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Review
Glossary

Ancient DNA (aDNA): DNA extracted from nonliving sources, including teeth,

bones, toepads, desiccated tissue, seeds, plant remains, and paleofeces.

Anthropocene: the proposed recent geological epoch during which humans

have dominated the earth’s landscape.

Archaeogenomics: utilizing materials from archaeological sites to generate

genomic information.

Archaeology: study of the human past using material remains.

Environmental DNA (eDNA): DNA obtained from environmental samples,

including soil or water.

Historical ecology: the interdisciplinary study of ecosystem dynamics using

historic and prehistoric data sets, often used to inform conservation.

Metagenomics: genomic analysis of DNA samples from mixed sources.

Midden: ancient trash deposits, often containing shells, bones, and plant

materials.

Paleofeces: ancient feces from humans or animals. This differs from coprolites,
There is growing consensus that we have entered the
Anthropocene, a geologic epoch characterized by hu-
man domination of the ecosystems of the Earth. With
the future uncertain, we are faced with understanding
how global biodiversity will respond to anthropogenic
perturbations. The archaeological record provides per-
spective on human–environment relations through time
and across space. Ancient DNA (aDNA) analyses of
plant and animal remains from archaeological sites are
particularly useful for understanding past human–
environment interactions, which can help guide conser-
vation decisions during the environmental changes of
the Anthropocene. Here, we define the emerging field
of conservation archaeogenomics, which integrates
archaeological and genomic data to generate baselines
or benchmarks for scientists, managers, and policy-
makers by evaluating climatic and human impacts on
past, present, and future biodiversity.

Ancient DNA, archaeology, and the Anthropocene
Throughout much of our history, humans have altered the
biosphere, impacting plants, animals, and ecosystems
through a variety of activities, and producing an archaeo-
logical record of human interactions with the natural world
[1,2]. Although major anthropogenic impacts on biodiver-
sity are linked to industrialization and the modern period,
ancient peoples also interacted with, and influenced, the
environment. Modern ecosystems are products of this deep
history, and long-term perspectives on their evolution both
with and without humans can provide important informa-
tion on their capacity to withstand perturbations [3–5].
The pace and scale of modern anthropogenic environmen-
tal impacts and growing recognition of the importance of
investigating ancient human–environmental interactions
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have an important role in the Anthropocene debate (see
Glossary), which centers around whether we have entered
a new geologic epoch characterized by human domination
of Earth’s ecosystems [6–9]. While researchers debate if
and when the Anthropocene began, one thing that is clear
is that we need new data sets and approaches to help us
understand and transcend the major environmental chal-
lenges of our time, including climate change, loss of biodi-
versity through extinction, emerging infectious diseases,
and a host of other issues.

Here, we focus on one of these new approaches, which we
call ‘conservation archaeogenomics’, or the genomic analy-
sis of the archaeological remains of plants, animals, soils,
and other materials to enhance present-day biological
conservation and management. Archaeological sites con-
tain evidence of important environmental and cultural
changes that span millennia or more, and archaeological
data sets can contribute much to conservation biology
and management by allowing researchers to reconstruct
past environments and the place of humans within those
which are fossilized feces.

Paleogenomics: the study of past genomes using aDNA methods.

Provenience: location of an object within a site and in relation to other artifacts

and ecofacts.

Shifting baselines: the concept that what we view as natural changes through

time.
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Box 1. Archaeogenomics methods: old and new

