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Abstract

Molecular forensic techniques to trace DNA
from surfaces and sediments have played
important roles in conservation and species
protection for decades, but their application
in the field of ecology is not as well
established. In the 1990s, forensic sequencing
was applied to non-human samples,
illuminating how DNA shed in the environ-
ment can be used to track species, populations,
and individuals, with implications for animal
conservation and management cases. Concur-
rently, molecular markers such as DNA
barcodes were increasingly being published
for systematics and biodiversity surveys.
Now, forensic techniques are being applied
as metabarcoding and metagenomics for ecol-
ogy and conservation, taking advantage of
massive biodiversity DNA reference databases
to trace and characterize everything in envi-
ronmental samples from individuals to whole
communities, revealing the provenance and

timing of events. Sequencing environments
across space and time provides key ecosystem
biometrics that point to the causes—and often
the culprits—of ecological change. Ecological
forensics broadens translational research
opportunities in conservation, policy, and
environmental justice. This chapter specifi-
cally focuses on the increased use of environ-
mental DNA (eDNA), which can be collected
from soil, sediment, water, or air, in forensic
ecological research from real-time to deep
time. The rise of this new subdiscipline has
the potential to shape the future of biodiversity
management and discovery globally.
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An Introduction to Ecology,
Biodiversity, and Forensics

Ecology is a broad scientific field, focused on
describing organismal interactions with their
associated environment (Owen and Owen 1974).
Modern ecology focuses on understanding spe-
cies presence, niches, and how species interact
with the ecosystem across trophic levels
(Futuyma and Moreno 1988). Documented
increases in the severity and duration of
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disturbances are making ecological-based studies
more commonplace, forcing the integration of
novel methods and techniques to assess how
organisms influence ecosystem function, and
vice versa.

Traditional ecological techniques such as
visual surveys, video surveillance, and trapping
are commonly employed to monitor species.
These techniques, however, are time-consuming
and involve personnel highly trained in a given
taxonomy. The use of molecular methods may
prove more reliable, or may complement tradi-
tional observation, and facilitate long-term moni-
toring. Monitoring multiple species at a time is
important because environmental resilience and
resistance to disturbance depend on species
interactions in a system.

Biodiversity is integral to ecosystem function.
Highly biodiverse ecosystems such as coral reefs
(Hughes et al. 2007), rainforests (Hoorn and
Wesselingh 2010), and kelp forests (Steneck
et al. 2002) have complex food webs, biogeo-
chemical cycles, and disturbance response
strategies, potentially yielding natural systems
more resilient to disturbances. Compromises to
biodiversity, however, can result in lower func-
tionality (e.g., coral reefs, kelp forest). Biodiver-
sity measurements indirectly provide assessments
of ecosystem function (Pauchard et al. 2018).
Ecological forensics investigates changes to a
system that affect biodiversity, which may require
changes in human practices, such as modified
fisheries policy (Ogden 2008) and criminal pun-
ishment for illegal or damaging actions such as oil
spills (Mudge 2008). Ecological forensics also
encompasses applications of forensics techniques
to solve ecological mysteries such as trophic
changes (e.g., Tolimieri et al. 2013; Jouta et al.
2017) that can be interpreted with regard to a
legislative framework.

Biodiversity is measured at all organizational
levels of the ecosystem, from the diversity of
genes within a sample, genetic diversity of
populations, or phylogenetic or taxonomic com-
position of communities to intersecting species
occurrence dynamics in order to describe the
macrosystem (Pauchard et al. 2018). Species in
a community that provide similar functions, such

as the ability to metabolize certain elements like
nitrogen or sulfur, form functional guilds
(Blondel 2003). Functional guilds are long-
standing pillars of biodiversity organization for
ecological study, for example, microbial func-
tional guilds create the foundations upon which
higher trophic levels can assemble (Borst et al.
2018). Strong richness and compositional diver-
sity within a guild as well as between guilds
create highly functional ecosystems, with a stron-
ger resilience to disturbance, such as a storm,
introduction of a pollutant, or altered nutrient
availability. With these concepts in mind, ecolog-
ical forensic research seeks to determine the root
cause of ecological change that affects biodiver-
sity on the genetic, phylogenetic, or functional
guild level and to apply these findings to crime
and policy.

