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SYNOPSIS  
 

“Each year at the season of the falling of the waters, the people living in the vicinity of 
the Golden Basin, the home of the Pla Buk [Mekong giant catfish, Pangasianodon gigas], 
join together for the purpose of catching these fish…..The ceremonies connected with 
the taking of these fish are ancient and have been performed from time immemorial, 
and carried out once a year.” 

- F.H. Giles, 1935 
 

This thesis was undertaken to test the potential of the relatively new survey 

technique of analyzing water samples which contain DNA that has been shed by 

organisms (environmental DNA) for the study of diversity and distributions of fishes 

inhabiting tropical and subtropical rivers. The purpose was to gain information on 

species richness, assemblages, and distributions; with the ultimate aim of improving 

conservation management of rare and endangered freshwater fishes. The limitations of 

conventional (observation-based) survey methods to study rare and threatened fishes 

in large tropical rivers motivated the choice of testing environmental DNA (eDNA) 

analysis approaches. Specifically, challenges encountered during prior work to conserve 

the Mekong giant catfish and other rare species fostered the goal of testing eDNA 

analysis methods. The Mekong giant catfish was once part of a fishery with substantial 

cultural and socioeconomic import, as described by Giles (1935). However; today the 

fishery and ceremony surrounding it no longer exists, as the species has become so rare 

that the capture of wild individuals is banned and it has been assessed as Critically 

Endangered by the IUCN Red List. The case of the Mekong River and giant catfish 

represents an archetypical example of the challenges and limitations of using 

conventional methods to study and conserve rare fishes in large tropical rivers. These 

rivers host the highest species diversity of any freshwater environment, yet are facing 
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the highest rates of extinction. This dire situation is partially due to the difficulty of 

gaining access to data on spatiotemporal distributions that are needed to inform 

effective conservation actions.  

 The relatively new technique of using eDNA to access data on species richness, 

assemblages and distributions may enable access to data from tropical rivers that are 

not accessible with conventional methods. This thesis compares the benefits and 

limitations of conventional survey methods with eDNA techniques, within the context of 

rare species in large rivers. It reviews the development and application of eDNA to 

study aquatic macroorganisms, specifically fishes. It describes the rapid growth in 

application of the technique through an analysis of published literature, and finds the 

majority of studies are focused on developing the methodology. This technique was 

tested on captive populations of Mekong giant catfish (Pangasianodon gigas) in 

Thailand, and then used to detect wild giant catfish in the Mekong River at locations 

where it has been captured in the past. The giant catfish was detected in one of six 

survey locations, and only one sample from the river.  

Given the developmental stage of the eDNA technique, the method was further 

tested in two smaller subtropical rivers with well-known fish species composition. 

Three different clade-specific (also termed ‘universal’ or ‘generic’) fish primers were 

used to see if they returned congruent results. Clade-specific primers are designed to 

amplify all species within a given group, such as bony fishes, without amplifying species 

outside that group, such as other vertebrates. It was found that each primer set had 

different biases and that eDNA samples did not cluster either by primer set or by 

location. A subsequent study analyzed whether such variance was related to the choice 

of sampling location within the river. Given the highly dynamic and heterogeneous 
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nature of rivers, it is reasonable to assume that eDNA may not be equally distributed 

along a cross-section within a single hydraulic unit. High variation was found among 

samples collected at three different points along a cross-section in a pool and riffle in 

the Brisbane River, Queensland, Australia when using universal primers and eDNA 

metabarcoding to determine taxa assemblage. Finally, the method was tested on 

sediment cores collected in a subtropical embayment at the outflow of the Brisbane 

River to determine whether a chronology of catchment-scale assemblage of freshwater 

fish communities could be identified. The results were inconclusive, as primarily 

bacterial sequences were identified from high-throughput sequencing. These results 

could indicate that eDNA of macroorganisms is not preserved well enough for detection 

in subtropical sediment cores. This is consistent with the endosymbiont theory that 

states that mitochondria are descendent from bacteria that have been assimilated into 

another cell (Sagan, 1967). This has implications for the design of eDNA experiments 

that target extremely low copy number template, because eDNA studies often target 

mitochondria rather than nuclear DNA.  

 The conservation implications of the overall findings of this thesis highlight the 

fact that all survey methods face limitations when the target organisms are rare aquatic 

species. Conservation practitioners and resource managers must be creative and 

forward-thinking in order to gain data on the distribution of threatened species that are 

needed to inform effective conservation actions. The lack of such data is a contributing 

factor to the high rates of decline faced by freshwater biodiversity around the globe. The 

potential of eDNA tools as described in the literature’s early stages may have been 

somewhat overstated, given that the limitations of the method hadn’t yet been 

exhaustively tested. There is still a great deal to learn about how useful this method can 
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be. The tool seems to work best when using species-specific primers, which amplify a 

single species, rather than clade-specific primers which can assess total species richness 

or assemblage through metabarcoding. The method needs further refinement, yet is 

currently most useful when applied in tandem with conventional sampling methods to 

survey areas that are difficult to access or for the case of large tropical rivers that have 

high spatial extent and little knowledge currently available regarding distributions of 

threatened species. 
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Chapter 1: INTRODUCTION  
 

Human demands for water resources have dramatically altered riverine 

ecosystems worldwide (Vörösmarty et al., 2010). Across the globe, human 

modifications to the physical structure of freshwater systems, degradation of water 

quality, invasive species and over exploitation of fisheries have led to freshwater 

biodiversity being among the most threatened on Earth (Dudgeon et al., 2006, Hermoso 

et al., 2015). In response to the poor condition of freshwater ecosystems, rehabilitation 

projects and species conservation have become a priority (Roni et al., 2008, Hermoso et 

al., 2015). Understanding the spatiotemporal distributions of species is essential for 

designing effective conservation and restoration strategies. The most commonly applied 

methods for collecting information on the spatiotemporal distributions of freshwater 

species are generally labor-intensive, costly, and often constrained or limited in scale 

and scope; these significant limitations pose challenges for obtaining data useful for 

management and conservation (Weaver et al., 1993, Lapointe et al., 2006, Baird, 2007, 

Minamoto et al., 2012). Surveying DNA shed into the environment, termed “eDNA”, has 

been proposed as an alternative, or complement, to conventional survey methods 

(Pedersen et al., 2015). This thesis aims to test eDNA surveys as an alternative or 

complement to conventional methods for assessing freshwater biodiversity, especially 

for rare species in tropical and subtropical river systems.  

All living organisms shed DNA into their environment, primarily through release 

of gametes, sloughing of skin, mucus, scales, or hair, defecation, and urination (Pedersen 

et al., 2015). In aquatic environments, it is assumed that shed DNA is mixed throughout 

the water body (Matsui et al., 2001). Sequencing of molecular material extracted from 

water and soil samples has been used for decades as a tool to study bacteria (Starnbach 
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et al., 1989, Bruce et al., 1992). The availability of next-generation sequencing 

technology has made it affordable to combine DNA-based species identification, and 

markers that amplify multiple species within a group (‘clade-specific’ or ‘generic’ 

primers) en-masse through a process called “DNA metabarcoding” (Taberlet et al., 

2012b). Taberlet et al. (2012b) introduced the term as, “high-throughput multispecies 

(or higher-level taxon) identification using the total and typically degraded DNA 

extracted from an environmental sample”. They note this term also applies to 

sequencing of bulk samples of whole organisms (i.e. benthic invertebrates). This thesis 

distinguishes between studies that use metabarcoding of eDNA and those that use 

samples of whole organisms by using the term “metabarcoding” to refer specifically to 

high-throughput sequencing of eDNA. Clade-specific primers have been used 

sporadically since the 1990’s for ecological work, such as characterization of metazoan 

communities from coprolites (Poinar et al., 1998). Further detail on the development 

and application of DNA metabarcoding is provided in Chapter 2 of this thesis. Recent 

advances in high-throughput sequencing have driven relatively new use of this tool for 

the study of macro-organism diversity and distributions in natural water bodies 

(Ficetola et al., 2008, Thomsen et al., 2012b, Rees et al., 2014).  

The application of eDNA methods to inform biodiversity conservation generally 

is not without its challenges. Some of these include: Estimating detection probabilities 

given limited knowledge on the effects of environmental conditions on eDNA 

degradation and transport or various laboratory protocols to extract and amplify eDNA 

(Deiner et al., 2015, Ficetola et al., 2015); the varied efficiency of universal primers to 

amplify different taxa (Dickie, 2010); and the need to build up reference libraries of 

appropriate genome regions with sequences derived from tissue of specimens validated 

by taxonomists (Pedersen et al., 2015). We might expect that eDNA methods may be 
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more sensitive than conventional survey methods in certain cases, but their successful 

application requires careful consideration of detection probabilities.  

The ability to successfully achieve true positive detection of rare species and 

accurate measures of beta diversity is influenced by each step in the eDNA research and 

analysis process, including: strategy for sample collections in the field, design of 

primers, choice of DNA extraction methods in the laboratory, amplification conditions, 

sequencing efficiency and bias, bioinformatic algorithms and thresholds used for 

assigning taxonomy to sequence data, and existence of reference genes to match with 

sequences from field results. As this method progresses, it has become clear that 

environmental conditions and biomass/density of the target species induce high 

variation in limits to detection (Schmidt et al., 2013, Deiner and Altermatt, 2014, 

Ficetola et al., 2015). When using clade-specific primers, their design is likely to 

introduce bias during amplification and sequencing phases (Dickie, 2010). Biased 

results may also derive from field sampling procedures (Deiner et al., 2015), as the wide 

range in water depths and velocities present in rivers may influence detections. 

Sediment cores may provide a stable environment to maintain an eDNA chronology of 

past biodiversity (Thomsen and Willerslev, 2015, Slon et al., 2017), yet to our 

knowledge no published studies have tested the potential for river catchment-level 

biodiversity analysis by examining ancient eDNA in sediment cores at the outlet of a 

subtropical river.  

Overall, few studies examine the capacity of eDNA methods to accurately assess 

presence and distribution of rare freshwater fishes, to survey total fish richness, 

measure beta diversity, and account for bias in results based on the design of clade-

specific primers or the point location of water sampling. Chapter 2 provides a review of 
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the relevant literature and contextualizes the use of this molecular tool for conservation 

applications given limitations on currently available data for rare freshwater species, 

and challenges of using conventional methods to survey rare species in many 

environments.  

The utility of the eDNA method for determining the presence of rare species is 

examined in Chapter 3. Water samples from the Mekong River were analyzed to detect 

the critically endangered Mekong giant catfish (Pangasianodon gigas) (Bellemain et al., 

2016). Little is known about current population size, but in 2006 a spawner population 

abundance of 145 was estimated (Lorenzen et al., 2006). They are distributed over at 

least 1500km of river from Vietnam, and upstream into Cambodia and northern Laos. 

The only known spawning site is upstream of the first mainstem hydroelectric dam 

being built in the Lower Mekong River Basin.  The rarity of the target species and large 

water volumes, high depths and rapid velocities in this tropical river make this a 

challenging test for any survey method. Species-specific primers were used to amplify 

eDNA extracted from water samples collected in the Mekong River at six locations with 

historic records of harvest and a high likelihood of the presence of P. gigas based on 

local ecological knowledge.  

Chapter 4 describes tests of the eDNA method in the Mary River (Queensland, 

Australia), where fish biodiversity is previously well-established (Pusey et al., 2004). 

The aquatic biodiversity of this system has been thoroughly surveyed with conventional 

methods over the past decade. eDNA sample collection was also conducted 

simultaneously with seine-netting for this chapter.  Clade-specific fish primers were 

developed and tested to compare resulting richness and beta diversity estimates 
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established through past and synchronized conventional surveys to those resulting 

from eDNA metabarcoding.  

In Chapter 5 the role that physical variability in river channels may play in 

causing variance in richness and taxa assemblage estimates based on eDNA 

metabarcoding with universal fish and eukaryote primers was assessed. Given the high 

degree of longitudinal and latitudinal variation within river channels, it is plausible that 

the specific point location of water sample collection could bias eDNA metabarcoding 

results. Two hydraulic unit types and three positions within cross-sections were tested 

using surface samples collected in the Brisbane River at sites where species diversity is 

well known from conventional surveys.  

Chapter 6 explores the potential for sediment cores to provide a chronology of 

species presence and shifts in community composition over long time frames. The 

literature contains evidence that eDNA molecules adsorb to sediment and may be 

preserved for long periods within sediment layers (Pietramellara et al., 2007). These 

findings indicate that sediment samples could provide a more comprehensive source of 

diversity information for eDNA applications. A well-established body of literature 

examines pre-historical shifts in species distributions, primarily flora and bacteria, 

through the examination of ancient eDNA in sediment cores (Willerslev et al., 2003). 

However, there are few published examples of this approach being applied to aquatic 

sediments for the study of vertebrates, especially in subtropical environments. To test 

the validity of the eDNA metabarcoding method for detecting shifts in biodiversity from 

subtropical aquatic sediments, this chapter included experiments to extract and 

sequence eDNA from sediment cores collected near the outflow of the Brisbane River in 

Moreton Bay, Queensland Australia.  
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Chapter 7 provides a concluding summary of the experiments performed and the 

most relevant findings produced, within the context of establishing more effective tools 

for the survey, management, and conservation of rare and threatened freshwater 

species. The primary goal of this work was to apply relatively new eDNA techniques to 

environments and species that are underrepresented in published literature, in order to 

determine their utility and test their potential for enhancing the sensitivity of diversity 

surveys. This chapter also highlights the need to explain the benefits, limitations, and 

relevance of results from eDNA research to conservation practitioners, resource 

managers, and policy makers. Such knowledge transfers will enable the tool to mature 

from a developed-nation research enterprise, to a system supporting the global 

expansion of diversity knowledge and effective conservation of freshwater biota in the 

regions where it is most threatened. 
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Chapter 2: LITERATURE REVIEW  
 

2.1 Summary  
 

The global extinction crisis is accelerating and freshwater species are declining 

at the highest rates. Our success or failure in conserving these species rests heavily on 

knowledge of their distributions, yet these data are typically non-existent, outdated, or 

plagued with gaps. Data are especially limited for rare species from tropical 

environments. This is primarily because conventional observation-based survey 

methods have low detection probabilities for rare aquatic organisms. Relatively new 

molecular techniques may facilitate collection of the reliable distribution data needed to 

conserve the planet’s most threatened species; yet there are currently significant 

difficulties associated with the application of these techniques. This review describes 

the challenges associated with applying conventional methods to study the distribution 

of rare aquatic species, describes how molecular techniques may help to overcome 

them, and clarifies aspects of molecular techniques which need further development to 

facilitate wider conservation applications.  

There are significant data gaps regarding the distribution, composition, and 

richness of species in many freshwater environments, partially due to the limitations of 

conventional methods for detecting rare aquatic species, especially in tropical river 

basins where species richness is highest. Molecular methods may help to overcome 

these challenges and improve our understanding of rare species distributions, yet 

further development and validation is required for the broader application of these 

methods. Analysis of environmental DNA (eDNA) shed by organisms and collected with 

water samples may provide increased sensitivity for detection of rare species compared 

to conventional methods in certain cases. This approach has been effective in temperate 
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regions with moderate species diversity, but requires further refinement before it can 

be mainstreamed into standard sampling programs. This refinement is especially 

relevant for rare taxa in tropical or subtropical systems with high richness. Errors in 

detection can occur at many stages of the eDNA workflow, from sample collection, 

laboratory protocols, and data analysis (Figure 2.1). Given these challenges, eDNA 

methods require further refinement and the published literature aimed at improving 

the technique is rapidly growing (Figure 2.2).  

Overcoming the limitations of eDNA and conventional methods, most likely 

through complementary application of both approaches, could provide essential data 

for regions with high conservation priority. Calculating detection probabilities in 

advance and interpreting results with site occupancy modeling probabilities (Schmidt et 

al., 2013) are essential for useful application of these data. This currently represents a 

growing research area (Moyer et al., 2014, Ficetola et al., 2015, Schultz and Lance, 2015, 

Furlan et al., 2016, Schmelzle and Kinziger, 2016, Willoughby et al., 2016). The physical 

and chemical characteristics of the sampling site and the target organism have 

substantial influence on detection probabilities. This is because such factors control the 

amount of eDNA that is released into the environment, how long it persists after release, 

and how much is available for collection in a sample at any given location or time 

(Barnes and Turner, 2015). Laboratory methods influence detection by controlling the 

quality and type of DNA sequences that become available for analysis (Thomsen and 

Willerslev, 2015). Bioinformatic analysis algorithms and content of reference genome 

libraries will influence which sequences are retained for analysis and the outcomes of 

taxonomic assignment (Evans et al., 2017a). (Figure 2.1).  
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Figure 2.1: Conceptual model of processes of eDNA collection, molecular workflow 
and analysis with potential sources of type II errors. Some images adapted from 
Thomsen and Willerslev (2015).  

 
 

2.2  Introduction 
 

Amidst a global extinction crisis (Barnosky et al., 2011), freshwater species are 

declining at higher rates than either terrestrial or marine taxa (Ricciardi and 

Rasmussen, 1999). One principal factor in their decline is the high level of human 

demand for freshwater resources. Another, often overlooked, factor is that distribution 

data are not available at the appropriate spatiotemporal scales to enable relevant 

conservation actions. In order to conserve rare freshwater species effectively, a great 

deal more distribution and species richness data at finer spatial and temporal 

resolutions are needed. Species distribution models can be informative, but improving 

data quality for rare species is a high priority for developing more effective and efficient 

models (Hermoso et al., 2013).   In this review, ‘rarity’ is considered as those species 
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with small areas of occupancy and/or which occur in very low abundances (Flather and 

Sieg, 2007). Rare species occur naturally, but also often include those that are 

threatened by human activities (i.e. have undergone severe declines in distribution and 

abundance).  Rare species and the locations in which they occur are thus often the focus 

of conservation management efforts to promote species persistence.  

Although some freshwater systems have been sampled extensively, data needed 

to accurately assess distributions are typically lacking for rare species. The amount of 

time and effort required for detecting rare species in large waterbodies, and the 

necessity to minimize harm to the target organisms, often makes such research using 

potentially destructive sampling methods impractical. The lack of data on rare species 

distributions is linked to the fact that conventional methods for sampling aquatic 

organisms are often not well-suited to detecting rare species. This is because these 

methods require direct capture or observation of individuals which may be harmful, 

they suffer from low detection probabilities, and they cannot be applied uniformly 

across different habitat types (Olson et al., 2012). These limitations have driven the 

search for new sampling approaches that are accurate, sensitive and cost-effective in 

determining the occurrence of rare species.  One emerging approach involves molecular 

methods that allow the detection of species through the collection and sequencing of 

small degraded fragments of cellular or extracellular DNA that are shed by living 

organisms into their environment, often through hair, scales, skin cells, mucus, gametes, 

or excrement (termed “environmental DNA” or “eDNA”). This survey technique has the 

potential to provide cost-effective species distribution and richness data to complement 

labor-intensive and potentially invasive conventional sampling methods (Evans et al., 

2017b). eDNA can also be applied in habitat types that are typically inaccessible or 

dangerous to access with conventional sampling methods, such as large rapids, deep 
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pools, polluted areas, or locations with dangerous organisms (Evans et al., 2017b). 

However, this technique cannot provide information on microhabitat use, or distinguish 

between different sexes, life stages or dead/live individuals. It requires substantial 

background work to develop appropriate primers and DNA sequence reference libraries 

in order to identify taxonomy (Roussel et al., 2015, Evans et al., 2017b). Despite the 

appeal of eDNA methods to rapidly survey diversity and occupancy, they should not be 

considered a replacement for conventional survey methods. All survey methods have 

limitations, and the context of survey and research goals should be used to inform the 

choice of whether to apply eDNA methods or to use them as a complement to 

conventional survey techniques.  

There are a large number of variables to consider when designing an eDNA 

sampling strategy. Lotic systems may have lower and more variable detection 

probabilities in comparison to small or medium lentic environments based on factors 

like fluctuating discharge rates, variation in substrate type, and heterogeneous channel 

morphology (Civade et al., 2016, Shogren et al., 2017). The persistence of eDNA once it 

is shed is highly influenced by environmental factors such as temperature, UV light 

exposure, pH, dissolved oxygen, and levels of microbial digestion of DNA molecules 

(Moyer et al., 2014, Eichmiller et al., 2016a). The respiration rates, behavior, abundance, 

density, and biomass of target organisms are a few of the variables that will influence 

detection sensitivity for different organisms (Darling and Mahon, 2011). One study 

showed that transport distance downstream and detection limits of eDNA for two 

macroinvertebrates varied  widely in a temperate river, showing that different species 

likely have different detection probabilities (Deiner and Altermatt, 2014). There is work 

indicating that eDNA concentrations are correlated with biomass (Kelly et al., 2014), 
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potentially enabling abundance estimates. However, there does not appear to be a 

consistent pattern in the relationship amongst different species (Klymus et al., 2015).  

Every step in the field sampling and analysis process influences detection rates 

and accuracy (Figure 2.1). The volume of water collected, the method of collection, and 

stringent contamination controls are known to be highly important (Darling and Mahon, 

2011, Schultz and Lance, 2015, Goldberg et al., 2016). The entire molecular workflow 

from DNA extraction, to amplification, to DNA sequencing, also has a substantial role in 

the quality of results. The specificity of primers must be confirmed in silico and in vitro 

and assays must be validated, especially in the case of sympatric, closely related, or 

hybrid species (Wilcox et al., 2013, Fukumoto et al., 2015). The methods employed for 

storage, extraction, amplification, and sequencing of DNA all have significant effects on 

the final results of an eDNA study, and there is currently not a consensus on best 

practices beyond those designed to eliminate contamination. Ficetola et al. (2015) have 

demonstrated that a wide variety of methods are currently in use, with each having 

potential limitations.  

This literature review evaluates the potential for recent advances in eDNA 

recovery and next-generation sequencing to help overcome the limitations often 

presented by conventional methods when sampling for rare aquatic organisms. By 

combining DNA-based species identification, next-generation sequencing, and universal 

or clade specific primers that amplify multiple species en-masse, ‘metabarcoding’ is 

enabling rapid biodiversity assessments (Taberlet et al., 2012b, Ji et al., 2013). These 

techniques have the potential to greatly expand the collection of data on rare species 

distributions, yet still face multiple challenges to widespread application in a 

conservation context.  
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This review covers the development of eDNA techniques through time, and 

assesses trends in the literature focused on fish since the first publications in 2011. 

Some of the limitations of conventional methods are addressed and the potential for 

eDNA to help overcome these challenges is described, while noting the current 

limitations associated with eDNA methods. Recommendations for future directions in 

research and the importance of providing interpretation of eDNA results in a format 

that is relevant for conservation practitioners and resource managers are highlighted.  

2.3 Evolution and application of eDNA methods  
 

Living organisms continuously shed DNA molecules into the environment. For 

aquatic species, DNA is shed directly into the surrounding water. By extracting and 

sequencing this shed eDNA from a water sample it is possible to determine which 

species have been present near the sampling location. The technology that enables this 

method is not new, but recent developments in next-generation sequencing have made 

it feasible to obtain large amounts of sequence data at a relatively low cost (Thomsen 

and Willerslev, 2015).  eDNA can be analyzed with methods such as end-point PCR and 

quantitative PCR  (with Sanger sequencing) to gather species-specific information, and 

community-level assemblage data can be accessed through metabarcoding with next-

generation sequencing. Primers designed to amplify a single species are used for end-

point and quantitative PCR with Sanger sequencing, and primers designed to amplify 

many species within a group are used for metabarcoding.  

The methods used in eDNA extraction and analysis rely on the foundational work 

of ancient DNA (Higuchi et al., 1984, Pääbo et al., 1989, Willerslev et al., 2003) and 

microbial ecology (Ogram et al., 1987). Many of the methodological and practical 

challenges of detecting ancient DNA and interpreting results from environmental and 
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macrofossil samples are similar to those for eDNA, because both typically contain small 

amounts of highly degraded target DNA. One of the first examples of the application of 

eDNA in aquatic environments was conducted over 25 years ago, when DNA of whales 

was extracted from sloughed skin recovered from water samples (Amos et al., 1992). 

More than thirteen years ago, the first application of eDNA techniques to detect 

macroorganism DNA in an aquatic system used river water to amplify cow, human, pig, 

and sheep DNA (Martellini et al., 2005). Some of the earliest work using eDNA to study 

aquatic species showed that this approach was more sensitive than conventional 

(observation-based) methods for detecting invasive bullfrogs (Ficetola et al., 2008). One 

of the first papers using eDNA for freshwater fish demonstrated the ability to detect 

invasive carp species in very low abundance and in locations where conventional 

methods failed to detect them (Jerde et al., 2011).  

Metabarcoding has been applied to eDNA studies for fish and a range of other 

aquatic taxa. One of the first successful attempts at metabarcoding aquatic vertebrates 

using DNA from environmental samples was published in 2012, where the eDNA of four 

different fish species was detected from river water samples collected in Japan 

(Minamoto et al., 2012). This study, however, used cloning and Sanger sequencing 

rather than next-generation sequencing, and therefore had less coverage than what can 

be done with next-generation sequencing. Rapid uptake of these methods is evidence of 

their utility, but there is a need for further testing and refinement to improve the 

usefulness of eDNA methods for conservation and management applications.  

The results of a systematic literature search show that eDNA research on fish is a 

growing field with a rapid increase in the number of publications since 2011 (Figure 

2.2). An ISI search of the terms “fish” + “environmental DNA” showed that despite the 

fact that the number of publications has increased rapidly in recent years, relatively few 
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focus on the wider application of the technique for conservation and management. The 

majority of papers are focused on method development, demonstrating that this 

approach is still being validated to ensure the method provides accurate results for 

different species and environmental conditions.  

The systematic review found that 75 publications focused on methodological 

refinements to evaluate shortcomings and improve the application of eDNA for fish 

(Figure 2.2). These methods papers are separated into four primary categories: 1) 

Sequencing for building reference libraries; 2) Primer design and validation; 3) 

Protocols for field collection, molecular workflows, and analysis; and, 4) eDNA 

detection. For example, 27 papers were identified that focused on evaluating factors 

influencing eDNA detection (“Methods – DNA detection”). These included experimental 

and applied laboratory and field studies to quantify environmental and biological 

factors that influence eDNA shedding rates, persistence/degradation rates, transport, 

retention, and detection probabilities. A total of 29 papers focused on design and 

assessment of suitable protocols for field sampling, molecular workflows in the 

laboratory, and data analysis (“Methods – Protocols”).  A smaller number of publications 

focused on methods for primer design (14 papers) and sequencing for reference 

databases (5 papers). The field of eDNA analysis has also seen a consistent number of 

reviews and comments through time, and 20 such papers were returned in the ISI 

search. While some early reviews tended to overstate the potential of the method, 

recent years have seen reviews that more fully describe the limitations of eDNA and 

argue for a set of standardized guidelines (Goldberg et al., 2016).The latter includes  
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Figure 2.2: Results of a literature search of the Web of Science with the search terms 
“fish” and “environmental DNA” showing the number of publications per year that use 
eDNA to study fish. Publications are grouped according to their main research topic. In 
cases where more than one category was addressed, the primary goal of research was 
used to assign a category. Publications were grouped by three primary categories: 
survey applications (green, orange, blue solid), method development and evaluation 
(hatched colors), and desktop reviews (red solid) (see text for further explanation). 
Search date: 22 February 2018.  
 

