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Abstract

Reliable monitoring data is important for managing biodiversity. Yet this reliability is largely
dependent on the efficiency of the methods used to detect individuals or species. When species
are rare, cryptic or elusive, sensitive tools are needed to ensure adequate detection rates.
Much interest has been given to the application of environmental DNA (eDNA) for
targeted species detection and biodiversity assessments. This method’s sensitivity, noninvasiveness and rapid collection of samples makes it an appealing tool for monitoring, but
despite the rising interest, there are many factors that can impact upon eDNA detection and
these require investigation.
This research examines several factors affecting eDNA detection in the field and the
laboratory in order to improve eDNA detection probabilities. Specifically, field sampling and
choice of methods during analysis were examined to show how these affected DNA recoveries.
Spatial and temporal patterns of eDNA production, degradation and transport were also
investigated to understand eDNA dynamics in natural systems and how these relate to estimates
of species abundance. Through field investigations, the results of traditional detection were
compared with eDNA detection to objectively assess each method’s performance. This research
focused on lotic systems and used three invasive fish species of management concern as target
species.
The research found that the choice of DNA capture, preservation and extraction methods
can significantly affect DNA yield and that the most commonly used eDNA methods are not
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necessarily the most cost-efficient. By investigating three fish species with contrasting spatial
distributions (benthic, pelagic, benthopelagic) across two seasons, a significant effect of season
on eDNA concentration was found, with higher DNA detection rates in spring than autumn.
Sampling location (surface vs subsurface water sampling) did not significantly affect eDNA
concentration in all three species studied. These findings underscore the importance of
considering sampling and analytical methods as well as the target species’ ecology and
behaviour to maximize eDNA detection success.
Improving detection rates require a good understanding of eDNA production,
persistence and transport. From the field experiments, the research herein demonstrated that
time-dependent changes in eDNA production seen in closed systems was demonstrable in
flowing systems, but only when water samples were taken close to the source (within 150 m).
There is increased stochasticity in eDNA detection when target species are present at low
densities, making it challenging to draw inferences on abundance and proximity. However,
because eDNA concentration drops off quickly only a few meters from source, strong and
consistent eDNA signals strongly suggests local presence when species are rare.
This thesis found that the eDNA method can significantly improve the detection of rare,
elusive species, but like any other survey tool, its detection is imperfect. Thus, it is best used in
conjunction with other survey methods to enhance detection rates and increase confidence in
the monitoring results. This thesis underscores the importance of considering sampling and
analytical methods, species’ ecology and behavioural patterns as well as the potential effects of
physical site characteristics to accurately draw inferences from eDNA data and improve eDNA
detection success.
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Chapter 1 : General introduction
Monitoring programs obtain estimates of occupancy, abundance, density or survival which are
essential in managing biodiversity (Vos et al., 2000; Nielsen et al., 2009).

However,

determining these population estimates within a specific area or time period is usually
confounded by detection probability; that is, the probability of correctly noting the presence of
a species given that it is present in the survey area (MacKenzie et al., 2002; Thompson, 2013).
Accounting for detection probability is important to avoid erroneous estimates of population
status and trends. It is often difficult to detect all individuals or species present during
monitoring, especially for species that are rare, elusive or cryptic (Mills et al., 2000).
Unfortunately, these are also the species that are of management importance due to their low
abundance, restricted distributions or paucity of information (Thompson, 2013). To increase
the probability of detection, sensitive detection tools are needed to provide more accurate
information from which to base management actions (Yoccoz et al., 2001; Christy et al., 2010).

The demand for sensitive and non-invasive techniques for monitoring of aquatic fauna
has fuelled the application of non-invasive DNA techniques for species detection and
population size estimation (Taberlet & Luikart, 1999; Darling & Blum, 2007; Goldberg et al.,
2011). Compared to traditional survey techniques which require capture of target species, noninvasive genetic techniques are less stressful to the species of interest because they do not
require capture, observation or disturbance and sampling is non-destructive (Taberlet &
Luikart, 1999). These methods rely on the use of DNA from samples such as faeces, shed hair,
feathers, skin and other bodily secretions to infer presence. In the past two decades, the field
of non-invasive genetic sampling has expanded to include the analysis of environmental DNA
(eDNA). This approach has become more prevalent across a range of ecological applications,
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particularly in the detection of rare, cryptic, threatened or invasive species (Jerde et al., 2011;
Dejean et al., 2012).

Environmental DNA
Environmental DNA or eDNA from animals refers to nuclear or mitochondrial DNA
that is released into the environment through discharges such as mucous secretions, faeces,
shed skin cells, gametes, hair or bodily remains (Pilliod, Goldberg, Laramie, et al., 2013). The
term was first used by microbiologists and since then has been used in a wide range of
applications particularly in the field of soil microbiology, diet analysis, biodiversity studies and
invasive/threatened species detection and monitoring (Ogram et al., 1987; Taberlet, Coissac,
Pompanon, et al., 2012; Yoccoz, 2012). Environmental DNA analysis requires samples derived
from soil, permafrost, marine or freshwater environments (Willerslev et al., 2003; Thomsen,
Kielgast, Iversen, Moller, et al., 2012). Recently, water samples for eDNA analysis have been
taken from uncommon sources such as the phytotelmata or fluid-filled cavities of the bromeliad
plant (Glomeropitcairnia erectiflora) (Brozio et al., 2017; Torresdal et al., 2017). The
flexibility of eDNA sampling is bound to attract more avenues of application in different areas
of ecology.
Once eDNA has been captured from the environment, it is then extracted and amplified
using targeted DNA markers, either through conventional Polymerase chain reaction (PCR)
amplification, quantitative PCR (qPCR), or digital PCR methods (Pilliod, Goldberg, Laramie,
et al., 2013; Doi et al., 2015). eDNA can be used to target a single species or with the use of
high throughput next-generation sequencing (NGS) platforms, hundreds of thousands or
millions of DNA sequences can be obtained directly from environmental samples, allowing the
identification of numerous taxa from only one sample (Shokralla et al., 2012). The ability of
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eDNA to infer individual or multi-species presence is advantageous in that it provides users
with flexibility based on the research question or monitoring aim as well as resources available.

Environmental DNA in the aquatic environment
The majority of eDNA studies have been in aquatic ecosystems, with much research
focused on the application of eDNA in the detection of rare, threatened and elusive fauna
(Goldberg, et al., 2011; Olson et al., 2012; Santas et al., 2013). Several studies found that eDNA
in water is suggestive of near-real time species presence(Dejean et al., 2011; Thomsen,
Kielgast, Iversen, Møller, et al., 2012; Takahara et al., 2013), a characteristic that undoubtedly
contributes to its increased application in aquatic environments compared to others. In contrast,
eDNA in soil and sediments can survive from a few to thousands of years (Willerslev, et al.,
2003; Yoccoz et al., 2012). Recently, the ecological applications of eDNA has expanded from
presence/absence detection to inferring occupancy, distribution and density or biomass of
aquatic species (Pilliod, Goldberg, Arkle, et al., 2013; Takahara, et al., 2013; Laramie et al.,
2015). eDNA technology has immense potential to revolutionize targeted species or
biodiversity monitoring (Goldberg, et al., 2011), yet many questions remain on how various
environmental and methodological factors affect eDNA degradation and subsequently, its
detection. In the succeeding paragraphs, I review the literature on eDNA production and
degradation and the various factors affecting eDNA detection.

