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With the advent of ancient DNA, as well as other methods such
as isotope analysis, destructive sampling of archaeofaunal
remains has increased much faster than the effort to collect
and curate them. While there has been considerable discussion
regarding the ethics of destructive sampling and analysis
of human remains, this dialogue has not extended to
archaeofaunal material. Here we address this gap and discuss
the ethical challenges surrounding destructive sampling of
materials from archaeofaunal collections. We suggest ways of
mitigating the negative aspects of destructive sampling and
present step-by-step guidelines aimed at relevant stakeholders,
including scientists, holding institutions and scientific journals.
Our suggestions are in most cases easily implemented without
significant increases in project costs, but with clear long-term
benefits in thepreservation anduseof zooarchaeologicalmaterial.
1. Introduction
The rapid advances in methods applied in archaeological
research have been described as a ‘third science revolution’ [1].
The revolution encompasses many exciting new tools for
zooarchaeological research, including quantitative modelling,
ancient DNA (aDNA), isotopes and geometric morphometrics
(e.g. [1–6]). These new methods can help answer questions that
archaeologists and zooarchaeologists have been asking for
decades [1,7–9].
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Archaeofaunal remains are animal bones, teeth and mollusc shells found in human-associated

contexts during archaeological excavations [10]. In some cases, other animal remains such as horn,
skin, wool, hair and arthropods can be found, but these are rarer and usually need special burial
environments such as very wet or very dry conditions [10]. Archaeofaunal remains formed through
human activity rather than by natural events and the information value of archaeofaunal remains is
highly connected to the human activities that formed them, such as hunting, rearing of livestock,
butchery and production [9,10].

Traditional methods for analyses of archaeofaunal remains, such as speciation, measurement of bones
and teeth, recording of pathology, taphonomy, wear stage and butchery marks, are in most cases non-
destructive [10–14]. However, many of the newer tools such as aDNA, palaeoproteomics, collagen
fingerprinting (or zooarchaeology by mass spectrometry (ZooMS)) and isotope analyses, require
drilling into or cutting part of the sample specimen [6,15–18]. Such destructive sampling of animal
bones and teeth from archaeological contexts is becoming more frequent with the increasing use of
these methods, as evident by the rise in publications of isotope and aDNA studies (e.g. [1,6,18–25]).
Archaeofaunal material extends the time series of samples available for studies of past animal
populations back tens of thousands of years (e.g. [23,26–28]), and as more researchers outside of
archaeology see this potential, the rate of destructive sampling is likely to continue to rise.

The currently available zooarchaeological collections have been accumulating since the nineteenth
century, and at first glance, animal remains from archaeological sites may seem abundant, but at
closer inspection it is evident they are a limited resource [29]. For most time periods and regions, the
number of bones and teeth recovered from each species is surprisingly small despite large total
quantities of material. Moreover, the material is unevenly divided between geographical locations and
time periods due to variation in, for instance, preservation, settlement patterns, site history, recovery
practices and the focus of the archaeological research [30]. When sampling for aDNA, isotopes or
radiocarbon dating, it is important that samples come from different individuals and this considerably
decreases the number of specimens available for sampling from each site. For example, in an urban
archaeofaunal assemblage in Turku, Finland, there were only 20 horse (Equus caballus) elements
among the 1300 kg of bones and teeth recovered, and these could anatomically have come from only
two individuals [31]. At the early Anglo-Saxon (ca 450–700 CE) site at West Stow in the UK, a single
brown bear (Ursus arctos) metacarpus was found in a collection of over 176 000 elements [32]. A recent
study of cats from archaeological sites in Denmark found 30 cat specimens spanning the time period
from 1100 BCE to 1000 CE, opposed to a much higher number of 3485 specimens from the period
1000–1660 CE [33], illustrating the often uneven distribution of finds between time periods. The
number of bones from a species found at a site can also be misleading as often only a fraction come
from well-dated contexts with clear taphonomic histories [34]. Finding bones and teeth from rarer
species, e.g. microfauna and carnivores, is often only possible in large well-excavated archaeofaunal
collections which have gone through zooarchaeological analysis and have been well curated (e.g. [34]).
Such high-quality recovery and analyses are both expensive and time consuming [7,10,32,34].

In addition to the resource being limited, archaeofaunal collections are often poorly catalogued in
holding institutions (e.g. [34,35]; AHP 2008–2018, AB 2004–2018, ER 2013–2018, personal observation).
Moreover, the tendering of archaeological excavations due to construction, which is common today in
many countries, obscures the overview of the composition of zooarchaeological collections, as many
analyses are only published in grey literature reports that are often hard to find and access (e.g. [36–
38]). The discarding of archaeofaunal collections without any analysis has been, and still is, common
practice and it is not unusual that even analysed collections are lost due to budget cuts in museums
or other holding institutions, conflict or natural disasters (e.g. [35,39–44]; AHP 2007–2018, AB 2004–
2018, personal observation). This is not well communicated in the zooarchaeological literature and the
perception of bountiful animal remains is reflected in statements such as: ‘because at many important
sites zooarchaeological material can be obtained in relatively large quantities across many
stratigraphic layers’ [5] and ‘animal bones are more plentiful than human bones and represent all time
periods and regions, allowing archaeogeneticists to refine their methods and test their assumptions
about evolutionary genetics’ [45]. These are just two examples, but the sentiment is common in
discussions of archaeological animal remains and methods which require destructive analysis.

The rise in destructive sampling of archaeofaunal collections places holding institutions, such as
museums and universities, in a difficult position. Getting funding for curation of collections is hard
(e.g. [34,39,43]), and these institutions sometimes lack expertise both in zooarchaeology and the
destructive methods. The combination of rapid methodological developments, rush for samples [46],
and weak or absent rules or regulations governing destructive sampling of archaeofaunal material
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(AHP 2013–2019, AB 2004–2018, ER 2011–2018, personal observation) places the burden of responsibility on

those who grant the permits and select the samples. This situation raises new ethical dilemmas for
stakeholders, including scientists, holding institutions and curators, journal editors and reviewers, who
need to ensure that the limited, non-renewable and valuable resource of archaeofaunal remains is not
used in ways which will negate its value to future research. Stakeholders cannot only rely on laws and
guidelines and must critically examine research projects and consider ethical responsibilities towards
heritage and future generations of scientists. Within the field of human osteology, the debate on ethical
issues regarding sampling, research and display of archaeological human remains has been ongoing for
decades and has become more vigorous with the recent increase in aDNA studies (e.g. [47–56]).
However, to date there has been little discussion about the ethical implications of zooarchaeology as a
field, the ethics of studying long-dead animals or the display of archaeofaunal remains (but see [57–59]).
Although zooarchaeology can certainly use some of the lessons learned from the extensive literature on
ethics in human osteology, including challenges regarding destructive sampling, proper documentation
and sustainable use of limited material (e.g. [51–53]), many of the issues concerning human remains do
not apply in the same way to animal remains. In some cases, the destructive sampling of non-human
animal specimens is even seen as a less ethically and legally fraught alternative to the sampling of
human remains, which is often governed by stricter laws, regulations and ethical guidelines [19,45,60].
Therefore, an independent discussion is needed within the field of zooarchaeology and among the
different stakeholders, to fully develop an ethically sound approach to (destructive) archaeofaunal research.

Belowwe briefly explain the research potential of zooarchaeology and the significance of archaeofaunal
collections, and why ethical considerations are called for. We then provide an overview of methods
that require destructive sampling, and discuss the implications of the rush to sample petrous bones for
ancient DNA. Finally, we suggest guidelines for scientists, holding institutions as well as journal editors
and reviewers to mitigate the negative aspects of destructive sampling of archaeofaunal remains.
2. Research potential and significance of archaeofaunal collections
Zooarchaeology is a discipline that studies animal remains, most often animal bones and teeth from
archaeological sites, with a strong focus on human–animal relationship in a broad sense [7,9,10].
A zooarchaeological collection and the single specimens within it may have a scientific, artistic
and/or educational ‘use value’, an ‘option value’ to bridge ‘knowledge gaps’, as well as an ‘existence
value’ relating to cultural identity [30,34]. Additionally, animal remains from archaeological contexts
can be valuable for Indigenous communities [60], but this is rarely discussed. Animals have been an
essential part of human society through history and their remains from archaeological excavations
allow us to study the economies of the past, environmental change, evolution and human ritual
behaviour, to name but a few of the common subjects of zooarchaeology [9,10].

Archaeofaunal collections do not stand alone; they form one part of the complex archive created
during excavations, which includes artefacts, samples, measurements, drawings, photos and so forth
[61]. Indeed, a large part of the value of an individual archaeofaunal item is its archaeological context
and its connection to other material from the site [10,13,29,34]. The presence and abundance of animal
species can be an indicator of past environmental changes, migrations and fluctuations in utilization
of wild versus domestic resources [34]. Measurements of bones and teeth can be used to reconstruct
the size and shape of the past individuals, reflecting domestication, adaptation and selection (e.g.
[2,62,63]). Analysis of pathological changes are sources of information on animal use and abuse in the
past (e.g. [64–68]). Butchery marks provide valuable data about cultural practices, tool use,
preparation of meals and trade (e.g. [10,69,70]), and to understand depositional histories, the analysis
of taphonomy is vital (e.g. [12,37,71]).