 

increased field sample replicates, increased PCR replicates, rigorous tests of primer 

specificity, and use of occupancy models for determining accurate detections and 

knowledge of detection probabilities (Willoughby et al., 2016). 

For publications that applied eDNA methods for fish, the most common (33 

papers) reported field surveys of fish distribution/abundance. These included detecting 

rare species distributions, estimating species’ abundance or biomass, and/or 

quantifying fish community composition and biodiversity attributes such as species 

richness (“Field survey - Distribution and abundance” in Figure 2.2).  A number of field 

studies (17 publications) have also compared the performance of eDNA methods with 
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conventional sampling methods to estimate species distributions and/or abundance 

(“Field survey - Sampling method comparisons” in Figure 1). These studies used either 

simultaneous sampling or data that were gathered previously with conventional tools 

such as seine netting or electrofishing. eDNA has also been widely used (31 

publications) to detect invasive species occurrence, spawning and spread (“Field survey 

- Invasive species” in Figure 1), especially for invasive Asian carp in the Great Lakes 

region of the USA (i.e.  Jerde et al. (2013)).  

The rapid increase in fish eDNA publication numbers highlights the potential of 

this approach for a range of conservation and management applications, and 

demonstrates the need for alternative tools to increase detection and decrease effort for 

surveys of fish diversity and distributions, especially for rare species. However, the 

large number of publications focused on method refinement and validation indicates 

that further work is needed for this approach to be applied in a broad conservation 

context. Sampling fish with conventional methods often presents challenges, and the 

following section (2.5) reviews these challenges along with the potential for eDNA 

approaches to help overcome them. This section also describes the limitations that 

currently exist for eDNA techniques to address these challenges. Given that the focus of 

this thesis is to test the utility of eDNA methods for broader application to conservation, 

the fact that large tropical rivers host the highest number of threatened species and are 

the most under-surveyed is an important consideration for this review. eDNA methods 

have primarily been applied for fish research in temperate environments with moderate 

species diversity and environmental conditions more favorable for eDNA persistence. 

However, some research has been done in tropical regions of Australia (Robson et al., 

2016) and Southeast Asia (Bellemain et al., 2016). Alternatively, rare species and 

biodiversity hotspots are present in higher proportions in tropical regions. Large 
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tropical rivers represent one of the most challenging environments to sample with any 

survey method, either conventional or molecular, because of the high variability of 

environmental conditions and high water volumes.  

To improve distribution and biodiversity data, we need to apply alternative 

methods, such as metabarcoding of environmental samples, which take advantage of 

current technologies.  Advances in next-generation sequencing have made this tool 

accessible and affordable (Valentini et al., 2009, Evans et al., 2017b); with especially 

high utility for rare species sampling. Accessibility of rapidly expanding reference 

sequence databases, like those provided by the International Nucleotide Sequence 

Database Collaboration (Benson et al., 2012) and the Consortium for the Barcode of Life 

(Ratnasingham and Hebert, 2007), reduces the effort and expense of sequencing these 

reference materials. Where species are rare and distribution and biodiversity data are 

limited, eDNA methods could provide essential information to enable development of 

more accurate models and more effective conservation interventions. Designing and 

testing primers that can accurately amplify and facilitate the sequencing of a large 

number of species simultaneously through metabarcoding should be a high priority for 

advancing the conservation potential of this technique. 

2.4 Sampling challenges  
There are several issues that limit the ability to collect distribution data for rare 

aquatic species through both conventional and molecular methods. The primary 

factors for conventional methods include; 1) detection probability, 2) sampling gear 

limitations, 3) destructiveness, 4) taxonomic accuracy, and 5) failure to infer absence. 

It is possible that eDNA methods can overcome these challenges in certain cases, yet 

they face their own limitations. The primary limitations of eDNA methods include 1) 

ability to quantify detection probabilities, 2) uncertainties for sampling volume 
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requirements in large rivers, 3) biases from sequencing influenced by universal primer 

design, 4) uncertainties about the influence of environmental variables such as 

velocity and hydraulic unit type on collection of eDNA in the field, 5) uncertainties 

about transport and degradation rates, 6) inability to distinguish sexes, life stages or 

dead/living individuals, 7) limited availability of reference sequences in online 

databases, 8) false negatives, 9) contamination, 10) taxonomic resolution of the small 

region of DNA between primer sites. The following chapters in this thesis address 

some of the challenges from the list above (numbers 2, 3, 4, and 5) in an effort to 

advance the conservation utility of the method. 

2.4.1  Detection probability 
The probability that species or their eDNA are detected given presence depends on 

many factors, including the susceptibility to capture through chosen sampling gears, 

the method of sampling selected (i.e. frequency, water volume, spatial extent) and the 

scale of the survey. Targets may be widespread, but present in low abundance at sites 

of occurrence, or they may be present in very few sites at higher abundance. Either 

type of distribution may be exhibited by rare species, and will influence the probability 

of detection. Behavior of target organisms and their vulnerability to collection gears 

(nets, traps, etc.), the sensitivity of detection tools, and the way sampling surveys are 

designed, are determinant factors in successful detection. The probability of detection 

for rare species is typically low (Bayley and Peterson, 2001), type II (false negative) 

errors are common, and substantial effort is often required for accurate detection with 

conventional methods (Olson et al., 2012, Sigsgaard et al., 2015, Evans et al., 2017b). 

These challenges have been a motivating factor in the rapid uptake of molecular 

methods. Some studies which sampled simultaneously with conventional and 

molecular methods have shown that eDNA analysis can sometimes be more sensitive 
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for detecting rare species, under certain conditions and with particular molecular 

workflows (Rees et al., 2014, Sigsgaard et al., 2015, Schmelzle and Kinziger, 2016). 

Survey gaps from low detection can in part be alleviated by species distribution 

models that rely on relationships between environmental and physical indicators. 

These models rely on variables such as catchment topography, climate and hydrology 

(Scheller et al., 1999, Rose et al., 2016). The use of surrogate environmental and 

physical indicators to model distributions alleviates the bias associated with survey 

data gaps, but may introduce the problem of false presences and false absences, which 

can lead to over/underestimation of occurrence (Loiselle et al., 2003). Models that are 

biased towards false presence may result in subsequent conservation interventions 

not actually benefitting  target species while consuming precious conservation dollars 

(Wilson et al., 2005). Models that are biased towards false absence may miss the 

opportunity to protect a remnant population important for species persistence. In 

general, the inclusion of rare species in models is especially problematic (Hermoso et 

al., 2013). Predicting species distributions based on environmental factors requires 

comparative studies that demonstrate correlations between abiotic factors and species 

presence (Olden and Jackson, 2002);  however, the data needed to examine such 

correlations are limited for most rare aquatic species and tropical rivers. If applied 

rigorously, eDNA has the potential to validate modelled distributions.  

eDNA benefits and limitations  

Application of eDNA technology may increase detection probability over that of 

conventional methods for some species (Schmelzle and Kinziger, 2016, Shaw et al., 

2016, Doi et al., 2017), but not for others (Shaw et al., 2016, Ulibarri et al., 2017). 

Particular studies showed that eDNA methods can provide more accurate data on 

presence or higher richness counts when compared with direct observational methods 



21 
 

(Jerde et al., 2011, Dejean et al., 2012, Schmelzle and Kinziger, 2016, Shaw et al., 2016, 

Doi et al., 2017). While other studies showed that at times conventional methods 

provided detection when eDNA did not (Valentini et al., 2016, Perez et al., 2017). When 

preparing for an eDNA field survey, it is important to first test limits of detection 

through the use of tools such as control experiments and serial dilutions so results can 

be interpreted appropriately (Ficetola et al., 2015, Hunter et al., 2017). Control 

experiments could consist of water collection from tanks with varied density of 

animals, to determine DNA shedding rates. Serial dilutions use a constant dilution 

factor for a stepwise dilution of DNA, and can determine at what concentrations eDNA 

must be present in order to be detectable in samples. Some work suggests that 

sampling strategies, laboratory protocols, and data analysis methods that enable 

detection probabilities of at least 0.95 should be identified prior to field sampling 

(Schmelzle and Kinziger, 2016). These publications encourage the use of site 

occupancy modeling (Schmelzle and Kinziger, 2016), testing of detection limits 

(Hunter et al., 2017), and testing of required number of PCR replicates (Ficetola et al., 

2015) prior to field campaigns.  

Presence/absence detections are always susceptible to error, and it is never 

possible to demonstrate absence with 100% confidence. One new horizon in eDNA 

research is in understanding detection probabilities to allow the accurate 

interpretation of negative results. In the case of highly threatened species, a false-

absence determination presents risk for management, as it may preclude conservation 

action in an isolated or remnant population which is the last holdout of a disappearing 

species. A body of work is currently developing, with useful guidelines for determining 

detection probabilities, as well as sampling volumes, replication levels, and model 

parameters needed to reduce the probability of false negative detections and increase 
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the accuracy, sensitivity, and precision of data collected through eDNA methods 

(Pilliod et al., 2013, Díaz-Ferguson and Moyer, 2014, Moyer et al., 2014, Deiner et al., 

2015, Ficetola et al., 2015, Jane et al., 2015, Schultz and Lance, 2015, Goldberg et al., 

2016, Mächler et al., 2016, Wilcox et al., 2016). The following chapters of this thesis 

contribute to these advances. 

2.4.2  Habitat characteristics and gear selectivity 
No single conventional method for detecting species works across all habitats and 

organisms (Bonar et al., 2009, Neebling and Quist, 2011, Evans et al., 2017b). Studies 

that attempt to characterize species assemblages or identify relationships among 

habitat types and species occurrence, typically rely on the use of multiple types of 

sampling gear and approaches when conventional methods are deployed (Bonar et al., 

2009). For example, seine netting cannot be used in rocky areas; electrofishing doesn’t 

work in areas deeper than 2-3 meters; stable isotopes can provide information on 

movements at relatively broad scales, but require capture of target organisms and are 

dependent upon unique isotopic signatures existing in different locations where the 

organisms spend a portion of their life cycle (Cunjak et al., 2005). Seine netting and 

electrofishing are the most commonly used conventional methods, yet many fish are not 

vulnerable to capture by seine net and it has been shown that at least three passes with 

electrofishing gear are needed to obtain accurate biodiversity estimates (Kennard et al., 

2006, Evans et al., 2017b). These approaches may require substantial investments of 

greater sampling effort and higher costs than eDNA methods (Evans et al., 2017b). 

eDNA benefits and limitations  

Data from habitat types that are notoriously difficult to sample, such as those present 

in large tropical rivers, may become accessible with eDNA analysis methods. Collection 

of water samples presents fewer logistical challenges than deployment of conventional 

gears in sites that are deep, rocky, full of debris, or have high flows. Data gathered by 
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collecting eDNA can provide critical information on the extent of species distributions 

and occupancy in habitat types that present logistical limitations on sampling with 

conventional gears (Bellemain et al., 2016). Researchers have effectively identified carp 

DNA in large canals linking the Mississippi River and Great Lakes basins, enabling early 

detection of this invasive species at low densities, which then informed rapid 

management action (Jerde et al., 2011). However, the literature on fish eDNA shows that 

more work is needed to validate and improve the method for specific habitats, 

biological variables, and environmental conditions.  

Application of eDNA methods has shown that the volume of water collection needed 

to obtain sufficient molecular material to enable detection is highly variable and 

dependent on the size of the water body, abundance of target organisms, eDNA 

transport rates and DNA shedding rates (Sassoubre et al., 2016, Shaw et al., 2016, 

Shogren et al., 2017). Large tropical rivers have seen little attention in the eDNA 

literature (Doi et al., 2017), as they likely represent the most challenging and variable 

freshwater environments to survey with eDNA methods (Bellemain et al., 2016). Certain 

organic materials can inhibit some enzymes used in PCR amplification of eDNA, 

therefore, turbidity of sampling locations may influence detection results and testing for 

sample inhibition is recommended (Goldberg et al., 2016). Some research has shown 

that fish eDNA is more abundant in aquatic sediments than in surface water samples 

(Turner et al., 2015), while other research has shown better results from water 

collection when comparing water samples to sediment samples (Shaw et al., 2016). 

2.4.3 Destructiveness of sampling  
Reducing the potential for mortality caused by sampling is a high priority when 

studying rare species. Conventional methods can be destructive, both to target and non-

target organisms, as well as the local environment (e.g. through habitat modification, 
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trampling etc.) (Olson et al., 2012). Fish sampling typically involves physical capture 

(e.g. using gill netting or electrofishing) and handling of animals with or without 

anesthesia, all of which can cause physical injury and even death to sampled fish. When 

the primary purpose of collecting data on rare taxa is to conserve them, it follows that 

every effort should be made to reduce the negative impacts of research on the survival 

of individuals. Rare species are often highly sensitive with small population sizes, and 

researchers have a responsibility to limit the destructiveness of their work.  

eDNA benefits and limitations  

Collection of eDNA is one of the most non-invasive biological sampling methods 

available, and has been applied to a broad range of terrestrial organisms that are 

extinct, highly endangered, sensitive, elusive, or otherwise difficult to survey (Beja-

Pereira et al., 2009). These studies typically rely on feces, urine, hairs, feathers, skin, or 

eggshells that are detected in the environment after being shed by the target organism 

(Waits and Paetkau, 2005). For rare aquatic taxa, determining presence through 

collection of water samples rather than through physical capture of individuals 

highlights the potential for eDNA to provide a non-invasive solution, especially for 

sensitive organisms.  

2.4.4 Taxonomic accuracy 
Taxonomy of aquatic organisms is often unclear, and for many genera there are few 

experts with the skills needed to accurately identify specimens. For river systems with 

high species richness, cryptic species complexes are common. Conventional sampling 

methods typically rely on visual identification of species in the field. For some fishes the 

only way to distinguish them is to conduct extensive morphological analysis, such as 

counting fin rays and scale rows. This process is prone to error, time-consuming, and 

often requires expert lab analysis. For studies aiming to assess total biodiversity in 
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systems with high species richness, ensuring that all species present in a sample are 

properly identified can be very labor-intensive and produce inaccurate data. 

eDNA benefits and limitations  

Positive detections of a high number of species representing diverse taxa have been 

validated through laboratory and field experiments, where eDNA results were 

compared with conventional sampling (Hänfling et al., 2016, Shaw et al., 2016). Some 

studies show that the eDNA approach requires less effort than conventional sampling 

methods, and in some cases is more accurate in determining presence (Dejean et al., 

2011, Goldberg et al., 2011, Mahon et al., 2013b). eDNA provides the advantage of 

distinguishing cryptic species at any life stage through genetic, rather than 

morphological, identification (Evans et al., 2017b). 

While metabarcoding of eDNA generates a large amount of sequencing data, accurate 

taxonomic assignment of sequences requires reference sequences of the target species 

or their close relatives are available. If these are not currently available in online 

databases, they must be collected and sequenced from tissue samples of validated 

specimens. In many cases it is sufficient to use congeneric or confamilial taxa from 

databases to assign taxonomy through phylogenetic relatedness, assuming the short 

fragment of DNA between primer sites does not evolve too rapidly and become 

saturated. While it is possible to extract DNA from specimens in collections, many 

current metabarcoding studies are creating their own reference databases through 

collection of tissue samples from live individuals captured in the study area (Oliveira et 

al., 2016, Valentini et al., 2016, Cariani et al., 2017, Chang et al., 2017). For many species, 

reference sequences are not currently available for the appropriate gene regions and 

fragment sizes to accurately assign taxonomy at the species level to metabarcoding 

data.  
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2.4.5 Inferring absence 
Field surveys can never determine absence at a specific site with absolute certainty. 

False negatives are always possible, no matter what type of sampling method is used, 

including eDNA. Conventional methods require statistical analysis to infer absence. 

False positives are unlikely with conventional methods, though they may arise from 

errors in taxonomic identification, while false negatives are quite common. A false 

negative is a dangerous error for highly threatened species, as it could result in the loss 

of an opportunity to protect habitat that may be essential for persistence. 

eDNA benefits and limitations  

There are indications that failure to detect a species using eDNA is a reliable gauge of 

species absence (Mahon et al., 2013b).  The spatial and temporal resolution of data 

gathered with eDNA sampling are highly dependent on the environmental conditions 

which influence degradation rates of shed DNA. Research shows that eDNA tends to 

degrade rapidly in water, so a positive detection indicates the recent presence of a focal 

species while negative results are likely when the species is not present (Dejean et al., 

2011, Thomsen et al., 2012b). However, false negative results can occur for many 

reasons, and improvements in processing samples and interpreting data are needed to 

better understand the cause of false negatives. Some research showed that eDNA may 

persist in the water column for approximately one to two weeks depending on 

environmental conditions (Dejean et al., 2011, Thomsen et al., 2012b), but degradation 

rates are known to be highly variable (Barnes et al., 2014).  

For eDNA studies in lotic systems, the potential for DNA to be transported 

downstream can influence detection probabilities (Jerde et al., 2016, Shogren et al., 

2017). Some work has shown that the transport distance where eDNA falls below 

detectable levels varies among species (Deiner and Altermatt, 2014). Careful design of 

field sampling, analysis of detection probabilities, and repeated sampling is required to 
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infer consistent absence with high confidence. Site occupancy models are an especially 

relevant tool, as they can be used to reduce the number of samples that are required for 

dependable estimates of absence. They use statistical inference to reliably estimate 

detection probabilities, even when detection is imperfect (Schmidt et al., 2013).  

False positive detections are caused by factors such as contamination in the 

laboratory and bioinformatics procedures to assign taxonomy (Goldberg et al., 2016). 

These are unlikely to occur given standard controls and protocols that are observed in 

most eDNA studies. These protocols include physical separation of DNA extraction and 

PCR preparation from areas where PCR is performed, and use of negative controls 

throughout the entire molecular workflow. However, the lack of adequate reference 

sequences in online databases needs to be addressed to ensure appropriate taxonomy 

can be assigned to sequence reads from environmental samples.  

2.5 Conclusions 
A boom in published research on eDNA and the rapid advancement of DNA 

sequencing technology demonstrate the potential of the technique to enhance collection 

of data on rare species (Figure 2.2). However, this will require further work to 

overcome the current limitations described in this review. If and when the 

methodological challenges currently existing with application of eDNA methods can be 

overcome, the potential for conservation applications is extensive.  

  Species richness accounting, real-time species detection, revealing biogeography, 

more effective conservation interventions, and improved efficiency in legal actions 

regarding endangered species can all be advanced through the application and 

development of eDNA sequencing. Increasingly accurate estimates of species richness 

are accumulating through the application of eDNA methods and metabarcoding (Lodge 

et al., 2012, Thomsen et al., 2012b). At the same time, there is substantial room to 
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improve the methods and adapt them for different environments and species. Primarily, 

improvements are needed in the design of sampling strategies to ensure samples are 

representative of true species richness and that sequencing provides accurate and 

useful results.  

In many developed countries, substantial legal actions can be triggered when an 

organism that is protected under endangered species legislation is present at a 

development site. eDNA methods can provide rapid and accurate presence/absence 

data for new project sites. These methods could be used to determine occupancy in 

proposed or designated critical habitats. eDNA has been used to detect spawning 

activity of an endangered fish in Australia (Bylemans et al., 2017). Routine monitoring 

using eDNA could be applied for adaptive management. For example, specific 

management actions, such as limiting water withdrawals, could be triggered only at the 

precise time when a protected migratory species moves to a specific area, not before 

and not after. This could reduce the economic burden of legislative requirements while 

also increasing the potential to effectively conserve endangered species. A study on the 

presence of an endangered fish (tidewater goby) compared seining results to eDNA 

results, and showed that eDNA analysis had higher detection probabilities (Schmelzle 

and Kinziger, 2016).  

Systematic conservation planning and prioritization is a highly developed field, 

but faces limitations when data on species occurrence are not available, and when solely 

presence data are available,  or when distributions are represented by just a few 

observations (Hermoso et al., 2014). The use of data collected through eDNA methods 

can help overcome these limitations. Such an approach can help to achieve the most 

conservation benefit out of areas prioritized by systematic planning models by 

validating the outputs using eDNA field surveys. More effective and efficient use of 
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conservation dollars can be achieved by increasing the ability to accurately identify 

priority sites with high confidence of presence of priority threatened species.  

For metabarcoding studies, the approach and assumptions used in decisions 

about whether to retain or discard sequences have important implications for the 

accurate interpretation of results (Evans et al., 2017a). Rare species are less likely to be 

detected with a metabarcoding approach than with a species-specific approach, yet 

metabarcoding potentially offers information about entire community assemblages. If 

the goal of a study is to detect one or a few rare species, detection is more likely with the 

use of species-specific primers. Reference genomes are required to design such primers 

for target species. GenBank has the most comprehensive referenced list of available 

genetic sequences (Benson et al., 2012), and so most eDNA research relies on this 

database for taxonomic assignment of sequencing results. Currently, reference 

sequences for many aquatic taxa are limited, especially for rare species from the most 

biodiverse regions. Additional work on sequencing reference specimens that have been 

validated by experienced taxonomists is needed to alleviate this bottleneck.  

Application of eDNA methods can give us more timely and accurate information 

on distributions of rare species, enabling truly adaptive management and improving the 

potential for conservation successes. With this method we can access dynamic 

distribution data, enabling the design of specific responses based on current or 

changing distributions. This information will become increasingly relevant as global 

climate change exerts its influence on distributions of organisms that may be desirable 

or invasive. Routine eDNA surveys in key habitat types can assist in monitoring shifts in 

richness or diversity metrics over time. The ability to understand dynamic distributions 

and to detect species at very low densities is an essential tool for effective conservation 

of rare organisms.  
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While conventional sampling methods will always be fundamental to aquatic 

species research, they are often not well-suited to the conditions and context associated 

with studying distributions of rare aquatic species. A complementary approach is 

needed for rapid assessments, to access locations that are inaccessible with 

conventional methods and to access data that enable more effective conservation of 

threatened taxa. If current limitations can be overcome, the tools built on eDNA and 

next-generation sequencing technology offer the potential for addressing the specific 

challenges encountered when sampling rare aquatic species. eDNA methods will not 

replace conventional methods, but they will likely provide a complementary approach 

that increases our ability to achieve targeted conservation outcomes. Understanding the 

potential of these tools and thorough consideration for appropriate ways to apply them 

will likely be highly advantageous. This potential will likely be realized in the near 

future and on broad scales, for scientists and managers tasked with understanding and 

sustaining populations of rare species  

The following chapters of this thesis describe work to test eDNA methods and 

overcome some of the challenges described in this review, including: the role of 

sampling volume in species detection and ability to detect highly rare species in large 

tropical rivers; the influence of primer design on estimates of diversity and comparison 

of eDNA results with richness data obtained using conventional survey methods; the 

influence of environmental variability in river environments and the role of field 

sampling protocols in achieving representative estimates of richness; and finally, the 

potential for eDNA to be transported over long distances in a subtropical river basin 

and to be preserved in sediments to provide a chronology of taxa composition over long 

time periods
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Chapter 3: TRAILS OF RIVER MONSTERS: DETECTING CRITICALLY 
ENDANGERED MEKONG GIANT CATFISH PANGASIANODON GIGAS 
USING ENVIRONMENTAL DNA  
 

3.1 Statement of author contributions  
Statement of contributions to published work 

The following chapter of this thesis was published in a peer-reviewed journal 

and the text is included here as published. The work presented represents a 

collaboration between Griffith University researchers and professors, a private research 

company (SPYGEN, authors include AV and TD), and the World Wildlife Fund – Greater 

Mekong Program (WWF, authors include TG and FG). The doctoral candidate, Harmony 

Patricio (HP), is co-first author with a collaborator from SPYGEN, Eva Bellemain (EB). 

HP was responsible for project conceptualization, design and refinement of sampling 

strategy, and background research to determine sampling locations most likely to host 

the targeted species. She organized, managed and conducted all field work and sample 

collection in the Mekong River, including water sample collection for eDNA and 

interviews with local fishers to determine sampling points with highest probability for 

detection. Some samples were sent to SPYGEN for laboratory analysis as per a prior 

agreement between SPYGEN and WWF.  

The bulk of original writing for the manuscript, approximately 80%, was done by 

HP. One author from an external research institute, CM, contributed to a final review of 

the manuscript. Professor Jon Olley (JO) and Professor David Lambert (DL) of Griffith 

University advised on conceptual design, sampling strategy, and field protocols. JO and 

DL contributed guidance to drafting of the manuscript and conducted extensive reviews. 

Funding was provided by JO, DL, and WWF. Some samples were tested and processed at 

the ancient DNA facility of Griffith University with the help of postdocs Leon Huynen 

(LH) and Richard O’Rorke (RO). Specific primers for Mekong giant catfish were 
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designed, tested, and validated by HP, LH, and RO. These data are not included in the 

manuscript, as the laboratory procedures were different from those applied by SPYGEN. 

Data analysis was conducted by SPYGEN and HP, with the help of JO, DL, and RO. This 

work is original and other than inclusion in this thesis, has only been published in the 

journal Global Ecology and Conservation.  

Journal citation:  

Bellemain, E., Patricio, H. C., Gray, T., Guegan, F., Valentini, A., Miaud, C., & Dejean, T. 
(2016). Trails of river monsters: Detecting critically endangered Mekong giant 
catfish Pangasianodon gigas using environmental DNA. Global Ecology and 
Conservation, 7, 148-156. doi: http://dx.doi.org/10.1016/j.gecco.2016.06.007 

 

3.2 Summary  
Pressures on freshwater biodiversity in Southeast Asia are accelerating, yet the 

status and conservation needs of many of the region’s iconic fish species are poorly 

known. The Mekong is highly species diverse and supports four of the six largest 

freshwater fish globally, three of which, including Mekong giant catfish (Pangasianodon 

gigas), are Critically Endangered. Emerging environmental DNA (eDNA) techniques 

have potential for monitoring threatened freshwater biodiversity, yet have not been 

applied in complex and biodiverse tropical ecosystems such as the Mekong. We 

developed species-specific primers for amplifying Mekong giant catfish DNA. In situ 

validation demonstrated that the DNA amplification was successful for all samples 

taken in reservoirs with known presence of Mekong giant catfish independent of fish 

density. We collected water samples from six deep pools on the Mekong, identified 

through Local Ecological Knowledge, in Cambodia, Lao PDR, and Thailand. DNA was 

extracted and amplified from these samples using the designed primers and probes. 