eDNA production and degradation in water
The detection and quantification of eDNA rely on the relationship between its
production and degradation (Thomsen, Kielgast, Iversen, Wiuf, et al., 2012). The production
of eDNA appears to be associated with shedding or sloughing of epithelial cells during
movement, excretion or moulting (Pilliod et al., 2014). A few studies have investigated the rate
3

of eDNA production and degradation by tracking its concentration through time using
controlled aquarium experiments (Takahara et al., 2012; Thomsen, Kielgast, Iversen, Wiuf, et
al., 2012; Maruyama et al., 2014; Pilliod, et al., 2014). The results of these studies indicate that
the DNA production rate is affected by physiological stress as well as the size and number of
individuals. Evidence of intra- and inter-specific variation on eDNA production occur,
indicating a need to further understand the dynamics of eDNA production and degradation
across multiple species and systems (Thomsen, Kielgast, Iversen, Wiuf, et al., 2012;
Maruyama, et al., 2014).
The degradation of eDNA is affected by a range of factors such as light, temperature,
enzymatic activity, and pH. A thorough understanding of how these factors relate to each other
and their subsequent impact on eDNA stability is important in understanding eDNA detection
in aquatic systems. Barnes et al. (2014) categorized the factors affecting DNA persistence into
three categories: characteristics of the DNA molecule itself, abiotic environmental
characteristics (light, oxygen, pH, salinity, substrates) and biotic environmental characteristics
(microbes and enzymes). Characteristics of the DNA molecule include its length,
conformations and whether it exists as free (naked) DNA or membrane-enclosed – all of which
influences the rate of breakdown of DNA in the environment (Romanowski et al., 1992;
Alvarez et al., 1996; Zhu, 2006; Barnes, et al., 2014). Biotic and abiotic environmental factors
affecting DNA degradation are discussed in detail below.

Factors affecting eDNA persistence in freshwater systems
Temperature
Increased enzymatic and microbial activity at higher temperatures could account for the
faster degradation of DNA in water compared to soil and sediments (Zhu, 2006). In a study of
DNA distribution and persistence in a thermally stratified lake, Matsui et al. (2001) found that
4

DNA was degraded completely within 170 hours in the warmer epilimnion (upper layer)
whereas DNA in the much cooler hypolimnion (lower layer) n degraded very slowly. Pilliod,
et al. (2014) found that eDNA from Idaho giant salamanders kept at 4°C and no light had 2030
and 733 times more eDNA after 18 days compared to samples under full sun exposure and 20%
shade exposure, respectively. Studies which have investigated the effect of temperature on
eDNA shedding rates, however, show contrasting results. Klymus et al. (2015) and Takahara,
et al. (2012) found no effect of water temperature on DNA shedding rate. In contrast, Robson
et al. (2016) found that temperature experienced in the tropics (23, 29, 35 °C) significantly
enhanced the DNA shedding rate of Mozambique tilapia (Oreochromis mossambicus).
Differences in the results of the studies could indicate species-specific differences in eDNA
production. In addition, other stressors that could influence eDNA shedding rate should also
be considered, as physiological stress has been shown to increase eDNA production rates
(Maruyama, et al., 2014).

Ultraviolet light (UV)
The ultraviolet spectrum is the most damaging spectrum of the sun’s radiation, with
UVB affecting DNA in a greater way than UVA (Ravanat et al., 2001). Ultraviolet radiation
causes damagein the DNA which leads to changes in its molecular character (Kiefer, 2007).
Pilliod, et al. (2014) demonstrated that eDNA was no longer detectable in samples under full
sun exposure after eight days, whereas eDNA can still be detected in 20% of shaded samples
after 11 days and in all samples under refrigeration and no light after 18 days. Temperature
could exert a stronger influence on DNA degradation than light as eDNA became degraded at
an exponential rate even in the absence of light whereas temperature caused majority of the
observed variation in eDNA degradation among samples (Pilliod, et al., 2014). It is likely that
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UV rays interact with temperature and other physico-chemical factors in the water to hasten
the degradation of eDNA in natural environments.

Environmental physicochemical factors
Barnes et al. (2014) investigated the influence of environmental conditions on the
persistence of eDNA in aquatic mesocosms by creating a gradient of different environmental
conditions.

They measured physicochemical parameters (chlorophyll a concentration,

biochemical oxygen demand and total eDNA concentration) as indices of primary production
and community metabolism. eDNA degradation was expected to increase as biochemical
oxygen demand, chlorophyll a and total eDNA concentration increased. However, their results
were contrary to expectations, which the authors attributed to the complex relationship between
environmental factors, leading to either a synergistic or antagonistic effect in relation to eDNA
degradation (Barnes, et al., 2014).

Effect of extracellular enzymes
DNA is degraded by enzymes known as DNases, which breaks down DNA into
deoxyribose, phosphates, purine and pyrimidine bases. Extracellular DNA in the environment
is an important source of nutrients for microbes. Enzymes that degrade DNA are present in
soil, sediments, and marine and freshwater columns (Nielsen et al., 2007). It has been suggested
that microbial activity is responsible for most of the degradation of DNA in soils (Blum et al.,
1997) and this is presumably the same case in water. In seawater, it has been reported that DNA
bound to marine sediments are more protected from enzymatic degradation than those in the
water column (Lorenz & Wackernagel, 1987). Deere et al. (1996) found a similar pattern in
lake water and lake sediments, whereby DNA in the sediment was detectable for three weeks
longer compared to the water column. In both marine and freshwater environments, the clay,
6

sand and other humic substances present in the sediments may offer protection to the adsorbed
DNA from the extracellular nucleases, resulting in DNA from sediments being able to be
detected for longer (Nielsen, et al., 2007; Turner et al., 2015).
Enzymatic activity is also affected by temperature and other physicochemical factors
in the environment. Ahrenholtz et al. (1994) found that nuclease activity is greater in
groundwater at 37°C than at 4°C. In the same way, Matsui, et al. (2001) found different rates
of DNA degradation between thermally stratified layers in the lake which they attributed to
differences in microbial community and abundance, enzymatic activity and temperature.

Factors affecting eDNA detection
eDNA field methods
Capturing eDNA from the environment is the first crucial step in its analysis. Current
eDNA field sampling methods are not standardised and as such, a systematic comparison of
methods is required to understand how these affect detections of eDNA (Lodge et al., 2012;
Pilliod, Goldberg, Laramie, et al., 2013). Four questions arise when it comes to field collection
methods: Where to sample, when to sample, how much to sample, and what preservation and
filtration methods to use?

Where to sample – eDNA distribution in water
Understanding the fate and distribution of DNA once it is released into the environment
is important in developing effective methods that will increase the likelihood of eDNA
detection. To date, there are only a few studies that have investigated eDNA distribution in the
water column (Matsui, et al., 2001; Zhu, 2006). Most studies on eDNA detection in aqueous
systems have involved sampling from the water surface only, despite the fact that DNA has
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been found among various environmental compartments including the water column,
sediments, biofilm and surface film (Figure 1.1) (Everhart et al., 2013).

Figure 1.1. Distribution of eDNA in aquatic systems (from Everhart et al. 2013)
There are contrasting views on whether eDNA is homogeneously or heterogeneously
distributed in water. Thomsen, Kielgast, Iversen, Wiuf, et al. (2012) inferred that eDNA is
homogeneously distributed in ponds because they were able to recover DNA for all target
species in their study, including those living near the water, regardless of abundance. On the
other hand, Turner et al. (2012) consistently found a patchy distribution of Common Carp
(Cyprinus carpio) eDNA in wetland locations and that the concentration of eDNA taken
consecutively from a single spot varied widely. More recent studies have indicated a
heterogeneous distribution of eDNA in water, with DNA concentration expected to be
influenced by the preferred habitat/location of the target species (Eichmiller et al., 2014;
Laramie, et al., 2015).
It is also expected that sampling methods would differ between lotic (rivers and
streams) and lentic ecosystems (lakes and ponds) because biotic and abiotic factors vary widely
between the two systems. Lotic ecosystems are particularly complex, since factors such as flow
rate, discharge rate and stream morphologies are expected to add to the difficulty of
determining appropriate eDNA sampling sites (Goldberg, et al., 2011; Jerde, et al., 2011).
8

Sampling sites of eDNA in streams, lakes and rivers vary between studies. For rivers and
streams, samples are collected from surface water either at the headwater or downstream from
a known or likely habitat (Goldberg, et al., 2011; Olson, et al., 2012). Santas, et al. (2013)
sampled near the bottom of the stream and at three points across the width of the stream.
For lentic ecosystems, many published studies utilise surface water to test for eDNA
(Ficetola et al., 2008; Takahara, et al., 2013; Eichmiller, et al., 2014). Lake stratification as
well as trophic state are additional factors that require further investigation, particularly since
dissolved DNA is expected to be present in different quantities in the stratified layers (Matsui,
et al., 2001). It is likely that DNA persistence rates would also differ between trophic states
(Siuda & Chrost, 2000).
There is still a lack of clear guidance from published studies as to the most suitable
location to sample in freshwater environments. Spatially-integrated sampling has been utilised
more generally to overcome any uncertainty as to whether sampling has been sufficiently
thorough (Turner, et al., 2012). For fishes, it is also unknown whether eDNA distribution
differs between benthic and pelagic fishes. Understanding DNA movement among different
environmental compartments coupled with spatial sampling and consideration of ecological
variables is likely to enhance eDNA detection success.
When to sample – temporal variation in eDNA concentration
Accounting for seasonal variation when undertaking eDNA sampling could increase
detection probabilities.