Box 1 When a Hallmark Food Web Needs
Ecological Forensics
A pillar of ecology is the recognition that
species distributions and abundances are
dynamically driven by trophic interactions.
In some locations, kelp forest ecosystems
undergo phase shifts (Estes et al. 2004)
between kelp-dominated and crustose cor-
alline algae-dominated, depending on the
abundance of sea otters (Enhydra lutris).
Sea otters maintain the ecosystem through
a top-down trophic cascade, and their plight
has earned them the place as a poster child
of a keystone species that must be
protected. Sea otters were nearly over-
hunted to extinction, both caused by
humans since European arrival (Watson
2000). Once thriving with over 300,000
individuals, their numbers decreased to
~2000 in only 13 locations during the fur
trade (Bodkin 2015). The reduction of
grazing pressure on kelp resulting from
the decline of sea otters broadly reshaped
coastal kelp ecosystems. The recovery of
sea otter populations has remarkably
improved the functioning of kelp
ecosystems and benefitted local human

(continued)
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communities who can make use of
increased fisheries resources associated
with kelp forests (Gregr et al. 2020). None-
theless, there is almost no genomic diver-
sity in southern and northern sea otter
populations (Beichman et al. 2019), which
makes populations vulnerable.

A recent threat to sea otters has emerged:
Toxoplasma gondii, which causes menin-
goencephalitis disease. In 2004, Toxo-
plasma caused 16% of sea otter mortality
in recovered carcasses. Pathology and
multilocus genotyping of the Toxoplasma
parasite from otter carcasses and nearby
cats revealed cats transmit the most lethal
strains of the parasite (Shapiro et al. 2019).
Snails, other mollusks, and crustaceans at
the adjunct of freshwater runoff and coasts
may bioaccumulate Toxoplasma and facili-
tate its ingestion by otters. University of
California (UC) Davis researchers
identified marine snow as another
bioaccumulator that may enrich kelp beds
with the parasite (Shapiro et al. 2012).
While direct amplification of Toxoplasma
from crustaceans and kelp has been pro-
posed as biomonitoring strategies (Bigot-
Clivot et al. 2016), community-based envi-
ronmental DNA (eDNA) research has
revealed that metabarcoding of the 18S
rRNA locus from soil, sediment, or water
can all detect Toxoplasma without
harvesting or harming any organisms
(inset figure shows results of 13 positive
detections from August 2020; Map from
www.ucedna.com, no copyright, permis-
sion from author Rachel Meyer; inset by
DPDx Parasite Image Library from https://
en.wikipedia.org/wiki/Toxoplasma_
gondii#/media/File:Toxoplasma_gondii_
tachy.jpg). With this data, people can better
protect the keystone otter-kelp forest eco-
system that our own species almost wiped
out once and that activities such as allowing
domestic cats to roam outside continue to
threaten.

To explore dimensions of biodiversity and the
ecosystem by surveying DNA molecules in the
environment, such as using DNA sequences to
discern guilds (Bouskill et al. 2012; Nguyen
et al. 2016), researchers must consider the nature
of deposition and the temporal footprint of
molecules. Most organisms shed DNA through-
out their development as they move through the
environment. Certain events like spawning or
release of pollen can increase DNA (Fahner
et al. 2016) in the environment, as can death
(Tillotson et al. 2018). DNA molecules can either
rapidly degrade or remain preserved for many
thousands of years (Taberlet et al. 2018),
depending on the local environmental conditions,
and thus can be useful to characterize systems and
assess changes to biodiversity at many space-time
scales (e.g., Petrou et al. 2019).

For the last 30 years, the field of forensics has
heavily relied on DNA detection and sequencing
to solve crimes (Roewer 2013). DNA fingerprint-
ing, microsatellites, and whole genome
resequencing have been used to track criminals
from cells shed at the scene of a crime from the
hair, skin, blood, or semen (Jeffreys et al. 1985).
The quick touch of a mirror or door handle can
leave behind sufficient genetic signatures for
police and prosecutors to capture the criminal
and solve the crime (Roewer 2013) by direct
match or by associative evidence such as a
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location-specific microbiome (Pechal et al. 2014).
Human DNA from a crime scene is usually
directly linked to sequences in curated reference
databases such as the Combined DNA Index Sys-
tem (CODIS) that contains reference sequences
from victims and registered criminals. In recent
years, next-generation and third-generation DNA
sequencing has enabled hundreds of thousands of
genetic markers to help solve cases through more
complex analyses, such as by using genetic
genealogies with GEDmatch or FamilyTreeDNA
data (Greytak et al. 2019). In turn, a revolution in
non-human DNA detection and analysis has also
occurred. This is how the Golden State Killer was
caught by scientist Barbara Rae-Venter.