Similar to genomics, aDNA has changed rapidly with the advent of

HTS technology. Due to the existence of relatively few samples and

limitations on destructive analyses, early aDNA studies focused on

evolutionary relationships and bottleneck detection, and utilized PCR

to amplify short mitochondrial fragments or a few nuclear markers

and Sanger sequencing methods [83]. However, with HTS technol-

ogy, it is now possible to study ancient population dynamics and

landscape genetics [11,19]. There are now many different ways of

collecting genomic data from fresh tissues, including RAD, exome,

intron and whole-genome sequencing, and SNP capture. However,

when comparing modern and archaeogenomic data, genomic mar-

kers must be selected for not only their informativeness and resolu-

tion power, but also their successful applicability to degraded

samples. While mtDNA has been the marker of choice in aDNA

studies due to its ease of recovery in old and degraded samples,

high variability, matrilineal inheritance, and haploidy [84,85], SNPs

offer higher power to detect bottlenecks, especially those with fast

recoveries [32]. However, there is also a greater potential for ascer-

tainment bias, especially when SNP arrays are designed from sub-

sets of modern genetic diversity [86]. The feasibility of a particular

project will depend on the goals, scale (i.e., number of taxa and

samples), and budget. Furthermore, these new genomic approaches

are best used in concert with other data that can improve the context

and chronology of a particular sample and be guided by specific

procedures and analysis of morphology, proteomics, accelerator

mass spectrometry (AMS) radiocarbon dating, isotopes, and other

techniques (Figure 2, main text). Together, these data sets can be

integrated to explore human impacts on biodiversity and to inform

conservation and management for the future.
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ecosystems, assess historical ecological variability, and
identify past and present cultural practices impacting
biodiversity [1–5]. Building on recent syntheses of the
value of aDNA studies for directly addressing a variety
of fundamental questions in ecology and evolution [10–13],
we focus specifically on the power of aDNA data from
archaeological materials to improve biological conserva-
tion and chart a course for future research on the topic.

Genomic approaches have become a promising tool for
conservation practice, because using genome-wide data
can offer a dramatic increase in the number of genetic
markers that can be used to improve the precision of
estimating adaptive and neutral diversity, and demo-
graphic parameters of relevance. This, in turn, results in
better wildlife management recommendations, including
the preservation of genetic diversity, identification of popu-
lations with unique evolutionary history and potential, and
the mitigation of the effects of small population sizes on
viability [14,15]. While there are challenges in undertaking
effective conservation genomics projects [15], genomic
analysis of archaeological samples (archaeogenomics)
can extend patterns deep into the past and, along with
complementary paleogenomic data from fossil and subfos-
sil samples [12,16,17], can provide key information on long-
term ecosystem responses to disease, human activities,
and climate change [10,11,13,18–20]. Here, we focus on
the following question: how can genomic analysis of ar-
chaeological materials enhance the conservation, manage-
ment, and restoration of present-day (and future)
biodiversity? To evaluate this question, we focus on five
interrelated issues of broad significance: population and
distribution changes, translocations, extinction, disease
ecology, and environmental reconstruction.

Conservation archaeogenomics: a transdisciplinary
approach
While there is an abundance of new terminology associated
with the ‘-omics’ era, we treat archaeogenomics and paleo-
genomics as complementary (but distinct) approaches and
much of our synthesis highlights the interrelationship
between the two. Paleogenomics was first described as
the study of ancestral regions of the genome and ances-
tral-state genome reconstruction using comparative
approaches in extant taxa [21,22], but the field now also
encompasses the reconstruction of past genomes through
aDNA methods [12,16]. Archaeogenomics differs from
paleogenomics because of the general cultural context of
the archaeological samples being studied, which often
provides a direct linkage to human–environmental inter-
actions in a broad sense and can provide samples that may
be rare or nonexistent in paleontological sites (Figure 1).
Both archaeogenomics and paleogenomics have been
transformed by recent advances in aDNA methods and
high-throughput DNA sequencing (HTS) technology,
expanding the types of question that can be addressed
(Box 1). The case studies presented here reflect the infancy
of the field of conservation archaeogenomics because most
studies published to-date have focused on short mitochon-
drial DNA fragments (mtDNA) or a few nuclear markers.
However, genome-level analyses are quickly becoming
standard and we seek to demonstrate the value and future
impact that archaeogenomic research will have on conser-
vation practice and policy.