Mekong giant catfish DNA was detected from one sample from the species’ presumed 

spawning grounds on the Mekong mainstream, near the border between northern 

http://dx.doi.org/10.1016/j.gecco.2016.06.007


33 
 

Thailand and Lao PDR. eDNA sampling using species-specific primers has potential for 

surveying and monitoring poorly known species from complex tropical aquatic 

environments. However accounting for false absences is likely to be required for the 

method to function with precision when applied to extremely rare species that are 

highly dispersed within a large river system. We recommend that such approach be 

utilized more widely by freshwater conservation practitioners for specific applications. 

The method is best suited for baseline biodiversity assessments or to identify and 

prioritize locations for more rigorous sampling. Our methods are particularly relevant 

for systems or species with limited baseline data or with physical characteristics that 

logistically limit the application of conventional methods. Such attributes are typical of 

large tropical rivers such as the Mekong, Congo, or Amazon. 

3.3 Introduction  
Southeast Asia is facing a biodiversity crisis driven by unprecedented rates of 

growth in populations, economies, and per-capita consumption (Sodhi et al., 2010). This 

has led to a higher concentration of threatened terrestrial reptile, bird and mammal 

species than any other region globally (Sodhi et al., 2010). Patterns of freshwater 

biodiversity and endangerment in tropical Asia are less well known, but freshwater 

ecosystems often support a higher proportion of threatened species than marine or 

terrestrial equivalents (Loh et al., 2005, Revenga et al., 2005, Dudgeon et al., 2006, 

Strayer and Dudgeon, 2010). Given that trends in water use, energy production and 

consumption, and associated environmental degradation are projected to continue 

rising across Southeast Asia, understanding and monitoring the status of freshwater 

biodiversity is critical.  

The accelerating pressures on freshwater ecosystems in tropical Asia are 

encapsulated by the Mekong; the largest river in Asia and ranked amongst the top three 
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rivers globally in terms of fish diversity (Campbell, 2009). Large stretches of the lower 

Mekong Basin (comprising Myanmar, Thailand, Lao PDR, Cambodia, and Vietnam) 

remain relatively pristine, but could be irreversibly altered by planned infrastructure 

developments. Many Mekong fish species are also currently impacted by heavy 

exploitation, particularly large-bodied and migratory species (Allan et al., 2005).  

The Mekong supports a unique assemblage of freshwater megafauna (species > 

90-kg and >180-cm long) including four of the six largest freshwater species globally 

(Hogan, 2011 ). Three of these species: Mekong giant catfish (Pangasianodon gigas), 

giant carp (Catlocarpio siamensis), and dog-eating catfish (Pangasius sanitwongsei), are 

assessed as Critically Endangered by the IUCN Red List, with declines driven primarily 

by heavy fishing pressure and habitat loss or degradation (Hogan, 2013b, Hogan, 2013a, 

Jenkins et al., 2009). The Mekong giant catfish is described as a contemporary example 

of overharvest (Allan et al., 2005).  

Despite their notable role in regional culture, economies, and food security, 

knowledge of the current status and distribution of many charismatic flagships of 

Mekong freshwater biodiversity, including the Mekong giant catfish, is limited. This 

paucity of knowledge largely results from of a lack of effective survey and monitoring 

techniques. Because of population declines and associated fishing bans, the majority of 

recent (post-2005) records of Mekong giant catfish occurrence are from incidental by-

catch by fishermen in Cambodia, Lao PDR, and Vietnam (e.g. Hogan et al. (2004)). There 

is thus an urgent need for effective survey methods for the species in order to both 

monitor distribution trends and to identify priority sites for conservation interventions. 

Advances in molecular biology have provided means to monitor single species, 

or to assess community biodiversity, from aquatic or terrestrial environments using 

environmental DNA (eDNA), i.e. DNA left behind by the organism in the environment. 
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This approach has demonstrated potential to detect rare and cryptic species, with 

examples in the literature rapidly growing, and has been validated on different 

taxonomic groups (including vertebrates and invertebrates) and different ecosystems 

(Dejean et al., 2012, Taberlet et al., 2012a, Machler et al., 2014, Biggs et al., 2015, 

Thomsen and Willerslev, 2015). eDNA sampling of rivers in North America has been 

shown to enable cost-effective detection of fishes occurring at low densities, such as 

along invasion fronts(Jerde et al., 2011, Goldberg et al., 2015). These methods are 

opening new perspectives for improving environmental monitoring and informing 

management and policy (Kelly et al., 2014). 

The majority of published applications of eDNA sampling have occurred in 

controlled conditions and/or in temperate environments with low species diversity 

(Thomsen and Willerslev, 2015). The applicability of eDNA sampling for effective 

conservation management in the biodiverse tropics is less clear. To test the efficacy of 

eDNA sampling for detecting threatened tropical species in a challenging environment, 

we developed, and independently verified, specific assays (primers and probes) for 

Mekong giant catfish. These assays were then applied to water samples collected in 

reservoirs with confirmed presence of Mekong giant catfish and from the Mekong River 

across the known range of the species. 

3.4 Materials and methods  

3.4.1 Design, in silico and in vitro validation of an assay for Mekong giant catfish 

We designed species-specific primers and a probe for amplification of Mekong 

giant catfish DNA. All available cytochrome b sequences for the Mekong giant catfish 

and other species from the Pangasiidae family 16 out of the 28 species from the 

genera Heicophagus, Pangasianodon, Pangasius and Pseudolais (FishBase, 2016), were 

retrieved from GenBank® and then aligned using Geneious® software (version R6, 
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http://www.geneious.com) (Kearse et al., 2012). The PrimerQuest® program (IDT, 

Coralville, USA. Retrieved 12 December, 2012. http://www.idtdna.com/Scitools) was 

used to design primers and probes. The designed primers were first validated in silico 

by assessing their specificity using the ecoPCR program (Bellemain et al., 2010, Ficetola 

et al., 2010) on the EMBL-Bank release 114 (released in December 2012). An in vitro 

validation was then undertaken using real time PCR upon 10 Mekong giant catfish DNA 

samples, extracted from captive fish in Thailand. The limit of detection (LOD, i.e. the 

minimum amount of target DNA sequence that can be detected in the sample) was 

calculated by running a dilution series of a known amount of DNA, ranging from 10−1 

ng/μL to 10−10 ng/μL. The real time amplification (qPCR) was performed in 12 

replicates in a final volume of 25 μL, using 3 μL of template DNA, 12.5 μL of 

TaqMan Environmental Master Mix 2.0 (Life Technologies®), 6.5 μL of ddH2O, 1 μL of 

Forward primer (Pgigas_cytb_F:CTAACCTGGATTGGTGGCAT, 10 μM), 1 μL of Reverse 

primer (Pgigas_cytb_R: AAGAAGAGGAAGTACAAGATGGAG, 10 μM) and 1μL of probe 

(Pgigas_cytb_Pr: CCAATAATGATGAATGGATGTTCGACTGGC, 2.5μM) under thermal 

cycling 50 °C for 5 min and 95 °C for 10 min, followed by 50 cycles of 95 °C for 30 s. and 

58.8 °C for 1 min. qPCR negative controls (with 12 replicates as well) were performed in 

parallel to detect potential contamination. Samples were run on a BIO-RAD® CFX96 

Touch real time PCR detection system in a room dedicated to amplified DNA analysis 

with negative air pressure and physically separated from the DNA extraction room. 

3.4.2 In situ validation of Mekong giant catfish assay 

In situ validation of Mekong giant catfish specific assay was undertaken using eight 

water filtration samples collected from ponds of the Srichiangmai Fisheries Research 

Centre in Nong Khai Province, Thailand, which contained captive Mekong giant catfish 

at different densities, from ‘‘low’’ to ‘‘high’’ (Table 3.1). 

http://www.geneious.com/
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Sampling was performed from the shore using, for each sample, a filtration 

capsule (Envirochek HV®1 μm, Pall Corporation, Ann Arbor, MI, USA), sterile tubing 

and joints and a portable peristaltic pump (Vampire Sampler, Bürkle GmbH®, 

Germany) with a flow of 1.67 L/min. For each sampling, 10 liters were filtered near the 

surface (maximum depth 40 cm). After filtration, 125 mL of ethanol was added to each 

capsule, and the capsules were kept refrigerated at 4 °C for a few days until sent to the 

laboratory. The transport to the laboratory took 4 days. DNA extraction was conducted, 

following a modified protocol from Valentini et al. (2016), in a room dedicated to 

processing water samples equipped with positive air pressure, UV treatment and 

frequent air renewal. Laboratory personnel wore full protective clothing (disposable 

coveralls, hood, mask, laboratory-specific shoes, overshoes and two pairs of gloves) that 

was put on in an airlock foyer before entering the processing room. Filtration capsules 

were emptied of the ethanol and filled with 125 mL conservation buffer (Tris–HCl 

0.1 M, EDTA 0.1 M, NaCl 0.01 M and N-lauroyl sarcosine 1% with pH 7.5–8). They were 

then left at 56 °C for 2 h, agitated manually for 5 min and emptied into three 50 mL 

tubes. In total, approximately 120 mL were retrieved in three tubes that were 

centrifuged for 15 min at 15,000 g. The supernatant was removed with a sterile pipette, 

leaving 15 mL of liquid at the bottom of the tube. Subsequently, 33 mL of ethanol and 

1.5 mL of 3M sodium acetate were added to each 50 mL tube. After a quick manual 

shaking, samples were stored for 24h at −20 °C. The three subsamples per site were 

then centrifuged for 30 min at 15,000 g and 6 °C and the supernatant was discarded. 

After this step, 360 μL of ATL Buffer of the DNeasy Blood & Tissue Extraction Kit 

(Qiagen) were added in the first tube, the tube was vortexed and the supernatant was 

transferred to the second tube. This operation was repeated for the third tube. The 

supernatant in the 3rd tube was transferred in a 2 mL tube and the DNA extraction was 
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performed following the manufacturer’s instructions. Two mock extractions were 

performed in parallel to monitor possible contaminations. Real time DNA amplifications 

(including mock samples) were carried out in 12 replicates using the specific primers 

designed in this study for Mekong giant catfish, following the protocol described above. 

qPCR negative controls (12 replicates) were performed in parallel to detect potential 

contamination. A dilution series of Mekong giant catfish DNA, ranging from 10-1 ng/μL 

to 10-4 ng/μL, was used as a qPCR standard. Those standards were added in the qPCR 

plate (with the tubes containing the eDNA samples sealed) in a separate room from the 

one where the eDNA extractions were performed. 

3.4.3 Selection of sampling sites in the Mekong  
 

Mekong giant catfish is endemic to the lower and middle Mekong basin and was 

historically distributed throughout the Mekong from the coast of Vietnam to northern 

Lao PDR (Hogan, 2013b). Whilst understanding of the species’ migration patterns is 

incomplete, it is believed to migrate along the Mekong and Tonle Sap River, between 

spawning sites in northern Thailand and Lao PDR, to nursery grounds in the Tonle Sap 

Lake, Cambodia. Water sampling was undertaken at six locations in the Mekong between 

the confluence of the Tonle Sap and Mekong, close to Phnom Penh in Cambodia, to 

northern Thailand (Figure 3.1). 

Broad sampling locations were selected based on historic catch records 

indicating presence of Mekong giant catfish, Local Ecological Knowledge (LEK) on the 

species’ distribution, as well as logistics and accessibility constraints. LEK data was 

sourced during previous projects for Mekong giant catfish conservation, as well as 

informal interviews with experienced fishermen. Considering that Mekong giant catfish 

are primarily a benthopelagic species relying on deep pools as refugia, especially in the 

dry season when river levels are low (Poulsen et al., 2002), we targeted sampling at 
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deep pools using hydrographic maps produced by the Mekong River Commission 

combined with informal interviews with senior fishermen who identified specific pools 

where the species had been captured in the past (Halls et al., 2013a, MRC, 1996). 

Sampling was performed in April and May 2014, at the end of the dry season, with 

relatively low river flow compared to the rest of the year. 

 
 

SAMPLE NAME DENSITY OF CATFISH 
NUMBER POSITIVE 

REPLICATES 

Res1 n°1 Medium 12/12 

Res1 n°2 Medium 12/12 

Res1 n°3 Medium 12/12 

Res2 n°4 Low 12/12 

Res2 n°5 Low 12/12 

Res2 n°6 Low 12/12 

Res3 n°7 High 12/12 

Res3 n°8 High 12/12 

Negative  Species absent 0/12 

 
Table 3.1: Number of samples with positive detection of Mekong giant catfish from 
aquaculture ponds in Thailand during In situ validation of species-specific assay. 
Densities of catfish in each reservoir defined as follows: High:  ±12 MGC – wild 
individuals captured in the Mekong at least 20 years ago (‘‘the parents’’) (40–50 kg 
weight), in a pond of 3200 m2 with a 2–3 m depth; Medium:  ±40 large MGC (40–60 kg) – 
some up to 20 years old + about 100 smaller MGC of less than 10 kg (F1, second 
generation bred from wild parents), in a pond of 24, 000 m2 with a 4 m depth; Low:  ±10 
MGC – 25 cm length (1–2 kg) in a pond of 6400 m2 with a 2–3 m depth. 
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Figure 3.1. Sampling sites for Mekong giant catfish along the Mekong River in 
Cambodia, Lao PDR, and Thailand. More details of each sampling site are given in Table 
3.2  
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Table 3.2: Details of sampling sites surveyed during field surveys collecting water 
samples for Mekong giant catfish eDNA analysis on the Mekong River 

 

3.4.4 eDNA sampling in the Mekong  

At each site (n = 6, Figure 3.1), samples were collected from a boat in vertical 

series at two points within the pool: first at the downstream lip of the deep pool, and 

second, at the deepest point in the pool. At each sampling point, an immersion cylinder 

(Diameter 75 mm, capacity 1L; Bürkle GmbH® , Germany) was used to collect the water 

at different depths: (1) near-bottom, (2) water column, and (3) surface (Table 3.2). 

The maximum depth at the sampling point was measured with a depth sounder. 

The near-bottom samples were collected one meter above the substrate. For the mixed 
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water column samples we subtracted two meters from the total depth (so that the 

sampling covered the column starting 1 m above the substrate up to 1 m below the 

surface) then divided this depth by 10. One liter of water was collected at each of the 10 

depth points along the water column. Before each sampling round, immersion cylinders 

and buckets were sterilized with 10% chlorine bleach and a new sterile tube was used 

for each water filtration. At each depth, 10 liters were collected and emptied into a 

sterile bucket. Immediately after water collection, filtration was performed from the 

buckets, using the same filtration equipment as described for aquaculture ponds in 

Thailand. Capsules were then filled with conservation buffer (Tris–HCl 0.1 M, EDTA 0.1 

M, NaCl 0.01 M and N-lauroyl sarcosine 1% with pH 7.5–8) and kept on ice in a cooler 

and then refrigerated at 4 °C until sent to the laboratory. Personnel wore gloves at all 

times during the sampling process. DNA extraction and amplification were performed 

following the protocol described in ‘‘In situ validation of Mekong giant catfish assay’’ 

section. In total, 36 water samples were collected, filtered and analyzed (30 liters 

filtered for each sampling point, and 60 liters filtered for each deep pool). 

 

3.5 Results  
 

3.5.1 In silico, in vitro, and in situ validation of the assay for Mekong giant catfish 

The amplified fragment length was 83 bases, which is appropriate for 

amplification of environmental DNA that is usually degraded (Deagle et al., 2006). The 

results of the in silico test showed that, using this assay, no other species present in the 

Mekong was amplified. However; four species of Micropterus (M. cataractae, M. notius, 

M. punctulatus and M. treculii) and one species of Rineloricaria (R. uracantha), all 

occurring in the continental United States, could potentially be amplified with 2 or 3 

mismatches on each primer. When using the probe in combination with the primers, 
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only Mekong giant catfish is amplified. The in vitro tests showed that limit of detection 

of primers and probe was 5.10−8 ng of DNA/μL. The in situ tests (from aquaculture 

ponds containing Mekong giant catfish in Thailand) confirmed the reliability of the 

assay. For all samples collected in those ponds, the DNA amplification was successful, 

with all PCR replicates positive independent of fish density in the reservoirs (Table 1). 

The field, extraction and PCR negative controls did not show any amplification, 

validating the primer pair and the probe, confirming the purity of the consumables used 

and the absence of cross contaminations. 

 

3.5.2 Field survey results  

Among the 36 samples analyzed over the 6 sites, one sample (site A in Figure 3.1; 

sample A5 in Table 3.2), corresponding to a water-column sample, showed a positive 

amplification of Mekong giant catfish, in one replicate out of 12. Extraction and PCR 

negative controls did not show any amplification 

 

3.6 Discussion  
 

Detection and monitoring of elusive and rare species has been a long-standing 

challenge for conservationists. This challenge is particularly acute in environments such 

as large tropical rivers, which typically host highly threatened species in low densities 

and are not amenable to conventional survey methods. Environmental DNA (eDNA) 

sampling offers an innovative approach to overcome the challenges associated with 

detecting rare species in freshwater ecosystems (Goldberg et al., 2011). However, to our 

knowledge, there are no published studies using eDNA sampling in biodiverse tropical 

freshwater environments to target poorly understood threatened species. While eDNA 

methods are rapidly gaining popularity, with many publications bolstering the 

conception of the approach as a ‘‘silver bullet’’ for rare species surveys (Thomsen and 



44 
 

Willerslev, 2015, Valentini et al., 2016), our study serves to demonstrate both the 

potential and the limitations of these methods. 

 Here we demonstrate that by using eDNA barcoding with a specifically designed 

genetic assay, it is possible to detect the critically endangered Mekong giant catfish from 

reservoirs where the species is known to be present. Our detection in the natural 

habitat of this species was limited to a single positive detection, from the only known 

spawning grounds on the Mekong mainstream at the border between northern Thailand 

and Lao PDR. When we consider the scale of the river relative to the extremely low 

density of the species, it still represents a promising outcome. Our limited results from 

the natural habitat of the giant catfish do not reflect a problem with the molecular 

methods underlying eDNA research, rather they highlight the rarity of Mekong giant 

catfish eDNA in the sampled water. In addition, it shows the importance of obtaining 

prior knowledge of detection probabilities, rigorous statistical design of sampling 

strategies, and accounting for ‘false absences’ through analytical approaches such as 

occupancy modeling (MacKenzie et al., 2002). 

Despite supporting high species richness, including more species of very large-

bodied fish and more total fish biomass than any other river system (Baran et al., 2012), 

and providing critical ecosystem services, there is little systematic monitoring of 

freshwater biodiversity in the Mekong. Thus, the status of many iconic threatened 

species is poorly known. Currently available information is primarily based on 

interviews with fishermen, self-reporting of catches by fishers, or sampling of fish 

captured through commercial or subsistence harvests (Bao, 2001, Halls et al., 2013b, 

Fily and d'Aubenton, 1965). These conventional methods have limited potential to 

detect rare species, and the information they provide can be inaccurate or incomplete, 

and time-consuming or costly to collect. 
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Conventional aquatic species survey methods that are commonly used in North 

America and Europe, such as electrofishing or seine netting, are rarely applied at an 

adequate scale for research in the Mekong because of the large geographic scale and 

transboundary nature of the catchment, large number of long-distance migratory fish 

species, financial constraints, and logistically challenging physical characteristics of the 

river. Deep pools in the Mekong can reach depths up to 70-m, which makes the 

application of conventional methods impossible in many sites. One alternative option 

for monitoring species in deep pools is sonar sampling (Viravong et al., 2006). However, 

this method typically only provides information on biomass and does not enable species 

identification. Given these knowledge and methodological constraints eDNA sampling 

may be the most effective way to detect presence of threatened species in many sites, 

particularly if combined with preliminary site selection based on Local Ecological 

Knowledge (LEK). 

3.6.1 Factors  influencing detection probability of the giant catfish and recommendations 
for future eDNA sampling  

Despite sampling throughout the known historic range of Mekong giant catfish 

across three countries, we obtained the species’ DNA from only one of 12 replicates in 

the water column sample at the Ban Plan Tung sampling site (site A, Figure 3.1). 

Intrinsically, the detection probability of rare species will be low (Yoccoz et al., 2001, 

Kéry and Schmidt, 2008). The probability of collecting eDNA in any given river water 

sample is influenced by a cascade of events:  

First, the species is or was recently present at the sampling location or some 

distance upstream. In this study, we used LEK to target sampling sites for eDNA 

collection in order to increase the chances of detecting our focal species. The literature 

contains highly variable results regarding the downstream transport distance of eDNA 

in rivers, and the distance downstream at which an organism’s eDNA is detectable 
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seems to differ amongst species (Deiner and Altermatt, 2014, Pilliod et al., 2014, Civade 

et al., 2016). There are currently no published studies available which examine this 

process in a river as large as the Mekong. Having demonstrated proof-of-concept of 

detecting rare species using species-specific primers, we recommend that future studies 

design sampling using a site-occupancy framework (sensu Schmidt et al. (2013)), with 

multiple samples collected within short periods of time from sampling sites, to account, 

and model, for non-detection. Such an occupancy sampling approach could form a 

framework for long-term monitoring of Mekong giant catfish and may be particularly 

important given detection probability is certainly low. 

Second, when the species is present at the sampling site a sufficient quantity of 

its DNA has to be released at the time of sampling. Density of the released DNA depends 

on the excretion rates of the target species, which varies among species (e.g. Klymus et 

al. (2015)), life stages (for example, the release rate was 3–4 times higher in adult than 

in juvenile fish (Maruyama et al., 2014)), and metabolic rates. No data is available on the 

DNA excretion rates of the Mekong giant fish, but the experiment performed in the 

ponds of the Srichiangmai Fisheries Research Centre (above) shows that the giant 

catfish releases sufficient DNA for eDNA detection. However fish density in such 

aquaculture ponds is usually much higher than fish density in natural environments. 

Future work to quantify DNA shedding rates for different genera or functional groups is 

needed to improve the accuracy, sensitivity and precision of eDNA surveys in the field. 

Finally, released eDNA has to be collected in water samples. The probability of 

this occurring depends on the concentration of released eDNA, its 

persistence/degradation rate, its vertical, lateral, and longitudinal spatial distribution, 

and on the sampling strategy (Pilliod et al., 2014). The amount of eDNA at a site can be 

positively correlated with the target species density (Takahara et al., 2012, Mahon et al., 
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2013a, Eichmiller et al., 2014, Moyer et al., 2014), yet the ratio of fish density to eDNA 

concentration is not consistent among different species or taxa (Kelly et al., 2014). 

Maruyama et al. (2014) showed that the half-life of fish eDNA in tanks after removal of 

live fish was 6.3 h, and Dejean et al. (2011) showed that detection probability was null 

two weeks after removal of animals stocked in ponds. The primary factors which would 

cause a marked difference in these rates in the Mekong when compared to temperate 

systems are temperature, UV light exposure, and levels of microbial digestion of shed 

DNA. Given the well-established influence of environmental factors on DNA 

degradation, we would expect persistence rates to be lower in a tropical setting. Moyer 

et al. (2014) used experimental ponds to demonstrate that for every 1.02 °C increase in 

temperature, the per-L-sample probability of eDNA detection decreased by 1.67 times. 

It is unclear whether this relationship would hold in a dynamic river system, where 

nearly all environmental variables and their influence on each other are markedly 

different than in ponds. The obvious and likely most influential difference is the high 

variability in water volume at any given site as a function of river velocity, discharge, 

and channel morphology. 

Although the volume of water collected in eDNA studies is usually low (less than 

2 L) it has been demonstrated that this volume exerts a significant and positive 

influence on detection probability. Schultz and Lance (2015) modelled the sensitivity of 

eDNA methods based on data from carp (Hypophthalmichthys spp.) and showed that 

increasing sampling volume from 2 to 3 L contributes the most to increasing sensitivity 

for field surveys. The logistical challenges presented by the need to filter very large 

volumes of water to detect rare species in large rivers warrant additional research, and 

there is plenty of room to adapt/improve field methods to function in this context. In 

addition, the velocity and discharge of a river or sampling site will also influence the 
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movement and concentration of eDNA once it is shed, and eDNA can persist in 

detectable levels over relatively short distances in streams, e.g. few km for fish (Civade 

et al., 2016). 

Mekong giant catfish is thought to be benthopelagic (Poulsen et al., 2002) so it is 

interesting to note that the positive detection occurred in the water column sample and 

not in the water collected at the bottom of the deep pool. Perhaps the water column 

offers the best detection probability because it includes water that has been mixed from 

different depths. In a system with complex bathymetry like the Mekong it is possible for 

unique currents and upwelling to exist at the scale of a single sampling site. The 

sampling strategy for the Mekong giant catfish was based on the filtration of 10 L of 

flowing water at each sampled depth, with a total of 30-L per sampling point (n = 2 per 

site) within each pool, and a total of 60-L per pool. To improve upon our limited results 

new studies have to be designed to evaluate the efficiency of the sampling strategy 

according to the expected concentration of Mekong giant catfish eDNA in the river 

under different animal density and river discharge scenarios. 

 Finally when eDNA is successfully collected within the water sample, its 

detection will depend on several factors (e.g. Success of DNA extraction, PCR 

amplification sensitivity), (Wilcox et al., 2013, Ficetola et al., 2015). Sample collection, 

extraction, dilution, PCR, and sequencing methods can all influence results (Deiner et al., 

2015, Schultz and Lance, 2015, Eichmiller et al., 2016b). In summary, the obtained 

result – the detection of the Mekong giant catfish in one of six sampled locations – has to 

be considered as the demonstration of the potential use of the eDNA technique to search 

for an extremely rare fish species in a large tropical river, but not as a full Mekong giant 

catfish survey. In order to increase chances to retrieve DNA from the target species in 

the future, improvements at different steps of the protocol (e.g. eDNA sampling effort 
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and strategy) should be considered. For instance, an integrative filtration strategy, as 

proposed by Valentini et al. (2016), could be used. 