For instance, sampling when the species are most active (e.g.

reproductive/spawning season, moulting, daily activity cycles), or when water levels are low
may increase eDNA detection (Olson, et al., 2012; Pilliod, et al., 2014). Several studies have
found seasonal variation in eDNA detection, which can be attributed to seasonal changes in
population density, metabolism and behaviour of target organisms (Goldberg, et al., 2011;
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Spear et al., 2015; de Souza et al., 2016; Dunn et al., 2017; Takahashi et al., 2017). These
findings emphasize the importance of considering life histories of target species in eDNA
surveys.

How much to sample – volume of water for eDNA analysis
Previous publications have successfully demonstrated the recovery of eDNA from
discrete water samples ranging from 15 ml to 10L (Goldberg, et al., 2011; Santas, et al., 2013;
Deiner & Altermatt, 2014). A few studies aimed to increase the probability of detecting eDNA
by sampling across a transect and pooling the samples together (Piaggio et al., 2013) or through
filtering water in-situ while moving through the water (Turner, et al., 2012). The probability of
detection of species at low density in large water bodies is likely to increase as the volume of
water samples taken is increased and examined across a wider area (Turner, Miller, et al.,
2014). Transporting large volumes, however, is logistically difficult particularly in remote
areas (Santas, et al., 2013). Thus, it is important to find the right balance between sample
volume, ease of sampling and cost effectiveness.
It has also been demonstrated that the volume of water samples needed to detect eDNA
depends on the density of the target species. Olson, et al. (2012) estimated that an equivalent
of 96L of filtered water sample (12 filters, 8L per filter paper) would need to be assayed to
decrease the probability of false negatives to less than 5% using their methodology for
hellbenders (Cryptobranchus a. alleganiensis). On the other hand, Santas et. al. (2013) reported
that 2-3 L water samples taken per site were adequate in detecting hellbenders even at low
densities, whereas 1-L water samples did not enable the detection of hellbender eDNA.
Sampling requirements are likely to differ between sites even for the same species. Model
estimation of eDNA sensitivity and/or site occupancy could be used to infer sample size needed
to attain a certain level of detection probability (Schmidt et al., 2013; Furlan et al., 2015).
10

Despite the usefulness of modelling to eDNA studies, factors that needs to be considered in
models include heterogeneity in detection, the likelihood of false positive results, and model
assumptions (e.g. sites are “closed”) (Schmidt, et al., 2013; Furlan, et al., 2015).
Field preservation and filtration methods
Environmental DNA analysis often deals with small quantities of highly degraded DNA
fragments. Consequently, careful handling of field samples is necessary to prevent
contamination

and

increase

the

likelihood

of

eDNA

recovery.

Usually,

precipitation/centrifugation and filtration methods are used to capture the DNA from water
samples and then placed on cold storage or in a preservative before DNA extraction. Previous
studies suggest filtration of large water volumes when surveying for rare species in large bodies
of water (Turner, et al., 2012). Centrifugation severely limits the amount of water volume that
can be processed; thus, microfiltration has been suggested as advantageous when dealing with
larger bodies of water (Turner, Barnes, et al., 2014). Other researchers used on-site filtration
methods (i.e. Goldberg et al. 2011, Turner et al. 2012, Pilliod et al. 2014, Pilliod et al. 2013).
The use of on-site filtration using a peristaltic pump and preservation in ethanol is presumably
advantageous in field situations when laboratories are far from field sites because samples do
not require immediate freezing or the carrying of large volumes of water. Further testing of
eDNA recovery rates for each of the different methods would provide a clearer indication of
which protocol would be the most optimal for field use.
Different filter paper types and sizes have also been used in eDNA detection. Liang
&Keeley (2013) found that filter papers made of different materials as well as pore sizes
affected the recovery of DNA from water samples. Mixed cellulose esters with the pore size
0.2 µm recovered the most eDNA. On the other hand, Renshaw et al. (2015) found no
significant difference in bluegill (Lepomis macrochirus) eDNA yields filtered through
cellulose nitrate and polyethersulfone filter papers of the same pore size. It would seem that
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the smaller the pore sizes are, the better it would be for trapping degraded DNA. However,
filters with very small pore sizes would mean longer filtration time and will be subject to
clogging particularly for lentic environments where more suspended matter is present
(Takahara, et al., 2012). Choice of filtration materials would need to consider the material cost,
quantity of water to be filtered and the filtration time as these would all affect the cost efficiency
of the eDNA recovery.
Laboratory protocols
There are varied protocols used in eDNA analysis, including numerous DNA extraction
methods and PCR conditions. There have been a few attempts to compare different DNA
extraction methods, although to a limited degree (Deiner et al., 2015; Renshaw, et al., 2015).
Regardless of the protocol used, adherence to laboratory quality control measures is necessary
to limit potential sources of error (Darling & Mahon, 2011). Observance of strict laboratory
protocols such as those used for ancient DNA is strongly advised, including carrying out DNA
extraction and post-PCR protocols in different rooms to prevent contamination (Goldberg et
al., 2016).
Darling &Mahon (2011) provided guidelines towards molecular assay development for
eDNA studies, focusing on assay specificity, sensitivity and the importance of positive and
negative controls. Because of the stochasticity of amplifications due to either poor-quality or
degraded DNA, performing PCR amplifications for each water sample in triplicate or more is
recommended (Ficetola, et al., 2008; Piaggio, et al., 2013; Takahara, et al., 2013). In addition,
testing for PCR inhibiting substances which are common in environmental and biological
samples should be considered as these may cause false negative results (Schrader et al., 2012;
Jane et al., 2015). Lodge et al. (2012) further recommends minimum reporting guidelines when
quantitative PCR (qPCR) is used to enable comparison among different publications. The
Minimum Information for Publication of Quantitative Real-Time PCR Experiments (MIQE)
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guidelines has been developed specifically for this reason - allowing investigators to disclose
minimum needed information so that other researchers can reproduce results (Bustin et al.,
2009).

Population density
The density or abundance of the target species in the study system influences eDNA
detection since we expect that eDNA concentrations will increase with increasing abundance.
Some studies have shown a positive correlation between population density and DNA
amplification rate (Ficetola, et al., 2008) and between population density and eDNA
concentration (Thomsen, Kielgast, Iversen, Wiuf, et al., 2012). Moreover, Takahara, et al.
(2012) investigated the relationship between biomass and eDNA concentration and found a
significant positive correlation between the variables. These studies showed the potential utility
of eDNA as an indicator to estimate abundance or population densities. However, these
experiments were carried out using discrete static mesocosms (aquariums or ponds), and do
not necessarily equate to what would be observed in flowing or natural bodies of water. In fact,
the few studies that have investigated the relationship between density and eDNA in natural
systems have yielded contrasting results (Pilliod, Goldberg, Arkle, et al., 2013; Turner, 2013;
Laramie, et al., 2015), indicating further need to examine the various factors influencing the
relationship between eDNA and density in natural aquatic systems.