The employment of forensics to match a cat
hair to a specific cat helped solve a murder case
(Menotti-Raymond et al. 1997) in the early 1990s
and was quickly followed by use of the same
techniques in conservation genetics to monitor
poaching and trafficking (e.g., tigers; Kitpipit
et al. 2012) as well as crime involving domestic
species (Budowle et al. 2005). Programs like
RhODIS were designed to mirror the CODIS
databases, wherein select genomic loci were
matched to solve confiscated rhino horn and
poaching cases (Harper 2011; Harper et al.
2018). Concurrently, the establishment of DNA
barcoding (Nanney 1982; Hebert et al. 2003)
became important in basic biology (e.g., in sys-
tematics and ecology), and this also became valu-
able reference molecular information for
environmental and conservation forensics, lead-
ing to the growth of DNA databases that represent
the tree of life (e.g., National Center for Biotech-
nology Information, NCBI; Barcode of Life Data-
base, BOLD). NCBI’s GenBank exceeds 700,000
taxa in the year 2020.

Biodiversity sequencing aids in solving crimi-
nal cases, answering the questions of “where” and
“when” an incident occurred. Metagenomic anal-
ysis of genetic sequence data reveals a
microbiome that can be exploited to elucidate
events, processes, and provenance. For example,
the human skin microbiome is an indicator of the
postmortem interval (Metcalf 2019). Trace envi-
ronmental DNA at crime scenes became
recognized as providing dozens to thousands of

taxa that could resolve provenance robustly
through community similarity, and the technique
DNA metabarcoding was found to be useful for
tracing DNA signatures of many species with
substantially lower cost than metagenomics.
Quickly, bioinformatic tools to aid
metabarcoding analysis have emerged to encour-
age deployment of this technology in many kinds
of forensics (Fløjgaard et al. 2019; Allwood et al.
2020).

Within environmental forensics, the subdisci-
pline of ecological forensics encompasses multi-
ple fields of molecular investigation, but the field
of environmental DNA (eDNA) encompasses
most investigations. eDNA analysis commonly
uses metagenomics and metabarcoding to probe
genetic material found in environmental samples
and identify species presence (Thomsen and
Willerslev 2015) or characterize community com-
position (e.g., Stoeck et al. 2010). Researchers
can then use this information to reveal missing
information needed to explain ecological phe-
nomena. With this in mind, environmental
scientists become forensic detectives as they col-
lect samples, extract the DNA, and analyze
sequences to determine the genetic, phyloge-
netic/taxonomic, or functional composition of
the ecosystem. This genetic information provides
data that can help scientists solve fundamental
questions as well as crimes that occur in the
environment. These standard community ecology
measurements of species richness and composi-
tional diversity help to assess the current status of
ecosystem health and aid in future conservation
efforts (Deiner et al. 2016).

Methods Used to Study
Environmental DNA

Environmental DNA is a mixed sample of DNA
from many species that may exist in different
levels of degradation and abundance. Relevant
to ecological forensics are sample types ranging
from bone to soil, water, surfaces, and even air.
Shedding of genetic material does not happen on
a universal level for organisms, and how
organisms shed this material is important in its
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ability to transport through a variety of mediums,
and its “shelf-life” in different environments
impacts the types of organisms detected by
eDNA sequencing and the duration for which
they can be detected (for a review see Barnes
and Turner 2016). Researchers mine environmen-
tal samples representing different slices of time
and space primarily using four techniques: DNA
metagenomics; DNA metabarcoding; quantitative
PCR (qPCR); and hybridization capture.