 

3.6.2 Perspectives for the conservation of the giant catfish and other Mekong fauna 
 

Ban Plan Tung, the site where we detected Mekong giant catfish eDNA, is close to 

the only known spawning site of the species. Annual ceremonial fishing around the 

spawning season occurred at this site until the early 2000s (Hogan, 2013b). Population 

genetics studies have shown that giant catfish migrate at least 1000kmfrom the Tonle 

Sap in Cambodia upstream to the only known spawning site near Ban Plan Tung, 

Thailand (Ngamsiri et al., 2007). Unfortunately, this site is upstream of the first 

mainstream dam being constructed on the lower Mekong near Xayaburi, Lao PDR. 

Several mainstream dams have already been built in China, but these are upstream of 

the known distribution of the Mekong giant catfish. It is unclear whether mitigation 

measures that are associated with the construction of the Xayaburi dam will allow 

passage of Mekong giant catfish, and other large migratory fishes. Once the dam has 

been completed future eDNA surveys would allow us to see if the known spawning site 

upstream of the infrastructure is still occupied. eDNA sampling could be also be used to 

monitor the 234 fish conservation zones (FCZs) or ‘‘no-take’’ fish sanctuaries that have 

been established throughout Lao PDR. Targeted eDNA surveying could assess whether 

Mekong giant catfish utilize these conservation zones and we could maximize the 

efficient distribution of FCZs throughout the country for more effective species 

conservation (Baird and Flaherty, 2005). 

Given the limited availability of baseline biodiversity data (i.e. little a priori 

knowledge of species composition) for many locations in the Mekong catchment, 

including the FCZs, eDNA metabarcoding (Taberlet et al., 2012a) would be a particularly 

useful tool for this region. This approach, based on high throughput sequencing, has 
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recently been developed and validated for the monitoring of aquatic biodiversity of 

fishes and amphibians (Valentini et al., 2016). It allows obtaining a list of taxa present in 

the sampled environment. Simmons et al. (2015) applied the term ‘‘passive molecular 

surveillance’’ to this metabarcoding approach and underlined its capability of detecting 

unexpected invasives. Unfortunately, fish species from tropical river systems as the 

Mekong are not well represented in public reference databases such as GenBank® and 

further sequencing efforts need to be carried out to alleviate this pitfall. Alternatively, in 

the absence of species identification, it is possible to work with Molecular Taxonomic 

Units (MOTUs) and to monitor those MOTUs in space and time. The discovery of 

undescribed fish taxon will probably motivate research for taxonomists and ecologists. 

We propose that such multi-species approaches, combined with species-specific assays 

as used in this study, have the additional capacity to detect rare and secretive species. 

We emphasize that accurate interpretation of results and avoidance of false negatives 

requires thorough analysis of detection probabilities and sensitivities under specific 

sampling scenarios and molecular workflows. We expect this approach will be 

increasingly utilized by freshwater conservationists to improve knowledge of aquatic 

biodiversity, particularly in poorly understood systems such as the Mekong. 
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Chapter 4: BIAS IN TAXON RICHNESS AND DIVERSITY ESTIMATES 
WHEN METABARCODING ENVIRONMENTAL DNA FROM RIVER WATER 
WITH THREE CLADE-SPECIFIC BONY FISH PRIMER SETS 
 

4.1 Summary 
Molecular survey methods are increasingly being used to provide biodiversity 

data for aquatic environments. Biases from PCR and sequencing processes are known to 

influence metabarcoding results, but it is assumed that this applies equally across 

samples. Here we examine this assumption and find that taxon composition and beta 

diversity estimates vary across environmental DNA (eDNA) samples when amplified 

with three different universal bony fish (Osteichthyes) primer sets. The number of 

molecular operational taxonomic units (OTUs) resulting from the use of each primer set 

was 71, 24, and 35 for the three markers, respectively. Water samples were collected 

from the Mary River, Queensland, Australia in conjunction with fish collection by seine 

netting. Taxon composition and beta diversity estimates from metabarcoding of eDNA 

were compared to composition data from extensive prior sampling in the river using 

conventional capture methods and from site-specific predictions of occurrence using 

species distribution modeling. Two genera observed with seine netting were not 

detected by eDNA analysis, while eight genera that were not observed with seine 

netting were detected through eDNA metabarcoding. Composition of taxa identified by 

each clade-specific fish primer was not uniform among primer sets. Results indicate that 

if the goal of an eDNA metabarcoding study is to accurately assess taxon composition 

and calculate biodiversity indices, multiple primers or benchmark/control data sets 

should be used to improve accuracy. This study suggests that while the potential utility 

of eDNA metabarcoding is promising, further work is needed to refine the method to a 

point where it is suitable for broad application in conservation and surveying. Some of 

the most pressing issues to be addressed include: improving quantification of detection 
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probabilities, advancing understanding of the influence of environmental variability at 

field sites on probability of collecting target eDNA, and increased effort to produce 

reference sequences for highly biodiverse regions of the globe.  

4.2 Introduction 
High-throughput sequencing of environmental DNA (eDNA) with generic  

primers (‘metabarcoding’) is increasingly being used to estimate aquatic species 

composition, richness and diversity (Thomsen et al., 2012a, Miya et al., 2015, Valentini 

et al., 2016, Olds et al., 2016). Several recent reviews have suggested that these eDNA 

methods are more sensitive and feasible than conventional sampling methods (Rees et 

al., 2014, Thomsen and Willerslev, 2015). However, the process of amplifying and 

sequencing DNA is subject to errors which may bias richness and diversity estimates 

(Dickie, 2010). Only a few published papers have quantified this bias or tested whether 

it is consistent across samples or primer sets (Tang et al., 2012, Zhan et al., 2014, 

Ficetola et al., 2015). Aquatic eDNA samples present unique challenges because a large 

proportion of the sample will be derived from non-target DNA (i.e. plant or bacteria). 

Despite attempts to amplify target to isolate a particular locus, a large proportion of 

sequencing data from eDNA samples often come from non-targeted loci and are 

discarded after quality filtering. For example, Miya et al. (2015) found that 42.3% of 

sequences came from unknown sources when metabarcoding environmental samples of 

seawater. eDNA that is relatively rare is less likely to be detected because of limited 

sequencing depth, and without control experiments it is not possible to discern whether 

particular eDNA is rare because the organism is rare, because it sheds less DNA, or 

because of PCR and sequencing biases (Kelly et al., 2014). Common species may swamp 

out the detection of rare amplicons in sequencing, which may erroneously indicate 

lower richness levels (Adams et al., 2013).  
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This chapter attempts to further understanding of this challenge by comparing 

multiple universal bony fish primers simultaneously to determine the level of bias in 

results from metabarcoding of fish eDNA from water samples. To assess the reliability 

of metabarcoding results, they were compared to several alternative sources of species 

occurrence data, including: seine netting at eDNA sampling sites, a reference list of 

species known to occur in the river, and species distribution models.  

eDNA metabarcoding is the batch-processing of complex environmental samples 

containing DNA that has been shed by a wide variety of organisms using universal 

markers (Taberlet et al., 2012a), and has recently become relatively affordable because 

of improvements in DNA sequencing technology (Stein et al., 2014). Universal molecular 

markers are designed to maximize taxonomic coverage of polymerase chain reaction 

(PCR) amplification within a specific group (e.g. bony fish) and provide precise 

taxonomic resolution, while minimizing the amplification of taxa outside of that group 

(e.g. reptiles) (Folmer et al., 1994). However,  eDNA studies typically rely on short, 

degraded fragments of DNA, which means they are especially prone to errors caused by 

differences in amplification and sequencing efficiency (Sefc et al., 2007). Primers may 

preferentially amplify DNA of some species over others, and eDNA belonging to species 

present in low densities at sampling sites may be swamped in sequencing by highly 

abundant species. Drop-out of targeted sequences and variation in amplification and 

sequencing efficiency can result in richness estimates that may be skewed to 

over/underestimate occurrence of particular taxa over others.  

The use of multiple markers with different target loci may improve accuracy of 

richness estimates, by reducing drop-out rates or buffering the influence of preferential 

amplification by a single primer set (Zhan et al., 2014, Olds et al., 2016). Accurate 

information on species composition and its spatiotemporal variation is essential for 
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developing ecological understanding and effective conservation and management 

strategies for threatened ecosystems and biodiversity.  

Beta diversity is a means of reducing the complexity regarding the ways that 

samples differ into a single numerical value. When applied to sampling units in a 

specified area, beta diversity measures the variance in species composition among units 

(Anderson et al., 2006). For each sample, a dissimilarity matrix compares the difference 

in the number of sequencing reads for each assigned taxa (or the presence/absence of a 

specific taxa) to determine relative diversity values. It is expected that PCR and 

sequencing biases for metabarcoding data occur equally across all samples for a single 

marker. Following this expectation, between-sample biodiversity metrics (i.e. beta 

diversity) should be comparable.  Because the value being compared between sites is 

the measure of dissimilarity between sites, it is assumed that equally-applied biases will 

not skew estimates of relative dissimilarity. The assumption that biases are equally 

applied across samples can be tested through the use of multiple primer sets, and 

comparison of the relative dissimilarities in diversity estimates produced by each 

primer set.  

This study tests two primary hypotheses: (1) the use of multiple universal 

primers will overcome drop-out of targets from sequencing and amplification biases to 

provide more accurate taxon composition estimates than would a single universal 

primer, and (2) PCR and sequencing biases occur equally across samples, therefore β 

diversity will be consistent among primer sets. A universal primer set for bony fishes 

(Osteichthyes) was designed and validated for the 12S mitochondrial gene (“Ostei12S”). 

Two additional universal bony fish primers were taken from published literature (Miya 

et al., 2015, Valentini et al., 2016). Fish genus richness estimates obtained by eDNA 

metabarcoding of river water with three universal primer sets were compared to each 
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other. The accuracy of metabarcoding results was assessed through comparisons with 

three alternative sources of taxon composition data: a reference list of species known to 

occur in the sampling area, conventional sampling (seine-netting) conducted 

simultaneously with eDNA sampling, and predictions of taxon composition from species 

distribution models.  

4.3 Methods 

4.3.1 Field Methods  
All sampling was conducted in March-April 2015 at four locations along the Mary 

River in southeast Queensland, Australia (Figure 4.1). Each eDNA sample was collected 

from the riverbank, with average water depth of 0.8m. eDNA sampling was conducted 

prior to any personnel or conventional sampling equipment entering the water. At each 

sampling site two 1-L autoclaved plastic bottles (Nalgene®) were submerged just below 

the water surface until full, with 1L collected first at the downstream end of the site and 

another 1L collected approximately 20m upstream, at the upstream end of the site. A 

“site” was defined as a single hydraulic unit. Bottles were stored on ice (maximum 7 

hours) until filtration using a vacuum pump and flask. Each 1-liter sample was filtered 

through a separate glass fiber filter (2.4 µm pore diameter, Whatman®), filters were 

placed in sterile vials with 3000 µL of SET buffer with 0.5% SDS, and kept on ice until 

arrival at the lab, where they were stored at -80°C until extraction. All equipment was 

sterilized in an autoclave or with a 1.5% Sodium Hypochlorite solution and gloves were 

worn at all times. Following eDNA sampling, conventional fish sampling was conducted 

for another study on the same days and in the same locations as eDNA sampling using a 

seine net (30m long x 2m deep, 11mm mesh size). Fish collected by seine netting were 

identified to species following Allen et al. (2003). 
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4.3.2 Laboratory Methods  
Primer design and validation was conducted with Geneious software version 

8.1.1 (Biomatters, Ltd), Primer-BLAST (Ye et al., 2012), reference mitochondrial 

genomes for bony fishes from NCBI’s GenBank (Benson et al., 2012, NCBI), and tissue 

extracts from several species of freshwater and marine fish. Standard PCR was 

performed and the product was visualized on an agarose gel to check for an amplified 

product of the expected length. The designed primer sequence targeted a region of the 

same gene (12S) as two additional primer sets that were selected from the published 

literature (Table 4.1). 

 

 
Figure 4.1: The location of sampling sites (green circles) within the Mary River 
catchment, eastern Australia 
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Extractions were performed in a dedicated DNA extraction facility that is  

geographically separated from where PCR reactions were undertaken to avoid 

contamination. 30 µL of Proteinase K (20 mg/ml, Qiagen, Valencia, CA) was added to 

sample vials that already contained the filters and SET buffer (0.5% SDS), as per field 

protocol. Sample vials were incubated with rotation overnight at 56°C. 200 µL of this 

solution was pipetted into a sterile tube (Eppendorf) with an equal volume of 

Phenol:Chloroform:Isoamyl Alcohol. The following steps followed standard procedures 

for Phenol:Chloroform extraction (Sambrook and Russell, 2006).  200 µL of supernatant 

was mixed with 400 µL of NTC buffer (Machery-Nagel). The remaining extraction was 

performed with the NucleoSpin® Gel and PCR clean-up Kit (Machery-Nagel) following 

manufacturer’s protocol, with the exception of one extra wash with NT3 buffer and final 

elution using 30 µL of 0.01% Triton X100. Extracts were stored at -20°C.  

Standard PCR using metabarcoding primers targeting bony fish was conducted 

following contamination control protocols suitable for ancient DNA analysis (Paabo et 

al., 2004). PCR conditions are described in Appendix 4.1. Illumina adapters were added 

following the Illumina NEXTERA 16S amplicon sequencing protocol (Illumina, San 

Diego, CA), with precise conditions described in Appendix 4.2.  

Products from positive reactions and negative controls for each of the primer 

sets were pooled.  Pools for each primer set were cleaned separately with AMPure XP 

beads (Nextera XT DNA 150 kit, Illumina, Inc., San Diego, CA, USA) following the 

manufacturer’s protocol, except that a ratio of bead to product volume of 0.9:1 was 

used.  The size of the clean products was determined on a Bioanalyzer DNA 1000 chip 

(Agilent Technologies, Santa Clara, CA, USA) and quantified with a Qubit (1.0) 

fluorometer (Agilent) and qPCR using the NEBNext Library Quant Kit for Illumina (New 

England Biolabs, Inc., Ipswich, MA, USA), following manufacturer’s instructions. Based 
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on qPCR and bioanalyzer quantitation results, an equimolar amount of the sample pool 

for each primer set was added to a final pool combining the product from all three 

primer sets. This final pool was diluted with molecular grade water to 4nM for paired-

end sequencing on an Illumina MiSeq at the Griffith University DNA Sequencing Facility, 

Brisbane, Australia following the manufacturer’s protocols (Illumina, Inc., San Diego, CA, 

USA).  

4.3.3  Bioinformatics Methods  
Sequence reads were demultiplexed by sample using the MiSeq native bcl2fastq2 

command. Reads were merged using PEAR v0.9.10 (Zhang et al., 2013), then quality 

filtered, dereplicated, checked for chimeras and clustered at 97% using UPARSE version 

8.0.1623 (Edgar, 2013). Taxonomic assignment was performed using a naïve Bayesian 

classifier (Wang et al., 2007) against a custom database. The latter database was 

constructed by in silico PCR (Bellemain et al., 2010, Ficetola et al., 2010) using the 

primers from the present study (Table 4.1) to amplify homologous DNA regions from 

the NCBI nt database (accessed June 2016) allowing up to three base pair mismatches 

per primer.   

Table 4.1: List of primer names, associated sequences, melting temperatures used for 
study, mean length of target region plus primers when aligned with various reference 
genomes for fishes from GenBank (NCBI), and  references for two primers sets taken 
from the literature 

Primer 
Name Primer Sequence Tm (°C) 

Mean 
length 
(bp)  

Reference 

Teleo_F ACACCGCCCGTCACTCT 
55 101 (Valentini et 

al., 2016) Teleo_R CTTCCGGTACACTTACCATG 
     
MiFish_F GTCGGTAAAACTCGTGCCAGC 

66 220 (Miya et al., 
2015) MiFish_R CATAGTGGGGTATCTAATCCCAGTTTG 

     
Ostei12S_F GGATTAGATACCCCACTATG 

55 104 This study Ostei12S_R GYCAAGTCCTTTGGGTTT 
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4.3.4  Species distribution modeling 
Species distribution models developed by Rose et al. (2016) were used to predict 

the probability of occurrence for different genera at each sampling location, based on 

their environmental characteristics.  Predictions were derived from an ensemble of five 

commonly used single-species models fitted using the BIOMOD package (Thuiller et al., 

2009) in R (version 2.1.3, Foundation for Statistical Computing: Vienna, Austria). The 

models used were: generalized linear models (GLM), random forest (RF), boosted 

regression trees (GBM), artificial neural networks (ANN) and multivariate adaptive 

regression splines (MARS). Parameter settings used for each model were the default in 

the BIOMOD package. Models were trained and validated using fish assemblage data 

collected from 128 least disturbed sites (mean stream length of 98m) in coastal rivers of 

sub-tropical eastern Australia extending from the Mary River Basin in south-eastern 

Queensland, to the Clarence River Basin in north-eastern New South Wales. Sites were 

sampled in the post-wet season (autumn/winter) of 2013 using a standardized single 

pass backpack electrofishing protocol, which yields reliable estimates of species 

presence-absence at each site. Fish catch data were converted to species presence-

absence, and alien and estuarine vagrant species were removed prior to analyses. 

Species occurring at only one site in the training dataset were also removed, as these 

could not be modelled accurately. The final training dataset consisted of 25 native fish 

species from 19 genera.  Twenty minimally-redundant environmental variables 

describing climate, catchment topography, geology and runoff characteristics were used 

as candidate predictor variables in the models.  Models were trained using 80% of the 

dataset (n=103 sites) and k-fold cross-validated (k = 5) using the remaining 20% (n=25 

sites). This process was repeated 10 times for each modeling algorithm, using a 

randomized 80/20% allocation of sites each time, resulting in 50 candidate models per 

species for ensemble modeling. Only cross-validated models were retained for the 
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ensemble model, that is, the full model was not considered. The true skill statistic (TSS) 

was used as the criterion for model retention (Allouche et al., 2006). Models were 

retained if the TSS>0.8, except where no candidate models met this criterion, in which 

case, TSS> 0.7 was used. The retained models were combined into a single ensemble 

model for each species by calculating the arithmetic mean of prediction probabilities. 

This method was used as it has been shown to provide more robust predictions than 

single models and most other consensus techniques (Marmion et al., 2009). The 

ensemble models were shown by Rose et al. (2016) to be more accurate and precise 

than other modeling methods. The ensemble models were used to predict the 

probability of occurrence of each species at each of the eight locations sampled for 

eDNA based on their environmental characteristics. The predicted probability of 

occurrence of each genus at each location was estimated simply as the maximum of the 

individual species’ prediction probabilities within each respective genus. The model 

results were used to help determine plausibility of eDNA metabarcoding results for taxa 

not detected by seining.  

4.3.5 Data analysis 
Several samples produced insufficient read counts or quality of reads and 

were withheld from further analysis. Rarefaction of datasets was conducted, 

following the findings of Deagle et al. (2018). Rarefaction addresses the issue that the 

higher the number of sequences sampled, the higher the number of OTUs that will be 

identified; therefore it enables calculation of richness relative to the number of 

sequences sampled. This is done by randomly re-sampling a portion of sequences 

from a large pool many times and calculating the average richness (Heck et al., 1975). 

For hypothesis 1 (multiple clade-specific primers will overcome sequencing drop-out 

and amplification biases), analysis was done at the genus level primarily because the 

reference database was not detailed enough at the species level and lacked 
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representation of many Australian freshwater fish species. Also, the short fragments 

of DNA length targeted for eDNA metabarcoding do not always have species-level 

resolution. For hypothesis 2 (PCR and sequencing biases occur equally across 

samples), OTUs were used for analysis, therefore the incomplete database was not an 

issue.  

The first hypothesis, that the use of multiple universal primers will overcome 

drop-out from sequencing and amplification biases to provide more accurate taxon 

composition estimates, was tested. A comparison among the number of unique OTUs 

and genera identified by each primer set on its own was made. The results from each 

primer set were also compared to the total number of OTUs and genera identified 

when results from all primer sets were combined. To calculate genus-level richness 

for each marker, sequences that could only be assigned down to the order or family 

level were counted once and scored as a single genus to present the most 

conservative results. Therefore, genus-level richness data presented in this study 

represent minimum estimates, and may underestimate the total number of genera.  

To determine the plausibility of metabarcoding results, these taxon composition 

estimates were compared to alternative sources of composition data: seining 

observations, species distribution modeling, and a reference list of fishes known to 

occur in the Mary River catchment based on occurrence data reported in a large 

number of studies using a variety of conventional sampling methods (Pusey et al., 

2004).   

The second hypothesis, that primer biases occur equally across each water 

sample, predicts beta diversity will be consistent among primer sets. It should 

demonstrate that all primer sets concordantly index diversity across samples. This 

hypothesis was tested by comparing between-sample diversity estimates (Table 4.2) 
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produced by each primer set with Mantel tests (Table 4.3) and heat-mapping (Figure 

4.2). For the Mantel tests two matrices were produced for each primer set: (1) Using a 

Bray-Curtis index on the sample raw reads x taxon data, and (2) using a Jaccard’s index 

based on presence-absence of taxon. Dissimilarity matrices were compared using 

Mantel tests based on Pearson's product-moment correlation with 999 permutations in 

the software R version 3.3.1 (R Core Team, 2016) with the package vegan (Oksanen et 

al., 2013). For the heatmap the proportion of reads (%) for each marker that were 

assigned to specific orders, families and genera were compared (Figure 4.2). Cluster 

dendrograms (UPARSE in the UCLUST package (Edgar, 2013)) were constructed using a 

Bray-Curtis distance matrix. This was then used to test whether taxon composition 

estimated for each site, based on the proportion of reads for each of the three markers, 

were grouped by sample (Figure 4.2).  Several samples were left out of analysis because 

of an insufficient number or quality of reads.  

4.4 Results 

The number of OTUs identified using each marker in rarefied datasets at a 

97% clustering threshold was 71, 24, and 35 for the Teleo, Ostei12S, and MiFish 

markers respectively (Table 4.2). The Teleo primers showed minor variation in OTU 

count at higher clustering thresholds, but this number declined sharply at a 95% 

threshold. The Teleo markers produced the highest number of OTUs across all 

clustering thresholds. The Ostei12S markers produced the most consistent number of 

OTUs at different clustering thresholds. The number of OTUs produced by the MiFish 

primers declined gradually along with a decreasing clustering threshold. The total 

number of genera identified by each marker in rarefied datasets was at least 12, 10, 

and 8 for the Teleo, Ostei12S, and MiFish primers respectively (Table 4.2) for all sites 

combined. In the case of results that could be assigned to the genus level, at least 15 
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unique genera were correctly identified by all three markers, across all sites (Figure 

4.2). 

Table 4.2: The number of OTUs produced and genera identified in rarefied datasets 
from eDNA metabarcoding with three universal fish markers; summed across all 
sites, at a 97% clustering threshold. Orders or families that could not be assigned to 
the genus level are counted once, and scored as a single genus. Counts only include 
taxa with a proportion of sequence reads ≥5%.  

Primer 
Set 

OTU 
Count 

Genus 
Richness 

Teleo 71 12 

Ostei12S 24 10 

MiFish 35 8 

 

A dendrogram indicated that taxon composition and diversity estimates did 

not group either by sample, or by the three sets of markers (Figure 4.2). For example, 

the dendrogram clustered five samples (M01A, M02B, M03A, M03B, and M04A) in 

which a high proportion of reads from all three markers were assigned to 

Hypseleotris. However, for sample M03A, only the Hypseleotris sequences detected by 

the MiFish markers were included in this cluster. The Teleo primer set did not detect 

the presence of Hypseleotris in sample M03A. This genus was detected in sample 

M03A by the Ostei12S markers, but these reads were clustered separately in the 

dendrogram. This distinct cluster of three samples covered at least six genera, but 

only contained reads from the Ostei12S primers. Across all samples and primer sets, 

two genera (Hypseleotris and Nematalosa) were identified in a higher proportion of 

reads than any others. 
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Figure 4.2: Taxon composition for assigned sequences in each sample based on eDNA 
metabarcoding with three generic fish markers (Sample ID’s indicate site location 
with underscore to indicate primer name, with 12s= Ostei12s, Mif = MiFish, and Tel = 
Teleo). Green shading intensity shows relative proportion of total reads assigned to 
each taxon by each marker. To help visualization of less abundant taxa the 
proportions have been square root transformed (note non-linear scale). Dendrogram 
is based on average clustering of a Bray-Curtis dissimilarity matrix derived from the 
proportion of fish genera amplified at each site. Color bar in first row shows primer 
identity (black = Teleo, red = Ostei12S, blue = MiFish). Asterisks on the dendrogram 
are at the nodes of clusters that are statistically more supported than chance (alpha = 
95%, SIMPROF). Note that sequence libraries do not cluster by primer set, which 
would be predicted if primer biases fully determined composition. However, samples 
do not cluster by the eDNA extract that they were amplified from, which would be 
predicted if there were no primer biases or sequencing artifacts. Instead, while the 
composition of DNA sequences does supervene on the true assemblage, and therefore 
represents it, it represents it somewhat stochastically. 

 

Mantel tests showed positive, though mostly weak, correlations between 

dissimilarity matrices produced using the different markers, both within and among 

sampling sites. Pearson’s r values ranged from a minimum of 0.137 (Teleo x MiFish with 

Bray-Curtis) (Table 4.3a.) to a maximum of 0.782 (Teleo x Ostei12S with Jaccard’s) 

(Table 4.3b.). The best correlations were between the Teleo and Osteo12s markers 
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using Jaccard’s Index (p =0.001) (Table 4.3b). All correlations with the MiFish markers 

were poor (all <0.423) (Table 4.3). 

Table 4.3: Mantel test statistics  

4.3a. Pearson’s correlation coefficients comparing Bray-Curtis indices on raw data, with 
rarefication at 2500-reads, and excluding OTUs that were unidentified (support <0.5 for 
matches with GenBank references). 

 Pearson’s r 
Ostei12S Teleo 

Teleo 0.655  

MiFish 0.167 0.137 
 

4.3b. Pearson’s correlation coefficients comparing Jaccard’s indices, with rarefication at 
2500-read depth, and excluding OTUs with support <0.5 for matches with GenBank 
references. The only significant correlation for all Mantel tests was found for 
comparison of matrices for the Teleo and Ostei12S primers under the above-mentioned 
filtering protocols (*p = 0.001). 

