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Introduction

Sedimentary ancient DNA (sedaDNA) is continuing to revolutionise our understanding of
past biological and geological processes by retrieving and analysing the ancient DNA
preserved in lake, cave, open terrestrial, midden, permafrozen, and marine environments
(Crump, 2021). The study of sedaDNA began in the late 1990s (Coolen and Overmann,
1998) with the first reports of extinct animal sedaDNA in 2003 (Hoftreiter et al., 2003;
Willerslev et al., 2003). Since then, it has been shown that sedaDNA can be recovered at high
resolution from recent (10'-10* year-old) (e.g., Capo et al., 2017) through to deep-time
(10°-10° year-old) sediments from a vast diversity of environments (Crump et al., 2021;
Zavala et al., 2021; Armbrecht et al., 2022; Kjer et al., 2022). Unlike traditional
palaeoenvironmental and palacoecological proxies, sedaDNA is unique in that it is derived
from any type of organism that was present in the local area and that may contain
population-level information. This latter characteristic means that, unlike any other
comparable proxy, sedaDNA can be used for evolutionary analyses (Gelabert et al., 2021;
Lammers et al., 2021; Pedersen et al., 2021; Vernot et al., 2021).

The advent of next-generation sequencing (NGS) provided massively enlarged, yet
economically feasible, dataset sizes and increased analytical sensitivity that has allowed the
field to flourish by generating robust datasets in which contamination can be detected and
controlled, and hypotheses can be tested. Coupled with ongoing methodological innovations
in both molecular data generation and bioinformatics analysis techniques, NGS has driven the
exponential growth in sedaDNA research over the past two decades.

In this chapter, we present an overview of the state-of-the-art for the sedaDNA
workflow. We do not present detailed methodologies and descriptions, as these have been
published elsewhere (e.g., Armbrecht et al., 2019; Capo et al., 2021 and references therein).
For each step in the workflow, from ethical considerations during experimental design to
environmental and evolutionary inferences, we instead outline the general rationale for
conducting the step, a brief overview of the approach and methods involved, pros and cons,
key pitfalls, and how the current state-of-the-art is likely to develop in the near future.
Importantly, we highlight that molecular and bioinformatic methods (i.e., steps presented
from section ‘DNA extraction’ onwards) are still developing due to the relative infancy of the
field.
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Ethical considerations

Sources of environmental sediments potentially amenable to sedaDNA analysis are
ubiquitous and global, thereby providing ample material for a multitude of research
questions. Importantly, however, there are ethical, political, and/or legal considerations that
must be accounted for during the study design and data collection stages of a project (Bardill
et al., 2018). This includes abiding by international agreements on the use and sharing of
genetic resources such as the Nagoya protocol (Buck and Hamilton, 2011).

Permits from national/local authorities and/or local landowners are often required to
perform the fieldwork necessary to collect sediments. If sediments and/or the extracted DNA
are to be shipped internationally, as is often the case in current sedaDNA research, then
export and/or import permits will be required (e.g., from the United States Department of
Agriculture or Australian Government). In many regions of the world, especially with
legacies of colonialism, there is a strong need to engage with key stakeholders: the local
indigenous communities (Handsley-Davis et al., 2021; Kowal et al., 2023). This is
particularly important for sedaDNA research, given that questions often revolve around
climate, environmental, and land use changes on scales that are of relevance to indigenous
peoples.

One of the ethically problematic aspects of sedaDNA research that has been most
discussed in the literature is the potential for recovering DNA from humans (Homo sapiens),
of which many metagenomic and animal-targeting assays are both able and prone to detect
(see section 'Data generation strategies'). Although most, if not all, human DNA recovered
from some sedimentary archives, such as lake, marine, and permafrost, likely represents
modern-day contamination, there is potential for authentic human sedaDNA to be recovered.
In other sedimentary contexts, such as caves and archaeological sites, authenticated human
sedaDNA sequences that are tens of thousands of years old have been reported (e.g.,
Braadbaart et al., 2020; Zavala et al., 2021). If there will be the possibility of recovering
sedaDNA of humans, or other culturally important taxa, then, where applicable, it is crucial
to consult with indigenous communities during the consultation stage of experimental design
(Alpaslan-Roodenberg et al., 2021; Handsley-Davis et al., 2021; Kowal et al., 2023). A
potential solution to dealing with the undesired recovery of human sedaDNA is to use a
bioinformatic filtering step to remove human, or potentially human, sequences without
further analysis. However, we emphasise that the ethics of sedaDNA, and particularly human
DNA recovered from sediment, are an active area of discussion that is only in the early stages
of conversation.

Fieldwork

The general logistics of fieldwork for a sedaDNA study are similar to those used for the
collection of sediments for other, more traditional proxies. This includes excavations in
natural and archaeological settings, horizontal coring from accessible profiles such as
permafrost, soil, and cave settings (Fig. 1A), or vertical coring from inaccessible profiles



such as lake, marine and ice systems. The key difference from traditional fieldwork is that
steps must be taken to prevent or reduce contamination by human or environmental DNA
during sample collection from the sediment profile. Due to the high sensitivity of the
sedaDNA technique, inferences are particularly prone to sources of contamination, both by
modern-day environmental DNA and from sediment cross-contamination that can occur
during sample collection and handling.
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Figure 1. Examples of (A) researchers sampling an accessible cave sediment profile in the field; (B) a freshly
subsampled lake core, where the rectangular areas represent discarded sediment surface for access to underlying
pristine sediment, and the circular holes correspond to the material that was sampled for DNA analysis.
Alternative core sectioning and subsampling strategies can be used for higher resolution analyses; (C)
subsamples that were taken in a non-cleanroom space; and (D) a subsample to be used as input for DNA
extraction in a cleanroom space. Images are copyright of Dr. Richard G. Roberts (A), Dr. Peter D. Heintzman
(B, C), and the Max Planck Institute for Evolutionary Anthropology (D).

Contamination from modern-day environmental DNA, including from the persons
performing the fieldwork, is of paramount concern when taking sediments from excavation
and accessible profile contexts. Standard ancient DNA precautions can be adopted to reduce
this type of contamination, including the use of sterile utensils and storage bags/tubes, and
personal protective equipment such as facemask, gloves, and a full-body hazmat suit (Fulton
and Shapiro, 2019). Modern-day environmental DNA contamination can be monitored by the
use of field controls, whereby sterile tubes, either empty or containing a storage buffer/water,
are opened during sediment collection. An alternative approach, especially for inaccessible
profiles, is to pre-sterilise coring equipment and/or coat the inside of a coring tube with a
known exotic DNA, or synthetic tracer, and monitor for its presence during downstream
analyses (Armbrecht et al., 2019; Graham et al., 2016; Pedersen et al., 2016; Rijal et al.,



2021). For highly sensitive applications, such as sedaDNA analysis of environmental
microorganisms (Table 1), a pipe-based coring system, such as a Livingstone, Nesje (Nesje,
1992), UWITEC (https://www.uwitec.at/en/), or Kasten, is better suited to preventing
modern-day microbes from colonising the sediment. All sediment cores or samples should be
immediately sealed from the external environment after collection to prevent desiccation and
ongoing contamination from modern-day environmental DNA, and to maintain a cold, dark
and, if possible, anoxic environment to reduce post-sampling DNA degradation and
secondary growth.

