
Bangor University

DOCTOR OF PHILOSOPHY

Exploring the biodiversity of the lakes of the Malay Archipelago using environmental
DNA metabarcoding

Evans, Alice

Award date:
2019

Awarding institution:
Bangor University
LocalizedString(id=21466043, text={cy_GB=University of Copenhagen, en_GB=University of Copenhagen})

Link to publication

General rights
Copyright and moral rights for the publications made accessible in the public portal are retained by the authors and/or other copyright owners
and it is a condition of accessing publications that users recognise and abide by the legal requirements associated with these rights.

            • Users may download and print one copy of any publication from the public portal for the purpose of private study or research.
            • You may not further distribute the material or use it for any profit-making activity or commercial gain
            • You may freely distribute the URL identifying the publication in the public portal ?

Take down policy
If you believe that this document breaches copyright please contact us providing details, and we will remove access to the work immediately
and investigate your claim.

Download date: 18. Sep. 2019

https://research.bangor.ac.uk/portal/en/theses/exploring-the-biodiversity-of-the-lakes-of-the-malay-archipelago-using-environmental-dna-metabarcoding(4afa9656-dbbb-41e4-8791-ecf2ede94c01).html


"

Exploring the biodiversity of the lakes of the Malay Archipelago using 
environmental DNA metabarcoding  

A thesis submitted for the degree of Doctor of Philosophy, 

School of Biological Sciences, Bangor University & 

Faculty of Science, University of Copenhagen  

Double PhD degree  

Alice Ruth Evans 

 2019 



! "#!

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, I 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, I 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, I 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, I 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, I 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.   
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Danish Summary 

Sydøstasiens ferskvandsystemer er nogle af de mest truede i verden på grund af 

menneskeskabte udfordringer fra klimaforandringer, skovrydning, oprettelse af dæmninger 

og udpining af jorde. Hurtig, effektiv og pålidelig overvågning af biodiversiteten er afgørende 

for bevarelsen af den unikke artsrigdom i denne region. Det stadig voksende forskningsfelt 

indenfor miljø-DNA (også kaldet eDNA), hvor man undersøger de fragmenter af DNA, der 

frigives af organismer til miljøet, har potentialet til at tilvejebringe denne ønskede 

artsinformation. I denne afhandling undersøger jeg brugen af DNA metabarcoding og miljø-

DNA til overvågning af biodiversitet i ferskvand i Sydøstasien med fokus på fisk i søerne i 

det Malaysiske øhav. Først præsenterer jeg en offentliggjort gennemgang af området eDNA, 

hvor vi diskuterer, hvordan feltet har udviklet sig, løser aktuelle udfordringer og forudsiger 

den fremtidige udvikling. Yderligere gennemførte jeg prøveudtagninger fra søer fra den 

Malaysiske halvø for at undersøge brugen af miljø-DNA i tropisk ferskvand ved brug af en 

ethanol-udfældningsmetode for miljø-DNA-indsamlingen, samt udførte forsøg for at teste 

DNA-nedbrydningen af miljø-DNA. Selvom dette arbejde ikke gav pålidelige resultater, og 

derfor ikke er medtaget i denne afhandling, gav den stor erfaring i forhold til at implementere 

miljø-DNA-prøveudtagninger i troperne. Derefter testede jeg mulighederne for at isolere og 

opbevare akvatisk miljø-DNA for at finde frem til den bedste og mest praktiske løsning og 

fandt ud af, at brugen af et lukket filtersystem kombineret med en bevaringsbuffer var den 

bedste tilgang. Jeg gennemførte også en intensiv prøveudtagning af en sø i Indonesien for at 

undersøge dynamikken af miljø-DNA-information inden for et tropisk lentisk miljø og kunne 

påvise forekomsten af den eksisterende biodiversitet. Endelig gennemførte jeg en stor 

undersøgelse af søerne i det Malaysiske øhav, med stikprøver fra det vestlige Sumatra over til 

det østlige Sulawesi, ved brug af en filter-tilgang til miljø-DNA-indsamlingen. DNA 

metabarcoding af de akvatiske miljø-DNA-prøver blev derefter anvendt, med en kombination 

af primere rettet mod forskellige mitokondrieområder, for at fokusere på et bredt udvalg af 

biodiversiteten. Dette gav information om lokale, endemiske og sjældne arter samt 

introducerede og invasive arter knyttet til fiskeri, akvakultur, prydplanter og 

skadedyrsbekæmpelse. Samlet set viste DNA metabarcoding af det akvatiske miljø-DNA et 

stort potentiale til at påvise arter tilhørende forskellige økosystemer. Dog vil fremtidigt 

arbejde med miljø-DNA-fordelingen, forbedring af ”barcoding”-evnerne og pålideligheden af 

kvantificering fra miljø-DNA i høj grad kunne udvikle mulighederne yderligere i forhold til 

at bruge akvatisk miljø-DNA til overvågning af akvatisk biodiversitet i Sydøstasien. 
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Thesis outline and 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 methods are explored 

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 the review paper 

published in Trends in Ecology & Evolution in 2014, shown in Appendix 1 (Bohmann et al. 

2014, Appendix 1) of which I am joint first author. Chapter 1 uses this paper as a starting 

point, updated to include research and developments published up to October 2018. The 

second half of this chapter, focusing on Southeast Asia, includes elements of a manuscript 

being prepared for submission to Conservation Letters of which I am first author (previously 

submitted to Bioscience, Appendix 3) which has received positive comments from the Editor 

as a pre-submission enquiry. 

 

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 different isolation techniques, storage techniques, and storage 

time on aquatic eDNA samples from a Danish lake based on qPCR amplification of two key 

fish species. This chapter was published in Methods in Ecology and Evolution in 2016 in a 

paper on which I am joint-first author (Appendix 2). For this study, we compared various 

eDNA filter materials and ethanol precipitation as potential capture methods, along with 

various preservation buffers and freezing as potential storage methods. I was part 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 used in Chapter 4 and 5, as these chapters used the same 

sampling approach, molecular workflow and bioinformatic pipeline. 
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Chapter 4: The distribution of eDNA within the Indonesian lake, Danau Tamblingan: 

recommendations for eDNA sampling of tropical lentic habitats. 

Chapter 4 tests 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 samples should be collected, 

and how far apart they should be collected to encompass the extant biodiversity. I 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 and COI primer set, sequenced on 

the Illumina MiSeq. The fish and mammal species detected could be explained by previous 

studies. I found that taxonomic communities and OTU richness varied between points, and 

that this was affected by sample depth. However, further work 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 aquatic biodiversity 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. I recovered native, endemic, rare, introduced, invasive, ornamental and pest-control 

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, lake area, 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 biodiversity such 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 targeted fragment 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 are typically 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 intra- and interspecific pairwise distances that underpins 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/biomonitoring: the characterisation of ecosystem health using biological 

surveys through the detection of resident ÔindicatorÕ biotaÑ including fish, insects, algae, 

plants and others. 

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

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 genetically identical 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 derived from 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 for amplicon 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 

intracellular or extracellular DNA from intraorganismal or extraorganismal sources. Some 

authors argue a stricter definition of ÔtrueÕ 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, eRNA (environmental RNA - ribonucleic acid) deteriorates rapidly after cell death, 

likely providing a more accurate 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 (ASVs): unique sequences 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 organism, i.e. eDNA in its most 

strict form, found as trace cells (intracellular eDNA) or trace fragments (extracellular 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 shallow-pass 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 informative genomic 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 within a benthic sediment sample. 

Locus: The specific location of a gene or DNA sequence on a chromosome. 

Invertebrate DNA (iDNA) : invertebrate-derived 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 functional 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 gene-specific PCR primers to amplify DNA from a collection of 

organisms or from environmental DNA. Another term for amplicon sequencing. 

Metagenetics (ecogenetics): the analysis of community taxon richness via the detection of 

homologous genes 

Metagenomics (ecogenomics): sequencing of the total DNA extracted from a sample 

containing many different organisms. The random sequencing of gene fragments isolated 

from environmental samples, allowing sequencing of uncultivable organisms. 

Metatranscriptomics: the study of metatranscriptomes, which comprise only expressed 

regions of the genomes present in eDNA samples. Shotgun sequencing of total RNA from 
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environmental samples. Techniques such as poly-A 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 in a 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 (mito-metagenomics / MMG): a methodology for shotgun 

sequencing of total DNA from specimen mixtures and subsequent bioinformatic extraction of 

mitochondrial sequences. 

Mitogenome: The sum of the genetic information contained in the chromosome of the 

mitochondrion. 

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

of many DNA fragments in parallel, using a number of different modern sequencing 

technologies including: Illumina (Solexa) sequencing, Ion 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 form a distance matrix, followed by clustering 

groups of sequences with a specified amount of variability allowed within each OTU. 

PCR bias: Ð the differential PCR amplification of DNA fragments found in higher 

concentrations in the sample. 

Polymerase chain reaction (PCR): Used to amplify a targeted piece of DNA, generating 

many copies of that particular DNA sequence. 

Shotgun sequencing: DNA is fragmented into small segments which are individually 

sequenced and then reassembled into longer, continuous sequences using sequence 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 

COI = cytochrome c oxidase 1 mitochondrial gene 

Dryad = Dryad Digital Repository 

eDNA = Environmental DNA 

iBOL = International Barcode of Life Project 

NCBI = National Centre for Biotechnology Information 

NGS = Next-generation sequencing 
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Chapter 1: General Introduction 

 
1.1 Environmental 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 the sci-fi technology 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, released from surface cells, internal fluids 

and waste material from plants and animals, and are collectively referred to as environmental 

DNA (eDNA). Any given environmental sample, whether water, air or soil, will contain a 

myriad of eDNA, and the information contained therein is now accessible owing to advances 

in sample preparation and NGS technology. Today, such 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 approaches can accelerate the rate of discovery, as no a 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 biodiversity 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 

The term Ôenvironmental DNAÕ was first used in microbiology (Ogram et al. 1987) to explain 

the method of extracting DNA from an environmental sample of soil without first isolating 

the target microorganisms. This grew from analysing bacterial evolution (Woese et al. 1987), 

to revealing unknown microbial genetic diversity in extreme habitats (Pace et al. 1997), to 

shotgun sequencing whole genomes of aquatic marine microbial life (Venter et al. 2004), 

sparking a revolution of research on eukaryotic diversity, evolutionary relationships and 

ecology. As techniques became easier, cheaper and more widely known, eDNA methods 

were adopted in a range of fields, using a host of different techniques (Taberlet et al. 2012a). 

The growth of references which mention environmental DNA and metabarcoding (with their 

relation to fish in particular) is shown in Figure 1.1 below. 
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Figure 1.1. Environmental DNA research published from 1987 to 2017. Created using a Google Scholar search of publications with the exact words found 
in the graph titles searched using quotation marks and not including patents or citations. Each search counted results per year. A: "environmental DNA" B: 
"metabarcoding" OR "meta-barcoding" C: "fish" +and "environmental dna". D:  "fish" + "environmental dna" + "metabarcoding" OR "meta-barcoding".
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Accessing macrobial, rather than microbial, genetic information from environmental 

samples grew initially from the field of ancient DNA (aDNA) which used ancient ice, 

permafrost or sediment to detect animals and communities extinct for thousands of years 

(Willerslev et al. 2003). Studies focusing on species detection for dietary analysis from faecal 

samples have been performed for some time (e.g. Reed et al. 1997), although this type of 

sampling can be referred to as Ômolecular scatologyÕ rather than true eDNA (discussed 

below). Other such types of early eDNA samples included snow (DalŽn et al. 2007), honey 

(Schnell et al. 2010) and browsed twigs (Nichols et al. 2012), but most eDNA sampling 

focused on soil or water. Contemporary eDNA sampling for macrobial life from water by 

Martellini et al. (2005), detected human, pig, cow and sheep mitochondrial DNA from river 

water running off farmland. Ficetola et al. (2008) then used eDNA to detect the invasive 

American Bullfrog (Rana catesbeiana) from pond water in France, which ignited a stream of 

aquatic eDNA studies for the detection of macrobial species. Since then, many eDNA and 

metabarcoding sample types have been collected for a range of different applications, 

organisms and habitats, highlighted in several reviews over the last five years (Lodge et al. 

2012; Yoccoz, 2012a; Taberlet et al. 2012a; Taberlet et al. 2012b; Rees et al. 2014; Bohmann 

et al. 2014; Rees et al. 2015; Pedersen et al. 2015; Lawson Handley, 2015; Thomsen and 

Willerslev, 2016; Deiner et al. 2017b; Evans et al. 2017c; Hansen et al. 2018; !Cristescu and 

Hebert, 2018). 

 

1.3 What is eDNA? 

Environmental DNA can most simply be defined as ÔDNA obtained directly from 

environmental samples without first isolating the target organism, the predominant sources of 

which are from faeces, urine and epidermal cells, found free floating in an environment such 

as water, or persist, adsorbed in organic or inorganic particles (Dejean et al. 2011; Thomsen 

et al. 2012a).  There is however a degree of ambiguity surrounding the definition of what 

environmental DNA is, and some debate focusing on what qualifies as true ÔeDNAÕ. For 

example, Mahon et al. (2013) define eDNA as Òdissolved DNA and/or fragments of tissue 

containing DNAÓ. Based on this definition, it could be argued that DNA left behind on the tip 

of a feather, the surface of an egg shell, around faeces, or in a visibly large chunk of tissue 

(e.g. Amos et al. 1992) is environmental DNA, regardless of where or how it is found, as it 

does not involve trapping or catching the target species. On the other hand, as these sample 

types involve targeting a specific sample associated with the target species (if not targeting 
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the species itself), it could be argued that this should be referred to as Ônon-invasiveÕ 

sampling (Lefort et al. 2015). Some eDNA researchers have argued just that, with as strict a 

definition as Ôgenetic material obtained directly from environmental samples (soil, sediment, 

water etc.) without any obvious signs of biological source materialÕ (Thomsen and Willerslev 

2015). This definition therefore does not classify community samples of e.g. bulk samples of 

insects (Zhou et al. 2013), gut samples for dietary analysis (Schnell et al. 2010), or non-

invasive samples from visible sources such as faeces (Bohmann et al. 2011), etc as ÔeDNAÕ. 

(see Figure 1.2). Bulk DNA is DNA obtained from community samples targeting particular 

organisms, such as from plankton collected with a plankton tow or large-size organisms 

scraped from rocks or collected in grabs (Darling et al. 2017). 

 

 
Figure 1.2. Plot of DNA sources. Examples of study topics which can be considered either ÔStrictly 

eDNAÕ, ÔCommunity DNAÕ, ÔInvasive bulk sampleÕ or ÔNon-invasive sampleÕ depending on the 

degree of conscious effort in isolating specific target species, (e.g. searching for egg shells or faeces) 

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) (Turner et al. 2014b) shed into 
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the environment by organisms which are no longer present, and can then be detected by 

sampling the environment alone. Extracellular DNA from destroyed cells has usually 

degraded into small fragments (Beebee, 1991), whereas intracellular DNA comes from cells 

or organisms present within the sample, and is more likely to be high quality (Creer et al. 

2016). 

Whilst eDNA refers to the source of DNA, metagenomics, metagenetics and 

metabarcoding refer to the approach from which the analysis is performed, the main concept 

of which is analysis that transcends individuals (Greek ÔmetaÕ means ÔtranscendentÕ, ÔafterÕ, 

ÔamongÕ, or ÔbeyondÕ as in metazoan: all multicellular animals). As barcoding is the study of 

barcodes, genetics is the study of genes, and genomics 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. 