Summary and challenges to eDNA application
The eDNA method provides many advantages over traditional detection and monitoring
methods. Firstly, the analysis of eDNA involves non-destructive sampling and does not require
the capture and handling of the target species. This is particularly useful in the study of rare
and endangered species that are sensitive to handling stress and could potentially be harmful
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to individuals due to the capture methods (Beja-Perreira et al., 2009). Secondly, the increased
sensitivity and specificity of a DNA-based approach enables detection of species with low
population densities and overcomes the limitations of identification based on morphology
alone (Darling & Mahon, 2011). For example, many morphological identification keys are
based on the characteristics of adults, whereas identification of juvenile life stages is difficult
(Besansky et al., 2003) but may be critical in circumstances such as invasive species detection
(Keller & Lodge, 2007). Finally, the eDNA method has the potential to be cost-effective in
terms of time and manpower. Although the initial cost of developing DNA-based methods may
be expensive, succeeding applications can be performed faster at a higher volume and lower
cost (Darling & Mahon, 2011).
Despite eDNA’s advantages and rising popularity as a detection tool, there are known
challenges to the method and barriers to its application as a standard monitoring tool. Utilising
the eDNA method can involve increased cost and altered practice, thus, research demonstrating
its proof of concept are needed. Widely divergent sampling methods also leave many
uncertainties that preclude development of cost-efficient and standardised techniques and
protocols. Sampling strategies may prove critically important to inferences made regarding
presence or absence of target species (Darling & Mahon, 2011). In addition, questions related
to eDNA’s fate in natural environments and its application as a quantification tool remain.
Understanding the processes behind eDNA production, transport and degradation is essential
to quantify the uncertainties surrounding eDNA detection (Goldberg, et al., 2016). Clearly,
further research is needed to address these gaps.

Thesis aim
The overall aim of this thesis is to improve eDNA detection probabilities by investigating
factors in the field and the laboratory affecting eDNA detection. Using fish as target species, I
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focus on exploring how sampling protocols and methodological considerations affect eDNA
recovery and examine eDNA production, degradation and transport through time and space to
understand eDNA dynamics in natural systems and how these relate to estimates of species
abundance. In my field investigations, I use the eDNA method concurrent with traditional
methods of detection to objectively assess their performance. Specifically, the research aims
to:
1. Compare existing eDNA field and laboratory methods in order to identify the most costefficient methods.
2. Compare the seasonal detection of three fish species with varying spatial distribution
using eDNA detection and traditional fish survey methods.
3. Investigate the spatial and temporal detection of eDNA to understand low density
eDNA dynamics in a flowing system.
4. Investigate how the eDNA method performs across a gradient of target species density;

This thesis focused on lotic systems and the use of three invasive fish species present in
Australia: Oriental Weatherloach (Misgurnus anguillicaudatus), Redfin Perch (Perca
fluviatilis) and Common Carp (Cyprinus carpio). These three species have immediate
management requirements in Australia due to their expanding range and their potential to act
as disease vectors and competitors to native wildlife. They also have different ecological
attributes and are amenable to aquarium manipulation – qualities that make them ideal as study
species for this research. The results of the study are expected to provide insights into eDNA
detection of other aquatic species, whether invasive or not. The outcome of the research is
expected to enhance the robustness of the eDNA method and to provide recommendations that
directly inform field-based requirements for sampling.
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Chapter 2 : Methods to maximise recovery of environmental
DNA from water samples
* This chapter has been published as: Hinlo R, Gleeson D, Lintermans M, Furlan E (2017)
Methods to maximise recovery of environmental DNA from water samples. PLoS ONE
12(6): e0179251. https://doi.org/10.1371/journal.pone.0179251