Cross-contamination, whereby sediment from a different part of the profile is
incorporated into a sample during collection, can be limited by systematically sampling
accessible profiles from bottom to top. This reduces the chance of loose sediments displaced
during sampling from causing cross-contamination. In inaccessible profiles,
cross-contamination can occur if cores are taken in a series of drives, as is standard with the
Livingstone coring system, and so results from the tops of core drives should be interpreted
cautiously. If possible, taking a single long-core, such as with a Nesje-style or UWITEC
system, avoids this type of cross-contamination from inaccessible profiles (e.g., Armbrecht et
al., 2019).

In excavations and accessible profiles, it is common practice to avoid both types of
contamination in the field by removing the outer layer of exposed sediment, consisting of
several mm to cm of the surface depending on context, using sterile implements (see also
section ‘Subsampling’). This allows for pristine sediment samples to be taken from inside the
profile (ideally still frozen in the case of permafrost), which can be achieved using either a
new set of sterile implements or by inserting a sampling tube directly into the sediment
profile (e.g. Ardelean et al., 2020; Vernot et al., 2021).

Table 1. Taxon-specific methodological considerations for the sedaDNA workflow, with signposts to other
chapters.

Fresh cores Contamination Suitable for Further
Group recommended potential  Amplicon Metagenomics**** reading
Prokaryotes yes high no** yes Chapters 4,5
Microbial eukaryotes yes high no** yes Chapters 6,7
Fungi yes high yes*** yes Chapter 6
Wildlife* no low yes*** yes Chapters 8,9,10,11
Domesticated/farmed taxa* no intermediate yes*** yes Chapters 10,11
Human yes high no yes Chapter 11

* Wildlife and domesticated/farmed taxa include both animal and plant taxa.

** Amplicon methods may be appropriate for taxa that are unable to have colonised the sediment after
collection or be present in the modern sampling or laboratory environment.

*** Data are prone to contamination and so need to be interpreted carefully. See also Chapter 11.

**%* The feasibility of metagenomics may be limited by the availability of reference genome data for certain
taxonomic groups.
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Sediment storage

The storage conditions for collected sediments depends on a variety of factors, including
logistic availability and the intended downstream analyses. For intact sediment cores taken
from lake or marine non-frozen contexts, refrigerated storage is preferred because freezing
can adversely affect stratigraphic integrity as well as being impractical given the total
sediment mass. Cores for sedaDNA analysis are therefore usually stored in cold rooms at 4
°C, with studies reporting successful sedaDNA retrieval from cores stored for >20 years at
this temperature (e.g., Seeber et al., 2022). For some applications, freezing is necessary to
maintain sediment integrity. Such occasions include, for example, the preservation of
permafrost sediment plugs and when sediments are subsampled for sedaDNA analysis
immediately after coring (e.g., on board research vessels, Armbrecht et al., 2019). However,
in such circumstances, complementary archive cores are often taken to allow for future
follow-up study (Selway et al., 2022). If cores are frozen, it is important to keep freeze-thaw
cycles to a minimum as these can negatively impact the integrity of sedaDNA molecules by
allowing for microbial-induced degradation (e.g., case study 2 in Capo et al. 2021) or through
physical shearing during ice crystal formation (Shao et al., 2012; Ross et al., 1990). However,
the degree to which freeze-thaw meaningfully degrades sedaDNA remains somewhat
unresolved as others have found negligible impacts from repeated freeze/thaw cycles
(Safarikova et al., 2021).

Evidence for the detrimental effects of X-rays on sedaDNA within sediments, such as
those conducted during transport at airports and customs or on the intact cores for
multi-proxy analyses of the sediment (ITRAX or uCT scanning), is currently lacking. To our
knowledge, retrieval of sedaDNA has been successful following X-rays during transport, but
should likely be minimised where possible. The impacts of X-rays on sub-fossil bone ancient
DNA during uCT scanning have been found to be particularly damaging in wet and/or frozen
materials (Immel et al., 2016). We therefore recommend limiting resolution and total
exposure to X-rays prior to sedaDNA subsampling (Immel et al., 2016).

Sediment cores and samples are often stored in specialist facilities, such as the
LacCore facility in Minnesota (Schnurrenberger et al., 2001), the Permafrost ArChives
Science (PACS) Laboratory at the University of Alberta, core repositories of the International
Ocean Discovery Program (IODP, https://www.iodp.org/resources/core-repositories), or
various institutional archives. These archival facilities not only allow for the long-term
preservation of these sediments, but provide material to allow for follow-up and reproducible
research following the Findability, Accessibility, Interoperability, and Reusability (FAIR)
principles (Wilkinson et al., 2016).

Sedimentary ancient DNA has been successfully recovered from sediments collected
years, or even decades, prior to analysis (e.g., Massilani et al., 2022; Rijal et al., 2021; Wang
et al., 2021), thereby demonstrating the value of utilising existing collections for sedaDNA
research. However, caution should be taken when using such sediments for the study of
microbes and fungi, due to the potential for secondary growth of modern-day contaminants
on, and potentially within, the sediments (Selway et al., 2022). In some instances, these
modern organisms can overwhelm the sedaDNA signal below meaningful detection levels
(see also section ‘Identification and validation: Validation’). Where possible, sediment cores



should remain sealed with plastic caps and duct-tape until immediately prior to sedaDNA
subsampling. This is to prevent microbial and fungal growth by maintaining either an
air-tight or anoxic environment within the core.

Subsampling

The goal of subsampling is to remove a small portion of sediment core or sample, either to be
used directly in a DNA extraction (~50 mg to 1 g) or to provide a larger stock of subsample
suitable for multiple extractions (~10 to 50 g) (Fig. IB&1C).

