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SUMMARY

AUTHENTICITY IN ANCIENT DNA STUDIES

Ancient DNA studies represent a powerful tool that can be used to obtain
genetic insights into the past. However, despite the publication of large
numbers of apparently successful ancient DNA studies, a number of
problems exist with the field that are often ignored. Therefore, questions
exist as to how reliable the conclusions of many of the published studies
are. In this paper we outline first the problems associated with aDNA
studies, and secondly present potential guidelines designed so as to enable
non-specialist readers the opportunity to critically assess the quality of
aDNA publications.

Introduction
The last twenty years have seen the publication of a large number

of ‘successful’ ancient DNA studies, investigating a broad range of
topics. Ancient DNA (aDNA) techniques have allowed the analysis
of species and populations that no longer exist1, and provided a
means of directly tracking genetic changes through time2.
Unfortunately though, while many aDNA studies are valuable, a
skeptic might argue that their sheer number masks from the average
reader the fact that the field is riddled with challenges and pitfalls.
Some of these are common with other disciplines that study the
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material record of the past; problems of provenance, dating and
ultimate interpretation. However, aDNA studies are also subject to
problems peculiar to the field, which manifest themselves as
difficulties in generating sufficient authentic DNA sequences to
make a study conclusive. These problems arise as a result of the
post mortem degradation of DNA, either through the generation of
miscoding lesions which can lead to sequence errors, or through the
physical destruction of the molecule, increasing the risk of
preferentially amplifying a contaminant sequence.

Over the past 15 years, various authenticity criteria have been
published in response to the growing awareness of the problems
that are associated with the study of ancient DNA3. However,
although these lists were designed with a specific aim in mind – the
provision of researchers with guidelines that would ensure the
generation of authentic data – they also suffer from weaknesses.
Due to the complications associated with a DNA, they can both
hinder the publication of good studies that do not adhere to all the
criteria, and also enable the publication of erroneous results that
adhere strictly to them. This is due to the fact that these lists present
inflexible checkpoints aimed at avoiding or detecting bad data,
without requiring the scientist to consider the underlying processes
involved. Therefore it has been argued that a more reliable,
cognitive approach towards the assessment of the data reliability is
required4.

This article outlines the current knowledge about what can go
wrong in a DNA studies, and what solutions may exist, by
expanding on a previous article5 with a more generalist audience in
mind. With such information to mind, we believe that even non-
specialist readers will be better positioned to determine whether or
not the data is real and the results of a study significant. Thus we
initially address what the serious problems are within the field, and
then describe how reviewers, readers and authors may assess a
publication. We hope this will then enable interested parties to
weigh the criteria specifically to the problem on a case-by-case
basis. Lastly we highlight to the reader that, whilst we focus
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predominantly on problems associated with studies of human
material, any studies that utilises degraded DNA may encounter
similar problems.

What makes an aDNA result authentic?
Four main factors affect the authenticity of aDNA studies. Three

of these are associated with the initial generation of the data
(1) The likelihood of any DNA being in the sample
(2) The ability to differentiate contamination from endogenous

DNA
(3) The accurate amplification of DNA
While the fourth asks:
(4) Is there enough data to support the conclusions?
We expand on these below.
(1) The likelihood of any DNA being in the sample.
Despite a number of reports that detail methods designed to

establish the extent of DNA survival (see below), this is a complex
problem, prone to the vagaries of post mortem processes. Ideally,
the rate of DNA degradation in ancient tissues would correlate with
experimentally determined, in vitro rates. Unfortunately however,
many other factors appear to alter these rates, as can be seen
through a brief consideration of the various damage processes that
may affect DNA.

Post mortem DNA damage processes
In most scenarios, the degradation of endogenous DNA (i.e. that

belonging to a sample of interest) commences shortly after the
death of the host. In humans, within 4-5 minutes after death cell
autolysis initiates6 . As the cells of the body are deprived of oxygen,
carbon dioxide in the blood increases, pH decreases and wastes
accumulate to cytotoxic levels. Concomitantly, unchecked cellular
enzymes, including lipases, proteases, amylases and nucleases,
begin to dissolve the cell from the inside out. Soon the cells rupture,
releasing nutrient-rich fluids that encourage the growth of internal
and environmental micro-organisms. As they spread through the
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corpse, these organisms will contribute to the degradation of DNA
both directly, by nuclease attack and indirectly, by breaking down
the bone matrix that the DNA is lodged within through dissolution
of the mineral phase and protease-digestion of the organic phase7.