The duty to protect and preserve archaeological heritage is the fundamental principle of most ethical
guidelines in archaeology (e.g. [29,72,73]). The work of zooarchaeologists is governed by many layers of
conventions, laws, regulations and rules, which vary by region, country and institution. In 2009, the
International Council for Archaeozoology (ICAZ) approved professional protocols which state:
‘Clearly both the letter and the intent of all requirements pertaining to antiquities should be obeyed.
Archaeozoologists must respect the laws of the countries in which they work, as well as respect
general ethical principles of scholarship and research, both with regards to archaeozoological
materials and to modern reference materials.’ [29, p. 6]. However, rules and laws cannot address
every conceivable scenario, some may actually conflict with each other and to practise ethical science,
more than just compliance is needed [74,75].
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3. Destructive sampling of archaeofaunal material

Destructive sampling is typically only briefly discussed in the zooarchaeological literature (e.g.
[7,10,13,15,18]). The ICAZ professional protocols offer guidance on destructive sampling of archaeological
animal bones and teeth: ‘Destructive analysis (e.g. AMS dating, genetic analysis and isotope analysis) may
provide information that is not otherwise available; however, decisions about destructive analysis should
be taken carefully with the likely benefits balanced against the loss of the material, and consideration as to
whether the information might be obtained without destruction or at a future time. The process should be
carefully documented.’ [29, p. 5]. Further, the Archaeozoology, Genetics, Proteomics and Morphometrics
(AGPM) working group of ICAZ aims to facilitate communication between zooarchaeologists and
molecular biologists to prevent ‘uncoordinated multiplication of destructive sampling’ [76]. This clearly
illustrates a concern within the zooarchaeological community regarding destructive sampling, but the
discussion has not progressed further or made its way into the many fields that are now sampling
archaeofaunal remains, sometimes without a clear understanding of the value of the material.

Analyses requiringdestructive sampling can give valuable insights into important research fields, such as
domestication,developmentof livestockbreeds, ritual activityand trade, andcontribute to thepreservationof
local livestock breeds and endangered species (e.g. [5,6,21,23,26,77–83]). However, these analyses are most
fruitful when done on archaeofaunal collections which have already been analysed with traditional
zooarchaeological methods [7,23,32,45]. Taphonomic processes often complicate the stratigraphy of
archaeological sites which in turn makes the dating of individual animal bones and teeth challenging [34].
Since the interpretation of data generated by aDNA or isotope studies relies heavily on the dating of a
sample and its archaeological context, careful sample selection, that takes confounding factors such as
taphonomy and stratigraphy into account, is needed to produce meaningful results [18,23,34,45].

Although many of the new methods (and some older ones like radiocarbon dating) can answer a
multitude of exciting questions that traditional zooarchaeological methods cannot, they require cutting,
drilling, scraping or chipping off chunks from the bone or tooth selected for sampling. The sample
needed is usually small in weight—between 0.1 and 3 g—which typically results in damaging an area of
up to 10 × 10 mm in size [15]. For small elements of medium-sized mammals (e.g. dogs, sheep, pig) or
small animals (e.g. fish, birds, rodents) sampling can use up whole bones, especially when multiple
methods like aDNA and radiocarbon dating are being used on the same specimen. Fortunately,
methodological advancements are leading to ever decreasing samples sizes, even for established
methods like radiocarbon dating (e.g. [84]). Efforts are also being made to enable the use of a single
sample for both aDNA extraction and radiocarbon dating [85], and ZooMS has been introduced as a less
destructive and cheaper method to test for the presence of collagen and taxonomic determination that
can be performed before larger samples are taken for further analyses (e.g. [86,87]).

Any destructive sampling can lessen the value of the specimen for future research and/or display
[15,29,53]. Some measurements can no longer be taken after sampling and surface modifications such
as cut marks can be obscured. Additionally, bones and teeth can break in unintended ways during
sampling even when it is meant to be minimally damaging. Moreover, while destructive sampling can
enhance the importance of a collection to the researchers by providing data about the past, it can
diminish or change its value for Indigenous groups (e.g. [18,48,58,60]). These competing interests and
values must be considered and reconciled before destructive sampling.

Not all destructive sampling yields usable results. The success rates of destructive methods vary
greatly, depending on the preservation of the material sampled and methods used. Radiocarbon
dating, isotope analysis and ZooMS generally have a high rate of success, but for palaeoproteomics
and aDNA it is common for samples to fail (e.g. [17,86,88,89]). Even though much effort has been
spent on trying to predict aDNA preservation in archaeological material and the rate of DNA
degradation in ancient samples, it still remains poorly understood and it is not possible to know with
certainty whether the analysis of a particular sample will be successful (e.g. [90–98]).

Research has shown that DNA continues to degrade after excavation and the length of time since
excavation negatively impacts the preservation of DNA [96,99]. Climate controlled and low oxygen
storage facilities can slow this process, but such facilities are expensive to build and maintain, and
archaeofaunas are often stored in buildings which fluctuate in both heat and humidity to the
detriment of DNA preservation ([45,100]; AHP 2005–2018, AB 2004–2018, ER 2012–2018, personal
observation). Additionally, faunal collections can be damaged, lost, deaccessioned or discarded after
being excavated. Therefore, not allowing destructive sampling or postponing it until ‘later’ when
methods have been further refined does in some cases lead to a loss of value and a lost opportunity
for greater understanding of the past.
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4. The special case of the petrous bone for aDNA analyses

The petrous bone is located in the temporal region of mammalian skulls and is the densest bone in the
skeleton [101]. Petrous bones have become the first choice for aDNA sampling after they were shown to
have better DNA preservation compared to other bones, and pressure to sample petrous bones has
accordingly increased significantly [46,47,49,93,102]. In human burials, petrous bones from both sides
of the skull may be recovered, allowing researchers to sample only one of them and leaving the other
untouched [54,102–104]. Unfortunately, most archaeofaunal collections do not include many complete
skulls and even in large assemblages there is a limited number of skull fragments, and only a subset
of them will have the petrous intact ([105]; AHP 2005–2018, AB 2004–2018, ER 2017–2018, personal
observation). Compounding the problem, animal petrous bones are infrequently identified to species
and are often not recorded at all during traditional zooarchaeological analysis despite generally
preserving well due to their density [105–109]. Therefore, there is typically little information available
about the frequency of petrous bones in zooarchaeological collections ([105]; AHP 2005–2018, AB
2004–2018, ER 2017–2018, personal observation).

Human petrous bones have been used for fetal ageing [110], sexing [111] and for dietary isotope
studies [112] in addition to their value for aDNA research (e.g. [93,102]). In animals, however, little is
known about the research potential of petrous bones apart from their value for aDNA. There are
indications that non-destructive analysis of animal petrous bones could be used to study
domestication and ageing, and to differentiate between sheep breeds [108,113]. Since there are almost
no standards on how to record animal petrous bones, it is difficult to ensure that sufficient
information is recorded before sampling takes place.

Petrousbones fromdifferent species vary in size,which affects samplingdecisions. Thepetrous of a sheep,
goat or a pig is for instance approximately 0.5 × 1.0 × 2.0 cm in size, cattle petrous is only slightly larger and
horse petrous about twice that size. The size of a petrous bone dictates the number of potential samples that
canbe taken, and thepetrousbonesofmanycommondomesticates can realisticallyonlybesampledonceafter
their surface has been cleaned. Selecting the densest part of the petrous bone for maximum recovery of
endogenous DNA and minimizing damage to the sample is also challenging and requires practice
([54,114,115]; personal observation). Although sampling methods are constantly being improved to reduce
sample damage and maximize data recovery, these efforts primarily focus on the human petrous and they
are not always applicable to animal petrous bones due to anatomical differences [54,104,109,116].
5. What can be done? Guidelines for stakeholders
There are manyways tominimize the negative effects of destructive sampling on archaeofaunal collections.
Below we introduce a set of guidelines aimed at different groups of stakeholders. Although many of these
guidelines may appear self-evident, in practice they are often not or only partly applied. They can serve as a
starting point for further dialogue among the different parties involved.

5.1. Researchers sampling from archaeofaunal collections
Many types of projects initiated by scientists from such diverse fields as genomics, biology, geology and
archaeology are now doing destructive sampling on archaeofaunal material. This section focuses on best
practices for scientists planning and performing this sampling.

