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Summary

The freshwater ecosystems of Southeast Asia are some of the most highly threatened in the
world, due to anthropogenic impact from climate change, deforestation, the creation of
hydropower dams and over-harvesting. Rapid, cost-effective and reliable monitoring of
biodiversity is essential for the conservation of the exceptional biotic richness within this
region. The emerging field of environmental DNA (eDNA) monitoring, using trace cells or
fragments of DNA released into an environment to assign species to locations has potential to

provide this type of information.

In this thesis, | explore the use of eDNA metabarcoding for monitoring freshwater
aquatic biodiversity within Southeast Asia, focusing on fishes within the lakes of the Malay
Archipelago. Firstly, | co-led to a published review of the field of eDNA in which we discuss
how the field has developed, address current challenges, and predict future developments.
Secondly, I conducted sampling of lakes across the Malaysian Peninsula as an initial
exploration into the use of eDNA in tropical freshwaters using the ethanol precipitation
method of environmental DNA collection, as well as conducted a mesocosm experiment to
test eDNA degradation. Thirdly, after initial trouble shooting, I tested options for isolation
and storage of aquatic eDNA to inform best practice solutions for eDNA field researchers,
and found that the use of an enclosed filter system combined with a preservation buffer was
the best approach. Fourthly, | conducted intensive sampling of a lake in Indonesia to
investigate the dynamics of eDNA information within a tropical lentic environment, and
found heterogenous detection of extant biodiversity. Finally, | undertook a large-scale
biogeography study of the lakes of the Malay Archipelago, sampling from western Sumatra
across to eastern Sulawesi using a filter approach for environmental DNA collection.
Metabarcoding of aquatic eDNA samples was then employed for all samples, with a
combination of primers targeting different mitochondrial regions to achieve a broad scope of
biodiversity information. From the data, | recovered native, endemic and rare species, as well
as introduced and invasive species linked to fisheries, aquaculture, the ornamental trade and
pest-control. Overall, aquatic eDNA metabarcoding demonstrated great potential, allowing
ecosystem level species detection, but further work on eDNA distribution, improvements to
barcoding capabilities and the reliability of quantification, will greatly deepen the
possibilities presented by aquatic eDNA metabarcoding in advancing wildlife and
biodiversity monitoring in tropical habitats.



Danish Summary

Sydpgstasiens ferskvandsystemer er nogle af de mest truede i verden pa grund af
menneskeskabte udfordringer fra klimaforandringer, skovrydning, oprettelse af deemninger
og udpining af jorde. Hurtig, effektiv og palidelig overvagning af biodiversiteten er afggrende
for bevarelsen af den unikke artsrigdom i denne region. Det stadig voksende forskningsfelt
indenfor miljg-DNA (ogsa kaldet eDNA), hvor man undersgger de fragmenter af DNA, der
frigives af organismer til miljget, har potentialet til at tilvejebringe denne gnskede
artsinformation. | denne afhandling undersgger jeg brugen af DNA metabarcoding og miljg-
DNA til overvagning af biodiversitet i ferskvand i Sydgstasien med fokus pa fisk i sgerne i
det Malaysiske ghav. Farst praesenterer jeg en offentliggjort gennemgang af omradet eDNA,
hvor vi diskuterer, hvordan feltet har udviklet sig, lgser aktuelle udfordringer og forudsiger
den fremtidige udvikling. Yderligere gennemfgrte jeg preveudtagninger fra sger fra den
Malaysiske halvg for at undersgge brugen af miljg-DNA i tropisk ferskvand ved brug af en
ethanol-udfeeldningsmetode for miljg-DNA-indsamlingen, samt udfgrte forsgg for at teste
DNA-nedbrydningen af miljg-DNA. Selvom dette arbejde ikke gav palidelige resultater, og
derfor ikke er medtaget i denne afhandling, gav den stor erfaring i forhold til at implementere
miljg-DNA-pregveudtagninger i troperne. Derefter testede jeg mulighederne for at isolere og
opbevare akvatisk miljg-DNA for at finde frem til den bedste og mest praktiske lgsning og
fandt ud af, at brugen af et lukket filtersystem kombineret med en bevaringsbuffer var den
bedste tilgang. Jeg gennemfarte ogsa en intensiv prgveudtagning af en sg i Indonesien for at
undersgge dynamikken af miljg-DNA-information inden for et tropisk lentisk miljg og kunne
pavise forekomsten af den eksisterende biodiversitet. Endelig gennemfarte jeg en stor
undersggelse af sgerne i det Malaysiske ghav, med stikprgver fra det vestlige Sumatra over til
det gstlige Sulawesi, ved brug af en filter-tilgang til miljg-DNA-indsamlingen. DNA
metabarcoding af de akvatiske miljg-DNA-prgver blev derefter anvendt, med en kombination
af primere rettet mod forskellige mitokondrieomrader, for at fokusere pa et bredt udvalg af
biodiversiteten. Dette gav information om lokale, endemiske og sjeldne arter samt
introducerede og invasive arter knyttet til fiskeri, akvakultur, prydplanter og
skadedyrsbekaempelse. Samlet set viste DNA metabarcoding af det akvatiske miljg-DNA et
stort potentiale til at pavise arter tilhgrende forskellige gkosystemer. Dog vil fremtidigt
arbejde med miljg-DNA-fordelingen, forbedring af “barcoding”-evnerne og palideligheden af
kvantificering fra miljg-DNA i hgj grad kunne udvikle mulighederne yderligere i forhold til
at bruge akvatisk miljg-DNA til overvagning af akvatisk biodiversitet i Sydgstasien.
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Thesis outlineand contributions

Chapter 1: General Introduction: environmental DNA for wildlife biology and

biodiversity monitoring in Southeast Asia

Chapter 1 introduces the field of environmental DNA (eDNA), discusses how techniques and
breadth of information has improved, and suggests the challenges faced within the field of
eDNA research as well as solutions to overcome them. eDNA based methexislaired

within the context of Southeast Asian freshwater ecosystems, focusing on three key areas:
monitoring of invasive species, understanding ecosystem processes, and informing
conservation management. The first half of this chapter is based on e pager

published inTrends in Ecology & Evolutiom 2014, shown in Appendix 1 (Bohmaanhal.

2014 Appendix ) of which I am joint first authorChapter 1 uses thgmaper as a starting

point, updated to include research and develapspublished up t@®ctober 2018The

second half of this chapter, focusing on Southeast Asia, includes elements of a manuscript
being prepared for submission@onservatiorLettersof which | am first autho(previously
submitted tdioscienceAppendix 3 which has recerd positive comments from the Editor

as a presubmission enquirty

Chapter 2: Comparison of capture and storage methods for aqueous macrobial eDNA

using an optimized extraction protocol: advantage of enclosed filter.

Chapter 2 explores the effect of ditet isolation techniques, storage techniques, and storage
time on aquatic eDNA samples from a Danish lake based on gPCR amplification of two key
fish species. This chapter was publisheMethods in Ecology and Evolutiom 2016in a

paper on which | am joirfirst author(Appendix 2) For this study, we compared various

eDNA filter materials and ethanol precipitation as potential capture metdodg, with

various preservation buffers and freezing as potential storage mdthadspart of the
formulation of the idea for this study, planned the experimental design, led the sampling day,
completed all extractions, and helped with the writing of the manuscript.

Chapter 3: Universal methods

This chapter describes the methods usdchapter 4 and 5, as these chapters used the same

sampling approach, molecular workflow and bioinformatic pipeline.



Chapter 4: The distribution of eDNA within the Indonesian lake, Danau Tamblingan:

recommendations for eDNA sampling of tropical lentic hhitats.

Chapter 4ests for differences in taxonomic community composition generated from
metabarcoding OTUs, and OTU richness between different sites of the same lake. When
sampling eDNA from lacustrine habitats, it is unclear how many sarsiptesd be ollected

and how far apathey should be collected to encompass the extant biodiversity. | sampled a
small Balinese caldera lake at regular intervals across the surface and at different depth
points, and used eDNA metabarcoding using a 12S, 16S andri@@l get, sequenced on

the lllumina MiSeqgThe fish and mammal species detected could be explained by previous
studiesl found that taxonomic communities and OTU richness varied between points, and
that this was affected by sample deptbwever, furthemwork testing points at more regular
intervals, and storing filters in a buffer could increase the taxonomic information generated

and give a clearer picture of how eDNA is spatially distributed within a tropical lake.

Chapter 5: Assessment of the aquatibiodiversity of the lakes of the Malay Archipelago
using eDNA metabarcoding.

Chapter 5 explores the use of aquatic eDNA metabarcoding in assessing the extant
biodiversity of a variety of lakes across the Malay Archipelago. Using a transect approach,
subsamples were collected at regular transect intervals, combined into one large sample, and
replicate filtrations performed from these combined subsamples to maximise the lake area
covered. | recovered native, endemic, rare, introduced, invasive, oradarghipestontrol

fish species; domestic, native and rare mammal species and a range of freshwater microfauna,
meiofauna and microalgae which could be explained by the literature. OTU community
composition and OTU richness was affected by altitude,ded@, maximum lake depth and

trophic productivity Further work on the lakes of the Malay Archipelago using a more

intensive sampling approach across a larger area per lake, as well as adding more lakes,

would help illuminate patterns influencing biodiviegsuch as anthropogenic impact.

Chapter 6: General discussion

Chapter 6 discusses the main findings of this thesis, what improvements could be made and

places this work within a wider context.
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Glossary

Amplicon: a targetedragment of DNA or RNA created by replication events or
amplification, either naturally or artificially, through e.g. PCR.

Ancient DNA (aDNA): DNA extracted from specimens that have not been intentionally
preserved for genetic analysis. Such samples pieatly low quality and can include
specimens from museum collections, archaeological finds, and subfossil remains of tissues or
other DNA-containing sources (e.g., coprolites, hair).

Aphotic zone: the layer of a lake beneath the euphotic zone where light levels are too low for
photosynthesizers, usually found within the hypolimnion or sometimes the metalimnion,
consisting of light levels of less than 1% of the lake surface.

Barcode gap the break between intrand interspecific pairwise distances thatienpins the
success of DNA barcoding

Benthic zone: the zone between the lacustrine sediment and the water column, with a surface
layer abundant with organisms.

Bioassessment/biomonitoringthe characterisation of ecosystem health using biological
surveys lirough the detection of resident QindicatorO\bintduding fish, insects, algae,

plants and others.

Blocking primer: an oligonucleotide used to bind to DNA and overlap the primreting

sites, so that amplification of the undesired species is prevented.

Bulk DNA: DNA obtained from community samples targeting particular organisms, such as
from plankton collected with a plankton tow or large organisms scraped from rocks or
collected in grabs.

Capture based aquaculture (CBA): wild caught juveniles such as milkfish Chanos chanos

are reared in ponds, cages, and pens, which can be described as ‘fisheries driven’.

Chimera: sequences that arise during amplification combining DNA fragments from two or
more individuals.

Cloning: The process of producing geneticatgntical copies of an organism, either
naturally or artificially. Cloning commonly refers to the insertion of DNA into a vector
molecule (e.g. a plasmid) prior to selection for a gene of interest, DNA extraction and
sequencing.

Community DNA: DNA derivedfrom many individuals of different species.
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Culture based fisheries (CBF): a form of aquaculture and conventional aquaculture, such as

cage and pen culture. The CBF strategies involve stocking of hatchery-reared fish fingerlings

into small natural and quasi-natural waterbodies. CBF can be described as ‘aquaculture

driven’ in contrast to capture-based aquaculture, and is considered more environmentally

friendly due to low addition of supplementary feeds.

Degenerate primers/universal primers Primers used foamplicon sequencing where the
targeted gene(s) is typically similar, but not identical.

Environmental DNA (eDNA): broadly speaking, eDNA is DNA sampled from an
environment without first isolating the target organism. This may be in the form of
intracelldar or extracellular DNA from intraorganismal or extraorganismal sources. Some
authors argue stricterdefinition of Otrue® eDNA, which is trace fragments or cells sampled
from an abiotic environment without first isolating, or detecting signs of, the target organism.
Environmental RNA (eRNA): rather than deoxyribonucleaic acid targeted in eDNA
samples, eNA (environmental RNA ribonucleic acid) deteriorates rapidly after cell death,
likely providing a moreaccurate representation of viable communities

Epilimnion: the upper, wind-mixed layer of a thermally stratified lake, turbulently mixed and
exchanges gases with the atmosphere.

Euphotic zone: the layer of a lake directly beneath the surface usually found within the
epilimnion, which supports photosynthesizers as light levels are ! 1% of the lake surface.
Eutrophic: trophic state of lakes with abundant nutrients e.g. phosphorous and nitrogen, high

plant biomass (phytoplankton, algae, vascular plants) and undesirable water-quality

characteristics (low transparency, green colour, odorous, low oxygen).

Exact amplicon sequence variants (ASVsuniquesequences as opposed to OTUs
Extended barcode a species identification barcode based on an entire organelle genome and
nuclear ribosomal DNAs.

Extracellular eDNA: eDNA located outside of the cell.

Extraorganismal eDNA: eDNA found outside of the target @mgsm, i.e. eDNA in its most
strictform, found as trace cellgfracellula eDNA) or trace fragmentgxtracellular eDNA).
Floating Net Cages (FNC): cages used to house fish for aquaculture, suspended at the

surface of a lake or the ocean, known in Indonesia as keramba.

Genome skimming the use of shalloypass shotgun sequencing of genomic DNA to
generate extended barcodes, simultaneously recovering all standard barcoding regions as well

as other loci, and a link with all other phylogenetically informegenomic regions.
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Genomic DNA: DNA extracted from an individual or collection of individuals of the same
species.

Hypolimnion (plural noun: hypolimnia): the bottom, most dense layer of the lake, coldest

in the summer and warmest in the winter, isolated from turbulent mixing and usually too dark
for photosynthesis to occur.

Intracellular eDNA : eDNA located inside of the cell

Intraorganismal eDNA: eDNA found within the target organism, e.g. DNA of microbes
within a soil sample, or DNA of nematodes withibenthic sediment sample.

Locus: The specific location of a gene or DNA sequence on a chromosome.
Invertebrate DNA (iDNA) : invertebratederived DNA

Lacustrine: relating to or associated with lakes.

Limnetic (pelagic) zone: the inner open water portion of the lake away from the near shore
area, where light does not usually penetrate to the bottom benthic zone, including the surface
and bottom of the lake; the entire area of the lake after the littoral zone.

Littoral zone: near shore area where sunlight penetrates down to the sediment, with light
levels of at least 1% of that at the lake surface, allowing growth of aquatic plants
(macrophytes).

Marker gene A gene or DNA sequence targeted in amplicon sequencing to screen for a
specific organism group or functial gene.

Meromictic: describes a lake with layers that do not mix.

Mesotrophic: trophic state of lakes with medium level nutrients, with features in between
eutrophic and oligotrophic states.

Metalimnion: the middle transitory layer of the lake, between the epilimnion and the
hypolimnion, of medium density.

Metabarcoding: Use of genespecific PCR primers to amplify DNA from a collection of
organisms or from environmental DNA. Another term for amplicon sequencing.
Metagenetics (ecogenetics)he analysis ofommunity taxon richness via the detection of
homologous genes

Metagenomics (ecogenomicsiequencing of the total DNA extracted from a sample
containing many different organismise random sequencing of gene fragments isolated
from environmental sampleallowing sequencing of uncultivable organisms.
Metatranscriptomics: the study of metatranscriptomes, which comprise only expressed

regions of the genomes present in eDNA samflestgun sequencing of total RNA from
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environmental samples. Techniques saslpolyA amplification or rRNA depletion are

often used to target messenger (MRNA) transcripts to assess gene expression patterns in
complex communities.

Microarray : a set of DNA sequences representing the entire set of genes of an organism,
arranged ira grid pattern for use in genetic testing.

Microbiome: the microorganisms in a particular environment (e.g. the body or a part of the
body).

Mitochondrial metagenomics (mitemetagenomics / MMG) a methodology for shotgun
sequencing of total DNA from spea&m mixtures and subsequent bioinformatic extraction of
mitochondrial sequences.

Mitogenome The sum of the genetic information contained in the chromosome of the
mitochondrion.

Next generationsequencing(NGS)/high-throughput sequencing(HTS): the sequenag

of many DNA fragments in parallel, using a number of different modern sequencing
technologies including: Illumina (Solexa) sequencing, lon torrent: Proton / PGM sequencing
and SOLID sequencing.

NTU: Nephelometric Turbidity Unit, used to measure turbidity through scattered light.
Oligotrophic: trophic state of lakes with low nutrients e.g. phosphorous and nitrogen,

suppression of plant growth through scarce phosphorous, low dissolved carbon, high

transparency, blue colour, oxygen retention, supporting fish and other eukaryotes.

Operational taxonomic unit (OTU): the taxonomic level of sampling defined by the
researcher in a study; for example, individuals, populations, species, genera, or strains. OTUs
are generated by comparing sequences to fatistance matrix, followed by clustering
groups of sequences with a specified amount of variability allowed within each OTU.

PCR bias bthe differential PCR amplification of DNA fragments found in higher
concentrations in the sample.