DNA metagenomics includes a suite of
methods to mine shotgun sequence data or
sequences generated from fragments of
sequenced DNA that are used to recreate an entire
chromosome or genome and match the unknown
sample to referenced sequences. Because most of
the DNA in environmental samples is microbial,
the depth of sequencing required is scaled some-
what with the body size and spatial density of the
species of interest—microbial biomes can be
characterized with a few hundred thousand reads
(Dinsdale et al. 2008), but finding signatures of a
specific plant or mammal DNA in a sediment
sample may require 10–100 million reads. Even
bone, left to decay exposed or buried, becomes
overrun with microbial DNA over time, with
diminishing endogenous DNA. As perhaps an
extreme case, to obtain the entire genome from
the bone of an extinct horse relative that roamed
over 500,000 years ago, 12.2 billion sequences
were required (Orlando et al. 2013). Fortunately,
smaller and more prevalent organisms can serve
as proxies for larger organisms. For example,
dung fungus Sporormiella is an indicator of
large mammal presence that can be found in
sediments (see Perrotti and van Asperen 2019).
The investment in metagenomic sequencing envi-
ronmental samples can offer incredible returns for
ecology, such as by offering multiple lines
of evidence to determine whether humans or cli-
mate change led to past megafaunal extinctions
(Wang et al. 2017) and paleoecological
transitions (Hofman et al. 2015). Additionally,
metagenomics offers the only means to obtain
whole genomes from environmental samples
that are needed to potentially de-extinct species
(Shapiro 2017). Metagenomics also allows for
determination of ancient versus contemporary

DNA, because chemical damage to DNA after
the organism’s death causes deamination of cyto-
sine (Hofreiter et al. 2001). Thus, metagenomics
is conducive to historical forensic cases.

Metagenomes from contemporary samples
also provide functional genetic information for
microbial strains. Identifying metabolic pathway
genes and their links on the same genome is
critical to accurately modeling functional guilds
and biotic interactions in ecosystems (Barnum
et al. 2018). Protocols are continuously being
improved to optimize DNA extraction (Rohland
et al. 2018) and shotgun library preparation (e.g.,
SRSLY Kits from Claret Bioscience) for
metagenome analysis from degraded samples
that allow more genomic information to be
obtained from smaller amounts of starting DNA.
These same protocols are being used to examine
historic human forensic samples (see Astrea
Forensics; astreaforensics.com).

DNA metabarcoding is the amplification of
target barcode loci to characterize specific groups
of organisms such as plants, microbes, or animals.
From a single sample, researchers can separately
amplify multiple barcode loci and then combine
amplicons into a single indexing reaction that is
sequenced on Illumina or PacBio instruments to
produce multiplexed metabarcoding data and
analyzed by matching the DNA reads to reference
DNA databases. Some of the most frequently
metabarcoded loci include the 16S ribosomal
RNA (rRNA) locus, which is diagnostic for bac-
teria and for mammals; the 18S rRNA locus,
which is diagnostic for broad eukaryotes; the
internal transcribed spacer (ITS) rRNA gene,
often used for diagnosing plants and fungi; the
cytochrome C oxidase subunit 1 (CO1) mitochon-
drial gene, which is diagnostic of animals and
protozoa; and the 12Smitochondrial gene to diag-
nose vertebrates (Creer et al. 2016).

eDNA metabarcoding has proven to be a use-
ful tool to assess community composition, where
targeted amplification enhances the representa-
tion of specific taxa, even if their sequences are
relatively rare compared to bacterial sequences.
However, metabarcoding is not without
limitations. Rare organisms may be missed
(Barnes and Turner 2014), biases inherent in
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PCR polymerase (Nichols et al. 2018) may skew
results, and the inability to discern species from a
short barcoding fragment alone may all hamper
the abilities of this method to fully elucidate
true communities. Additionally, ancient DNA
damage patterns cannot be detected with
metabarcoding. Nonetheless, with very few
reads, an environmental sample usually has suffi-
cient community information to match samples
to a candidate provenance (Fløjgaard et al. 2019),
or to detect changes in the community (Fahner
et al. 2016), which are major objectives. For
example, bacterial 16S metabarcoding of chim-
panzee feces revealed the “humanization” of the
gut microbiome under captivity, which, when
combined with deep shotgun sequencing
metagenomic analysis, demonstrated a reduction
in plants being consumed in captivity as the cause
of the microbiome perturbation (Clayton et al.
2016). This signal of captivity and a propensity
to disease have policy implications for the eco-
logical structuring of parks, reserves, and zoos.