(1) Collaborate: Finding the right samples requires specialized knowledge of a region and its archaeology
and is a vital step for any research project using destructive sampling. Involve an archaeologist and/or
zooarchaeologist in the project from the start if possible. A zooarchaeologist can assist with sample
selection, identify the best part of the specimen to sample for maximum results and minimize
damage to diagnostic and taphonomically important parts of a bone or tooth. Archaeologists
familiar with a site can assist with clarifying stratification and dating of samples as well as
interpretation of results. It may therefore be appropriate for archaeologists or zooarchaeologists
working in a region and/or time period to be full participants in the research, including
participation in interpretation of data and writing of articles for publication following the
Vancouver guidelines [117].

(2) Have a sampling strategy: What species, element, time period and type of site are you looking for and
why? The ‘ideal sample’ comes from a clear well-dated archaeological context. Different methods
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require different samples, e.g. petrous for aDNA, tooth enamel for strontium isotopes. Make sure

you are not sampling the same individual more than once, for example, by sampling only
specific elements from either the right or left side, and/or elements from separate contexts [54,100].

(3) Know your samples: Ensure to have information on the archaeological context, date, time since
excavation, cleaning, conservation and storage. Often this information can only be found in
institution archives. It is advisable to collect this information when the sample is selected.

(4) Permissions: Obtain written permissions from all relevant parties. Make sure that all parties
understand what sampling is being permitted and be clear about how long these permissions
will last. Ask if permissions need to be renewed for other analyses or new projects. Make an
agreement with the holding institution at the time of sample selection what will be returned
(bones, teeth, powder, derived products) and when. In many cases any leftover bone or tooth
powder, isolated collagen, DNA extracts and other sample products will be best kept in the
laboratory that performed the analysis, as holding institutions often do not have the facilities to
store the material. Return samples and leftovers in a timely manner once the project is completed.

(5) Documentation: Document the specimen in detail before sampling. Take standard measurements,
record weight and take high-quality photos from multiple angles with scale and sample
information. This data should be shared with excavation directors and/or holding institutions.
Ideally, measurements should be published in supplements of articles stemming from the project.
Describe sampling techniques so others can learn from your experience.

(6) Sample size: Take only what you need, but take enough to maximize the likelihood of usable results.
Document the remaining specimen and share this information with the holding institution.
Conduct pilot studies with a small number of lower value samples to test and adjust methods
where possible. Be aware of the best practices; within rapidly developing fields like aDNA and
proteomics a continual adjustment of sampling strategy and laboratory methods based on
the latest research is necessary, especially because new methods are often less destructive and
yield more and better quality data. Use a single sample for multiple analyses when possible
(e.g. [85,87]).

(7) Traceability: Ensure it is easy to trace each sample from your published papers and raw data back to
the holding institution, site publications, archaeological context and specialist reports. This makes it
easier for others to use generated data, enhances reproducibility and prevents unnecessary
repetitions of destructive sampling.

(8) Know what you have in your laboratory: Incoming samples should be registered immediately with all
necessary information to ensure identification and traceability. If leftovers (powder, sampling
products etc.) remain in the laboratory when a project has finished, an inventory of this material
needs to be kept. Once a project is completed give other researchers access to the material if
requested, but ensure that permissions from the original holder of the material are obtained.

(9) Share generated data: Share raw data in public databases with clear meta-data for each sample that
can be connected to publications and holding institutions. The holding institution should receive
copies of all publications that use samples or data derived from the institution’s collection.

(10) Publish negative results: Sharing what you tried and did not work will prevent unnecessary
destruction of valuable samples by other researchers. This can be done as part of the publication
of positive results, by publishing a sampling report (e.g. [118]) or in dedicated journals.

5.2. Institutions responsible for archaeofaunal collections
To make sound decisions regarding destructive sampling, holding institutions need to have a complete
overview of their zooarchaeological collections and the methods used to study them. Unfortunately,
with funding pressure and reduction in staff prevalent in the museum industry today, curatorial
knowledge of collections is threatened (e.g. [39,41,43,119]). The increasing number of requests
for destructive analysis adds to the challenges faced by holding institutions [47]. Ideally the holding
institution is a participant in the research project but due to time and funding restraints that is not
always possible.

(1) Create a paper trail: Have a standard form that is filled out by those requesting to do destructive
sampling. This will make it easier to keep track of requests and standardize the information
collected about sampling requests.

(2) Consult with specialists: The abundance of archaeofaunal material varies between time periods
and locations. Having some idea about the abundance of the available material is important
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when reviewing applications for destructive analysis. If this knowledge is not available within the

institution, it is advisable to consult with an outside zooarchaeologist before giving the sampling
permission.

(3) Know the project: The researchers involved should have the necessary experience to complete the
study, and projects should ideally include archaeologists with knowledge of the sampled
material, the region and/or time period. Ask where the technical work will take place and what
kind of facilities are needed, e.g. for aDNA and palaeoproteomics a dedicated clean laboratory is
needed for sample processing. Ask for information about funding for the planned research:
applicants should be able to demonstrate that they have adequate funding to complete the
project. Verify that the specimens to be sampled can answer the questions the project aims to
answer. The goal of a project and why it requires destructive sampling should be clear.

(4) Sample size: How big is the sample required and how will it be taken? Ideally there should be
an open dialogue about sample selection, sample sizes and sampling locations between the
researchers who sample the material and those responsible for its curation. While aDNA can be
done on as little as 50 mg of powder, it is often necessary to remove more material to clean the
surface of the sample and get to the part that is preferred for sampling. A common sample size
for an aDNA extraction is 100–400 mg (e.g. [21,54,83,120]). Holding institutions should encourage
integrating the use of multiple methods on a single sample when possible (e.g. [85,87]).

(5) Documentation: Require detailed documentation before sampling. At a minimum this should include
species and skeletal element ID, measurements (standard zooarchaeological measurements, weight
and overall size) and multiple photographs with scale. The writing of sampling reports which
include information recorded about the sample, photos from before and after sampling and
methodology can be a good way to make sure this information is accessible.

(6) State clearly what should be returned: This will vary between projects, but it should be clear from the
beginning. Any bone or tooth fragment bigger than 1–2 g should generally be returned. In many
cases any leftover bone or tooth powder, isolated collagen, DNA extracts and other sample
products will be best kept in the laboratory that performed the analysis, as holding institutions
often do not have the expertise or facilities to store the material. State clearly how leftovers can
be used or if new permission should be sought. Holding institutions should encourage analyses
of leftover material when suitable.

(7) Data: Require access to resulting data. Decide what data and in which format has to be made
available by the researcher. Some data is best shared in public databases (e.g. genomic data
where the raw datasets are very large), some in data publications and some can be reported in
sampling reports. All data generated should be easily traced back to the original sample and
archaeological context.

(8) Acknowledgement: Require clear acknowledgement of the holding institution in all publications. The
holding institution should receive copies of all publications that use samples or data derived from
the institution’s collection. This can help justify funding for curation and storage facilities.

(9) Saying no: Sometimes holding institutions need to decline requests for destructive sampling, e.g.
when proposed projects cannot meet sampling guidelines or the requested material is unsuitable
for destructive analysis. Rejections should be given in a timely manner and state clearly why the
request was declined. In some cases, alternative samples or sampling strategies can be suggested
which would still allow a project to reach most of its goals.

(10) Share results: Use research results to promote collections. Link the publications to institution’s social
media and exhibitions, ask researchers to give public lectures.

5.3. Journals publishing studies that include samples from archaeofaunal collections
Journal editors, editorial boards and reviewers are of great importance in upholding ethical standards in
science and are therefore imperative actors in controlling the ethical use of samples from archaeofaunal
collections. Many papers on zooarchaeological material are published in multidisciplinary journals and
editors cannot be expected to have experience with the ethical issues.

(1) Citations: Require citation of the relevant archaeological literature. It is vital that samples can be traced
back to the original excavations and placed in the correct context.

(2) Traceability: Require that specimen or collection numbers for each sample are included along with
references to the original site and specialist reports when available. These can be museum
catalogue numbers or site-specific numbers that can be linked back to the original excavation
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archive. Numbers assigned by laboratories that preform destructive analysis usually cannot be

directly traced back to archaeological context so they are not sufficient.
(3) Data accessibility: Raw data resulting from genomics and proteomics analysis should always be made

available in data depositories so they are available for re-analyses. Deposition of raw data from other
destructive analyses in open access depositories should be encouraged when possible.

(4) Acknowledgement: Require the holding institutions to be acknowledged. This serves both to emphasize
their important role in curating and protecting collections and makes it easier for them to
demonstrate research on their collections.

(5) Consider the author list: Finding the right samples requires specialized knowledge of a region and its
archaeology and is a vital step for any research project using destructive sampling. It may therefore be
appropriate for archaeologists or zooarchaeologists working in a region and/or time period to be full
participants in the research, including participation in interpretation of data and writing of articles for
publication following the Vancouver guidelines [117].