 Pearson’s r 
Ostei12S Teleo 

Teleo 0.782*  

MiFish 0.337 0.423 
 

 

Estimates of generic composition based on eDNA analysis, seining data, and 

probability of occurrence from species distribution modeling showed varying levels 

of agreement across all sites (Figure 4.3). Eight genera in total were collected with 

seining. On their own, 50%, 37.5%, and 37.5% of these genera were identified by the 

Teleo, Ostei12S, and MiFish primer sets, respectively. In tandem, these markers 

identified 62.6% of genera observed with seining, failing to identify three (Ambassis, 

Craterocephalus, and Oreochromis). For genera included in species distribution 

modeling, 11 were predicted to be “highly likely” to occur in the sampling area 

(associated with an occurrence probability ≥0.6) (Figure 4.3)  On their own, 27.3%, 
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36.4%, and 36.4% of these genera were detected by the Teleo, Ostei12S, and MiFish 

primer sets, respectively. The combined results from all markers identified 54.5% of 

genera with high probability of occurrence. One genus of gudgeon (Kimberleyeleotris) 

that was detected by metabarcoding is not known to occur in the sampling area.  

Different sources of taxonomic composition (assemblage) data showed high 

agreement for some genera, but returned inconsistent results for others (Figure 4.3). 

Results were congruent for the gudgeon genus Hypseleotris, the blue-eye 

Pseudomugil, the smelt Retropinna, and genera in the Rainbowfish family 

(Melanotaeniidae). The rainbowfish genus Melanotaenia is known to occur in the 

Mary River (Pusey et al., 2004), was identified with eDNA, observed with seining, and 

models suggested that they are likely to have high probability of occurrence. The 

rainbowfish Rhadinocentrus was neither detected with eDNA methods nor seining, 

and had a low occurrence probability. Some genera of gudgeon (Mogurnda) and eel 

(Anguilla) were not observed with seining; yet they are known to occur in the river 

(Pusey et al., 2004), were identified with eDNA methods, and models suggested that 

they likely have high occurrence probabilities. Sources of taxonomic composition 

data were inconsistent for the grunter genus Leiopotherapon and mullet genus Mugil. 

While these genera were identified with metabarcoding and are known to occur in 

the river; the probability of occurrence was “moderate” (0.3 < p ≤0.5) and they were 

not detected by seining. Mary River cod (Maccullochella mariensis), platy 

(Xiphophorus maculatus), an unknown genus of catfish (Order Siluriformes), and 

Australian lungfish were identified in eDNA results, but not detected with seining or 

predicted to occur (Figure 3). In contrast, the siluriforme genus of Tandanus was 

predicted to occur with high probability of occurrence, but was not identified with 

eDNA. The genus Oreochromis was detected with seining, but not by any of the 
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generic fish markers in sequencing results. This indicates either a failure of the 

primers to amplify this genus or dropout of the genus in sequencing.  

 

Figure 4.3: Comparison of taxon composition estimates at four sampling sites produced by 
all three generic primers with eDNA metabarcoding (1-4.x), conventional sampling (1-4.S), 
and species distribution modeling (1-4.M). Color key indicates probability of occurrence for 
modeling results, with 100% probability shading for metabarcoding and seining results 
where taxa IDs were certain, and buff shading where taxa were not detected or observed. 

4.5 Discussion 
The findings of this study are relevant to current trends in aquatic research 

and conservation. A recent review found that 46% of twenty-eight publications using 

eDNA to study occupancy in aquatic ecosystems included fish (Roussel et al., 2015). 
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Metabarcoding studies that use universal primers to assess taxonomic composition 

have mostly been conducted in the field of bacterial ecology (Bryant et al., 2012), and 

more recently and to a much lesser extent used to assess the diversity of fungi 

(Tedersoo et al., 2014), protists (Pawlowski et al., 2014), and plants (Pedersen et al., 

2013). Several recent publications that used eDNA to detect taxa have also used it to 

estimate richness and diversity of aquatic macroorganisms (Valentini et al., 2016, 

Olds et al., 2016), and the number of such studies and recommendations for 

procedures is rapidly growing (Rees et al., 2014, Evans and Lamberti, 2018) 

The broad goal of this study was to understand how reliably eDNA sequencing 

with different generic fish primer sets can represent true composition, richness and 

beta diversity. If the generic markers all returned similar results (as anticipated given 

the expectation of primer bias being equally applied across samples), then abundance 

of reads assigned to a genera should have been clustered by water sample. This was 

not the case. The results showed there was no discernible clustering of results by 

water samples (Figure 4.2). The clusters which were apparent were not grouped by 

the three primer sets either (Figure 4.2), which would be expected if the markers 

were giving completely divergent results. These findings indicate that there are PCR 

biases and that different primer sets have different biases; therefore, the choice of 

"universal" marker influences richness and diversity estimates and biases do not 

occur equally across samples. It is possible that the potential for variability 

throughout the molecular workflow could influence results. For example, when 

quantities as small as 1µL of eDNA extract are added to PCR reactions, there could be 

a small variation in the quantity of molecules added to each tube. Using the same 

pipette to set up all PCR reactions will reduce the potential for this type of variability.  
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Metabarcoding is increasingly being applied in a conservation context, and the 

results reported as beta diversity indices (Chain et al., 2016, Evans et al., 2016). If 

molecular data are used to inform management, conservation, and development 

decisions, the ability to quantify any bias is essential for predicting the effectiveness 

of policies based on them. For areas lacking baseline data or where survey with 

conventional methods is problematic, the current limitations of molecular methods 

are likely outweighed by the conservation benefits of extracting data from 

inaccessible and unexplored habitats. 

4.5.1 Hypothesis 1: Use of multiple universal primer sets will provide more accurate 
richness estimates  

Higher and more accurate richness estimates were obtained by using multiple 

sets of universal fish primers than by using a single marker alone.  The Teleo primers 

produced the highest genus richness estimates, indicating that they amplified a 

higher number of unique sequences; yet it is unclear whether these sequences all 

represent true species. The high number of unique sequences could be the result of 

PCR artifacts, or the species these sequences come from may not be well-represented 

in the GenBank reference database. Taxa collected via seine-netting validated most of 

the eDNA detections. As some genera are not vulnerable to capture by seine-netting, 

species distribution modeling and the reference list of species known to occur in the 

river is useful for determining levels of confidence in eDNA detections of taxa not 

observed with seining.  

Overall, at the genus and species levels, the use of multiple primer sets helped 

fill gaps in taxon composition estimates produced by a single marker alone. 

Taxonomic coverage and depth varied among primer sets, but there were several 

families (Ambassidae, Atherinidae, Cichlidae, Hemiramphidae, and Retropinnidae) 

that were not detected by any of the markers after quality filtering, though several 



70 
 

species from these families are known to occur in the river. The Teleo primers were 

the only markers that did not identify either of the species of Anguilla that are known 

to occur in the river, but were also the only markers to accurately detect Pseudomugil 

signifier and Glossamia aprion. Anguillidae is highly divergent from many other 

families of bony fishes. This fact complicates the design of a single universal set of 

markers that can efficiently amplify this family simultaneously with more recently 

evolved families. Eels typically have low susceptibility to capture by seines, but 

modeling results indicate moderate confidence in the metabarcoding detections of 

Anguilla. 

The use of multiple primer sets increased the potential for metabarcoding to 

detect the same taxa observed with seine netting. Metabarcoding detected at least 

eight more genera than seine netting. The likely presence of these genera was 

confirmed with species distribution modeling, and a reference list of fish species 

occurrence from data reported in a large number of studies using a variety of 

conventional sampling methods (Pusey et al., 2004). The Ostei12S and Teleo primers 

identified the same number of incorrect species (according to Pusey et al. 2004), but 

the erroneous species they amplified were different except for one. Leiopotherapon 

plumbeus was incorrectly identified; though Leiopotherapon unicolor is known to 

occur in the Mary River. Initially, some sequences were assigned to several non-fish 

vertebrates (Orders: Anseriformes, Anura, Bovidae, Chiroptera, Monotremata, 

Phyllodactylidae, Primates, Squaliformes, and Testudinidae), though filtering 

removed them prior to final analysis. The primer sets amplified different non-fish 

taxa except for Bovidae, which was amplified by both MiFish and Ostei12S.  

Primers that will accurately resolve to the species level for sympatric species 

are difficult to design for the short fragments typical of eDNA, when attempting to 
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target numerous species from multiple taxonomic orders. Traditional barcodes are 

usually not suitable because of their length (Hajibabaei et al., 2006). Some studies 

address this problem, and PCR bias in general, by using multiple primers that are 

species-specific (Wilcox et al., 2013, Fukumoto et al., 2015) or several clade-specific 

primers in tandem (Evans et al., 2016, Olds et al., 2016). If taxonomic analysis is 

required, richness estimates based on metabarcoding are limited by the availability 

of reference sequences. Reference sequences for genomic regions appropriate for 

eDNA analyses are currently not publicly available for many fishes.  Increased 

investment in this resource and the taxonomic expertise required to obtain it is 

warranted, given the rapid uptake of molecular survey methods. The results of this 

study show that it is best to use several generic markers simultaneously.   

4.5.2 Hypothesis 2: Biases occur equally across samples; therefore beta diversity will be 
consistent among primer sets  

This hypothesis was assessed by converting the samples to beta diversity 

matrices and evaluating whether the same samples always cluster together, 

regardless of primer choice. After comparing the diversity matrices with Mantel tests, 

it was found that this was not the case and results showed that primer choice 

influenced results. While the interpretation of metabarcoding results is influenced by 

the algorithms and methods used for bioinformatics and analyses (Bachy et al., 2013, 

Flynn et al., 2015), it is unlikely that the variation found in results from this chapter is 

due to bioinformatic analyses in this case. Initial results showed surprisingly high 

variation in between-sample diversity estimates among the three markers, which 

could be caused by uneven or low sequencing depths (Smith and Peay, 2014). The 

final results presented here support the interpretation that each generic fish marker 

produced biased estimates of fish richness. 
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 The large dissimilarity in taxonomic composition shown between samples 

(Figure 4.2) that was found using three group-specific fish primer sets can be 

attributed to several factors. Possible causes include environmental variation at 

sampling sites, bias from molecular workflows, differences in the target lengths of 

markers, preferential amplification by primers, and threshold selection for 

bioinformatics analysis. One explanation could be that the Ostei12S primers were 

designed to amplify Australian lungfish (class Sarcopterygii) along with other bony 

fishes, while the Teleo primers were designed for an infraclass (Teleostei) of 

Actinopterygii.  Frogs and other tetrapods evolved from Sarcopterygii, while the 

largest group of bony fishes diverged from Actinopterygii. Despite this, in silico 

validation showed that the Teleo markers did align with Australian lungfish reference 

genomes downloaded from GenBank (barring one G/A mismatch in reverse end 

primer), so genetic divergence and associated efficacy of marker is likely not the 

cause of observed variation. The inconsistency in diversity estimates produced 

between the Teleo and Ostei12S primers may be the result of PCR artifacts.  

When samples include a complex mixture of templates from many species, and 

generic markers are used to amplify specific genes simultaneously, it is known that 

certain templates may be stochastically underamplified (Polz and Cavanaugh, 1998). 

A large number of PCR cycles can exacerbate this problem of stochasticity. In the 

present study a large number of PCR cycles (50 total) were used for amplification and 

library building; however, this is the same number used in the study where the Teleo 

primers were originally published (Valentini et al., 2016). Additionally, a large 

number of cycles is typical for analysis of degraded and ancient DNA samples 

(Taberlet et al., 1996, Hofreiter et al., 2001). The analysis presented here showed the 

highest proportion of reads from the MiFish primer set were assigned to Hypseleotris 
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(77.97%), which could indicate preferential amplification of members of this genus. 

Compared to the Ostei12S reads, a relatively high proportion of sequences from the 

Teleo and MiFish markers were assigned to Nematalosa. This supports the 

interpretation that markers are biased towards different taxa, despite systematic 

attempts to design primers that amplify all bony fishes.   

The dendrogram (Figure 4.2) indicated a higher dissimilarity in results 

produced by the MiFish primers than the dissimilarity between results from the 

Teleo and Ostei12S markers. This higher dissimilarity may be attributed to the fact 

that the MiFish primers target a longer fragment (172bp) than the Teleo (64bp) or 

Ostei12S (66bp) primers. DNA typically degrades quickly in water after being shed, 

but degradation rates vary substantially depending on environmental factors 

(Strickler et al., 2015). Because the MiFish primers target longer fragments of eDNA, 

these results could be skewed towards preferential detection of higher-quality 

molecules. Moreover, eDNA shedding and degradation rates are variable among 

species (Evans et al., 2016) and life-stages (Maruyama et al., 2014). A marker which 

targets a longer fragment may preferentially amplify taxa that were present more 

recently, present in higher densities, or that shed DNA at higher rates.  

4.5.3 Conservation Implications 

The results of this chapter showed that when multiple universal fish markers 

were used, a higher level of generic richness was detected, and a higher level of 

richness was detected with a combination of molecular and conventional methods. 

The results indicate that the choice of "universal" marker is likely to skew richness 

and diversity estimates. If the goal of an eDNA metabarcoding study is to accurately 

assess differences in diversity among samples, the use of a single universal marker 

may not be sufficient. Beta diversity indices are a ubiquitous measure of biodiversity 
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used in eDNA studies, yet the results presented here and elsewhere indicate that beta 

diversity indices based on metabarcoding are likely to be skewed (Dickie, 2010, 

Deagle et al., 2013, Ficetola et al., 2015). The use of multiple primer sets, control 

datasets, in silico PCR, and/or occupancy models to quantify detection probabilities 

and inform study design from the first stages is highly advisable. Sequencing depth 

may have greater influence on the sensitivity of eDNA metabarcoding results than the 

number of PCR replicates (Smith and Peay, 2014). For any random water sample, the 

eDNA of rare species is likely to be present in low concentrations relative to 

abundant taxa. With low or uneven sequencing depths, the amplicons from species 

that are present in low density may not be detected. Quantifying the accuracy and 

sensitivity of a sampling method is a prerequisite for determining appropriate levels 

of confidence in interpretation of results.  If diversity indices based on eDNA 

metabarcoding are used for conservation planning, resource management, or 

infrastructure development decisions (i.e. location of impoundments), the level of 

confidence in these data will influence the outcomes of cost-benefit analyses. It is 

recommended that data be interpreted in a format that is relevant for policy-makers. 

Appendix 3 of this chapter provides an example of how these data can be presented 

in a format that is relevant and accessible for policy and management contexts.  

For comprehensive aquatic biodiversity assessment using conventional 

methods, it is often necessary to use multiple sampling gear types. This is the case for 

large tropical rivers with high species diversity and heterogeneous habitat. These 

systems arguably have the greatest need for surveys, as currently available diversity 

and distribution data are typically limited (Dudgeon, 2000, Winemiller et al., 2016). 

For many regions, this is due to the logistical challenges encountered when sampling 

with conventional methods (Bellemain et al., 2016). Tropical rivers are increasingly 
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subject to infrastructure development and resource extraction for human uses 

(Dudgeon, 2000, Winemiller et al., 2016), which are likely to cause major shifts in 

species diversity (Sodhi et al., 2010). The majority of diversity data for such systems 

come from fishery-dependent catch surveys, fisher interviews, and fisher logbooks 

(Silvano et al., 2008, de Graaf et al., 2011). While these data are particularly useful, 

they are not likely to represent true species diversity. Fishers often use selective 

gears and avoid reporting capture of rare or threatened species. For this study, 

discrepancy in the number of taxa detected with eDNA metabarcoding compared to 

seining is expected, given the selective nature of seine nets. Electrofishing is 

considered the most sensitive conventional sampling method, and when used with a 

multiple-pass sampling methodology has been shown to accurately assess species 

composition and abundance in systems with moderate diversity (Kennard et al., 

2006). The primary benefits of eDNA sampling over electrofishing include its ease of 

application in habitats unsuitable for electrofishing, its non-destructive nature, 

potentially higher detection probabilities, reduced need for taxonomic expertise, and 

lower cost (Evans et al., 2017b). However, in many cases application of conventional 

survey methods like electrofishing can provide a more comprehensive ecological 

perspective than eDNA methods currently are able to on their own. No single 

sampling method can overcome the challenge of false-negative detections for rare 

species, but guidance for quantifying eDNA detection probabilities is accumulating in 

the literature (Schmidt et al., 2013, Ficetola et al., 2015, Hunter et al., 2017). 

Conservation is often the ultimate goal of biodiversity assessment, and the 

priority species for conservation interventions are typically present at low densities. 

It is important to recognize that eDNA metabarcoding may not detect rare species at 

the same rates as highly abundant species, and a single universal primer is unlikely to 



76 
 

provide comprehensive biodiversity data. At this stage, eDNA metabarcoding data are 

likely unsuitable for abundance-based estimates of diversity, and are more 

appropriate for presence-absence based measures of diversity such as richness 

(Roussel et al., 2015). Despite current limitations, the vast data that are being made 

accessible by eDNA metabarcoding represent a step change for aquatic species 

research, and are of especially high value for conservation planning. Conservation 

efforts have a higher probability of success with increased spatiotemporal resolution 

of diversity data. eDNA methods can provide such data when applied appropriately. 

4.6 Conclusions  

Despite rapid growth in popularity, the choice to apply eDNA metabarcoding 

should be informed by the unique characteristics of the study system, species, and 

questions being addressed. The concept of a single, comprehensive, and rapid aquatic 

diversity survey approach is tempting, but results presented here indicate that eDNA 

metabarcoding using a single “universal” fish marker does not provide complete 

richness or accurate β diversity estimates. This study highlights the benefits of 

metabarcoding as a complement to conventional sampling and species distribution 

modeling, while emphasizing the importance of thoroughly assessing the influence of 

molecular markers on results. This conclusion is supported by the findings of other 

studies, which showed that PCR efficiency is highly species-specific (Polz and 

Cavanaugh, 1998, Elbrecht and Leese, 2015). To quantify PCR bias, concurrent 

sequencing of control data sets (a mixture of templates in known quantities, 

extracted from sources with verified taxonomy) along with eDNA samples is 

recommended (Sommeria-Klein et al., 2016). The results of this study add further 

support to such a recommendation.  Given the relatively high decline of freshwater 

species compared to terrestrial taxa (Ricciardi and Rasmussen, 1999) and broad loss 
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of the planet’s freshwater biodiversity (Dudgeon et al., 2006), the application of 

molecular tools should not be postponed because of existing limitations. However, 

further work is needed to assess limitations, and a thorough review of limitations 

should be included in the design and reporting of research.  

 

Animal Ethics Statement:  
No animals were collected for this study. All species presence data gathered by seine-

netting was collected for a separate study. The Griffith University Animal Ethics 

Committee approval number from for the separate study is ENV/12/14/AEC. 
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CHAPTER 5: LOCATION OF WATER SAMPLING POINT WITHIN A RIVER 
CHANNEL INFLUENCES EDNA METABARCODING RESULTS: THE 
CHALLENGE OF RELIABLY SAMPLING EDNA FROM RIVERS 
 

5.1 Summary  

Published studies using Environmental DNA (eDNA) methods in rivers typically 

utilize samples that are collected at the river bank, and the type of hydraulic unit (i.e. 

riffle, run, or pool) sampled is rarely reported. In addition, such studies implicitly 

presume that a water sample collected from the bank at any time of day will contain the 

same eDNA composition and quantities. However, given the heterogeneous nature of 

rivers and variation in water velocity, temperature, and UV light exposure, this 

assumption must be tested. Water velocity influences the transport distance, 

resuspension, and concentration of eDNA in rivers. This is the first example of a study 

that compared samples collected at the river bank with samples collected in other 

portions of the channel, and compares results among hydraulic unit types.  

The following study tests the assumption that samples collected at the river bank 

are representative of eDNA from the river. To do this, replicate sampling was performed 

at two additional points across the river channel. Additionally, the influence of the time 

of sample collection and the hydraulic unit type was tested by collecting samples in a 

pool and in a riffle immediately downstream. A cross-section survey was conducted 

using Acoustic Doppler Velocimetry (ADV) to measure the velocity at different depths 

and produce isovel profiles. Surface water samples were collected in triplicate for each 

sampling location along transects, three times within a single day. eDNA was amplified 

with PCR using both a universal bony fish primer “Teleo” (Valentini et al., 2016) and a 

universal 18S eukaryote primer (Jarman et al., 2013), and subjected to high-throughput 

sequencing.  
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The results of this study showed that water velocity varied substantially both at the 

surface and at different depths within a full cross-section. Within each transect there 

was a high degree of variation in the number of OTUs identified among sampling points 

based on eDNA metabarcoding results. Comparisons between different hydraulic units 

(pool and riffle) also showed variability in results. Findings indicate that there is a high 

degree of variation in samples collected in relatively close proximity to one another and, 

for eukaryotes, this variation was significantly related to complex interactions between 

time of sampling, proximity to river bank, and hydraulic unit type. Results using fish 

primers also appeared idiosyncratic, but were not found to be significantly related to 

environmental factors tested. These findings have important implications for eDNA 

metabarcoding studies which aim to assess taxa richness or assemblage for a given river 

reach. A number of samples taken from different points within the sampling unit are 

likely required for accurate assessments. Further work is required to test appropriate 

sampling stratification along ecologically relevant environmental gradients in rivers.  

The supposed advantages of eDNA methods over conventional methods include 

increased sensitivity and ability to gain information on species composition or presence 

without a priori knowledge of such information. Studies which rely on both 

conventional methods and eDNA are typically aimed at validating eDNA results. For the 

method to achieve its potential utility through broad applications, the reliability of 

results without validation from conventional sampling needs to be tested. There is great 

conservation potential for application of the methods, especially for environments with 

high diversity, high number of threatened species, and with little prior knowledge of 

distributions, such as large tropical rivers in developing countries or geographically 

isolated regions. However, very limited work using eDNA has been conducted in such 

environments. Further work is needed to understand how the heterogeneity of rivers 
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influences the potential to collect representative water samples, especially in natural 

environments and warmer climates.  

5.2 Introduction  

Environmental DNA (eDNA) methods are increasingly being applied for research 

and management in aquatic ecosystems (Rees et al., 2014, Stein et al., 2014, Roussel et 

al., 2015, Thomsen and Willerslev, 2015). The potential for improved conservation 

outcomes from such data is high; however, more work is needed to establish best 

practices for sampling in a variety of environments. Rivers are challenging 

environments to sample for eDNA. Accurate determination of detection probabilities 

and interpretation of results are complicated by the constant flows and high 

longitudinal and latitudinal variation in environmental conditions. These factors likely 

influence the transport, retention, and degradation rates of eDNA (Barnes and Turner, 

2015, Jerde et al., 2016, Shogren et al., 2017). Water samples for eDNA analysis are 

typically collected from the surface near the river bank at a single time and point 

location (Laramie et al., 2015). However, this information and the type of hydraulic unit 

(i.e. pool, riffle, or run) are not reported in most publications. The above sampling 

strategy implicitly presumes that eDNA is homogenized in the river channel and that a 

single point location will contain eDNA concentrations and mixtures that are 

representative of the eDNA of all organisms present at the site and some distance 

upstream. Given knowledge of organic particle transport from other well-established 

fields, such as water quality monitoring and hydrogeomorphology (Newbold et al., 

2005, Aubeneau et al., 2014), this assumption is likely flawed.  

eDNA can degrade rapidly in water once shed, with an estimated half-life of ~6 

hours under certain conditions (Barnes et al., 2014). UV light is highly influential in the 

degradation of DNA. UV light penetration varies across a river channel and throughout 
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the day (Pilliod et al., 2014). In addition, river discharge levels have been shown to 

influence eDNA detection probabilities (Shogren et al., 2017). The depth of sample 

collection may also influence results (i.e. surface vs. bottom vs. water column) 

(Bellemain et al., 2016, Lacoursière-Roussel et al., 2016a). Water velocity could also 

influence detection by controlling residence time of water and associated eDNA 

accumulation rates (Pilliod et al., 2014). Water velocity is known to vary within a cross-

section and among hydraulic units. Given the dynamic nature of rivers, it seems likely 

that the time or point location of sample collection will influence eDNA metabarcoding 

results. Little work has been done to test the influence of sampling location in rivers on 

results (Barnes and Turner, 2015). The current understanding of eDNA methodologies 

for rivers is primarily based on studies conducted in controlled experiments or small 

temperate rivers in the European Union and United States. Relatively little work has 

been done to test and adapt these methods for larger rivers in warmer climates (but see 

Robson et al. (2016) for tests of filters with large pore size for use in turbid  tropical 

waters). 

The current study tests the influence of sampling location and collection time within 

a river channel on eDNA metabarcoding results for a subtropical river. The inquiry 

presented here furthers the understanding of whether a sample collected at a single 

time and point location will be representative of the full suite of eDNA present at a site. 

This study seeks to expand the current knowledge of best practices for eDNA sample 

collection, by testing the molecular technique in a subtropical river. This work advances 

current knowledge by comparing results from replicate surface water samples collected 

at three different times of day, from several points along a cross-section and from two 

different hydraulic unit types. The findings can be used to improve future eDNA studies, 

by furthering our understanding of the influence of local conditions of rivers on 
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detection probabilities and metabarcoding results.  The results can be used to improve 

field sampling strategies, and to inform methodologies that provide more 

representative samples from field collections. Primer design, amplification (PCR), and 

sequencing are known to introduce bias that may influence richness and beta diversity 

estimates from eDNA metabarcoding data (Smith and Peay, 2014). Two primer sets, 

that both amplify a broad range of taxa, were used in this study: the Teleo primers 

(Valentini et al., 2016) which are designed to amplify bony fish, and the universal 

eukaryote primers for the 18S mitochondrial region (Jarman et al., 2013). The work 

presented here tested three hypotheses: 1) the point location of sampling along the 

surface of a cross-section will influence richness or assemblage estimates, 2) the 

hydraulic unit type has an impact on richness or assemblage estimates, and 3) the time 

of sample collection has an impact on richness or assemblage estimates.  

5.3 Methods 

5.3.1 Field Sampling  

Samples were collected in the Brisbane River, southeast Queensland, Australia 

(Figure 5.1a) over one day (29 February 2016). Cross-sections of two sequential 

hydraulic units, one pool and one riffle, were sampled (Figure 5.1b). 

5.3.2 Site Survey 

Cross-sections of the pool and riffle habitats were surveyed using a Sokkia CX5 

Total Station set to an arbitrary datum of 100 meters. The true (when facing 

downstream) left edge of water (LEW) and right edge of water (REW) were surveyed 

and a tape was stretched across the channel so that subsequent velocity measurements 

could be spatially located relative to the surveyed cross section.  Using a SonTek  
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Flowtracker Handheld ADV, velocity profiles were measured at stations spaced at no 

less than 1/20 the wetted width of the river.   