Quantitative PCR (qPCR) is a powerful tool to
rapidly detect a species or group by amplification
rather than sequencing. For qPCR, custom
primers are typically designed to specifically and
unequivocally amplify a short (~50 bp–200 bp)
region of DNA from a target in a mixed sample.
Either an endogenous control gene fragment is
included for semi-quantitative PCR that is useful
for comparison of cycle thresholds among
samples, or a serial dilution of known target
DNA is used as a scaling metric to estimate the
absolute number of target DNA molecules in
samples. Throughout this chapter we highlight
many case studies that use qPCR in these ways.
Species detection by qPCR is so heavily relied on
for rapid quantification that some workflows have
joined field and laboratory steps to actually suc-
ceed in obtaining qPCR results in the field within
a few hours with portable thermocyclers that con-
nect to mobile phones (Thomas et al. 2019).

Quantitative PCR is sometimes used on eDNA
sample extracts to determine the presence of
inhibitors such as humic acids, proteins, or salts
(Lloyd et al. 2010). Inhibitors are common in the
geochemistry of soils and certain plants. Failing
to remove inhibitors during DNA extraction can

skew results derived from standard methods such
as metabarcoding because target DNA will not
have an equal chance of being amplified across
samples. Many forensic sample types contain
inhibitors which can be removed by a variety of
purification steps (see Hedman and Rådström
2013). Obtaining qPCR cycle thresholds for a
range of sample dilutions can signal the appropri-
ate working dilution where inhibitors have no
perceived effect (see Murray et al. 2015).

Hybridization capture using enrichment
techniques such as bead-bound “baits” in solution
or microarrays with baits on a solid surface
combines the benefits of targeted sequencing
and metagenomics. Baits are synthesized DNA
that probes for and can capture thousands of
non-repetitive polymorphic DNA fragments for
organisms that are rare in environmental samples.
Capture probes allow even old, degraded
fragments of DNA as short as 70 bases to be
sequenced. Examples of baits used include
population-level diagnostics to sort ancient from
contemporary DNA to detect Neanderthal
relatives of humans (Gansauge and Meyer
2014), to obtain entire mitochondria from
degraded human skeletal samples (Marshall
et al. 2017), to reconstruct mammalian
communities from sediments (e.g., PalaeoChip;
Murchie et al. 2019), and to analyze historical
plant specimens in herbaria (e.g., Angio-
sperm353; Johnson et al. 2019) and arthropod
collections in museums (Knyshov et al. 2019) at
thousands of homologous loci. Like
metagenomes, baits-captured DNA molecules
retain ancient damage signatures. Functional
gene families involved in stress response can be
probed in the environment using hybridization to
a gene chip such as the GeoChip (He et al. 2007).
The GeoChip has been a key to characterize
microbial functioning affected by contaminants,
pollutants, and naturally occurring elements, from
aquifers to groundwater and wastewater (Jiang
et al. 2019; Li et al. 2019). Hybridization capture
methods have also been successfully used in
tracing infectious disease in humans (Gaudin
and Desnues 2018), invertebrates (Carpi et al.
2015), and vertebrates such as koalas (Tsangaras
et al. 2014).
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Tracking Species of Interest with eDNA

Conservation ecology evaluates human impacts
on biodiversity and develops practical approaches
to simultaneously maximize the preservation of
biodiversity and the improvement of human
well-being (Kareiva and Marvier 2012). A main
objective of conservation science is to establish
pragmatic methods for preserving or restoring
species and associated ecological communities
while reconciling concerns and supporting needs
of people. As a consequence, conservation
research often focuses on monitoring biodiversity
and identifying threats to species or ecosystems.
eDNA has the potential to contribute to both
biodiversity and threat assessments, and we dis-
cuss these below.

Monitoring species of conservation concern is
an appealing use for eDNA because the
approaches can be sensitive enough to detect
rare species and because obtaining eDNA is usu-
ally non-destructive. To date, the bulk of studies
have focused simply on the presence/absence of
species (Shelton et al. 2019), and in many
situations such information is sufficient to inform
conservation efforts. For instance, Spear et al.
(2015) used eDNA and quantitative PCR
(qPCR) across 61 sites to assess the presence
of the Eastern hellbender (Cryptobranchus
alleganiensis alleganiensis), a declining, secre-
tive salamander (Spear et al. 2015). The cryptic
nature of hellbenders makes traditional,
non-genetic sampling methods extremely diffi-
cult, and knowing sites where the salamander
resides is a first step in prioritizing conservation
efforts. Other studies have used eDNA
metabarcoding to assess the occurrence of
assemblages of species. For example, sampling
natural saltlicks in tropical forests revealed the
presence of diverse mammals, including orangu-
tan and banteng (Ishige et al. 2017). In another
example, Deiner and colleagues (2016) detected
296 families of eukaryotes, spanning 19 phyla
across the catchment of a river. These examples
highlight how such spatially integrated snapshots
of biodiversity provide useful means for assessing
conservation and restoration efforts of rare,

imperiled species, as well as the total biodiversity
of whole landscapes.