Polymerasechain reaction (PCR): Used to amplify a targeted piece of DNA, generating
many copies of that particular DNA sequence.

Shotgunsequencing DNA is fragmented into small segments which are individually
sequenced and then reassembled into longer, continuous sequengss@gsence assembly

software.
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Abbreviations

ADAS = Agricultural Development and Advisory Service
BLAST = Basic Local Alignment Search Tool

BOLD = Barcode of Life Data Systems

CBF = Culture Based Fisheries

COlI = cytochrome oxidase 1 mitochondrial gene

Dryad = Dryad Digital Repository

eDNA = Environmental DNA

iBOL = International Barcode of Life Project

NCBI = National Centre for Biotechnology Information

NGS = Nextgeneration sequencing
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Chapter 1

General Introduction: Environmental DNA for wildlife

biology and biodiversity monitoring in Southeast Asia



Chapter 1: General Introduction

1.1Environmental DNA: the next generation of biodiversity monitoring

In 1966, the writers of Star Trek introduced intergalactic battles, alien invaders, and
technology beyond the realm of reality. When the handheld Tricorder was used by Spock to
test unexplored habitats, little did the writers know that théi sechnolog to analyse an
environment and its living components from a small sample would become a reality in just 50
Earth years. Free DNA molecules are ubiquitous, releasedsirdiace cells, internal fluids

and waste material from plants and animaifg] are cdéctively rderred to agnvironmental

DNA (eDNA). Any given environmental samplehether water, air or soiyill containa

myriad of eDNA, and the information contained therein is now accessible owing to advances
in sample preparation amiGStechnology. Todaysuch perspectives of science fiction are a
reality as a growing number of biologists are using eDNA for species detection and
biomonitoring, circumventing, or at least alleviating, the need to sight or sample living
organisms. Such appaches caaccelerat the rate of discoverygsnoa priori information

about the likely species found in a particular environment is required to identify those
species. Those working on invasive species, community and ecosystem processes
underpinning biotyersity and functional diversity, and wildlife and conservation biology are

likely to benefit the most from adoption of eDNA techniques.

1.2 A brief history of eDNA

ThetermOenvironmental DNAO was first used in microbiology (Ograin1987) to explai
the method of extracting DNA from an environmental saropb®il without first isolating

the target microorganisms. This grew from analysing bacterial evolution (Wbak&987),

to revealing unknown microbial genetic diversity in extreme habitats @Rad€1997), to
shotgun segencing whole genomes of aquatic manmerobial life (Venteret al.2004)
sparking a revolution of research on eukaryotic diversity, evolutyorelationshipsind
ecology.As techniques became easier, cheaper and more widely known, eDNA methods
were adopted in a range ftglds, using ahostof different techniques (Taberlet al.20123).
The growth of references which mention environmentaARNd metabarcodingvith their

relation to fish in particuldnis shownin Figure 1.1below.
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Figure 1.1 Environmental DNA research published from 1987 t®017.Created using@ Google Scholar search of publications with the exact words found
in thegraphtitles searched using quotation marks and not including patents or cit&#amissearch counted results per y@atrenvironmental DNA" B:
"metabarcodingOR "metabarcoding” C: "fish" +and "environmental dna". D: "fish" + "environmental dna" + "metabarcoding” ORBaretading".



Accessingnacrobiaj rather than microbiagenetic informatiorirom environmental
samples grew initially from the field of ancient DNA (aDN#dich used ancient ice,
permafrost or sediment to detect animals andnoconitiesextinctfor thousands of years
(Willerslev et al.2003).Studies focusing on species detecfimndietary analysifrom faecal
samples have been performed for some time (e.g. &eddl997), although this type of
sampling can be referred to as Omolecular scatologyO rather than true eDNA (discussed
below).Other such types of early eDNA samples included siamiZnet al.2007) honey
(Schnellet al.2010) and browsed twigs (Nicha¢ al.2012), but most eDNA sampling
focused on soil or wate€ontemporary eDNA sampliffigr macrobial lifefrom waterby
Martellini et al. (2005, detected human, pig, cow and sheematibndrial DNA from river
water running off farmland. Ficeto& al. (2008)thenused eDNA to detect the invasive
American Bullfrog Rana catesbeiandrom pond water in France, which ignited a stream of
aquaticeDNA studies for the detection of macrolspkeciesSince thenmanyeDNA and
metabarcodingample typebave beerollected for aangeof different applications
organisms and habitatsighlighted inseverakreviewsover the last five yeald.odgeet al.
2012;Yoccoz, 2012aTaberletet al. 20125 Taberletet al.2012b;Reeset al.2014;Bohmann
et al.2014;Reeset al.2015;Pedersert al.2015;Lawson Handley2015;Thomsen and
Willerslev, 2016 Deineret al.2017h Evanset al.2017¢ Hanseret al 2018 !Cristescu and
Hebert, 2018

1.3What is eDNA?

Environmental DNA can most simply be defined as ODNA obtained directly from
environmental samplesgithout first isolating the target organisthe predominant source$
which arefrom faeces, urine and epidermal cgitaind free floating in an environment such
as water, or persist, adsorbed in organic or inorganic particles (Bjah2011, Thomsen

et al.20123. There is howevea degree of ambiguity surrounding the definition of what
environmental DNA is, and sawlebate focusing on what qualifies as true OeDR#O.
example Mahonet al.(2013) defineeDNA as Qdsolved DNA and/or fragmés of tissue
containing DNAO. Bsed on this definition, it could be argued that DNA left behind on the tip
of a featherthe surface of areggshell aroundfaeces, or in a visibly large chunk of tissue
(e.g. Amoset al. 1992) is environmental DAl regardless of where or how itfsund, as it
does not involve trapping or catching the target species. On the other hand, aartipse

typesinvolve targeting a specific sample associated with the target species (if not targeting



the species itself), it could be argued that this should be referred to as\@sed
sampling(Lefort et al.2015. SomeeDNA researcherbave argueglst that,with as strict a
definition as Ogenetic material obtained directly from environmental samples (soil, sediment,
water etc.) without any obvious signs of biological source material® (Thomsen and Willerslev
2015). This definition therefore doestrtassify community samples of e.g. bulk samples of
insects Zhouet al.2013) gut samples for dietary analysis (Scheekl.2010) or non

invasive samples from visible sources such as fg@asnanret al.2011) etc as OeDNAO.

(see Figure 1)2Bulk DNA is DNA obtained from community samples targeting particular
organisms, such as from pkton collected with a planktdow or largesize organisms

scraped from rocks or collected in grgbsrlinget al 2017)
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Figure 1.2 Plot of DNA sources Examples of study topics which can be considered either OStrictly
eDNAO, OCommunity DNAO, Olnvasive bulk sampleO-on@slea sampledepending on the
degree of conscious effort in isolating specific target species, (e.g. searching for egg shetles)r f

and percentage biomass per target organism (e.g. entire bacteria, or trace cells.of a fish)

In this strict sense, eDNA is thought to be a combination of trace amounts of whole cells
(intracellular DNA) and DNA fragments (extracellular DNA) (Ture¢al.2014b) shed into



the environment by organisms which are no longer presentamihen be detected by
sampling the environment alone. Extracellular DNA from destroyed cells has usually
degraded into small fragmer{Beebee, 1991 Wwhereas intracellular DNA comes from cells
or organisms present within the sample, and is more likely to be high quality ¢Ceder
2016).

Whilst eDNA refers to theourceof DNA, metagenomics, metagenetics and
metabarcoding refer to the approach faatrich the analysis is performeithe main concept
of which is analysis that transcends individuals (Greek Ometa® means OtranscendentO, OafterC
Oamongr, ObeyondO as in metazoan: all multicellular animals). As barcoding is the study of
barcodes, genesds the study of genesndgenomics is the study of genomes, then
metabarcoding, metagenetics and metagenomics can on a simple level be thought of as the
study of all or many barcode genes, all or many genes, or all or many genomes, respectively.
Metagemmics is defined as Othe functional analysis of environmentally d&tad by
Creeret al. (2010, who also defined metagenetics as Othe-Ergle analysis of taxon
richness via the analysis of homologous genesO. Handelsman (2009) defines metagenetics
the Oapplication of mutant analyses in a community contextO and suggests that whilst genetics
and genomics deal with single organisms, metagenetics and metabarcoding provide a parallel
with metagenomics, and both apply to analysis of a multigenomesucmmunity.
Taberletet al.(2012b) draw particular attention to the idégfon of DNA metabarcoding as
Onhigh-throughput multispecies (or highkavel taxon) identification using the total and
typically degraded DNA extracted from an environmental safngl. soil, water, faeces,
etc.)OThis multispecies identification from metabarcodineaning the mass amplification
of a specific marker from many different DNA molecules, from different cells or individuals
rather than the mass amplificationesftire genomes, or focusing on genomic function, as is
the case with metagenomi@dthough the field of metagenomics, metagenetics, and
metabarcoding, has until recently been considered applicable only to microorg@misms
intraorganismal eDNA)the cacept of these met@pproaches is being applied to samples of
eDNA for the analysis ahultiple macrobial organism@.e. extraorganismal eDNAhrough
massively parallel technologies and microarrdyse advantage of macrob@er microbial
metageneticss that the number of taxa is considerably smaller, and species boundaries are
more reliably understood (Lodge al.2012).

Whento use these termsr otherssuch as OecometageneticsO (Porazinaka010),
OecogenomicsO (Charitbal.2010)or OmetasystematicsO (Hajibadteaii 2011) is



thereforesomewhatontentiouspossibly due to the recent emergence of a variety of
mechanisms and situations in which they could apply (Handelstredr2009; Eisen 2012;
Watson 2014;Esposito and Kachberg 2014). Regardless of semantilss exciting message
(introduced in Figure 1)3s that these approacha® now used with respect to macrobiota,
openinga breadth ohewinformation for our understanding speciescommunitiesand
ecosystemd~or the purpose of this thesis, t@ncepif environmental DNA will be
discussed in its wider sense, to include the broad mutual approaches to extraction,

amplification, sequencing, and analysissampleswhilst focusng on aquatic eDNA

1 0,



Figure 1.3 Sampling, applications and sequencing of eDNAummary of (A) the concept of
environmental DNA (eDNA), (B) promising applications of eDNA, and (C) the advantages of

combining eDNA with secordeneration sequencing.



1.4What can eDNA be used for?

As technologies have improved, the ability to detiegt quantities of eDNAasincreased
dramatically (see Table J),fromidentificationof single specie@icetolaet al.2008) to the
detection of many species within a community (Thometead. 2012y Schnellet al.2012;
Andersoret al.2012 Cannoret al 2016), to exploringpopulationvariation(Sigsgaardet al
2016 Statet al 2017. Thesestudies cover aAreadth of environmentsgow more readily
accessible to researcherben compared to traditional samplifgjudies that use
environmental DNA in its strictest sense have mostly focused on proof of cdmmepter,
there appears to be three overarching thesmesrgingfor the use of eDNAdetection of
species and biodivsity for conservationbiologicalresearch and monitorir@f invasive

species, and understanding ecosystem level interactions and patterns.

Until recently, it was thought that eDNA degrades so rapidly that only short fragment
lengths are available famnalysis in a similar way to[2NA, and subsequentlyDINA
amplicons havéhusfar beendesigned to be much shorter than those utiliseéchditional
molecular workHowever recent studidgave shown thah factlarge fragment§Sigsgaard
et al.2016), entire barcoding genes (Deieerl.2016)and even entire mitogenomes (Deiner
et al.2017a) can be isolated from macrobial eDNvhm a range of specigand that although
eDNA is composed of short extracellular fragments, it can also be congfosbdle
intracellular DNA (Turneet al.2014b)

Traditional detection of biodiversity may involve logistically challenging or
expensive sampling methods such as casting nets, electrofishing, or even snorkel and SCUBA
surveys (Jerdet al.2011;Goldberget al.2011). However, recent work demonstrates
benefits of eDNA analysis. &ess to challenging habitats such as the-deapCorinaldesi
et al.2011;Guardiola et al, 2015)or undergrounaaves (VSrsst al.2017) ispossiblewith
the use ohorrinvasive techniques, thereby minimising disruption to already fragile habitats
and reducing disease transfer and stress to target sizamies.examples of the different
eDNA pipelines are givebelow in Figure ¥4 By using eDNA, esearcherare offeeda
glimpse of the DNA from elusive and endangered species or undetected invasive species,

particularly where they directly avoid conventional sampling methods.



Figure 1.4. Exemplary environmental DNA (eDNA) case studiesThese illustrat¢hree research
guestions and the experimental procedures followed. (A) Detection of invasive Asian carp in a water
sample Jerdeet al.2011 Takaharaet al.2012) (B) Detection of mammal species in leech blood

meals Schnellet al.2012) (C) Detectiorof insect prey in bat faeces (Bohmeaetral. 2011).



Sample

Summary of study

Ref

French wetlands

Detection of invasive American bullfrofRéna catesbeiana

Ficetolaet al.2008

Canals and Detection of invasivé&ilver Carp Hypophthalmichthys molitrib@nd | Jerdeet al.2011
waterwayqUSA) | Bighead Grp Hypophthalmichthys nobilis)

Mountain sreams | Detection of rare specieRocky Mountain Tailed fogs,(Ascaphus Goldberget al.
in the USA montanus)and Idaho Giant&amandergDicamptodon aterrimus) | 2011

Streams, ponds | Detection of rare specie€ommon Spadefootohd Pelobates Thomseret al.
and lakes in fuscug, Great Crested &ivt (Triturus cristatu$, European Weather | 2012a

Northern Europe

Loach Misgurnus fossilis Eurasian @er (Lutra lutra), Large White
Faced [rter Leucorrhinia pectoralisand Tadpole &imp
(Lepidurus apuk Also analyse@DNA concentration with relative
abundance

Streams in Spain

Detection of the chytrid funguBatrachochytrium dendrobatidis
likely to be a primary cause of amphibian population declines.

Walkeret al.2007.

Forest pond water
in Japan

Detection of multipe mammal species including Sika Dé€ervus
nippon), House Mouse Mus musculus Grey RedBacked \ble
(Myodes rufocanys Raccoon(Procyon loto), Brown Rat (Rattus
norvegicuy andLong-Clawed $irew Sorex unguiculatys

Ushioet al.2017.

Seawater in the
western Baltic

Detection of rare species: Harbouofoise Phocoena phocoenand
Long-Finned Pilot Wiale Globicephala melgs

Footeet al.2012

Seawater near oil
rigs in Qatar

Populationvariationanalysis from eDNA etection of Whale sarks
(Rhincodon typus

Sigsgaardet al.
2016

Cave sediment in
New Zealand

Extinct biota identified from cave sediment in New Zealardealing
two species of ratite moand 29 species of plants fropne-human era

Willerslev et al.
2003

Snow in Italy

GreyWolf (Canis lupu$ DNA isolated from blood spots the Italian
Alps and Arctic Bx (Alopex lagopusDNA isolated from footprints

DalZnet al.2007,

Soil from a zoo in
Denmark

VertebrateDNA identified in soil samples colleaten a zoolo
matched to the elephant and tiger inhabitants, respectively.

Anderseret al.
2012

Browsed twigs

Detection of Mose Alces alcel Red Beer Cervus elaphus and
Roe Deer Capreolus capreolysfrom saliva up to 24 weeks later.

Nicholset al.2012

Salt licks in
Borneo

Detection of & endandered species: Borneara@yutan iPongo
pygmaeup Bornean Binteng Bos javanicus lowj Asian Bephant
(Elephas maximysSunda Bngolin (Manis javanicd, Sambar Ber
(Rusa unicoloy and BeardediB (Sus barbatus

Ishigeet al.2017.

Bromeliad water
in Trinidad

Detection of the Golden Treadg (Phytotriades auratysin their
microhabitat of the Tank®meliad Glomeropitcairnia erectiflori

Torresdalkt al.
2017

Air

The presence of genetically modified organisms was detected froi
samplegontaining low levels of pollen

Folloniet al.2012

Household dst

Detection of more than 600 unique arthropethera inside 732

homes, including dust mites, cockroaches, and parasitic wasps.