Subsampling is the first step in the workflow to be conducted ideally in a specialised
clean lab, and should always follow standard anti-contamination precautions (Epp et al.,
2019; Fulton and Shapiro, 2019). Recommended measures include bleach and ultraviolet
(UV) treatment of work surfaces and equipment, use of sterile utensils and personal
protective equipment (see also section ‘Sediment storage’), working within a HEPA-filtered
positive-pressured atmosphere, and the one-way movement of personnel and equipment from
the clean-room environment to laboratories that use high-copy and/or amplification-based
molecular biology procedures (see section 'Data generation strategies: Metagenomics'). If
access to a clean lab is not possible for subsampling, then the work environment should be
made as clean as is practical and located in an area without active ventilation and where no
previous molecular biology procedures have been conducted. Subsampling negative controls
should be used to monitor for modern-day environmental DNA contamination in a similar
manner as described in the section ‘Sediment storage’, particularly when subsampling in
non-cleanroom environments.

A detailed step-by-step guide for subsampling frozen and non-frozen sediment cores
can be found in Epp et al. (2019). Prior to and immediately after entry into the cleanroom
facility, the external surfaces of sediment sample bags/tubes and core tubes should be
decontaminated with a bleach solution. We emphasise that, whilst UV may be used to
decontaminate the surface of a subsample, chemical decontamination, such as the use of
bleach, should not be used as sedaDNA within the subsample will not be protected from
chemically-induced degradation. An alternative approach to remove surface contamination
from blocks of sediment, such as unthawed permafrost or sediment cores, is to sequentially
remove one or two exterior layers so that a previously undisturbed sector of the sediment is
subsampled similarly to that described in section ‘Sediment storage’ (Fig. 1B; Graham et al.,
2016; Pedersen et al., 2016; Parducci et al., 2017). The implements used to collect
subsamples will depend on the sediment characteristics, such as hardness and consistency,
but, in all cases, sediment in direct contact with tube edges should be avoided. If a tracer was
applied during coring, then subsamples should be taken from the exterior of the core to
confirm the presence of the tracer. Surface cores, such as those obtained by gravity coring
devices, often contain unconsolidated and/or watery sediment that may prove challenging to
subsample cleanly, but protocols are available (e.g., Pawlowski et al., 2022). Once taken, it is
standard practice to store subsamples frozen at -20 °C in an ancient DNA laboratory in
preparation for DNA extraction.



DNA extraction

The isolation and purification of sedaDNA from a sediment subsample is known as DNA
extraction. This should always be performed in cleanroom conditions and include negative
controls consisting of all steps and reagents used in the extraction protocol with no sediment
input (Fig. 2). Sediment input masses vary between protocols, but can be as low as 50 mg and
as high as 15 g (e.g., Ficetola et al. 2018; Massilani et al., 2022, Fig. 1D).

DNA extraction involves three major steps: disintegration, inhibitor removal, and
purification (e.g., Epp et al., 2019). The disintegration step frees DNA molecules that are
either mineral-bound (extracellular) or still associated with organic material in tissues or
small clumps of cells (intracellular), using physical, chemical, and/or enzymatic reagents to
break up the sediment and its organic components. Inhibitor removal steps use chemical or
physical filtering to remove complex organic molecules, such as cellular debris, humic acids
and polysaccharides, that can inhibit the downstream enzymatic molecular biology
procedures outlined in section 'Data generation strategies'. Inhibitor removal can be
non-trivial, as humic acids, for example, are biochemically similar to DNA for extraction
purposes. This means that aggressive inhibitor removal can also remove sedaDNA molecules,
whereas too lenient inhibitor removal results in the co-extraction of inhibitors (e.g., Murchie
et al., 2021). Consequently, inhibitor removal may be omitted from the extraction of DNA
from some sediment types, such as those with a low organic content where inhibitor content
is expected to be low. Purification of the sedaDNA involves the removal of remaining
cellular debris and reagents from previous steps. This can be achieved through binding the
sedaDNA to silica, which is then washed and the purified DNA released (e.g., Epp et al.,
2019), or through the use of organic phase separation (e.g., Wang et al., 2021). The resulting
sedaDNA extract should be stored frozen at -20 °C in the clean laboratory prior to
downstream molecular biology procedures.

The DNA extraction procedure is critical, as suboptimal performance in any of the
three steps listed above will adversely impact the quantity and quality of the recovered
sedaDNA. Given the wide variety and complexity of sediment types, both in terms of
geochemical and organic composition, the precise sedaDNA extraction protocol to use should
be chosen carefully and may require testing and optimisation (e.g., Sand et al., 2023). In such
a scenario, we suggest testing a candidate protocol on a small, but representative, subset of
the sediment subsamples to assess DNA extraction efficiency prior to major dataset
production. Although optimised sedaDNA extraction protocols exist for lake (Epp et al.,
2019; Capo et al., 2021; Rijal et al., 2021), cave (Slon et al., 2017), marine (Armbrecht et al.,
2020), and permafrost (Murchie et al., 2021) sediment archives, we note that these have often
been optimised for sediments from specific localities and so may not be broadly applicable.
The testing and further optimisation of DNA extraction protocols is therefore an active area
of ongoing methodological development research within the sedaDNA community, especially
with regard to improving the efficiency of both inhibitor removal from organic-rich
sediments and the release of sedaDNA from minerogenic substrates, such as smectite clay,
that tightly bind DNA molecules (Jelavi¢ et al., 2023).
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Figure 2. A schematic of the complete sedaDNA workflow after subsampling. The main steps are listed in bold.
The figure is modified from Williams et al. (2023), with illustrations of validation, environmental, and
evolutionary analyses inspired by Kjer et al. (2022), Rijal et al. (2021), and Wang et al. (2021). Note that library

preparation involves an indexing PCR amplification step. Acronyms are defined in the text. Source credit for
macrofossil images: Dr. Alexandra Rouillard.
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Data generation strategies

At present, there are three main strategies for the generation of sedaDNA data from DNA
extracts: endpoint polymerase chain reaction (PCR), amplicon, and metagenomics (shotgun,
target enrichment), which we outline below (Fig. 2). Regardless of the strategy applied, but
especially for amplicon approaches, it is recommended to use replicates at each step to verify
the consistency of detections (Ficetola et al., 2015). Both the amplicon and metagenomics
approaches involve the sequencing of DNA nucleotides, which are read using
high-throughput sequencing platforms to generate ‘sequence read’ data. Both approaches also
involve the conversion of sedaDNA into a sequencing library. Library preparation involves
the addition of sequencing adapters and indexes, both consisting of an artificial DNA
sequence, to the ends of sedaDNA molecules. The addition of adapter sequences is required
for sedaDNA molecules to be ‘read’ by the DNA sequencing platform. Indexes consist of
unique, short sequence motifs that allow libraries from different samples or replicates to be
differentiated when combined on a single sequencing run (see section 'Data generation
strategies: Sequencing'). Library negative controls should be generated in parallel with
libraries from DNA extracts.