Therefore, despite the fact that most human diploid cells contain
several billion bases of nuclear DNA, and thousands of copies of
mitochondrial DNA, its decay may be so fast that within months, if
not weeks, no PCR-amplifiable template remains8 (PCR, the
Polymerase Chain Reaction is the most common tool used to
investigate aDNA. In brief it involves the cyclical replication of
specific DNA sequences of interest, amplifying exponentially the
original target up to exceedingly high numbers. This is undertaken
to simplify subsequent genetic sequence analyses).

In some cases, these degradation processes may be arrested, and
the host DNA will become stabilized for longer periods. During this
time, slower acting chemical processes of DNA degradation will
modify the molecule. These biochemical modifications are believed
to be analogous to those seen in vivo, and involve both oxidation
and hydrolysis of the molecule, resulting in crosslinking and
fragmentation of the molecule’s chemical backbone and the
alteration of individual nucleotide bases9.

DNA decay is thus caused by a range of chemical processes, and
therefore the rate at which decay occurs is dependent upon the
factors that control any chemical reaction: temperature, the
concentration of reagents, extent to which those reagents can
interact, and the availability of co-factors and competitor
molecules. In practice, this means that degradation of DNA may be
significantly reduced at low temperature, in the absence of
chemically free water (by freezing or drying), where pH is kept
above neutral and where microbial presence is limited by
procedures which curtail colonization. This latter case may explain
why butchered bones have significantly better histological
preservation than unbutchered ones10.

Although the exact contributions of individual processes to the
damage will vary with the direct environment surrounding
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specimens these processes are ubiquitous enough to suggest that
even in optimal environments for survival (e.g. buried deep in
permafrost), DNA is unlikely to survive for more than a million
years11.

In general therefore, samples that have been kept cold and
desiccated (including by the presence of high salt levels) have been
observed as good sources of aDNA12. Similar observations have
also been made on samples extracted from anaerobic
environments13. Furthermore, it seems that samples with well-
preserved microstructure may yield superior DNA, presumably
because they prevent the entrance of water and other molecules14.
Lastly interactions between DNA and other chemicals within a
sample may modify the rates of DNA degradation. One
demonstrated example that appears to retard degradation is the
binding of DNA to hydroxyapatite (a major component of bone)15.

Estimation of DNA survival and quality
Based on what is known about DNA and other biomolecular

degradation, various analytical methods have been proposed to help
estimate DNA survival in target samples16. The most frequently
advocated method is to measure the racemization of the L to D -
enantiomers of aspartic acid residues, proposed to occur at a rate
similar to that of DNA depurination17, in order to gauge whether
DNA also survives in a particular specimen. An alternative
approach has been to use gas chromatography/mass spectroscopy
(GC/MS) to measure levels of other biomolecules in samples that
also correlate with DNA survival. One example is to assay levels of
oxidized pyrimidines 5-hydroxyuracil and 5-hydroxy-5-
methylhydantoin, which inversely correlated with DNA retrieval18.
It has also been demonstrated that samples that contain reproducible
DNA sequences yield abundant pyrolysis products assigned to 2,5-
diketopiperazines of proline-containing dipeptides19. A third
method, not reliant on biomolecular proxies, is to calculate a
sample’s thermal age (the number of years required, at a constant
10°C, to produce the degradation calculated from the samples
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thermal history)20 and derive the expected amount of DNA
depurination under these conditions. Although thermal age may
give some idea about the general preservation at a site it should be
kept in mind that DNA preservation varies tremendously even
between samples of the same age from a single site. Regardless of
which tests are used, we caution the reader that at present all
techniques involve correlations that are based on limited studies,
assay factors which appear to vary a great deal with the
environment, and thus cannot be expected to provide generally
applicable estimates of DNA survival. Therefore it may be sensible
not to use them to predict DNA survival, but rather, to confirming
that sequences already retrieved may be authentic. Thus although
useful, it is essential to appreciate that the above methods cannot
prove or disprove the authenticity of aDNA studies. However,
where the extreme ages and environmental conditions clearly argue
against the survival of any useful DNA21, the investigators should
be able to propose a plausible mechanism for DNA survival.

While good preservation can help suggest DNA survival, it
provides little information on the presence or absence of
contamination within an ancient sample.