 

Figure 5.1:  (a) Sampling location (star) within Brisbane River catchment, southeast 
Queensland, Australia; and (b) Cross-section locations for the pool (yellow line) and 
riffle (orange line) hydraulic sampling units 

 
In areas of the cross-section where velocity was relatively faster than the 

surrounding area, measurement stations were added to ensure that no more than 20% 

of the flow was represented by that measurement cell. Velocity profile measurements in 

the riffle started at an initial depth of five centimetres below the water surface, and 

progressed in 10 cm increments until the bed of the river was reached. In the pool, 

velocity profile measurement started at an initial five centimetres and then progressed 

in 25 cm increments until the bed of the river was reached. The final bed velocity 

measurement was taken approximately five centimetres above the bed.  Additional 

surface velocity measurements were recorded at 1200 hrs at each of the locations 
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where water was sampled for eDNA collection (Table 5.1). Discharge of each cross-

section was calculated and compared against the reported discharge of the river to 

ensure that discharge differences were less than 10%.  Isovel (velocity contour) maps of 

both the pool and riffle were constructed by creating isovel contours bounded by the 

cross-section in Matlab (Version R2017a) (Natick, 2017). Contours were interpolated 

using nearest neighbour methods, assuming that the bed of the river had a velocity 

equal to zero. Interpolated contours were then smoothed by fitting a two-dimensional 

spline to the contours. 

5.3.3 eDNA Sample Collection 

For each hydraulic unit, samples were collected from the surface at three points 

along the cross-section: (A) at the river bank, (B) at a distance of 25% of the wetted-

channel width from the bank, and (C) at the center of the channel (a distance of 50% of 

the wetted-channel width from the bank) (Figure 5.2). A canoe was used to collect 

samples from points B and C in the pool. For each sampling point along a cross-section, 

samples were collected at three time points throughout the day (06:00, 12:00, and 

18:00). Samples collected from some time points were not included in the analyses due 

to poor quality of sequencing results. Field technicians wore gloves at all times, and 

sampling equipment was sterilized with 1.5% Sodium Hypochlorite solution, including 

waders and canoe. 

Three sterile 2-L plastic jars were flushed three times with river water before 

simultaneously being filled for collection from the surface at each sampling point. Each 

2-L jar was shaken vigorously for 3 seconds, and the contents were rapidly poured over 

the top of a sterile 15-mL falcon tube until the 2-L jar was empty. Any excess water in 

the tube above the 15-mL measuring line was tipped off. 15-mL tubes that had been 

pre-filled with PCR-grade water inside a laminar flow hood were opened at the field site 
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and treated as river water samples throughout the molecular workflow to monitor 

contamination and serve as negative controls for extraction and PCR. The water in 15-

mL tubes was transferred in the field to sterile 50-mL falcon tubes that had been pre-

filled under a laminar flow hood in an ancient DNA facility with 33 mL of 100% EtOH 

and 1.5 mL of 3M sodium-acetate (Valiere and Taberlet, 2000). Tubes were kept at 0°C 

on ice in a portable freezer for a maximum of 14 hours until transport to the laboratory. 

They were stored at -80°C until extraction.  

5.3.4 Laboratory Methods 
 

5.3.4.1     eDNA Extraction 
Extraction methods followed an alcohol precipitation protocol, as is used by many 

other eDNA studies, based on methods from Ficetola et al. (2008). 50-mL tubes were 

centrifuged at 3220rcf for 60 minutes at 6°C, and the supernatant was discarded, taking 

care not to lose the pellet. For sample R019A, about 15 mL leaked out in freezer before 

centrifuging, so 15 mL of 100% EtOH was added to this sample tube to balance it for 

centrifuging. Tubes contained a small amount of EtOH after this process which was 

removed by freeze-drying overnight. 100 µL of elution buffer (Qiagen, Valencia, CA) was 

added, tubes were vortexed on high for 5 seconds, centrifuged at 2000rcf for 5 seconds, 

and incubated at room temperature for 15 minutes. 80 µL of the solution was aliquoted 

into a sterile 2-mL tube, and the remaining solution was aliquoted into tubes for 

storage.  700 µL of SET buffer (50 mM Tris-Cl pH 8.0, 100 mM NaCl, 1 mM EDTA), 20 µL 

of Proteinase K (20mg/ml, Qiagen, Valencia, CA), and 70 µL of 10% SDS were added to 

each 2-mL tube and they were incubated on a rotor overnight at 56°C. 700 µL of 

phenol:chloroform:isoamyl alcohol was added to each tube, they were vortexed on high 

for 5 seconds, and spun at 20238 rcf for 5 minutes in a benchtop centrifuge. The top 400 

µL was aliquoted into a fresh tube, 400 µL of chloroform was added, they were vortexed 



86 
 

at full speed for 5 seconds, then spun at 20238 rcf for 2 mins in a benchtop centrifuge. 

The top 300 µL was aliquoted to a fresh tube, 10 µL of 3M sodium acetate and 10 µL of 

0.25% LPA were added, the tubes were vortexed for 2 seconds, and centrifuged at 2000 

rcf for 10 seconds. 300 µL of isopropanol (pre-chilled to -80°C) was added, and the 

tubes were shaken by hand to mix. Tubes were chilled at -80°C for one hour, and spun 

at 20238 rcf for 15 mins. The supernatant was carefully tipped off. 500 µL of 80% EtOH 

was added to each tube and mixed by hand, and tubes were spun for 2 mins at 20238rcf. 

As much EtOH as possible was removed with sterile pipette tips, and tubes were left 

open in a laminar flow hood with the fan on overnight (9 hours) until all EtOH had 

evaporated. The pellet was re-suspended in 40 µL of elution buffer (EB buffer, Mat No. 

1014608, Qiagen, Valencia, CA), and extract was stored at -20°C. 

5.3.4.2 Standard PCR  

The Teleo_F (5’ – ACACCGCCCGTCACTCT - 3’) and Teleo_R (5’ – 

CTTCCGGTACACTTACCATG – 3’) primer pair were used (Valentini et al., 2016) to 

amplify bony fishes. To amplify sequences for a wider range of taxa, a universal 18S 

primer for all eukaryotes (SSU39’F: 5’ - CACCGCCCGTCGCTACTACCG – 3’; and SSU39’R: 

5’ – GGTTCACCTACGGAAACCTTGTTACG – 3’) was also used (Jarman et al., 2013).  All 

primers were fusion primers that contained Nextera indexing sequences at the 5’ end, 

as described in the Illumina Nextera protocol (Illumina, 2016). All pre-PCR preparations 

were carried out in a laminar flow hood, and all equipment was regularly sterilized with 

bleach and UV-light. PCR conditions were as follows: each reaction contained a volume 

of 22µL, with final concentrations of 1x supplied buffer (New England Biolabs, Inc., 

Ipswich, MA, USA), 0.2mM dNTPs, 0.5mg/mL BSA (New England Biolabs, Inc., Ipswich, 

MA, USA), 0.05µM of each forward and reverse primer, and 0.1 units of Q5 hot start 

polymerase (10units/mL, New England BioLabs, Inc., Ipswich, MA, USA). Each reaction 



87 
 

contained 1µL of eDNA extract. Thermal cycling was at 98°C for 30 sec (x1 cycle); 98°C 

for 10 sec, 55°C (Teleo Tm) or 69°C (18S Tm) for 10 sec (x26); 72°C for 6 sec, final 

extension at 72°C for 30 sec, and a 10°C hold until removed and stored at -20°C. Both 

primer sets were used on every sample in separate reactions. Negative extraction and 

PCR controls were used to monitor potential contamination throughout the molecular 

workflow. For negative PCR controls PCR-grade water was added instead of eDNA 

extract. Two PCR replicates were performed for each sample and negative control, and 

products were pooled to be used as the template for a second round of PCR for 

annealing Illumina adapters.  

5.3.4.3 Illumina Library Preparation and Sequencing  

Nextera adapters were added by thermocycling under the following conditions: 

98°C for 30 sec (x1 cycle); 98°C for 10 sec, 59° x 26 cycles; 72°C for 6 sec, final extension 

at 72°C for 30 sec, and a 10°C hold until removed and stored at -20°C. Products from 

positive reactions and negative controls for each primer set were pooled.  Pools for each 

primer set were cleaned separately with Agencourt AMPure XP beads (Bekman Coulter, 

Inc. Indianapolis, IN) following the manufacturer’s protocol, except that a ratio of bead 

to product volume of 1:1 was used for Teleo primers and a ratio of 0.9:1 was used for 

the 18S primers.  The size of the clean products was determined on a Bioanalyzer DNA 

1000 chip (Agilent Technologies, Santa Clara, CA, USA) and quantified with a Qubit (1.0) 

fluorometer (Agilent) and qPCR using the NEBNext Library Quant Kit for Illumina (New 

England Biolabs, Inc., Ipswich, MA, USA), following manufacturer’s instructions. Based 

on qPCR and bioanalyzer quantitation results, an equimolar amount of the sample pool 

for each primer set was added to a final pool combining the product from the two 

primer sets. This final pool was diluted with molecular grade water to 4nM for paired-

end sequencing on an Illumina MiSeq at the Griffith University DNA Sequencing Facility 
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following the manufacturer’s protocol (Nextera XT DNA 150 kit, Illumina, Inc. San Diego, 

CA).  

5.3.5 Bioinformatics Methods 

Sequence reads were demultiplexed by sample using the MiSeq native bcl2fastq2 

command. Reads were merged using PEAR v0.9.10 (Zhang et al., 2013), then quality 

filtered and dereplicated using USEARCH version 8.0.1623 (Edgar, 2013) and then 

checked for chimeras, denoised and clustered into zero-radius OTUs (ZOTUs) using 

USEARCH v10.0.240 (Edgar, 2016). Taxonomic assignment was performed using a naive 

Bayesian classifier (Wang et al., 2007) against a custom database. The latter database 

was constructed by in silico PCR (Bellemain et al., 2010, Ficetola et al., 2010) using the 

primers from the present study (Table 1) to amplify homologous DNA regions from the 

NCBI nt database (accessed March 2018) allowing up to three base pair mismatches per 

primer. 

5.3.6 Statistical Analysis  

Variation in taxon richness (total number of OTU’s per sample) and assemblage 

structure (number of reads per OTU, expressed as a percentage of total reads for each 

sample) of the fish and eukaryote datasets were analyzed using Permutational Analysis 

of Variance (PERMANOVA) (Anderson, 2001) using Primer, ver. 6 (Clarke and Gorley, 

2006), (see http://www.primer-e.com/) with the PERMANOVA add-on package 

(Anderson et al., 2008). A type III partitioning of sums of squares was used to 

accommodate the unbalanced nature of the data (Anderson et al., 2008), as samples 

from some time points were missing from particular habitat and transect point 

combinations. A factorial design with the following main effects was analyzed: Habitat 

Unit, Sampling Point and Time. Analysis of variation in taxon richness was based on a 

Euclidean distance matrix, which provides a univariate statistical test similar to 
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Analysis of Variance (ANOVA) (Anderson et al., 2008).  Analysis of variation in 

assemblage structure was based on a Bray–Curtis similarity matrix for the 

PERMANOVA.  

Non-metric multidimensional scaling ordination (Clarke and Warwick, 2001, 

Clarke, 1993) was used to summarize variation in assemblage structure. The taxa that 

correlated (Pearson’s r. > 0.5) with sample position in ordination space were overlaid as 

vectors and used to interpret the ordinations. 

For each dataset (eukaryotes and fish), we ran analyses on the subset of OTU’s 

with a read count ≥ 10.  Removal of OTU’s with a low read count (<10) was undertaken 

to control for the effect of potential incorrect assignation of occasional sequences to the 

wrong sample (Schnell et al., 2015, Valentini et al., 2016). Prior to all analyses of fish 

data, non-fish OTUs (mammals, amphibians & reptiles) were removed. 

5.4 Results 

5.4.1 Velocity  

Velocity was highly variable both within the pool and the riffle, and between the 

pool and the riffle (Figure 5.2). For the pool cross-section, surface velocity at the points 

where eDNA samples were collected varied from a minimum of 0.001 cms (Point A), to a 

maximum of 0.11 cms (Point B) (Table 5.1). For the riffle cross-section, surface velocity 

varied from a minimum of 0.012 cms (Point A) to a maximum of 0.756 cms (Point C) 

(Table 5.1).  Therefore, among the locations where eDNA samples were collected, point 

velocity at the surface varied by up to a factor of 100 for the pool and 63 for the riffle 

(Table 5.1). Velocity also varied with depth, and contours are shown for the full cross-

sections in Figure 5.2.  

For the pool, the fastest flow recorded (0.3cms) can be seen as the contours 

between points A and B, starting just below the surface and dropping down into the 
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deepest part of the channel (Figure 5.2). This current may be carrying eDNA from a 

further distance upstream, while the water moving very slowly near the river’s bank 

(0.01cms) may be aggregating eDNA from within the pool. For the riffle, the fastest 

flows were found closer to the center of the channel (0.87+cms), while the lowest flows 

were also near the bank (Figure 5.2) 
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Figure 5.2: Isovel profiles (water velocity contours (cm/s) for the pool (a) and 
riffle (b) cross-sections, showing the point locations for eDNA sample collection 
(A, B, and C). The triangle indicates the water surface line.  
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Table 5.1: Velocity of surface water for a pool and downstream riffle at points on 
transects where eDNA samples were collected. Point A is at the river bank, Point B is 
25% of the wetted channel width, and Point C is 50% of the wetted channel width along 
a straight transect from left bank to right bank. Numbers presented were collected at 
1200 hours. 

 Velocity (cms)  
Point A Point B Point C 

Pool  0.001 0.11 0.027 
Riffle  0.012 0.197 0.756 

 

 

5.4.2 eDNA metabarcoding   

5.4.2.1 Fish 
Amongst all samples, a maximum of 6 and minimum of 1 fish OTUs (mean = 2.4, SD 

= 1.6) were detected (Figure 5.3). The number of fish OTUs found in samples collected 

at different transect points, times, and hydraulic units showed substantial variation in 

richness among samples (Figure 5.3).   

Fish assemblages based on the proportion of reads per OTU also varied 

substantially among samples (Figure 5.4). Some samples were dominated by a single 

order, and only one set of triplicate samples (noon, transect point C, pool) showed 

somewhat even distribution of proportion of reads among several taxa detected in those 

samples (Figure 5.4).  

Notwithstanding the considerable variation in fish eDNA metabarcoding results 

among samples, there was no significant variation (P>0.05) explained by hydraulic unit, 

sample point or time (Table 5.2).  Ordination plots showed taxonomic assemblages did 

not cluster by the factors tested in this study (Figure 5.7).  
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Figure 5.3: Number of fish OTUs for samples collected at different times, transect 
points, and hydraulic units, when only OTUs with a read count ≥10 are included, based 
on metabarcoding with generic fish primers 
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Figure 5.4: Variation in fish assemblages from samples collected at specific times, 
transect points, and hydraulic units. Data are based on proportion of reads assigned to 
OTUs within each taxonomic Order of fishes. The total number of OTUs within each 
Order is shown in parentheses. 
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Table 5.2: P values from nested permutational multivariate 
analysis of variance examining variation in fish and eukaryota 
taxon richness and assemblage structure, respectively, in response 
to factors Hydraulic Unit (HU), Channel Position (CP) and Sampling 
Time (T). P-values obtained with 999 permutations; those < 0.05 
are underlined. 

  
df 

Taxon 
Richness 

Assemblage 
structure 

Fish    

HU 1 0.074 0.091 
CP 2 0.066 0.205 
T 2 0.120 0.261 
HUxCH 2 0.274 0.497 
HUxT 2 0.291 0.217 
CHxT 4 0.210 0.131 
HUxCHxT 2 0.348 0.110 

Residual 
 
26 

  

Total 41   

Eukaryote    

HU 1 0.455 0.008 
CP 2 0.432 0.075 
T 2 0.051 0.002 
HUxCH 2 0.539 0.001 
HUxT 2 0.437 0.002 
CHxT 4 0.426 0.001 
HUxCHxT 2 0.198 0.049 

Residual 
 
31 

  

Total 46   

 

5.4.2.2 Eukaryotes   

Amongst all samples, a maximum of 27 OTUs and a minimum of 12 OTUs (mean = 20, 

SD = 3.7) were detected (Figure 5.5). Phyla assemblage based on proportion of reads 

showed substantial variation among samples (Figure 5.6). There were four phyla that 

were consistently dominant in read proportions in all samples (Figure 5.6).  

PERMANOVA results examining variation in taxon richness and assemblage showed 

that hydraulic unit type, channel position, and sampling time had significant effects on 
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assemblage structure, but not taxon richness (Table 5.2). The significant 3-way 

interaction term indicated that assemblage structure differed substantially between 

samples from each combination of factors. Ordination plots of variance in assemblage 

structure among samples indicate some grouping of samples by hydraulic unit type, and 

there appears to be some distinction between results for the pool and the riffle (Figure 

5.7).  

 

 

Figure 5.5: Number of eukaryote OTUs for samples collected at different times, transect 
points, and hydraulic units, (a) for all OTUs and (b) when only OTUs with a read count 
≥10 are included, based on metabarcoding with generic eukaryote primers. 
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Figure 5.6: Assemblage of Eukaryotes from samples collected within specific times, transect 
points, and hydraulic units based on proportion of reads assigned to different phyla.  
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Figure 5.7: Ordination plots for fish (a. and b.) and for eukaryotes (c. and d.), with 
labels showing the time of sampling (a. and c.) and channel position location of sampling 
along transects (b. and d.). Green triangles represent data points for the pool hydraulic 
unit and blue triangles represent data points for the riffle. 
 

 

5.5 Discussion 

Based on a review of the literature (Chapter 2), this is the first time that an eDNA 

metabarcoding study has evaluated the influence of time, location of sampling point along 

a cross-section, or hydraulic unit type on the results of eDNA metabarcoding of water 

samples from a natural river. There are a few published studies that have considered the 

influence of velocity and substrate type on eDNA detection rates (Jane et al., 2015, Jerde 



99 
 

et al., 2016, Shogren et al., 2017) and at least two studies where samples were collected 

at different depths (Moyer et al., 2014, Bellemain et al., 2016). However, these studies 

used species-specific primers.  

Water samples for eDNA studies are commonly collected from the river bank and it 

has been implicitly assumed in many studies that this provides representative eDNA 

samples for the site (Laramie et al., 2015). However, it has been shown that variables 

such as shading from bank vegetation and associated limits on UV light penetration and 

temperature influence eDNA degradation rates (Pilliod et al., 2014). Shading from bank 

vegetation is likely to cause eDNA degradation from UV light penetration to be lower near 

a vegetated bank compared to an unshaded area, but the locations and levels of shading 

will vary throughout the day. In the current study, the divergent eDNA metabarcoding 

results found among three sampling points (channel positions) support the conclusion 

that the choice of sampling location laterally across the river channel may influence eDNA 

metabarcoding results (Table 5.2). Some of the replicate samples from a single sampling 

point showed similar taxonomic assemblages, while others showed high variation 

(Figures 5.4, 5.6). This could partially be caused by the small sample size used, as only 

three replicate samples were collected for each time point. Surface velocity varies 

laterally across a river channel, and higher velocities can effectively act to dilute the 

eDNA of species that are present at a sampling site by adding water and exogenous eDNA 

from upstream. 

These findings indicate it may be necessary to collect more than three replicate 

samples per site in order to collect eDNA that is representative of the full assemblage of 

fauna present. If the point of sample collection along a cross-section had no influence on 

results, then we would expect to see little variation in the number of OTUs detected from 

samples collected at points A, B, or C. However, the results showed there was substantial 
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variation in OTU count among samples collected at different points across the channel. 

Yet for the results identified with the fish primers, none of the factors considered in the 

model had significant effects. Some alternate factor must be causing the variation in 

richness and assemblage that is apparent in Figure 5.3. Alternate factors may include 

water temperature, depth, velocity, UV light penetration, variation in eDNA shedding 

rates among taxa, and behavior of organisms, some of which vary laterally with distance 

from the river bank.  It is possible that organisms with higher densities are more likely to 

be uniformly detected across samples, while stochastic results could indicate that an 

organism is present at low density. For the results identified with the eukaryote primers, 

the model showed three factors had significant effects on assemblage structure (Table 

5.2). Hydraulic unit type, channel position within the hydraulic unit, and time of 

collection for a certain channel position within a hydraulic unit all had significant effects 

on taxa assemblage.  

Overall, the results reported here suggest that richness was not significantly 

influenced by the factors tested in the model, while results from eukaryote primers 

indicated that several significant effects of hydraulic unit, channel position, and time of 

sample collection influenced taxonomic assemblage structure (Table 5.2).  In rivers, 

assessments of richness based on eDNA metabarcoding are likely more reliable than 

taxonomic assemblage estimates. Accurately assessing taxon assemblages with a single 

universal primer set remains challenging, and is more likely influenced by the highly 

variable physical environment of a natural river. The difficulty in determining taxa 

assemblages is also related to the additional bioinformatic steps required, compared to 

the steps needed to count richness. Assessing taxonomic assemblage requires assignment 

of taxonomic nomenclature to OTUs produced from sequencing, while richness can be 

calculated by counting OTUs. The identification of assemblages based on genetic 
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distances between OTUs does not require taxonomic assignment, and is an alternative to 

taxonomic assessment of assemblages. The bioinformatic steps required for taxonomic 

assignment require the availability of reference genomes with which to match OTUs 

identified through eDNA metabarcoding.  

Many eDNA studies implicitly assume that the selection of hydraulic unit type for 

sampling does not have a substantial influence on results. Results from ordination plots 

for this study indicated some grouping by hydraulic unit type (Figure 5.7). These 

differences are likely attributable to the variation in velocity and depth between the pool 

and the riffle. For the pool, the highest flows (0.3cms) were between points A and B 

(Figure 5.2). This current may be carrying eDNA from further upstream, while the water 

moving very slowly near the river’s bank (0.01cms) may be aggregating eDNA from 

within the pool.  For the riffle, isovel profiles showed a fast current near the center of the 

channel. This current is likely carrying eDNA from the pool upstream and/or mixing the 

eDNA present throughout the riffle. Some literature indicates that results are more 

reliable from small to medium enclosed water bodies if sample collections are spaced 

representatively throughout the sampling area and sample volume is sufficient 

(Takahara et al., 2013, Kelly et al., 2014, Robson et al., 2016, Bista et al., 2017). One study 

in a small reservoir detected a variance in richness and assemblage estimates from 

samples collected near an inflow carrying stream water, while results throughout the rest 

of the reservoir were more homogenous (Evans et al., 2017a).   

 It is likely that taxa composition is truly different between the pool and riffle, as 

some taxa are likely to be associated with one habitat type over the other (Kennard et al., 

2006). However, given that the riffle was immediately downstream of the pool and that 

eDNA is detectable for a minimum of several hours after shedding (Dejean et al., 2011), 

some of the eDNA shed in the pool could be detected in the riffle through downstream 



102 
 

transport. The differences in assemblages among hydraulic units mean that certain taxa 

will be a more predictable component of the metabarcoding assemblage in this analysis 

factor. Alternately, organisms that are uncommon in riffles should be a more stochastic 

component of the eDNA assemblage in a riffle rather than other hydraulic unit types. The 

results indicate that comprehensive eDNA sampling should include several types of 

hydraulic units and that information about what type of habitat was selected for 

sampling should be reported in publications.  

Techniques for representative water quality sampling and knowledge of particle 

transport dynamics in rivers have been developed (Eaton et al., 1998), and recent work 

can provide useful insight into how the choice of sampling location within the river 

channel may influence eDNA detection (Shogren et al., 2017). Broader consideration of 

the highly dynamic nature of rivers and the potential influence of velocity on detection 

probabilities is warranted. The magnitude of variation in velocity is different among 

hydraulic unit types, so the choice of unit type for sampling should be explicitly 

considered and tested in study design and reported together with other results. Isovels 

are more variable in larger rivers; therefore, the level of influence velocity exerts on 

detection probabilities is likely to vary with river class.  

The results of this study indicate that the highly dynamic nature of currents and 

velocities in different hydraulic units of a river, and along a single cross-section within a 

unit, may influence eDNA detection probabilities and eDNA metabarcoding results. The 

strength of this influence likely varies according to river class and discharge levels, and it 

is expected that the power of this bias would be lower in small streams. This study 

indicates that assemblage estimates based on eDNA metabarcoding are influenced by the 

location of sampling within the river channel (both along a cross-section and by hydraulic 

unit type). To increase the taxonomic comprehensiveness of eDNA metabarcoding 



103 
 

surveys for assessing richness or taxonomic assemblage in rivers, a stratified and 

integrated sampling approach similar to that used for water quality assessments for 

viruses and bacteria is recommended. Methods should typically involve collecting 

samples either from the center of the channel or the point where velocity is highest, 

collecting samples at several different depths and points along the surface of a cross-

section, and collecting samples from locations where deposition tends to occur, as 

stratified samples that are either aggregated or analyzed separately depending on 

research goals (Eaton et al., 1998). Recommendations made in an eDNA sampling 

protocol for streams published by the U.S. Forest Service advise collecting samples from 

the center of the river channel rather than the bank (Carim et al., 2015). 

Recent progress in technologies associated with non-invasive genetics, such as 

eDNA metabarcoding, have provided improved conservation understanding (Beja-

Pereira et al., 2009).  Endangered and threatened species are notoriously difficult to 

sample through observation-based techniques, primarily because of their rarity. It is 

arguable that the highest conservation potential for eDNA methods lies in applications to 

large tropical rivers. eDNA studies in large tropical rivers are limited, relative to the large 

number of studies conducted on smaller temperate rivers. Additional work is needed to 

understand how detection probabilities vary in large tropical systems. Such rivers have 

the highest species diversity, typically have limited data available on richness and 

assemblages, and are especially difficult to sample with conventional methods. These 

systems are subject to increasing development pressures, with associated habitat 

degradation and high extirpation levels (Dudgeon, 2011). A recent review by a global 

group of eDNA experts concluded that this method is most advantageous when 

conventional methods are logistically difficult, have low detection probabilities, or are 

very costly (Goldberg et al., 2016). This describes the situation for many large tropical 
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rivers, and is a primary cause for the current lack of knowledge on the biodiversity of 

these systems. However, even if a method is useful from a time/cost perspective, its 

application is only as useful as its fidelity. Assessing sample-to-sample variance within a 

site and factor level, as was done in this study, advances our understanding of the fidelity 

of eDNA metabarcoding techniques. With further work to refine the method to better 

account for the influence of isovels, tropical conditions, and high discharge levels, eDNA 

metabarcoding can be a useful tool for recording and conserving aquatic species richness 

and assemblage in biodiversity hotspots across the planet. 
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CHAPTER 6: eDNA METABARCODING OF SEDIMENT CORES 
COLLECTED IN MORETON BAY, QUEENSLAND 
  

6.1 Summary 
Understanding past and current distributions of aquatic species is essential for 

conservation, yet notoriously challenging. Ancient environmental DNA (eDNA) 

preserved in sediments accumulated at the outflow of a river may enable the 

construction of a chronology of species’ occurrences within a catchment. By correlating 

changes in a biotic assemblage with any changes in environmental variables such as 

shifts in land use, we can better understand how environmental changes may influence 

the potential for different species to occupy a river habitat and persist within it. In 

Eastern Australian rivers, increased sedimentation rates (Coates-Marnane et al., 2016) 

resulted from the rapid land-use change that occurred with  settlement of Europeans 

(Capelin et al., 1998). 

