboratory technique,
data analysis and interpretation of results. These issues
must be addressed during the transfer from research
approaches to forensic tools. The increasing availability of genomic data is set to rapidly expand our potential to develop and apply wildlife DNA forensic techniques. However, in order to ensure that future
research is successfully converted into practical applications for law enforcement, wildlife forensic practitioners must aim to meet the same rigorous quality
standards achieved in human DNA forensics. With this
in mind, the following recommendations are made for
conducting wildlife DNA forensic science. To successfully apply wildlife DNA forensic techniques it is recommended that: (1) Scientists consider the need to act
impartially, (2) Genetic identification methods are validated prior to forensic use, (3) Genetic analysis is performed in a quality assured environment that controls
sample integrity, test performance, data interpretation
and evidence presentation.
To further develop the field of wildlife DNA forensics
we call for: (1) Greater coordination and exchange of
validated population data, reference samples and protocols, (2) Establishment of a network of accredited
wildlife DNA forensic laboratories, (3) Directed research to address specific conservation law enforcement needs.

only provide larger numbers of traditional genetic
markers used for identification, such as neutral SNP
and microsatellite markers, but also enable the discovery and application of markers associated with
adaptive traits which may allow greater resolution of
geographic population identification (Westgaard &
Fevolden 2007). This has potential for areas such as
fisheries management where migration among ancestral populations tends to prevent geographic differentiation using neutral markers (Mariani et al. 2005).
Genetic species identification is likely to become routine as validated public access data sets such as the
BOLD barcoding database become comprehensively
populated. The challenges that remain here are to develop methods for targeting species diagnostic DNA in
highly processed or mixed species products. In contrast,
identification below the species level will be limited by
the availability of population data. Individual datasets
have been developed for forensic use (see ‘Reference
data’) and other large projects are underway (e.g. FishPopTrace); however, the inherent difficulty in sampling
from endangered populations, combined with a lack of
agreed data quality standards, or a cooperative basis
for data sharing, remain significant challenges to the
widespread application of forensic genetic methods.
The ability to incorporate genetic analysis into investigative procedures is not limited to the availability of
laboratory technologies. Genetic methods require a
broader forensic framework that begins with securing
evidence and ends in the correct presentation of data
in court. While individual practitioners may have the
knowledge and resources to perform validated tests in
a quality assured environment, there needs to be an
efficient system of multi-agency communication in
place for forensic evidence to be effectively utilized.
Examples of coordinated national strategies for
wildlife crime investigation exist (UK: Partnership for
Action against Wildlife Crime [PAW], www.defra.
gov.uk/paw; US: Fish and Wildlife Service [FWS],
www.fws.gov/le/) and international resources for
helping to improve forensic capacity are being
developed (TRACE, www.tracenetwork.org/; Interpol,
www.interpol.int/public/EnvironmentalCrime/Wildlife/);
however, much more work is needed if benefits from
technological progress in wildlife DNA forensics are to
be fully realized.
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