(6) Ethical declarations: Journal editors need to ask for a declaration from article authors that all
samples were taken with permission, according to local laws and regulations, and in an ethically
responsible manner. This will help encourage scientists to think about the ethics behind sampling
archaeofaunal material.

6. Conclusion
Developing methods such as three-dimensional photography, models and accessible CT scanning of
bones and teeth before sampling will in the future be useful ways of recording specimens before
destructive sampling. However, no methodological advancement can completely remove ethical
considerations when it comes to destructive sampling of archaeofaunal material. Animal bones and
teeth from archaeological sites are not an unlimited resource, and as part of human cultural heritage
their rarity and uniqueness needs to be understood and respected by those sampling them. The
ethical issues regarding the importance of archaeofaunal material to Indigenous populations have not
been addressed here as they largely fall outside of our scope of experience. However, when reviewing
the zooarchaeological literature, it is clear that such discussion is needed.

The practice of zooarchaeology, and specifically destructive sampling, is clearly not without ethical
implications and open discussion within the field is vitally important. With many different
stakeholders such discussion needs to take place in the form of an open dialogue with museums,
holding institutions, archaeologists, molecular biologists, geologists and others involved in destructive
sampling of archaeofaunal material. The takeaway from this paper should definitely not be that we
should stop sampling while we wait for methodological improvements or even that we should be
sampling less, but that we need to make sure that destructive sampling is done in a conscious and
responsible manner. By working together, zooarchaeologists, holding institutions and other researchers
can protect archaeofaunal collections as a valuable resource for future research and an important part
of human heritage.

Ethics. This research used no human or animal subjects or sampling of archaeological material.
Data accessibility. No datasets are associated with this research.
Authors’ contributions. A.H.P. initiated the work which was then developed and written with A.B., E.R., S.B. and J.H.H. All
authors gave final approval for publication.
Competing interests. The authors declare no conflicting interests.
Funding. This work was supported by the Icelandic Research Fund grant no. 162783-051, Finnish Academy grant no.
SA286499, the European Union’s Horizon 2020 research and innovation programme under the Marie Skłodowska-
Curie grant agreement no. 749226 and Estonian Research Council grant nos. PRG29 and IUT 20-7.
Acknowledgements. We acknowledge Anna Dro _zd _zowicz for valuable comments on early versions of the manuscript. We
thank the two reviewers and the associate editor for their valuable input on the paper.
References

1. Kristiansen K. 2014 Towards a new

paradigm? The third science revolution
and its possible consequences in
archaeology. Curr. Swed. Archaeol. 22,
11–34.
2. Haruda AF, Varfolomeev V, Goriachev A,
Yermolayeva A, Outram AK. 2019 A new
zooarchaeological application for geometric
morphometric methods: distinguishing Ovis
aries morphotypes to address connectivity and
mobility of prehistoric Central Asian pastoralists.
J. Archaeol. Sci. 107, 50–57. (doi:10.1016/j.jas.
2019.05.002)

3. Lau H, Kansa SW. 2018 Zooarchaeology in the
era of big data: contending with interanalyst

http://dx.doi.org/10.1016/j.jas.2019.05.002
http://dx.doi.org/10.1016/j.jas.2019.05.002


royalsocietypublishing.org/journal/rsos
R.Soc.open

sci.6:191059
9
variation and best practices for contextualizing

data for informed reuse. J. Archaeol. Sci. 95,
33–39. (doi:10.1016/j.jas.2018.03.011)

4. LeFebvre MJ, Brenskelle L, Wieczorek J, Kansa
SW, Kansa EC, Wallis NJ, King JN, Emery KF,
Guralnick R. 2019 ZooArchNet: connecting
zooarchaeological specimens to the biodiversity
and archaeology data networks. PLoS ONE 14,
e0215369. (doi:10.1371/journal.pone.0215369)

5. MacHugh DE, Larson G, Orlando L. 2017 Taming
the past: ancient DNA and the study of animal
domestication. Annu. Rev. Anim. Biosci. 5,
329–351. (doi:10.1146/annurev-animal-
022516-022747)

6. Thomas R, Miller H. 2018 Zooarchaeology and
stable isotopes. In The encyclopedia of
archaeological sciences (ed. SL López Varela),
pp. 1–6. Hoboken, NJ: John Wiley & Sons, Inc.

7. Albarella U. (ed.). 2017 Chapter 1:
Zooarchaeology in the twenty-first century.
In The Oxford handbook of zooarchaeology (eds
U Albarella, M Rizzetto, H Russ, K Vickers, S
Viner-Daniels), pp. 4–21. Oxford, UK: Oxford
University Press.

8. Kintigh KW et al. 2014 Grand challenges for
archaeology. Proc. Natl Acad. Sci. USA 111,
879–880. (doi:10.1073/pnas.1324000111)

9. Steele TE. 2015 The contributions of animal
bones from archaeological sites: the past and
future of zooarchaeology. J. Archaeol. Sci. 56,
168–176. (doi:10.1016/j.jas.2015.02.036)

10. Reitz EJ, Wing ES. 2008 Zooarchaeology, 2nd
edn. New York, NY: Cambridge University Press.

11. Baker JR, Brothwell DR. 1980 Animal diseases in
archaeology. London, UK: Academic Press.

12. Lyman RL. 1994 Vertebrate taphonomy.
Cambridge, UK: Cambridge University Press.

13. O’Connor T. 2000 The archaeology of animal
bones. College Station, TX: Texas A&M University
Press.

14. von den Driesch A. 1976 A guide to the
measurement of animal bones from
archaeological sites. Cambridge, MA: Peabody
Museum of Archaeology and Ethnology, Harvard
University.

15. Baker P, Worley F. 2014 Animal Bones and
Archaeology: Guidelines for Best Practice. English
Heritage. See https://content.historicengland.
org.uk/images-books/publications/animal-
bones-and-archaeology/animal-bones-and-
archaeology.pdf/.

16. Doorn NL. 2014 Zooarchaeology by mass
spectrometry (ZooMS). In Encyclopedia of global
archaeology (ed. C Smith), pp. 7998–8000.
New York, NY: Springer.

17. Hendy J, Welker F, Demarchi B, Speller C,
Warinner C, Collins MJ. 2018 A guide to ancient
protein studies. Nat. Ecol. Evol. 2, 791–799.
(doi:10.1038/s41559-018-0510-x)

18. Matisoo-Smith E. 2018 Ancient DNA in
zooarchaeology: new methods, new questions
and settling old debates in Pacific commensal
studies. In Zooarchaeology in practice (eds CM
Giovas, MJ LeFebvre), pp. 209–225. Cham,
Switzerland: Springer International Publishing.

19. Brunson K, Reich D. 2019 The promise of
paleogenomics beyond our own species.
Trends Genet. 35, 319–329. (doi:10.1016/j.tig.
2019.02.006)
20. Evans J, Pearson MP, Madgwick R, Sloane H,
Albarella U. 2019 Strontium and oxygen isotope
evidence for the origin and movement of cattle
at Late Neolithic Durrington Walls, UK. Archaeol.
Anthropol. Sci., 1–17. (doi:10.1007/s12520-019-
00849-w)

21. Fages A et al. 2019 Tracking five millennia of
horse management with extensive ancient
genome time series. Cell 177, 1–17. (doi:10.
1016/j.cell.2019.03.049)

22. Nistelberger HM, Pálsdóttir AH, Star B, Leifsson
R, Gondek AT, Orlando L, Barrett JH, Hallsson
JH, Boessenkool S. 2019 Sexing Viking Age
horses from burial and non-burial sites in
Iceland using ancient DNA. J. Archaeol. Sci. 101,
115–122. (doi:10.1016/j.jas.2018.11.007)

23. Oosting T, Star B, Barrett JH, Wellenreuther M,
Ritchie PA, Rawlence NJ. 2019 Unlocking the
potential of ancient fish in the genomic era.
Evol. Appl. 12, 1513–1522. (doi:10.1111/
eva.12811)

24. Ottoni C et al. 2017 The palaeogenetics of cat
dispersal in the ancient world. Nat. Ecol. Evol. 1,
0139. (doi:10.1038/s41559-017-0139)

25. Perry GH, Makarewicz CA. 2019 Horse
paleogenomes and human–animal interactions
in prehistory. Trends Genet. 35, 473–475.
(doi:10.1016/j.tig.2019.04.006)

26. Murray MS. 2008 Zooarchaeology and Arctic
marine mammal biogeography, conservation,
and management. Ecol. Appl. 18, S41–S55.
(doi:10.1890/06-0818.1)

27. Rick TC, Lockwood R. 2013 Integrating
paleobiology, archeology, and history to inform
biological conservation: paleobiology,
archeology, and history. Conserv. Biol. 27,
45–54. (doi:10.1111/j.1523-1739.2012.01920.x)

28. Scharf EA. 2014 Deep time: the emerging role
of archaeology in landscape ecology. Landsc.
Ecol. 29, 563–569. (doi:10.1007/s10980-014-
9997-y)

29. Reitz EJ, Grayson D, Bar-Oz G, Borrero L,
Dammers K, Dobney K, Payne S, Zeder MA.
2009 International Council for Archaeozoology
(ICAZ) - Professional Protocols for
Archaeozoology. http://alexandriaarchive.org/
icaz/pdf/protocols2009.pdf (accessed 23 June
2016).