This chapter describes an exploratory effort to determine whether changes in land 

use are associated with shifts in taxonomic assemblage of fishes, by attempting to 

identify fish eDNA from sediment cores collected at the outflow of the Brisbane River, 

Queensland, Australia. eDNA was extracted from layers of sediment that were dated to 

pre-European arrival, post-European arrival, or modern periods. Metabarcoding was 

conducted using universal fish primers, yet the majority of sequences identified were 

assigned to bacterial reference sequences with low levels of support.  The failure to 

identify fish eDNA may be the result of the relatively high proportions of bacterial DNA 

in samples compared to fish eDNA. Despite attempts to target and amplify only fish 

eDNA, the relatively large amounts of bacterial DNA in samples could cause PCR to be 

inefficient and result in PCR product that contains non-target sequences. Results may 

also indicate that fish eDNA is not preserved well enough to enable detection. High DNA 

degradation rates are expected to occur in the region given the warm climate (Hofreiter 
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et al., 2015). The chapter closes with hypotheses for why the method did not work, such 

as high eDNA degradation rates from the warm climate and high proportions of 

bacterial DNA in samples relative to fish eDNA. Conclusions also include 

recommendations for alternate laboratory methods that may enable successful 

identification of fish eDNA from subtropical sediments. 

6.2  Introduction  

All living organisms are continuously depositing DNA in their surrounding 

environment through the shedding of skin, mucous, hair, urine, feces, gametes, and 

other cells. Once this DNA is shed it is termed “environmental DNA” (eDNA) (Taberlet et 

al., 2012a). “Ancient DNA” typically refers to DNA extracted from sources such as sub-

fossil bone, but can also be used to refer to cellular and extracellular DNA collected from 

ancient environmental samples such as sediment cores. Because eDNA is extracted from 

bulk environmental samples such as water or sediment, and the extractions will contain 

DNA from a wide variety of organisms such as plants, bacteria, and fungi in addition to 

the DNA of target species. 

Sampling for eDNA involves collection of bulk environmental samples, for example 

water or soil, which contain cellular DNA, extracellular DNA, dissolved DNA, or 

fragments of DNA molecules that have been shed by an organism (Barnes and Turner, 

2015). Previous studies have shown that after being shed, eDNA persists in the water 

column for approximately one to two weeks in ponds depending on environmental 

conditions (Dejean et al., 2011), and is no longer detectable in stream water one hour 

after an organism is removed from a site (Pilliod et al., 2014). However, much of this 

shed DNA is deposited on the substrate or adsorbed to sediment particles (Turner et al., 

2015) and can be preserved for millennia under certain conditions (Haile et al., 2007, 

Thomsen and Willerslev, 2015). The amplification of ancient DNA from animal remains 
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was initially pioneered by Higuchi et al. (1984), who successfully extracted DNA from 

dried tissue of a museum specimen of the extinct Quagga (Equus). Research on remains 

found in ice, permafrost, and sediment followed (Hagelberg et al., 1994, Willerslev et al., 

1999, Lambert et al., 2002, Willerslev et al., 2003, Willerslev et al., 2004, Ritchie et al., 

2004) 

The DNA preserved in sediment cores can serve as a chronology of shifts in biological 

community composition over time (Haile et al., 2007, Pedersen et al., 2016). Work to 

improve estimations of the timing of the extinction of megafauna in North America 

relied on this phenomenon (Haile et al., 2009). Work to understand prehistoric climate 

regimes and vegetation patterns also relies on this technique, typically examining shifts 

in the composition of flora types that are known to have variable responses or 

tolerances to changes in climate (Pedersen et al., 2013).  

While humans have been present in Australia for approximately 60,000 years 

(Thorne et al., 1999, Bowler et al., 2003, Dennell and Petraglia, 2012), it is well 

understood that European settlement in the 1840s was followed by substantial changes 

in land use and associated impacts on ecosystems (Capelin et al., 1998). Extensive 

clearing of forests for pasture and farming led to large increases in sediment delivery 

into river catchments and receiving coastal areas, as well as increased nutrient inputs. 

Higher sedimentation rates and higher nutrient levels may play a role in influencing 

aquatic biodiversity in Eastern Australian rivers. The eDNA that is associated with 

sediments may serve as an archive of biological community compositions.  

Most published eDNA research focuses on modern eDNA (Rees et al., 2014). 

There are several ancient DNA studies that use sediment cores (Willerslev et al., 2003, 

Haile et al., 2007) to track changes in biological communities (Rawlence et al., 2014). 
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For studies examining ancient vertebrate eDNA, nearly all are conducted in temperate 

or cold environments. The work presented here represents one of only a small number 

of attempts to amplify and sequence ancient environmental DNA from sediment cores 

collected in a subtropical environment.  Other research has found substantially variable 

taxonomic composition along core profiles, which proves genetic material can be 

preserved in certain environmental conditions with stratigraphic integrity and over 

substantial time periods (Willerslev et al., 2003) 

This chapter attempts to build on the above findings to evaluate whether DNA 

shed by freshwater organisms in a subtropical river catchment can be detected in 

marine sediment cores collected in an enclosed bay at the outflow of the river. It also 

aimed to identify whether land use changes upstream in the catchment (forest clearing 

for livestock/farming) were correlated with shifts in both freshwater and marine 

community structure. Generic fish primers were used in an attempt to amplify ancient 

eDNA from different layers of sediment dated from recent surface layers back to ~3500 

years before present.  

6.2.1   Study area  

Moreton Bay is a shallow estuarine embayment located in the sub-tropical east 

coast of Australia (Figure 6.1).  The Bay supports numerous habitats including seagrass 

meadows, mangrove forests, and coral reefs (Dennison and Abal, 1999). The bay is 

shallow, with an average depth of 6.8 m. It is bordered in the east by two large sand 

barrier islands, Moreton and Stradbroke, which restrict the tidal exchange of oceanic 

waters. Five major rivers drain into the Bay; these comprise a total catchment area of 

21,220 km2. The largest is the Brisbane River, which drains grazing and cropping lands 

in the upper catchment before passing through metropolitan Brisbane.   
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Figure 6.1: Map of Moreton Bay, Queensland, Australia with the location where cores 
were collected indicated by star, and the core sample location ID “MB2”. Modified map 
from Coates-Marnane et al. (2016). 
 

 

Following European settlement in the 1840s, the watershed draining into 

Moreton Bay experienced widespread vegetation clearing (Capelin et al., 1998). Only 

~25% of the original native vegetation remains (Powell, 1998). Catchment erosion 

models have been used to describe the rate of increase in sediment input into Moreton 

Bay following catchment clearing, and typically suggest a 3 to 4 fold increase (Neil et al., 

2002). The depositional basin of Moreton Bay is comprised of a mixture of fluvial and 

marine sediments (Maxwell, 1970). Fluvial delta sands and muds dominate western 

regions of the Bay, while clean marine sands and carbonate sediments dominate 

eastern, north eastern and south eastern regions. The area of clean sand facies within 
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Moreton Bay has been significantly reduced (by ~ 20%) since initial surveys in 1970 

(Maxwell, 1970, O'Brien et al., 2012). This reduction is the result of an increase in the 

total proportion of fine sediments received by the Bay following European settlement, 

and is of critical concern to the health of tidal and sub-tidal ecosystems within the Bay 

(Coates-Marnane et al., 2016). The replacement of sands with fine clays coupled with a 

gradually shallowing basin is suggested to be gradually increasing the turbidity in 

western regions of the Bay (Coates-Marnane et al., 2016). 

6.3 Methods 

6.3.1  Sample collection 

In November 2011, two sediment cores were collected from within the mud-

dominated region of Moreton Bay directly north-north east of the mouth of the Brisbane 

River (Figure 6.1). A purpose built, barge-mounted hydraulic vibro-corer designed to 

sample sub-tidal sediment profiles was used to extract a long sediment core, referred to 

from here as MB2L.  In addition, a short core was extracted from the less well-

consolidated surficial sediments referred to from here as MB2S. This was done to 

ensure the recovery of the complete surface sediment profile that may not have been 

achieved using the vibro-corer alone. Divers using SCUBA, hammered a 15 cm diameter 

plastic pipe into the sediment and used suction to retrieve a section of sediment. Core 

sections collected were then stored in the dark at 4°C until sectioning for subsequent 

analysis.  

Before sectioning, the entire outer layer (approx. 2mm thick) was removed with 

a sterile scalpel to eliminate material that may have been exposed to water or sediment 

from surface layers during core collection. The short core (“MB2S”) was sectioned at 2 - 

4 cm intervals and the long core (MB2L) was sectioned at 5 - 10 cm intervals and stored 

in individual vials at -20°C. Prior to extraction the vials were opened in a laminar flow 



111 
 

hood and parafilm was placed over the top with three small holes punctured using 

sterile syringe needles. The samples were freeze-dried and transferred to new sterile 

vials in a laminar flow hood using sterile pipette tips. All pre-PCR work was conducted 

in a lab that meets contamination control standards for ancient DNA.  

6.3.2 Core stratigraphy 
The two cores, MB2S and MB2L, consisted of organic rich muds with no visible 

stratigraphy and occasional shell fragments (Table 6.1). The exception to this was for 

the surface layer of MB2S (0-10cm) which comprised a distinct viscous clay-rich layer 

likely deposited following the 2011 flood event (Coates-Marnane et al., 2016). 

6.3.3  Dating of the sediment cores 
 The full details of the dating of the sediment core are reported in Coates-

Marnane et al. (2016). Ages of deposited sediments at site MB2 are summarized in 

Table 6.1. The presence of the fallout radionuclide 137Cs in the sediment cores was used 

to date sediment to post-1959. Caesium-137 is a product of atmospheric nuclear testing 

that occurred from the 1950s to 1970s. In Australia, concentrations of fallout 137Cs 

reached levels that are still detectable in soils and sediments from 1959, and the first 

appearance of 137Cs in sediment cores is used to date sediment deposition to this time 

(Leslie and Hancock, 2008, Hughes et al., 2009). Pre-European sediments were 

identified using optical dating, which provides an estimate of when a grain of quartz 

sand was last exposed to the sun, and so determines an effective burial age (Aitken, 

1998). Optical dating has been successfully applied in coastal sedimentary 

environments (Olley et al., 2004). 

6.3.4  eDNA extraction 
 All steps for eDNA extraction were performed under a laminar flow hood in an 

ancient DNA facility. Approximately 0.25g dry weight of freeze-dried sediment was 

added to each bead tube from the MoBio PowerSoil extraction kit using sterile pipette  
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Table 6.1: Sample depth (cm), core stratigraphy, and burial ages of a selection of 
deposited sediments at site MB2. Sample depths shaded in purple were selected for 
sequencing of ancient eDNA.   

Sample depth 
(cm) (short core 
“MB2S”) 

Sample depth 
(cm) (long core 
“MB2L”) Stratigraphy Burial age  

0-5   

 

2011 Flood 
5-10  2011 Flood  
10-15   Pre 2005 

 
10-20   Uniform anoxic  

consolidated mud 
Post 1950  
(Cs137) 

20-25 
 

   
 

25-30 
20-30 

  

30-35 
 

  

35-40 
30-40 

  

40-45 
40-50 

  

 
 

  

55-60 
50-60 

 Pre 1950 

 
60-70 

  

 
70-80 

  
 

 
80-90 

  

 
90-100 

    

 
100-110 

 480±40 (YBP) 

 
110-120 

  

 
120-130 

    

 
130-140 

  

 
140-150 

    

 
150-160 

 900±110 (YBP) 

 
160-170 

  

 
170-180 

  
 

 
180-190 

  

 
200-210 

 1660±180 (YBP) 
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tips. The extraction followed the manufacturer’s protocol except that the ratio of 

supernatant to binding buffer was altered by a factor of three, to 200µL of supernatant 

with 1200µL of binding buffer (C4 solution), in order to increase binding of short DNA 

fragments. This ratio was selected after a trial testing three different ratios of binding 

buffer (Appendix 6.1). Also, the volume of elution buffer was reduced to 50µL to obtain 

a higher concentration of DNA in final the elution. 25µL of elution buffer (C6 solution) 

was added to the center of each column filter, the columns were incubated at room 

temperature for 30 seconds and then centrifuged at 10,000g for 30 seconds, and then 

this process was repeated.  

6.3.5  Primer selection and design  
In vitro testing of universal fish primers (Table 6.2) from Valentini et al. (2016) 

(named “Teleo”) and designed for this study (named “12SiiSHRT_R”) were conducted 

with extractions of pure fish DNA from tissue samples. For in silico tests of primers, 

Geneious software alignment tools (version 8.1.1; Biomatters, Ltd) and a nucleotide 

BLAST of NCBI’s GenBank (Benson et al., 2012) were used. All tests showed that fish 

extract amplified well at the expected fragment length and that primers were specific to 

fish.  

Table 6.2: Primer sequences, melting temperatures for PCR 

Primer 
Name Primer Sequence Tm (°C) Reference 

Teleo_F ACACCGCCCGTCACTCT 
56 (Valentini et 

al., 2016) Teleo_R CTTCCGGTACACTTACCATG 
    
12SiiSHRT_R  TTACCATGTTACGACTTGCCTCC 70 This study 

 

6.3.6 Amplification and sequencing  
Three rounds of PCR were performed in a nested PCR design (Gundersen and 

Lee, 1996), with round 1 amplifying fragments of fish DNA using the Teleo_F and 
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Teleo_R generic fish primers. The PCR conditions are described in Appendix 6.2. The 

product of the first round of PCR was used as the template for the second round. The 

second round of PCR used the Teleo_F primer and another fish-specific primer 

(12SiiSHRT_R) that targets a region of DNA 3’ of the Teleo_R primer.  These nested 

primers also had adapters to enable a third round of PCR to facilitate indexing for 

Illumina sequencing. These PCR conditions are described in Appendix 6.3. The third 

round of PCR was used to add the Illumina indexes (Illumina, 2016), with the conditions 

described in Appendix 6.4.  

The product was visualized in a 1.6× agarose gel stained with ethidium bromide. 

All samples that showed amplification near the appropriate fragment length were 

examined using a bioanalyzer (Agilent Technologies, Santa Clara, CA, USA) for 

quantitation and to inform magnetic bead clean-up methods. Clean-up was conducted 

using the Agencourt AMPure XP beads (Bekman Coulter, Inc. Indianapolis, IN) following 

the manufacturer’s protocol, with a 1:1 ratio of bead to product. The product was 

quantified with qPCR and pooled accordingly to achieve a 4nM final concentration for 

sequencing on an Illumina MiSeq using manufacturer protocols (Illumina, San Diego, 

CA) at the Griffith University DNA Sequencing Facility.  

6.3.7 Bioinformatics  
Sequence reads were demultiplexed by sample using the MiSeq native bcl2fastq2 

command. Reads were merged using PEAR v0.9.10 (Zhang et al., 2013), then quality 

filtered, de-replicated, checked for chimeras and clustered at 97% using UPARSE 

version 8.0.1623 (Edgar, 2013). Taxonomic assignment was performed using a naïve 

Bayesian classifier (Wang et al., 2007) against a custom database. The latter database 

was constructed by in silico PCR (Bellemain et al., 2010, Ficetola et al., 2010) using the 

primers from the present study to amplify homologous DNA regions from the NCBI nt 

database (accessed June 2016) allowing up to three base pair mismatches per primer.  
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The ten sequences with the highest number of reads were run in BLAST (Benson et al., 

2012) and the top ten hits were imported to Geneious (version 8.1.1; Biomatters, Ltd) to 

test for alignment with primers.   

 6.4 Results 

The taxonomic class diversity and proportions of eDNA found from sequencing 

were sorted by abundance of DNA reads (Figure 6.2). Prior to sequencing, the 

bioanalyzer results showed that the majority of product after bead clean-up was about 

255bp, but the target length was 225bp. After the sequencing run and bioinformatic 

filtering, no sequenced DNA was identified as belonging to fish except for some 

sequences that had assignments with low statistical support. OTUs assigned to fish were 

checked with BLAST (NCBI) and the descriptions returned were primarily bacterial 

with low support for assignments at the species level (Table 6.3). Therefore, these 

results were inconclusive. Primarily bacterial DNA was identified with sequencing.  

The overwhelming majority of reads were assigned to the bacterial class 

Anaerolineae (8,982,998 reads, average support 76.9, SD±17.8). The second highest 

proportion of reads were assigned to Mammalia (280,210 reads, average support 91.2, 

SD±9.3), followed by the bacterial class Deinococci (132,569 reads, average support 

37.1, SD±17.9). A smaller proportion of reads were assigned, with low support, to the 

classes Aves (63,399 reads, average support 29.5, SD±14.3), Actinopteri (41,106 reads, 

average support 39.7, SD ±8.3), Amphibia (29,063 reads, average support 27.3, SD±9.3), 

and the bacteria Thermotogae (1,535 reads, average support 25.3, SD±8.9) (Figure 6.2). 

Sequencing identified 31 species of fish in all samples combined, with low support 

below the phylum level for matches in GenBank. A list of species names is shown in 

Table 6.3, along with support levels for taxonomic assignment at the species level. 
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Based on visualization with gel electrophoresis, eDNA was successfully amplified at the 

length expected based on target length of the fish primers in a few layers of surface 

sediment, but further experiments would be needed in order to confirm if these bands 

contained fish eDNA. Several non-fish vertebrates were identified, including 

amphibians, birds, bat, whale, and order Squamata (scaled reptile), but these sequences 

likely represent errors.  

For the ten most abundant OTUs, the top ten hits in BLAST nearly all showed 

alignment with the forward end primer (Teleo_F), with three mismatches near the 3’ 

end of the marker. An example from the alignment for the OTU with the highest number 

of reads is shown in Figure 6.3.  

 

 

Figure 6.2: Proportion of reads assigned to different classes. Read counts for each class 
are shown in parentheses. “None” category did not achieve class-level assignments, and 
“blank” category received no assignments.  
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Table 6.3: List of results from top hits in BLAST runs  

Fish Species 
Species-

level 
support 

BLAST 
description 

E 
value 

% 
Identity 

Query 
cover(%) 

Antennarius striatus 14 None    
Archamia bleekeri 10 Bacterium clone 2e-42 100 97 
Benthosema pterotum 18 Archaeon clone 4e-34 95 97 
Boulengerella maculata 13 Bacterium clone 2e-47 99 97 
Calophysus macropterus 10 None    
Cottus dzungaricus 10 Bacterium clone 9e-46 98 97 
Cynodonichthys weberi 11 Bacterium clone 2e-43 96 97 
Cynoglossus abbreviatus 17 None    
Diretmoides veriginae 16 None    
Ginsburgellus 
novemlineatus 11 Bacterium clone 9e-46 98 97 
Harttia longipinna 11 Bacterium clone 4e-40 94 97 
Hypselecara temporalis 10 Bacterium clone 9e-46 99 97 
Lipolagus ochotensis 10 None    
Lophogobius cristulatus 13 None    
Macquaria australasica 16 None    
Mystus mysticetus 11 Archaeon clone 8e-41 99 97 
Opsaridium microlepis 24 None    
Ostorhinchus hoevenii 12 Bacterium clone 6e-28 89 97 
Oxymonacanthus 
longirostris 10 Bacterium isolate 9e-41 96 97 
Oxyurichthys formosanus 16 Archaeon clone 8e-36 96 97 
Pardachirus pavoninus 33 Bacterium clone 2e-43 97 97 
Pempheris schwenkii 13 Bacterium 1e-30 90 97 
Pteragogus amboinensis 11 Bacterium clone 3e-46 99 97 
Ptereleotris zebra 16 Archaeon clone 5e-38 98 96 

Sardinella longiceps 16 
Microorganism 

clone 7e-47 99 97 
Scriptaphyosemion 
guignardi 16 

Proteobacterium 
clone 2e-47 100 97 

Selar crumenophthalmus 15 Archaeon clone 3e-35 96 97 
Sigmops gracilis 20 Archaeon clone 0.001 100 28 
Solivomer arenidens 12 Bacterium clone 3e-35 93 97 
Tomeurus gracilis 15 None    
Zeus capensis 13 Bacterium clone 4e-39 95 97 
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Figure 6.3: Alignment of the Teleo_F PCR primer (line 11 of alignment) with the top ten hits from a BLAST of the OTU with the highest number 
of reads. Dots represent nucleotides that are shared with the reference sequence (line 1 of alignment). The three bases at the 3' terminal of the 
primer do not match the bacterial sequences that amplified (column 15, see box).  
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6.5 Discussion 
The failure of the current study to identify fish DNA sequences may be related to 

an overwhelming abundance of bacterial DNA in the samples and/or the metabarcoding 

approach being reliant on generic fish primers. That is, it is likely that the relatively high 

quantity of bacterial DNA in samples swamped out the signals from expected low 

proportions of fish eDNA. The ten most abundant OTUs were run in BLAST and the top 

ten hits were imported to Geneious (version 8.1.1; Biomatters, Ltd) to test for alignment 

with primers. Nearly all hits showed alignment with the forward end primer (Teleo_F), 

with three mismatches near the 3’ end of the marker (Figure 6.3). Adding 

phosphorothioate links to the 3' ends of the primer to prevent degradation could 

provide a partial remedy to the problem (Zon and Geiser, 1991), but might not 

overcome the challenge of the target being in too low concentration relative to 

background eDNA. It is also possible that eDNA of fish was highly degraded, and 

fragment lengths were too short for primers which targeted ~100bp fragment of the 

12S region. More experiments are required. 

Sequencing results were overwhelmingly identified as bacterial despite the use 

of PCR to target and amplify fish eDNA. Sequencing depth has been shown to be a 

critical factor in the ability to detect rare species and make ecological inferences from 

metabarcoding data (Smith and Peay, 2014). Some fish were superficially identified in 

the sequenced eDNA, but the proportion of sequences or levels of support for species-

level matches with reference sequences from GenBank were too low for them to be 

considered valid assignments (Table 6.3). The fact that non-fish vertebrates were also 

identified may indicate that the primers were not specific enough. It is challenging to 

design a single universal primer set that will amplify all bony fish species, but that 

excludes other vertebrates for the short fragments that are found in eDNA samples. 

Indeed, fish share a common ancestor with nearly all vertebrates, and therefore share 
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large portions of their genomes. There are published studies which successfully 

identified ancient fish eDNA from sediment cores (Matisoo-Smith et al., 2008, Pedersen 

et al., 2016), though the samples were collected in colder climates which are more 

amenable to the preservation of eDNA over long time periods and their laboratory 

protocols were different.  

The overwhelming majority of reads were assigned to the bacterial class 

Anaerolineae. This group is primarily made up of filamentous anaerobes, indicating this 

DNA came from live and actively metabolizing bacteria that consume organic matter 

such as eDNA particles. The second highest proportion of reads were assigned to class 

Mammalia, and identified primarily as human DNA. The third highest proportion of 

reads were assigned to the bacterial class Deinococci, which is made up of highly 

resilient bacteria with thick cell walls that can withstand extremes in environmental 

conditions (Griffiths and Gupta, 2007). Figure 6.2 shows that a much smaller proportion 

of reads were assigned to birds, fishes (Actinopteri), and amphibians. Levels of support 

for chordates at the class level ranged from an average of 27.4 for Amphibia to 91.2 for 

Mammalia. The Mammalia results could be from endogenous sources or more likely 

from contamination during processing of the samples. It is unlikely that the assignments 

for other vertebrates were accurate, given the low levels of support. When some of the 

sequences identified as Mammalia were run in BLAST, the description returned was 

Homo sapiens with query cover of 100% and identity of 99% (E value 5e-37).  

Pedersen et al. (2016) used cores collected in lakes of the Peace River Basin of 

western mid-Canada to successfully identify ancient eDNA of animals and plants. They 

used shotgun sequencing of the full metagenome present in the samples, and detected 

ancient eDNA of the fish Esox (pike) in core layers dated as far back as ∼ 11.7 thousand 

years before present. However, faunal remains of fish in a nearby cave were dated to 

https://en.wikipedia.org/wiki/Deinococci
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12.4 thousand years before present. The inability to detect fish in layers dating to 12.4 

thousand years before present may be the result of eDNA degradation, however their 

ability to identify sequences in sediment from over 11 thousand years ago is an 

indication of high rates of DNA preservation likely due to cold temperatures. This could 

be one explanation for their ability to detect ancient fish eDNA while the current study 

did not. Matisoo-Smith et al. (2008) sampled a sediment core collected in a New Zealand 

lake and were able to identify DNA that was very similar to a native fish species, 

common bully (Gobiomorphus cotidianus). They used a 12S primer designed for a native 

bat species and direct sequencing. They validated this finding by amplifying and 

sequencing DNA extracted from tissue samples from a modern specimen of common 

bully.  

If the current study was repeated, use of alternative laboratory methods may 

enable identification of fish eDNA from sediment layers. Nested PCR with primers 

designed for the CO1 region of Australian lungfish (Neoceratodus forsteri) were tested 

on a small number of samples and showed bands of appropriate length in agarose gels. 

These primers were designed to target shorter fragments than the Teleo primers. For 

future studies attempting to amplify ancient fish eDNA from sediment cores, it would be 

advisable to use alternative methods to those described in this chapter. One alternative 

which may prove more effective is hybridization enrichment (Mamanova et al., 2010, 

Hofreiter et al., 2015). Another alternative is to design a several primer sets that are 

species-specific and target very short fragments with a nested design, based on a fish 

species that is very common in the Brisbane River. This could reduce the amplification 

of non-target DNA and reduce the swamping effect that may have occurred in 

sequencing for this study, and also amplify very short (i.e. highly degraded) fragments 

of DNA.  
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It is likely that the samples used in this study were subject to eDNA degradation 

rates much higher than those for other studies of ancient eDNA in sediments, given the 

subtropical climate of Moreton Bay and the Brisbane River catchment. A global study of  

DNA degradation rates based on temperature regimes showed that Australia had one of 

the lowest expected DNA survival rates (Hofreiter et al., 2015). Therefore, it could be 

the case that fish eDNA is not preserved in subtropical sediments for long time periods.  