Metagenomics is defined as Òthe functional analysis of environmentally derived DNAÓ by 

Creer et al. (2010), who also defined metagenetics as Òthe large-scale analysis of taxon 

richness via the analysis of homologous genesÓ. Handelsman (2009) defines metagenetics as 

the Òapplication of mutant analyses in a community contextÓ 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 multigenome unit, or community. 

Taberlet et al. (2012b) draw particular attention to the definition of DNA metabarcoding as 

Òhigh-throughput multispecies (or higher-level taxon) identification using the total and 

typically degraded DNA extracted from an environmental sample (i.e. soil, water, faeces, 

etc.)Ó. This multispecies identification from metabarcoding meaning the mass amplification 

of a specific marker from many different DNA molecules, from different cells or individuals, 

rather than the mass amplification of entire genomes, or focusing on genomic function, as is 

the case with metagenomics. Although the field of metagenomics, metagenetics, and 

metabarcoding, has until recently been considered applicable only to microorganisms (i.e. 

intraorganismal eDNA), the concept of these meta-approaches is being applied to samples of 

eDNA for the analysis of multiple macrobial organisms (i.e. extraorganismal eDNA) through 

massively parallel technologies and microarrays. The advantage of macrobial over microbial 

metagenetics is that the number of taxa is considerably smaller, and species boundaries are 

more reliably understood (Lodge et al. 2012). 

When to use these terms, or others such as ÔecometageneticsÕ (Porazinska et al. 2010), 

ÔecogenomicsÕ (Chariton et al. 2010) or ÔmetasystematicsÕ (Hajibabaei et al. 2011), is 
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therefore somewhat contentious, possibly due to the recent emergence of a variety of 

mechanisms and situations in which they could apply (Handelsman et al. 2009; Eisen, 2012; 

Watson, 2014; Esposito and Kirschberg 2014). Regardless of semantics, the exciting message 

(introduced in Figure 1.3) is that these approaches are now used with respect to macrobiota, 

opening a breadth of new information for our understanding of species, communities, and 

ecosystems. For the purpose of this thesis, the concept of environmental DNA will be 

discussed in its wider sense, to include the broad mutual approaches to extraction, 

amplification, sequencing, and analysis of samples, whilst focusing on aquatic eDNA. 
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Figure 1.3. Sampling, applications and sequencing of eDNA. Summary of (A) the concept of 

environmental DNA (eDNA), (B) promising applications of eDNA, and (C) the advantages of 

combining eDNA with second-generation sequencing. 
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1.4 What can eDNA be used for? 

As technologies have improved, the ability to detect tiny quantities of eDNA has increased 

dramatically (see Table 1.1), from identification of single species (Ficetola et al. 2008), to the 

detection of many species within a community (Thomsen et al. 2012b; Schnell et al. 2012; 

Anderson et al. 2012; Cannon et al. 2016), to exploring population variation (Sigsgaard et al. 

2016; Stat et al. 2017). These studies cover a breadth of environments now more readily 

accessible to researchers when compared to traditional sampling. Studies that use 

environmental DNA in its strictest sense have mostly focused on proof of concept, however, 

there appears to be three overarching themes emerging for the use of eDNA: detection of 

species and biodiversity for conservation, biological research and monitoring of 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 for analysis in a similar way to aDNA, and subsequently eDNA 

amplicons have thus far been designed to be much shorter than those utilised in traditional 

molecular work. However recent studies have shown that in fact large fragments (Sigsgaard 

et al. 2016), entire barcoding genes (Deiner et al. 2016) and even entire mitogenomes (Deiner 

et al. 2017a) can be isolated from macrobial eDNA from a range of species, and that although 

eDNA is composed of short extracellular fragments, it can also be composed of whole 

intracellular DNA (Turner et 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 (Jerde et al. 2011; Goldberg et al. 2011). However, recent work demonstrates the 

benefits of eDNA analysis. Access to challenging habitats such as the deep-sea (Corinaldesi 

et al. 2011; Guardiola. et al., 2015) or underground caves (Všršs et al. 2017) is possible with 

the use of non-invasive techniques, thereby minimising disruption to already fragile habitats 

and reducing disease transfer and stress to target species. Some examples of the different 

eDNA pipelines are given below in Figure 1.4 By using eDNA, researchers are offered a 

glimpse of the DNA from elusive and endangered species or undetected invasive species, 

particularly where they directly avoid conventional sampling methods.  
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Figure 1.4. Exemplary environmental DNA (eDNA) case studies. These illustrate three research 

questions and the experimental procedures followed. (A) Detection of invasive Asian carp in a water 

sample (Jerde et al. 2011; Takahara et al. 2012). (B) Detection of mammal species in leech blood 

meals (Schnell et al. 2012). (C) Detection of insect prey in bat faeces (Bohmann et al. 2011). 
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Sample Summary of study Ref 

French wetlands Detection of invasive American bullfrog (Rana catesbeiana). Ficetola et al. 2008. 

Canals and 
waterways (USA) 

Detection of invasive Silver Carp (Hypophthalmichthys molitrix) and 
Bighead Carp (Hypophthalmichthys nobilis). 

Jerde et al. 2011.  

Mountain streams 
in the USA 

Detection of rare species: Rocky Mountain Tailed Frogs, (Ascaphus 
montanus), and Idaho Giant Salamanders, (Dicamptodon aterrimus). 

Goldberg et al. 
2011. 

Streams, ponds 
and lakes in 
Northern Europe 

Detection of rare species: Common Spadefoot Toad (Pelobates 
fuscus), Great Crested Newt (Triturus cristatus), European Weather 
Loach (Misgurnus fossilis), Eurasian Otter (Lutra lutra), Large White-
Faced Darter (Leucorrhinia pectoralis) and Tadpole Shrimp 
(Lepidurus apus). Also analysed eDNA concentration with relative 
abundance. 

Thomsen et al. 
2012a. 

Streams in Spain Detection of the chytrid fungus Batrachochytrium dendrobatidis, 
likely to be a primary cause of amphibian population declines. 

Walker et al. 2007. 

Forest pond water 
in Japan 

Detection of multiple mammal species including Sika Deer (Cervus 
nippon), House Mouse (Mus musculus), Grey Red-Backed Vole 
(Myodes rufocanus), Raccoon (Procyon lotor), Brown Rat (Rattus 
norvegicus) and Long-Clawed Shrew (Sorex unguiculatus) 

Ushio et al. 2017. 

Seawater in the 
western Baltic 

Detection of rare species: Harbour Porpoise (Phocoena phocoena) and 
Long-Finned Pilot Whale (Globicephala melas). 

Foote et al. 2012. 

Seawater near oil 
rigs in Qatar 

Population variation analysis from eDNA detection of Whale Sharks 
(Rhincodon typus). 

Sigsgaard et al. 
2016. 

Cave sediment in 
New Zealand 

Extinct biota identified from cave sediment in New Zealand, revealing 
two species of ratite moa and 29 species of plants from pre-human era. 

Willerslev et al. 
2003. 

Snow in Italy Grey Wolf (Canis lupus) DNA isolated from blood spots in the Italian 
Alps and Arctic Fox (Alopex lagopus) DNA isolated from footprints. 

DalŽn et al. 2007. 

Soil from a zoo in 
Denmark 

Vertebrate DNA identified in soil samples collected in a zoolo 
matched to the elephant and tiger inhabitants, respectively. 

Andersen et al. 
2012. 

Browsed twigs Detection of Moose (Alces alces), Red Deer (Cervus elaphus), and 
Roe Deer (Capreolus capreolus), from saliva up to 24 weeks later. 

Nichols et al. 2012. 

Salt licks in 
Borneo 

Detection of six endandered species: Bornean Orangutan (Pongo 
pygmaeus), Bornean Banteng (Bos javanicus lowi), Asian Elephant 
(Elephas maximus), Sunda Pangolin (Manis javanica), Sambar Deer 
(Rusa unicolor) and Bearded Pig (Sus barbatus). 

Ishige et al. 2017. 

Bromeliad water 
in Trinidad 

Detection of the Golden Tree Frog (Phytotriades auratus) in their 
microhabitat of the Tank Bromeliad (Glomeropitcairnia erectiflora). 

Torresdal et al. 
2017. 

Air  The presence of genetically modified organisms was detected from 
samples containing low levels of pollen. 

Folloni et al. 2012. 

Household dust Detection of more than 600 unique arthropod genera inside 732 
homes, including dust mites, cockroaches, and parasitic wasps. 

Madden et al. 2016. 

Table 1.1 Examples of the wide range of eDNA applications.  
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1.5 Advantages of aquatic eDNA as an assessment tool 

One of the most well researched and widely implemented sources of eDNA in biodiversity 

assessment is that from water, which will from herein be the focus of this thesis. Aquatic 

sampling targeting eDNA has the potential to be implemented in routine biomonitoring 

(Baird and Hajibabaei 2012; Aylagas et al. 2014; Aylagas et al. 2016), assessment of 

conservation priorities (Minamoto et al. 2012; Yoccoz et al, 2012a; Barnes and Turner, 2016) 

and fisheries management (Evans and Lamberti, 2017; Hansen et al. 2018). As with other 

types of eDNA, whether or not the benefits of aquatic eDNA analysis are sufficient to enable 

uptake for management will depend crucially on the cost-effectiveness of any such new tools 

and the ease and efficacy of the approach. It is noteworthy that, as with the introduction of 

DNA barcoding sensu stricto (Hebert et al. 2003), which aimed to complement the Linnaean 

system of taxonomy, aquatic eDNA will most likely exert a pervasive impact through its 

integration with existing approaches rather than necessarily replacing them. For example, by 

evaluating the use of eDNA in detecting marine mammals, Foote et al. (2012) showed that 

conventional static acoustic monitoring devices that recognise echolocation were more 

effective in detecting the Harbour Porpoise (Phocoena phocoena), but eDNA better detected 

the rare Long-Finned Pilot Whale (Globicephala melas), indicating that eDNA is best used in 

conjunction with conventional approaches, also confirmed by others (Thomsen et al. 2016; 

Shaw et al. 2016; Hinlo et al. 2017a; Kelly et al. 2017). Although it has been suggested that 

aquatic eDNA will not replace traditional sampling and taxonomic expertise, there are several 

advantages of using aquatic eDNA to generate information regarding biodiversity quickly 

and efficiently.  

a)! Higher sensitivity Ð Detection probability for rare species when using traditional 

approaches to species monitoring is particularly low in aquatic environments, where 

individuals are hidden below the surface (Jerde et al. 2011), and so eDNA methods 

provide a way to access DNA from these unseen individuals. Higher sensitivity also 

comes from improved precision, as objectively identifying individuals from DNA 

barcodes is more accurate than visual taxonomic identification based on diagnostic 

morphological criteria that may 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 reliable management decisions such as those regarding the control of invasive 

species (Darling and Mahon 2011). Early studies show that reliable detection of 
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animals from aquatic eDNA at very low densities or small body size is possible where 

they may elude traditional sampling methods. For example, Thomsen et al. (2012a), 

detected eDNA from eight ponds where the Common Spadefoot Toad (Pelobates 

fuscus) had not been recorded using conventional survey methods, and Dejean et al. 

(2012) detected American Bullfrog (Rana catesbeiana) eDNA from five ponds where 

visual encounter and call detection had not recorded bullfrogs (confirmed by expert 

surveys). Similar results demonstrating the increased sensitivity of eDNA relative to 

traditional monitoring methods, particularly when combined with metabarcoding, 

have since been confirmed by others (Jerde et al. 2011; Darling and Mahon 2011; 

Olson et al. 2012; Thomsen et al. 2012b; Ji et al. 2013; Pilliod et al. 2013; Smart et 

al. 2015; Matsuhashi et al. 2016; Olds et al. 2016; Deiner et al. 2016; Valentini et al. 

2016; Evans et al. 2017b; Eiler et al. 2018, Boussarie-Bakker et al. 2018).!Initially 

validated by testing against artificially assembled communities of e.g. plants (Hiiesalu 

et al. 2012) or bulk insect samples (Yu et al. 2012), it has been demonstrated that 

metabarcoding generates reliable, qualitative estimates of alpha and beta diversity 

(Fonseca et al. 2010; Yoccoz et al. 2012b; Ji et al. 2013). However, artificially 

assembled communities may not provide a translatable illustration of genuine eDNA 

samples in real ecosystems (an important factor to understand when informing 

management decisions) (Lawson Handley, 2015). Some studies have, however, found 

that metabarcoding data and standard biodiversity sets are highly consistent (Ji et al. 

2013).  

b)! Usable for non-experts Ð Protocols and sampling kits can be developed to enable 

citizen-science approaches, such as that developed by the Freshwater Habitats Trust 

and partners (Spygen, ARC and University of Kent) in the UK. In 2013, this group 

tested for the Great Crested Newt (Triturus cristatus) with promising results (Biggs et 

al. 2014; Biggs et al. 2015). Subsequently, this group completed the first ever national 

eDNA survey as part of the PondNet project in 2015 with 316 ponds, and again in 

2016 with more than 550 ponds, and further sampling in 2017 (Freshwater Habitats 

Trust, 2017). As a result, Natural England has now approved eDNA analysis for 

monitoring the great crested newt (GOV.UK, 2017), which is being implemented by 

advisory services such as ADAS for various planning consultancies (ADAS, 2017).  

Another example is the larger scale citizen science project currently employed by the 

University of California (CALeDNA), which aims to characterise aquatic sediment 
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samples in and around California to build up detailed and complex distribution maps, 

with samples stored over time to compare both spatial and temporal patterns 

(CALeDNA, 2018). 

c)! More cost effective Ð The ease of sampling, and higher level of throughput of samples 

that may be processed allows information to be generated more cost-effectively 

(Shokralla et al. 2012; Calvignac,Spencer et al. 2013), although for qPCR-based 

studies, this depends on the cost of primer/probe development and the number of 

samples (Smart et al. 2016; Qu and Stewart, 2017). Michelin et al. (2011) showed that 

eDNA survey costs were 2.5 times cheaper and 2.5 times less time-consuming when 

detecting the invasive Bullfrog. Evans et al. (2017b) found that eDNA analysis of 

Brook Trout was 67% cheaper than electrofishing. Lugg et al. (2017) demonstrated 

that eDNA was more cost effective than trapping when targeting platypus, especially 

when combined with site occupancy detection models. Further to these studies, if 

eDNA approaches incorporate metabarcoding and NGS of a high number of samples, 

costs will be most efficiently reduced. 

d)! Rapid sample collection and generation of results Ð due to the short sample collection 

and analysis time, information may be generated more rapidly than by conventional 

survey methods (visual, acoustic, etc.), allowing a swifter management response 

(Darling and Mahon 2011). Sampling time also links in to sampling cost, as for 

example in the case of the eastern hellbender salamander (Olson et al. 2012), the 

greatest saving was in person-hours; whereas, typically, large teams are required for 

traditional sampling by rock lifting, a single researcher can collect and filter water, 

also demonstrated by Dejean et al. (2011).  

e)! Non-invasive sampling Ð There is no risk of harming target species through the use of 

true eDNA (as opposed to e.g. metabarcoding of bulk samples of insect pitfall traps), 

compared to trapping, netting, electrofishing or using biopsy darts for aquatic 

macrobiota (Jerde et al. 2011; Goldberg et al. 2011). This improves animal welfare, 

and researchers need not necessarily go through the process of tissue sampling and the 

associated permit applications, particularly for CITES-listed taxa. 
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1.6 Diversity of methodology for analysis of eDNA 

Workflows utilising eDNA may range from simple Ôyes/noÕ answers using quantitative or 

real-time PCR (qPCR) or conventional PCR (cPCR) pertaining to an individual species with 

no gene sequencing involved, to metagenomic sequencing of thousands of species in parallel. 