30. Coningham R, Cooper R, Pollard M. 2006
Chapter 15: What value a unicorn’s horn?
A study of archaeological uniqueness and value.
In The ethics of archaeology: philosophical
perspectives on archaeological practice (eds C
Scarre, G Scarre), pp. 260–272. Cambridge, UK:
Cambridge University Press.

31. Tourunen A. 2008 Animals in an urban context:
a zooarchaeological study of the medieval and
post-medieval town of Turku. PhD thesis,
University of Turku, Turku, Finland. See http://
www.utupub.fi/handle/10024/36630.

32. Crabtree PJ. 2018 The value in studying large
faunal collections using traditional
zooarchaeological methods: a case study from
Anglo-Saxon England. In Zooarchaeology
in practice (eds CM Giovas, MJ LeFebvre),
pp. 173–188. Cham, Switzerland: Springer
International Publishing.

33. Bitz-Thorsen J, Gotfredsen AB. 2018 Domestic
cats (Felis catus) in Denmark have increased
significantly in size since the Viking Age.
Dan. J. Archaeol. 7, 241–254. (doi:10.1080/
21662282.2018.1546420)

34. Rainsford C, O’Connor T, Connelly P. 2014 The
embarrassment of riches: rationalising faunal
assemblages from large urban sites: the
embarrassment of riches. Int. J. Osteoarchaeol.
26, 221–231. (doi:10.1002/oa.2412)

35. Mashkour M, Biglari F, Ghafoori N. 2012 The
OsteoArchaeological Project of the National
Museum of Iran: an interim report. Journal of
Iranian Archaeology 3, 72–76.

36. Kristiansen K. 2016 Trajectories towards a
knowledge-producing contract archaeology.
In When Valletta meets Faro: the reality of
European archaeology in the 21st century
(ed. P Florjanowicz), pp. 9–12. Namur,
Belgium: Europae Archaeologia Consilium (EAC),
Association Internationale sans But Lucratif
(AISBL).

37. Rainsford C, O’Connor T. 2018 Bone taphonomy
in deep urban stratigraphy: case studies from
York, United Kingdom. In Zooarchaeology in
practice (eds CM Giovas, MJ LeFebvre), pp.
93–107. Cham, Switzerland: Springer
International Publishing.

38. Callou C, Baly I, Gargominy O, Rieb E. 2011
National Inventory of Natural Heritage website:
recent, historical and archaeological data. SAA
Archaeological Record 11, 37–40.

39. Kersel MM. 2015 Storage wars. J. East. Mediterr.
Archaeol. Herit. Stud. 3, 42. (doi:10.5325/
jeasmedarcherstu.3.1.0042)

40. LeFebvre MJ, Sharpe AE. 2018 Contemporary
challenges in zooarchaeological specimen
identification. In Zooarchaeology in practice (eds
CM Giovas, MJ LeFebvre), pp. 35–57. Cham,
Switzerland: Springer International Publishing.

41. MacFarland K, Vokes AW. 2016 Dusting off
the data: curating and rehabilitating
archaeological legacy and orphaned collections.
Adv. Archaeol. Pract. 4, 161–175. (doi:10.7183/
2326-3768.4.2.161)

42. Teeter WG. 2011 Portable cultural property:
‘This belongs in a Museum?’ In A companion to
cultural resource management (ed. TF King),
pp. 141–155. Oxford, UK: Wiley-Blackwell.

43. Tinkcom M. 2019 The present status of the
curation crisis and deaccessioning in the United
States. Unpublished MA thesis, Simon Fraser
University. See https://theses.lib.sfu.ca/file/
thesis/5083.

44. Fredengren C, Löfqvist C. 2019 Finitude: human
and animal sacrifice in a Norse setting. In Myth,
materiality and lived religion: in Merovingian
and Viking Scandinavia (eds K Wikström af
Edholm, P Jackson Rova, A Nordberg,
O Sundqvist, T Zachrisson), pp. 225–268.
Stockholm, Sweden: Stockholm University Press.

45. Brunson K. 2019 Data in the bones: why
zooarchaeologists and archaeogeneticists need
each other. SAA Archaeol. Rec. Mag. Soc. Am.
Archaeol. 19, 32–36.

46. Makarewicz C, Marom N, Bar-Oz G. 2017
Palaeobiology: ensure equal access to ancient
DNA. Nature 548, 158. (doi:10.1038/548158a)

47. Austin RM, Sholts SB, Williams L, Kistler L,
Hofman CA. 2019 Opinion: to curate the
molecular past, museums need a carefully

http://dx.doi.org/10.1016/j.jas.2018.03.011
http://dx.doi.org/10.1371/journal.pone.0215369
http://dx.doi.org/10.1146/annurev-animal-022516-022747
http://dx.doi.org/10.1146/annurev-animal-022516-022747
http://dx.doi.org/10.1073/pnas.1324000111
http://dx.doi.org/10.1016/j.jas.2015.02.036
https://content.historicengland.org.uk/images-books/publications/animal-bones-and-archaeology/animal-bones-and-archaeology.pdf/
https://content.historicengland.org.uk/images-books/publications/animal-bones-and-archaeology/animal-bones-and-archaeology.pdf/
https://content.historicengland.org.uk/images-books/publications/animal-bones-and-archaeology/animal-bones-and-archaeology.pdf/
https://content.historicengland.org.uk/images-books/publications/animal-bones-and-archaeology/animal-bones-and-archaeology.pdf/
https://content.historicengland.org.uk/images-books/publications/animal-bones-and-archaeology/animal-bones-and-archaeology.pdf/
http://dx.doi.org/10.1038/s41559-018-0510-x
http://dx.doi.org/10.1016/j.tig.2019.02.006
http://dx.doi.org/10.1016/j.tig.2019.02.006
http://dx.doi.org/10.1007/s12520-019-00849-w
http://dx.doi.org/10.1007/s12520-019-00849-w
http://dx.doi.org/10.1016/j.cell.2019.03.049
http://dx.doi.org/10.1016/j.cell.2019.03.049
http://dx.doi.org/10.1016/j.jas.2018.11.007
http://dx.doi.org/10.1111/eva.12811
http://dx.doi.org/10.1111/eva.12811
http://dx.doi.org/10.1038/s41559-017-0139
http://dx.doi.org/10.1016/j.tig.2019.04.006
http://dx.doi.org/10.1890/06-0818.1
http://dx.doi.org/10.1111/j.1523-1739.2012.01920.x
http://dx.doi.org/10.1007/s10980-014-9997-y
http://dx.doi.org/10.1007/s10980-014-9997-y
http://alexandriaarchive.org/icaz/pdf/protocols2009.pdf
http://alexandriaarchive.org/icaz/pdf/protocols2009.pdf
http://www.utupub.fi/handle/10024/36630
http://www.utupub.fi/handle/10024/36630
http://dx.doi.org/10.1080/21662282.2018.1546420
http://dx.doi.org/10.1080/21662282.2018.1546420
http://dx.doi.org/10.1002/oa.2412
http://dx.doi.org/10.5325/jeasmedarcherstu.3.1.0042
http://dx.doi.org/10.5325/jeasmedarcherstu.3.1.0042
http://dx.doi.org/10.7183/2326-3768.4.2.161
http://dx.doi.org/10.7183/2326-3768.4.2.161
https://theses.lib.sfu.ca/file/thesis/5083
https://theses.lib.sfu.ca/file/thesis/5083
https://theses.lib.sfu.ca/file/thesis/5083
http://dx.doi.org/10.1038/548158a


royalsocietypublishing.org/journal/rsos
R.Soc.open

sci.6:191059
10
considered set of best practices. Proc. Natl Acad.

Sci. USA 116, 1471–1474. (doi:10.1073/pnas.
1822038116)

48. Bardill J, Bader AC, Garrison NA, Bolnick DA, Raff
JA, Walker A, Malhi RS, the Summer internship
for INdigenous peoples in Genomics (SING)
Consortium. 2018 Advancing the ethics of
paleogenomics. Science 360, 384–385. (doi:10.
1126/science.aaq1131)

49. Callaway E. 2017 Stop Hoarding Ancient Bones,
Plead Archaeologists. Sci. Am. See https://www.
scientificamerican.com/article/stop-hoarding-
ancient-bones-plead-archaeologists1/ (accessed
15 August 2017).