While presence/absence of data is valuable,
knowing the relative abundance of individuals
can be essential for many conservation
applications. Thus, a critical step toward making
eDNA methods even more useful in conservation
settings is developing the ability to use eDNA
quantitatively. Recent evidence suggests that in
many situations using eDNA to estimate relative
abundance is quite feasible. For example,
Tillotson and colleagues (2018) report a strong
quantitative relationship between eDNA concen-
tration and the abundance of spawning sockeye
salmon in a small stream in Alaska, USA. Simi-
larly, in threatened Chinook salmon
(Oncorhynchus tshawytscha) from an estuary in
Washington, USA, abundance indices derived
from eDNA qPCR reflect the seasonal migration
of salmon and provide virtually identical quanti-
tative information as conventional net-based
methods (Shelton et al. 2019). Water samples
were used to monitor sea otter and fish abundance
in California kelp forest (Port et al. 2016), and
these abundances were also found to align closely
with visual dive survey data.

In addition to assessing the occurrence or
abundance of species, eDNA has been used to
monitor or evaluate threats to biodiversity. For
example, because the structure of communities
varies with the primary pollutants in an environ-
ment as well as the magnitude of contaminants
(Wang et al. 2019b), eDNA is a powerful tool for
assessing impacts of pollution. In the case of oil
pollution, hydrocarbon-degrading bacterial
families will be present, varying in a manner
that can be related to the time since an oil spill
(Xie et al. 2018). Similarly, the presence of spe-
cific bacterial families can indicate a wider sensi-
tivity to oil pollution (Xie et al. 2018). Other
researchers have used eDNA focused on
eukaryotes to diagnose environmental impacts.
For instance, using eDNA technology focused
on zooplankton, Yang and colleagues developed
an assay for ammonia nitrogen pollution based on
the relative abundances of rotifers, copepods, and
Cladocera (Yang et al. 2017).
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Detection of the presence and dispersal of
invasive species has been a mainstay of eDNA
conservation research. Early detection of an
incipient invasion by a harmful species increases
the feasibility of rapid responses to eradicate the
species or contain its spread, and eDNA has
proven useful as an early detection tool. Jerde
et al. (2011) used eDNA to delimit the invasion
fronts of two species of Asian carps in area canals
and waterways feeding into the Laurentian Great
Lakes, leading to better management of these
invaders. Assays of Burmese python eDNA in
concert with occupancy modeling were able to
detect the leading edge of the python invasion in
Florida, USA, improving conservation efforts in
this region (Hunter et al. 2015). eDNA surveil-
lance of an invasive fish (ruffe, Gymnocephalus
cernua) revealed a much more rapid spread of the
invader than predicted by conventional sampling
techniques (Tucker et al. 2016). As a final exam-
ple, the non-native American bullfrog, an inva-
sive species in French wetlands (Ficetola et al.
2008), was successfully detected from water
samples. Successful detection can give
researchers inferences regarding the range
dynamics of non-native species, helping to clas-
sify the non-native species as invasive. While this
technology is generally employed after invasion,
there is interest in employing eDNA as a preven-
tative measure. For example, ballast water, a com-
mon transport of marine invasive species, could
be used to detect non-native species before they
invade an ecosystem (Mahon et al. 2014; Egan
et al. 2015). The introduction of non-native spe-
cies can cause major problems for an ecosystem,
especially if a population rises to invasive status,
making the use of eDNA to track these species a
viable and appealing management strategy.

Conservation projects utilizing eDNA have
occurred in many different terrestrial and aquatic
systems from the tropics to the desert and the
Arctic and from wild to captive systems. For
example, eDNA was successfully acquired from
water holes and used to identify inhabitants of a
Japanese zoo (Ushio et al. 2017), suggesting a
promising future for forest mammal biodiversity
monitoring. eDNA was shown to be a useful tool
to inventory mammals from artificial wallows in

Colorado, USA (Williams et al. 2018), and from
spring and stock tank water in Utah, USA
(Rodgers and Mock 2015). In African parks,
water hole mammal DNA hybrid capture has
become a new tool for biomonitoring (Seeber
et al. 2019). These recent findings are leading
researchers to ask how deep down in lake and
pond sediments can plant and animal DNA be
detected from these hot climate areas (Bremond
et al. 2017). It may be possible to also use
sediments that date back in time to reconstruct
the landscape composition of areas before and
during civil wars so we know what landscape
reconstruction should resemble.