With a diverse array of sampling, isolating/capturing, DNA extraction, primer optimisation, 

PCR protocols and sequencing available, it is of high priority to compare their efficacy and 

application under a range of biological and abiotic conditions (Lodge et al. 2012) as some 

studies have explored (Renshaw et al. 2015; Deiner et al. 2015; Shaw et al. 2016; Eichmiller 

et al. 2016b; Spens et al. 2017; Schiebelhut et al. 2016; Piggott, 2016; Minamoto et al. 2016; 

Williams et al. 2016; Roy et al. 2017; Hinlo et al. 2017a and 2017b; Clarke et al. 2017; and 

Katano et al. 2017). Most of these however, have focused on proof of concept or method 

development, and there are as of yet few standard protocols in place to answer a particular 

ecological question. Generally, eDNA concentration is low in aquatic environmental samples 

and therefore a capture method is required to concentrate eDNA for molecular analysis. A 

consensus sampling methodology would benefit long term monitoring as confounding 

variables may create bias in interpreting ecological information. For example, varying pore 

sizes of different filter membranes may give biased results as varying eDNA concentrations 

may only reflect different particle sizes (Turner et al. 2014b; Wilcox et al. 2015; Shogren et 

al. 2016), rather than abundance or biomass of individuals (Barnes and Turner, 2016). Larger 

pore sizes (up to 5 µm) can make it easier to filter turbid waters, and produce higher eDNA 

yield (Thomas et al. 2018), with the use of a pre-filter step (an initial filtration using a broad 

pore size filter before a second filtration with a more fine pore size filter) being particularly 

helpful to decrease processing time without compromising detection probability (Robson et 

al. 2016, B‡lint et al. 2017; Li et al. 2018).  

 

1.6.1 Isolation ÐThe water type (e.g. clear mountain stream/turbid tropical lake) and size of 

the target sample (e.g., bromeliad water/lake water) or organism (e.g., plant/nematode/fish) 

dictates the approach and quantity of the sample to be processed before DNA extraction 

(Creer et al. 2016). Collecting small volumes (usually 15 mL) of water for ethanol 

precipitation (e.g. Ficetola et al. 2008; Dejean et al. 2012), or filtering larger volumes 

(usually 1-2 L) of water (e.g. Goldberg et al., 2011; Wilcox et al. 2013) have been the main 

methods of isolation of aquatic eDNA, with filtering becoming the predominant choice (Rees 

et al. 2014; Goldberg et al. 2016). However, success has still been achieved using 



! ($ !

centrifugation and ethanol precipitation approaches, such as Klymus et al. (2017b) who found 

the same number, or a greater number of species using ethanol precipitation compared to 

filtering approaches, possibly due to extremely turbid sample water. One study even used 

filtering of up to 100 L on site using a specialised filtration capsule (Envirochek HV 1 lm; 

Pall Corporation, Ann Arbor, MI, USA) and a peristaltic pump (Valentini et al. 2016), a 

similar approach was also then implemented by Civade et al. (2016). Samples are generally 

either collected by hand from near the surface (e.g. Jerde et al. 2011), or at depth using 

limnological water samplers (e.g. Eichmiller et al. 2016a) using a sterilized sample bottle or 

pumped via peristaltic pump (e.g. Goldberg et al. 2011). Different filter material has been 

used such as cellulose nitrate, glass fibre, and polycarbonate, as well as different water 

volumes (Fahner et al. 2018), and different storage techniques (Minamoto et al. 2016; Spens 

et al. 2017), such as RNAlater (Ishige et al. 2017), LongmireÕs buffer (Renshaw et al. 2015; 

Wegleitner et al. 2015; Williams et al. 2016), ethanol (Goldberg et al. 2011; Hundermark and 

Takahashi, 2018), cetyltrimethyl ammonium bromide (CTAB buffer) (Renshaw et al. 2015), 

benzalkonium chloride (Yamanaka et al. 2017), dry storage in silica gel (Bakker et al. 2017; 

Majaneva et al. 2018), freezing (Jerde et al. 2011; Takahara et al. 2015; Hundermark and 

Takahashi, 2018; Majaneva et al. 2018), or even Qiagen lysis buffer ATL (Majaneva et al. 

2018)). Examples of studies using different filter materials, pore sizes, and storage mediums 

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

 

1.6.2 Extraction Ð Extraction methods vary between different types of commercial kits or in-

house protocols, with differing success across studies, between labs and within studies. For 

example, Amberg et 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 there were varying results depending 

on which laboratory the extractions were performed at. Phase separation and precipitation 

methods (e.g. CTAB-chloroform and phenol-chloroform) seem to generally yield more DNA 

than silica column methods (e.g. MoBio and Qiagen kits (Renshaw et al. 2015; Deiner et al. 

2015; Schiebelhut et al. 2016)), and give significantly different community structures from 

metabarcoding analysis (Djurhuus et al. 2017). Bead-beating of filters is sometimes used, and 

a recent comparative study suggests this step increases eDNA yield (Hundermark and 

Takahashi, 2018) but a consensus on the best practise for eDNA extraction for particular 

ecological questions has not yet been reached. 
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1.6.3 PCR Ð eDNA protocols have used both cPCR, and qPCR. Goldberg et 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 Amplitaq Gold DNA polymerase and 

bovine serum albumin (BSA), although most eDNA studies have not incorporated this kit. 

Compared to cPCR, results from qPCR provide an rough comparative index of sample 

population size, as well as more sensitive detection (Lodge et al. 2012; Wilcox et al. 2013; 

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

Wilcox et al. 2015), and are more likely to amplify eDNA even in the presence of inhibitors 

that block amplification in cPCR (Amberg et al. 2015). Droplet digital PCR can also be used 

for quantification, and may be more cost efficient for many samples, improve sensitivity of 

detection, and reduce amplification bias compared to qPCR (Morisset et al. 2013; Nathan et 

al. 2014; Jerde et al. 2016; Hunter et al. 2018; Baker et al. 2018). However, when many 

species or entire communities are being targeted, multiplexing many samples using cPCR is 

necessary when pipelines include NGS metabarcoding. However, if the aim of an aquatic 

eDNA study is to detect several key species of importance, metabarcoding approaches may 

be wasteful if non-target sequence data is of no use. In this case, multiplexing qPCRs using 

species-specific primers has been suggested for simultaneous detection of multiple species 

from aquatic eDNA (Tsuji 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. 

 

1.7 How does the probability  of detecting species by eDNA vary? 

Researchers and organisations employing eDNA approaches, along with the stakeholders, 

methodological developers, resource managers and policy makers, must be made aware of the 

current levels of uncertainty associated with eDNA. This is critical when 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 sampling illustrates the complexity of interpreting eDNA-based studies. 

Detection probability is likely to be dependent on the interplay between DNA release and 

DNA degradation (Dejean et al. 2011; Thomsen et al. 2012a) as well as a range of variables 

which behave differently across habitat types (Barnes et al. 2014; Goldberg et al. 2016; 



! (&!

Barnes and Turner 2016). These include: organism size (Klymus et al. 2015; Lacoursi•re-

Roussel, 2016b), and/or biological activity (Bylemans et al. 2016; Dunn et al. 2017), season 

(Goldberg et al. 2011; Vervoort et al. 2012; de Souza et al. 2016; Buxton et al. 2017b; 

Sigsgaard, et al. 2017; Stoeckle et al. 2017; Uchii et al. 2017; Salter, 2018, Buxton et al. 

2018; Collins et al. 2018), organism species density (Pilliod et al. 2013; Pilliod et al. 2014), 

DNA degradation and dispersal rates (Deiner et al. 2014; Wilcox et al. 2015; Jane et al. 

2015; Goldberg et al. 2018) and DNA or cell sloughing/shedding rate (Lacoursi•re-Roussel, 

2016b; Sassoubre et al. 2016); while host molecule density (e.g. discrete tissues varying in 

mitochondrial density) is likely also important. For example, it is speculated that animals 

such as crayfish which have hard exoskeletons, or turtles which have hard shells are harder to 

detect using eDNA methods (Raemy and Ursenbacher, 2018) as they are thought to excrete 

less eDNA than animals with softer, more slime-coated skin types such as amphibians and 

fish, which have been most studied using eDNA methods (Thomsen et al. 2012a; TrŽguier et 

al. 2014; Barnes and Turner, 2016). 

The life stage of a particular organism can also affect DNA concentration, as shown 

by Dunn et al. (2017) who found that the presence of crayfish eggs on ovigerous females 

increases eDNA detection. Aquatic eDNA degradation rate is likely to increase depending on 

numerous factors, including initial DNA fragment length (Jo et al. 2017), substrate type 

beneath the water body (such as topsoil, clay or sand) (Shogren et al. 2016; Jerde et al. 2016; 

Buxton et al. 2017a), increasing time after the target organism is removed (e.g. Goldberg et 

al. 2011, other examples discussed below), increased environmental temperature (Pilliod et 

al. 2014; Strickler et al. 2015; Eichmiller et al. 2016a; Lacoursi•re-Roussel; 2016b, Lance et 

al. 2017; Tsuji et al. 2017a), increased or decreased pH (Strickler et al. 2015; Lance et al. 

2017; Tsuji et al. 2017b), increased exposure to ultraviolet light (Pilliod et al. 2014; Strickler 

et al. 2015), bacterial and/or fungal action (Matsui et al. 2001; Dejean et al. 2011; Lance et 

al. 2017), and DNAses. Salter (2018) demonstrated significant seasonal variability in the 

turnover of marine dissolved eDNA, which they found to be correlated with higher 

temperatures, subsequent enhancement of microbial metabolism, and low concentrations of 

bioavailable phosphate, resulting in increased microbial utilization of dissolved eDNA as an 

organic phosphorus substrate. However, Collins et al. (2018) found no statistical relationship 

between marine eDNA degradation and temperature variation between seasons. Other factors 

affecting the detection of DNA, which can sometimes be stochastic include suspended 

sediment particle size (Turner et al. 2014b; Wilcox et al. 2015; Shogren et al. 2016), water 
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body depth (Smart et al. 2015; Stewart et al. 2017; Minamoto et al. 2017), different water 

body surface points (HŠnfling et al. 2016; Evans et al. 2017a), sediment load/turbidity 

(Williams et al. 2017), and water flow rates (Deiner et 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, salinity, tides and currents which are likely to make 

eDNA detection patterns much more complex (Thomsen et al. 2012b; Thomsen et al. 2016; 

Baker et al. 2018; Collins et al. 2018). Generally, it is thought that eDNA degrades faster in 

marine, rather than freshwater environments (Thomsen et al. 2012b; Sassoubre et al. 2016) 

although a recent study uncovered the opposite pattern (Collins et al. 2018). 

Waterborne eDNA appears to yield near-real-time, local (in lentic waters), and 

reliable-but-noisy estimates of species presence. The fastest rate of decay in freshwater 

systems assessed to date is 1.2 h (Seymour et al. 2018), and in marine systems is 6.9 h 

(Sassoubre et al. 2016), with most estimates ranging from 10 to 50-h (Weltz et al. 2017; 

Collins et al. 2018). Estimates of aquatic eDNA persistence time once organisms are 

removed from their environment are highly variable between studies. The detection of eDNA 

has ranged from roughly one (Pilliod et al. 2014; Thomsen et al. 2012a; Thomsen et al. 

2012b), two (Dejean et al. 2011; Thomsen et al. 2012a; Barnes et al. 2014; Pilliod et al. 

2014) three (Goldberg et al. 2013), four (Dejean et al. 2011; Merkes et al. 2014), to seven 

(Strickler et al. 2015) weeks with amphibians, fish or molluscs in mesocosms, artificial ponds 

and laboratory aquaria with varying environmental conditions. Based on the above factors 

affecting eDNA degradation, eDNA 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 conditions (e.g., J¿rgensen et al. 2012a; 

J¿rgensen et al. 2012b; Giguet-Covex et al. 2014; Willerslev et al. 2014) and why sampling 

from warm, bright, aquatic habitats (such as tropical lakes) therefore, is likely to only yield 

genetic information from very recent biological activity. Studies focusing on soil or lake 

sediments have found that detectable traces of plant and animal eDNA persist from a few 

years (Andersen et al. 2012) to millennia (e.g., Haile et al. 2007; Yoccoz et al. 2012b; 

Hebsgaard et al. 2009; Giguet-Covex et al. 2014) or even tens to hundreds of millennia 

(Suyama et al. 1996; Willerslev et al. 2007). Ancient or historic eDNA could, however, 

contribute a possible source of error for modern aquatic eDNA sampling if sediment is re-

suspended in the freshwater or marine water column (Barnes and Turner et al. 2016). Water 

samples rather than sediment samples therefore, are more likely to accurately reflect the 
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timely presence of target DNA (Shaw et al. 2016), although it has recently been shown that 

both aquatic and sediment eDNA exhibit congruent seasonal fluctuations when targeting 

Great Crested Newt eDNA in ponds (Buxton et al. 2018). 

Understanding the origin, state, transport, persistence and fate of eDNA in varying 

environments as discussed above is essential if this technique is to be rigorously applied to 

ecological questions, summarised in Figure 1.5. below. This aim will be better met by 

comprehensive, replicated sampling surveys across a range of species and habitats, drawing 

upon cross-disciplinary knowledge from e.g. microbiology and water quality monitoring. So 

far, the behaviour of eDNA particles appears to be inconsistent (Shogren et al. 2016) and 

complex (Jerde et al. 2016). For example, it has been demonstrated that lotic eDNA could 

travel a few km in a small stream to more than 100-km in a large river (Deiner and Altermatt, 

2014; Pont et al. 2018), but is unaffected by stream bottom substrate (Jerde et al. 2016).  

 

 

Figure 1.5. The ecology of eDNA (Barnes et 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 minimise 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 sequence eDNA in an efficient and 

cost-effective manner, but also to efficiently and reliably handle and analyse the typically 

massive data sets generated by next-generation sequencing platforms. eDNA studies would 

not only benefit from standardised methods for particular types of biodiversity-related 

questions, but also from highly standardised, international monitoring networks and cohesive 

multidisciplinary approaches that build on the traditional ecological and taxonomic 

knowledge, whilst integrating new genomic and e-technologies (Cristescu, 2014). Although 

eDNA methods applicable to a broad range of environments and their resident taxa are 

currently being tried and tested, work remains to ensure their reliability and repeatability (the 

variation in measurements taken by a single instrument or person) and reproducibility 

(whether an entire study or experiment can be reproduced in its entirety) (Kelly et al. 2014a). 

Similar to the related study of aDNA (e.g., Gilbert et al. 2005), eDNA approaches require 

rigorous standards and controls such as those outlined by Goldberg et al. (2016) and Ficetola 

et al. (2016), without which the information obtained might not only be noisy, but outright 

misleading. Errors or bias 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 (Ficetola et al. 2016). Considerable 

apprehension exists regarding the possible sources of uncertainty associated with eDNA, of 

which there are critical challenges for consideration where error can be introduced, providing 

a basis for future research to address, which may inform best practice solutions. Eliminating 

false positives (type I error: eDNA detected where target species is not present) remains a 

major challenge for eDNA studies, as the mere presence of eDNA does not necessarily 

indicate the presence of the relevant organism. False negatives (type II error: eDNA not 

detected where target species is present) are also problematic. Discussed below are 

challenges and solutions in relation to avoiding false positives and negatives at each step of 

an environmental DNA based experiment. 