50. Claw KG et al. 2017 Chaco canyon dig unearths
ethical concerns. Hum. Biol. 89, 177. (doi:10.
13110/humanbiology.89.3.01)

51. Fossheim HJ. (ed.). 2013 More than just bones:
ethics and research on human remains. Oslo,
Norway: The Norwegian National Research
Ethics Committees. See https://www.etikkom.
no/globalassets/documents/publikasjoner-som-
pdf/more-than-just-bones_web.pdf.

52. Lynnerup N. 2013 The ethics of destructive
bone analyses (with examples from Denmark
and Greenland). In More than just bones: ethics
and research on human remains (ed. HJ
Fossheim), pp. 81–94. Oslo, Norway: The
Norwegian National Research Ethics
Committees.

53. Mays S, Elders J, Humphrey L, White W,
Marshall P. 2013 Science and the dead: a
guideline for the destructive sampling of
archaeological human remains for scientific
analysis. Swindon, UK: English Heritage and
Advisory Panel on the Archaeology of Burials in
England. See http://www.archaeologyuk.org/
apabe/Science_and_the_Dead.pdf.

54. Pinhasi R, Fernandes DM, Sirak K, Cheronet O.
2019 Isolating the human cochlea to generate
bone powder for ancient DNA analysis. Nat.
Protoc. 14, 1194–1205. (doi:10.1038/s41596-
019-0137-7)

55. Prendergast ME, Sawchuk E. 2018 Boots on the
ground in Africa’s ancient DNA ‘revolution’:
archaeological perspectives on ethics and best
practices. Antiquity 92, 803–815. (doi:10.15184/
aqy.2018.70)

56. Fox K, Hawks J. 2019 Use ancient remains more
wisely. Nature 572, 581–583. (doi:10.1038/
d41586-019-02516-5)

57. Fitzpatrick A. 2018 The sadness of skin:
emotional reactions to remains. Anim. Archaeol.
https://animalarchaeology.com/2018/09/24/the-
sadness-of-skin-emotional-reactions-to-remains
(accessed 15 May 2019).

58. Fitzpatrick A. 2019 Should we respect Rover’s
remains? A discussion on ethics, or the lack thereof,
in zooarchaeology. Humanities Research Institute,
The University of Sheffield, United Kingdom.

59. Williams HMR. 2018 Is it ethical to display
animals in archaeological collections?
Archaeodeath. https://howardwilliamsblog.
wordpress.com/2018/09/11/is-it-ethical-to-
display-animals (accessed 2 May 2019).

60. Matisoo-Smith E. 2019 Working with indigenous
communities in genomic research: a Pacific
perspective. SAA Archaeol. Rec. Mag. Soc. Am.
Archaeol. 19, 14–19.
61. Perrin K et al. 2014 A Standard and Guide to
Best Practice for Archaeological Archiving in
Europe. Namur. See http://old.european-
archaeological-council.org/files/arches_v1_gb.
compressed.pdf.

62. Albarella U, Rizzetto M, Russ H, Vickers K,
Viner-Daniels S. (eds). 2017 The Oxford
handbook of zooarchaeology, 1st edn. Oxford,
UK: Oxford University Press.

63. Giovas CM, LeFebvre MJ. 2017 Zooarchaeology
in practice: case studies in methodology and
interpretation in archaeofaunal analysis.
New York, NY: Springer Science + Business
Media.

64. Baker J, Brothwell D. 1980 Animal diseases in
archaeology. London, UK: Academic Press.

65. Bartosiewicz L, Gál E, editors. 2018 Care or
neglect? Evidence of animal disease in
archaeology: Proceedings of the 6th Meeting of
the Animal Palaeopathology Working Group of
the International Council for Archaeozoology
(ICAZ), Budapest, Hungary, 2016. Oxford;
Philadelphia: Oxbow Books.

66. Binois A, Wardius C, Rio P, Bridault A, Petit C.
2013 A dog’s life: multiple trauma and
potential abuse in a medieval dog from Guimps
(Charente, France). Int. J. Paleopathol. 3, 39–47.
(doi:10.1016/j.ijpp.2013.02.001)

67. Davies J, Fabiš, M, Mainland I, Richards M,
Thomas R. (eds). 2005 Diet and health in past
animal populations: current research and future
directions. Oxford, UK: Oxbow Books.

68. Miklíková Z, Thomas R. 2008 Current
research in animal palaeopathology: Proceedings
of the Second ICAZ Animal Palaeopathology
Working Group Conference. Oxford, UK:
Archaeopress.

69. Luik H, Choyke AM, Batey CE, Lõugas L. 2005
From Hooves to Horns, from Mollusc to
Mammoth: Manufacture and Use of Bone
Artefacts from Prehistoric Times to the Present.
Tallinn. See https://www.wbrg.net/images/
stories/meetings/2003_tallinn_pub_content.
pdf.

70. Seetah K. 2018 Humans, animals, and the craft
of slaughter in archaeo-historic societies, 1st
edn. Cambridge, UK: Cambridge University
Press.

71. Madgwick R, Mulville J. 2015 Reconstructing
depositional histories through bone taphonomy:
extending the potential of faunal data.
J. Archaeol. Sci. 53, 255–263. (doi:10.1016/j.jas.
2014.10.015)

72. Dingli SM. 2006 A plea for responsibility
towards the common heritage of mankind.
In The ethics of archaeology: philosophical
perspectives on archaeological practice (eds
C Scarre, G Scarre), pp. 219–241. Cambridge,
UK: Cambridge University Press.

73. European Association of Archaeologists. 2009
EAA Code of Practice.

74. Richardson L-J. 2019 Digital Heritage & Ethics.
Cambridge Judge Business School.

75. The Norwegian National Research Ethics
Committees. 2016 Guidelines for research ethics
in the social sciences, humanities, law and
theology, 4th edn. Oslo, Norway: The Norwegian
National Research Ethics Committees. See
https://www.etikkom.no/globalassets/
documents/english-publications/60127_fek_
guidelines_nesh_digital_corr.pdf.

76. Vigne J-D. In press. Archaeozoology, genetics
and morphometrics. Int. Counc. Archaeozoology.
https://web.archive.org/web/20161105121548/
https://www.alexandriaarchive.org/icaz/workag
(accessed 31 May 2017).

77. Buckley M, Fraser S, Herman J, Melton ND,
Mulville J, Pálsdóttir AH. 2014 Species
identification of archaeological marine
mammals using collagen fingerprinting.
J. Archaeol. Sci. 41, 631–641. (doi:10.1016/j.jas.
2013.08.021)

78. Der Sarkissian C et al. 2015 Ancient genomics.
Phil. Trans. R. Soc. B 370, 20130387. (doi:10.
1098/rstb.2013.0387)

79. Hambrecht G. 2017 Ancient DNA as a tool for
navigating the Anthropocene. Cult. Agric. Food
Environ. 39, 109–115. (doi:10.1111/cuag.12098)

80. Irving-Pease EK, Frantz LAF, Sykes N, Callou C,
Larson G. 2018 Rabbits and the specious origins
of domestication. Trends Ecol. Evol. 33,
149–152. (doi:10.1016/j.tree.2017.12.009)

81. Niemi M, Bläuer A, Iso-Touru T, Nyström V,
Harjula J, Taavitsainen J-P, Storå J, Lidén K,
Kantanen J. 2013 Mitochondrial DNA and
Y-chromosomal diversity in ancient populations
of domestic sheep (Ovis aries) in Finland:
comparison with contemporary sheep breeds.
Genet. Sel. Evol. 45, 2. (doi:10.1186/1297-9686-
45-2)

82. Rannamäe E, Lõugas L, Speller CF, Valk H,
Maldre L, Wilczyński J, Mikhailov A, Saarma U.
2016 Three thousand years of continuity in the
maternal lineages of ancient sheep (Ovis aries)
in Estonia. PLoS ONE 11, e0163676. (doi:10.
1371/journal.pone.0163676)

83. Star B, Barrett JH, Gondek AT, Boessenkool S.
2018 Ancient DNA reveals the chronology of
walrus ivory trade from Norse Greenland.
Proc. R. Soc. B 285, 20180978. (doi:10.1098/
rspb.2018.0978)

84. Cersoy S, Zazzo A, Rofes J, Tresset A, Zirah S,
Gauthier C, Kaltnecker E, Thil F, Tisnerat-Laborde
N. 2017 Radiocarbon dating minute amounts of
bone (3–60 mg) with ECHoMICADAS. Sci. Rep.
7, 7141. (doi:10.1038/s41598-017-07645-3)

85. Korlević P, Talamo S, Meyer M. 2018 A
combined method for DNA analysis and
radiocarbon dating from a single sample. Sci.
Rep. 8, 4127. (doi:10.1038/s41598-018-22472-
w)

86. Buckley M. 2018 Zooarchaeology by mass
spectrometry (ZooMS) collagen fingerprinting
for the species identification of archaeological
bone fragments. In Zooarchaeology in practice
(eds CM Giovas, MJ LeFebvre), pp. 227–247.
Cham, Switzerland: Springer International
Publishing.