Maddenet al.2016

Table 11 Examples of the wide range of eDNApplications.

o




1.5Advantages ofaquatic eDNA as an assessment tool

One of the most well researched avidely implemented sources of eDNA in biodiversity
assessment is that from water, which will from herein be the focus of this thes#tic
sampling targeting eDNA has the potential to be implemented in routine biomonitoring
(Baird and Hajibabaei 2012yylagaset al.2014;Aylagaset al.2016, assessment of
conservation prioritiedinamotoet al.2012;Yoccozet al, 2012a;Barnes and Turner, 2016)
andfisheries management (Evans arainbertj 2017 Hanseret al.2018. As with other
types of eDNAwhether or not the benefits afjuaticeDNA analysis arsufficientto enable
uptake for managemewill depend crucially on the cosfffectiveness of anguchnew tools
and the ease and efficacy of the approtiah.noteworthythat, as with the introduction of
DNA barcodingsensu strictgHebertet al.2003) which aimed to complement the Linnaean
system of taxonomygquaticeDNA will most likely exert a pervasive impact through its
integration with existing approaches rathert necessarily replacing them. For example, by
evaluating the use of eDNA in detecting marine mammals, eba@te(2012) showed that
conventional static acoustic monitoring devices that recognise echolocation @rere m
effective in detecting the HarboBRorpoise Phocoena phocoehgbut eDNAbetter detected
the rare LongFinned Pilot Whale Globicephala melgsindicating that eDNA is best used in
conjunction with conventional approaches, also confirmed by others (ThetnskeR016;
Shawet al.2016;Hinlo et al.2017a;Kelly et al.2017).Although it has been suggested that
aguaticeDNA will not replace traditional sampling and taxonomic expertimre are several
advantages of usirgfuaticeDNA to generate information regarding bielisity quickly

and efficiently

a)l Higher sensitivitypDetection probability for rare speciesien using traditional
approaches to species monitoriagarticularly low in aquatic environments, where
individualsare hidden below the surface (Jeed@l.2011) and so BNA methods
provide a way to access DNA from these unseen individdaiber sensitivity also
comes fromimproved precisionas objectively identifying individuals from DNA
barcodes is more accurate than visual taxonomic identification based on diagnostic
morphological criteridhatmay leave room for subjectivity. Even when taxonomic
skills are excellent, it may be near impossible to distinguish between juvenile
individuals of animal groups such as fish, and consequently may also be difficult to
make relable management decisions such as those regarding the control of invasive

species (Darling and Mahon 201Eprly studies show thatliable detection of



animalsfrom aquatic eDNAat very low densities or small body sigepossiblevhere
they may elude traditional sampling methdés: exampleThomseret al.(2012a),
detected eDNA from eight ponds where the Common Spadefoot Pelubétes
fuscu$ had not been recorded using conventional survey methods, and Began
(2012) detected merican Bullfrog(Rana catesbeian@&DNA from five ponds where
visual encounter and ktaetection had not recorded bullfroggonfirmed by expert
surveys) Similar resultddemonstrating the increased sensitivity of eDighative to
traditional monitoring methodgarticularly when combined with metabarcoding,
have since beetonfirmed byothers Jerdeet al.2011; Darling and Mahon 2011;
Olsonet al.2012;Thomseret al.2012h Ji et al.2013 Pilliod et al.2013 Smartet

al. 2015;Matsuhashet al.2016 Oldset al.2016;Deineret al.2016;Valentiniet al.
2016;Evanset al.2017h Eiler et al 2018 BoussarieBakkeret al 2018 .!Initially
validated by testing against artificially assembled communities of e.g. plants (Hiiesalu
et al.2012) or bulk insect samples (tial.2012), it has been demonstrated that
metabarcoding generates reliable, qualitative estimates of alpha awivbesdy
(Fonsecat al.2010; Yoccozt al.2012; Jiet al.2013). However, artificially
assembled communities may not provide a translatable illustration of genuine eDNA
samples in real ecosystelfan important factor to understand when informing
manaement decisiongLawson Handley, 2015). Some studies h&osvever found
thatmetabarcoding da@andstandard biodiversity setsehighly consisten{Ji et al.
2013)

I Usable for norexpertsbProtocolsand sampling kits can be developed to enable
citizen-science approaches, such as tietelopedy the Freshwater Habitats Trust
and partners (Spygen, ARC and University of Kent) in the UROIIB,this group
tesedfor theGreat Crested Bwt (Triturus cristatug with promising esults(Biggset
al. 2014;Biggset al.2015) Subsequently, this grougpmpleted the first ever national
eDNA surveyas part of the PondNet projent2015 with 316 ponds, and again in
2016 withmore than 550 pondandfurther sampling irR017(Freshwater Habitats
Trust 2017. As a resultNatural England has now approved eDNA analysis for
monitoring the great crested nef@OV.UK, 2017) which is being implemented by
advisory servicesuch as ADASor various planningonsultancies (ADAS, 2017)
Another example is tHarger €ale citizen science project currently employed by the
University ofCalifornia (CALeDNA) whichaims to characterise aquatic sediment

(+



d)!

e)

samples in and around Californialtoild up detailed and complex distribution maps
with samples stored over time to compare both spatial and temporal patterns
(CALeDNA, 2018)

More st effectivdd Theease of sampling, ariiigher level of throughput of samples
that may be pcessedllows information to be generataetbre costeffectively
(Shokrallaet al.2012;Calvigna¢cSpenceet al.2013, althoughfor gPCRbased

studies, this depends on the cost of primer/probe development and the number of
samples (Smast al.2016 Qu and Stewart, 201 Michelin et al.(2011) showed that
eDNA survey costs were 2.5 times cheaper and 2.5 times lessdimaemingvhen
detecting the invasive Bullfrogcvanset al. (2017b) found that eDNA analysis of
Brook Troutwas67%cheapethan electrofishingLugg et al (2017) demonstrated

that eDNA was more cost effective than trapping when targeting platypus, especially
when combined with site occupancy detection modirelgher to these studies, i

eDNA approachescorporate metabarding and NGS of a gh number of samples,
costs will be mosgfficiently reduced.

Rapid sample collection and generation of resbiiisie to the short sample collection
and analysis time, information may be generated more rapidly than by conventional
survey methods (visual, acoustic, etc.), allowirsyvdter managementesponse

(Darling and Mahon 2011¥%ampling time also links in to sahng cost, as for
examplein the case of the eastern hellbender salamander (&isdr2012), the

greatest saving was in persbours; whereas, typically, large teams are required for
traditional sampling by rock lifting, a single researcher can collect and filter water,
also demonstrated by Dejeanal.(2011).

Noninvasive samplingpThere is no risk of harming target species through the use of
trueeDNA (as opposed to e.g. metabarcoding of bulk samples of insect pitfall traps)
compared tarapping, netting, electrofishing or using biopsy déstsaquatic
macrobiotaJerdeet al.2011;Goldberget al.2011). This improveanimal welfare,

and researchers need metcessarilyo through the process of tissue sampling and the

associated permit applications, particularly for CITlIEgd taxa.



1.6 Diversity of methodologyfor analysisof eDNA

Workflows utilising eINA may range from simple OyesD answetsingquantitative or
reattime PCR(gPCR or conventional PCRcfPCR) pertaining to an individual speciestiv
no gene sequencing involved,metagenomic sequencing of thousandget®esn parallel
With a diverse array of agpling, isolatingtapturing DNA extraction primer optimisation,
PCR protocoland sequencingvailable, it is of high priority to compare their efficacy and
application under a range of biological and abiotinditions Lodgeet al.2012)as some
studies have explorgiRenshawvet al.2015;Deineret al.2015;Shawet al.2016;Eichmiller
et al.2016h Spenset al.2017 Schiebelhutet al.2016;Piggott, 2016 Minamotoet al.2016;
Williams et al.2016;Roy etal. 2017;Hinlo et al.2017a and 2017IClarkeet al. 2017;and
Katanoet al.2017). Most of thesénowever havefocused omproof of concept or method
developmentandthere are as of yet festandard protocelin place to answer a particular
ecological questiarGenerally, eDNA concentration is low in aquatic environmental samples
and therefore a capture method is required to concentrate eDNA for molecular aAalysis
consensus sampling methodology would benefig term monitoring as confounding
variables may create bias in interpreting ecological information. For exarapyagpore
sizesof different filter membranesiay givebiasedresults avaryingeDNA concentrations
may only reflect different particlgizes(Turneret al.2014b;Wilcox et al.2015;Shogreret

al. 2016) rather than abundance or biomass of individ(Bésnes and Turner, 201@)arger
pore sizegup to 5um) canmake it easier to filter turbid watend produce higher eDNA
yield (Thomaset al 2018) with the use of a prélter step(an initial filtration using a broad
pore size filter before a second filtration with a more fine pore size tilgng particularly
helpfulto decrease processing time without compromising detection probéRiibsonret

al. 2016 Btlintet al 2017 Li et al 2018§.

1.6.1IsolationBrhewater type (e.g. clear mountain stream/turbid tropical)lakdsize of
the target samplée.g., bromeliad water/lake waten) organisn(e.g., plant/nematode/fish)
dictates thepproach anduantity of the sample to be processed before DNA extraction
(Creeret al.2016) Collecting small volumegusually 15mL) of waterfor ethanol
precipitaton (e.g.Ficetolaet al.2008;Dejeanet al.2012) or filtering larger volumes
(usually 22 L) of water(e.g. Goldberget al, 2011;Wilcox et al.2013)have been the main
methods of isolation adquaticeDNA, with filtering becoming the predominant che{&®ees
et al.2014;Goldberget al.2016). However, success has still been achieved using



centrifugation and ethanol precipitation approaciseich a&Klymuset al (2017b) who found
the same number, or a greater number of spasiagethanolprecipitationcompared to
filtering approaches, possibly due to extremely turbid sample vixterstudy evensed
filtering of up to 100 L on site using a specialised filtration capsule (Envirochek HV 1 Im;
Pall Corporation, Ann Arbor, MI, USA) and a p&dltic pump(Valentiniet al 2016) a
similar approachvasalso then implemented by Civadeal (2016) Samples are generally
either collectedby handfrom near the surface (e.g. Jeedal.2011),0r at depth using
limnological water samplers (e.gicBmiller et al.2016a) using a sterilized sample botte
pumped via peristaltic pump (e.g. Goldbetal.2011).Different filter materiahas been
usedsuch as cellulose nitrate, glass filmadpolycarbonateas well aglifferentwater
volumes(Fahrer et al. 2018) anddifferentstorageechniquegMinamotoet al. 2016; Spens

et al 2017, such as RNAater(Ishigeet al.2017) LongmireObuffer (Renshavet al 2015;
Wegleitneret al.2015 Williams et al. 2016, ethanolGoldberget al.201%, Hundermark and
Takahashi2018, cetyltrimethyl ammonium bromid@€TAB buffer) (Renshawet al 2015),
benzalkonium chloridéyamanakaet al.2017), dry storage in silica gel (Bakket al. 2017;
Majanevaet al.2018),freezing(Jerdeet al. 2011, Takahareaet al.2015 Hundermark and
Takahashi2018 Majanevaet al.2018), or even Qiagen lysis buffer ATL (Majaneataal.
2018)) Examples of studies usimtfferent filter materials, pore sizes, and storage mediums

are moe thoroughly listed in the supplementary material of Chapter 2.

1.6.2ExtractionbExtraction methods vary between different types of commercial kits or in
house protocols, with differing success across studies, between labs and withinstudies.
exampe, Amberget al.(2015) compared the PowerWater” DNA Isolation Kit from MO

BIO Laboratories Inc, and the DNeasy Blood and Tissue Kit from Qiagen, and found that the
Qiagen kit outperformed the PowerWater kit, although thene varyingresults depending

on which laboratory the extractions were performe@lase separation and precipitation
methods (e.g. CTARhloroform and pheneathloroform)seem tayenerally yield more DNA
than silica column methods (e.g. MoBio and Qiagen kits (Renshalw2015 Deineret al.
2015 Schiebelhutt al.2016), andgive significantly different community structures from
metabarcoding analysis (Djurhueisal.2017) Beadbeating of filters is sometimes used, and
a recent comparative study suggests this step increases eDNA yield (Hundermark and
Takahashi2018)but a consensus on the best practise for eDNA extraction for particular

ecological questions has not yeehaeached



1.6.3PCRDeDNA protocols have udebothcPCR andgPCR Goldberget al.(2011) tested
different cPCR protocols, and found that the addition of the Qiagen Multiplex PCR kit
improved detection in water filter samples over using Amplitaqg Golé [Ppolymerase and
bovine serum albumin (BSA), although most eDNA studies have not incorporated this Kkit.
Compared to cPCResults from qPCR provide aough comparativendex of sample

population size, as well asore sensitive detection (Lodgeal.2012 Wilcox et al.2013

Qu and Stewart, 201 Williams et al.2017), lower false positive rate (Ambesgg al.2015

Wilcox et al.2015), and are more likely to amplify eDNA even in the presence of inhibitors
that block amplification itPCR (Amberget d. 2015).Dropletdigital PCR can also be used

for quantification, and may be maoeest efficient fo many samplesmprove sensitivity of
detection and reduce amplification bias comparedRLR(Morissetet al.2013;Nathanet

al. 2014;Jerdeet al.2016 Hunteret al 2018 Bakeret al 20189. However, when many

species or entire communities are being targeted, multiplexing many samples using cPCR is
necessary when pipelines include N@8tabarcodingHowever, f the aim of an aquatic

eDNA study igo detect several key species of importance, metabarcoding approaches may
be wasteful if nortarget sequence data is of no use. In this case, multiplgRiG&s using
speciesspecific primers has been suggedtadsimultaneous detection of multiple specie

from aquaticeDNA (Tsuiji et al 2018).PCR choice will therefore depend on whether the
ecological question has to do with quantification, targeting a specific species, or analysing

whole communities.

1.7How does theprobability of detecting species bgDNA vary?

Researchers and organisations employing e@Ngroachesalong with the stakeholders,
methodologichdevelopers, resource managansl policy makers, must be made aware of the
current levels of ucertainty associated with eDNANhis is criticalwhen eDNA methodology

is being used to inform management or development decisions, such as those faced by local
planning authorities responsible for enforcing environmental regulations with regard to

planning developments and endangered species.

Water samjing illustrates the complexity of interpreting eDNJased studies.
Detection probability is likely to be dependent on the interplay bet®ékrelease and
DNA degradatior{Dejeanet al.2011, Thomseret al.20123 as well as range of variables
which behave differently across habitat typBaineset al.2014;Goldberget al.2016;
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Barnes and Turner 20L& heseinclude: organism siz€éKlymuset al.2015 Lacoursiere
Roussel, 2016band/or biological activityBylemanset al.2016;Dunnet al.2017) season
(Goldberget al.2011;Vervoortet al.2012;de Souzat al.2016;Buxtonet al.2017b;
Sigsgaardet al.2017;Stoeckleet al.2017 Uchii et al.2017 Salter, 2018Buxtonet al

2018 Collinset al. 2018, organismspecies densitgPilliod et al.2013;Pilliod et al.2014),
DNA degradation andispersatates(Deineret al.2014;Wilcox et al.2015;Janeet al.

2015 Goldberget al 2018 andDNA or cell sloughingsheddingate(LacoursiereRoussel,
2016h Sassoubret al.2016; while hostmolecule density (e.g. discrete tissues varying in
mitochondrial density) is likely also importaftor exampleit is speculated thatnimals
such as crayfistvhich have hard exoskeletqr turtles which have hard shedlse harder to
detect using eDNAnethodqdRaemy and Ursenbach@Q18 as theyare thought to excrete
less eDNA than animals with softer, more shomated skin types such as amphibians and
fish, which have been mostudied usingDNA methodgThomseret al. 20123 TrZguieret
al. 2014;BarnesandTurner, 2016)

The life stage of a particular organis@an also affect DNA concentration, as shown
by Dunnet al.(2017) who found thahe presence of crayfish eggsangerous fenales
increases eDNA detectioAquatic @®©NA degradation rates likely to increasedependingn
numerous factors, includirigitial DNA fragmentlength(Joet al.2017),substrate type
beneath the water bodyuch as topsoil, clay or sgn@hogreret al.2016 Jerdeet al.2016;
Buxtonet al.2017a) increasing time after the target organism is removed (e.g. Goldberg
al. 2011, other examplafiscussedbelow),increasecnvironmental temperatu(Billiod et
al. 2014;Strickleret al.2015;Eichmiller et al. 2016s; LacoursisreRoussel2016h Lanceet
al. 2017 Tsuji et al.2017), increased or decreaspH (Strickleret al.2015 Lanceet al.
2017 Tsuji et al.2017h, increasedxposure to ultraviolet ligh{Pilliod et al. 2014; Strickler
et al.2015) bacterial andir fungal action (Matsuet al.2001;Dejeanet al.2011; Lanceet
al. 2017, and DNAsesSalter (2018) demonstrateigsificant seasonal variability in the
turnover ofmarine dissolved eDNAvhich they found to be correlated with higher
temperatures, subsequent enhancement of microlei@bolismand low concentrations of
bioavailablephosphatgeresulting in increaseahicrobial utilization of dissolvedDNA as an
organic phosphorus substratiowever,Collins et al (2018 found no statistical relationship
between marine eDNA degradation and temperature variation between s€denfactors
affecting the detection of DNA, which can sometimes be stochastic immhsgended
sedimenparticle size(Turneret al.2014b;Wilcox et al.2015;Shogreret al.2016, water



bodydepth(Smartet al. 2015;Stewartet al. 2017;Minamotoet al.2017), different water

body surface pointgHSnflinget al.2016;Evanset al.2017a) sediment load/turbidity

(Williams et al.2017) and water flow rates (Deinet al.2014).Compared to freshwater
systems, marine systems present a more challenging habitat to sample due to the potential
dilution of eDNA into expansive waters, salinitydgs and currents which are likely to make
eDNA detection patterns much more complex (Thonetexh. 2012b; Thomseret al.2016
Bakeret al 2018 Collinset al. 2018. Generally, it is thought that eDNA degrades faster in
marine, rather than freshwatenv@onments (Thomseet al 2012b;Sassoubret al 2019

although a recent study uncovered the opposite pattern (Cetllahs2018).