 

1.8.1 a) Challenge: experimental design for field sampling Ð Various factors discussed above 

are likely to determine the effectiveness of eDNA surveillance. In addition to the relationship 

between eDNA release and degradation, external sources of eDNA present a problem. 
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Dispersal of eDNA (in particular for air or waterborne eDNA) or contamination may result 

from the addition of DNA from other sources within the target environment (Dejean et al. 

2011; Dejean et al. 2012), such as tributaries into a major river, ballast or bilge water 

discharge (Egan et al, 2015; Ardura et al, 2015b), sewage and wastewater (Martellini et al. 

2005), excrement from animals that prey upon the target species, or dead target organisms 

(Darling and Mahon, 2011; Jerde et al. 2011; Merkes et al. 2014).  A single sample from one 

site may not accurately represent local biodiversity due to the low probability of capturing all 

eDNA sequences at one time, and so it may take multiple samples to capture a particular 

DNA sequence (Andruszkiewicz, et al. 2017). 

1.8.1 b) Solution: It is pertinent to understand how 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 number of sample, extraction and 

PCR replicates. Experimental design, and interpretation of eDNA results should be carefully 

considered, and robust quality control implemented. Pilot sample collection should first be 

undertaken to test the logistics and efficacy of the sampling protocol (Goldberg et al. 2016). 

Negative field controls should be collected alongside experimental samples to ensure 

contamination does not occur in the sampling or transport phase (Goldberg et al. 2016), as for 

example, performed by Jerde et al. (2011) who ran 1L of deionised water through the filter 

apparatus between filtration of different samples. Field equipment, supplies and personnel 

should be kept separate from areas of high copy number DNA (i.e. PCR laboratories) prior to 

sampling (Goldberg et al. 2016). Equipment including boots, boats or field apparatus should 

be sterilised thoroughly. Most eDNA studies have used 10% bleach for around 10 minutes for 

sterilisation, such as Jerde et al. (2011), who reported no contamination in all blank samples. 

Recent guidelines, however, suggest that sterilisation should ideally be implemented with a 

50% commercial bleach solution, or preferably, equipment not reused at all (Goldberg et al. 

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

important for the progress of eDNA science, as a recent study has done (Pont et al. 2018). 

Quantity of sample, number of spatial replicates, and number of temporal replicates 

determine the strength of the evidence, with increasing confidence from a single positive 

sample, to multiple positive samples from a single trip, to repeated trips with positive 

samples, and repeated trips with positive samples over different time points (Jerde et al. 

2011; Goldberg et al. 2016). If samples are immediately filt ered and stored on site, or filtered 

in e.g. a car during transportation between sites, eDNA concentration can be best preserved 
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(Yamanaka et al. 2016a). Generally, the larger the amount of sample e.g. greater volume of 

water, the better. MŠchler et al. (2016) recommend filtering at least 1 L of water for aquatic 

eDNA studies aiming to detect macroinvertebrates, although this is likely a recommendation 

specific to this system, with other aquatic eDNA samples perhaps needing more, or less, 

depending on the eDNA concentration and target organism. The type of sample used when 

assessing aquatic ecosystems will produce varying results. Shaw et al. (2016) showed that 

when sampling both from the water column, and the sediment surface of the benthic layer, 

eight species were detected from water samples and only three from sediment samples. This 

is also a matter of logistics, and so sample volume and number of samples should be 

considered within the trade-off between confidence in results and available survey time and 

budget (Smart et al. 2016).  

Control samples can also be taken from adjacent areas where target species are known to 

be absent (Jerde et al. 2011; Ficetola et al. 2015) to allow further confidence in results, 

through non-amplification of these adjacent samples. Risk assessment of target eDNA 

emanating from other sources should be undertaken, including the presence of dead 

organisms (Goldberg et al. 2016). Repeated temporal sampling will provide a partial solution 

to the inability of eDNA to differentiate live and dead organisms, and control for eDNA left 

behind after a target organism is no longer present, as only live species that are permanently 

present will still be detected in repeated temporal samples. Another solution in differentiating 

between dead and live organisms is through the use of environmental RNA (eRNA), which is 

only detectable from live organisms (Pochon et al. 2017). How a sample is collected e.g. 

what filter type to use, and where to complete this step (i.e. field or lab) as well as whether to 

do multiple sample steps (i.e. a Ôpre-filtrationÕ step as in Turner et al. (2014b)) should all be 

considered depending on the target organism and environment in question (Goldberg et al. 

2016). 

 

1.8.2 a) Challenge: experimental design for molecular analysis Ð Detection tools must be 

highly sensitive and specific to avoid both false negatives and false positives respectively. 

False positives are a particularly problematic issue in environmental samples (especially if 

ancient) which contain low amounts of short fragment size DNA and typically require many 

PCR cycles to amplify (Ficetola et al. 2015). Contamination can also occur through trace 

DNA from laboratory surfaces which carry over into new reactions, or even extraction, PCR 

and sequencing chemistries (Darling and Mahon, 2011; Dejean et al. 2011; Goldberg et al. 
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2016). In simple presence/absence eDNA studies using cPCR or qPCR, false positives or 

negatives may also occur due to PCR primers and probes that do not have a high enough 

level of specificity, and allow the detection of ÒlookalikeÓ non-targets (Dejean et al. 2011; 

Dejean et al. 2012; Darling and Mahon 2011; Wilcox et al. 2013). False negatives may occur 

from insufficient sensitivity or failure of methods to perform as expected (Darling and 

Mahon, 2011). For example, in metabarcoding approaches, PCR or primer bias may mask 

DNA of low quantity and over-amplify higher quantity DNA, which may skew the relative 

abundance of communities, leading to false negatives of certain rare DNA sequences (Bik et 

al. 2012; Cristescu, 2014; Elbrecht & Leese 2015; Pi–ol et al. 2015). False positives or 

negatives may also occur due to PCR errors such as Ôtag jumpingÕ in which unique tag 

sequences added to universal primers jump between samples, making it impossible to 

distinguish between samples (Schnell et al. 2015). It has also recently been suggested that 

DNA extracts from aquatic eDNA samples should not be pooled before sequencing, as these 

limits the detectability of rare sequences, particularly when targeting fish (Sato et al. 2017). 

 

1.8.2 b) Solution: Molecular assays must be carefully designed and validated from pilot 

sampling prior to experimental activities getting underway, taking into account what 

extraction kit, PCR set-up, library preparation kit and sequencing approach to use (Goldberg 

et al. 2016). Both repeatability and reproducibility should be demonstrated for all assays 

(Darling and Mahon et al. 2011; Dejean et al. 2011). Potential inhibition of samples should 

be tested by either adding a foreign DNA and a matching assay to all samples (internal 

positive controls or mock samples) (Goldberg et al. 2016; Thomsen et al. 2016) or by 

creating a qPCR dilution series (e.g. Agersnap et al. 2017) from which an observed 

quantification cycle shift of >3 cycles is considered evidence of inhibition (Hartman, Coyne 

& Norwood, 2005; Goldberg et al. 2016). Inhibition can be removed either by diluting 

samples, or using a PCR inhibitor removal kit (e.g. Williams et al. 2017), both of which, 

however, may result in the loss of target DNA. To ensure specificity, in silico testing of 

species-specific DNA-based probes and primers (such as comparing sequences to BLAST 

(Altschul et al. 1990), or using ecoPCR software (Ficetola et al. 2010), or PrimerTree 

(Cannon et al. 2016)) as well as in vitro testing of probes and primers against target and non-

target tissue-derived DNA should be standard procedure (Dejean et al. 2011; Darling and 

Mahon, 2011; Goldberg et al. 2016; Agersnap et al. 2017), and genetic distances should be 

reported (Jerde et al. 2011). This is particularly important when the outcome of a positive 
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result may be controversial, such as where management outcomes are likely to be affected 

such as in the control of invasive species. In these cases, positive PCR detections should also 

be sequenced to examine accuracy (Ficetola et al. 2008; Jerde et al. 2011; Thomsen et al. 

2012a). However, it is not necessarily essential to design species-specific primers that do not 

amplify closely related species if these congeners do not have the same geographic 

distribution as the target species. This approach was employed by Goldberg et al. (2011) who 

designed species-specific primers for within the Rocky Mountains region only, or Dejean et 

al. (2011) who designed primers which amplified sturgeon congeners that were not found in 

their experimental ponds. 

To reduce the incidence of false positives, assay design must include extraction and 

PCR blanks to the molecular workflow (Darling et al. 2011; Dejean et al. 2011; De Barba et 

al. 2014; Ficetola et al. 2015; Ficetola et al. 2016; Goldberg et al. 2016) allowing the explicit 

reporting of rates of false positives, and the formation of data filtering thresholds to remove 

background contamination in metabarcoding, as done by e.g. Thomsen et al. (2016) and 

Andruszkiewic et 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 low amplification may be 

acceptable (Goldberg et al. 2016). However, if samples are for metabarcoding, and all 

samples are sequenced including controls, low level contamination is almost guaranteed, and 

can be bioinformatically filtered. Furthermore, the addition of endogenous positive controls 

using universal primers may distinguish between false negatives arising from method failure 

or reduced detection sensitivity (Ardura et al. 2015; Furlan and Gleeson 2016). If laboratory 

conditions are as sterile as possible, contamination indicated by the addition of extraction and 

PCR blanks should be minimised. To do so, most studies have used rooms specific to pre- 

and post-PCR activities; rooms dedicated to low-quantity DNA sources; rooms in which no 

DNA of the target species has been previously handled (Goldberg et al. 2011); or clean 

rooms such as used in aDNA studies (Dejean et al. 2012). 

As well as including controls, increasing the number of technical replicates at the 

extraction and PCR step will enhance the reliability of data, as false negatives are less likely 

and false positives can be filtered out with proportionately lower thresholds (Cristescu, 2014; 

Ficetola et al. 2015; Leray and Knowlton, 2017), although the workload and costs obviously 

increase respectively. As eDNA can occur at such low concentrations, it is also important to 

use an appropriate volume of extract. MŠchler et al. (2016) recommend screening at least 14 
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! L of extracted eDNA to reduce uncertainty in detections when targeting aquatic 

macroinvertebrates, although much like sample volume, this is likely to vary according to 

eDNA concentration and target organism. Ficetola et al. (2015) suggest at least six PCR 

replicates for eDNA metabarcoding when detection probability is around 0.5, or even eight 

PCR replicates if detection probability is lower than 0.5.  This could easily be the case with 

studies aiming to screen unknown biodiversity present in samples. 

One approach to increase the percentage of informative markers is to prevent non-

target molecules from being enriched and sequenced by sequestering them with blocking 

oligonucleotides. This approach has so far mostly been used to exclude a relatively small set 

of contaminating molecules from being sequenced (e.g. as used in Vestheim and Jarman 

2008; Schnell et al. 2010; Wilcox et al. 2014). However, as the amount of eDNA sequence 

data increases, it is conceivable that Ôblocking librariesÕ for common environmental 

contaminants will be created. For example, blocking GC-rich molecules can reduce the 

amount of bacterial DNA sequenced in a library. It should however be noted that blocking 

primers have been shown to modify the proportion of non-target reads in metabarcoding 

(Pi–ol et 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 reverse tags and used only once 

per sequencing pool (Schnell et al. 2015), greater confidence in the molecular assay may be 

achieved. 

 

1.8.3 a) Challenge: processing the data Ð Current 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 users are to accommodate the often-underestimated Ôtidal waveÕ of data 

(Reichhardt, 1999) that it is now possible to produce from metabarcoding or metagenomic 

studies. The need for appropriate bioinformatics tools and centralised storage and 

infrastructure to accommodate robust algorithms has been noted for some time (Reichhardt, 

1999; Bik et al. 2012; Cristescu, 2014). Although public databases such as NCBI, BOLD and 

Dryad do exist, the responsibility of storing original data largely falls to individual 

laboratories or genomic centres, whilst the cost of storing data remains more or less constant 

(Cristescu, 2014). 
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1.8.3 b) Solution: Global, coordinated efforts to integrate traditional approaches and 

effectively implement evolving technologies is underway, such as by the iBOL Project, the 

Atlas of Living Australia (Atlas of Living Australia, 2017), the Genomic Observatories 

Metadatabase (GeOMe) (Deck et al. 2017) and the Global Biodiversity Information Facility 

(GBIF) (GBIF, 2018). Biodiversity e-infrastructure will benefit from advances in ÔBig DataÕ 

biodiversity informatics and e-research infrastructure such as these, allowing the integration 

of different taxon-level data within a phylogenetic and environmental framework, facilitating 

informed decision-making (La Salle et al. 2016).  

 

1.9 OTU 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 (Sogin et 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% similarity, roughly 

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 OTUs are created for one species; or c) 

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 delineation: 1) clustering, 2) tree-based 

and 3) character based, with the first two being the dominant approaches used (Kekkonen et 

al. 2015). Clustering uses distance matrices, e.g. statistical parsimony networks such as 

jMOTU (Jones et al. 2011), Clustering 16S rRNA for OTU Prediction (CROP) (Hao et al. 

2011), Automatic Barcode Gap Discovery (ABGD) (Puillandre et al. 2012), and Barcode 

Index Number (BIN) (Ratnasingham and Hebert 2013). These clustering approaches depend 

upon pairwise sequence distances between specimens to define the number of OTUs within a 

dataset (Kekkonen et al. 2015). Tree-based methods such as the Generalized Mixed Yule 

Coalescent (GMYC) (Pons et al. 2006), and Poisson Tree Processes (PTP) (Zhang et al. 

2013), use a gene tree as input for the analysis, and may outperform clustering approaches in 

species assemblages lacking a Ôbarcode gapÕ (Zhang et al. 2013). The lack of a barcode gap is 



! *&!

usually linked to recently diverged species with little genetic diversification, and may in fact 

be an artefact of insufficient sampling across taxa (Wiemers and Fiedler, 2007), although 

examination of the width of the barcode gap with pairwise distances without a priori 

grouping can provide a preliminary approximation of divergence, and potential support in 

interpretation of results (Kekkonen et al. 2015). Character-based methods such as Character 

Attribute Organization System (CAOS) (Sarker et al. 2002), employ diagnostic base 

substitutions as a basis for assessments. The appropriate dissimilarity value to define OTUs is 

not only related to a specific method, but also to the sample complexity. Low complexity 

datasets need a higher dissimilarity threshold, whilst high complexity datasets need a stricter 

dissimilarity threshold, as the usual threshold of 3% often leads to under-estimation of OTUs 

(Chen et al. 2013). Other analysis tools exist as an alternative to cluster-based methods such 

as DADA2 (Callahan et al. 2016), which uses an error model to infer exact sample sequences 

which may vary by only a single nucleotide, or Swarm v2 (MahŽ et al. 2015). This type of 

analysis could be beneficial for metabarcoding based upon short amplicons generated from 

universal primers amplifying e.g. the 12S Teleost primers from Valentini et al. (2016) which 

are less than 100 bp, and which therefore may not differentiate between fish species which 

differ by only one or few nucleotides (Stoeckle et al. 2017).  