2. The presence or absence of contamination
In this context we define contaminant DNA as sources of DNA

that share genetic similarities with the PCR-target, thus might be
co-amplified with the sample during the PCR analysis process.
While the obvious source is DNA from other sources of the species
under consideration, closely related species may also be co-
amplified. The extensive, largely unrecorded genetic diversity of
environmental microbes, coupled with extensive horizontal gene
transfer, makes the recovery of bacterial and fungal sequences
especially prone to co-amplification of contaminants.

Why is contamination a problem?
To researchers used to working with the high-quality DNA that

can usually be extracted from relatively fresh tissues, it can be
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difficult to appreciate the severe effect that contamination can have
on samples that contain low template numbers (such as most
sources of aDNA). Most laboratories will have small amounts of
contaminant DNA in the atmosphere due to the phenomenal
amplification efficiency of the PCR reaction. However, in situations
where the extracted DNA might contain a large number of template
molecules, this contaminant DNA is rarely at high enough levels to
cause problems. For example consider an extract containing 20ng
DNA, a concentration commonly used for standard PCR. In this
case, contamination, which in a well-regulated laboratory will be
present at very low levels (for example 10 nuclear DNA copies) will
do little to affect the outcome of the result. However, should we
now start with an ancient extract that contains only 10 original
amplifiable copies, the contamination will be much more serious,
representing 50% of the total amplified DNA. Naturally this will
have important consequences for the accuracy of the amplified
sequence. The situation is even worse for mitochondrial DNA, the
molecule of choice for most aDNA studies. This is due to the fact
that a single somatic cell contains roughly between 1,000 and
10,000 copies of mitochondrial DNA (mtDNA)22. Thus, if an
ancient DNA PCR starts from a single copy of mtDNA, not an
unusual event23, then the equivalent of 1/1,000 of the mtDNA
content of a single cell is enough to result in a 1:1 ratio between
endogenous ancient and modern contaminating DNA.

Methods of spotting contamination
Although a serious problem to ancient DNA studies, there are a

number of techniques that can be employed to help gauge whether
a sample is contaminated. One method is through the identification
of mosaic haplotypes – in essence haplotypes which past
experience/information can determine as having arisen as a result of
the combination of several phylogenetically unrelated markers24.
For example, the mtDNA information given on one specimen
(Paglicci-12) investigated by Caramelli is not compatible with any
known branch in the mtDNA phylogeny (without invoking
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recurrent mutations at positions that do not seem to have a high
mutation rate) contrary to the authors’ claim (the roles of C and T at
nucleotide position 10873 in the mtDNA phylogeny were
confused)25. However, although useful, naturally this method relies
on a priori knowledge or familiarity with the target, which is not
always possible. In addition, it is plausible that mosaic haplotypes
might form through severe post mortem damage or phantom
mutations that had affected the results and might also had found
their way into the consensus sequences26.

An alternative method is through the molecular cloning and
subsequent sequencing of amplified PCR products (a method for
examining how many different sources of DNA are present within
an aDNA extract). When PCR-clones are generated in sufficient
number, it can quickly become apparent that the specimen contains
numerous distinct sequences. However, difficulties do exist with
this method, for example non-consensus mutations (often termed
miscoding lesions) might also arise through severe post mortem
damage or as phantom mutations. In this context it should also be
kept in mind that the majority sequence is not necessarily the
correct one. As can be seen from the first Neanderthal mtDNA
study, depending on the amplification, Neanderthal sequences were
both in the majority compared to modern human contamination and
so rare that they could not even be detected using primers that
amplify both human and Neanderthal mtDNA27.

Thus, no clear-cut methodology for identifying contamination
exists, and especially for studies on ancient human DNA
researchers, reviewers and readers need to use common scientific
sense to judge each study, and in fact each sequence, on an
individual basis.

Although all contamination affects aDNA studies in a similar
matter, two clear sources can be distinguished – contaminants can
be derived from within the ancient DNA laboratory (external), or be
present in the sample prior to the analysis (innate). As there has
been a tendency in the aDNA field to regard the second as easily
avoidable or treatable, the focus of previous criteria has generally
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been on the first. However, it is fundamental to clearly understand
the sources and persistence of both forms in order to properly
appreciate the contamination-related problems facing the field.