Conservation biologists and managers rely on baseline
data when evaluating potential actions for species man-
agement and preservation, and conservation archaeoge-
nomics has a unique role in these reconstructions (Box 2).
Conservation archaeogenomics involves collaboration be-
tween archaeologists, with intimate knowledge of local and
regional sites, cultural histories, and faunal data sets (and
their limitations); genomicists, with the capacity to execute
methodological and analytic techniques; managers, who
make policy and management decisions; and other rele-
vant scientists. These teams can address the multiplying
threats facing biodiversity by integrating novel technolo-
gies with unique data sets, including archaeological data
(Figure 2), to study the evolution of ecosystems through
space and time and evaluate their capacity to withstand
human perturbations.

Archaeological sites provide subsamples of past envir-
onments, as ancient peoples interacted with, and used, the
resources that were available to them. Past peoples inten-
tionally created a record of their activities (by building
structures, writing histories, and burying human and ani-
mal remains and associated artifacts) and unintentionally
deposited materials as waste (including shellfish, bones,
broken tools, plant remains, stone, and pottery into mid-
dens). Although selecting sites and materials associated
with human activities for genomic analysis may seem
limiting because it does not allow the survey of an entire
ecosystem, it has the ability to provide a powerful perspec-
tive for understanding the cultural context of human–
ecosystem interactions. Archaeological contexts can pro-
vide materials from sites that are tens of thousands or
more years old all the way up to the past 50 years or so.
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Figure 1. Archaeogenomic samples recovered from different contexts. Archaeogenomic samples can include bone, teeth, plant remains, soil, paleofeces, and other

materials. These materials can be recovered from ancient structures, middens, storage vessels, harvest sites, caves, or existing museum collections.
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They are particularly common during the Holocene, when
there were major shifts in plant and animal distributions,
but there is a limited fossil and subfossil record in some
regions or for some organisms (e.g., pinnipeds; Box 3).
Additionally, archaeological sites often include dense accu-
mulations of a broad spectrum of local plant and animal
materials that, to recover in a subfossil context, would
require more intense and broader sampling. Archaeolog-
ical sites can also contain plant and animal remains that
were deposited naturally and/or incidentally (e.g., mice
that lived in the same spot as humans) rather than through
cultural practices, and complement the natural accumula-
tions of plants and animals represented in paleontological
sites. Thus, archaeological materials provide rigorous ac-
cess to a baseline composition of modern-day flora and
fauna under pre-industrial conditions for a critical long-
term perspective on biodiversity trends throughout the
Anthropocene.

Demographic and distributional shifts
With growing climatic uncertainty and human impacts, a
major concern is the reduction or loss of appropriate habi-
tat for many taxa, forcing changes in species distributions,
542
population bottlenecks, local extirpation, or extinction
[23]. Although some species may be able to shift their
ranges, many have specific resource requirements that
might be impacted by climatic range shifts. For example,
North American birds show considerable variability in the
projected range shifts under three different climate fore-
casts [24]. While some species may expand their ranges,
others will face considerable declines. Population declines
could result in reduced genetic diversity and adaptive
potential, and, therefore, are an important focus for con-
servation archaeogenomic research. Archaeologists have
assessed range shifts by examining temporal and spatial
relative abundances of animal bones from several archae-
ological sites. When genetic data are incorporated into
these studies, they can disentangle the causes of range
shifts and identify their impact on genetic diversity (Box 3),
and these data sets can be compared to climate forecasts.
Archaeogenomic studies also provide context for interpret-
ing changes in behavior and range as these species recover
[25].

Assessing historical genetic diversity and the timescale
on which it is lost or gained is an important part of
examining the effects of long-term environmental change



Box 2. What is natural?

Managers rely on baselines that serve as targets for restoring an

ecosystem or organism, but a key question is: what is natural [101]?

Ecological baselines change through time and the perception of ‘what is

natural’ can be heavily influenced by past human activities and changing

generational perceptions (aka ‘shifting baselines’ [88]). Historical ecol-

ogy provides perspectives on ecological change through time that can

help establish desired future conditions and forecast future ecosystem

and organismal responses to climate change and human activities [5].