Abstract
The environmental DNA (eDNA) method is a detection technique that is rapidly gaining
credibility as a sensitive tool useful in the surveillance and monitoring of invasive and
threatened species. Because eDNA analysis often deals with small quantities of short and
degraded DNA fragments, methods that maximize eDNA recovery are required to increase
detectability. In this study, we performed experiments at different stages of the eDNA analysis
to show which combinations of methods give the best recovery rate for eDNA. Using Oriental
Weatherloach (Misgurnus anguillicaudatus) as a study species, we show that various
combinations of DNA capture, preservation and extraction methods can significantly affect
DNA yield. Filtration using cellulose nitrate filter paper preserved in ethanol or stored in a -20
°C freezer and extracted with the Qiagen DNeasy kit outperformed other combinations in terms
of cost and efficiency of DNA recovery. Our results support the recommendation to filter water
samples within 24hours but if this is not possible, our results suggest that refrigeration may be
a better option than freezing for short-term storage (i.e., 3-5 days). This information is useful
in designing eDNA detection of low-density invasive or threatened species, where small
variations in DNA recovery can signify the difference between detection success or failure.
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Introduction
The past decade has seen a remarkable growth and interest in the use of the
environmental DNA (eDNA) method as a tool for targeted species detection and biodiversity
assessments. While earlier research focused on the isolation of microbial DNA from
environmental samples (Handelsman, 2004; Biggs et al., 2015), subsequent studies directed at
isolating plant and animal DNA from such samples has opened up diverse fields of application
of the method including surveillance of rare, threatened, or invasive species (Jerde, et al., 2011;
Lodge, et al., 2012; Bohmann et al., 2014) and assessment of past and present biodiversity
(Willerslev et al., 1999; Willerslev, et al., 2003; Thomsen, Kielgast, Iversen, Møller, et al.,
2012). Many eDNA studies have been in aquatic ecosystems, and have proven effective in the
detection of aquatic/semi-aquatic vertebrates and invertebrates (Dejean, et al., 2012; Olson, et
al., 2012; Thomsen, Kielgast, Iversen, Wiuf, et al., 2012; Santas, et al., 2013; Deiner &
Altermatt, 2014). Although the application of this non-invasive genetic technique is
increasingly expected to influence environmental management (Kelly et al., 2014), basic
studies are encouraged to further explore its possibilities and limitations (Pedersen et al., 2015).
The eDNA method relies on the detection of DNA in environmental samples such as
water, soil or air to infer species presence (Taberlet, Coissac, Hajibabaei, et al., 2012). Its
analysis involves a series of steps, which includes eDNA capture, preservation, extraction,
amplification and sequencing to ensure match to target species. Efficiency at each step is
expected to affect the recovery of DNA and subsequently, its detection. Indeed, previous
research found that eDNA recovery varied depending on the protocols or combinations of
protocols used (Deiner, et al., 2015; Renshaw, et al., 2015; Eichmiller et al., 2016; Piggott,
2016). Researchers often choose methods based on cost, ease of sampling, availability of
materials and equipment or personal preferences (Deiner, et al., 2015; Piggott, 2016). Different
combinations of methods are likely to vary in efficiency but because eDNA analysis often relies
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on detecting small quantities of highly degraded DNA, methods that maximize eDNA recovery
(thus, increasing detection) in a cost-efficient manner are ideal.
A crucial first step in the eDNA workflow is DNA capture. Filtration and precipitation
are the two most commonly used methods to capture eDNA from aquatic environments.
Filtration requires passage of water samples through a filter to trap the DNA whereas the
precipitation method uses ethanol to precipitate nucleic acids in the water sample (Ficetola, et
al., 2008; Jerde, et al., 2011). Comparisons of these two methods found that filtration recovered
more eDNA from water samples (Deiner, et al., 2015; Eichmiller, et al., 2016; Piggott, 2016).
The precipitation method limits the amount of water volume that can be processed, and thus
filtration has been suggested to be more advantageous when dealing with larger bodies of water
(Turner, Barnes, et al., 2014). A few studies have also investigated how different DNA capture
and extraction combinations affect eDNA yield (Deiner, et al., 2015; Eichmiller, et al., 2016;
Piggott, 2016). These studies however did not look at preservation/storage method along with
capture and extraction methods which may also affect DNA recovery.
After filtration, DNA has to be preserved prior to DNA extraction. Cold storage of filter
papers is commonly employed (Jerde, et al., 2011; Santas, et al., 2013), although this may be
impractical in some field applications. Ambient temperature storage has been successfully
employed using ethanol (Goldberg, et al., 2011; Goldberg et al., 2013; Pilliod, Goldberg, Arkle,
et al., 2013) and Longmire’s solution (Renshaw, et al., 2015; Spens et al., 2016). Ambient
temperature storage is useful when maintaining a cold chain in field conditions is difficult. Of
these two alternatives, ethanol is likely to be the preferred alternative as it is widely available,
inexpensive and can be used straightaway with no preparations needed. Studies comparing
eDNA recovery rates from filters stored under cold storage and those stored in ethanol,
however, are limited (Minamoto et al., 2012; Spens, et al., 2016).
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In studies using filtration as a capture method, water samples are taken from the field,
brought to the laboratory in ice chests, and filtered within 24 hours or are frozen before
processing (Jerde et al., 2013; Deiner & Altermatt, 2014). There may be instances, however,
when water samples cannot be processed within 24h of collection. In this case, it is important
to know how long samples can be stored without significantly affecting detection or DNA
concentration. Previous studies have shown that eDNA degrades exponentially with time
(Thomsen, Kielgast, Iversen, Moller, et al., 2012; Yamanaka et al., 2016). Storing water
samples in freezers seem to be the preferred option but access to freezers are not always
available and the freeze-thaw cycle has been found to affect DNA detection (Takahara et al.,
2015). The current published study measured the eDNA concentration after one freeze-thaw
cycle only (Takahara, et al., 2015) but no other study has investigated the effect of several
freeze-thaw cycles on eDNA over a period of time. The effect of sample processing (time and
method of storage before filtration) on eDNA recovery has previously been investigated
(Yamanaka, et al., 2016), but using only limited storage methods (ambient temperature, frozen)
and within a relatively short time frame (up to four hours) (Takahara, et al., 2015; Yamanaka,
et al., 2016). Our study aims to address these gaps by investigating the effect of three storage
methods (room temperature, refrigerated and frozen) on eDNA across a longer period of time
(28 days).
The type and pore size of filter papers used during filtration in eDNA studies also vary.
These are important considerations in eDNA analysis as filter material and pore size directly
influence flow rate and particle retention. Many eDNA studies use pore sizes ranging from
0.45µm – 3 µm (Olson, et al., 2012; Pilliod, Goldberg, Laramie, et al., 2013; Santas, et al.,
2013; Takahara, et al., 2013; Barnes, et al., 2014). For highly turbid water however, such as in
the tropics, even 3 µm filter papers are easily blocked, necessitating the use of larger pore size
filters or pre-filtration to significantly minimize filtration time (Robson, et al., 2016). Glass
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fibre (GF), cellulose nitrate (CN), polycarbonate (PC), nylon, polyethersulfone (PES) and
cellulose acetate (CA) filters have been used in eDNA studies (Goldberg, et al., 2016). Because
filter papers are made from different materials, we expect that DNA would bind to each filter
paper type differently. Indeed, Liang &Keeley (2013) found that DNA had different binding
affinities to different filter papers. Results from previous studies suggest an interaction effect
of filter paper type and extraction method on DNA yield (Renshaw, et al., 2015; Eichmiller, et
al., 2016). These studies however used a limited number of filter papers and with different pore
sizes, making direct comparison of DNA yields difficult. One of the aims of this study is to
compare different types of filter paper with similar pore sizes so that direct comparisons on
eDNA yield can be made.
It is apparent that the combinations of capture, storage and DNA extraction methods
influence the final detection/quantity of eDNA. In this study, we performed experiments to
compare eDNA recovery at different stages of the eDNA analysis in order to determine which
methods are most cost-efficient. We used a rapidly-expanding invasive species in Australia,
the Oriental Weatherloach (Misgurnus anguillicaudatus) as a study species. Although there are
many methods available, we chose to compare methods and materials that are widely available
and will not require specialized equipment or unnecessarily increase processing costs.
Specifically, we investigate DNA recovery obtained from: different combinations of capture
(filtration and precipitation/centrifugation method), preservation (freezing vs ethanol) and
DNA extraction (DNeasy and PowerWater) methods; 2) different combinations of commercial
DNA extraction kit and filter paper type, and; 3) different storage methods and time.
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Methods
We performed experiments in controlled conditions in aquaria. Oriental Weatherloach
was used as a study species because its small size and hardiness makes it amenable to aquarium
manipulation and because of its immediate management requirements in Australia. The
Oriental Weatherloach is a pest fish that is expanding its range in the country (Koster, 2002).
Sensitive detection using eDNA will assist management efforts, particularly during the early
stages of invasion.
The Oriental Weatherloach used for the experiments were obtained from Ginnindera
Creek, Australian Capital Territory (ACT), through the ACT government scientific license
LT2013661 and LT2014755 (granted to Elise Furlan). The fish were kept in a 60L plastic
holding tank (∼15 individuals per container) at the Animal House facility at the University of
Canberra (UC). The tank was continuously filtered and aerated and the fish were fed a
commercial diet (bloodworms) once a day. The temperature was held at 20°C under a 12 h∶12
h light-dark cycle. This study was performed in compliance with the Australian code for the
care and use of animals for scientific purposes (8th edition 2013). The primary author was
granted the authorization to conduct experiments using animals by the UC Animal Ethics
Committee (Auth 14-09).

Experiment 1: Comparison of different DNA capture, preservation and extraction
combinations
We compared the DNA yield of five different combinations of capture, preservation
and DNA extraction methods (Figure 2.1). For DNA extraction, we included two commonly
used commercial DNA kits. Although DNA kits are more expensive, they are advantageous in
that they provide a standardised set of reagents and are easier and safer to handle compared to
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Phenol-Chloroform-Isoamyl alcohol (PCI) extraction reagents. Three 2-L water samples were
taken from an aerated 40-L aquarium tank containing five adult Oriental Weatherloach
(Misgurnus anguillicaudatus). The water samples were inverted several times to ensure mixing
and even distribution of contents before taking five 250mL aliquots. This created a total of 15
x 250mL water samples that were then randomly allocated across five treatment groups,
permitting three technical replicates per treatment. For treatments requiring filtration, the
250ml aliquots were filtered through 47mm, 0.8 µm cellulose nitrate filter paper using a filter
funnel manifold (Pall Australia Pty Ltd) and a peristaltic pump (Geopump®, Geotech,
Colorado, USA). The filter papers were then either preserved in 100% ethanol at room
temperature, or placed inside a -20°C freezer (depending on the treatment). For the treatment
requiring precipitation, a 15 ml aliquot was obtained from each 250mL water sample and
treated according to the method of Ficetola, et al. (2008). Briefly, 1.5 ml of 3M sodium acetate
and 33 ml absolute ethanol were added to the 15-ml aliquot and stored in a -20 C freezer prior
to extraction. Four days after sample collection, DNA extraction was conducted on samples
using either Qiagen’s DNeasy Blood and Tissue kit (Qiagen GmbH, Hilden, Germany) or
PowerWater DNA Isolation Kit (Mo Bio Laboratories, Carlsbad, CA). DNA extraction with
the DNeasy kit followed Renshaw et al.’s (2015) modification except we eluted the DNA in
200 µl buffer AE (Qiagen). Extraction with the PowerWater kit proceeded according to the
kit’s protocol, including elution of the DNA in 100 µl of PW 6 (MoBio).
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Figure 2.1. Experimental design used to compare five different combinations of capture,
preservation and DNA extraction methods. N is the number of technical replicates and each
replicate represents one 250 ml water sample. DNeasy and PowerWater (PW) refer to the two
DNA extraction kits used in the experiment.