 

1.9.1 Normalization 

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 (Molik et al, 2018). Normalization, or rarefaction, or transformation of 

read counts among samples within an OTU table is usually performed when analysing 

metabarcoding data (Molik et al, 2018). Variance stabilization such as R package DESEQ2 

((Love, Huber & Anders, 2014), used by Port et al. (2016)), cumulative sum scaling such as 

R package metagenomeSeq (Paulson et al. 2013), or subsampling-based normalization 

strategy (Aguirre de Carcer et al. 2011) are employed. 

A correct method of controlling sequence quality to remove spurious sequences 

obtained through sequencing error, PCR error, lab contamination and so on is therefore 

important (Ficetola et al. 2016). Read trimming, filtering of artefacts/chimeras, reference 

database and/or de novo OTU generation, taxonomic assignment method and parameters as 

well as statistical analysis should all be carefully considered (Goldberg et al. 2016). Filtering 

data to remove sequencing artefacts may eliminate rare species, particularly when the 
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biomass of rare species is reduced (Zhan et al. 2014). As with most ecological data on species 

presence/absence and abundance, imperfect detection from eDNA data is unavoidable 

(Ficetola et al. 2015). Providing rules-of-thumb is impossible, but appropriate analyses can 

aid in better transformation of NGS reads into community information (Ficetola et al. 2016). 

Some studies opt to avoid OTU clustering all together, and individually blast all sequences 

(e.g. Thomsen et al. 2016). Species Occupancy Models (SOMs) can analyse species 

distribution when detection probability is lower than one, and estimate the number of 

replicates required for reliable interpretation of taxon absence (Pilliod et al. 2013; Schmidt et 

al. 2013; Schmelzle & Kinziger, 2016). Bioinformatic pipelines and programs have also been 

designed to improve estimation of diversity, taxonomic assignment, and statistical inference 

such as the Amplicon Pyrosequence Denoising Program (APDP) (Morgan et al. 2013), 

PRObabilistic TAXonomic placement program, ÔPROTAXÕ (Somervuo et al. 2017), LULU 

(Fr¿slev et al. 2017), ÔinsectÕ in R (Wilkinson et al. 2018), the Mitochondrial Genome 

Database of Fish (MitoFish) and MiFish pipeline (Sato et al. 2018), or the use of informatic 

sequence classification trees (Wilkinson et al. 2018).  

 

1.10 What 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 genes. Because eDNA samples may contain 

highly fragmented DNA, many universal barcoding primers (termed Ômini-barcodesÕ) have 

been designed to target short fragments of 90-250 bp (examples shown in Table 2 below). 

Different gene regions vary in taxonomic coverage and species-resolving power, with 

specific taxonomic biases and imperfect estimates of taxon relative abundance (Creer et al. 

2016). Ideally, metabarcoding markers should have sufficient taxonomic coverage to detect 

groups of interest, sufficient sequence divergence to resolve species, be conserved among 

individuals of the same species, indicate relative abundance of present taxa, be easy to 

amplify and create a short enough amplicon length to avoid sequencing error (Clarke et al. 

2017). These can be used individually, or combined in a Ôprimer cocktailÕ of multiple primers 

at once (Ivanova et al. 2007). Mi tochondrial 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 (Handley, 2015). The 

COI gene is a popular choice for eukaryotes, as a previously ÔagreedÕ region for 

standardisation of barcoding by molecular ecologists and conservation geneticists, who have 
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over time accumulated over 5.7 million specimens (BOLDSYSTEMS, 2017a) with barcodes 

freely available on the BOLD database (Ratnasingham and Herbert, 2007). Some studies 

have combined species-specific COI primers with environmental DNA analysis 

(Bronnenhuber and Wilson, 2013), whilst others have combined universal degenerate primers 

for a range of genes (HŠnfling et al. 2016). This gene can provide an excellent marker choice, 

and it has recently been suggested that COI should be the standard barcode gene of choice for 

metabarcoding (Andœjar et al. 2018). COI is extensively covered within DNA sequence 

reference databases, and it has a high degree of sequence variation. For example, COI 

resolved up to threefold more taxa to species level compared to 18S in a study of zooplankton 

assemblages by Clarke et al. (2017). However, COI is not always suitable in other cases. 

More conserved priming sites have been suggested for metabarcoding of particular taxa, as 

the protein-coding COI does not always contain suitably conserved regions for species 

discrimination (Deagle et al. 2014), such as within nematodes which are more often targeted 

using the 18S rRNA gene (Floyd et al. 2002; Powers, 2004).  

For plants, which have low substitution rates of mitochondrial DNA, two plastid DNA 

regions ÔrbcLÕ and ÔmatKÕ; a gene Ôtrn H Ð psb AÕ; and a nuclear ribosomal DNA region 

ÔITSÕ have been suggested as candidates for taxonomic assignment (Coissac et al. 2016; 

Fahner et al. 2016). Other popular gene regions include 12S and 16S for vertebrates, and 

ITS1 for fungi (see Table 1.2. for a small number of examples). Multiple primers targeting 

different regions are sometimes used in combination to increase species barcoding 

information, such as conducted by e.g. De Barba et al. (2014) when assessing diet 

composition of brown bears, by Shaw et al. (2016) when conducting a fish community 

assessment in rivers, or by HŠnfling et al. (2016) when assessing fish communities in lakes. 

This multi-gene approach reduces taxonomic bias and increases taxonomic coverage (Alberdi 

et al. 2017). Combining many samples with many universal primers of different genes has 

been coined ÔTree of LifeÕ (ToL) metabarcoding, by Stat et al. (2017) who combined nine 

primers targeting 18S, COI, 16S, trnL, and 23S genes, amplifying eDNA from 434 eukaryotic 

taxa from 38 phyla, 88 classes, 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 database is (Cristescu, 2014). Barcodes for commonly 

used metabarcoding markers are generally lacking from public databases, although COI is 

fairly well represented (Porter and Hajibabaei, 2018). It has recently been suggested that 
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classification of COI metabarcoding data could be improved by the use of the Ribosomal 

Database Project (RDP) classifier, which is faster than BLAST, and provides a measure of 

confidence for assignments at each rank in the taxonomic hierarchy (Porter & Hajibabaei, 

2018). Primer design software such as Primer3 (Rozen and Skaletsky, 1999), ecoPrimers 

(Riaz et al. 2011) and PrimerMiner (Elbrecht and Leese, 2017) have been developed to aid in 

designing primers which take these factors into account.  

 

Gene ~ Amplicon size 

(bp) 

Taxon Reference 

 
 

COI 

658 Vertebrates Ward et al 2005 
313 Metazoa Leray et al. 2013 
120-150 Eukaryotes Meusnier et al. 2008 
100 Lepidoptera and fish Hajibabaei et al. 2006 

 
12S 

163-185 and 55-75 Fish Miya et al. 2015 and Valentini et al. 2016 
40-60 Batrachia  Valentini et al. 2016 
40-60 Enchytraeidae Epp et al. 2012 
40-60 Aves Epp et al. 2012 

 
 

16S 
 

100-120 Coleoptera Epp et al. 2012 
54-60, 90, and 106 Vertebrates Palumbi et al. 1996, Taylor, 1996 and 

Riaz et al. 2011 
178-228 Fish Berry et al. 2017, Deagle et al. 2009 
90-213 Crustaceans Berry et al. 2017 

18S 336-423 Eukaryotes Pochon et al. 2013 
240-420 Eukaryotes Stat et al. 2017 

ITS1 122 Aquatic plants Gantz et al. 2018 
180-220 Fungi Epp et al. 2012 
400-900 Vascular plants Fahner et al. 2016 

rbcL 400-900 Vascular plants Fahner et al. 2016 
100-200 Land plants Little et al. 2014 

trnL P6-loop 40-60 Bryophytes Epp et al. 2012 
40 Vascular plants Taberlet et al. 2006 

MatK 186 Aquatic plants Gantz et al. 2018 
23S 122-163 Symbiodinium Santos et al. 2003; Manning & Gates 

2008 
Table 1.2. Examples of the variety of primers targeting different genes according to taxonomic 
group. 
 

1.11 Challenges of barcoding and metabarcoding 

There are various approaches to metabarcoding which use a combination of PCR and unique 

synthetic oligonucleotide sequences to label and multiplex samples during library preparation 

for next-generation sequencing, and subsequently reassign a sample to a sequence (Son and 

Taylor, 2011). These approaches namely consist of either a single PCR treatment or double 

PCR treatment (Figure 1.6). Contradictory terminology has been used interchangeably in the 
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literature to describe these unique oligonucleotides, which have been referred to as 

ÔbarcodesÕ, ÔtagsÕ or ÔindexesÕ resulting in inconsistency and confusion as to their exact 

function (OÕDonnell et al. 2016). Within this thesis, these unique oligonucleotides will be 

referred to as ÔindexesÕ, and when combined with primers as Ôindex primersÕ. The unique 

oligonucleotides used to label individual libraries will be referred to as the Ôlibrary indexÕ, as 

per suggestion by OÕDonnell et al. (2016). 

 

Figure 1.6. Single vs Double PCR treatment. Differently coloured primer and library indexes 
represent unique index sequences used to identify the sample origin of reads generated after 
sequencing on an Illumina MiSeq. Some studies use a single PCR treatment, whilst others use a 
double PCR treatment (OÕDonnell et al. 2016) 
 
For a single PCR approach, multiple unique index primers (Figure 1.5) are used to amplify a 

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

PCR treatment, a conventional PCR with unlabelled primers is performed, followed by a 
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second PCR to anneal the unique oligonucleotide labels. Mismatches between a primer 

sequence and template DNA reduces amplification efficiency of a PCR (Suzuki et al. 1996; 

Polz and Cavanaugh, 1998; Wintzingerode et al. 1997; Sipos et al. 2007), and when 

amplifying mixed templates, as with metabarcoding PCRs of eDNA, this can result in over-

representation of template sequences which do not have mismatches (Suzuki et al. 1996; 

Wintzingerode et al. 1997; Pi–ol et al. 2014; Pinto et al. 2012). This can create 

inconsistencies in the relative abundance of OTUs when using a single PCR approach with 

index primers, compared to a double PCR approach using unlabelled primers for the first 

PCR (OÕDonnell et al. 2016; Leray and Knowlton, 2017). This issue has been explored 

within the context of creating quantitative metabarcoding data by Pi–ol et al. (2018), who 

found that some primers pairs produced quantitative results reflective of the initial mock 

community used, whilst others did not. This study demonstrates how although quantitative 

estimates from metabarcoding can be roughly successful, the number of primerÐtemplate 

mismatches presents a challenge when attempting to use metabarcoding in a quantitative way 

when applied to the real-life 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 presenceÐabsence of a species to its relative abundance in natural systems (Jerde et al. 

2011; Minamoto et 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 

move from measures of species richness to species diversity. This yields advanced data for 

biodiversity and ecosystem monitoring, allowing the tracking of changes in ecosystems over 

time, observation of differences between habitats and ecosystems, and understanding the 

health of ecosystems. Indeed, the overarching 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 estimates. A positive result alone from a natural aquatic environment 

can only indicate that at least one individual is or was recently present (Jerde et al. 2011). 

Although presenceÐabsence measures can provide useful indicators of biological diversity, 

they are often insufficient to link rare species to persistence in a given habitat, or biological 

diversity to ecosystem functioning (Faust and Raes 2012). Rapid measures of abundance or 

biomass across time and space would be more informative and, importantly, could reveal 

seasonal shifts in factors such as microhabitat use for feeding and/or reproduction or refuge 
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use, as well as impacts of predation and competition. For example, Bylemans et al. (2016) 

analysed the relationship between bigheaded carp spawning and mitochondrial eDNA 

concentration. They demonstrated the use of nuclear, rather than mitochondrial markers, to 

detect fish spawning events in which spikes in nuclear eDNA concentrations were observed 

where no such spikes occurred from mitochondrial eDNA. Erickson et al. (2016) attempted 

to analyse the same question but found no such relationship. 

There have been many attempts to relate eDNA concentration to either biomass or 

abundance, with inconsistent results. Some studies showed a strong correlation between the 

two whilst others showed weak or no correlation. Early studies positively correlated eDNA 

concentration from qPCR with broad categorical variables of high/low density of e.g. frogs in 

ponds (Ficetola et al. 2008), and Asian carp in different waterways (Jerde et al. 2011). This 

was later expanded upon by more refined abundance categories of e.g. numbers of American 

Bullfrog (Rana catesbeiana) tadpoles in experimental tanks (Dejean et al. 2011); number of 

Common Spadefoot Toad (Pelobates fuscus) and Great Crested Newt (Triturus cristatus) in 

experimental mesocosms (Thomsen et al. 2012a); number of Common Carp (Cyprinus 

carpio) (Takahara et al. 2012) or African Jewelfish (Hemichromis bimaculatus) (Moyer et al. 

2014) in aquaria and experimental ponds; abundance of Wood Turtle (Glyptemys insculpta) 

in different rivers (Piliod et al. 2013); number of Lake Trout (Salvelinus namaycush) from 

catches in different lakes (Lacoursi•re-Roussel et al. 2016a); aquatic plant, Esthwaite 

Waterweed (Hydrilla verticillata) biomass (Matsuhashi et al. 2016) and abundance of a 

stream fish, Ayu, (Plecoglossus altivelis) (Doi et al. 2017b). The use of metabarcoding and 

next-generation sequencing of eDNA as a high-throughput means of obtaining measures of 

abundance across large scales and many taxa simultaneously has since been demonstrated 

(Kelly et al. 2014b; Elbrecht and Leese 2015; Klymus et al. 2017a), offering the promise of 

detecting cooperative and competitive relationships through robust tests of co-occurrence. 

Studies on this topic have found positive correlations between the number of sequencing 

reads and known community relative abundance of organisms from a range of environments, 

e.g. of bulk insect samples (Elbrecht and Leese 2015; Klymus et al. 2017a), fish from a 

marine aquarium (Kelly et al. 2014b), fish and amphibians in mesocosm experiments (Evans 

et al. 2016), freshwater fish in British lakes (HŠnfling et al. 2016), Greenlandic deep-water 

marine trawl catches (Thomsen et al. 2016), and fish biodiversity from a large river (Pont et 

al. 2018).  
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However, these relationships have been calculated with a range of data points using a 

known density of individuals against eDNA concentration. The 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. This is likely to vary between life stages, individuals, 

species and habitat types (as discussed above) which could confound inferences about 

population size or biomass (Barnes and Turner, 2016). Confidence in eDNA generated 

relative abundance information would be improved by increased understanding of the 

persistence of eDNA in the wild from a broad range of climates and habitats, of how 

environmental factors affect eDNA concentrations, and of how accurately eDNA sequence 

copy numbers reflect the original composition of DNA in an environmental sample, and are 

not altered somewhere along the analytical pipeline. For example, PCR bias may lead to 

preferential amplification of some template sequences over others, and so the resulting 

diversity and relative abundance of the sequence reads may not necessarily reflect that of the 

community in the sample (Pi–ol et al. 2015; Bass et al. 2015).  

 

1.13 Improving eDNA sequencing 

Future eDNA studies are likely to take an increasingly metagenomic approach. Instead of 

PCR enriching a relatively small number of markers before sequencing, the eDNA extract 

will be sequenced in its entirety. If PCR is avoided completely, libraries have to be prepared 

directly from potentially highly degraded eDNA. Most existing library preparation protocols 

are optimised for high-quality DNA and are inefficient for highly degraded DNA (Knapp et 

al. 2012; Knapp et al. 2010; Gansauge and Meyer 2013). To overcome this limitation, eDNA 

methods can benefit from developments in the field of aDNA which routinely produces 

potentially relevant protocols in this regard (e.g., Knapp et al. 2010) such as recent progress 

in single stranded DNA library preparation from degraded DNA. Until the sequence output of 

second-generation sequencing platforms becomes sufficient to avoid informative marker 

targeting, enrichment methods are needed. Although PCR represents the basic option, 

hybridisation-based sequence capture offers an alternative (Liu et al. 2016; Wilcox et al. 