Waterborne eDNA appears to yield neaattime, local(in lentic waters)and
reliablebut-noisy estimates of species presefite fastest rate of decay in freshwater
systems assessed to date is 1.2 h (Seyet@lr2018), and in marine systems is 6.9 h
(Sassoubret al 2019, with most estimates ranging frak0 to 50h (Weltzet al 2017;
Collinset al 2018).Estimates ohquaticeDNA persistence time once organisms are
removed from their environmeate highly variable between studi@sie detection of eDNA
hasrangedfrom roughly one (Pilliocet al.2014; Thomseretal. 2012a;Thomseret al.
2012b), two (Dejeast al.2011;Thomseret al.2012a;Barneset al. 2014;Pilliod et al.

2014) three (Goldberet al.2013), four (Dejeaet al.2011;Merkeset al.2014), toseven
(Strickleret al.2015) weeks with amphibiansst ormolluscsin mesocosms, artificial ponds
and laboratory aquaria with varying environmental conditiBased on the abovactors
affecting eDNA degradatioreDNA will persist in dry, dark and cold environments better
than wet, light and warm environments, hence why ancient environmental DNA studies have
been so successful from these types of environmental condii@nsd¢ rgensest al.2012;
Jérgensent al. 2012; GiguetCovexet al.2014 Willerslev et al. 2014 and whysampling

from warm, bright, aquatic habitats (such as tropical lakes) therefore, is likely to only yield
genetic informatiorfrom very recent biological activitystudies focusing osoil or lake
sediments haviund thatdetectable traces of plant and animal eDNA persist from a few
years (Anderseat al.2012) to millennia (e.g., Hailet al.2007;Yoccozet al.2012h
Hebsgaaret al. 2009 GiguetCovexet al.2014) or even tens thundreds of millennia
(Suyameet al 1996;Willerslev et al 2007) Ancientor historiceDNA could,however,
contribute a possible source of error for modegnaticeDNA sampling ifsediment is re
suspended ithe freshwater or maringater column (Barnes and Turredral.2016) Water
samplegather than sediment samptesrefore aremorelikely to accurately reflecthe



timely presence of targ&NA (Shawet al.2016) although it has recently been shown that
both aquatic and sedimeeDNA exhibitcongruenseasonafluctuations when targeting
Great Crested Newt eDNA in ponds (Buxtetral 2018)

Understanding the origin, state, transppérsistencand fate of eDNA in varying
environments as discussed above is essential if this technique isgorbaslyapplied to
ecological questionsummarised in Figure 1.below This aim will be better met by
comprehensive, replicated sampling surveyssaceorange of species and habitats, drawing
upon crosglisciplinary knowledge from e.g. microbiology and water quality monitofag.
far, the behaviour oEDNA particlesappears to bmconsistent (Shogreet al. 2016) and
complex (Jerdeet al.2016. Forexample, ihasbeen demonstrated that lotic eDNA could
travela few km in a small stream to more than&00in a large rive(Deiner and Altermatt,
2014;Pontet al 2018) but is unaffected bgtream bottom substratgéerdeet al.2016).

Figure 1.5. The ecolog of eDNA (Barneset al.2016) The origin (A), state (B), transport (C) and

fate (D) of eDNA are all defining factors in how eDNA information may be detected and interpreted.



1.8 Sources of uncertainty in eDNA information and solutions to mimmise them

As with most technological advances, limitations remain, as do many challenges that need to
be overcome. The potential implementation of eDNA approaches across disciplines indicates
that it will be critical not only to sample, extract, and seqassDNA in an efficient and
costeffective manner, but also &fficiently and reliablyhandle and analyse the typically
massive data sets generatechbytgeneration sequencing platfornreNA studiesvould

not only benefit from standardised methods for particular typbmdiversityrelated

questions, but also from highly standardised, international monitoring networks and cohesive
multidisciplinary approaches that build on the traditional ecologiedltaxonomic

knowledge, whilst integrating new genonaied etechnologies (Cristescu, 201Although

eDNA methods applicable to a broad range of environments and their resident taxa are
currently being tried and tested, work remains to ensure theibitali and repeatabilitythe
variation in measurements taken by a single instrument or pensdmeproducibility

(whether an entire study or experiment can be reproduced in its er(titelly et al.2014a).
Similar tothe related study cdiDNA (e.g.,Gilbertet al.2005), eDNA approaches require
rigorous standards and controls such as those outlin€alofperget al. (2016 and Ficetola

et al.(2016),without which the information obtained might not only be noisy, but outright
misleading Errors or lias from molecular work could undermine overall confidence in

eDNA for end users, and may have disastrous implications for management for conservation
or invasive species if resources are unduly wasted (Ficgttala2016).Considerable
apprehension exists regarding the possible sources of uncertainty associated with eDNA, of
which there are critical challenges for consideration where error can be intropmeding

a basidor future research to address, which may infbemst practice solutionkliminating

false positives (type | error: eDNA detected where target species is not pres#it)s a

major challenge for eDNA studies, as the mere presence of eDNA does not necessarily
indicate the presence of the relevant oigianFalse negatives (type Il error: eDNA not

detected where target species is present) are also probldbisdicssed below are

challenges and solutions in relatianavoiding false positives and negatives at each step of

an environmental DNA based exjeent.

1.8.1 a)Challenge:experimentatlesig for field sampling@Various factors discussed above
are likely to determine theffectiveness o€DNA surveillanceln addition to the relationship

between eDNA release and degradation, external sources of eDNA present a problem.



Dispersal of eDNA (in particular for air or waterborne eDNA) or contaminatiay result

from the addition of DNA from other sources withire ttarget environment (Dejeahal.
2011;Dejeanet al.2012), such as tributaries into a major river, ballast or bilge water
dischargeEganet al, 2015;Arduraet al, 2015b) sewage and wastewatdtdrtellini et al.

2005) excrement from animals that grepon the target species, or dead taogganisms
(Darling and Mahon, 201 Derdeet al.2011;Merkeset al.2014). A single sample from one
site may not accuratelepresent local biodiversity due to the low probability of capturing all
eDNA sequences at one time, andtsonay take multiple samples to capture a particular

DNA sequencéAndruszkiewicz et al.2017)

1.8.1 b)Solution It is pertinent to understariew to correctly sample environments to

capture the representative biodiversity within a given system, encompassing factors such as
water depth or surface position, volume for filtration, and numbsamwiple, extraction and
PCRreplicatesExperimental dgign, and interpretation of eDNA results should be carefully
considered, antbbustquality control implementedilot sample collection should first be
undertaken to test the logistics afticacyof the sampling protocol (Goldbegg al.2016).
Negativefield controlsshould be collected alongside experimental saniplessure
contamination does not occur in tsempling ottransport phase (Goldbeeg al. 2016), agor
exampleperformed bylerdeet al. (2011 whoran 1L of deionised water through thiéer
apparatus between filtration of different sampkasld equipment, supplies and personnel
should be kept separate from areas of high copy number DNA (i.e. PCR laleg)gtaor to
sampling (Goldbergt al.2016). Ejuipment including boots, boats field apparatushould

be sterilised thoroughl\Most eDNA studies have used 10% bleach for around 10 minutes for
sterilisation, such as Jerdeal.(2011), who reported no contamination in all blank samples
Recent guidelingshoweversuggest that sterilisation shoudtkally be implementedvith a

50% commercial bleach solutipor preferably equipmennot reusedt all (Goldberget al.

2016) Openly reporting contamination issues, particularly in metabarcoding studies, is

important br the progress of eDNA science, as a recent study has done{Rb2018).

Quantity of samplenumber ofspatialreplicates, andumber otemporal replicates
determne the strength of the evidence, with increasing confidencedsingle positive
sample, tanultiple positive samples from a single trip repeated trips with positive
samples, and repeated trips with pesitsamples over differetitne points(Jerdeet al.

2017, Goldberget al.2016) If samples are@nmediatelyfilt ered and stored on sjtar filtered
in e.g.a car duringransportatiorbetween siteseDNA concentration can be best preserved
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(Yamanakeet al.2016a). Generally, the larger the amount of samglg greater volume of
water, the better. MSchlet al.(2016) recommend filtering at least. Iof water for aquatic
eDNA studiesaiming to detect macroinvertebratakthough this is likely a recommendation
specific to this system, with other aquatic eDNA samples perhaps needing more, or less,
depending on #eDNA concentration and target organiJine type of sample used when
assessing aquatic ecosystems will produce varying results.e$la\(2016) showed that
when sampling both from the water column, and the sediment surface of the benthic layer,
eightspecies were detected from water samples and only three from sediment séniples.
is also a matter of logistics, and samplevolumeand number of samplafiould be
considered within the traegeff between confidence in results and available survey dimde
budget (Smaret al.2016)

Control samples can also be taken from adjacent areas where target spé&cies/aite
beabsent Jerdeet al.2011;Ficetolaet al.2015) to allow further confidence in results
throughnonamplification of these adjacesamplesRisk assessment of target eDNA
emanating from other sources should be undertaken, including the presence of dead
organismgGoldberget al.2016) Repeated temporal sampling will provide a partial solution
to the inability of eDNA tdifferentiate live and dead organisms, and control for eDNA left
behind after a target organism is no longer presenbnly live species that are permanently
present will still be detected repeated temporal samplégother solution in differentiating
between dead and live organisms is through the use of environmental RNA (eRNA), which is
only detectable from live organisriBochonret al 2017) How a sample is collected e.g.
what filter type to use, and whe to complete this step (ifeeld or lab)as well as whether to
do multiple sample stefgse. a OpkdiltrationO step as in Turnetrral. (2014b) should all be
considered depending on the target organism and environment in question (Geldtberg
2016)

1.8.2 g Challenge:experimentatiesigh for molecular analysi®Detection tools must be
highly sensitive and specifio avoid both false negatives and false positives respectively
False positives are a particularly problematic issteninronmental samplesgpeciallyif
andent) which conain low amounts aghort fragment sizBNA andtypically require many
PCR cycleso amplify (Ficetolaet al.2015). Contaminationanalsooccur throughrace

DNA from laboratorysurfaceswvhich carry over into new reactions, or evextraction,PCR
andsequencing chemistriéBarling and Mahon, 2011; Dejeabal.2011;Goldberget al.



2016).In simple presencabsence eDNA studies usiobBCR or gPCRfalse positivesr
negativesnay also occur due CR primers and probes that do not have a high enough
level of specificity, and allow the detection of OlookalikeGtagrets (Dejeast al.2011;
Dejeanet al.2012;Darling and Mahon 201 Wilcox et al.2013. False negatives may occur
from insufficient sensitivity or failure of methods to perform as expected (Darling and
Mahon, 2011)For examplein metabarcoding approach&CRor primerbias may mask
DNA of low quantity and oveamplify higher quantity DNAwhich may skew the relative
abundance of communitidsading to false negatigeof certain rare DNA sequenddsk et
al. 2012;Cristescu, 2014Elbrecht & Leese 2015; Pi—et al.2015).Falsepositives or
negatives maglsooccur due to PCR errors suas Otag jumpingO in which unique tag
sequences added to universal primpensp between samplemaking it impossible to
distinguish between samples (Schrelal.2015).1t has also recently been suggested that
DNA extracts from aquatic eDNA samples should not be pooled before sequentiegeas

limits the detectability of rare sequences, particularly when targeting fish€Sat@017).

1.8.2 b)Solution Molecularassays must be carefully designed and validated from pilot
sampling prior to experimental activities getting underwaking into account what
extraction kit, PCR salip, library preparation kit and sequencing approach tgGskelberg
et al.2016).Both repeatability and reproducibility should be demonstrated for all assays
(Darling and Mahoret al.2011; Dejearet al.2011).Potentialinhibition of sampleshould
be testedy either adding a foreign DNA and a matching assay to all samples (internal
postive controlsor mock samplegGoldberget al.2016 Thomseret al 2016 or by
creating agPCR dilution seriege.g.Agersnapet al.2017)from which an observed
quantification cycle shift of >3 cycles is considered evidence of inhikil@antman, Coyne
& Norwood, 2005Goldberget al.2016) Inhibition can be removed either by diluting
samples, or using a PCR inhibitor removal(kig. Williamset al.2017) both of which
howevermay result in the loss of target DNAo ensure specificityin silico testing of
speciesspecific DNAbased probes and primers (such as comparing sequences to BLAST
(Altschul et al. 1990) or using ecoPCRoftware (Ficetol&t al.2010, or PrimerTree
(Cannoret al 2016) as well asn vitro testing of probes and primergaansttargetandnon
target tissualerived DNA should be standard procedure (Deggaal. 2011; Darling and
Mahon, 2011Goldberget al.2016 Agersnaget al.2017) andgeneticdistances should be
reported (Jerdet al.2011). This is particularly important when the outcome of a positive



result may be controversial, suchvasere management outcomes are likely to be affected
such as in the control of invasive species. In these ,gasgiive PCR detections should also
be sequenced to examine accuracy (Ficedbld. 2008;Jerdeet al.2011; Thomseret al.
2012a). However, it is not necessarily essential to design sygpaesic primers that do not
amplify closely related speci@shese congeners do not have the sgeuwgraphic

distribution as the target species. This approach was employed by Gatbe(@011) who
designed speciespecific primers for within the Rocky Mountains region only, or Deggan
al. (2011) who designed primers which amplified sturgeorgeagrs that were not found in
their experimental ponds.

Toreduce the incidena# false positives, assalesignmustincludeextraction and
PCRblanksto the molecular workflow (Darlingt al.2011; Dejearet al.2011, De Barbaet
al. 2014;Ficetolaetal. 2015;Ficetolaet al.2016;Goldberget al.2016 allowing the explicit
reporting of rates of false positiveend theformation of data filtering thresholds to remove
background contamination in metabarcoding, as done by e.g. Thetrsle(2016) and
Andruszkiewicet al (2017) For conventional PCR, positive results observed in any negative
controls render experimental samples suspect, and so should subsequently be discarded,
unless quantification is the purpose of the study in which case very lpiifieation may be
acceptable (Goldbergt al.2016) However, if samples are for metabarcoding, and all
samples areequenced including controls, low level contamination is almost guaranteed, and
can be bioinformatically filteredrurthermore,tie addition oendogenous positive controls
using universal primers may distinguish between false negatives arising from method failure
or reduced detection sensitivity (Ardwraal. 2015;Furlan and Gleeson 2016 laboratory
conditions are asterileas possible, contamination indicated by the addition of extraction and
PCR blanks should be minimised. To do sostrstudies have used roospecific topre-
and postPCR activities; rooms dedicated to kgwantity DNA sources; rooms in which no
DNA of the target species has been previously handled (Golébetg2011); or clea
rooms such as used iDHA studies (Dejeaet al.2012).

As well as includingontrols increasing the number téchnicalreplicatesat the
extraction and PCR stemill enhancehe reliability of dataas false negatives are less likely
and false positives can be filteredt with proportionately lower threshol{iSristescu, 2014;
Ficetolaet al.2015 Leray and Knowlton, 2007 althoughthe workload and costs obviously
increasaespectivelyAs eDNA can occur asuch low concentrations, it édsoimportant to
use an appropriate volume of exttadSchleret al.(2016) recommend screeningl@ast14



I L of extracted eDNA t@educe uncertainty in detectiowbien targeting aquatic
macroinvertebrates, although much like sample volume, this is likely to vary according to
eDNA concentration and target organigficetolaet al. (2015 suggesht least six PCR
replicatefor eDNA metabarcoding whedetection probaility is around 0.5, or even eight
PCR replicated detection probabilitys lower than 0.5 Thiscouldeasilybe the case with
studies aiming to screemknownbiodiversity presenn samples

Oneapproach to increase the percentage of informativearai& to prevent nen
target molecules from being enriched and sequenced by sequesteringtthémcking
oligonucleotidesThisapproach has so far mostly been used to exclude a relatively small set
of contaminating molecules from being sequenced (e.g. as usgegtimeeim and Jarman
2008;Schnellet al.2010;Wilcox et al.2014. However, as the amount of eDNA sequence
data increses, it is conceivable that Oblocking librariesO for common environmental
contaminants will be created. For example, blockingrié® molecules can reduce the
amount of bacterial DNA sequenced in a librdinghould however be noted that blocking
primershave been shown to modify the proportion of tarmget reads in metabarcoding
(Pi—olet al.2015).

If laboratory set up is carefully considered, such as in the planning of metabarcoding in

which primers should be tagged with identical forward and revagsamdused only once
per sequencing pool (Schnetlal.2015), greater confidence in the molecular assay may be

achieved.

1.8.3 a)Challenge: processing the daCurrent barriers to the use of eDNA include the
requirement for extensive training in molecular biology and subsequent genetic data analysis.
There is a need for improved bioinformatics pipelines, statistical tools, and data sharing
approaches if eDNA userare tcaccommodatéhe often-underestimate®tidal waveO of data
(Reichhardt, 1999%hat it is now possible tproduce from metabarcoding or metagenomic
studies.The need foappropriate bioinformatics toodcentralised storage and
infrastructure taccommodate robust algorithrinas been noted for some tirfiReichhardt
1999;Bik et al.2012;Cristescu, 2014). Although public databases such as N&BLD and
Dryaddo exist, the responsibility atoring original data largely falls to individual

labordories or genomic centres, whilst tbest of storing data remains more or less constant
(Cristescu, 2014).