Experiment 2A: Comparison of different combinations of filter paper and extraction
method using water samples from aquaria with tap water
The eDNA yield from five types of filter papers of similar pore size (0.8um) and
extracted with two types of DNA extraction kits were compared. The filter paper types
investigated include cellulose nitrate (CN), mixed cellulose ester (MCE), polyethersulfone
(PES), polycarbonate track-etched (PCTE), and glass fibre (GF). The filter papers were
extracted with either Qiagen’s DNeasy Blood and Tissue kit (Qiagen, Hilden, Germany) or
PowerWater DNA Isolation Kit (Mo Bio Laboratories, Carlsbad, CA). DNA extraction with
the DNeasy and the PowerWater kits proceeded in the same manner as Experiment 1.
We took five 2-L surface water samples from an aerated 40-L aquarium tank containing
five adult Oriental Weatherloach. From each of these water samples, ten 200-ml aliquots were
taken and randomly allocated to a filter paper-DNA kit combination. This gave five replicates
for each combination (Fig. 2.2). The aliquots were filtered through 47mm, 0.8 µm pore size
filter papers.
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Figure 2.2. Experimental design for Experiment 2A to investigate which DNA extraction kitfilter paper combination would give the best eDNA yield. N refers to number of technical
replicates. CN, MCE, PES, PCTE and GF refer to the types of filter papers whereas DNeasy
and PowerWater (PW) refer to the two DNA extraction kits used in the experiment.

Experiment 2B: Comparison of the best performing extraction kit-filter paper
combinations using stream water
We took the top three performing DNA extraction kit-filter paper combinations from
Experiment 2A and compared them using stream water to validate our findings. Because stream
water would potentially contain more particulate matter compared to tap water and sample
filtration time can differ depending on the filter paper types, we also recorded the time it took
to filter 500ml of stream water on each filter paper type. We used 47mm, 1.2 µm pore size
filter papers so that we can include 1.2 µm glass fibre (GF) filter papers since the thickness of
the 0.8 µm GF caused samples to leak from the filter funnels during filtration. Briefly, we took
20 L of water from a natural stream (Gibraltar Creek, ACT, Australia). We then transferred
this water to a 50L plastic tank and placed five adult Oriental Weatherloach therein. After one
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day, we took 15 1-L samples from the tank and assigned the samples randomly to an extraction
kit-filter paper combination (Figure 2.3). DNA extraction proceeded in the same manner as
Experiment 1.

Figure 2.3 Experimental Design for Experiment 2B investigating DNA yields in five different
DNA extraction kit-filter paper combination from stream water. N refers to number of technical
replicates. CN, MCE, PES, PCTE and GF refer to the types of filter papers whereas DNeasy
and PowerWater (PW) refer to the two DNA extraction kits used in the experiment.

Experiment 3A: Effect of storage method and time on eDNA concentration of water
samples from aquaria with tap water
We compared the eDNA concentration of water samples stored under three different
conditions (room temperature ~20°C, refrigerated at 4 °C, frozen at -20 °C) over a 28-day
period. Twenty litres of water were taken from a 50-L tank containing five adult Oriental
Weatherloach and placed in a large plastic container with a tap. The container was shaken
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several times to mix the contents before dispensing into nine 2-L plastic bottles. The bottles
were randomly assigned to each of the three storage conditions (three bottles per storage
condition treated as technical replicates). A 200ml aliquot from each replicate was filtered
through 47mm, 1.2 µm glass fibre filter papers at 1 (within 24h), 2, 3, 5, 7, 10, 14, 21 and 28
days after collection of water samples (Figure 2.4). DNA from the filter papers was extracted
using PowerWater DNA Isolation Kit (Mo Bio Laboratories, Carlsbad, CA) according to the
manufacturer’s recommendations.

Figure 2.4. Flow diagram of Experiment 3A investigating the effect of storage method and time
on eDNA concentration. N refers to number of technical replicates.

Experiment 3B: Effect of storage method and time on eDNA concentration of stream
water samples
Stream water was used to validate the findings of Experiment 3A for Day 1 and Day 2.
As most eDNA methodologies recommend filtering water for eDNA studies within 24 hours,
this experiment investigated the difference in eDNA yield between samples filtered on Day 1
(within 24h of water collection) and Day 2 (after 24h of collection). Twenty litres of stream
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water were placed inside a 50L plastic tank into which five adult Oriental Weatherloach were
added. After two days, nine 1-L surface water samples were taken from the tank and randomly
distributed among the three storage conditions (room temperature, refrigerated, frozen).
Filtration and DNA extraction followed the same procedures as that of Experiment 3A.
Filtration of water samples on Day 1 was done within four hours after sample collection and
filtration of Day 2 samples occurred 24 hours after the filtration of Day 1 samples.

qPCR protocol
DNA extraction and PCR preparation were done in a designated trace DNA laboratory,
which is spatially separated from any PCR product. The presence of Oriental Weatherloach
eDNA for each sample was tested using qPCR primers and probes previously developed for
the species (Furlan, et al., 2015). Quantitative PCR reactions were performed in a separate
laboratory using the ViiaTM 7 Real-Time PCR System (Applied Biosystems®, Vic., Australia).
PCR reaction mixes consisted of 2µl of DNA template, 1 µl of TaqMan assay, 10 µL of
TaqMan Environmental Master Mix (Life Technologies, Carlsbad, CA, USA), 1 µl of
Exogenous Internal Positive Control (IPC) Reagent (Applied Biosystems®), 0.2 µL of IPC
DNA, and 5.8 µL of PCR water to make a total volume of 20µL. Real-time PCR cycling
conditions were set at 50°C (2 min), 95°C (10 min), followed by 55 cycles of 95°C (15 s), 60°C
(30 s). Three replicates of synthetic oligonucleotides of the target sequence (details of the
synthetic oligonucleotides published in (Furlan, et al., 2015)) in a series of 10-fold dilutions
with known concentrations ranging from 106 to 102 copies per µL were included in each plate.
We quantified the amount of eDNA present in each sample by comparison to these standards.
Three PCR replicates were done for each sample. Positive and negative controls, including IPC
negatives in three replicates were also included in each run. We considered a reaction positive
if an exponential phase was detected during the 55 reaction cycles. We checked for inhibition
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by looking for delayed or no IPC amplification. A Ct shift of ≥ 3 cycles beyond the blank was
regarded as significant inhibition (Hartman et al., 2005).