2018). With an ability to target short molecules, under relatively permissive levels of 

mismatch (Taberlet et al. 2012a), such methods bypass major disadvantages of PCR 

enrichment. 
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Direct shotgun sequencing in e.g. metagenomic studies avoids potential taxonomic 

biases and can provide a complementary independent method to assess community alpha- and 

beta-diversity, and community functional genomic capability independent of the resolution of 

genetic markers, which often introduce bias (Cristescu, 2014; Creer et al. 2016). This 

approach avoids the biases and errors introduced by all target-enrichment strategies, such as 

tag-jumps observed in the PCR step of tagged primers for metabarcoding (Schnell et al. 

2015). The power of Illumina-based direct shotgun sequencing of bulk insect samples was 

demonstrated by Zhou et al. (2013), with bioinformatic recovery of informative markers from 

the output. As sequencing costs drop and outputs increase, we might for the first time obtain 

directly quantifiable data representing the unbiased components of an eDNA extract. With 

the arrival of single-molecule sequencers (e.g., Pacific Biosciences (Ribeiro et al. 2012), 

Oxford Nanopore GridIONª and MinIONª ( Schneider, and Dekker, 2012)) that remove 

the need for amplification during library build, these benefits will increase yet further. 

Progress in eDNA-based functional genomics will likely benefit from shotgun sequencing, 

especially if public metagenomic databases improve so that taxa, genomes and gene functions 

can be assigned (Creer et al. 2016). 

 

1.14 The 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 rapid improvements 

in sequencing technologies and we are only beginning to see the associated opportunities for 

eDNA research. It is enticing to imagine the possibilities that eDNA could unfold, if 

advances in molecular ecology, bioinformatics, and sequencing technologies 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 

environments (such as the Arctic, the deep sea, or even other planets), target elusive species, 

provide a vast reduction in labour costs and an increase in speed. Automated mechanical 

sampling of eDNA similar to that of oil spill-sampling buoys or military sonobuoys has 

already been put into action, with the ability to extract DNA, perform qPCR, and transmit 

data back via satellite (Preston et al. 2011), and robotically navigate habitats using unmanned 

aerial vehicles (UAVs; drones) (Ore et al. 2015; Doi et al. 2017c), or remote control boats 



! +%!

(Spyboat, 2017). Custom made integrated sampling systems have recently been created, such 

as the ANDe environmental DNA sampling system (Thomas et al. 2018) which uses a 

portable pump within a backpack, integrating sensor feedback, a pole extension with remote 

pump controller, custom,made filter housings in single,use packets for each sampling site and 

on-board sample storage. 

If such eDNA automated sampling is combined with new technologies and a range of 

other complementary data in the future, the potential for our understanding of biodiversity 

and ecosystem processes may be greatly enhanced. NGS sequencing technology, or 

technology currently being developed by Oxford Nanopore Technologies to sample, upload 

via USB, and analyse DNA using the handheld MinIONª opens a world of possibilities for 

eDNA sequencing, the technology for which is decreasing in cost allowing an increase in 

sequencing throughput and data richness (Coissac et al. 2016). For example, the MinIONª 

was recently used to test samples for Ebola in Guinea (Quick et al. 2016), with results 

generated in just 15-60 minutes. When combined with human or robotic sampling (Ore et al. 

2015; Doi et al. 2017c) targeting environments of interest, analysis of eDNA, and the remote 

upload of information via smartphone or satellite, it could be possible to create a network of 

live biodiversity assessment. Bohan et al. (2017) suggest that ecosystem changes could be 

monitored on a global scale, at high temporal and spatial resolution, 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 sampling uploading such information to Ôthe cloudÕ. This 

type of accurate abundance data would provide a potential framework for global ecosystem 

network prediction and enable the development of ecosystem-wide dynamic models (Faust 

and Raes 2012). If additional information was overlaid, such as water depth, hydrological or 

other environmental movements, temperature, pH, indicator biomolecules such as 

environmental RNA or proteins, or habitat information, such as the current ongoing project to 

map the Earth's surface in 3D (Amos, 2012), it could be possible to identify the origin and 

state of eDNA. For example, RNA degrades faster than DNA, and is indicative of active gene 

transcription, making it more likely to show the presence of metabolically active cells and is 

thus a better indicator of live, rather than dead, organisms (Poulsen et al. 1993). This subject 

was recently explored by Pochon et al. (2017) who compared eDNA and eRNA from the 

same samples, and recommend that only OTUs that are present in both eDNA and eRNA data 

should be interpreted as evidence of live organisms. As well as live biodiversity assessment 
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networks, ecosystem-wide dynamic models, and mapping the ecology of eDNA, it has been 

proposed that Earth observation data may be connected to biodiversity and ecosystems 

through interpolating biodiversity point samples and building continuous landscape maps of 

species distributions, which may then draw on known data associated with these species 

(Bush et al. 2017).  



! +' !

1.15 Freshwater ecosystems of Southeast Asia 

ÔFreshwaterÕ is defined as water with a very low dissolved solids content (around 1000 mg l-1 

of dissolved solids (American Meteorological Society, 2012)), although some freshwater 

environments such as river estuaries may extend out into the ocean whilst some isolated 

inland water bodies may be highly saline. The development of human society has 

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

empires occurring in river valleys, such as the Egyptians of the Nile, the Romans of the 

Tiber, and the Mesoamericans of the Amazon (Scott, 1989). River basins provided fertile 

soils to grow crops and graze livestock; plentiful waters 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 Ôecosystem servicesÕ or Ôecosystem goodsÕ 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 

and recreation (Kottelat and Whitten; 1996, Costanza et 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 EarthÕs water, and 0.8% of the EarthÕs land-surface, they are estimated to 

contain around 126 thousand plant and animal species, equivalent to roughly 9% of all 

described species (Balian et al. 2008; Dudgeon et al. 2006). The total number of freshwater 

vertebrate species excluding brackish fish is around 18,235: constituting 35% of all described 

vertebrates (Balian et al. 2008). It is currently estimated that there are roughly 34,515 species 

of fish globally (Eschemeyer and Fong, 2017), a number which has risen substantially since 

2008 when estimates stood at 29,000 (LŽv•que et al. 2008). Around fifty percent of these fish 

species inhabit brackish or freshwaters (Balian et al. 2008), indicating that freshwater 

ecosystems are exceptionally species rich, although encompassing only a small component of 

the global aquatic realm, with ever growing species estimates as new studies emerge. 

Tropical freshwater ecosystems are particularly species rich, supporting over one million 

species worldwide which depend upon these habitats for their survival (Cumberlidge et al. 

2009). These may be obligate freshwater inhabitants such as fish, semi-aquatic taxa such as 

frogs, or any species intrinsically linked to the hydrological processes and ecosystem 

interactions within their environment including birds, mammals and reptiles (Abell et al. 

2008). 
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The geographical 

region of Southeast Asia 

(SEA) (Figure 5.) consists of 

Brunei Darussalam, 

Cambodia, Indonesia, Lao 

PeopleÕs Democratic 

Republic, Malaysia, Myanmar 

(Burma), Philippines, 

Singapore, Thailand, 

Timor~Leste (East Timor) and 

Vietnam (United Nations Statistics Division, 2012). When Alfred Russel Wallace sailed 

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 Asia (SEA). WallaceÕs seminal book, The Malay Archipelago (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 WallaceÕs 

Line. One hundred and fifty years later, the Malay Archipelago encompasses most of modern 

day SEA, hosting four of the EarthÕs terrestrial biodiversity hotspots: Indo-Burma 

(Cambodia, Laos, Thailand, Vietnam and Myanmar), Sundaland (Brunei, Indonesia, 

Malaysia, Singapore), Philippines and Wallacea (Indonesia) (Myers et al. 2000) These 

biodiversity hotspots also contain many tropical freshwater ecosystems within Ôfreshwater 

ecoregionsÕ, categorised by Abell et al. (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 (Myanmar)) and large parts of Sumatra and Borneo (Abell et al. 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 (Collen et 

al. 2014). It is the WorldÕs richest region for freshwater turtles (Buhlmann et al. 2009), and 

fish, crustacean, insect and molluscan diversity is particularly high (Balian et al. 2008; 

Kottelat 2013). The evolution of this extraordinary biodiversity must be appreciated within 

the context of the regionÕs intricate tectonic and climatic evolution (Lohman et al. 2011; De 

Bruyn et al. 2014), characterised by over 300 million years of continental collisions (van 

Figure 1.7. Southeast Asia. (Google Maps) 
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Oosterzee 1997; Metcalfe 2011) which influenced the creation of the wide-ranging 

topography, hydrology, geomorphology and consequently climate (Morley 2012).  

The significant biogeographic barrier of the ÔWallaceÕs LineÕ separates the Sunda 

Shelf to the west (where Indochina, Sumatra, Java, Borneo and Bali are found) and the Sahul 

Shelf to the east (where Sulawesi, Lombok, and Timor~Leste are found). The islands of the 

Sunda Shelf were previously a contiguous landmass known as Sundaland when sea levels 

were low enough during the middle Eocene (ca. 49-45 mya), and the Pleistocene (2.5 mya to 

11,700 years ago). Southeast Asian ecosystems have experienced repeated and significant 

geographic reductions associated with the periodic submergence of the Sunda Shelf between 

cycles of Pleistocene glacial and interglacial periods (Woodruff 2010). This repeated range 

compaction is thought to be an instrumental force in causing the colonization and subsequent 

diversification contributing to the hyperdiverse SEA communities that we see today (De 

Bruyn et al. 2014). Although most of SEAÕs biodiversity in islands such as Java has arisen 

through the accumulation of immigrants and in situ diversification, within-area 

diversification and subsequent emigration are the principal characteristics typifying 

Indochina and BorneoÕs biota in particular, which have been described as Ômajor evolutionary 

hotspots for Southeast Asian biodiversityÕ (De Bruyn et al. 2014). As current climate and 

geography are typical of only ~3% of the last 2.7 million years, the biota of SEA is currently 

in a refugial state, in which they occupy only 50-75% of their maximal Pleistocene extent 

(Woodruff 2010).  

 Although freshwater ecosystems are incredibly species rich, mounting evidence 

suggests that freshwaters are the most threatened ecosystem in the world, with roughly 

double the rate of biodiversity loss than terrestrial and marine environments, recorded 

between 1973 - 2000 (Kottelat and Whitten 1996; Saunders et al. 2002; Jenkins et al. 2003; 

Collen et al. 2014; CBD 2013). The WWF (2012) suggests that the tropical freshwater Living 

Planet Index has declined by 71%, a pattern that is particularly poignant in Southeast Asia, as 

shown in Figure 1.8. A, B. Threats include direct habitat alteration, over harvesting of aquatic 

animals (especially fish), pollution, invasive species and anthropogenically induced climate 

change. Global extent of wetlands decreased by ~50% during the 20th Century (Hails et al. 

2008). Wetland loss is certainly higher in SEA than globally (Rowley et al. 2010), where 

most remaining wetlands have been converted to rice paddy fields, reservoirs, canals or storm 

drains. Sea-level rise will impose additional threats through further reductions in land area 

and an associated increase in the refugial state for SEA taxa. The ~646 million humans in 
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SEA require food, water, energy, consumables and living space, which threaten FEs through 

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

agricultural development and urban expansion. Projections forecast populations in SEA to 

rise to 797 million by 2050 (Worldometers 2018), putting these services under increasing 

demand, and escalating habitat loss through river impoundment, urbanization, deforestation 

and land-use change. Threats to freshwaters occur at the physiochemical, trophic and habitat 

level, and can be split into five main categories: water pollution, flow modification, habitat 

degradation, over-exploitation, and species invasions, upon all of which environmental 

change acts (Dudgeon et al. 2006). 

Conservation of freshwater ecosystems (FEs) is often overlooked, despite freshwater 

biodiversity declining faster than terrestrial or marine biodiversity since 1970 (Dudgeon et al. 

2006; Collen et al. 2014). Freshwater conservation strategies are of critical importance in 

densely-populated regions such as SEA, where high rates of habitat loss and species 

extinction (Myers et al. 2000; Collen et al. 2014) coincide with manifest risks to human 

water security (Všršsmarty et al. 2010). As the global human population, sea-level, and 

temperatures rise, it is inevitable that threats to freshwater ecosystems will intensify. An 

increase in frequency of extreme weather events, combined with economic growth and a 

tendency towards development of coastal cities will exacerbate the effects of anthropogenic 

change in SEA, as evinced by events reported in the media since 2015. For example, forest 

fires ravaged Indonesia, intensified by the drainage of Bornean wetlands; one of the most 

severe El Ni–o weather events recorded in 50 years caused widespread drought; saline 

intrusion crept up the Vietnamese Mekong; and construction began on the US$3.5bn 

Xayaburi Dam on the Mekong mainstream in Laos. Areas such as SEA have 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 speakers, their past or present 

experience of civil or international conflict, and their geographical distance away from 

countries hosting biodiversity databases such as the Global Biodiversity Information Facility 

(GBIF) (GBIF, 2018), usually hosted in the U.S.A or Europe (Amano and Sutherland 2013). 

Biodiversity surveys are also more comprehensive in affluent countries, with a longer history 

of research, which could also bias species distribution estimates, as shown by the location of 

barcode entries in the International Barcode of Life Data Systems (Ratnasingham and 

Herbert, 2007) (Figure 6, C). The existence and extinction of some species, particularly that 

of small or cryptic organisms may therefore simply go unrecorded (Brook et al. 2003). 
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Figure 1.8. Global species richness compared to threat and BOLD database entries. A: normalized 

global freshwater species richness from 0 to 1. B: normalized global freshwater species richness of 

threatened species (extracted from Collen et al. 2014) C: global barcode entries to BOLD, pink = 1000 per 

site, red = 100 per site, orange = 10 per site, yellow = one per site. (BOLDSYSTEMS 2017b). 
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1.16 Significance of eDNA for  Southeast Asia 

The use of environmental DNA is particularly amenable to sampling of aquatic 

environments, which are among the most logistically difficult  habitat types to sample using 

conventional methodology, hindered by the complexity of the topography and vegetation in 

streambeds and riparian areas, water turbidity and flow rates (Goldberg et al. 2011). Kottelat 

and Whitten (1996) divided Southeast AsiaÕs freshwater ecosystems into habitat types of: 

Ôsprings, hill-streams, headwaters and rapidsÕ; Ôfreshwater swamp forests and small streams 

in lowlands and foothillsÕ; Ôlarge riversÕ; Ôriverine lakes and flood plainsÕ; ÔestuariesÕ; ÔlakesÕ; 

Ômarshes and swampsÕ; Ôpeat swamps, black water streams and black water lakesÕ; Ôcaves and 

aquifersÕ; and Ôartificial freshwater habitatsÕ. It can be assumed that eDNA would behave 

differently in all of these freshwater habitat types, for example, moving quickly downstream 

from the source in a light, clear, cold Ôspring, hill-stream, headwaters and rapidsÕ habitat type, 

compared to moving slowly if at all in a darker, more turbid, warmer Ôpeat swamp, black 

water stream and black water lakeÕ habitat type. In the wild, aquatic eDNA detection and 

degradation is likely to be complex, depending on climate variables, water body type and 

habitat variables as discussed in section 1.7. This is particularly relevant to Southeast Asian 

freshwater ecosystem types which are highly variable, and where DNA degradation is likely 

to occur faster, due to higher temperatures and microbial activity (e.g. Pilliod et al. 2014; 

Strickler et al. 2015; Eichmiller et al. 2016a; Tsuji et al. 2017a). In Indonesia and Malaysia, 

the combination 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 drought, as well as increased concentrations of 

suspended solids, resulting in higher levels of turbidity and reduced photosynthesis (Yule, 

2004; Asian Development Bank, 2016). Indeed, the water quality of lakes and rivers in 

Indonesia is poor, with over 50% of water quality parameters not meeting the norms for water 

quality Class I (water that can be used as standard water for drinking purposes) (Asian 

Development Bank, 2016). The use of eDNA sampling could be amenable to understanding 

the impact of these threats on freshwater biodiversity. Three key areas of influence for 

aquatic eDNA application in SEA are 1) monitoring of invasive species, 2) understanding 

ecosystem level processes and patterns, and 3) monitoring for conservation management. 