1.8.3 b)Solution Global, coordinated efforts to integrate traditional approaches and
effectively implement evolving technologies is undemnsyth as bythe iBOL Projectthe
Atlas of Living Australia(Atlas of Living Australia, 2017)the Genomic Oleyvatories
Metadatabase (GeOM@)ecket al.2017)and the Global Biodiversity Information Facility
(GBIF) (GBIF, 2019§. Biodiversity einfrastructurewill benefit from advances in OBig DataO
biodiversity informatics and-eesearch infrastructusaich as thesallowing the integration

of different taxorlevel data within a phylogenetic and environmental framewfaditating
informed decisiormaking(La Salleet al.2016).

1.90TU clustering for metabarcoding analysis

When combining eDNA with metabarcoding, many studies approach the assignation of
sequences to species using the clustering of similar sequence variants into what are known as
Operational Taxonomic Units (OTUs). OTU clustering techniques have typically been

applied to microbial studies (Sogah al.2006) using 16S rRNA, but along with eDNA

sampling, have since been applied to other groups of life from ancient and environmental
samples. These OTUs are typically defined as a cluster of reads with 97% tsiymdaighly
approximating individual species. However, this may not be the case if a) a species has genes
that are >97% similar, and so multiple OTUs are created for one species; b) a species may
have paralogs that are <97% similar, and so multiple OTé&Jsraated for one species; or ¢)
artefacts such as read errors and chimeras can create spurious OTU clusters (Sokal, 1963;
Sneath and Sokal, 1973).

There are three principal categories of species delinedjimtustering, 2) trebased
and 3) characterdsed, with the first two being the dominant approaches used (Kek&bnen
al. 2015). Clustering uses distance matrices, e.g. statistical parsimony networks such as
JMOTU (Joneset al 2011) Clustering 16S rRA for OTU Prediction (CROP) (Haet al
2011) AutomaticBarcode Gap Discovery (ABGPuillandreet al 2012), and Barcode
Index Number (BIN (Ratnasingham and Hebert 2Q01Bhese clustering approaches depend
upon pairwise sequence distances between specimens to define the number of OTUs within a
dataet (Kekkonenet al 2015). Treebased methodsuch as the Generalized M&k& ule
Coalescent (GMYE(Ponset al. 2006) and Poisson e Processes (PYZhanget al
2013) usea gene tree as input for taaalysis and may outperform clustering approacines
species assemblages lacking a Obarcodé¢ziap@et al 2013). The lack of a barcode gap is
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usually linked to recently diverged species with little genetic diversificagiod may in fact

be an artefact of insufficient sampling across @e&emersand Fiedler, 2007)although
examination of the width of the barcode gap with pairwise distances wlaniri
groupingcanprovide a preliminary approximatiaf divergence andpotential supporin
interpretation of results (Kekkonen al 2015) Chaacterbased methods such as Character
Attribute Organization System (CAQOS) (Sark¢rl 2002), employliagnostic base
substitutions as a basis for assessméis appropriate dissimilarity value defineOTUs is

not only relatedo a specific methogbut also tahe sample complexity.ow complexity

datasets need a higher dissimilarity threshold, whilst high complexity datasetsstieetea
dissimilarity threshold, as the usual threshold of 3% often leads to-astieation of OTUs
(Chenet al 2013). Other analysis tools exist as an alternative to chiised methods such
asDADAZ2 (Callahanret al 2016) which uses an error model to infer exact sample sequences
which may vary by only a single nucleotjair Swarm v2lahZ et al. 2015)This typeof

analysis could be beneficial for metabarcoding based upon short amplicons generated from
universal primers amplifying e.g. the 12S Teleost primers from Valezitadi (2016) which

are less than 100 bp, and which therefore may not differentiate between fish species which
differ by only one or few nucleotides (Stoeckleal 2017).

1.9.1Normalization

OTU clustering requires a strategy to adjust for over or under represented OTUs, which may
arise through PCR or sequencing bias, where relative abundance among samples could affect
the resulting clusters (Moligt al, 2018). Normaliation, or raredction, or transformation of

read counts among samples within an OTU table is usually performed when analysing
metabarcoding data (Moligt al, 2018). Variance stabilization such as R package DESEQ2
((Love, Huber & Anders, 2014), used by Peiral. (2016)), cumudtive sum scaling such as

R package metagenomeSeq (Paukstoal. 2013), or subsamplingased normalization

strategy (Aguirre de Carcet al.2011) are employed.

A correct method ofantrolling sequence quality to remove spurious sequences
obtained throuly sequencing error, PCR error, lab contaminadiath so ons therefore
important(Ficetola et al.2016).Read trimming, filtering oartefactéchimeras, reference
database and/or de novo OTU generation, taxonomic assignment method and parameters as
well as statistical analysis should all be carefully considered (Goladitexig2016).Filtering

data to removeequencing artefacts may eliminetee species, pacularly when the



biomass of rare species is reduced (Zéiaal. 2014).As with most ecological data on species
presence/absence and abundance, imperfect detection from eDNA data is unavoidable
(Ficetolaet al.2015).Providing rulesof-thumb is impossible, but appropriate analyses can
aid in better transformation of NGS readt® community information (Ficetolet al.2016).
Some studies opt to avoid OTU clustering all together, and individually blasigaiences
(e.g.Thomseret al 2016. Species Occupancy ModeBS@Mg cananalyse species
distribution when detection prability is lower than one, and estimate the number of
replicates required for reliable interpretation of taxon absence (Ralliad2013 Schmidtet

al. 2013;Schmelzle & Kinziger, 2016Bioinformatic pipelines and programs have also been
designed tomprove estimation of diversityaxonomic assignmendnd statistical inference
such as the Amplicon Pyrosequence Denoising Program (APDP) (Mergh2013)
PRObabilistic TAXonomic placement progralRRDTAXQSomervucet al.2017) LULU
(Freslevet al 2017) OinsectO in R (Wilkinsehal 2018) the Mitochondrial Genome
Database of FishiMitoFish) andMiFish pipeline (Sat@t al. 2018) or the use of informatic

sequence classification trees (Wilkinssiral 2018)

1.10What barcoding markers are suitable for eDNA?

Many eDNA barcoding primers have been designed for the detection of specific
organisms, or taxon groups, based on particular gBeeause eDNA samples may contain
highly fragmented DNA, many universal barcoding primers (termed -®annidesO) have
been designed to target short fragments e2®0 bp (examples shown in Table 2 below).
Different gene regions vary in taxonomic coverage and spegsedving power, with
specific taxonomic biases and imperfect estimates of taxon relatinelatce (Creest al.
2016).ldeally, metabarcoding markers should have suffidi@xdnomic coverage to detect
groups of interessufficientsequence divergence to resolve spediessonserved among
individuals of the same speci@sgicate relativeabundance of present take easy to
amplify and create a short enough amplicon length to avoid sequencin{Céargeet al.
2017).These can be used individually, or combined in a Oprimer cocktail® of multiple primers
at once (lvanovat al.2007).Mitochondrial or chloroplast genes present desirable molecular
markers due to their uniparental inheritance, rapid mutation rates, multiple copies per cell,
and ease with which conserved PCR primers may be designed for them (HandleyT2615).
COl gene is @opular choice for eukaryotes, as a previously OagreedO region for
standardisation of barcoding by molecular ecologists and conservation geneticastsvweh



over time accumulatealver5.7 million specimens (BOLBYSTEMS 201 &) with barcodes
freely availible on the BOLD database (Ratnasingham and Herbert, 2007). Some studies
have combined specispecific COI primers with environmental DNA analysis
(Bronnenhuber and Wilson, 2018)hilst others have combined universal degenerate primers
for a range of gess (HSnflinget al. 2016).This gene can provide an excellent marker choice
and it has recently beesmniggested that COI should be the standard barcode gene of choice for
metabarcodingAndcejaet al 2018).COl is extensively covered withiDNA sequence
referencadatabasesgndit has a high degree of sequence variati@m.example COI

resolved up to threefold more taxa to spetggsl compared to 18S in a study of zooplankton
assemblages by Clark¢ al (2017) However, COis not always stablein other cases

More conserved priming sites have been suggestaddtabarcoding gbarticulr taxa as

the proteircodingCOIl does noalwayscontain suitably conserved regions for species
discrimination (Deaglet al.2014) such as within nemades which are more often targeted
using the 18S rRNAyjene (Floycet al.2002; Powers, 2004)

For plants, which have low substitution rates of mitochondrial DNA, two plastid DNA
regions@bcL O andniakOa genddrn H BpsbAD; and nuclear ribosomal DNA region
drsthave been suggestad candidates for taxonomic assignm(@uissacet al. 2016;

Fahneret al.2016. Other ppular gene regions include 12S d&$ br vertebrates, and
ITS1 for fungi(see Table 1.Zor a small numbeof examples). Multiple primers targeting
different regions are sometimes used in combination to incepasges barcoding
information suchasconductedy e.g. De Barbat al.(2014) when assessing diet
composition of brown bearby Shawet al.(2016) when conducting a fish community
assessment in riversy by HSnflinget al. (2016) when assessing fisbmmunitiesn lakes.
This multrgene approacteduces taxonomic bias and increases taxonomic covgkbopzdi
et al.2017).Combining many sapies with many universal primers of different genes has
been coined OTree of LifeO (ToL) metabarcoding, bgt$taf2017) who combined nine
primers targeting 18S, COI, 16S, trnL, and 23S genes, amplifying eDNA from 434 eukaryotic
taxa from38 phyla, 8&lasses, 186 orders and 287 families

Best practice involves evaluating barcodes according to certain criteria such as size,
specificity, versatility, taxonomic resolution, understanding of the mode of evolution, and
how comprehensive the taxonomic datsdis (Cristescu, 2014Barcodes for commonly
used metabarcoding markers are generally lacking from public databases, although COl is
fairly well represented (Porter akthjibabaej 2018). It has recently been suggested that



classification of COl metabemding data could be improved by the uséhefRibosomal
Database Project (RDP) classifieuhich is faster than BLAST, arovides a measure of
confidence for assignments at eaaghk in the taxonomic hierarchi?@rter & Hajibabaei
2018) Primer design software such as Primer3 (Rozen and Skalé8%§, ecoPrimers
(Riazet al.2011) and PrimerMiner (Elbrecht and Leese,0tave been developed to aid in
designing primers which take these factors into account.

Gene ~ Amplicon size Taxon Reference
(bp)
658 Vertebrates Wardet al2005
313 Metazoa Lerayet al.2013
COl 120-150 Eukaryotes Meusnieret al.2008
100 Lepidoptera and fistj Hajibabaeiet al.2006
163-185 and 5575 | Fish Miya et al.2015 and Valentinét al.2016
12S 40-60 Batrachia Valentiniet al.2016
40-60 Enchytraeidae Eppet al.2012
40-60 Aves Eppet al.2012
100120 Coleoptera Eppet al.2012
54-60, 90, andLO6 | Vertebrates Palumbiet al. 1996, Taylor, 1996 and
16S Riazet al.2011
178228 Fish Berryet al.2017, Deaglet al.2009
90-213 Crustaceans Berryet al.2017
18S 336423 Eukaryotes Pochoret al.2013
240420 Eukaryotes Statet al. 2017
ITS1 122 Aquatic plants Gantzet al. 2018
180-220 Fungi Eppet al.2012
400-900 Vascularplants Fahneret al.2016
rbcL 400-900 Vascular plants Fahneret al.2016
100-200 Land plants Little et al.2014
trnL P6loop | 40-60 Bryophytes Eppet al.2012
40 Vascular plants Taberletet al.2006
MatK 186 Aquatic plants Gantzet al. 2018
23S 122163 Symbiodinium Santoset al.2003 Manning & Gates
2008

Table 1.2. Examples of the variety of primers targetng different genes according to taxonomic
group.

1.11Challenges of barcodingand metabarcoding

There are various approaches to metabarcoding which use a combination of PCR and unique
syntheticoligonucleotide sequenceslabel andnultiplex samples during library preparation

for nextgeneration sequencing, and subsequertdgsign a sample to agsencegSon and

Taylor, 201). These approacheamelyconsist ofeither a single PCR treatmeasrtdouble

PCR treatment (Figure J.6Contradictoryterminology has been usederchangeabljn the



literature to describe these unique oligonucleotidés;ch have been referred to as
ObarcodesO, OtagsO or Qimdsukis@ in inconsistency and confusion as to their exact
function ©ODanell et al.2016. Within this thesisthese unique oligonucleotides will be
referred to as Oindexem@iwhen combined wit primers as Qindex primefBd unique
oligonucleotides uset label individual libraries will be referred to as thibrary index@s
per suggestion by OODonretlal. (2016).

Figure 1.6 Single vs Double PCR treatmentDifferently coloured primeand library indexes

represent unique index sequences used to identify the sample origin of reads generated after
sequencing on an lllumina MiSeq. Somedstg use a single PCR treatmemhilst others use a

double PCR treatment (OODonwe¢lhl. 2016)

For a single PCR approacmultiple uniqueindex primers (Figure 1)%are used to amplify a

DNA extract, and then unique library indexes are ligated onto these sequences. For a double

PCR treatment, a conventional P@Rh unlabelled primers performedfollowed by a



second PCR to anneal the unique oligonucleotide lalddsatches between a primer
sequence and template DNA reduces amplification efficiency of a B@RIKiet al. 1996;

Polz and Cavanaugh, 1998; Wintzingeretlal. 1997; Sipot al.2007) and when

amplifying mixed templates, as with metabarcoding PCRs of e@iNé\can result in over
representation of template sequences which do notrheveatches{uzukiet al. 1996;
Wintzingerodeet al. 1997;Pi—ol et al. 2014, Pintcet al.2012) Thiscan create
inconsistencies in thelativeabundance of OTUs when using a single PCR approach with
index primers, compared to a double PCR approach using unlabelled primers for the first
PCR (OODonnedt al. 2016 Leray and Knowlton, 2097 This issue has been explored
within the context of creating quantitative metabarcoding daii-byl et al (2018) who

found thatsome primers pairs produced quantitative resaftective of the initial mock
community used, whilst others did not. Thisdy demonstrates how although quantitative
estimates from metabarcoding can be roughly successfuluthker of primeitemplate
mismatchegresents a challenge when attempting to use metabarcoding in a quantitative way

when applied to the redife variety of species richness and diversity observed in nature.

1.12 Abundance estimates using eDNA

A major opportunity provided by quantitative analysis of eDNA is to move beyond measures
of the presend@&bsence of a species to its relative abundance in haystams Jerdeet al.
2011, Minamotoet al.2012. The ability to record not only how many species are present,
but also how many individuals reside within any given habitat allows ecological queries to
movefrom measures of spesieichness to speciesversity. Thisyields advancedata for
biodiversityand ecosystem monitoringllowingthe trackingof changes irecosystemsver
time, observation otlifferences between habitats and ecosystems,raerstandinghe

health of ecosystemmdeed, lhe owerarching question related to the next step for the use of
eDNA is how it can be implemented for enumeration of individuals, and subsequently the
creation of abundance estimat@gositive result alone from a natural aquatic environment
can only indicatehat at least one individual is or was recently present (&trale2011).
Although presend@absence measures can provide useful indicators of biological diversity,
they are often insufficient to linkare species to persistence in a given habitdtiobogical
diversity to ecosystem functioninggust and Raes 201Bapid measures of abundance or
biomass across time and space would be more informative and, impodauttireveal

seasonal shifts in factors such as microhabitat use for feeding esqtoduction or refuge



use, as well as impacts of predation and competi&ionexampleBylemanset al.(2016)
analyse the relationship between bigheaded carp spawningratog¢hondrialeDNA
concentrationThey demonstratettie use of nuclear, rather than mitochondnarkersto
detect fish spawning everitswhich spikes in nuclear eDNA concentrations were observed
where no such spikes occurred from mitochondrial eDEf#cksonet al.(2016) attempted

to analyse the sanguestionbut found nasuchrelationship

There have been many attempts to relate eDNA concentration to either biomass or
abundance, with inconsistemgisults. Some studies shegla strong correlation between the
two whilst others showed weak or no correlatiBarly studiegositivelycorrelated eDNA
concentration from qPCR with broad categorical variables of high/low density of e.g. frogs in
ponds Ficetolaet al.2008, and Asian carp in different waterwayderdeet al.2011). This
was later expanded upon by more refined abundance categoriesnoinebgrs ofAmerican
Bullfrog (Rana catesbeiandadpoles in experimental tank3djeanet al.2011);number of
Common Spadefootolhd Pelobates fuscygnd Great Crestedawt (Triturus cristatu3 in
experimental mesocosms (Thomstral. 2012a) number of Common &p (Cyprinus
carpio) (Takaharaet al.2012)or African Bwelfish(Hemichromis bimaculatygMoyer et al.
2014)in aquaria and experimental pondbundance divood Turtle (Glyptemys insculp)a
in different rivers (Piliocet al.2013) number ofLake Trout Galvelinus namaycusfrom
catches in different laketdcoursiereRoussekt al.2016a) aquatic plantEsthwaite
WaterweedKlydrilla verticillata) biomasgMatsuhashet al.2016) and abundance of a
stream fish Ayu, (Plecoglossus altiveligDoi et al.2017b).The use ometabarcoding and
nextgeneratiorsequencingf eDNA as a highthroughput means of obtaining measures of
abundance across large scales and many taxa simultaneously has since been demonstrated
(Kelly et al.2014h Elbrecht and Lees2015 Klymuset al.2017a), offering the promise of
detecting cooperative drcompetitive relationships through robust tests ebocurrence
Studieson this topichavefound positive correlations betwe#re number of sequencing
readsandknowncommunity relative abundanoé organisms from a range of environments,
e.g. of bulkinsect samples (Elbrecht and Leed@15 Klymus et al.2017a), fish from a
marineaquarium (Kellyet al.2014b),fish and amphibians in mesocosm experiments (Evans
et al. 2016) freshwater fish in British lake$iSnflinget al. 2016) Greenlandideepwater
marine trawl catches (Thomsenal.2016) and fish biodiversity from a large river (Pa@tt
al. 2018)



However, these relationships have been calculated with a range of data points using a
known density of individuals against eDNA concentmnatiThe opportunity to estimate
abundance based on concentrations of eDNA relies in part on the assumption that the release
of eDNA from faeces, secretions, or tissues is correlated with the abundance or standing
biomass of the respective individuals. Tisidikely to varybetweerlife stages, individuals
species and habitat typgss discussed abowehich could confound inferences about
population size or biomass (Barnes and Turner, 2@d)fidence in eDNA generated
relative abundance information wdube improved by increased understandinthef
persistence of eDNA in the wild from a broahge of climates and habitats,how
environmental factoraffect eDNA concentrationsind of howaccuratelyeDNA sequence
copy numbers reflect the originedmposition oDNA in an environmental sampland are
not altered somewhere along the analytical pipekoe. examplePCR bias may lead to
preferential amplification of some template sequensesothers, and so the resulting
diversity and relative almadlance of the sequence reatsy not necessarily reflect that of the

community in thesample Pi—ol et al.2015;Basset al.2015).