Endpoint PCR

High-throughput sequencing may not be required for some research questions, such as
quantifying template abundance, quantifying inhibition, detecting the presence of a single
taxon, or discriminating between closely related genotypes in a sedaDNA extract. Instead,
taxon- or gene function-specific detection assays, or assays that can discriminate between a
small number of targets, might be more appropriate. Such methods are not frequently used for
detecting higher organisms (Nota et al., 2022), but are relatively common for quantifying
microorganisms (e.g., Pal et al., 2015; Pilon et al., 2019; Picard et al., 2022; Nwosu et al.,
2023).

Endpoint PCR methods rely on designing taxon- or functional gene-specific primers
(short pre-designed sequences used to initiate PCR) with high specificity during
amplification. Using quantitative PCR (qPCR) or droplet digital PCR (ddPCR), it is possible
to estimate the original number of template molecules present. The ddPCR approach has the
advantage over qPCR in that standard curves are not required for quantification and might
improve template amplification in inhibited samples (Capo et al., 2021). When the aim is to
detect a single taxon or to distinguish a small number of taxa, qPCR has been used together
with (high resolution) melting curve analysis (HRM). Melting curve analysis takes advantage
of denaturing DNA from double to single-stranded molecules, which is a function of
molecule length and GC content. For performing melting curve analysis, enough variation
between amplicons is required to create distinct melting peaks. It has been shown that even
single nucleotide polymorphisms (SNPs) can be genotyped using melting curve analysis and
specific high-resolution instruments (Liew et al., 2004). For sedaDNA applications, melting
curves have been used to assess the specificity of qPCR amplicons (Savichtcheva et al., 2011;
Domaizon et al., 2013; Nwosu et al., 2023) and for genotyping (Nota et al., 2022).
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For inhibition quantification, endpoint PCR can be used by spiking a sedaDNA
extract into a PCR designed to amplify an unrelated template, such as a synthetic control or
lambda phage (Warinner et al., 2014; Murchie et al., 2021). Assays with sedaDNA extract
inhibition will exhibit an increased cycle threshold (Ct) value, due to impeded exponential
amplification during qPCR. By comparing sedaDNA extracts in dilution series to positive
controls (i.e., with no sedaDNA extract spike), relative inhibition levels can be determined
between sedaDNA extracts.

Caution is required using endpoint PCR approaches for template quantification and
SNP detection due to the potential amplification of non-target DNA from unrelated
organisms. The specificity of endpoint PCR is generally tested on DNA from present-day
environments whereby results can be validated by independent observations. This is not
possible for sedaDNA. It is therefore strongly advised to verify that the signal is coming from
the expected target by sequencing a subset of the positive PCR amplifications. The validation
of qPCR results may be facilitated with melting curves, although different sequences can give
rise to the same melting curve profile.

Amplicon

Amplicon methods involve the high-throughput sequencing of PCR amplicons that are either
generated using a generic primer set, which amplify templates from a broad spectrum of taxa
or functional genes (metabarcoding PCR), or PCRs that simultaneously use multiple primer
sets (multiplex PCR). Primer sequences are often extended with unique, short motifs (tags)
that allow for amplicons to be assignable to their original PCR in experiments where multiple
PCR products are pooled together prior to library preparation (Binladen et al., 2007).
Metabarcoding PCR is used to simultaneously amplify sedaDNA templates from
broad groups such as vascular plants or vertebrates, and thereby assess the diversity and
composition of taxa represented within the sedaDNA extract (Fig. 2; Capo et al., 2021). This
robust, relatively cheap, and widely used technique is based on the barcoding principle
whereby a pair of generic primers bind to separate parts of the DNA template, which are
conserved across the group of interest, and flank a variable region of the template, the
‘barcode’ region, that allows for discrimination of species or genera (Nichols et al., 2019;
Taberlet et al., 2018b). As metabarcoding requires intact sedaDNA fragments that include the
primer binding sites, there is a trade-off between using a barcode that is short enough to be
compatible with degraded ancient DNA (typically <150 bp) yet long enough to be
taxonomically informative (e.g. Taberlet et al., 2007). Metabarcoding is a highly sensitive
technique, which makes it ideal for detecting template molecules that occur at ultra-low
concentrations in a sedaDNA extract. However, it is also prone to amplification biases
(Ziesemer et al., 2015; Nichols et al., 2018; Capo et al., 2021) and is sensitive to
contamination. Human contamination can be particularly problematic for animal
metabarcoding assays, and so blocking primers, which compete with metabarcoding primers
during binding to human template molecules, have been developed to limit the amplification
of contaminating human DNA (e.g., Boessenkool et al., 2012). Contamination sensitivity
coupled with the fact that PCR amplicons cannot be authenticated using deamination-based
damage profiles (see also section ‘Identification and validation: Validation’) means that
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metabarcoding assays should not target bacteria or human sedaDNA and caution should be
applied to studies of plants, fungi, and animals (Table 1, see also Chapter 11).

Multiplex PCR uses multiple primer sets within a single PCR reaction to target
multiple templates simultaneously. This greatly increases the amount of information obtained
and eliminates the need to run multiple reactions, which deplete sedaDNA extracts and
increase costs (Taberlet et al., 2018a). Multiplex PCR has been applied to ancient DNA to
improve the taxonomic resolution of key taxa that are otherwise difficult to resolve with a
single primer set (Coté et al., 2016). Based on applications to modern environmental DNA,
multiplex PCR could be applied to sedaDNA to study cryptic species (Brosseau et al., 2019),
simultaneously target multiple broad taxonomic groups of interest (Weber et al., 2023), or
recover population-wide genotyping data (Andres et al., 2021). However, the increased
complexity of multiplex PCR can cause problems and therefore requires careful consideration
during study design (Ficetola and Taberlet, 2023). First, all primers need to have compatible
annealing temperatures and amplify templates of comparable size, in order to ensure equal
amplification. Secondly, the primers included have to be selected so as to avoid potential
dimer formation during the PCR (Coté et al., 2016; Taberlet et al., 2018a). These issues can
be mitigated by dividing the primer sets into several multiplex PCRs with their own specific
annealing temperatures, lengths, or lack of hybridising partner primers, though at increased
cost (Coté et al., 2016; Brosseau et al., 2019). Another concern is that of different template
concentrations when multiplexing metabarcode primers that target multiple taxonomic
groups, which can result in uneven amplicon concentrations after PCR. Adjustments can be
made to the primer concentrations to offset these issues, but optimisation can require
considerable time (Taberlet et al., 2018a). Lastly, the complexity multiplex PCR data may be
challenging to bioinformatically analyse (Ficetola and Taberlet, 2023).