Applying eDNA methods to address challenges within these topics could have major benefits 

for environmental protection, fisheries monitoring and management, or fishing and wildlife 

tourism in Southeast Asia. 
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1.16.1 Monitoring of invasive species 

Invasive species present one of the most significant, inadequately controlled, and least 

reversible of threats to biodiversity and global homogenisation. They are Ôhighly noxiousÕ, 

dominating an area once they become established (Helfman, 2007), and spread becoming 

abundant (Kolar and Lodge, 2001), threatening biological diversity (Species Survival 

Commission, 2000). Other terms include non-native, nonindigenous, introduced, alien, 

exotic, transplanted, translocated, allochthonous, invasive, feral, and biological pollutant 

(Helfman, 2007). Such species may result in catastrophic effects for native freshwater 

ecosystems through competing with, predating on or transmitting disease to native species 

(Schneider et al. 2016), as well as causing eutrophication, reducing biodiversity, altering fire 

regimes, and destroying fisheries (Peh, 2010; Allen et al. 2012). In Southeast Asia, there is a 

substantial aquaculture industry as well as tourist game fishing, with many species being 

introduced either for their easily farmed meat (e.g. tilapia) (GuinŽe et al. 2010), or based on 

their size and attractiveness to fishermen. In Thailand, species such as the Giant Alligator 

Gar (Atractosteus spatula) from North America, the Silver Arowana (Osteoglossum 

bicirrhosum), and the Tambaqui (Colossoma macropomum), all from the Amazon, are 

introduced for sport fishing (Mega Fishing Thailand, 2017). Invasive species in SEA are 

introduced from a range of sources including aquaculture (e.g. Water Hyacinth (Eichhornia 

crassipes), Apple Snails (Ampullariidae sp.), and tilapia fish (e.g. Oreochromis niloticus), 

pest control (e.g. Mosquitofish (Gambusia affinis)) or the aquarium and pet trade (e.g. 

Armoured Catfish (Loricariidae sp.)) (Peh, 2010; Allen et al. 2012; Reid et al. 2013). In SEA, 

many examples exist where impacts of invasive species are observed at the physiochemical, 

trophic, and habitat level. For example, bioturbation and siltation have been caused by 

Common Carp (Cyprinus carpio), community composition has been altered by predation on 

fish by snakehead fish species (Channidae sp.), and habitat structure was impacted by Water 

Hyacinth (Eichhornia crassipes) and Floating Fern (Salvinia natans), which prevent 

movement of fishing boats and cause fishing net entanglement. Invasive species are more 

successful in degraded habitats (Allen et al. 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 the best studied aspects of eDNA, with most studies using qPCR methods (Table 

3), although metabarcoding approaches have also recently been applied to search for non-  
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Species and native country Habitat  where eDNA 
found 

Reference in date 
order 

American Bullfrog (Rana catesbeiana) native to 
North America 

Natural wetlands in 
France 

Ficetola et al. 2008, 
Dejean et al. 2012 

Asian Bigheaded Carp (Hypophthalmichthys 
nobilis) native to East Asia and Silver Carp 
(Hypophthalmichthys molitrix), and China / 
Eastern Siberia respectively 

Lakes in the USA Jerde et al. 2011, 
Mahon et al. 2013, 
Turner et al. 2014a 

North American Bluegill (Lepomis macrochirus) 
native to North America 

Ponds in Japan Takahara et al. 2013 

New Zealand Mudsnail (Potamopyrgus 
antipodarum) endemic to New Zealand 

River in the USA Goldberg et al. 2013 

Quagga Mussel (Dreissena bugensis) native to 
Ukraine, and Zebra Mussel (Dreissena 
polymorpha) native to southern Russia and 
Ukraine 

St. Joseph Lake and 
ballast water, the Rhine 
river catchment, and 
Lake Winnipeg, all in 
the USA 

Egan et al. 2013, De 
De Ventura et al, 2017, 
Gingera et al., 2017 
 

Louisiana Crayfish (Procambarus clarkii) native 
to northern Mexico, and Southern USA 

Ponds in the Regional 
Nature Park of Bri•re, 
France 

TrŽguier et al. 2014 

Burmese Python (Python bivittatus) native to 
South and Southeast Asia 

USA Piaggio et al. 2014, 
Hunter et al. 2015 

North American Wedge Clam (Rangia cuneata) 
native to the Gulf of Mexico 

Baltic Sea Ardura et al. 2015a 

Chinese Giant Salamander (Andrias davidianus) 
native to China 

The Katsura River basin 
in Japan 

Fukumoto et al. 2015 

Tiger Mosquito (Aedes albopictus), Asian Bush 
Mosquito (Aedes j. japonicus) native to Southeast 
Asia 

Natural water bodies in 
seven European 
countries 

Schneider et al. 2016 

Ruffe (Gymnocephalus cernua) native to Europe 
and North Asia 

Laurentian Great Lakes Tucker et al. 2016 

Rusty Crayfish (Orconectes rusticus) and the 
Signal Crayfish (Pacifastacus leniusculus) native 
to North America 

Lakes in Michigan, and 
the Laurentian Great 
Lakes of the USA 

Dougherty et al. 2016, 
Larson et al. 2017 

Northern Pike (Esox Lucius), native to the 
Northern Hemisphere 

Alaskan lakes Dunker et al. 2016 

Red Swamp Crayfish (Procambarus clarkii) 
native to Mexico 

Rice paddy water, 
Honghe Hani rice 
terrace 

Cai et al. 2017 

Topmouth Gudgeon, (Pseudorasbora parva), 
native to Asia 

Angling ponds in 
southern England 

Davison et al. 2017 

Signal Crayfish (Pacifastacus leniusculus) native 
to North America, and Narrow-Clawed Crayfish 
(Astacus leptodactylus) native to the Caspian Sea 

Natural freshwater 
ecosystems in Denmark 

Agersnap et al. 2017 

Brown Trout (Salmo trutta) native to Spain and 
invasive Rainbow Trout (Oncorhynchus mykiss) 

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

Fernandez et al. 2018 

Wild Pig (Sus scrofa) native to Eurasia and 
invasive in the USA. 

Artificial wallows in 
Mississippi, USA. 

Williams et al. 2018 

Table 1.3. Examples of studies using eDNA and qPCR to detect invasive species. 
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indigenous shellfish in Spain (Borrell et al. 2017). Although invasive populations may 

rapidly reach large population sizes, the initial propagules in an early invasion are low-

density and subsequently difficult to detect (Barnes and Turner, 2016). eDNA therefore 

presents a useful solution for providing rapid and accurate information on speciesÕ 

distributions as an early-warning system, to assess the geographic extent of current invaders, 

and to alert regulatory authorities before the establishment of alien species.  

By sampling sources of invaders in transit such as ship ballast water (Li et al. 2011; 

Mahon et al. 2012; Egan et al. 2015; Ardura et al. 2015b), ornamental fish transport (Collins 

et al. 2013; Roy et al. 2017), recreational fishing bait trade (Mahon et al. 2014; Nathan et al. 

2015), or at port locations (Grey et al. 2018), invaders may be detected and management 

action taken before the potential invasives arrive at their destination. Indeed, eDNA 

methodologies have already demonstrated particular promise in this regard. The US Fish and 

Wildlife Service, for example, have implemented an eDNA-based approach to monitor 

invasive Asian carp in the Midwest, USA (Figure 3.), providing a labour- and cost-effective 

alternative to traditional large-scale sampling methods such as electrofishing and/or manual 

netting (Jerde et al. 2011).  

The ability to detect an invasive species early, and respond quickly, is of paramount 

importance for their management (Ficetola et al. 2008; Lodge et al. 2012; Dejean et al. 2012; 

Jerde et al. 2011). Populations at low densities must therefore be detected before they become 

established, allowing a much greater chance of eradication. For assessing biosecurity risk, the 

mantra is Ôan ounce of prevention equals a pound of cureÕ (Lodge et al. 2012); knowledge of 

exact species distribution contributes to this by allowing preventative measures to most 

effectively be put in place.  

Without the tools to detect rare invasives, and consequently a lack of knowledge on 

which to base a management plan upon, actions 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 (Lodge et al. 2006). Nevertheless, 

managers have been slow to adopt eDNA detection tools in decision-making frameworks that 

have a direct impact on management responses, possibly due to the remaining susceptibility 

to error (Darling and Mahon, 2011). However, there are instances 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 (Jerde et al. 2011). In 2008, the U.S. Army 



! "&!

Corps of Engineers (USACE) entered into an agreement with 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, 2011). Silver (Hypophthalmichthys molitrix) and 

Bighead (Hypophthalmichthys nobilis) Carp DNA was detected from environmental samples 

in areas previously thought to be absent of carp, north of where an electric barrier had been 

constructed to prevent carp dispersal, as far as Lake Michigan (Jerde et al. 2011). This 

discovery suggested that the need for management action to prevent invasions was much 

more urgent than previously thought, based on traditional 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 directly to Lake Michigan. This led to the filing of a 

lawsuit in the US Northern District of Illinois to seek immediate action to prevent the 

invasion of Asian Carp, and the scientific community scrutinised eDNA studies and their 

reliability, with particular focus on the invasive carp in Mississippi (Darling and Mahon, 

2011). These studies demonstrate the interest in eDNA for the management of invasive 

species, and the potential for monitoring invasive species such as those in Southeast Asia. 

 

1.16.2 Understanding ecosystem level processes and patterns 

The forces that threaten biodiversity may only be truly understood when the description of 

extant species and the mechanisms through which biodiversity interacts with the ecosystem 

are also understood. There is an urgent need for ecosystem level understanding to inform 

system-level response to accelerating anthropogenic impacts on Earth such as climate change, 

pollution and deforestation which are having huge impacts in Southeast Asia, and will have a 

knock-on effect for food security, emerging diseases, how to manage natural landscapes and 

how to tackle the spread of invasive species (La Salle et al. 2016). Realistic inferences and 

predictions about the impact of environmental change on extant biota depend increasingly on 

our ability to transcend boundaries among traditional biological hierarchies in the wild, 

extending from individuals to species, populations, and communities. Such an approach 

facilitates community eDNA analysis (Porco et al. 2010) simultaneously from across the 

kingdoms of life, including plants, animals, fungi, and bacteria. The ability of eDNA to move 

beyond targeted surveillance of a handful of species, to detecting multiple species 

simultaneously has great potential for community ecology and studies at the ecosystem level 

(Lodge et al. 2012). Building on microbial metagenomic approaches, eDNA sampling to 
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describe communities of organisms has evolved from studies of bacteria, to eukaryotic 

microorganisms, to macrobial life including invertebrates and vertebrates as well. Examples 

combining NGS and eDNA for the detection of multiple macrobial species (from a range of 

environments, not only aquatic) include the detection of communities of nematodes 

(Porazinska et al. 2010; Vervoort et al. 2012), earthworms (Bienert et al. 2012), plants 

(Yoccoz et al. 2012b; Fahner et al. 2016), amphibians (B‡lint et al. 2017), fish (Thomsen et 

al. 2012b; Thomsen et al. 2016; Olds et al, 2016; Yamamoto et al. 2017), entire marine 

benthic metazoa (Leray and Knowlton, 2015), entire marine vertebrate communities 

including fish, marine mammals and birds (Port et al. 2016; Andruszkiewicz et al. 2017) and 

deep-sea marine octocorals (Everett and Park 2017). When combined with data derived from 

repeated sampling of single locations, the role of niche-based and stochastic processes in 

shaping species distributions and abundance, as well as life history activities could be 

identified (Haegeman and Loreau 2011). For example, a recent study demonstrated the use of 

aquatic eDNA metabarcoding in comparing sites affected by mining pollution, finding eDNA 

of previously unrecorded vertebrate species from mine polluted ponds (Klymus et al. 2017b). 

Harper et al. (2018) used presence-absence data of > 500 UK ponds to examine species 

associations between the Great Crested Newt (Triturus cristatus) and other vertebrates, and 

found that this species was significantly correlated with nine vertebrate species, and 

occurrence was broadly reduced where there were more fish species. Bakker et al. (2017) 

used aquatic eDNA from marine systems to detect 21 shark species, whose geographical 

patterns of diversity and sequence read abundance coincide with geographical differences in 

levels of anthropogenic pressure and conservation effort. Another 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 bait (Ghosal et al. 2018). They also 

measured the hormone Prostaglandin F2! ; 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 information with implications for assessing 

reproductive condition. This type of information could be beneficial for the conservation of 

Southeast Asian ecosystems by rapidly generating data concerning patterns associated with 

anthropogenic impact on biodiversity, as well as ecological fluctuations and animal 

behaviour. 

The implementation of so-called ecosystem-based approaches (Clarke and Jupiter, 

2010), which take a more holistic view than single-species studies, is particularly amenable to 
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eDNA, where trophic, energetic, and terrestrialÐaquatic interactions can be detected and 

tracked. The field of parasitology for example, benefits from eDNA analysis which may aid 

in understanding host-parasite interactions, parasite communities, disease risk, the role of 

parasites in ecosystem processes as well as monitoring their spatial and temporal distribution 

between different life cycles for preventative measures (Bass et al, 2015). There have been 

several studies using aquatic eDNA to track a range of pathological organisms including 

parasites, bacteria and viruses. Gomes et al. (2017) predicted protozoan parasite outbreaks in 

fish farms, Hall et al. (2016) found a correlation between ranavirus found in pond eDNA and 

die-offs of the Wood Frog (Lithobates sylvativus), while Hartikainen et al. (2016) have used 

eDNA to assess myxozoan parasite diversity in aquatic environments which matched that 

from their vertebrate hosts. The amphibian chytrid fungus (Batrachochytrium dendrobatidis) 

is associated with massive population declines of amphibians in tropical countries, and has 

been detected in SEA since 2013, eDNA sampling has been effective in detecting this deadly 

fungus (Walker et al. 2007; Schmidt et al. 2013), and provides an effective technique for 

early detection and subsequent implementation of protection measures. In addition, trematode 

parasites infecting both amphibians and humans have been the topic of recent eDNA studies. 

Ribeiroia ondatrae known to cause morphological malformations including extra legs or the 

absence of legs in North American amphibians was recently targeted using eDNA with high 

specificity, consistently detecting as little as 0.001 pg through qPCR (Huver et al. 2017). 