1.13Improving eDNA sequencing

Future eDNA studies are likely to take an increasingly metagenomic approach. Instead of
PCRenriching a relatively small number of markers before sequencing, the eDNA extract
will be sequenced in its entirety. ICR is avoided completely, libraries have to be prepared
directly from potentially highly degraded eDNA. Most existing library prep@argrotocols

are optimised for higigquality DNA and are inefficient for highly degraded DNKn@ppet

al. 2012 Knappet al.201Q Gansauge and Meyer 2013 overcome this limitation, eDNA
methods can benefit from delepments in the field of aDN#hich routinely produces
potentially relevant protocols in this regard (elpappet al.2010 such as recent progress

in single stranded DNA library preparation from degraded DOl the sequence output of
secondgeneration sequencing platforms becom#icsent to avoid informative marker
targeting, enrichment methods are needed. Although PCR represents the basic option,
hybridisationbased sequence capwffers an alternativel(iu et al.2016 Wilcox et al

2018. With an ability to target shombolecules, under relatively permissive levels of
mismatch Taberletet al.20123), such methods bypass major disadvantages of PCR

enrichment.



Direct shotgun sequencing in e.g. metagenomic studies avoids potential taxonomic
biases and can provide a completaey independent method to assess community -adptth
betadiversity, and community functional genomic capabilitgependent of the resolution of
genetic markerswhich often introduce big€ristescu, 2014Creeret al.2016).This
approach avoids thgiases and errors introduced by all targetichment strategies, such as
tagjumps observed in the PCR step of tagged primers for metabarcoding ($tlahell
2015).The power of lllumingbased direct shotgun sequencing of bulk insect samples was
demonstratetdy Zhouet al.(2013) with bioinformatic recovery of inforntewe markers from
the outputAs sequencing costs drop and outputs increase, we might for thienfe sititain
directly quantifiable data representing the unbiased components of an eDNA extract. With
the arrivalof singlemolecule sequencers (e.g., Pacific BioscienBésefroet al.2012)

Oxford Nanopore GridlON2 and MinlON? ( Schneider, and Dekker, 2B)) that remove

the need for amgication during library buildthese benefits will increase yet further.
Progress in eDNAased functional genomics will likely benefit from shotgun sequencing,
especially if public metagenomic databases improve so tt@tganomes and gene functions

can be assigngreeret al.2016)

1.14The future of eDNA

eDNA is on the brink of making significant contributions to our understanding of invasive
species, community and ecosystem processes underpinning biodiversity and functional
diversity, and wildlife and conservation biology. Recent years have seen rapidéments

in sequencing technologies and we are only beginning to see the associated opportunities for
eDNA researchit is enticing to imagine the possibilities that eDNA coufdold, if

advances in molecular ecology, bioinformatics, and sequencingotegies continue to

accelerate.

The main advantages of eDNA are rooted in its autonomous nature; with a reduced
need for human taxonomists, ecologists, or biologists, sampling can access inhospitable
environmentgsuch as the Arctic, the deep sea, or even other plaratgt elusive species,
provide a vast reduction in labour coatsl an increase in speéditomatedmechanical
sampling of eDNAsimilar to that of oil spilsampling buoys or military sonobuolyas
already been put into action, with the ability to extract DNA, perform gPCR, and transmit
data back via satellite (Prestenal.2011) and roboticallynavigatehabitats usinginmanned
aerial vehicles (UAVsgrone$ (Oreet al.2015 Doi et al.201%), or remote control boats



(Spyboat, 2017)Custom mad@tegratedsampling systems have recently been created, such
as the ANDe environmental DNA sampling system (Thoetat 2018) which uses a

portable pump within a backpack, integratsensor feedback, pole extension with remote
pump controller, customade filter housings in singlese packets for each samplinig @nd

on-board sample storage.

If sucheDNA automatedampling is combined with new technologies and a range of
other comptmentary datanithe future, the potential for our understanding of biodiversity
and ecosystem processes maygitaEatlyenhancedNGS sequencing technology, or
technology currently being developed by Oxford Nanopore Technolagssripleupload
via USB, andanalyse DNAusing the handheld MinlON2opens a world of possibilities for
eDNA sequencingthe technology for which is decreasing in cost allowing an increase in
sequencinghroughputand data richness (Coissetcal. 2016) For example, the MinlON
was reently used to test samples for Ebola in Guinea (Qetiek. 2016), with results
generated in just 260 minutesWhen combined with human or robotic sampl{@yeet al.
2015 Doi et al.2017c)targeting environments of intereanalysis oeDNA, andthe remote
uploadof informationvia smartphone or satellitét,could be possible to create a network of
live biodiversity assessmerohanet al.(2017) suggest that ecosystem changes could be
monitored on a global scale, at high temporal and spatidutesg using relative abundance
of OTUs generated by NGS sequencing of eDNA, combined with machine learning methods.
The authors suggest this type of information could be used to reconstruct ecological networks
and interactions, with automated samplingpaging such information to Othe cloudQ. This
type ofaccurate abundance data would provide a potential framework for global ecosystem
network prediction and enable the development of ecosysidendynamic model@aust
and Raes 2012)f additionalinformation was overlaid, such agter depth, hydrological or
other environmentahovements, temperature, pH, indicator biomolecules such as
environmental RNA or proteins, or habitat information, such as the current ongoing project to
map the Earth's swate in3D (Amos, 2012)it could be possible to identify the origin and
state of eDNAFor example, RNA degradéssterthan DNA, and is indicative of agg gene
transcription, making it morgkely to show the presence ofetabolically active cellandis
thusa betterindicatorof live, rather than deadyganisms (Poulsegt al. 1993) This subject
was recently explored dyochoret al.(2017) who compared eDNA and eRNA from the
same samples, and recommend tmdy OTUs that are preseimt both eDNAand eRNA data
should be interpreted as evidence of live organigmsvell as live biodiversity assessment



networks, ecosystemvide dynamic models, and mapping the ecology of eDNA, it has been
proposed thaEarth observatiodata may be connectéa biodiversity and ecosystems

through interpolating biodiversity point samples and building continuous landscape maps of
species distributionsvhich may then draw on known data associated with these species

(Bushet al.2017).

+ £



1.15Freshwater ecosystems of Soudast Asia

OFreshwaterQ is defined as water with a very low dissolvextsaotient (around000 mg f

of dissolved solids (American Meteorological Society, 201&)hough some freshwater
environments such as river estuaries may extend out into the ocean whilst some isolated
inland water bodies may be highly salifiée development of human society has

significantly relied on freshwater ecosystems, with the loirtihe rich and civilised early

empires occurring in river valleys, such as the Egyptians of the NilRaimans of the

Tiber, and the Mesoamericans of the Amazon (Scott, 198@¢r basins provided fertile

soils to grow crops and graze livestock; plemtivaters to catch fish; riverine forests to

harvest timber and hunt wild game; as well as drinking water, transport and the opportunity
for spiritual and cultural traditions (Scott, 1989). Today, we would label these inherent
elements Oecosystem senfites Oecosystem goodsO to place monetary value on the processes
and resources provided by the natural world for conservation purposes, such as water supply,
regulation and purification, control of infectious organisms, fisheries, game hunting, tourism
andrecreation (Kottelat and Whitteh996, Costanzat al.1997).

A common feature of freshwater ecosystems is the intimate bond between these
resources and processes, and biodiversity. Although freshwater ecosystems only occupy
0.01% of the EarthOs waterd#®.8% of the EarthOs lasutface, they are estimated to
contain around 126 thousand plant and animal species, equivalent to roughly 9% of all
described species (Baliah al.2008;Dudgeonet al 2006). The total number of freshwater
vertebrate speciesxcluding brackish fish is around 18,235: constitutiBgoedf all described
vertebrate¢Balianet al.2008).1t is currently estnated that therare roughly34,515species
of fish globally(Eschemeyer and Fong, 201@)number which has risenbstantially since
2008 when estimates stood at 29,00Dve-queet al.2008. Around fifty percent of theséish
speciesnhabit brackish or freshwaters (Baliahal.2008), indicating that freshwater
ecosystems amexceptionally species rich, althoughcempassing only a small component of
the global aquatic realm, with ever growing species estimates as new studies emerge.
Tropical freshwater ecosysterae particularly species rich, supporting owee million
species worldwidevhich depend upothese hbitatsfor their survival (Cumberlidget al.
2009). These may be obligate freshwater inhabitants such as fiskacpeaic taxa such as
frogs, or any species intrinsically linked to the hydrological processes and ecosystem
interactions within their enkonment including birds, mammals and reptiles (AbeHl.

2008).



The geographical

region of Southeast Asia

(SEA) (Figure 5) consists of

Brunei Darussalam,

Cambodia, Indonesia, Lao

PeopleOs Democratic

Republic, MalaysiaMyanmar

(Burma), Philippines,

Figure 1.7. Southeast Asia(Google Maps) Singapore, Thailand,

Timor~Leste (East Timor) and
Vietnam (United Nations Statistics Division, 201@)jhen Alfred Russel Wallacgailed
between the volcanic shores and hiked into the humid forests of the Malay Archipelago in the
1850s, the influence of man had done little to corrode the ancient and flourishing biodiversity
of Southeast sia(SEA). WallaceOs seminal bodke MalayArchipelago(1869),revealed
the exceptional endemism of this region, and the stark division of species between the Asian
and Australian continents on either side of what became known appropriately as WallaceOs
Line. One hundred and fifty years later, thlalay Archipelago encompasses most of modern
day SEA, hosting four of the EarthOs terrestrial biodiversity hotspotsBimdwm
(CambodiaLaos Thailand,Vietham and Myanmar), Sundalari8rnei,Indonesa,
Malaysia,Singaporg, Philippines and Wallaceandonesia (Myerset al.2000) These
biodiversity hotspotalso contain many tropical freshwater ecosystems within Ofreshwater
ecoregionsO, categorised by Abell.(2008). Particularly noteworthy ecoregions include
the Mekong river basin (running through Tibet, China, Burma (Myanmar), Laos, Thailand
Cambodia and Vietnam); the Chao Phraya river basin (Thailand); the Sittaung and Irrawaddy
river basins (Burma (Myanmpgrand large parts of Sumatra and Borneo (Agiedl. 2008).
SEA ranks second globally (after the Amazon) for freshwater species richness, with the
Mekong Basin and large parts of Malaysia and Indonesia considered noteworthy éCollen
al. 2014). It is tle WorldOs richest region for freshwater turtles (Buhlrearh2009),and
fish, crustacean, insect and molluscan diversity is particularly high (Bailian2008
Kottelat 2013. The evolution of this extraordinary biodiversity must be appreciatedwith
the context of the regionOs intricate tectonic and climatic evo{uttbmanet al 2011;De

Bruyn et al.2014), characterisdaly over 300 million years of continental collisiofvein



Oosterzee 199Nletcalfe 201} which influenced the creation of tikede-ranging
topography, hydrologygeomorphology and consequently clim@#orley 2012).

The significant biogeographic barrier of tidVallaceOs Lirsdparatethe Sunda
Shelf to the west (where Indochina, Sumatra, JAweneoand Bali are found) and ti&ahul
Shelf to the east(here Sulawesi, Lombok, afddmor~Lesteare found). The islands of the
Sunda Shelf were previously a contiguous landmass known as Sundaland when sea levels
were low enough during the middle Eoe (ca. 8-45 my3g, andthe Pleistoceng.5 myato
11,700 years agoSoutheast Asian ecosysteh®ve experienceapeated and significant
geographic reductions associated with the perisdliznergence of the Sunda Shmdfween
cycles ofPleistocenglacial and mterglacial periodéWoodruff 2010). Thigepeated range
compactions thought to be amstrumental force in causing the colonization and subsequent
diversification contributing to theyperdiverseSEA communitieghatwe seetoday(De
Bruyn et al.2014) Although most of SEAOs biodiversityislands such as Jahas arisen
through the accumulation of immigrants anditu diversification, withinarea
diversification and subsequent emigration are the princlpadacteristicsypifying
Indochina and BormoOs biota in particulavhich have been described as Omajor evolutionary
hotspots for Southeast Asian biodiversiip® Bruynet al.2014).As current climate and
geography are typical of only ~3% of the last 2.7 million years, the biota oisStt#vertly
in a refugial state, in which they occupy onlyB®% of their maximal Pleistocene extent
(Woodruff 2010).

Althoughfreshwater ecosystems aneredibly species rich, mounting evidence
suggests that freshwatene the most threatenedosystem in #world, withroughly
double the ratef biodiversitylossthan terrestrial and marine environmenégorded
betweenl973- 2000 (Kottelat and Whitten 1996aundert al.2002;Jenkinset al.2003;
Collenet al.2014 CBD 2013). The WWF (2012) suggs#tat the tropical freshwater Living
Planet Index has declined by 71%, a pattern that is particularly poignanttire&stuAsia, as
shown inFigurel1.8 A, B. Threats include direct habitat alteration, over harvesting of aquatic
animals (especially fishpollution, invasive species and anthropogenically induced climate
changeGlobal extent of wetlands decreased by ~50% during theG#itury (Hailset al.
2008). Wetland loss is certainly higher in SEA than globally (Roetey.2010), where
most remaiing wetlands have been converted to rice paddy fields, reservoirs, canals or storm
drains.Sealevel rise will impose additional threats through further reductions in land area
and an associated increase in the refugial state for SEATia&&646 million humans in



SEA require foodwater, energyconsumableand living spacewhich threaterEs through

a range of interrelated activities such as oil and gas extralbjidrgpower creation,

agricultural development and urban expansion. Projections fopmagations in SEA to

rise to 797million by 2050 (Worldometer2018), putting these services under increasing
demand, andscalatindhabitat loss through river impoundment, urbanization, deforestation
and landuse changelhreats to freshwaters occur at the physiochemical, trophic and habitat
level, and can be split into five main categories: water pollution, flow modification, habitat
degradation, oveexploitation, and species invasions, upon all of which environmental
changeacts (Dudgeomet al.2006).

Conservation of freshwater ecosystems (FESs) is often overlooked, despite freshwater
biodiversty declining faster thaterrestrial or marine biodiversity since 1970 (Dudgebal.
2006;Collenet al.2014). Freshwater coessation strategies are of critical importance in
denselypopulated regions such as SEA, where high rates of habitat loss and species
extinction (Myerset al.2000; Colleret al.2014)coincide with manifest risks to human
water securitfVSrSsmartyet al.2010).As the global human population, seael, and
temperatures rise, it is inevitable that threats to freshwater ecosystemsangify. An
increase in frequency of extreme weather events, combined with economic growth and a
tendency towards devgiment of coastal cities will exacerbate the effects of anthropogenic
change in SEA, as evinced by events reported in the media sincd=20&xample,drest
fires ravaged Indonesimtensified by the drainage of Bornean wetlands; one of the most
severeEl Ni—o weather events recorded in 50 years caused widespread drought; saline
intrusion crept up the Vieamese Mekongndconstruction began on théS$3.5bn
XayaburiDam on the Mekong mainstream in LaAseas such as SERave some of the
highest levels of biodiversity in the world, but are thought to be understudied due to the low
per capita gross domestic product (GDP), low level of English speé#keirspast or present
experiencef civil or international conflictard ther geayraphical distance away from
countrieshostingbiodiversitydatabasgsuch as th&lobal Biodiversity Information Facility
(GBIF) (GBIF, 2018) usually hosted in the U.S.A or Euroffemano and Sutherland 2013).
Biodiversity surveys aralso morecomprehensive in affluegbuntries, with a longer history
of researchwhich could also bias species distribution estimates, as shown by the location of
barcode entries in the International Barcode of Life Data Systeatagsingham and
Herbert, 200y (Figure § C). The existence argktinction of some species, particularly that

of small or cryptic organisms may therefore simply go unrecorded (Extoalk2003).