Metagenomics

Metagenomics-based data generation approaches involve the conversion of total sedaDNA in
an extract into a sequencing library followed by either direct sequencing (shotgun strategy) or
by a targeted enrichment step to enrich the library for sedaDNA molecules of interest prior to
sequencing. In both cases, entire sedaDNA molecules are sequenced, allowing both for
molecules too short for amplicon approaches to be analysed and for the assessment of DNA
damage profiles (see section ‘Identification and validation”).

Shotgun metagenomics is the most conceptually simple form of sequence data
generation, whereby any of the sedaDNA molecules present in a DNA extract can potentially
be sequenced. As sedaDNA molecules can exist in either single- or double-stranded form
(i.e., a half or complete double helix), shotgun library preparation procedures can either target
the double-stranded fraction (e.g., Meyer and Kircher, 2010) or both the double- and
single-stranded DNA molecular components (e.g., Gansauge et al., 2017). Traditionally,
double-stranded DNA library preparation has been preferred due to simplicity and lower cost
(e.g., Graham et al., 2016; Pedersen et al., 2016; Wang et al., 2021), but methods that also
target the single-stranded DNA component are now economically competitive (Kapp et al.,
2021) and are being used in an increasing number of studies (e.g., Schulte et al., 2021;
Courtin et al., 2022). Once the sedaDNA extract has been converted into a library, it is
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directly sequenced without any form of enrichment. The resulting data therefore represent,
relative to other methods mentioned in this section, an unbiased snapshot of the sedaDNA
extract. Given that total sedaDNA is generally dominated by bacteria and fungi (or are
unidentifiable), shotgun metagenomics data are often overwhelmed by sequences from these
taxa (e.g., Pedersen et al., 2016; Lammers et al., 2021) (see also section ‘Identification and
validation: Identification’). If the aim is to study plants and animals, which are typically
present in very low proportions of shotgun metagenomics data, then additional analyses
beyond the detection of taxa and assessment of DNA damage may not be feasible or
economically justifiable. For other questions, such as those requiring population-level data,
then a targeted enrichment approach may be more appropriate.

Targeted enrichment, also referred to as targeted or hybridization capture, provides a
middle ground for sedaDNA sequence data generation by targeting only a subset of the
library molecules that align with the research question, akin to metabarcoding, but by
capturing entire sedaDNA molecules, akin to shotgun metagenomics. This approach therefore
allows for a greater proportion of sedaDNA of interest to be analysed and to be assessed via
DNA damage analyses. Targeted enrichment uses pre-designed DNA or RNA ‘bait’
molecules, also known as probes, to capture complementary molecules in a shotgun
metagenomics library. Uncaptured ‘off-target’ molecules are then removed, thereby enriching
the library for sedaDNA molecules of interest (e.g., Armbrecht et al., 2021; Murchie et al.,
2021; Soares, 2019; Vernot et al., 2021). A weakness of the target enrichment approach is
that it requires a priori knowledge of the reference sequences required to design baits,
although, if uncontaminated specimens are available, probes can also be generated directly
from modern DNA (e.g., Maricic et al., 2010). However, experimental parameters (i.e.,
hybridisation temperature) can be modified to reduce the specificity of the capture, which can
allow for the enrichment of more distantly related desired sequences but also increase the
likelihood of capturing undesirable off-target molecules. Targeted enrichment has been used
in sedaDNA studies to capture barcode loci (Murchie et al., 2021), functional genic loci
(Armbrecht et al., 2021), mitochondrial and chloroplast genomes (Slon et al., 2017; Schulte et
al., 2021; Kjer et al., 2022), and genome-wide data (Vernot et al., 2021) from either single
species or whole plant and animal communities. The application of target enrichment to
generate genome-wide data is an area of anticipated growth that will allow for the
investigation of evolutionary and population-level questions using sedaDNA (see section
‘Identification and validation: Validation”).

Sequencing

The final step of sequence data generation is the high-throughput sequencing of amplicon and
metagenomics libraries, in which the library molecules are ‘read’ to produce sequencing
reads that are used for downstream bioinformatics analyses. At present, sedaDNA sequencing
is performed almost exclusively on short-read //lumina next-generation sequencers due to
low cost and high-throughput, producing >107-10° reads in a single sequencing run. However,
we note that emerging short-read sequencers, such as the PacBio Onso platform that has a
lower error rate than [/llumina, may become dominant in the future (Eisenstein, 2023).
[llumina sequencing can be performed either in single-end mode, whereby library molecules
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are read from one end only, or in paired-end mode, in which molecules are read from both
ends. Single-end sequencing may be more economical whereas pair-end sequencing has a
lower error rate due to parts of the library molecule being read twice.

Due to the high throughput of DNA sequencers, it is often desirable to multiplex
libraries, whereby multiple samples are sequenced on the same run. DNA reads from
individual libraries are then identified based on their library index (see introduction to this
section) and demultiplexed during pre-processing (see section ‘Data pre-processing and
denoising’). Index-hopping, whereby a read is assigned the wrong index, will result in a form
of cross-contamination between libraries, whereas tag-jumping is the within-library
equivalent for amplicon experiments (Rodriguez-Martinez et al., 2023). These artefacts can
be avoided by using a unique dual-indexing strategy, in which each library molecule has two
indexes (Kircher et al., 2012), the use of unique dual-tags in amplicon experiments (Binladen
et al., 2007), unique molecular identifiers in library preparation (MacConaill et al., 2018),
and/or by not including genomic DNA libraries on the same sequencing runs as sedaDNA
libraries (Graham et al., 2016). If unique dual-tagging/indexing is used, then the incidences of
library index-hopping and amplicon tag-jumps can be checked using the prevalence of
unexpected tag and/or index combinations (Zinger et al., 2019; Rodriguez-Martinez et al.,
2023)

Lastly, it is crucial that negative controls from each step in the data generation
pipeline (e.g., sampling, DNA extraction, PCR amplification or metagenomic library
preparation) are sequenced to monitor for contamination, and, where possible, trace its
origins in the workflow.

Data pre-processing and denoising

The first bioinformatics step in processing sedaDNA sequence data is to filter out sequences
and reads that are either experimental artefacts or have insufficient information content to be
confidently identified and authenticated. Pre-processing consists of demultiplexing, or
‘separating’, of libraries together with the removal of library adapter/primer sequences and, if
applicable, merging of overlapping paired-end reads. While library demultiplexing is often
performed by the sequencing platform’s on-board software, read merging and adapter/primer
trimming are achieved using tools such as fastp (Chen et al., 2018), AdapterRemoval2
(Schubert et al. 2016), or SeqPrep (https://github.com/jstjohn/SeqPrep). Denoising then
removes reads that are of an incorrect length, have low information content, and/or are
duplicated. Pre-processing steps are generally identical for both amplicon and metagenomics
experiments, whereas denoising procedures diverge.