Opisthorchis viverrini which can lead to cholangiocarcinoma in humans was also detected 

from ponds, rice fields, and rivers in Laos (Hashizume et 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 combining aquatic eDNA with 

e.g. lake sedimentary aDNA and morphological analyses of micro- and macrofossils, show 

particular promise for elucidating the impact of changing climates on species and 

communities through time (Sarkissian et al. 2014; J¿rgensen et al. 2012a; Anderson-

Carpenter et al. 2011; Lejzerowicz et al. 2013; Sarkissian et al. 2014).  

Key ecosystems underpinning plant biological production and carbon and nutrient 

cycling can be readily characterised using eDNA washed from root systems (Blaalid et al. 

2012), generating insights into the dynamics of community structure and providing an 

ecological framework to investigate functional links among root-associated fungi, 

environmental variation and ecosystem diversity, and associated services. Such approaches 
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would be amenable to aquatic eDNA sampling of e.g. plants in riparian zones of rivers, 

littoral zones of lakes, mangrove forests or kelp forests.  

Barber‡n et al. (2012) was among the first to link functional traits and biodiversity of 

microorganisms from DNA metabarcoding, yielding informative ecological markers by 

discriminating between marine ecosystems (coastal versus open ocean) and oceans (Atlantic 

versus Indian versus Pacific). Similar studies have used eDNA metabarcoding for 

ecotoxicology analysis using marine or freshwater benthic invertebrate communities, 

examining, for example, the effect of the antibiotic/antifungal agent, triclosan (Chariton et al. 

2014), the effect of fish farming (Pawlowski et al. 2014), the effect of different land-use 

types (Saxena et al. 2015; Xie et al. 2016) or urbanisation (Kelly et al. 2016), with 

communities revealing a correlation between these drivers and their species richness. If 

studies such as these advanced to functional genomic analysis, it would be possible to 

identify adaptive or fitness-related loci, monitor loci related to stress events, or describe the 

molecular basis of inbreeding depression from environmental mixtures (Zepeda Mendoza et 

al. 2015).  

Within the context of studies such as these, it has been suggested that eDNA 

metabarcoding will be transformative for biomonitoring or bioassessment (Baird and 

Hajibabaei, 2012), producing in the range of 103Ð104 species-equivalent operational 

taxonomic units (OTUs, encompassing all biota from microbes to metazoa) at a reasonable 

cost, and comparable biotic index (Aylagas et al. 2016). This has particular applicability for 

freshwater and marine ecosystems (Baird and Hajibabaei 2012; Aylagas et al. 2014; Aylagas 

et al. 2016) which are notoriously difficult to monitor using traditional methods. 

Environmental DNA for biomonitoring has proven comparably successful to traditional 

methods in aquatic environments (MŠchler et al. 2014), and with increasing technologies and 

decreasing cost, is likely to provide a faster, more cost-effective and more efficient method 

for detection of a variety of indicator species including invertebrates, fish and algae. Indeed, 

there is talk of how to incorporate environmental DNA metabarcoding into standard 

monitoring for the European Water Framework Directive (WFD) to assess the ÒBiological 

Quality ElementsÓ (BQEs), namely phytoplankton, benthic flora, benthic invertebrates and 

fish (Hering et al. 2018). 

Aside from strictly aquatic eDNA monitoring, species monitoring for trophic and 

community interactions such as predator ecology, interspecific competition, or niche 

partitioning is particularly amenable to diet analyses or molecular scatology which share 
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common approaches to eDNA sampling in its strict sense (e.g., Clare et al. 2009; Razgour et 

al. 2011). 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 has provided an alternative or complementary approach, using faecal 

or other bodily extracts amplified with tagged universal primers (Binladen et al. 2007), 

making it more efficient and cost-effective to obtain diet information on a large scale (e.g., 

Bohmann et al. 2011; Deagle et al. 2009; Pegard et al. 2009; Soininen et al. 2009); reviewed 

in (Pompanon et al. 2012; Valentini et al. 2009). In addition to questions related to trophic 

interactions, dietary sampling provides insight for biodiversity monitoring. Because predators 

or blood-sucking insects feed 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 might miss. Recent studies include stomach-content 

analyses of parasitic invertebrates such as leeches (Schnell et al. 2012) (Figure 3), carrion 

flies (Calvignac,Spencer et al. 2013), mosquitoes (Kent, 2009), and ticks (Gariepy et al. 

2012) to reveal their vertebrate hosts. In one case, Vietnamese terrestrial leeches of the genus 

Haemadipsa revealed the presence of the endemic Annamite Striped Rabbit (Nesolagus 

timminsi) that had not been detected despite monitoring the site for several thousand nights 

with camera traps (Schnell et al. 2012). In fact, leeches are currently being used to search for 

the highly endangered saola antelope in Vietnam and Laos (Saola Working Group, 2013), 

and provide a promising avenue for the monitoring of large vertebrates in Southeast Asia, 

with recent research exploring whether different leech species are more successful iDNA 

samplers than others (Drinkwater et al. 2018). These types of dietary approaches would 

complement aquatic eDNA sampling when assessing aquatic biodiversity and ecosystem 

processes, either through dietary analysis of e.g. fish guts (Leray et al. 2013) or capture of 

aquatic parasites such as the leeches within the Hirudidae family. 

 

1.16.3 Monitoring for conservation management 

Prompt assessment of precise species distributions is a vital requirement for conservation 

management (Magurran 2013; Dejean et al. 2011), and so the development of methods that 

improve detection probabilities is of high conservation priority. By their nature, species of 

most conservation concern are most often difficult to study due to their rarity and regulations 

on their sampling, handling, and transport of tissue, and so eDNA presents a rapid and cost-

effective tool for applied conservation biology (Minamoto et al. 2012; Yoccoz et al, 2012a; 
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Barnes and Turner, 2016) with potential to be implemented in Southeast Asia. A recent 

annual horizon scan of global conservation issues (Sutherland et al. 2013) identified eDNA as 

one of the fifteen key topics that may increasingly impact upon conservation of biological 

diversity. There have been many studies applying eDNA to the detection of species of 

conservation concern some of which are mentioned below in Table 4, although there has not 

been a significant number of studies that have attempted to employ eDNA directly for 

management decisions. 

 

Species Assessment Reference 
Eastern Hellbender (Cryptobranchus 
alleganiensis) 

Near threatened Olson et al. 2012 

Long-Finned Pilot Whale (Globicephala 
melas) 

Data deficient Foote et al. 2012 

Bull Trout (Salvelinus confluentus) Endangered Wilcox et al. 2013, and 2014 
Great Crested Newt (Triturus cristatus) Least concern, but 

highly protected 
Biggs et al. 2014, Rees et al. 
2014 

European Weather Loach (Misgurnus 
fossilis) 

Least concern, but 
described as near-extinct 
in study paper 

Sigsgaard et al. 2015 

Chinook Salmon (Oncorhynchus 
tshawytscha) 

Endangered Laramie et al. 2015 

Largetooth Sawfish (Pristis microdon) Critically endangered Simpfendorfer et al. 2016 
Freshwater Pearl Mussel (Margaritifera 
margaritifera) 

Endangered Stoeckle et al. 2016 

Pacific Lamprey (Entosphenus 
tridentatus) 

Believed to be extinct in 
the wild 

Carim et al. 2017 

Chilean Devil Ray (Mobula tarapacana) Vulnerable Gargan et al. 2017 
Aquatic heteropteran insect, Nepa 
hoffmanni 

Endangered Doi et al, 2017a 

Maugean Skate (Zearaja maugeana) Endangered Weltz et al. 2017 
Yangtze Finless Porpoise (Neophocaena 
asiaeorientalis asiaeorientalis) 

Critically Endangered 
 

Qu and Stewart, 2017, Stewart et 
al. 2017 

Olm (Proteus anguinus) Vulnerable Všršs et al. 2017 
West Indian Manatee (Trichechus 
manatus), Amazonian Manatee 
(Trichechus inunguis), West African 
Manatee Trichechus senegalensis, 

Vulnerable Hunter et al. 2018 

Bull Shark (Carcharhinus leucas), Silly 
Shark (C. falciformis), Hardnose Shark 
(C. macloti), Spottail Shark (C. sorrah), 
Copper Shark (C. brachyurus) etcÉ  

Vulnerable and Near 
Threatened 

Boussarie-Bakker et al. 2018 

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

The next step is to go further than mere detection, and make conservation recommendations 

based on eDNA information. Pfleger et al. (2016) have recently done so, for example, after 
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successfully detecting the critically endangered Alabama Sturgeon (Scaphirhynchus suttkusi) 

and near threatened Gulf Sturgeon (Acipenser oxyrinchus desotoi) in the Mobile River Basin 

of Alabama, USA, using eDNA. They found that the distribution and temporal data suggested 

that both species migrated past navigation locks or dams, and remained upstream of passage 

barriers. The authors recommended that the removal of the barriers to passage would aid in 

the conservation of these species.  

Some ichthyologists have defined the Southeast Asian/Eastern China region as the 

Ôcentre of dispersalÕ of the worldÕs freshwater fishes (Wang et al. 1981, Menon, 1987). The 

Nagao Natural Environment FoundationÕs ÔFishes of Mainland Southeast AsiaÕ (Kano et al. 

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 waters of Southeast Asia, a figure that Kottelat predicts to only 

increase further as survey efforts increase and technologies improve. Some of the most 

charismatic aquatic species of conservation concern in Southeast Asia include JullienÕs 

Golden Carp (Probarbus jullieni), the Narrow Saw-Fish (Anoxypristis cuspidate), the 

Mekong Giant Catfish (Pangasianodon gigas), CantorÕs Giant Softshell Turtle (Pelochelys 

cantorii), the Giant Freshwater Stingray (Himantura chaophraya), and the False Gharial 

(Tomistoma schlegelii). Myers (2000) lists 568 species of amphibian; 750 species of reptile; 

and 422 species of mammals within the ÔhotspotsÕ of Sundaland, Wallacea, the Philippines 

and Indo-Burma, indicating that Southeast Asia is indeed exceptionally species rich.  

Information on the distribution of these numerous rare or endangered species, particularly for 

providing evidence to protect their associated habitats in these Ôbiodiversity hotspotsÕ and 

propose conservation applications, is essential yet challenging (Lodge et al. 2012). eDNA 

and metabarcoding may provide an avenue for achieving this ambitious goal (Ji et al. 2013).  

 Non-invasive samples collected directly from e.g. faeces, egg shells, feathers and hair, 

although not eDNA per se (see Figure 1.2), have been used for population genetic analysis 

for some time (Beja-Pereira et al. 2009). The use of sloughed skin from the Humpback 

Whale, Sperm Whale and the North Atlantic Right Wale (Megaptera novaeangliae, Physeter 

macrocephalus and Eubalaena glacialis) by Amos et al. (1992) was a step towards true 

aquatic eDNA sampling, and provided population genetic data for conservation purposes. 

Building on the back of such population genetics studies from non-invasive samples, the use 

of eDNA in population genetics has very recently been achieved by Kapoor et al. (2017) and 

Afshinnekoo et al. (2015) to analyse human population diversity, and Sigsgaard et al. (2016) 
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to analyse whale shark population variation. Combined with the ability recently demonstrated 

by Deiner et al. (2017) to sequence entire mitogenomes of vertebrate eDNA, the applications 

of eDNA in conservation genetics and phylogeography is now as broad as current genomics 

techniques allow. This provides opportunities for estimating population size, population 

genetic relationships, species hybrids, and evolutionary patterns in samples of mixed genetic 

material (Barnes and Turner, 2016, Coissac et al. 2016), although discriminating between 

closely-related 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 die-offs (Barnes and Turner, 2016) by repeated sampling 

over time. Some very recent studies have successfully done so, demonstrating accurate 

seasonal fluctuations in e.g. newt eDNA concentration (Buxton et al. 2017b), invertebrate 

biodiversity (Bista et al., 2017), local migrations of native and non-native carp (Uschii et al. 

2017) and jellyfish (Japanese Sea Nettle Chrysaora pacifica) presence (Minamoto et al. 

2017) amongst others (Goldberg et al. 2011; Vervoort et al. 2012; de Souza et al. 2016; 

Sigsgaard et al. 2017; Stoeckle et al. 2017; Wu et al. 2018). Spatial changes in the detection 

of biodiversity using eDNA have also been observed, such as the change in local distribution 

of the Yangtze Finless Porpoise (Neophocaena asiaeorientalis asiaeorientalis), which was 

restricted to a core area of the Tian e-Zhou National Nature Reserve in Hubei, China during 

the breeding season (spring), but post-breeding 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 impact conservation such as habitat connectivity for migrating fish, recently 

explored by Yamanaka et al. (2016b), or on a fine scale, habitat use over particular life 

history events such as fish spawning.  

 When there is a priori knowledge of a habitat preference or 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 (Torresdal et al. 2017) would be a highly transferable approach to detect 

amphibians in the rainforests of Southeast Asia, such as BorneoÕs recently described Matang 

Narrow-Mouthed Frog (Microhyla nepenthicola) (Das and Haas, 2010), an obligate of the 

Pitcher Plant (Nepenthes ampullaria). The ability to detect mammals from leeches (Schnell et 

al. 2010), saliva left on browsed twigs (Nichols et al. 2012), and salt licks (Ishige et al. 2017) 
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would also be highly applicable to monitoring biodiversity in SEA where elusive mammals 

such as the Bornean Orangutan (Pongo pygmaeus), Sunda Pangolin (Manis javanica), 

Bornean Banteng (Bos javanicus lowi), and Saola (Pseudoryx nghetinhensis) are difficult to 

detect. With the ability of NGS technology to combine many samples, an obvious solution for 

conservation biologists with limited funding would be to maximise sampling of biodiversity 

by combining the targeting of multiple habitat types and specific microhabitats such as these 

all at once to monitor biodiversity of entire ecosystems, rather than focusing on individual 

species, taxon groups, or particular habitats; the approach adopted to date. Managers, 

agencies and researchers should have strong incentives to adopt eDNA monitoring techniques 

in conservation management as it provides rapid, cost-effective and reliable data with no a 

priori  selection of target organisms. These techniques offer the opportunity to inform on and 

implement laws and regulations concerning management of natural resources, such as the 

establishment of a protected species e.g. the Great Crested Newt which triggered a suite of 

protection activity (Kelly et al. 2014a, Barnes and Turner 2016). 

 

1.17 Conclusion 

Although eDNA may be a novel, sensitive, species-specific and cost-effective tool with the 

potential to radically improve the detection of biodiversity, as discussed here, there is still 

much work to be done to improve this methodology to a level that may be reliably used in 

wildlife management. Currently, the field of eDNA is in the developmental stage (Dejean et 

al. 2012), with remaining gaps in the knowledge of how field and laboratory protocols 

influence the detection of eDNA, as well as how environmental conditions affect the 

production, degradation and detection of eDNA (Lodge et al. 2012). From a management 

perspective, levels of uncertainty that currently exist must be understood and communicated, 

especially when eDNA methodology is being used to inform management decisions, which 

can result in controversy, extreme scrutiny and in some cases, may even present legal 

challenges (Darling et al. 2011). The responsibility for participation in this communication 

falls with the stake-holders, method developers, resource managers, policy makers and public 

users of the specific ecosystem services (e.g. aquatic resources), who must engage in a 

transparent and informed discussion of the advantages and disadvantages of the use of eDNA 

in management decisions (Darling and Mahon. 2011), which will hopefully, after further 

experimental studies, be fully realized. 
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