Case Study on eDNA from Sediments:
Species Networks to Diagnose
Processes

Since the first eDNA study focused on sediment
(Ogram et al. 1987), the patterns of occurrence in
both microbial and macrobial taxa have shown
their value to diagnose ecosystem processes. The
co-occurrence of species provides hypotheses
about species interactions, which in turn can be
used to propose hypotheses regarding the ecolog-
ical role of species (e.g., keystone species) to
disturbance of ecosystems (e.g., invasive species)
(Ficetola et al. 2008). Patterns of species can be
found in sample sets that vary across both space
and time using software such as SPIEC-EASI
(Kurtz et al. 2015). In this example case study
with preliminary results from Moore (2019), we
describe the study in a forensics framework and
then show how network analysis of eDNA leads
us to posit the mechanism of disturbance
processes.

Lagoons

Moore (2019) sought to identify the effects of
large macroalgal blooms on the community com-
position of lagoon systems, specifically during
decomposition of the blooms (Moore 2019).
Algal blooms are thought to be caused by the
increased input of nutrients from human
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agricultural and wastewater systems. Standard
ecological methods were used to identify a cas-
cade of biogeochemical changes caused by these
blooms. They then used the ecological forensic
method of metabarcoding to characterize biodi-
versity changes to the lagoon microbiome as
microbes are involved in decomposition pro-
cesses. In between lagoon sampling events, the
largest wildfire in California history (the Thomas
fire, December 2017) occurred near the lagoons.
Because the fire was human-caused, this case
study provided evidence of the interaction
between two human-caused hazards (suspected
culprits), wildfire and nutrient enrichment, on
fragile lagoon systems, from the lens of the
microbiome. Which culprit has a larger effect,
and how does the system respond?

The crime report: Large macroalgal blooms of
Ulva sp. in nutrient-enriched lagoon, Carpinteria
Salt Marsh in California, lead to large amounts of
decomposing material in summers causing
eutrophied and acidic water columns. A nearby
lagoon in Newport, which is perceived to have
more nutrient input from urbanization, does not
experience the extreme bloom and eutrophication
as Carpinteria, but does experience summer acid-
ification. In addition, the Thomas Fire (December
2017) occurred near the Carpinteria lagoon,
which caused movement of biological materials
and is expected to alter nutrient pools. The
Thomas Fire is also suspected to be exacerbating
nutrient deposition and erosion.

The evidence: Algal biomass surveys and acid-
ification measurements (decreased pH) from
November 2017 and June 2018.

The victims: Water quality, which is now
acidified, and carbonate organisms, which are
directly impacted by acidification.

The suspects: Human nutrient pollution from
upstream and nutrient-rich sediment runoff fol-
lowing a human induced wildfire.

The weapon: Nutrient alterations interacting
with the decomposer microbial species in the
system. The way this weapon harmed the victims
specifically is unsolved.

The forensic eDNA investigation (Fig. 1a–c):
Metabarcoding of the 16S locus targeting bacteria
(Caporaso et al. 2011) from multiple samples in
November 2017 (winter) and in June 2018

(summer) showed both the mouth and the middle
of the Carpinteria lagoon (where the bloom was
located) sampled in the summer after the fire were
very different from the lagoon head. Because the
head did not compositionally shift in the beta
diversity (species diversity between samples)
ordination plot (Fig. 1a), and because Carpinteria
has a much larger bloom than Newport lagoon,
wildfire was ruled out as a suspect in causing the
microbiome change, and human nutrient pollu-
tion was determined to be the culprit.