In an amplicon experiment, denoising involves the removal of reads that are likely to
represent artefacts or off-target amplification. This includes reads that lack expected primer
and tag sequences and/or are longer or shorter than the expected amplicon length (including
primers and tags). Duplicated amplicon reads are then collapsed to a single representative
read, often whilst also accounting for errors introduced by PCR or sequencing. After
denoising, amplicons may be kept as amplicon sequence variants (ASVs) or collapsed by a
pairwise-identity threshold (e.g., 95%) into molecular operational taxonomic units (MOTUs)
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prior to identification. The short lengths of sedaDNA amplicons generally result in reduced
taxonomic precision with the MOTU approach, and so ASVs are more commonly used for
identification. Pipelines for denoising of amplicon data include ObiTools (Boyer et al., 2016),
Anacapa (Curd et al., 2019), and LULU (Freslev et al., 2017).

Denoising of metagenomics data is more complex, as there is no a priori expectation
regarding DNA fragment length and sequence complexity. Denoising procedures therefore
focus on the removal of reads with low information content, such as those shorter than
~25-35 bp (Graham et al., 2016; de Filippo et al., 2018; Wang et al., 2021) and/or exhibiting
low sequence complexity such as tandem repeats (e.g., Graham et al., 2016; Pedersen et al.,
2016). Read duplicates can either be removed during denoising or after alignment (see
section ‘Identification and validation’). As metagenomics analysis of sedaDNA is a recent
development, the denoising of these data is currently not standardised between studies.

While there are well-established tools for pre-processing and the denoising of
amplicon data, the denoising of metagenomics data is likely to be further developed and
optimised to allow for standardisation between data sets collected by different research
groups. In addition, iterative testing of settings may be required to determine optimum
filtering thresholds that are likely to be data set specific.

Identification and validation
Identification

After data denoising, retained sequences are taxonomically assigned by comparison to a
reference database, followed by refinement of these identifications based on the application
of filtering thresholds and a priori knowledge (Fig. 2).

Taxonomic assignment can be achieved either by aligning whole reads (mapping) or
comparing unique equal-size motifs (k-mers) within reads to a reference database. K-mer
based assignments are rapid and scalable but can result in high proportions of false positives
due to reduced specificity from the minimum k-mer-size limit. Mapping-based approaches
have the opposite characteristics. For metagenomics data, widely used software for k-mer
based analyses includes KRAKEN2 (Wood et al., 2019), whereas BWA (Li and Durbin,
2009), Bowtie2 (Langmead and Salzberg, 2012), and BLAST (Altschul et al., 1990) are used
for mapping with Bowtie2 as the basis for the Holi pipeline (Pedersen et al., 2016). The
relatively small size of amplicon datasets means that mapping approaches with software such
as ObiTools (Boyer et al., 2016) and Anacapa (Curd et al., 2019) are commonly used.

Reference databases can consist of barcodes (e.g. BOLD (Ratnasingham and Hebert,
2007), SILVA (https://www.arb-silva.de/), mitochondrial or chloroplast genomes (e.g. NCBI
RefSeq (O’Leary et al., 2016), PhyloNorway for Arctic plants (Wang et al., 2021), single
nuclear genomes, multiple genomes (e.g. NCBI RefSeq, the Genome Taxonomy Database
(GTDB; https://gtdb.ecogenomic.org/) for Bacteria and Archaea (Parks et al., 2022)), or
global nucleotide databases (e.g. EMBL, NCBI). High quality, complete, and well curated
reference databases are essential for accurate taxonomic assignment. It is therefore important
to have a representative reference database containing not only taxa expected from the region,
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but also common contaminants and taxa closely related to those that are expected (e.g.,
Graham et al., 2016; Kjar et al., 2022). Database incompleteness can lead to both false
negatives, due to the absence of a reference close enough to the sedaDNA sequence in
question, or false positives, due to the presence of a close relative to the sedaDNA sequence
that is not the correct taxon. Although global nucleotide databases are often the most
complete in terms of taxonomic coverage, they are minimally curated with errors occurring in
taxonomic labelling and/or sequence quality within the database. Furthermore, global
databases are generally over-represented by model and human-related organisms, such as
animal husbandry, crop, and disease taxa, and so caution should be applied when identifying
sedaDNA, especially if from natural environments, to avoid false positives. On the other
hand, barcode databases for amplicon data are generally more straightforward, complete, and
well-curated since the genomic region is constrained. Reference databases should therefore
be selected carefully with consideration of the research question and data generation strategy
used. We highlight that, at present, genomic reference databases are sparse for many groups
of non-model organisms, such as invertebrates, fungi, and microbes.

The taxonomic resolution of a sedaDNA sequence identification is dependent on its
length and whether it originates from a genomic region with diagnostic motifs for assignment
at high taxonomic resolution such as the species or population level. For this reason,
amplicon and target enrichment experiments are specifically designed to enrich
taxonomically-informative genomic regions. On the other hand, taxonomic classification is
usually less specific with shotgun metagenomics data, as these data originate from any part of
the genome including from large genomic tracts that are shared between organisms. This
reduced specificity may be exacerbated if reference genomes are lacking for the target taxa.
Regardless of data generation strategy, there will be sequences, especially those that are short
(~30-60 bp), that can only be identified to the genus level or higher. These identifications are
achieved using lowest common ancestor (LCA) algorithms, which are automatically applied
in the amplicon mapping and k-mer softwares listed above, but specialised software exists for
other pipelines [e.g., MEGANG6 (Huson et al., 2016), ngsLCA (Wang et al., 2022), PIA
(Cribdon et al., 2020)]. LCA algorithms assign the sequences to a taxonomic level that all
share the same sequence at a given genetic region. It is therefore important that the used
alignment software, such as Bowtie2, outputs all possible alignments and not only the
selected best hit.

Setting a threshold can increase the confidence of detections by reducing false
positives caused by errors and artefacts. These ‘above the detection limit’ thresholds, or
cut-offs, can be based on read counts assigned to a certain taxon, the presence of taxa in the
negative controls, or whether the detection is replicated. The latter is particularly applicable
to amplicon experiments, where sporadic false-positive detections can be commonplace.
However, threshold values can be rather arbitrary and experiment-specific, and so there is a
need for better standardization and more objective approaches to setting cut-off values for
sedaDNA-based detections.