Genomics is poised to have a key role in historical ecology. With the

ability to determine genetic patterns in the past and present, document

bottlenecks, and make connections between genetic diversity and popula-

tion structure, genetic analysis of archaeological and paleontological

samples offers a framework for constructing baselines. These archaeoge-

nomic data transcend simplistic notions of restoration to a ‘natural state’

and instead document change through time and ecological variability that

can help explore the conservation challenges of the Anthropocene.

Differences between the prehistoric and modern abundance of

Guadalupe fur seals (GFS, Arctocephalus townsendi) and northern

elephant seals (NES, Mirounga angustirostris) on San Miguel Island,

California, provide an example of how archaeological and genetic

data can help understand shifting baselines. Both species were

pushed to the brink of extinction during the 19th- and early 20th-

century fur and oil trade, but have recovered since then. However,

the abundance today does not match the prehistoric abundance

documented in the archaeological record [4]. NES dominate today

but were rare during the past 3000 years; conversely, GFS are rare to

absent today but were common prehistorically (Figure I). Genetic

analyses of NES and GFS suggest that they were both more geneti-

cally diverse prehistorically than today [87,89,90] but future, more

detailed, archaeogenomic analyses could provide greater insight

into this discrepancy and how it might help us manage for global

change in the Anthropocene.
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Figure I. Archaeological and modern abundance of Guadalupe fur seal (GFS) and Northern elephant seal (NES). Data available in [4,25] and references cited therein.

Note the greater prehistoric abundance of GFS and greater modern abundance of NES through time.
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on biodiversity [11,26]. In the case of the sea otter (Enhy-
dra lutris), genetic data from microsatellites show dramat-
ic losses in heterozygosity and allelic diversity following
the fur trade; however, otter population structure seems
consistent through time [27]. Interestingly, mtDNA of
archaeological sea otters from Oregon showed that they
were more closely related to the least genetically diverse
otter population from California, rather than Alaska, the
source population for the unsuccessful Oregon otter rein-
troduction [28]. Studies such as these demonstrate the
value of archaeological samples for identifying appropriate
source populations for reintroductions. Archaeogenomic
data can expand these studies by providing fine-scale
resolution to changes in modern and ancient population
genetic structure, including replacements that might not
be detected in the archaeological record alone [29–31]. This
can help identify populations that have undergone dra-
matic loss of genetic variability and unveil cryptic species
or evolutionarily significant units that might be in need of
conservation efforts.

Identifying changes in population genetic diversity
caused by anthropogenic or climate-related forces necessi-
tates careful temporal and spatial sampling [10]. Our
ability to confidently detect bottlenecks varies consider-
ably depending on temporal sampling, bottleneck intensi-
ty, recovery speed, generation time, and the genetic
marker used [32]. Rapid recovery and moderate bottle-
necks are difficult to detect, but sampling just before and
after the bottleneck increases the power of detection
[32]. Therefore, well-dated archaeogenomic data are criti-
cal for detecting historical anthropogenic bottlenecks by
anchoring estimates of genetic diversity loss within human
543
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Figure 2. Workflow for an archaeogenomic approach to conservation. Abbreviation: AMS, accelerator mass spectrometry.
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history. Data obtained from single nucleotide polymor-
phisms (SNPs) from archaeological herring (Clupea pal-
lasi) bones have shown promise for elucidating historical
population structure and anthropogenic impacts on this
important fishery [33]. Sequence capture methods (includ-
ing SNPs) and whole-genome sequencing of ancient sam-
ples have become more affordable and are useful tools
to assess long-term population demographics, especially
bottlenecks, in species of conservation or management
concern.

Translocations
Translocation is the movement of plants, animals, or other
organisms from one location to another by humans. An-
cient translocations have been significant in establishing
current species distributions of wild and domesticated
plants and animals [1]. For example, humans have moved
544
bananas from Asia to Africa [34], domesticated dogs
around the world [35,36], and brought several domestic
and wild animals to the Pacific islands [37–41]. There are
also numerous wild species that have been translocated
since the Pleistocene. The grey cuscus (Phalanger orienta-
lis), a small marsupial, was translocated to New Ireland
approximately 10 000–19 000 years ago (possibly from
New Britain), to the Solomon Islands by 9000 BP, and to
Timor by 4500 BP [42,43]. Insects (beetles, lice, fleas, and
flies) were introduced to Iceland and Greenland by the
Norse; various species of snails followed human migration
across the Pacific; several species of hutia were transported
across the Caribbean; and shrews, mice, deer, foxes, and
rats have been introduced to various islands in the Medi-
terranean, North America, and Oceania [1].