External contamination
External sources of contamination are usually those that arise in

the sample/extract as a result of careless laboratory practice. In
particular this problem arises as the low levels of DNA surviving in
an ancient sample or extract can easily be outnumbered by external
sources of good quality/high concentration DNA – such as PCR
products, skin cells imparted on the sample during handling or
falling in extract, and modern positive controls. However, despite
these problems, such contamination can be addressed if suitable
equipment and care is used to prevent contact between these
sources of DNA and the ancient samples.

Most of the previously published lists include:
- The physical isolation of the DNA extraction and post-

amplification areas and one-way transfer of materials from the
extraction/PCR set-up area to post amplification areas (to prevent
contamination of the extractions with previously amplified DNA)

- The extraction of aDNA in environments not used to extract
modern DNA and not using PCR positive controls (to prevent
sample cross-contamination).

- The use of appropriate extraction and PCR negative controls
(to monitor for the above).

- The use of suitable protective clothing and sterilization
techniques (to keep other sources of DNA out of the extract).

Whilst all of these are useful precautions for all PCR work, they
do not serve to validate the data, and neither does their absence
invalidate the data. The risk presented by external sources of
contamination can be estimated in each case by assessing how
much of the target organisms DNA is likely to be in the extraction
environment, remembering that reagents and consumables used
during DNA extractions and PCR-amplification may contain
sources of contaminant DNA. Bovine serum albumin, for example,
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is often used in PCR reactions to counter PCR inhibition but is also
a source of bovine DNA which can affect studies on bovids28.
Bovine, and to a much larger extent, human DNA is apparently also
found in commonly used reaction tubes29.

Innate contamination
Innate sample contamination, present within the sample prior to

laboratory analysis, is a major problem for aDNA studies. Innate
contamination arises through sample contact with other sources of
DNA: examples include human cells, environmental bacteria and
traditional glues30. Indirect sources may include animal specimens,
pets or traces of food items, cellular material of which is introduced
to the sample by handling. The extent of the problem is dependent
on three factors - the degree to which the sample will uptake and
retain contaminants, the sample’s handling and contaminant-
exposure history, and the degree to which any contaminant can be
differentiated from the sample.

Whether a sample will uptake contaminants or not is a direct
effect of its porosity. While DNA sources such as hair appear to be
fairly resistant to the uptake of contaminants31, more porous tissues
such as bones and teeth are at particular risk. Fresh bone and
dentine is approximately 8% highly interconnected airspace by
volume, and in degraded bones this figure can rise to over 40%32.
While the enamel on a tooth’s crown is impermeable to liquid, the
dentine-composed root has no such protection, and is frequently in
contact with sources of contamination. Human bone seems
especially predisposed to contamination in this context; due to the
extent of secondary remodeling undergone by human bones
(associated with our relatively long lifespan), human bone is more
porous than almost all other mammal bone and is far less likely to
have been butchered than animal bone, leading to an increase in
microbial tunneling33.

Most methods that are currently used to decontaminate ancient
bones and teeth from contaminant DNA only treat the surface of a
sample, not accounting for the depth into the sample any
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contaminant DNA may be drawn, or the subsequent stabilizing
effects of the hydroxyapatite matrix34. This includes the exposure of
the sample to l=254nm UV light, washing in bleach (12% sodium
hypochlorite), physical removal of the surface by sanding or
shotblasting and brushing the surface with implements such as
toothbrushes.

To summarise, two problems are presented by innate
contamination. Firstly, there is a general (erroneous) belief that
current aDNA sample pre-preparation techniques successfully
decontaminate the samples. Secondly, almost all of the currently
adopted authenticity guidelines are geared towards the prevention
of external contamination. As a result, if a sample contains
sufficiently low levels (or even no remaining) endogenous DNA,
and sufficiently high levels of a single, contaminant DNA source,
the guidelines may erroneously convey a seal of authenticity on a
flawed study.

3. The accuracy of the amplified DNA
The generation of accurate DNA sequences is one of the

principal challenges facing aDNA studies. Naturally, whenever
several fragments of mtDNA are generated, there is a risk of sample
mix-up, incurred by careless handling of sample tubes. Since this
kind of artifact appears to be frequent with modern DNA35, artificial
recombination of this type would also be expected to affect aDNA
studies in some cases. In addition however, the effects of
contamination, post mortem miscoding lesions and so-called
phantom mutations add further possible problems.