Data Analysis
We tested for variation in eDNA recovery across the various treatment groups. The data
was assessed for normality of distribution and homogeneity of variances through the ShapiroWilk test and Levene’s Test of Equality of Error Variances, respectively (Levene, 1960;
Shapiro & Wilk, 1965). Outliers were determined by inspection of boxplots. Analysis of
Variance (ANOVA) was used to test the null hypothesis that all group population means are
equal. We used one-way ANOVA for experiments 1 and 2B, two-way ANOVA for experiment
2A and a two-way mixed ANOVA for experiment 3A and 3B. We tested for simple main
effects and did post-hoc analyses when a significant interaction was obtained. Epsilon (ε) was
calculated according to Greenhouse & Geisser (1959), and was used to correct the mixed
ANOVA results when the assumption of sphericity was violated.
The data was log transformed when needed to meet the assumptions of the statistical
test. Technical replicates were averaged. When outliers were present, we compared the result
of the ANOVA with and without the outliers to see if the outliers substantially affected the
result. We kept the outliers in the data set if the results were similar. The significance of all
statistical tests was set to α= 0.05. Statistical analyses were conducted using SPSS 21.0 (SPSS
Inc., Chicago, USA).
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Results
All positive and negative controls performed as expected. Inhibition was not
encountered in any sample. Water sample PCR replicates amplified except for the following:
3 out of 9 PCR wells under the PW-Ethanol treatment in Experiment 1; 2 out of 9 wells under
room temperature treatment (Day 28) in Experiment 3A. No inhibition was encountered in all
samples. Analyses of synthetic oligonucleotides standards showed that the TaqMan assay
performed efficiently: R2 ranged from .994 to .999 and PCR efficiency from 86-101 %. All
data shown below are mean DNA concentration (copies/2µl DNA extract) ± standard
deviations, unless otherwise stated.
Experiment 1: DNA capture, preservation and extraction
All PCR replicates amplified except for 3 out of 9 PCR wells under the PW-Ethanol treatment.
DNA concentrations obtained for experiment 1 produced no outliers and all treatment groups
were normally distributed except for one group (PW-Ethanol, p < .0005). Homogeneity of
variance as assessed by Levene’s test for equality of variances was violated (p = .007) and thus
the data was log-transformed to meet the assumptions of the statistical test. The method which
recovered the highest yield (mean DNA copy number in the DNA extract) was the DNeasyFreeze combination (9629 ± 6563), followed by DNeasy-Ethanol (8920 ± 2276) combination,
and the PW-Freeze method (2178 ± 151) (Figure 2.5). The two methods which recovered the
least amount were the Precipitation-Freeze (495 ± 275) and the PW-Ethanol methods (11 ± 9)
(Figure 2.5). DNA copy number was significantly different for the different eDNA methods, F
(4, 10) =83.467, p < .0005, ῶ2=0.956. Tukey’s post-hoc test revealed no significant difference
between the eDNA yield of the top three performing methods (p < .05) but significant
differences in yield was observed in all comparisons with the Precipitation-Freeze method and
PW-Ethanol (Appendix 1, S2 Table).
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Figure 2.5. Differences in DNA yield from five different combinations of DNA extraction and
storage methods. DNA yield was log10 transformed and error bars show the ±2 standard
deviation of the mean.
There was a variation in the volume of water sample processed for the PrecipitationFreeze method (15ml) compared to the other methods (250ml). Table 2.1 shows the results as
DNA copies per unit water volume, in addition to copies per DNA extract. When presented as
number of DNA copies per ml of water sample processed, the Precipitation-Freeze method
gave a mean DNA yield comparable to the yield of the DNeasy-Freeze and DNeasy-Ethanol
methods (Table 2.1).
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Table 2.1. Results of Experiment 1 presented as number of copies per unit DNA extract and
number of copies per unit water volume. The volume of processed water samples, DNA
extraction kits and final DNA elution volumes are also given.

DNeasyFreeze
Sample 1
Sample 2
Sample 3
Mean
DNeasyEthanol
Sample 1
Sample 2
Sample 3
Mean
Precipitation
-Freeze
Sample 1
Sample 2
Sample 3
Mean
PowerWater
-Freeze
Sample 1

Volume
of water
sample
processe
d (ml)

DNA
extraction
kit

DNA
elution
volum
e (µl)

DNA
concentratio
n from qPCR
(DNA copies
in 2 µl DNA
extract)

Equivalent
number of
DNA
copies in
entire
DNA
extract (or
entire
water
sample)

Equivalent
number of
DNA
copies per
ml of
water
sample

250
250
250
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Experiment 2: Comparison of different combinations of filter paper and DNA extraction
method
A. Samples from tap water:
The thickness of the 0.8µm GF filter papers caused leakage of water samples during
filtration, thus, data for the GF filter papers were not included in the analysis. The data
exhibited homogeneity of variances (p = .088) and all DNA extraction kit-filter paper groups
exhibited normal distributions except for PW-MCE (p = .010). We kept outliers in the data set
since running the ANOVA with and without outliers gave similar results. There was a
significant interaction effect between filter paper and extraction kit on DNA copy numbers, F
(3, 32) = 14.265, p < .0005, partial ƞ2 = .572. Calculation of simple main effects for DNA
extraction kit revealed that extraction kit had a significant effect on DNA yield when paired
with the filter papers CN, MCE and PES. For CN, mean DNA yield for samples extracted with
DNeasy was 16409 ±5643 and 5796 ±3953 for samples extracted with the Power Water kit, a
statistically significant mean difference of 10,613 (95% CI, 5157 to 16069), F (1,32) =15.697,
p < .0005, partial ƞ2 = .329. For MCE, DNeasy-extracted samples had a mean yield of 16160
±4983 copies compared to Power Water-extracted samples with mean yield of 5636 ± 6122.
This was a significant mean difference of 10524 (95% CI, 5068 to 15980), F (1, 32) = 15.435,
p < .0005, partial ƞ2 = .325. For PES, DNA yield was higher in samples extracted with the
Power Water kit (12598 ± 5548), a significant mean difference of 10809 (95% CI, 5352 to
16265), F (1, 32) = 16.281, p < .0005, partial ƞ2 = .337 (Figure 2.6, Appendix 2- S3 Table).
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Figure 2.6. DNA yield from eight DNA extraction kit-filter paper combinations from samples
in aquaria with UV-sterilized water. Clear bars used DNeasy extraction kit while shaded grey
bars used the PowerWater kit. CN = Cellulose Nitrate, MCE = Mixed Cellulose Ester, PES =
Polyethersulfone, PCTE = Polycarbonate track-etched. Error bars show the ±2 standard
deviation of the mean.

Simple main effects for filter paper showed that filter paper type had a significant effect
on DNA yield when extracted with either DNeasy (F (3,32) =14.623, p < .0005, partial ƞ2 =
.578) or Power Water (F (3,32) =3.566, p = .025, partial ƞ2 = .251). When DNeasy extraction
kit was used, samples filtered on CN and MCE yielded significantly higher DNA copies
compared to PES and PCTE. The differences in mean yield between CN and MCE and between
PES and PCTE were not significant. For the Power Water Kit, a significant mean difference in
DNA yield was only seen between PES and PCTE, with a higher mean copy number extracted
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on PES samples compared to PCTE. Pairwise comparisons for the simple main effect for filter
paper including 95% confidence intervals and statistical significance for all DNA extraction
kit-filter paper combinations are in Appendix 1 S4 Table.

B. Samples from stream water
The data exhibited homogeneity of variance (p = .314) and normality except for one
extraction kit-filter paper combination (PW-PES, p = .006). No outliers were observed. DNA
yield was significantly different among the DNA extraction kit-filter paper combinations, F (4,
10) = 26.872, p < .0005, ῶ2=0.873. The combinations which gave the highest DNA yields were:
DNeasy-CN (49497 ±1027), DNeasy-MCE (43160 ± 6550), and PW-PES (21472 ± 4264).
DNeasy-GF (18777 ± 8073) and PW-GF (8433 ± 7455) had the lowest DNA yield (Figure 2.7).
Tukey post hoc analysis revealed significant differences in mean DNA yield when DNeasyCN was compared with PW-PES (p = .001), DNeasy-GF (p = .001) and PW-GF (p < .001).
Significant differences in mean DNA yield were also seen when DNeasy-MCE was compared
with PW-PES (p = .007), DNeasy-GF (p = .003) and PW-GF (p < .001). Differences in mean
DNA yield did not differ significantly when PW-PES, PW-GF and DNeasy-GF were compared
to each other (Figure 2.7).
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Figure 2.7. DNA yield from five different extraction kit-filter paper combinations from stream
water samples. Clear bars used DNeasy extraction kit while shaded grey bars used the
PowerWater kit. Error bars show the ±2 standard deviation of the mean.
We found significant differences in the time it took to filter 500ml of samples through
the different filter paper types, Welch’s F (3, 3.564) = 41.632, p = .003. The filter paper with
the fastest filtration time is GF (0.8 ± .1 min), followed by CN (1.6 ± 0.4 min) and PES (18.2
± 3 min). Filtration through MCE took the longest time at 175 ± 38 min. Table 2.2 gives a
summary of DNA yield, filtration time, flow rates and cost per sample for Experiment 2B.
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Table 2.2. Performance and cost of filter paper-DNA extraction kit combinations in
Experiment 2B. CN = Cellulose Nitrate, MCE = Mixed Cellulose Ester, PES =
Polyethersulfone, GF = Glass Fibre filter paper.
Filter
Paper

DNA
Extraction
Kit

eDNA
yield

CN
MCE

DNeasy
DNeasy

High
High

PES
GF
GF

PowerWater
DNeasy
PowerWater

Medium
Medium
Medium

Flow rate

Cost per
filter
paper
(US$)