Figure 1.8 Global species richness compared to threat arBlOLD database entries A: normalized
globalfreshwaterspecies richness from 0 to 1. B: normaliggabal freshwateispecies richness of
threatened species (extracted from Co#ieal.2014) C: global barcode entries to BOLD, pink = 1000 per
site, red = 00 per site, orange = 10 per site, yellowrre per site. SOLDSYSTEMS 2017h
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1.16Significance of eDNAfor Southeast Asia

The use of environmental DNA is particularly amenable to sampling of aquatic
environments, whicareamongthe most dgistically difficult habitat type$o sample ugg
conventional methodologhindered by the complexity of the topography and vegetation in
streambeds and riparian areas, water turbidity and flow (@tddberget al.2011).Kottelat

and Whitten (1996) divideSoutteast AsiaOs freshwater ecosystems into habitat types of:
Osprings, hiktreams, headwaters and rapidsQ; Ofreshwater swamp forests and small streams
in lowlands and foothillsO; Olarge riversO; Oriverine lakes and flood plainsO; OestuariesO; Olake
Omargds and swamps@eét swamps, black water streams and black water lakesO; Ocaves and
aquifersO; anauificial freshwater habitatsO. It can be assumed that eDNA would behave
differently in all of these freshwater habitat types, for example, moving qudokiystream

from the source in a light, clear, cold Ospring;stiam, headwaters and rapidsO habitat type,
compared to moving slowly if at all in a darker, more turbid, warmer Opeat swamp, black
water stream and black water lakeO habitat bypkewild, aquaticeDNA detection and
degradation isikely to becomplex depending on climate variables, water body type and
habitat variableas discussed in sectidn/. This isparticularlyrelevantto Southeast Asian
freshwater ecosystem types whate hghly variable, andwhereDNA degradation is likely

to occur fasterdue to higlertemperatureand microbiakctivity (e.g.Pilliod et al.2014;
Strickleret al.2015;Eichmiller et al.2016a Tsuji et al.20173. In Indonesiaand Malaysia
thecombination of deforestation, the drainage of wetlands and conversion into agricultural
land reduces the buffering capacity of rivers, creating higher peak flows, and lower base
flows, resulting in higher risks of flooding and drougid well as increasewncentrations of
suspended solids, resulting in higher levels of turbidity and reduced photosy(ithssjs
2004;Asian Development Bank, 2016hdeed, the water quality of lakes and rivers in
Indonesia is poor, with over 50% of water quality pararsatet meeting the norms for water
quality Class IWater that can be used as stdwater for drinking purposes) (Asian
Development Bank, 2016)he use of eDNA samplingpuld be amenable to understanding
the impact of these threats on freshwater biaditse Three key areas of influenéer

aquatic eDNA application in SE&re 1) monitoring of invasive specie$udderstanding
ecosystem level processes and patterns, amb@foring for conservation management
Applying eDNA methods to addresbkallenges within these topics could have major benefits
for environmental protection, fisheries monitoring and management, or fishing and wildlife

tourism in ®utheast Asia.



1.161 Monitoring of invasive species

Invasive species present one of the magticant, inadequately controlled, and least
reversible of threats to biodiversity and global homoggiuis. They areDhighlynoxiou<)
dominatingan area once they become establigftelfman, 2007)andspreadbecoming
abundan{Kolar and Lodge, 20Q1threateningiological diversity Species Survival
Commission 200Q. Othertermsincludenon-native, nonindigenous, introduced, alien,

exotic, transplanted, translocated, allochthonous, invasive, dadjological pollutant
(Helfman, 2007. Suchspecies may result atastrophic effects forative freshwater
ecosystemghrough competing with, predating on or transmitting disease to native species
(Schneideet al.2016) as well azausingeutrophicationfeducingbiodiversity,altering fire
regimes, and destroyiniisheries (Peh2010; Allenet al.2012).In Southeast Asia, there is a
substantial aquaculture industry as well as tourist game fishing, with many species being
introduced eithefor their easily farmedneat(e.qg. tilapia)GuinZeet d. 2010), or based on
their size and attractiveness to fishermen. In Thailand, species suclGasntligator

Gar (Atractosteus spatu)drom North America, th&ilver Arowana(Osteoglossum
bicirrhosum), andthe TambaquiColossomanacropomur) all from the Amazon, are
introduced for sport fishing (Mega Fishing Thaila@817. Invasive species in SEA are
introduced from a range sburces including aquaculture.g.Water Hyacinth(Eichhornia
crassipe} Apple Sails(Ampullariidae sp.)and tlapiafish (e.g.Oreochromis niloticul

pest control (e.g. Esquitofish(Gambusia affiniy or the aquarium and pet traded.

Armoured Gitfish(Loricariidae sp) (Peh 2010; Allenet al.2012; Reidet al.2013).In SEA,
many examples existvhere impacts of invasive species are observed at the physiochemical,
trophic, and habitat level. For exarapbioturbation and siltatiomave been causdxy

Common G@rp(Cyprinus carpi9, communitycompositionhas been alterdaly predation on

fish by s:skeheadish species (Channidae smpd haitat structurevasimpacted byWater
Hyacinth Eichhornia crassipgsand Floating Ern(Salvinia natang which prevent

movement of fishing boats and cause fishing net entanglement. Invasive species are more
sucessful in degraded habitats (Allehal.2012), and so their impact will likely be
compounded as deforestation, industrial agriculture and global temperatures increase (Peh
2010).

The development of eDNA tools for application in monitoring invasive species has
been one of thbeststudied aspects of eDNAvith most studies using qPCR methgdable
3), althoughmetabarcoding approaches have also recently been afupsiedrch fonon-



Speciesand native country

Habitat where eDNA
found

Referencein date
order

American Bullfrog Rana catesbeiananative to
North America

Natural wetlands in
France

Ficetolaet al.2008,
Dejeanet al.2012

Asian Bigheaded &p (Hypophthalmichthys
nobilis) native to East Asiand Silver @rp
(Hypophthalmichthys molitr)xand China /
Eastern Siberia respectively

Lakes in the USA

Jerdeet al.2011,
Mahonet al.2013,
Turneret al.2014a

North American Buegill (Lepomis macrochirys
native to North America

Ponds inJapan

Takahareet al.2013

New Zealand Mdsnail(Potamopyrgus
antipodarun) endemic to New Zealand

River in the USA

Goldberget al.2013

QuaggaMussel(Dreissena bugensgigative to
Ukraine,andZebraMussel(Dreissena
polymorpha native to southern Russia and
Ukraine

St. Joseph Lakand
ballast waterthe Rhine
river catchmentand
Lake Winnipeg, all in
the USA

Eganet al.2013 De
De Venturaet al, 2017,
Gingeraet al,, 2017

Louisiana Qayfish (Procambarus clark)i native
to northern Mexico, anddiithern USA

Ponds in the Regioha
Nature Park of Briere,
France

TrZguieret al.2014

native to the Gulf of Mexico

Burmese Rthon (Python bivittatuynative to USA Piaggioet al.2014
South and Southeast Asia Hunteret al.2015
North American Wedge I@m (Rangia cuneatp | Baltic Sea Arduraet al.2015a

Chinese Giant 8amande(Andrias davidianus)
native to China

The Katsura River basir
in Japan

Fukumotoet al.2015

Tiger Mosquito Aedes albopictys Asian Bush
Mosquito Aedeg. japonicug native to Southeasl
Asia

Natural water bodies in
seven European
countries

Schneideet al.2016

Ruffe (Gymnocephalus cernyiaative to Europe
and North Asia

Laurentian Great Lakes

Tuckeret al.2016

Rusty Qayfish (Orconectesusticus)and the
Signal Gayfish(Pacifastacus leniusculysative
to North America

Lakes inMichigan, and
the LaurentianGreat
Lakes ofthe USA

Doughertyet al.2016
Larsonet al.2017

Northern Fke (Esox Luciu} ndive to the
Northern Hemisphere

Alaskan lakes

Dunkeret al.2016

Red Swamp @yfish Procambarus clark)i
native to Mexico

Rice paddy water,
Honghe Hani rice
terrace

Caiet al.2017

Topmouth Gidgeon, Pseudorasbora parya
native to Asia

Angling ponds in
southern England

Davisonet al.2017

Signal Gayfish Pacifastacus leniusculysative
to North America, and NarrovZlawed Cayfish
(Astacus leptodactyldimative to the Caspian Se¢

Natural freshwater
ecosystems in Denmarl

Agersnapet al.2017

Brown Trout(Salmo truttd native to Spairand
invasive Rainbow TroutOncorhynchus mykiks

Streams in the
Biosphere Reserve and
Natural Park of Redes
Northern Spain

Fernandezt al.2018

Wild Pig (Sus scrofanative to Eurasia and
invasive in the USA.

Artificial wallows in
Mississippi, USA.

Williams et al.2018

Table 1.3. Examples of studies using eDNAnd qPCRto detect invasive species

ng



indigenous shellfish in Spain (Borrei al.2017) Although invasive populatiomeay

rapidly reach large population sizes, the initial propagules in an early invasion are low
density and subsequently difficult to detect (Barnes and Turner, 2016). #i2kefore

presents a useful solution for providing rapid and accurate informatispeaiesO

distributiors as an earhwarning system, to assess the geographic extent of current invaders
andto alert regulatory authorities before the establishment of alien species.

By sampling sources afivaders in transit such ahip ballast water( et al.2011;
Mahonet al.2012;Eganet al 2015;Arduraet al 2015b) ornamental fish transport (Collins
et al.2013; Roy et al.2017), recreational fishing bait trade (Mahehal.2014 Nathanet al.
2019, or at port locations (Gregt al. 2018) invaders may be detected amdnagement
action taken beforthe potential invasivearrive at their destinatiotndeed, eDNA
methodalogies havalready demonstrated particular promirsghis regardThe US Fish and
Wildlife Service, for example, have ingmented an eDNAased approach to monitor
invasive Asian carin the Midwest, USA (Figure 3, providing a labourand costffective
alternative to traditional largecale sampling methods such as electrofishing and/or manual
netting (Jerdet al.2011).

The ability to detect an invasive species early, and respond quickly, is of paramount
importance for their managemehicetolaet al.2008;Lodgeet al.2012; Dejearet al.2012;
Jerdeet al.2011). Ppulations at low densities mubkereforebe detected before they become
established, allowing a much greater chance of eradication. For assessing biosecurity risk, the
mantra is Oan ounce of prevention equals a pound of cureOdialda@12); knowledge of
exact species distribution contribsit this by allowing preventative measures to most

effectivelybe put in place.

Without the tools to detecare invasivesandconsequenthalack of knowledgen
which to base amanagement plampon, actios can stagnate or fail to begin. However, with
the use of new information and practises, quantitative procedures for risk analysis, and cost
effective diagnostic technologies amongst other solutions, the effectiveness with which
managers can respond to such situations may be improved (€bdg2006). Nevertheless,
managers have been slow to adopt eDNA detection tools in denisiking frameworks that
have a direct impact on management responses, possibly due to the remaining susceptibility
to error (Darling and Mahon, 201 However, there are itences in which eDNA has been
implemented in such approaches; most prominent was the use of eDNA in the detection of
invasive Asian Carp species in North America (Jetds.2011). In 2008, the U.S. Army



Corps of Engineers (USACE) entered into an agre¢mvih the Centre for Aquatic
Conservation at the University of Notre Dame to carry out a risk assessment, which included
testing for invasive Asian Carp species within the Chicago Sanitary and Shipping Canal and
the Great Lakes (Darling and Mahon, 208lijver (Hypophthalmichthys molitrpand

Bighead Hypophthalmichthys nobiljsCarp DNA was detected from environmental samples

in areas previously thought to be absafitarp,north of where an electric barrier had been
constructed to preveoarpdispesal, as far as Lake Michigan (Jeeteal.2011). This

discovery suggested that the need for management action to prevent invasions was much
more urgent than previously thoughased onraditional sampling methods, and led to calls

for a full separation of the Great Lakes and the Mississippi River basin, as well as for closure
of the hydrological lock that leads directtyltake Michigan. Tis led to the filing of a

lawsuit in the US Ndhern District of lllinois to seek immediate action to prevent the

invasion of Asian Carp, and the scientific commusityutinisedceDNA studies and their
reliability, with particular focus on #hinvasive carp in MississipfiDarling and Mahon,

2011). Tlesestudiesdemonstrate the interest in eDNA for thanagement of invasive

speciesandthe potential for monitoringnvasive speciesuch as those in Southeast Asia

1.16.2 Understanding ecosystem level processes and patterns

The forces that threaten biodiversity may only be truly understbeh the description of
extantspecies and the mechanisms through which biodiversity interacttheidtosystem

are alsaunderstoodThere is an urgent neéar ecosystem level understang to inform
systemlevel response to accelerating anthropogenic impacts on Earth such as climate change,
pollution anddeforestation which are having huge impacts in Southeast Asia, and will have a
knockon effect forfood security, emerging diseaseswhio manage natural landscapes and

how to tackle the spread of invasive species (La $abd 2016).Realistic inferences and
predictions about the impact of environmental change on extant biota depend increasingly on
our ability to transcend boundariasiong traditional biological hierarchies in the wild,

extending from individuals to specjg®pulations, and communiti€Such an approach

facilitates community eDNA analysis (Porebal.2010) simultaneously from across the
kingdoms of life, including plants, animalsnfy, and bacterialhe ability of eDNA tomove
beyond targeted surveillance of a handful of speciegeticing multiple species

simultaneously has great potential fomamunity ecology and studies at the ecosystem level
(Lodgeet al.2012) Building on microbial metagenomic approaches, eDNA sampling to



describe communities of organisms has evolved from studies of bacteria, to eukaryotic
microorganismsto macrobial lifeincludinginvertebrates andertebratess well. Examples
combining NGS and eDNA for the detection of multiple macrobial spéita@s a range of
environments, not only aquatic)clude the detection of communities of nematodes
(Porazinskaet al.2010;Vervoortet al.2012) earthworms (Bienesgt al.2012),plants
(Yoccozet al.2012; Fahneret al.2016, amphibians B¥lint et al.2017),fish (Thomseret

al. 2012h Thomseret al.2016 Oldset al, 2016;Yamamoteet al.2017), entire marine
benthicmetazoa (Leray and KnowltpA015, ertire marine vertebrate communities

including fish, marine mammals and birds (Reral. 2016 Andruszkiewiczet al.2017) and
deepsea marine octocorals (Everett and Park 204/hen combined witldata derived from
repeated sampling of single locatiotie role of nichébased and stochastic processes in
shaping spees distributions and abundance, as well as life history acticibelsl be

identified (Haegeman and Loreau 2Q1Eor example, aecent study demonstrated the use of
aquatic eDNA metabarcoding in comparing sites affected by mining pollditioing eDNA

of previously unrecorded vertebrate species from mine polpdgads(Klymus et al 2017b).
Harperet al. (2018) used presenadsence data of > 500 UK ponds to examine species
associations between the Great Crested Nemtu(us cristatu and other vertebrates, and
found that this species was significantly correlated with nine vertebrate species, and
occurrence was broadly reddcerhere there were more fish species. Bakked (2017)

used aquatic eDNA from marine systems to detect 21 shark species, whose geographical
patterns of diversity ansequenceead abundanamincide with geographical differences in
levels of anthropogec pressure and conservation effémother recent study used fish bait
to attract carp, and found that eDNA was up to 500x more concentrated at times of peak
activity compared to a control environment of no p@iosalet al 2018) They also
measuredhe hormond°rostaglandin B2 PGF2 , which was correlated with higher eDNA
concentrations, revealing the ability of baiting to increase not only the detection of aquatic
eDNA, but also associated biological informatieith implications for assessing

reproductive conditionThis type ofinformationcould be beneficidior the conservation of
Southeast Asian ecosystehbysrapidly generating data concerning patterns associated with
anthropogenic impact on biodiversity, as well as ecological fluctuations and animal

behaviour

The implementation of scalled ecosysterhased approaches (Clarke and Jupiter,
2010), which take more holistic view than singkgpecies studies, is particularly amenable to



eDNA, where trophic, energetic, and terresBagluatic interactios can be detected and
tracked.Thefield of parasitologyfor example, benefits fromDNA analysis which may di

in understanthg hostparasite interactionparasie communities, disease rigke role of
parasites in ecosystem proceszesvell as monitoring their spatial and temporal distribution
between different life cycle®r preventative measuréBasset d, 2015) There have been
several studies usiraguaticeDNA to track a range of pathological organisms including
parasites, bacteria and viruses. Goetes. (2017) predicteghrotozoan prasite outbreaks in

fish farms,Hall et al. (2016) founda correlation betweeranavirusound inpondeDNA and
die-offs of the Wood Fog (Lithobates sylvativswhile Hartikainenet al.(2016) have used
eDNA to assesmyxozoan parasite diversity in aquatic environments which matched that
from their vertebrate host§heamphibian chytrid fungu@Batrachochytrium dendrobatidis

is associated with massive population declines of amphibians in tropical countries, and has
been detected iIBSEA since 2013eDNA sampling has been effective in detecting this deadly
fungus (Walkeet al.2007;Schmidtet al.2013), and provides an effective technique for

early detection and subsequent implementation of protection medsuaddtion, trematode
parasits infecting both amphibians and humans have been the topic of recent eDNA studies.
Ribeiroia ondatragnown to cause morphological malformations including extra legs or the
absence of legs in North American amphibiaasrecently targeted using eDN#&ith high
specificity,consistentlydetecting as little a8.001pgthrough gPCRHuveret al.2017).
Opisthorchis viverrinwhich can lead to cholangiocarcinomahumans was also detected

from ponds, rice fields, and rivens Laos Hashizumeet al.2017). These examples highlight
the potential for eDNA in monitoring and managing the spread of parasites and disease for

both animals and humans.