Contamination can lead to the generation of erroneous DNA
sequences through the co-sequencing of the authentic and
contaminant DNA. Depending on the relative concentrations of
each, one of the following might be observed in directly generated
DNA sequence (as opposed to that generated through molecular
cloning):

a) An aDNA extract that contains one source of contaminant
DNA that grossly outnumbers the authentic DNA (and any other
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less common contaminants) will generate a sequence that matches
the contaminant

b) An aDNA extract that contains similar amounts of the
contaminant and authentic DNA, or that contains very low levels of
authentic DNA, and equally high levels of several distinct
contaminants, will generate sequences that are a composite of the
source-sequences (likely containing heteroplasmic sites at positions
that differ between the two sequences). Alternatively, due to
phenomena such as jumping PCR36 or other PCR-based forms of
recombination, mosaic sequences may be formed.

Various forms of post mortem DNA damage are known to
generate miscoding lesions that can alter the aDNA sequence that is
generated. As with contamination, whether such modifications are
likely to affect the final sequence generated or not is related to the
quantity of initial PCR-amplifiable templates per PCR reaction. For
example, consider damage-derived miscoding lesions. Assume an
extract contains 10,000 copies of template, and that at least 50% of
the templates must be damaged at a single position for it to be
visualized on a direct sequence. As rates of DNA damage per
nucleotide position are typically low37 the chance that the same site
will be damaged (or misread by the PCR enzyme) 5000 times is
effectively zero. Thus in this case DNA damage is unlikely to affect
the sequence. However, if the DNA extract contains just one
amplifiable molecule, and if 2% of the sequence is damaged, then
2% of all positions will be determined incorrectly with single
amplifications.

In addition to damage, a source of non-authentic mutations exist
that may convey an impression of postmortem damage - phantom
mutations. These are sequence modifications that appear to
repeatedly target certain nucleotide positions due to biochemical
problems in the sequencing process that is conventionally used to
recover the DNA sequence from PCR amplified nucleic acids38.

One simple (although important) technique for dealing with the
above problems is the amplifications of a particular
sample/region/extract on several occasions, followed by sequencing
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in both directions (if a sample is not cloned) as it is deemed unlikely
that the same position will be modified in each independent
template. However, we warn that nevertheless, damage may still
lead to errors in large data sets.

4. Is there enough data to support the conclusions
The retrieval of accurate DNA sequences is not always enough

to ensure that results are scientifically interesting. Naturally aDNA
studies are hampered by factors that limit the samples that can be
obtained, and thus can only provide very select insights into the
past. In particular, these problems arise due to biases in which
samples are preserved, which sites are excavated, the often un-
representative nature of excavated material – including biases
towards sexes, social classes and the relatedness of individuals, and
even which specimens aDNA researchers are allowed to sample.
Whilst these are common themes in archaeology and palaeontology,
and there is an extensive and sophisticated literature dealing with
them, they are rarely addressed in aDNA studies.

In addition, conclusions from ancient population genetic studies
are often very weak as they attempt to use standard population
genetic measures on only a handful of ancient individuals. Most
modern methods are not designed to cope with small numbers of
samples, and lack the statistical power necessary for accurate
conclusions to be drawn. One method that has recently become
available to partially resolve the issue in some circumstances is
through the use of computational methods that employ
heterochronous (as opposed to isochronous) sequences to derive
population parameters from numbers of temporally dispersed
samples39. A further problem with using small datasets, is that
contamination and other artifacts may only become visible when
many ancient individuals are used in the analysis (for example,
through the presence of a recurring sequence motif in multiple
samples allocated to quite different branches of the mtDNA
phylogeny).

However, there will be occasions when single/few specimens are
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adequate to answer a particular question. For example, most
Neanderthal aDNA studies published to date have relied on
sequences from only one or a few specimens40, but as these studies
investigate a taxonomic question of sufficient time depth to allow
differentiation of the key taxa, multiple samples are not required to
determine the true relationships.

What to consider when appraising aDNA studies
As the above discussion highlights, two problematic types of

aDNA studies exist. One group contains those studies were the
underlying chemistry seems to reject the data41. Based on current
knowledge it is not difficult to quickly identify such studies – for
example any claims of DNA recovery from samples where the
environment is very hot or very hot and damp (e.g. ancient Egypt or
tropical conditions), or from samples that are dated to over several
hundred thousand years old, and are not found in exceptional
preservations conditions (that is very cold and dry, such as
unthawed glacial ice or permafrost) immediately seem suspect.