Many ancient translocation studies rely on the presence
of animal bones or plant remains in assemblages, their age,



Box 3. Exemplar case studies

Case study A

In a large study of six different herbivores from around the world,

846 radiocarbon-dated mtDNA sequences, 1439 directly dated faunal

remains, and 6291 radiocarbon dates associated with human occupa-

tion, all taxa showed dramatic range contractions from the terminal

Pleistocene to the early Holocene [56]. Four species (horse, reindeer,

bison, and musk ox) show a positive correlation between range size

and genetic diversity through four time points. When demographic

changes are compared with environmental history, archaeological

abundance data, and radiocarbon dates, climate change rather than

human hunting is suggested as the likely cause for the demographic

changes in horse, reindeer, and musk ox. Data such as these show that

climate change can have significant effects on the ranges and the

demographics of plants and animals, and we should be concerned for

how future fluctuations will impact wildlife populations, especially

those with already limited ranges or low genetic diversity.

Case study B
One of the best-documented and most-dramatic anthropogenic ex-

tinctions is that of Pacific birds [91–93]. An estimated 2000 species

went extinct following the human expansion across the Pacific islands

[94]. Whether due to introduction of commensal and/or invasive

species, such as the rat, or to anthropogenic landscape change

[91,92], the extinction of endemic island avifauna has transformed

island ecosystems. In Hawaii, mtDNA from paleontological, archae-

ological, historic, and extant samples of the endangered nene (Branta

sandvicensis) show considerable loss in mtDNA variation following

human colonization [95]. While many other Hawaiian geese and other

birds went extinct during this period [93,96], the nene survived, poten-

tially as a result of intentional or unintentional cultural practices

protecting the species [95]. However, ancient mtDNA revealed that

the endangered Hawaiian petrel (Pterodroma sandwichensis), the

most abundant seabird in the prehuman islands, and presumed extinct

by the mid-20th century, retains significant levels of its historical

genetic diversity in surviving present-day populations [97]. The long

generation time of the species and its ability to ‘hide at sea’ may have

allowed a larger effective population size and greater retention of

genetic variability. The 20th-century-observed population decline cor-

related with a change in isotope values suggesting a trophic shift from

large to small prey items, likely a result of fishery depletion in the

Northeast Pacific [98]. Additionally, aDNA studies on endangered

Laysan ducks (Anas laysanensis) and Millerbirds (Acrocephalus famil-

iaris) were influential in the translocation of these species to other

islands as insurance populations [99,100].
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and association with or without humans, but a growing
number of researchers are incorporating genetic informa-
tion from modern samples [44] and a few include aDNA
data. Archaeogenomic methods have been used to test a
commensal model for the human settlement of the Pacific
through radiocarbon dating and genetic analysis
[39,45]. This commensal model asserts that certain animal
species can be used to track the movement of humans
because it is likely only through human transport that
these species moved to new environments. For example,
mtDNA sequences of extant Pacific rat (Rattus exulans)
populations revealed genetic relationships between differ-
ent Pacific islands that reflect human colonization patterns
[46]. The addition of archaeological rat samples improved
the chronology of human colonization of the Pacific islands
and genetic analysis of additional species, including pigs
and chickens, have generated interspecific patterns of
human expansion across the Pacific [38–40,45,47]. Com-
mensal models have now been applied in other areas of
the world, including the North Atlantic translocations
of house mice (Mus musculus) [48,49].