87. Harvey VL, Egerton VM, Chamberlain AT,
Manning PL, Buckley M. 2016 Collagen
fingerprinting: a new screening technique
for radiocarbon dating ancient bone. PLoS ONE
11, e0150650. (doi:10.1371/journal.pone.
0150650)

88. Hofreiter M, Paijmans JLA, Goodchild H, Speller
CF, Barlow A, Fortes GG, Thomas JA, Ludwig A,
Collins MJ. 2015 Prospects & Overviews: The
future of ancient DNA: technical advances and

http://dx.doi.org/10.1073/pnas.1822038116
http://dx.doi.org/10.1073/pnas.1822038116
http://dx.doi.org/10.1126/science.aaq1131
http://dx.doi.org/10.1126/science.aaq1131
https://www.scientificamerican.com/article/stop-hoarding-ancient-bones-plead-archaeologists1/
https://www.scientificamerican.com/article/stop-hoarding-ancient-bones-plead-archaeologists1/
https://www.scientificamerican.com/article/stop-hoarding-ancient-bones-plead-archaeologists1/
https://www.scientificamerican.com/article/stop-hoarding-ancient-bones-plead-archaeologists1/
http://dx.doi.org/10.13110/humanbiology.89.3.01
http://dx.doi.org/10.13110/humanbiology.89.3.01
https://www.etikkom.no/globalassets/documents/publikasjoner-som-pdf/more-than-just-bones_web.pdf
https://www.etikkom.no/globalassets/documents/publikasjoner-som-pdf/more-than-just-bones_web.pdf
https://www.etikkom.no/globalassets/documents/publikasjoner-som-pdf/more-than-just-bones_web.pdf
https://www.etikkom.no/globalassets/documents/publikasjoner-som-pdf/more-than-just-bones_web.pdf
http://www.archaeologyuk.org/apabe/Science_and_the_Dead.pdf
http://www.archaeologyuk.org/apabe/Science_and_the_Dead.pdf
http://www.archaeologyuk.org/apabe/Science_and_the_Dead.pdf
http://dx.doi.org/10.1038/s41596-019-0137-7
http://dx.doi.org/10.1038/s41596-019-0137-7
http://dx.doi.org/10.15184/aqy.2018.70
http://dx.doi.org/10.15184/aqy.2018.70
http://dx.doi.org/10.1038/d41586-019-02516-5
http://dx.doi.org/10.1038/d41586-019-02516-5
https://animalarchaeology.com/2018/09/24/the-sadness-of-skin-emotional-reactions-to-remains
https://animalarchaeology.com/2018/09/24/the-sadness-of-skin-emotional-reactions-to-remains
https://howardwilliamsblog.wordpress.com/2018/09/11/is-it-ethical-to-display-animals
https://howardwilliamsblog.wordpress.com/2018/09/11/is-it-ethical-to-display-animals
https://howardwilliamsblog.wordpress.com/2018/09/11/is-it-ethical-to-display-animals
http://old.european-archaeological-council.org/files/arches_v1_gb.compressed.pdf
http://old.european-archaeological-council.org/files/arches_v1_gb.compressed.pdf
http://old.european-archaeological-council.org/files/arches_v1_gb.compressed.pdf
http://old.european-archaeological-council.org/files/arches_v1_gb.compressed.pdf
http://dx.doi.org/10.1016/j.ijpp.2013.02.001
https://www.wbrg.net/images/stories/meetings/2003_tallinn_pub_content.pdf
https://www.wbrg.net/images/stories/meetings/2003_tallinn_pub_content.pdf
https://www.wbrg.net/images/stories/meetings/2003_tallinn_pub_content.pdf
https://www.wbrg.net/images/stories/meetings/2003_tallinn_pub_content.pdf
http://dx.doi.org/10.1016/j.jas.2014.10.015
http://dx.doi.org/10.1016/j.jas.2014.10.015
https://www.etikkom.no/globalassets/documents/english-publications/60127_fek_guidelines_nesh_digital_corr.pdf
https://www.etikkom.no/globalassets/documents/english-publications/60127_fek_guidelines_nesh_digital_corr.pdf
https://www.etikkom.no/globalassets/documents/english-publications/60127_fek_guidelines_nesh_digital_corr.pdf
https://www.etikkom.no/globalassets/documents/english-publications/60127_fek_guidelines_nesh_digital_corr.pdf
https://web.archive.org/web/20161105121548/https://www.alexandriaarchive.org/icaz/workag
https://web.archive.org/web/20161105121548/https://www.alexandriaarchive.org/icaz/workag
http://dx.doi.org/10.1016/j.jas.2013.08.021
http://dx.doi.org/10.1016/j.jas.2013.08.021
http://dx.doi.org/10.1098/rstb.2013.0387
http://dx.doi.org/10.1098/rstb.2013.0387
http://dx.doi.org/10.1111/cuag.12098
http://dx.doi.org/10.1016/j.tree.2017.12.009
http://dx.doi.org/10.1186/1297-9686-45-2
http://dx.doi.org/10.1186/1297-9686-45-2
http://dx.doi.org/10.1371/journal.pone.0163676
http://dx.doi.org/10.1371/journal.pone.0163676
http://dx.doi.org/10.1098/rspb.2018.0978
http://dx.doi.org/10.1098/rspb.2018.0978
http://dx.doi.org/10.1038/s41598-017-07645-3
http://dx.doi.org/10.1038/s41598-018-22472-w
http://dx.doi.org/10.1038/s41598-018-22472-w
http://dx.doi.org/10.1371/journal.pone.0150650
http://dx.doi.org/10.1371/journal.pone.0150650


royalsocietypublishing.org/journal/rsos
R.Soc.open

sci.6:191059
11
conceptual shifts. Bioessays 37, 284–293.

(doi:10.1002/bies.201400160)
89. Welker F, Soressi M, Rendu W, Hublin J-J, Collins

M. 2015 Using ZooMS to identify fragmentary
bone from the Late Middle/Early Upper
Palaeolithic sequence of Les Cottés, France.
J. Archaeol. Sci. 54, 279–286. (doi:10.1016/j.jas.
2014.12.010)

90. Adler CJ, Haak W, Donlon D, Cooper A. 2011
Survival and recovery of DNA from ancient teeth
and bones. J. Archaeol. Sci. 38, 956–964.
(doi:10.1016/j.jas.2010.11.010)

91. Allentoft ME et al. 2012 The half-life of DNA in
bone: measuring decay kinetics in 158 dated
fossils. Proc. R. Soc. B 279, 4724–4733. (doi:10.
1098/rspb.2012.1745)

92. Campos PF, Craig OE, Turner-Walker G, Peacock
E, Willerslev E, Gilbert MTP. 2012 DNA in
ancient bone—where is it located and how
should we extract it? Ann. Anat. 194, 7–16.
(doi:10.1016/j.aanat.2011.07.003)

93. Hansen HB, Damgaard PB, Margaryan A,
Stenderup J, Lynnerup N, Willerslev E, Allentoft
ME. 2017 Comparing ancient DNA preservation
in petrous bone and tooth cementum. PLoS ONE
12, e0170940. (doi:10.1371/journal.pone.
0170940)

94. Kendall C, Eriksen AMH, Kontopoulos I, Collins
MJ, Turner-Walker G. 2018 Diagenesis of
archaeological bone and tooth. Palaeogeogr.
Palaeoclimatol. Palaeoecol. 491, 21–37. (doi:10.
1016/j.palaeo.2017.11.041)

95. Kistler L, Ware R, Smith O, Collins M, Allaby RG.
2017 A new model for ancient DNA decay based
on paleogenomic meta-analysis. Nucleic Acids
Res. 45, 6310–6320. (doi:10.1093/nar/gkx361)

96. Pruvost M, Schwarz R, Correia VB, Champlot S,
Braguier S, Morel N, Fernandez-Jalvo Y, Grange
T, Geigl E-M. 2007 Freshly excavated fossil
bones are best for amplification of ancient DNA.
Proc. Natl Acad. Sci. USA 104, 739–744. (doi:10.
1073/pnas.0610257104)

97. Sawyer S, Krause J, Guschanski K, Savolainen V,
Pääbo S. 2012 Temporal patterns of nucleotide
misincorporations and DNA fragmentation in
ancient DNA. PLoS ONE 7, e34131. (doi:10.1371/
journal.pone.0034131)

98. Sosa C, Vispe E, Núñez C, Baeta M, Casalod Y,
Bolea M, Hedges REM, Martinez-Jarreta B. 2013
Association between ancient bone preservation
and DNA yield: a multidisciplinary approach.
Am. J. Phys. Anthropol. 151, 102–109. (doi:10.
1002/ajpa.22262)

99. Krzewinska M, Bjornstad G, Skoglund P, Olason
PI, Bill J, Gotherstrom A, Hagelberg E. 2014
Mitochondrial DNA variation in the Viking age
population of Norway. Phil. Trans. R. Soc. B 370,
20130384. (doi:10.1098/rstb.2013.0384)

100. Bollongino R, Tresset A, Vigne J-D. 2008
Environment and excavation: pre-lab impacts on
ancient DNA analyses. C. R. Palevol 7, 91–98.
(doi:10.1016/j.crpv.2008.02.002)

101. O’Leary MA. 2010 An anatomical and
phylogenetic study of the osteology of the
petrosal of extant and extinct artiodactylans
(Mammalia) and relatives. Bull. Am. Mus. Nat.
Hist. 335, 1–206. (doi:10.1206/335.1)

102. Pinhasi R et al. 2015 Optimal ancient DNA
yields from the inner ear part of the human
petrous bone. PLoS ONE 10, e0129102. (doi:10.
1371/journal.pone.0129102)

103. Sedig JW. 2019 Ancient DNA’s impact on
archaeology: what has been learned and how to
build strong relationships. SAA Archaeol. Rec.
19, 26–32.