The second group of studies, however, represents a much more
problematic situation, and contains those studies that offer results that
might be correct, but equally, might be wrong. Essentially, these
studies are those where insufficient evidence is presented in the paper
to make a decision. Unfortunately, we believe that this includes most
human aDNA studies published to date. One recent example that we
have highlighted before is the publication of two DNA sequences that
were reportedly extracted from ~24 KY old human samples42. These
sequences (from the first hypervariable segment) were extracted and
generated adhering to one of the strictest authenticity criteria
published to date43. The sequences themselves were void of any
discriminative features because they matched the basal Eurasian
mtDNA sequence motifs (still present in modern mtDNA) and thus
matched what would be expected from European samples of 24 KYA
(based on current knowledge of the distribution and evolution of
European mtDNA sequences)44. Hence, as no information was
provided on the sample’s handling history, when the problems of
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innate contamination are considered it becomes impossible for a
reader to decide whether the sequences are authentic or contaminant.
As in our original article45, here we stress that we are not implying that
the data generated is definitely a result of contamination, but we argue
that it is impossible for an external party to decide between the two
options. Therefore which of the possibilities a reader favors cannot be
based on scientific reasoning but only on personal preferences. In fact,
if these samples were contaminated with DNA from a single living
human, sequences that make perfect sense could be produced with all
criteria fulfilled. Nevertheless, the result would still be wrong. This is
a general problem in ancient human DNA studies in which the
sequences of the researchers involved are likely to be similar or
identical to the sequences expected from the fossils. Thus, the general
problem with results from such studies is that they therefore provide
little – if any – new scientific insights - and as the study of aDNA is
both expensive and time-consuming (if undertaken properly), it seems
prudent that studies should only be undertaken if the data one might
obtain will be useful in answering the questions asked.

Criteria that might be considered when assessing an aDNA study
We hope that, if nothing else, the above discussion highlights to the

reader that the study of aDNA is sufficiently complex that strict check-
lists for authenticity are not suitable (for example, see Table 1).

Authenticity in Ancient DNA studies
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Instead it has recently been advocated that a reviewer/author/criti-
cal reader should consider, on a case-by-case basis whether the evi-
dence presented is strong enough to satisfy authenticity given the
problems. However, as with the authors of the previous paper, we
stress that this approach should not be confused with relaxing the con-
ditions required for obtaining useful, and authentic, aDNA sequences.
There are some sine-qua-non requirements that aDNA will always
require, that include replication (although not always independent),
background information on the sample preservation condition and
sampling methods, and attempting analyses in the correct environment
with appropriate care.

We have previously46 suggested the following questions that
might be asked in order to help answer the dilemma:

1. Do the age, environmental history, and preservation of the
sample suggest DNA survival?

2. Does the biomolecular/macromolecular preservation of the
sample, the molecular target amplified, the innate nature of the
sample and the handling history of the sample suggest
contamination is a risk?

3. Does the data offer proof that the sequence is authentic, and
not a result of damage, jumping PCR, and contamination? Would
patterns in the data suggest other artifacts such as phantom
mutations? Do the authors offer sufficient proof that the sequences
are authentic?
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4. Do the results make sense, and is there enough data to make
the study useful?

In essence we suggest that readers of aDNA studies should not
attempt to gauge studies by asking themselves, “Which criteria
did the authors check off the list?”, but rather by asking “What
information is presented that makes the results/conclusions
believable?”, or even better, “Is there any reason to not believe
this?”. Furthermore we ask readers to extend these questions a
little further and ask, “Even if I believe the data to be slightly
inaccurate (a contaminant here, a base change there), does this
alter the final conclusion of the data?”. For example, while the
first Neanderthal sequences published47 may contain a few errors,
they do not influence the conclusion that Neanderthal mtDNA
falls outside of the variability of modern humans, although they
may affect the estimate of coalescence ages by a few ten thousand
years. Similarly, if a paper presents a phylogeny of brown and
cave bears48 based on a reasonable number of sequences, if 2% of
the bases are incorrect due to damage, the results are unlikely to
be greatly affected. However, should the same studies have
instead attempted to investigate the genetic diversity among
brown or cave bears49, then the additional (and artificial)
variation may change the conclusions significantly. We hope that
if such a cognitive approach can be adopted, then some of the
controversies that dog the field might, after 20 years of fighting,
start to recede.
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