The introduction or translocation of plants and animals,
either recent or ancient, can have considerable impacts on
an ecosystem. The invasive species epidemic has demon-
strated the significant impacts of introduction events: local
extirpation, trophic cascades, and extinction. Some ancient
translocations had similar impacts on new environments.
However, the implications of ancient translocations for
conservation and management are complicated and inter-
twined with cultural values and ideals. Should prehistoric
human translocations be eradicated? How long is enough
time to be considered native? Is the mechanism of arrival
important? Some ancient translocated species are adored,
while others are abhorred [50]. How do human values
and culture impact this designation? These questions show
that a nuanced discussion of ancient translocations is
essential when making conservation and management
decisions. Any management practice including eradication,
establishing captive populations, reintroduction, genetic
rescue, and so on, should be carefully considered. Conserva-
tion archaeogenomics is an ideal tool for exploring baselines
or restoration targets to evaluate how ancient transloca-
tions impacted ecosystem structure and function at specific
time points and a starting point for discussion on how they
should be managed in the future.

Extinction and de-extinction
The dramatic loss of biodiversity over the past 200 years
has some researchers placing us in a sixth mass extinction
event [51,52]. While extinction is a natural process, the
rate of anthropogenic extinctions of certain taxa has in-
creased dramatically during the Anthropocene [51,53,54].
Archaeological data can tell us when and where a species
lived and potentially how it interacted with humans,
allowing us to explore the timing and cause of extinctions.
Archaeogenomics helps correlate changes in genetic diver-
sity with cultural and environmental history to potentially
identify cause and effect of extinction. Ancient and more
recent extinctions have also had profound implications
for the structure and function of future ecosystems. The
extinction of birds on Pacific islands following the arrival
of humans and their commensals has had a dramatic
impact on island ecosystems (Box 3). The study of past
extinctions presents an opportunity to understand the
human activities and behaviors that may have caused
the extinction. This will help us better evaluate the activi-
ties that need to be changed or minimized to reduce the
risk of extinction in the future.

Researchers have long debated the cause of the extinc-
tion of the Pleistocene megafauna. Hypotheses range from
overhunting to climate change, disease, an asteroid, or a
combination thereof [6,55]. As Orlando and Cooper [10]
noted, aDNA data have an important role in helping
resolve the long-standing debate over megafauna extinc-
tion. These data have shown that there is not a general
pattern for all megafauna extinctions; rather, there are
species-specific responses to a variety of factors (Box 2),
including climate change, range contraction, hunting and
545
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encroachment by humans, and introduction of predators
[56–58]. Archaeo- and paleogenomic samples and species
distribution modeling suggest climate change as the most
likely cause of the extinction of musk ox in Eurasia [5],
while humans may have been involved in the demographic
collapse of bison after 16 000 BP [56] and a combination of
causes could have led to the extinction of wooly mammoths
[56,59].

Understanding the cause, timing, and impact of these
extinctions remains important because rewilding advo-
cates have proposed introducing proxy animals to recover
the ecosystem function lost following the extinction of
megafauna [60]. Recent advances in cell and molecular
biology have given scientists the technological tools to
aspire to bring back species that went extinct as a result
of recent anthropogenic actions [10]. This process is known
as ‘de-extinction’ or ‘species revivalism’. Given short frag-
ments of degraded DNA and missing data, the first chal-
lenge to de-extinction is sequencing a complete ancient
genome. Additional biological challenges include genome
editing and developing the reproductive biology necessary
for producing living animals. De-extinction would also
require considerable investments in reconstructing the
behavior and landscape of the extinct species, preventing
disease, and protecting animal welfare. This concept is
being explored by conservation biologists, journalists, ethi-
cists, and other scientists [61–63], but it is controversial
and poses many challenges, both biological and ethical.