The curation of identifications after bioinformatics-based assignments may be helpful
in cases where there is an obvious or well characterised error in the assignment. For example,
when using a global database, an assignment may be to an exotic taxon as the expected
locally-occurring and closely-related taxon is absent from the database. While this step may
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be necessary at present, increased database completeness coupled with incorporating
biogeographic data into assignment algorithms should reduce the need to curate data in
future.

Validation

A critical stage of bioinformatic processing and interpretation is data set validation using
sedaDNA authentication evidence (Fig. 2), comparison to independent proxies, and scrutiny
of potential taphonomic impacts. For characterising little understood, difficult, or complex
study systems, such as abyssal plain and/or deep-time sediments, then simulated or synthetic
datasets can be used to test assignment specificity.

Given its propensity for results to include contamination, evidence for the existence of
authentic sedaDNA molecules should always be presented as part of a study (Smith et al.,
2015; WeiB} et al., 2015; Kistler et al., 2015). For metagenomics datasets, authentication
evidence includes assessment of DNA fragment lengths, which should average <100 bp, and
the existence of ancient DNA damage as exhibited by the deamination-induced excess of
cytosine-to-thymine misincorporations at the ends of molecules (Dabney et al., 2013). Tools
now exist to explore metagenomic sedaDNA damage profiles across multiple taxa
simultaneously (Michelsen et al., 2022; Everett and Cribdon, 2023). A basal or divergent
phylogenetic placement, as compared to a well-sampled modern-day reference panel, may
also provide supporting evidence for sedaDNA being ancient, but these analyses require
genome-wide data and relatively large quantities of reads for a given taxon (Pedersen et al.,
2021; Kjer et al., 2022). In both amplicon and metagenomics experiments, negative controls
are used to detect contaminant taxa and therefore test the veracity of a sediment
sample-derived detection. We note that some taxa, such as domesticated plants and animals,
are often sporadically detected in negative controls due to contamination, but may be
reproducibly detected in samples, and so results should therefore be interpreted cautiously
(see also Chapter 11). We highlight that, unless the negative controls were also impacted,
cross-contamination cannot necessarily be detected using these authentication approaches.

An independent source of validation is to compare occurrences of taxa in sedaDNA
and other proxy data sets from the same sediment profile. For example, macrofossils, pollen
and coprophilous spore records can be used to cross-validate plant and mammalian sedaDNA
datasets, respectively (Graham et al., 2016; Clarke et al., 2020; ter Schure et al., 2021; van
Vugt et al., 2022; Kjer et al., 2022; Garcés-Pastor et al., 2022). However, it is important to
account for proxy-specific taphonomic factors when comparing multiple proxies in this
manner. For instance, plant pollen provides a regional signal dominated by wind-dispersed
taxa, whereas sedaDNA provides a local signal of both wind and pollinator-dispersed plant
taxa. The two proxies therefore give different yet complementary patterns (Parducci et al.,
2015; Clarke et al., 2020).

Sedimentary ancient DNA data sets are also prone to sources of error, including
taphonomy-induced taxon dropout and leaching in some environments that can impact
environmental and evolutionary inferences (see section ‘Environmental and evolutionary
analysis’; Sand et al., 2023). If DNA from a subset of taxa overwhelms the sedaDNA signal,
also known as ‘swamping’, due to, for example, a taxonomically heterogenous distribution of
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sedaDNA within the sediment sample, then this could lead to drop out of the
underrepresented taxa resulting in false negatives (Alsos et al., 2020). The vertical leaching
of sedaDNA between sediment layers, through the movement of porewater, is a serious
concern, as this could lead to erroneous interpretations of the timing of events inferred from
the sedaDNA record (Haile et al., 2007). Leaching can be monitored by comparison to
independent proxies and/or assessing the rapidity of turnovers, as a clear rapid turnover
would not be apparent from a severely leached sediment profile. Although leaching may be
an issue for sediments that allow the movement of porewater, the growing body of literature
suggests leaching does not occur in waterlogged sediments (e.g., Graham et al., 2016;
Sjogren et al., 2017).

Environmental and evolutionary analysis
Environmental analysis

The environmental analysis of sedaDNA data follows the same principles as for other more
traditional palaeoecological and archaeological proxies, such as pollen and spores, whereby
detections, interpreted as either presence/absence or relative abundance data, are mapped by
taxonomy and time. This allows for analysis of co-correlating taxa (communities), periods of
community change (turnovers), within- and between-species biogeography (Schulte et al.,
2022), and times of first or last occurrence (e.g. Graham et al., 2016; Ficetola et al., 2018;
Alsos et al., 2022), as well as the calculation of biodiversity indices (e.g., Chen and Ficetola,
2020) and the identification of independent drivers of changes such as climate or human
impact (e.g. Clarke et al., 2019; ter Schure et al., 2021; Garcés-Pastor et al., 2022; Barouillet
et al., 2023) However, it is important to account for false negatives in sedaDNA-derived
environmental datasets (Chen and Ficetola, 2020) and for heterogeneity when combining
datasets from multiple sites (Rijal et al., 2021). The key difference over traditional proxies is
the taxonomic precision of sedaDNA identifications, which can be to the genus, species, and
even population level (e.g., Garcés-Pastor et al., 2022) coupled with the potential for scalable
and simultaneous analysis of multiple ecosystem components (e.g., Wang et al., 2021;
Courtin et al., 2022).

The use of sedaDNA abundance data, based on relative read counts assigned to taxa,
to infer either relative biomass or relative abundance of individuals, both key measures for
many environmental analyses, is controversial and poorly understood in palacoecological and
archaeological systems. This is because multiple biological, taphonomic, and experimental
factors can theoretically cause severe deviation between sedaDNA abundance and the true
past relative biomass or individual abundance of taxa (see also Chapter 2; Capo et al., 2021).
Controlled experiments (e.g., Alsos et al., 2018) coupled with a greater diversity of
palaeoecological and comparative ecological datasets will be needed to understand whether,
and if so in what contexts, sedaDNA abundance is indicative of past relative biomass or
relative individual abundance.

A new and exciting application of sedaDNA for environmental inference is using trait
analysis to examine the development of environmental, structural, and functional changes
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across communities through time. This is possible due to the species discriminating power of
sedaDNA, but has so far only been applied to plants (Alsos et al., 2022; Revéret et al., 2023)
and microorganisms (Keck et al., 2020). We anticipate that the use of ecological traits will be
expanded across multiple taxonomic groups thereby allowing for integrated multi-trophic
trait analysis to unveil palaco-ecosystem reconstructions in unprecedented detail.