104. Sirak KA et al. 2017 A minimally-invasive method
for sampling human petrous bones from the cranial
base for ancient DNA analysis. Biotechniques 62,
283–289. (doi:10.2144/000114558)

105. Bar-Oz G, Dayan T. 2007 FOCUS: on the use of
the petrous bone for estimating cranial
abundance in fossil assemblages. J. Archaeol. Sci.
34, 1356–1360. (doi:10.1016/j.jas.2006.10.021)

106. Lam YM, Pearson OM, Marean CW, Chen X.
2003 Bone density studies in zooarchaeology.
J. Archaeol. Sci. 30, 1701–1708. (doi:10.1016/
S0305-4403(03)00065-7)

107. Mallett C, Guadelli J-L. 2013 Distinctive features
of Ovis aries and Capra hircus petrosal parts of
temporal bone: applications of the features to
the distinction of some other Caprinae (Capra
ibex, Rupicapra rupicapra). PALEO Rev.
Arcahélogie Préhistorique 24, 173–191.

108. Mallett C, Cornette R, Guadelli J-L. 2019
Morphometrical distinction between sheep (Ovis
aries) and goat (Capra hircus) using the petrosal
bone: application on French Protohistoric sites.
Int. J. Osteoarchaeol. 29, 525–537. (doi:10.
1002/oa.2749)

109. Bar-Oz G, Marom N, Pinhasi R. 2019 Technical
Note: Taxonomic identification of petrosal bone
morphology. Bioarchaeology East 13, 7.
110. Nagaoka T, Kawakubo Y. 2015 Using the petrous
part of the temporal bone to estimate fetal age
at death. Forensic Sci. Int. 248, 188. (doi:10.
1016/j.forsciint.2015.01.009)

111. Norén A, Lynnerup N, Czarnetzki A, Graw M.
2005 Lateral angle: a method for sexing using
the petrous bone. Am. J. Phys. Anthropol. 128,
318–323. (doi:10.1002/ajpa.20245)

112. Jørkov MLS, Heinemeier J, Lynnerup N. 2009
The petrous bone—a new sampling site for
identifying early dietary patterns in stable
isotopic studies. Am. J. Phys. Anthropol. 138,
199–209. (doi:10.1002/ajpa.20919)

113. Lembo RR. 2018 An identification guide for the
petrous bones of domestic animals.
Unpublished MSc thesis, University of York,
York, UK.

114. Alberti F et al. 2018 Optimized DNA sampling of
ancient bones using computed tomography
scans. Mol. Ecol. Resour. 18, 1196–1208.
(doi:10.1111/1755-0998.12911)

115. Gondek AT, Boessenkool S, Star B. 2018 A
stainless-steel mortar, pestle and sleeve design
for the efficient fragmentation of ancient bone.
Biotechniques 64, 266–269. (doi:10.2144/btn-
2018-0008)

116. Kontopoulos I, Penkman K, McAllister GD,
Lynnerup N, Damgaard PB, Hansen HB,
Allentoft ME, Collins MJ. 2019 Petrous bone
diagenesis: a multi-analytical approach.
Palaeogeogr. Palaeoclimatol. Palaeoecol. 518,
143–154. (doi:10.1016/j.palaeo.2019.01.005)

117. 2018 Defining the Role of Authors and
Contributors. Int. Comm. Med. J. Ed. See http://
www.icmje.org/recommendations/browse/roles-
and-responsibilities/defining-the-role-of-
authors-and-contributors.html (accessed 24 May
2019).

118. Pálsdóttir AH, Boessenkool S, Star B. 2018
Ancient DNA sampling report: walrus bones
from Alþingisreitur. LbhÍ report no. 118.
Reykjavík, Iceland: Landbúnaðarháskóli Íslands.
See http://hdl.handle.net/10802/16157.

119. Bawaya M. 2007 ARCHAEOLOGY: Curation in
crisis. Science 317, 1025–1026. (doi:10.1126/
science.317.5841.1025)

120. Damgaard PB, Margaryan A, Schroeder H,
Orlando L, Willerslev E, Allentoft ME. 2015
Improving access to endogenous DNA in ancient
bones and teeth. Sci. Rep. 5, 11184. (doi:10.
1038/srep11184)

http://dx.doi.org/10.1002/bies.201400160
http://dx.doi.org/10.1016/j.jas.2014.12.010
http://dx.doi.org/10.1016/j.jas.2014.12.010
http://dx.doi.org/10.1016/j.jas.2010.11.010
http://dx.doi.org/10.1098/rspb.2012.1745
http://dx.doi.org/10.1098/rspb.2012.1745
http://dx.doi.org/10.1016/j.aanat.2011.07.003
http://dx.doi.org/10.1371/journal.pone.0170940
http://dx.doi.org/10.1371/journal.pone.0170940
http://dx.doi.org/10.1016/j.palaeo.2017.11.041
http://dx.doi.org/10.1016/j.palaeo.2017.11.041
http://dx.doi.org/10.1093/nar/gkx361
http://dx.doi.org/10.1073/pnas.0610257104
http://dx.doi.org/10.1073/pnas.0610257104
http://dx.doi.org/10.1371/journal.pone.0034131
http://dx.doi.org/10.1371/journal.pone.0034131
http://dx.doi.org/10.1002/ajpa.22262
http://dx.doi.org/10.1002/ajpa.22262
http://dx.doi.org/10.1098/rstb.2013.0384
http://dx.doi.org/10.1016/j.crpv.2008.02.002
http://dx.doi.org/10.1206/335.1
http://dx.doi.org/10.1371/journal.pone.0129102
http://dx.doi.org/10.1371/journal.pone.0129102
http://dx.doi.org/10.2144/000114558
http://dx.doi.org/10.1016/j.jas.2006.10.021
http://dx.doi.org/10.1016/S0305-4403(03)00065-7
http://dx.doi.org/10.1016/S0305-4403(03)00065-7
http://dx.doi.org/10.1002/oa.2749
http://dx.doi.org/10.1002/oa.2749
http://dx.doi.org/10.1016/j.forsciint.2015.01.009
http://dx.doi.org/10.1016/j.forsciint.2015.01.009
http://dx.doi.org/10.1002/ajpa.20245
http://dx.doi.org/10.1002/ajpa.20919
http://dx.doi.org/10.1111/1755-0998.12911
http://dx.doi.org/10.2144/btn-2018-0008
http://dx.doi.org/10.2144/btn-2018-0008
http://dx.doi.org/10.1016/j.palaeo.2019.01.005
http://www.icmje.org/recommendations/browse/roles-and-responsibilities/defining-the-role-of-authors-and-contributors.html
http://www.icmje.org/recommendations/browse/roles-and-responsibilities/defining-the-role-of-authors-and-contributors.html
http://www.icmje.org/recommendations/browse/roles-and-responsibilities/defining-the-role-of-authors-and-contributors.html
http://www.icmje.org/recommendations/browse/roles-and-responsibilities/defining-the-role-of-authors-and-contributors.html
http://www.icmje.org/recommendations/browse/roles-and-responsibilities/defining-the-role-of-authors-and-contributors.html
http://hdl.handle.net/10802/16157
http://dx.doi.org/10.1126/science.317.5841.1025
http://dx.doi.org/10.1126/science.317.5841.1025
http://dx.doi.org/10.1038/srep11184
http://dx.doi.org/10.1038/srep11184

	Not a limitless resource: ethics and guidelines for destructive sampling of archaeofaunal remains
	Introduction
	Research potential and significance of archaeofaunal collections
	Destructive sampling of archaeofaunal material
	The special case of the petrous bone for aDNA analyses
	What can be done? Guidelines for stakeholders
	Researchers sampling from archaeofaunal collections
	Institutions responsible for archaeofaunal collections
	Journals publishing studies that include samples from archaeofaunal collections

	Conclusion
	Ethics
	Data accessibility
	Authors' contributions
	Competing interests
	Funding
	Acknowledgements
	References