Ancient disease ecology
Emerging infectious diseases pose serious public health
concerns and are a considerable threat to biodiversity
through changing host–pathogen biology and biogeogra-
phy [64]. During the past few decades, dramatic human
population explosion, rapid global expansion of transpor-
tation networks, and accelerating climate fluctuations
have acted together to increase the frequency of emerging
diseases, but this phenomenon is not restricted to recent
human history. A growing body of aDNA research exam-
ines ancient disease transmission and evolution. Archaeo-
logical and genetic research on ancient human disease has
yielded considerable data on not only the impact of dis-
eases such as tuberculosis on human populations [65,66],
but also the evolution and movement of the disease agent
to the New World, potentially by pinnipeds [67]. Zoonotic
bacteria and other infectious bacteria have been detected
in ancient human dental calculus microbiomes [68] and
could also be studied in faunal calculus samples to examine
transmission between humans and wildlife. Past and pres-
ent disease outbreaks in wildlife and humans, pathogen
evolution, and the human role in the emergence and
movement of diseases can also be explored with archae-
ogenomic data.

The influence of disease on wildlife and domestic ani-
mals can be tested using archaeological materials. Infec-
tious diseases can have significant impacts on populations,
and species of conservation concern may be susceptible to
disease outbreaks because small effective population sizes
limit adaptability. For example, ancient Tasmanian devils
show low major histocompatibility complex (MHC) diver-
sity that might contribute to their susceptibility to a
546
contagious facial cancer [69]. Archaeological and genomic
resources present the opportunity to evaluate whether
taxa have been exposed to disease in the past, how they
responded, and how they might respond in the future.
New methods that utilize sequence capture for detecting
particular diseases [70] have provided reliable tools for
investigation of ancient disease dynamics. Bos et al. ap-
plied sequence capture and an archaeogenomic approach
to examine the evolution of the zoonotic bacterium Yersinia
pestis, which is transmitted to humans by fleas carried by
rats and causes plague [71]. This strain appears ancestral
to modern strains, suggesting that the transmission of
the Black Death across Europe contributed to the distri-
bution of all Y. pestis strains pathogenic to humans that
have been identified on a genomic basis thus far. Depend-
ing on DNA preservation and disease biology (e.g., trans-
mission, progression, symptomatology, host specificity,
etc.), animal hosts or commensal animals might be addi-
tional sources of information on pathogen transmission
and evolution.

Museum samples fill important time gaps between
archaeological collections and the present when examining
long-term patterns, including pathogen evolution and
transmission. Museum genomics has confirmed the pres-
ence or absence of particular pathogens, allowing us to
trace the spread and understand the demographic impacts
of disease. Koala (Phascolarctos cinereus) museum skins
have been used to reconstruct 130 years of rapid evolution
in koala retrovirus, which is in the process of invading the
koala genome and may be tied to declines in some parts of
Australia [72,73]. In humans, archived human medical
specimens have been used to reconstruct the genome of
the cholera strain responsible for an 1849 Philadelphia
outbreak [74]. These studies are valuable because museum
collections, their field records, and historical demographic
data can test theory and develop methodology that can be
applied to older, more-degraded archaeological samples.
When utilizing both museum and archaeological collec-
tions, care must be taken to ensure that samples are
properly identified and labeled [75,76], but ancient DNA
from the host, in addition to a pathogen, can be useful in
detecting cryptic species and misidentifications.

Reconstruction of ancient environments
Understanding how paleoecosystems functioned during
periods of climatic instability or in response to environ-
mental conditions similar to predicted future environ-
ments will be useful for making decisions about the
future. Historical ecologists, including archaeologists
and paleoecologists, have approached environmental re-
construction by integrating faunal abundances with cli-
matic data from geological cores. Our ability to reconstruct
paleovegetation was historically limited to identifiable
botanicals recovered in archaeological sites, and pollen
cores of lakes or ponds, which are geographically confined.
Ecological niche modeling of paleoecosystems has filled
in some of these gaps, but archaeogenomic approaches
have great potential for reconstructing vegetation and
ecosystem history.