Evolutionary analysis

Amongst sediment-derived proxies, sedaDNA is unique in its ability to simultaneously track
evolutionary change in multiple taxa and components of ecosystems through time (e.g.,
Dussex et al., 2021; Gelabert et al., 2021; Capo et al., 2022). This includes reconstructing
mitochondrial and chloroplast genomes for phylogenetics, detecting population turnovers,
characterising population histories, tracking functional responses to past environmental
stressors (Poulain et al., 2015), and reconstructing genome-wide data for dating the age of
sedaDNA (Fig. 2).

As sedaDNA is derived from entire genomes of multiple taxa, the analysis of
reconstructed environmental palacogenomes or genome-wide datasets can allow for
serially-sampled evolutionary analyses of multiple taxa simultaneously. Such analyses are
possible if data cover multiple alleles, which include datasets generated by shotgun
metagenomics and certain target enrichment or multiplex PCR assays. The major challenge
of using these data for evolutionary analyses is that sedaDNA is a complex mixture derived
from multiple individuals and taxa. This precludes the possibility of some evolutionary
analyses, such as those requiring estimates of individual heterozygosity (e.g., inbreeding).
However, population structure, turnover, and admixture analyses can be used (e.g., Gelabert
et al., 2021; Pedersen et al., 2021; Vernot et al., 2021), as the multi-individual composition of
sedaDNA (the “environmental genome”) is effectively a population sample in a similar
manner to a single genome derived from an individual organism (Pedersen et al., 2021). For
the reconstruction of mitochondrial and chloroplast genomes (Seersholm et al., 2016; Schulte
et al., 2021), which often consist of multiple haplotypes within a population and can be
sequenced to high coverage, it is possible to tease apart haplotypes within a single sedaDNA
extract based on relative allele frequencies. Haplotypes can then be placed into phylogenies
(Lammers et al., 2021; Murchie et al., 2022). By comparing the haplotypic and population
structure composition of sedaDNA extracts across a sediment profile i.e., through time, it is
possible to detect population turnovers (e.g., Vernot et al., 2021).

Given sedaDNA can be preserved over evolutionarily relevant timescales, molecular
tip-dating approaches may be applied to reconstructed haplotypes to provide an independent
age estimate of the sediment layer (e.g., Shapiro et al., 2011). Tip dating leverages the fact
that ancient haplotypes are missing evolutionary changes that would have evolved during the
time since the sedaDNA was deposited. By using a reference panel of well-dated comparative
sequences and assuming a molecular clock, it is possible to use this missing evolution to
estimate an age for the haplotype and therefore the sediment layer. This has been applied to
Early Pleistocene sediments from northern Greenland, which showed remarkable agreement
between the tip-dated ages of both birch (Betula) and mastodon (Mammut) haplotypes (Kjer
et al., 2022). Molecular clock dating has also been applied to reconstructed mammal
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mitochondrial genomes from Late Pleistocene Eurasian cave sediments, including those
derived from human (Homo sapiens), hominin (Homo), wolf (Canis), bison (Bison), and red
deer (Cervus) (Gelabert et al., 2021; Vernot et al., 2021; Essel et al., 2023). However, tip
dating methods are reliant on the accurate recovery of a single haplotype for each age
estimate.

For any evolutionary analyses, it is crucial that sedaDNA derived from other taxa is
not mis-characterized as originating from the taxon under investigation. To avoid this, loci
that are easily differentiated between related taxa can be targeted (Vernot et al., 2021) or
competitive mapping approaches can be applied, whereby reads are simultaneously mapped
against multiple related reference genomes to determine the most appropriate identity (e.g.,
Pedersen et al., 2021; Kjer et al., 2022). The ability to conduct population-level evolutionary
analyses is dependent on available reference datasets for the taxa under investigation.

The application of evolutionary analyses to sedaDNA data is a recent development,
with the first mitochondrial and genome-wide reconstructions only published in 2016 and
2021, respectively (Seersholm et al., 2016; Vernot et al., 2021). However, the recovery of
sufficient reads for the taxa of interest remains a bottleneck for genomic investigations in
metagenomic studies, although target enrichment methods show promising results for
specific taxa (e.g., Vernot et al., 2021). Consequently, we anticipate that there will be
significant methodological innovation to fully leverage sedaDNA for evolutionary analyses in
the near future, in particular for the integrated analysis of multiple taxa (Dussex et al., 2021).

Data and script availability

The volume of sedaDNA datasets is growing exponentially both in terms of counts of
publications (Capo et al., 2021; Von Eggers et al., 2022) and dataset size (e.g., >700 samples
in Zavala et al., 2021). Regardless of data generation strategy, these datasets have huge
potential for re-analysis, for example due to newly available reference databases
exponentially expanding from increased global genome sequencing efforts (Lewin et al.,
2018), improved or extended analytical methods (Williams et al., 2023), and/or basic
reproducibility. It is therefore crucial that researchers continue to make their raw sequence
data publicly and freely available, as is also common in the general ancient metagenomics
field (Fellows Yates et al., 2021). Going forward as bioinformatic methods continue to
develop, it is increasingly important that scripts, tools, and pipelines are also made publicly
available, which will enable continued rapid innovation and discovery in the field (e.g.,
Cribdon et al., 2020; Lammers et al., 2021; Michelsen et al., 2022). International efforts are
also underway to integrate sedaDNA data into existing public repositories of
palaeoecological and archaeological proxies (e.g., Neotoma Paleoecology Database; Williams
et al., 2023).
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Future directions

Development and optimisation of the molecular biology and bioinformatics steps of the
sedaDNA workflow is an ongoing endeavour by the research community. Based on current
trends, there is the distinct possibility that target enrichment will supersede the
metabarcoding approach, and that shotgun metagenomics may eventually supersede target
enrichment. This is due to the ongoing decline in sequencing costs, the increasingly routine
automation of laboratory steps (Gansauge et al.,, 2020), coupled with the accelerating
availability of reference genomes (Lewin et al., 2018), although new efficient computational
pipelines for sedaDNA sequence identification will be required to leverage these increasingly
large data sets. In addition to higher throughput in the laboratory, robotisation may contribute
to the standardisation of sediment collection and sampling steps and further minimise
contamination risks in the field. We speculate that these advances will lead to new
applications for sedaDNA data, such as the detection of single alleles to infer population
history at a site through time (Dussex et al., 2021; Vernot et al., 2021) or using sedaDNA
damage profiles as a routine relative dating method within a sedimentary sequence.

Summary

Sedimentary ancient DNA is a relatively new and highly promising approach for deriving
palaeoenvironmental and evolutionary information from sediments. However, the workflow
used to collect, generate, and analyze sedaDNA data is complex and experiencing ongoing
rapid innovations. In this chapter, we have provided an overview of the sedaDNA workflow
currently employed in palaeoenvironmental research, by outlining the rationale, general
approach, pros and cons, pitfalls, and future perspectives for each workflow step.
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