To characterize the new-found culprit further,
the taxon presence and abundance patterns were
used to calculate a species co-occurrence net-
work, and of 2046 taxa detected with the 16S
metabarcode, a robust network of 32 taxa was
discovered (Fig. 2). While many of these
microbes are yet uncharacterized or poorly
characterized, some, such as the Deltaproteo-
bacteria and Myxococcales, are known
decomposers found in lagoon sediments, and
gammaproteobacteria, Chromatiales, are sulfide
reducers known to increase with increasing
decomposition due to elevated nutrient loads
(Aires et al. 2019). Myxococcales act as an endo-
phyte in halophytic plants and select green algae
(Aires et al. 2015). The presence of
Myxococcales in this network suggests it is
associated with Ulva. In addition, another mem-
ber of the network, Micrococcales, has been
associated previously linked with Ulva, but not
linked to its decomposition (FitzGerald et al.
2015), while other studies have noted
Micrococcales performing cellulolysis and have
observed a correlation with lower pH on farms in
China (Wang et al. 2019a). These results link
these members of the lagoon microbiome with
Ulva and with eutrophication via their activity as
an ecological community.

These findings are typical of classical ecologi-
cal studies that assess how disturbances affect
ecosystems, but by employing ecological
forensics methods to characterize the culprit, an
additional layer of evidence was discovered: the
assessment of the microbial community in the
sediment found particular decomposing bacteria
that could be linked as co-conspirators in the
crime. Due to the increase of these decomposing
bacteria, other healthy bacteria typically found in
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Fig. 1 (a) Beta diversity ordination plot. (b) Aerial photo
of Carpinteria Salt Marsh during the Thomas Fire. (NASA
MODIS data from LANCE/EOSDIS Rapid Response and
Sentinel-2 from https://en.wikipedia.org/wiki/Thomas_

Fire#/media/File:Thomas_Fire_burn_scar_on_Dec_7.jpg)
(c) Conventional ecological algal biomass survey with
both healthy and decomposing Ulva sp. and carbonate
snails present. (Photo by Tiara N. Moore)
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lagoon sediment were suppressed, potentially
catalyzing changes in ecosystem services and
making other species unexpected victims. The
wildfire was also eliminated as a suspect for caus-
ing the community turnover by considering it
should have effects on the entire system. Ulti-
mately, the paired use of ecological forensics
and conventional surveys provided enough evi-
dence to solve our crime and close the
investigation.

The Future

Biodiversity is vanishing at an astounding rate
and facing the sixth greatest mass extinction
(Ceballos et al. 2015; Shivanna 2020). Molecular

forensic techniques offer a means to
non-invasively and rapidly monitor biodiversity
and develop a deeper understanding of how it is
maintained on a systems level. The ecological
forensics community, however, will need to con-
front the nature of how DNA molecules distribute
and preserve. Perhaps every animal and plant has
associated microbes and parasites that can serve
as surrogate evidence for their presence. Small
organisms are easier to detect than larger ones,
and they may be highly diagnostic of patterns and
processes, as revealed by the success of
microbiome use in forensics and molecular ecol-
ogy discussed above. The next years will require
tremendous effort to better align the signals from
eDNA and the signals from conventional ecolog-
ical methods.

Fig. 2 Taxa present in the ecological co-occurrence net-
work of microbial communities identified across sites and
samples. Finding these taxa in a network suggests their
cooperation to perform the metabolic function of

decomposition. (Background Forest Service photo by Stu-
art Palley from https://commons.wikimedia.org/wiki/File:
Thomas_Fire_(24469612857).jpg)
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The past several decades have demonstrated
that the opening of new forensic techniques opens
new fields and subfields of study in ecology.
However, the convergence of forensics with
phylogenetics and systematics may have pro-
duced the greatest gain. Like the usefulness of
CODIS and GEDMatch, biodiversity references
have revolutionized our precision. Questions
must be pursued at the intersection of multiple
disciplines, ultimately enriching science. Now
that there are many ways in which environmental
samples and eDNA can technically be integrated
into biodiversity, conservation, and ecological
research, can another revolutionary advance for
understanding all of the components in an ecosys-
tem simultaneously be produced? Can the acqui-
sition of big data encompassing biodiversity
baselines, reference communities, and known
patterns of change from disturbances and envi-
ronmental gradients across space and time allow
researchers to finally mechanistically solve the
outstanding questions about how ecosystems
work and who the key species are? Can these
data cause legislation to be revised to support
sustainable systems and undo the crimes of the
Anthropocene to the environment? In order to
focus forensics and policy on systems rather
than species, a concerted effort will be required
to bring molecular biological interactions in
ecosystems and ecological forensics together
with social science and public education to
become genomics literate and appreciative of
microbial biodiversity.
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