The endosymbiotic theory states that mitochondria are descendent from 

bacteria that were assimilated into another cell (Sagan, 1967). Metabarcoding results 

for this chapter may have been dominated by bacteria because the markers may have 

consistently amplified a homolog of the 12S gene. The primers used in the current study 

targeted a mitochondrial region (12S), and did not appear to amplify bacteria 

haphazardly, but instead rather selectively. The primers amplified certain clades of 

bacteria, but not others that would be expected to be present in the sediment. 

Therefore, the results presented here do not represent relative abundance of bacterial 

communities, because the primers may have preferentially amplified certain bacteria 

over others. This finding has implications for the design of eDNA experiments that 

target extremely low copy number template. Most eDNA studies target the 

mitochondria rather than nuclear loci (Deiner et al., 2017), because mitochondrial 

genomes are more abundant than nuclear genes and therefore have higher detection 

rates. However, the results of this chapter show that care needs to be taken when 

designing molecular studies that target genomic regions that have microbial homologs.   

While a few studies of ancient eDNA in sediments have successfully identified 

fish eDNA, these are rare in the published literature and to our knowledge none have 

been conducted on sediment cores collected from a subtropical environment. Further 

work and laboratory experiments are needed to determine approaches that may enable 
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the identification of ancient fish eDNA from sediment cores collected in warmer 

climates. Understanding the impacts of past land-use change by humans or influence of 

variations in climate regimes on biotic communities is relevant for predicting future 

scenarios and developing improved management strategies.  
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CHAPTER 7: GENERAL DISCUSSION AND SYNTHESIS 
 

Rapidly advancing eDNA analysis methods for the study of aquatic macroorganisms 

present a great deal of promise; however, there are still many limitations to be resolved. 

Given the high rates of decline for freshwater biodiversity, any tool with the potential to 

provide improved understanding of spatiotemporal distributions of threatened taxa is 

worth pursuing. A review of the eDNA literature related to fish (Chapter 2) showed that 

while this technique is under development, but has been successfully applied in a 

variety of contexts. In this thesis I attempted to improve understanding of the 

distribution of a critically endangered species in a large tropical river in order to inform 

conservation strategies (Chapter 3). The process of applying eDNA techniques in such a 

complex environment clarified the need for further work to refine the method. I aimed 

to test whether choice of generic fish primers influences information on taxa 

composition, in order to understand the extent to which this tool can provide broad 

information on the distribution and composition of fish communities (Chapter 4). The 

finding that different primers returned varying taxa composition estimates with eDNA 

metabarcoding (Chapter 4), led to further work to test whether the heterogeneity of 

rivers and the choice of sampling location within the river channel influence results 

(Chapter 5). Finally, in order to understand the potential of sediment to preserve eDNA 

and provide a chronological record of past fish community composition, I tested the 

technique on sediment cores collected in a subtropical embayment at the outflow of a 

large river (Chapter 6). This body of work contributes to the rapidly growing knowledge 

on the potential and limitations of eDNA tools for the study of aquatic macroorganisms. 

I pursued this work under the broader goal of gaining access to knowledge on rare and 

threatened species that could enhance field survey methods and provide information to 

support more effective conservation strategies. eDNA tools are not at the point of 
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development where they should be seen as a replacement for conventional, 

observation-based, field survey methods for taxa richness and assemblage data. These 

tools should be viewed as complementary to conventional methods, and currently are 

best applied for catchment-level analysis of diversity, for rapid “first pass” surveys to 

identify and prioritize locations for more in-depth studies using conventional methods, 

and for locations or taxa that are not accessible with conventional survey gears.  

Chapter 2 examined the benefits and limitations of the application of eDNA 

metabarcoding as an ecological survey tool compared to conventional survey methods. 

The review found that a large proportion of the publications have focused on testing the 

sensitivity of the methods. Within the category of methods development, publications 

primarily examined environmental and biological factors that influence rates of eDNA 

shedding, persistence, degradation, transport, retention, and detection probabilities 

(Figure 2.2). The first papers that compared results from conventional survey methods 

to eDNA survey methods from field experiments were published in 2015, and the 

number of such studies grew in 2016. The results of the review characterize the current 

status of eDNA methods as being in the ‘developmental phase’. The growth in the 

number of publications that used conventional methods in tandem with eDNA methods 

indicates the need to validate the molecular methods with observational data, given the 

uncertainties and potential for biases associated with molecular approaches. This 

chapter also contextualized the use of molecular tools for conservation application 

given the limitations on currently available data for rare freshwater species and large 

tropical rivers.  

In Chapter 3 I tested the utility of the eDNA method for determining the presence 

of a rare species. This is the first time that eDNA methods have been applied in such a 

large river in a tropical environment. Mekong giant catfish DNA was detected in one out 
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of the six sampling sites. The location where it was identified is the only known 

spawning habitat for P. gigas. This location is upstream of the first mainstream 

hydroelectric dam being built in the portion of the river downstream from China, known 

as the Lower Mekong Basin. Whether the giant catfish will persist in the wild once this 

dam is built is yet to be seen, but future eDNA surveys upstream and downstream of the 

dam may help to answer this question. High water volumes, depths, and turbidity in the 

Mekong River present extreme logistical challenges for the deployment of conventional 

survey methods. These conditions also complicate the use of eDNA methods. However, 

given the challenging environmental conditions, it is not feasible to apply conventional 

methods to study the distribution of P. gigas in the wild.  The only other tool that has 

been used to survey the deep pools which giant catfish are expected to inhabit is sonar 

(Viravong et al., 2006). However, sonar only provides information on biomass and not 

on species identity. Given that it was not possible to use alternative observation-based 

methods in the same locations as eDNA sampling, it is not possible to assess whether 

any lack of detection in the five other sites can be attributed to true absence of the 

species in those sites or failure of the eDNA tool to detect them. 

In Chapter 4 three different sets of bony-fish-specific PCR primers were used to 

conduct eDNA metabarcoding of water samples collected at four sites in a subtropical 

river. This is the first time that multiple sets of primers targeting fishes were used 

simultaneously on the same samples to test the assumption that a single generic fish 

primer can return unbiased taxa composition data. The results of metabarcoding were 

also compared to richness and taxa composition results returned from conventional 

sampling (seining) conducted simultaneously with eDNA sampling, a list of species 

known to occur based on past surveys with conventional methods (Pusey et al., 2004), 

and species occurrence data from modeling. Some previously published studies have 
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used clade-specific primers and compared these results with data from conventional 

sampling in order to validate the claim that eDNA metabarcoding provides more 

information on species composition (Thomsen et al., 2012b, Valentini et al., 2016). 

However, the tests performed in this thesis show that results from a single 

primer set may not be reliable. Additionally, most studies compare eDNA results with 

those obtained from a single type of conventional sampling gear. A recent study which 

used American Fisheries Society (AFS) standard sampling methods of gillnetting and 

electrofishing in tandem with eDNA collection showed that eDNA did not always return 

results which agreed with those found using AFS standard methods (Perez et al., 2017). 

In some of the sites where fish were detected with standard methods, species-specific 

primers failed to detect them. The authors concluded that eDNA methodology needs 

further refinement before it can be included in standard sampling efforts. Their results 

concur with results described in Chapter 4 of this thesis. For example there were two 

genera (Craterocephalus, Oreochromis) detected with seine netting that were not 

identified though eDNA metabarcoding. However, two genera not detected with seining 

were identified through eDNA and deemed likely to occur based on modeling and 

historic records (Anguilla, Mogurnda) (Chapter 4, Appendix 3). The failure to identify 

two genera that were observed at the time of eDNA sample collection can likely be 

attributed to problems in the molecular workflow. These include sequencing or primer 

bias, stringency of bioinformatics filtering, availability of reference genomes in libraries, 

the possibility that eDNA is not equally distributed at a sampling location, or that the 

choice of sampling location within the river cross-section influences the collection of 

representative samples.  

In Chapter 5 I tested the effect of sampling location within the river channel on 

eDNA metabarcoding results for richness and taxonomic assemblage. This is the first 
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analysis in a natural river of the influence of different hydraulic units and the position of 

sampling across the river channel on eDNA metabarcoding results. This chapter 

analyzed the role that physical variability in river channels may play in causing variance 

in richness and taxa assemblage estimates based on metabarcoding with generic fish 

and eukaryote primers. True replicate samples were collected at three different points 

across the river channel in both a pool and a riffle, at three different times of day.  The 

factors of hydraulic unit, channel position within a hydraulic unit, and time of collection 

for a given channel position within a hydraulic unit were found to have significant 

effects on taxa assemblage identified with the eukaryote primers. For the fish primers, 

none of the factors tested in the model showed significant effects. Few of the replicate 

samples returned identical results for richness or taxa assemblage, and there was a 

clear difference in taxa assemblage from samples collected in the pool compared to 

those collected in the riffle. This could partially be due to a true difference in 

composition between these hydraulic units, but given that the riffle was immediately 

downstream it would be expected to contain the eDNA that was contained in the pool, 

as eDNA drifts downstream and has been found to be detectable downstream between 

239m (Jane et al., 2015) and up to 12km in some cases (Deiner and Altermatt, 2014). 

The measurement of isovels and surface velocity showed high variation between the 

pool and the riffle (Chapter 5, Figure 2). It is likely that velocity is an important factor in 

eDNA detection rates, and can influence the ability to collect a sample which contains 

eDNA that is representative of the full suite of taxa present in any given site. For the 

majority of eDNA studies in rivers, samples were either collected at a single point 

location or the precise location of sample collection was not reported. To my knowledge 

Chapter 5 represents the only study that compared eDNA detection among hydraulic 

units or from samples taken at different points of a cross-section in a natural river. Even 
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within replicate samples collected at the same point locations there was high variation 

in eDNA metabarcoding results, particularly with the clade-specific primer set.  The 

results of chapter 5 seem to indicate that the location and timing of sample collection 

will influence estimates of richness derived from them. These findings support the 

conclusion that there is still a great deal we do not understand about the “ecology” of  

eDNA (Barnes and Turner, 2015).  

Chapter 6 tested the potential for sediment cores collected in a marine embayment 

at the outflow of a subtropical river to preserve a chronology of freshwater taxon 

presence and assemblage over long time periods. This is the first time that sediment 

collected in a marine bay and sourced from a subtropical river has been examined for 

the presence of eDNA from freshwater fish. It was hypothesized that increases in 

sedimentation rates associated with land use changes from European settlement of the 

Brisbane River catchment may be associated with shifts in assemblages of river fishes. 

After testing several extraction protocols, eDNA from sediment layers dated to both pre 

and post-European settlement was amplified with generic fish primers. A high 

proportion of OTUs identified with sequencing were assigned to bacterial reference 

sequences with low support. Therefore, these results were inconclusive. When 

amplified with separate primers designed specifically for Australian lungfish 

(Neocerotodus forsteri), several layers of surface sediment showed bands at the 

expected length when visualized with gel electrophoresis. The high proportion of 

background bacterial DNA in samples relative to eDNA of fishes may be an explanation 

for these inconclusive results. Also, the forward end of the Teleo primers was found to 

align with bacterial sequences when tested in BLAST, with three mismatches at the 3’ 

end. Further work on these samples may be more successful if an alternate molecular 

workflow was applied. Adding phosphorothioate links to the 3' end of the primer to 
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prevent degradation might offer a partial remedy to the problem (Zon and Geiser, 

1991). Additionally, the use of capture hybridization could prove more effective than 

traditional PCR and this method has great potential for eDNA applications (Jones and 

Good, 2016). Capture hybridization is a laboratory technique which enables detection of 

eDNA fragments without the use of PCR amplification and which can target shorter 

amplicon lengths than PCR. This technique has primarily been used for studies of 

ancient DNA (Ávila-Arcos et al., 2011, Mason et al., 2011, Hofreiter et al., 2015). Further 

application and development of capture hybridization can advance eDNA studies, and it 

will likely be applied more widely in the near future.  

7.1  Next steps for advancing conservation through eDNA tools 

In some cases, eDNA metabarcoding can provide data for species and systems that 

have been too difficult or costly to survey in the past using observation-based 

(conventional) methods. For example, species that occur in very low densities over 

extensive ranges and in river systems with high discharge. Given certain conditions, 

eDNA methods may help to overcome some of the limitations of conventional sampling, 

especially in environments presenting logistical challenges to physical capture or 

observation of organisms. Some of the conditions in which eDNA methods are most 

likely to provide reliable detections include: low flows, lentic waters, and cold 

temperatures.  The eDNA metabarcoding approach presents some specific challenges 

due to the high levels of DNA degradation after it is shed and relatively low abundance 

of target molecules in samples when studying macroorganisms. For the study of highly 

rare aquatic species, the method requires further refinement to support broad-scale 

application.  

To validate richness and diversity estimates based on metabarcoding data, some 

studies use control mixtures of genomic DNA in known concentrations extracted from 
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different species that were collected from, or known to occur in, the study area (Yu et 

al., 2012, Ji et al., 2013, Leray, 2015). Throughout this thesis, such an approach is 

distinguished from eDNA metabarcoding as “DNA metabarcoding”, following the 

definitions established by Taberlet et al. (2012a). Conclusions from studies based on 

metabarcoding of high quality/quantity genomic DNA cannot necessarily be applied to 

the study of eDNA.  The low quality/small size of eDNA fragments, influence of 

environmental factors on degradation rates (Barnes et al., 2014), adsorption by clay 

minerals (Pietramellara et al., 2007),  as well as transport and settling rates (Deiner and 

Altermatt, 2014, Jane et al., 2015, Shogren et al., 2017) of eDNA molecules in natural 

water bodies introduces unique challenges.  

To address PCR and sequencing biases, metabarcoding results are subjected to 

quality filtering before statistical analysis. Thresholds for read quality are set, and 

remaining reads are clustered according to similarity using published algorithms. The 

clustered sequences are then compared to reference genome sequences from online or 

custom-built libraries to assign taxonomy. Selection of clustering thresholds and 

algorithms influences estimates of richness and beta diversity. Richness estimates have 

been shown to vary by three orders of magnitude depending on which combination of 

these analytic methods is applied (Flynn et al., 2015).  

Based on the results of Chapter 4, the Teleo primers produced the highest richness 

estimates compared to the other two primer sets used, but this value dropped 

substantially when the clustering threshold was reduced. This indicates that the Teleo 

primers were able to detect a higher number of unique sequences, but it is unclear 

whether these sequences all represent true species. This could indicate that the locus is 

highly variable or not variable at all, but it is more likely caused by the lack of adequate 

reference sequence information being available in the NCBI database for Mary River fish 
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species. In some cases, it may not be possible to distinguish true sequences from 

artifacts without matching reference genomes.  Given the rapidly dropping price for 

genetic sequencing associated with high-throughput technology, more effort should be 

dedicated to sequencing for reference libraries.  

Type I errors are less likely to occur than Type II errors with eDNA metabarcoding, 

but false detections are a challenge that needs further work. Some potential causes of 

false detections include: sample contamination, detection of dead organisms, 

resuspension of sediment that has adsorbed eDNA, primers that are not specific enough, 

PCR and sequencing errors, and misidentifications in reference libraries (Ficetola et al., 

2015, Roussel et al., 2015, Wilcox et al., 2013). In Chapter 4 of this study the clade-

specific primers and GenBank assignment returned an incorrect identification at the 

species level for Leiopotherapon plumbeus, which is not known to occur in the Mary 

River. However, the closely related species Leiopotherapon unicolor does occur. This 

example illustrates the importance of using alternate sources of biodiversity data in 

tandem with eDNA work, and the challenge of designing primers that can amplify all 

species within a diverse clade while also identifying sequences down to the species 

level. The high sensitivity of eDNA protocols, some of which can detect a single copy of 

target DNA (Wilcox et al., 2016), translates to a high susceptibility for sample 

contamination. False positive detections can occur from contamination in the field or 

the lab. Rigorous protocols for equipment sterilization and collections in the field have 

been published by Carim et al. (2015). 

Conservation actions will benefit further from eDNA analysis when the tool 

advances to the point where it can be used to reliably estimate abundance or biomass of 

target organisms. Perez et al. (2017) did not find any relationships among the catch or 

biomass per-unit-effort found with conventional sampling and the fish eDNA copy 
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numbers for samples collected in two different seasons in a reservoir. They did find that 

copy number varied with season, and therefore recommended that eDNA sample 

collection methods include a temporal component. Elbrecht and Leese (2015) found 

that the relative abundance of DNA from mock communities was skewed after 

amplification because of primer bias from mismatches with the target.  Some studies 

have shown a link between eDNA concentration and biomass (sensu Kelly et al. (2014)), 

though based on a review of the literature there is too much variability in eDNA results 

to use them as indicators of biomass at the moment (sensu Lacoursière-Roussel et al. 

(2016b)).  

eDNA methods are still in the early stages of development, and with time will likely 

advance to provide higher detection sensitivity. However, accurate interpretation of 

results will require further understanding of factors which control error rates. Some 

parallels can be drawn between eDNA methods and diagnostic testing for biomedical 

applications. Biomedical diagnostics publications have been shown to lack an 

assessment of what controls the rate of false discoveries (error rate) (Colquhoun, 2014). 

Significance levels assigned to results are only accurate if all the assumptions made in 

an experiment are correct (Colquhoun, 2014). Many eDNA studies include assumptions 

which we are learning to be false. As discussed in Chapter 5, collecting eDNA samples 

from only the river bank is unlikely to provide a representative sample, yet many eDNA 

studies assume eDNA is homogenous in a water body. The incorporation of lessons 

learned in other relevant disciplines should be a priority for future eDNA studies. 

Despite the need for further development, eDNA analysis has been shown to currently 

enable collection of data that are useful for conservation applications.  

Given the dire outlook for freshwater species, there is not time to perfect eDNA 

metabarcoding techniques before they are applied in a conservation context. However, 
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given the current limitations, eDNA analysis may be best suited for use in combination 

with conventional methods. All field survey methods have limitations.  eDNA analysis 

can be used to rapidly and affordably identify locations that should be prioritized for 

more rigorous sampling with conventional methods. Metabarcoding data can expand 

the spatiotemporal coverage and improve the sensitivity of ecological models that 

predict the influence of environmental variables on diversity. This is especially relevant 

for aquatic species, which are typically highly mobile and under-surveyed. However; if 

high spatial resolution of occupancy data is the goal of research, downstream drift of 

eDNA complicates application of this method in river environments. Field experiments 

and modeling have shown detection probability for a restricted macroinvertebrate did 

not drop below 95% until 50km downstream (Deiner and Altermatt, 2014). Distance of 

downstream detection for trout has been shown to be influenced by flow levels and 

deposition of leaf litter which contains PCR inhibitors (Jane et al., 2015). For research in 

rivers, eDNA metabarcoding may currently be most useful for characterizing diversity 

at larger scales, such as entire catchments (Deiner et al., 2016), or for distinct segments 

within a dendritic network (i.e. comparing tributaries to mainstems or to each other). 

7.2 Broader implications for conservation 
Currently, freshwater species face the highest rates of decline and one third of 

freshwater vertebrates are classified as threatened on the Red List (IUCN, 2018). The 

grim state of freshwater biodiversity cannot be overstated. Given this crisis, it is 

warranted to test any and all potential tools that may provide data that will support 

more effective conservation actions. River basins around the globe have been 

transformed in the developed world, and are currently undergoing extensive change in 

the developing world. Human needs and demand for freshwater often appear to conflict 

with biodiversity preservation. Enhanced management based on information gathered 



135 
 

rapidly and affordably can alleviate some conflicts, and novel solutions may be 

discovered. We cannot manage threatened species when we lack knowledge of their 

spatiotemporal distributions at scales which are relevant for biological, social, and 

political needs.  

Conventional observation-based tools to assess spatiotemporal distributions are 

limited in their scope of application given the required high levels of time and financial 

investment to deploy them.  When considering global coverage, surveys are highly 

biased towards the northern hemisphere and temperate aquatic systems. However, 

large tropical rivers host the highest species richness and highest number of threatened 

species, while the current level of knowledge is most limited. The physical conditions, 

such as high habitat heterogeneity, high discharge levels, and high seasonal variation in 

discharge; deep waters, high levels of turbidity, and presence of large rapids and 

amounts of debris severely limit the extent to which observation-based methods can be 

applied. The expansive geographic and trans-boundary extent of many large tropical 

rivers make it all the more challenging to conduct representative surveys and to gain 

access to sampling areas in different political jurisdictions. Given these challenges, it is 

worthwhile to pursue alternative techniques like eDNA analysis to study such systems, 

despite the current limitations of these tools.  
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8: APPENDICES 
- Appendix numbering is defined by associated chapters  

 
Appendix 4.1: Standard PCR Conditions 

Standard PCR was conducted under the following conditions: each reaction 

contained a volume of 30µL, with final concentrations of 1x supplied buffer (New 

England Biolabs, Inc., Ipswich, MA, USA), 0.2mM dNTPs, 0.5mg/mL BSA (New 

England Biolabs, Inc., Ipswich, MA, USA), 0.05µM of each primer, and 0.1 units of 

Q5 hot start polymerase (10units/mL, New England BioLabs, Inc., Ipswich, MA, 

USA). Each reaction contained 1µL of eDNA extract. Thermal cycling was at 98°C 

for 30 sec (x1 cycle); 98°C for 10 sec, primer-specific Tm  (Table 1) for 5 sec 

(Table 1), and 72°C for 5 sec (x20); final extension at 72°C for 30 sec. Three 

replicates were performed for each sample, then products were pooled and 

diluted 1:25 with molecular grade water.  

 

 

Appendix 4.2: PCR conditions for Illumina adapters  

Illumina adapters were added under the following conditions: each reaction contained a 

volume of 22 µL, with final concentrations of 1x supplied buffer, 0.2 mM dNTPs, 1 

mg/mL BSA (New England BioLabs, Inc., Ipswich, MA, USA), 0.02 µM of each adapter, 

and  0.25 units of Q5 hot start polymerase (New England BioLabs, Inc., Ipswich, MA, 

USA). 5 µL of diluted product from the first round of PCR was added. Thermal cycling 

was at 98°C for 30 sec (x1 cycle); 98°C for 10 sec, 59 °C for 5 sec, and 72°C for 5 sec 

(x30); 72°C for 30 sec (x1).  The product was subjected to electrophoresis in a 2% 

agarose with 0.5xTBE, stained in 50 ng/ml ethidium bromide in 0.5xTBE, and visualized 

over UV light. 
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Appendix 4.3  

List of fish genera positively identified by different sources of richness data for the Mary 

River, Queensland, Australia. For eDNA results “x” indicates identification at genus level, 

“o” indicates identification at the family or order level. Green shading indicates high 

confidence in eDNA results, yellow shading indicates moderate confidence given 

alternate data sources, and orange shading indicates low confidence in eDNA results 

(i.e. further survey work required to validate eDNA results, or eDNA failed to detect 

species observed with seining). Predictive modeling probability was scored as positive 

if genus had a probability ≥0.6 at one or more sites.  

 

Genus Name eDNA Seining 
Predictive 
modeling 
(prob≥0.6) 

Reference 
list (Pusey et 
al. 2004) 

Ambassis x x x x 
Anguilla x  x x 
Craterocephalus  x x x 
Gambusia x x  x 
Glossamia x x  x 
Hypseleotris x x x x 
Leiopotherapon x   x 
Maccullochella x   x 
Melanotaenia x x x x 
Mogurnda x  x x 
Mugil  x   x 
Nematalosa  x   x 
Neoceratodus x   x 
Notesthes   x x 
Oreochromis  x   x 
Philypnodon   x x 
Pseudomugil x x x x 
Rhadinocentrus    x 
Retropinna x x x x 
Tandanus o   x X 
Xiphophorus x   x 
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Appendix 6.1: Methods and results for trials of three ratios of extraction 

buffer to sediment  

We selected sediment samples from layers that covered a high range of dates 

(MB2L_20-30, MB2L_180-190, MB2L_330-340) to evaluate whether different ratios 

of binding buffer worked more effectively for highly degraded eDNA in very old 

samples or if results were uniform regardless of sample age.  

For each of three samples we tried three different ratios of binding buffer: 

• 1a = 300uL supernatant (1/2 of total from extraction) + 2x volume of 

binding buffer (compared to manufacturer protocol)  

• 1b = 200uL of supernatant (1/3 of total from extraction)  3x volume of 

binding buffer (compared to manufacturer protocol)  

• 1c = 100uL of supernatant (1/6 of total from extraction)  6x volume of 

binding buffer (compared to manufacturer protocol)  

 
 
 
 
Appendix 6.2: Standard PCR conditions, Round 1 

Standard PCR was conducted under the following conditions: each reaction 

contained a volume of 15µL, with final concentrations of 1x supplied buffer, 

0.2mM dNTPs, , 0.1µM of each primer (Teleo_F and Teleo_R), and 0.02 units/µL 

of KAPA HiFi polymerase (KAPA Biosystems, Boston, Massachusetts, United 

States). Each reaction contained 1µL of eDNA extract. Thermal cycling was at 

95°C for 3 min. (x1 cycle); 95°C for 20 sec (x25), 56°C for 8 sec.; 72°C for 3 sec.; 

and  72°C for 30 sec (x1).  
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Appendix 6.3: Standard PCR conditions, Round 2  

Standard PCR was conducted under the following conditions: each reaction 

contained a volume of 15µL, with final concentrations of 0.8x supplied buffer, 

0.2mM dNTPs, 0.1µM of each primer (Teleo_F and 12SiiSHRT_R), and 0.02 

units/µL of KAPA HiFi polymerase (KAPA Biosystems, Boston, Massachusetts, 

United States). Each reaction contained 3µL of PCR product. Thermal cycling was 

at 95°C for 30 sec. (x1 cycle); 95°C for 10 sec (x25), 70°C for 4 sec.  

 

 
 
Appendix 6.4: Illumina indexing conditions 
 
Indexing was conducted under the following conditions: each reaction contained a 

volume of 22µL, with final concentrations of 1x supplied buffer, 0.2mM dNTPs, 0.1µM of 

indexing primer, and 0.02 units/µL of KAPA HiFi polymerase (KAPA Biosystems, 

Boston, Massachusetts, United States). Each reaction contained 0.1µL of product. 

Thermal cycling was at 95°C for 3 min. (x1 cycle); 95°C for 20 sec (x30), 64°C for 8 sec.; 

72°C for 3 sec.; and 72°C for 30 sec. (x1). 
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