New developments in metagenomics and environmental
DNA (eDNA) technologies have provided the tools to detect
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traces of ancient animals and plants from stratified soil
samples (i.e., ‘dirt DNA’) to reconstruct these paleoecosys-
tems [10,20,77–81]. These methods help address questions
of population continuity, migration, or ecosystem structure
and evolution. Using both archaeological and eDNA data
sets, 50 000 years of arctic vegetation history shows that
plant communities may have changed dramatically in
response to climate change and potentially due to the loss
of large herbivores [20]. In another study, ancient eDNA
from high-altitude tropical cores reflect the local vegeta-
tion, while traditional methods examining pollen may
represent a broader geographic region [80]. While there
are challenges to an eDNA approach [81], advancements in
eDNA technologies have led to positive developments for
reconstructing vegetation and landscape histories by facil-
itating the recovery of highly degraded DNA from archae-
ological plant remains that are often found fragmented or
burnt [82].

Archaeogenomics provides vast potential to investigate
reintroduction locations for endangered or threatened
taxa with limited ranges. Considerable environmental
change between locations within a historic range and
the current range can decrease the success of species
reintroductions. Environmental DNA sampling of soils
and archaeological sites can tell us how different the
current environment is from the past and help predict
reintroduction success. When integrated with archaeoge-
nomic data on local extinctions and historic ranges, espe-
cially if historical ranges are unknown, we can determine
the timing and the potential reasons for the disappearance
of the species from the landscape. Reconstructing paleoe-
cosystems provides a synthesis of ancient plant and ani-
mal interactions, from historic ranges to human-mediated
translocations and ancient pathogens, that together can
generate a more complete picture of how ecosystems have
changed during considerable climatic and anthropogenic
variation.

Conservation archaeogenomics and the Anthropocene
We have described how the nascent field of conservation
archaeogenomics can complement conservation genomics
and paleogenomics to generate data with direct implica-
tions for management decisions today and in the future.
Genomic analysis of archaeological materials improves our
understanding of historic ranges and bottlenecks, and can
suggest appropriate source populations for reintroduction
of locally extirpated populations.

Inferences derived from archaeogenomic data can also
help detect ancient translocations, their impact on ecosys-
tems, and generate baseline information on ecosystem
change. Through the study of climate-induced, anthropo-
genic, recent, and ancient extinctions, we can better un-
derstand the risks, causes, and effects of extinctions to
change human behavior and mitigate human impacts.
Archaeogenomics of disease can identify ancient vectors
and hosts, and explore susceptibility to diseases in ancient
wildlife and human populations. These investigations al-
low us to reconstruct ancient ecosystems and evaluate how
different past, present, and future ecosystems are from
each other as we plan for the conservation, management,
and restoration of local and global ecosystems.
The question is where do we go from here? Ongoing and
impending changes during the Anthropocene situate
archaeologists, paleobiologists, and other researchers to
help address the rapidly changing environmental crisis by
adding a historical perspective to debates on appropriate
baselines, human impacts, and desired future conditions.
Archaeogenomics can fill the gaps in our knowledge of
historic and prehistoric environments and document
ranges of ecological variability. In the past, aDNA studies
of archaeological materials suffered from limitations asso-
ciated with PCR methods and were greatly limited by
issues of scale (sample sizes, data recovery, etc.); however,
advances in genomic technologies have transformed the
types of questions that can now be addressed. These devel-
opments have made archaeological samples an invaluable
source of information on the changes in spatial and tem-
poral distributions of plants, animals, disease, and ecosys-
tems.

Conservation archaeogenomics provides a useful
framework for researchers and managers alike in their
efforts to protect and preserve biodiversity as we prepare
to face an uncertain future. However, Shafer et al. [15]
described several challenges in translating genomic
data into conservation practice, including an increasing
gap between academia and policy-makers due to rapid
technological change and differences in funding priorities.
These challenges hold true for conservation archaeoge-
nomics and an additional challenge remains in the
limited overlap in publication and conference venues be-
tween biologists, archaeologists, managers, and decision-
makers. Therefore, we advocate close interaction with
managers and policy decision-makers from the outset of
a conservation archaeogenomics project to ensure the
utility of the research, the appropriate interpretation of
the biology of the organism and of the genomic data, and
the development of feasible action steps. We are optimistic
that archaeogenomics will contribute to future manage-
ment and conservation decisions that can lead to positive
policy changes as we face the increasing challenges of the
Anthropocene.
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