Complementary multidisciplinary approaches, such as combawjugticeDNA with
e.g. lake sedimentagDNA and morphological analyses of micemd macrofossils, show
particular promise for elucidating the impact of changing climates on species and
communities through times@rkissiaret al.2014;J¢ rgenseet al.2012a; Anderson
Carpenteret al.2011;Lejzerowiczet al.2013;Sarkissiaret al.2014).

Key ecosystems underpinning plant biological production and carbon and nutrient
cycling can be readily characterised using eDNA washed from root systems (Btaalid
2012), generatinmsights into the dynamics of community structure and providing an
ecological framework to investigate functional links among-essiociated fungi,
environmental variation and ecosystem diversity, and associated se®vicksaapproaches



would be amenablto aquatic eDNA sampling of e.g. plants in riparian zones of rivers,
littoral zones of lakes, mangrove forests or kelp forests.

Barbertret al.(2012) was among the first to link functional traits &mtiversity of
microorganisms fronDNA metabarcodig, yieldinginformative ecological markers by
discriminating between marine ecosystems (coastal versus open ocean) and oceans (Atlantic
versus Indian versugacific). Similar studies have used eDNA metabarcoding for
ecotoxicology analysis using marine ceshwater benthic invertebrate communities,
examhing, for examplethe effect of the antibiotic/antifungal agent, triclos@hdritonet al.
2014),the effectof fish farming(Pawlowskiet al.2014),the effectof different landuse
types(Saxenaet al.2015;Xie et al.2016 or urbanisation (Kellet al.2016), with
communitiegevealing acorrelation between these drivers dinelir species richnesl$
studies such as theadvancedo functional genomic analysis would be possible to
identify adapive or fitnessrelated loci, monitor loci related to stress events, or describe the
molecular basis of inbreeding depression from environmental mixtures (Zepeda Menhdoza
al. 2015).

Within the context of studies such as these, it has been suggeseidniAat
metabarcodingvill be transformative for biomonitoring or bioassessment (Baird and
Hajibabaei, 2012), producing in the range 610" speciesequivalent opeational
taxonomic units (OTUsncompassing all biota from microbes to metazoa) at a rddeona
cost, and comparable biotic indexy{agaset al.2016).This has particular applicability for
freshwater and marine ecosiss (Baird and Hajibabaei 201&ylagaset al.2014;Aylagas
et al.2016)which are notoriously difficult to monitor using trddnal methods
Environmental DNA for biomonitoring has proven comparably succetssfraditional
methodsn aquatic environments (MSchigrral. 2014), and with increasing technologies and
decreasing costsilikely to provide a fastemore costeffecive and more efficientnethod
for detection of a variety of indicator species including invertebrates, fish andlaldged,
there is talk of how to incorporate environmental DNA metabarcoding into standard
monitoring for theEuropeanNater Framework Directive (WFD) to assess@Riological
Quality ElementsO (BQESs), namely phytoplankton, benthic flora, benthic invertebrates and
fish (Heringet al. 2018).

Aside fromstrictly aquatic eDNA monitoring,ecies monitorindor trophic and
community interactions such as predator ecology, interspecific competition, or niche

partitioning is particularly amenable diet analysesr molecular scatology which share



common approaches to eDNA sampling in its strict sénge Clareet al.2009 Razgouret

al. 201J). Traditionally, diet analyses were performed either by directly observing what an
animal ate or by collecting its faeces and examining prey fragments under a microscope.
eDNA metabarcoding hgsrovided an altemtive or complementary apgach, usindaecal

or other bodily extracts amplified with tagged universal primBnslédenet al.2007)

making itmore efficient and cosgffective to obtain diet information on a large scale (e.g.,
Bohmannret al.2011;Deagleet al. 2009 Pegardetal. 2009 Soininenet al.2009; reviewed

in (Pompanoret al.2012 Valentiniet al.2009. In addition to questions related to trophic
interactions, dietary sampling provides insight for biodiversity monitoBegause predators
or bloodsucking insectfeed on biodiversity, collecting either faecal material or the insect
itself for molecular diet analysis can identify rare or cryptic species that traditional
monitoring methods such as camera traps migbs nitecent studieésclude stomacitontent
analy®s of parasitic invertebrates such as leecBelrellet al.2012)(Figure 3, carrion

flies (CalvignagSpenceet al.2013) mosquitoesKent, 2009) and ticks Gariepyet al.

2012)to reveal their vertebrate hoslis.one case, Vietnamese terrestigégches of the genus
Haemadpsa revealed the presence of émelemicAnnamite Striped Rbbit (Nesolagus
timmins) that had not been detected despite monitoring the site for several thousand nights
with camera trapsSchnellet al.2012) In fact, keches @ currently being used to search for
the highly endangered saola antelope in VietaachLaos (Saola Working Group013)

and provide a promising avenue for the monitoring of large vertebrates in Southeast Asia
with recent research exploring whethefeliént leech species are more successful iDNA
samplers than others (Drinkwatgtral 2018). hese types of dietary approaches would
complement aquatic eDNA sampling when assessing aquatic biodiversity and ecosystem
processes, either through dietary analgs e.g. fish guts (Leragt al.2013) or capture of
aguatic parasites suchthe leeches within thidirudidaefamily.

1.163 Monitoring for conservatiormanagement

Prompt assessment of precise species distributions is a vital requirement foratmrserv
management (Magurran 28 Dejeanet al.2011), and so the development of methods that
improve detection probabilities is of high conservation priority. By their nature, species of
mostconservation concern are most often difficult to study dueetio tarity and regulations
on their samplinghandling,and transport of tissyand seeDNA presents a rapid and cost

effective tool for applied conservation biolofinamotoet al.2012;Yoccozet al, 2012a;



Barnes and Turner, 201@jth potential to be implemented in Southeast A&iaecent
annualhorizonscan of global conservatiagssueqSutherlancet al.2013) identified eDNA as
one of the fifteen key topics that may increasingipact uporconsevation of biological
diversity. There have beemanystudies applying eDNA to the detection of species of
conservation concersome of with are mentioned below in Tableathough there hasot
been a significant number of studies that have attempted to employ eDa#d¢Aydior

management decisions.

Species Assessment Reference
Eastern Hllbender Cryptobranchus Near threatened Olsonet al.2012
alleganiensiy
LongFinned Pilot Whale Globicephala | Data deficient Footeet al.2012
melag
Bull Trout (Salvelinus confluentlis Endangered Wilcox et al.2013,and2014
Great Crested Bt (Triturus cristatu | Least concern, but Biggset al.2014, Reest al.
highly protected 2014
European Weatherdach Misgurnus Least concern, but Sigsgaarcet al.2015
fossilig described asearextinct
in study paper
Chinook @lmon Oncorhynchus Endangered Laramieet al.2015
tshawytschp
Largetooth &wfish Pristis microdon Critically endangered | Simpfendorfert al.2016
Freshwater Pearl Mssel Margaritifera | Endangered Stoeckleet al.2016
margaritifera)
Pacific Lamprey Entosphenus Believed to be extinct in Carimet al.2017
tridentatug the wild
Chilean Devil Ry (Mobula tarapacanga | Vulnerable Gargaret al.2017
Aquatic heteropteran insettepa Endangered Doi et al,2017a
hoffmanni
Maugean Eate earaja maugeana Endangered Weltz et al.2017
Yangtze Finless PorpoisBl¢ophocaena| Critically Endangered | Qu and Stewart, 201Btewartet
asiaeorientalis asiaeorientalis al. 2017
Olm (Proteus anguinys Vulnerable VS&rSs et al.2017
West Indian Manate€richechus Vulnerable Hunteret al. 2018
manatu$, Amazonian Manatee
(Trichechus inungu)s West African
ManateeTrichechus senegalensis
Bull Shark(Carcharhinudeucay, Silly | VulnerableandNear BoussarieBakkeret al. 2018
Shark(C. falciformis), HardnoseShark | Threatened
(C. maclot, Spottail SharKC. sorrah),
Copper SharkG. brachyuruyetcE

Table 1.4. Examples of some eDNA studies detecting species of conservation concAgsessment
from the IUCN (2017)

The next step is to go further theneredetection, and make conservation recommendations

based on eDNA information. Pflegetral. (2016) haveecentlydone so, for example, after



successfully detecting trozitically endangeredlabamaSturgeon(Scaphirtynchus suttkui
andnear threatene@ulf Sturgeon Acipenser oxyrinchus desoxan the Mobile River Basin

of Alabama, USA, using eDNA'heyfoundthat the distribution and temporal data suggested
that both species migratpdstnavigation locks or damand remained upstream of passage
barriers. The authors recommexddhat the removal of the barrieis passagevould aid in

the conservation of these species.

Some ichthglogists have defined the Southeast Asian/Eastern China region as the
Ocentre of digpsalO of the worldOs freshwater fishes (\Waalgl 981,Menon, 1987)The
Nagao Natural Environment FoundationOs OFishes of Mainland SouthedKiaAsiatal.
2013) lists 757 defined species within 93 families within mainland Southeast Asia alone.
However Kottelat (2013) states that there are now 3,108 valid and named species within 137
families living in the inland waterof Southeast Asia, figure that Kottelat predicts to only
increase further as survey efforts increase and technologies imgowue of the most
charismatic aquatic species of conservation concern in Southeast Asia indlighs
Golden CarpRrobarbus jullien), theNarrow Sawrish (Anoxypristis cuspidajethe
Mekong Giant CatfishRangasianodon gigasCantorO&iant Softshell TurtleRelochelys
cantorii), theGiant Freshwater Stingraidimantura chaophraygand the Fals&harial
(Tomistomaschlegeli). Myers (2000) lists 568 species of amphibidb species of reptile;
and 422 species of mammaiithin the OhotspotsO of Sundaland, Wallacea, the Philippines
and IndeBurma, indicating that Southeast Asia is indeed exceptionally species rich.
Information on the distribution of these numeroare or endangered spegiparticularly for
providing evilence to protedheir associated habitatstimese Obiodiversity hotspaasd
propose conservation applicatioisessentiayet challengingLodgeet al.2012).eDNA
and metabarcodingpay provide a avenue for achieving this ambitious ggdilet al.2013)

Non-invasive samplesollecteddirectly from eg. faeces, egg shells, featharsl hair
although not eDNAper se(see Figure 1)2have been used for population genetic analysis
for some timgBejaPereiraet al.2009). The use floughed skirfrom the Humpback
Whale, Sperm Whale and the North Atlantic Right Wledaptera novaeangliae, Physeter
macrocephaluandEubalaena glacialisby Amoset al.(1992) was a step towards true
aguatic eDNA sampling, artovided population genetic ddta conservation purposes.
Building on the back of such population genetics studies fromma@sive samples, the use
of eDNA in population genetics has very recently been achiey&apooret al.(2017) and
Afshinnekooet al. (2015)to analyse human pafation diversity, andigsgaarckt al. (2016)



to analyse whale shark populatieariation Combined with the ability recently demonstrated

by Deineret al.(2017) to sequence entire mitogenomes of vertebrate ebidApplications

of eDNA in conservatiogenetics and phylogeography is nowbasadas current genomics
techniques allowThis provide©pportunitiedor estimating population size, population

genetic relationships, species hybrids, and evolutionary patterns in samples of mixed genetic
material(Barnes and Turner, 2016oissact al.2016, although discriminating between
closelyrelated individuals from the same population will likely remain challenging in the

near future

Conservation efforts using eDNA may maximise success by incorporating data on
temporal changes e.g. mating or-diés (Barnes and Turner, 2016) by repeated sampling
over time. Someery recenstudies have successfully aoso, demonstratingccurate
seasnalfluctuations ine.g.newt eDNA concentration (Buxtaet al.2017b),invertebrate
biodiversity(Bistaet al, 2017) local migrations of native and narative cargUschiiet al.
2017)and jellyfish (Japanese Seatie Chrysaora pacificapresence (Miamotoet al.
2017)amongst others (Goldbeeg al.2011;Vervoortet al.2012;de Souzat al.2016;
Sigsgaarcet al.2017;Stoeckleet al.2017 Wu et al. 2018. Spatial changeis the detection
of biodiversity using eDNAave also been observyesdich ashe change in Iad distribution
of the Yangtze FinlessoPpoise Neophocaena asiaeorientalis asiaeorienfaighich was
restricted to a core area of the Tiadleu National Nature Reserve in Hubei, China during
the breeding season (spring), but pasteding eDNA concentrations were widespread across
the reserve, encompassing sites previously thought to be unfrequented by the species (Stewart
et al.2017).This type of eDNA information may be linked to understanding of ecological
processes which impacbnservation such as habitat connectivity for migrating fish, recently
explored by Yamanaket al.(2016b) or on a fine scale, habitat use over particular life

history events such dish spawning.

When there i priori knowledge of a habitat preferenor behavioural pattern of the
desired species, targeted sampling of specific microhabitats can allow eDNA detection of rare
species in SEA. For example, eDNA detection of the golden tree frog from bromeliad water
in Trinidad(Torresdalet al.2017)would be a highly transferable approach to detect
amphibiansn the rainforests of Southeast Assaich as BoreoOs recently described Matang
Narrow-Mouthed Fog (Microhyla nepenthicola(Das and Haas, 2010), abligate of the
Pitcher Pant (Nepentheampullarig). The ability to detect mammals from leeches (Scletell
al. 2010), saliva left on browsedigs (Nicholset al.2012) and salt licks (Ishiget al.2017)



would also be highly applicable to monitoring biodiversity in SEA wherevsusammals

such as the Borneanr@ngutan Pongo pygmaejsSunda Bngolin Manis javanica,

Bornean Binteng Bos javanicus loyj and %ola Pseudoryx nghetinhengiare difficult to
detect. With the ability of NGS technology to combine many samples, an obviousrsfbuti
conservation biologists with limited funding would be to maximise sampling of biodiversity
by combining theargetingof multiple habitat typeandspecific microhabitats such as these
all at once to monitor biodiversity of entire ecosysteratherthan focugig on individual
speciestaxon groupsor particular habitaighe approach adopted to dd#anagers,

agencies and researchsl®uldhave strong incentives to adopt eDNA monitoring techniques
in conservation management as it provides rapid;effsttive and reliable data with @o

priori selection of target organismBhese techniques offer the opportundgynform on and
implementiawsand regulationsoncerningnanagement afatural resourcesuch as the
establishment of protected species e.g. the Great Crested Newt which teiggesuite of
protection activity (Kellyet al.2014a, Barnes and Turner 2016).

1.17Conclusion

Although eDNA may be a novel, sensitigpeciesspecific and cosgffective toolwith the

potential toradicallyimprove the detection dfiodiversity, as discussed herhere is still

much work to be done to improve this methodology to a level that may be reliably used in
wildlife managementCurrently,the field of eDNA isn the developmental stage (Dejeztn

al. 2012) with remaininggaps in the knowledge bbw fieldand laboratory protocols

influence the deteitin of eDNA, as well as how environmentainditionsaffect the

production degradatiomnd detection of eDNA (Lodget al.2012). From a management
perspectivelevels of uncertainty that currently exmustbe understood and communicated,
especially whemDNA methodology is being used to infomaragement decisionghich

can result in controversy, extreme scrutiny and in scesesmay everpresentegal

challenges (Darlingt al.2011) The responsibilityor participation in this communication

falls with the stakénolders, method developers, resource managers, policy makers and public
users of thespecific ecosystem services (eaquatic resourcgswho must engage in a
transparent and informed discussion of the advantages and disadvantages of the use of eDNA
in managemenrdecisiongDarlingand Mahon2011), which will hopefully, after further

experimental studies, lelly realized
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