Cost per
DNA
extraction
(US$)

Moderate
Very
Slow
Slow
Fast
Fast

0.44
2.0

4.5
4.5

Combined
cost of filter
paper &
extraction
(US$)
4.9
6.5

1.9
0.25
0.25

8.5
4.5
8.5

10.4
4.7
8.7

Experiment 3A. Effect of storage method and time before filtration on DNA yield
A. Samples from UV-sterilized tap water
Data for Day 1 (all storage conditions) and Day 2 (room temperature) were excluded
from analysis due to a DNA extraction error which affected downstream applications. The data
for the rest of the samples under the three storage conditions exhibited homogeneity of
variances and normal distributions after log transformation, except for two groups (Day 10refrigerated and Day 28-room temperature) which still exhibited non-normality after
transformation. The assumption of sphericity was violated for the two-way interaction, x2(20)
= 44.879, p = .005, thus, a Greenhouse-Geisser correction was used. There was a significant
interaction between storage method and time, F (4.430, 13.291) = 10.117, p < .001, partial ɳ2
= .771. Simple main effects for storage method revealed a significant difference in copy
numbers between methods across time points in the experiment. DNA copy numbers for all
storage methods were significantly different from each other on days 2, 3, 5 and 21 (p < .001)
(Figure 2.8). For days 7, 10, 14 and 28, significant differences in DNA yield were seen only
when room temperature samples were compared with refrigerated and frozen samples
(Appendix 1 S5 Table).
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Figure 2.8. Changes in DNA yield across time for tap water samples stored under three
different conditions: room temperature (blue line), refrigerated (green line) and frozen (brown
line). Error bars show the ±2 standard deviation of the mean.

Testing for the simple main effect for time showed a significant effect of time on copy
number for samples stored under room temperature F (1.239, 2.478) = 36.436, p = .015, partial
ɳ2 = .948, and refrigeration F (1.277, 2.554) = 53.088, p = .009, partial ɳ2 = .964, but not for
frozen samples. For room temperature samples, a significant reduction in copy numbers were
seen between day 3 and all subsequent time points, day 5 and days 21 and 28, and day 7 and
days 14 and 21. For refrigerated samples, significant differences were seen between day 2 and
days 5, 7, 10, 14, 21 and 28, between day 3 and the rest of the time points, day 5 and days 14,
21 and 28, day 7 and days 21 and 28, and finally day 10 and days 21 and 28. P-values of
significant pairwise combinations for the simple main effects of time are in Appendix 2 S6
Table.
40

B. Samples from stream water (Day 1 and Day 2)
The data met all the assumptions for the mixed ANOVA. There was no significant interaction
between storage method and time on DNA yield for Day 1 and 2, F (2,6) = 1.831, p = .237,
partial ɳ2 = .379. The main effect of time showed a significant difference in mean DNA copy
number between day 1 and day 2 for all the storage methods, F (2,6) = 2.54, p = .784, partial
ɳ2 = .848 (Figure 2.9). The main effect of storage methods showed that there was no significant
difference in mean DNA copy number between different storage methods, F (2,6) = .254, p =
.784, partial ɳ2 = .078.

Figure 2.9. Changes in DNA yield from Day 1 to Day 2 for stream water samples stored under
three different conditions. Blue line represents room temperature (20°C), green line represents
refrigerated (4°C) and brown line represents frozen (-20°C). Error bars show the ±2 standard
deviation of the mean.

41

Discussion
Our laboratory experiments revealed that choice of capture, preservation, filtration and
extraction methods can significantly affect DNA yield. In addition, we demonstrated how
storage method and time prior to filtration affected the number of target DNA copies retrieved.
PCR detection of eDNA relies on the number of copies in the DNA extract, thus, maximizing
yield is the best way to increase detection.
We found that the filtration method, combined with either ethanol or freezer storage,
and extracted with either Qiagen’s DNeasy or MoBio’s PowerWater kit (except samples stored
in ethanol and extracted with PowerWater) yielded better results compared to the precipitation
method, which is consistent with previous studies (Eichmiller, et al., 2016; Piggott, 2016). It is
highly probable that the reason we obtained this result is because we filtered 250 ml of water
compared to just 15ml for the precipitation and centrifugation method, which is likely to
contribute a disproportionate amount of eDNA between samples. However, a previous study
that compared filtration and the precipitation method using 15ml water samples still found that
filtration recovered more DNA than the precipitation method (Deiner, et al., 2015). In Table
2.1, we adjusted the eDNA concentration hypothetically should the entire 250-ml undergo the
precipitation method and the results were comparable to those obtained by filtration.
Nevertheless, the precipitation method could only process a limited volume at one time, and
processing the same amount of water as that of other methods to get the same amount of DNA
would be impractical. Thus, our results support the use of the filtration method when larger
volumes of water samples for eDNA analysis are available. We also found that eDNA yield
was higher for samples extracted with the DNeasy kit compared to the PowerWater kit,
although this was not statistically significant in our study. Previous studies, however, found
that Qiagen DNeasy kits extracted a significantly greater amount of eDNA compared to the
PowerWater kit (Amberg et al., 2015; Eichmiller, et al., 2016). We used manufacturers’
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recommendations in eluting DNA in this study (200 µl buffer for DNeasy samples, 100 µl for
Powerwater), thus the difference in elution volumes could have led to the non-significant
difference in DNA yield between the two extraction kits. Nevertheless, the information that
DNA yield was still higher with the DNeasy kit despite a higher elution volume is useful,
particularly for researchers who would like to get the maximum amount of DNA extract
without sacrificing DNA concentration. In applied situations where attempts are made to detect
species at extremely low-densities, variability in recovery of just a few target molecules may
signify the difference between failed or successful detection. In this instance, the higher DNA
yield in DNeasy-extracted samples could play an important role in eDNA’s application to
inform on-ground management.
Our results reveal that the preservation of filter papers using 95% ethanol and extracted
with the Qiagen DNeasy kit is comparable to frozen storage. Filters stored in ethanol and
extracted with the PowerWater kit recovered significantly less eDNA suggesting that ethanolstored samples are not compatible with the PowerWater kit. The storage of filters in ethanol is
advantageous in field situations where access to ice is restricted or when samples cannot be
frozen immediately. Other ambient temperature buffers, such as cetyl trimethyl ammonium
bromide (CTAB) and Longmire’s solution, have also been successfully used to preserve eDNA
(Renshaw, et al., 2015; Wegleitner et al., 2015). Compared to these buffers however, ethanol
is widely available, inexpensive and can be used straightaway whereas the other solutions have
to be prepared using several ingredients. A recent eDNA study (Minamoto et al., 2016) also
found no significant difference in eDNA copies from filter papers stored for up to six days in
ethanol. Our study suggests that ethanol preservation can be a practical alternative when other
buffers are not available. Studies looking at long-term preservation of filter papers in ethanol
and other ambient temperature buffers for eDNA studies are recommended.
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A previous study found no significant difference in DNA copy numbers between CN
and PES filter papers of the same pore size (0.8µm) (Renshaw, et al., 2015). In contrast, we
found statistically significant differences in DNA yield between CN and PES extracted with
the DNeasy kit in our study. The difference in the results between the two studies is likely due
to the different combinations of DNA storage/preservation and extraction methods used.
Renshaw, et al. (2015) stored samples in CTAB and used the PCI extraction protocol, whereas
we stored the filter papers in a -20°C freezer prior to DNA extraction using the DNeasy kit. As
the results of this study reveal, there is a significant interaction effect between the type of filter
paper and the extraction method on DNA copy numbers. The storage/preservation method also
affects DNA yield. It is clear from our study that different combinations of storage, extraction,
and choice of filter paper can have a significant impact on DNA yield.
Our results agree with the findings of Liang and Keeley (Liang & Keeley, 2013) who
examined the effect of filter paper type on the recovery of spiked DNA plasmid. They found
that DNA had different binding affinities to different types of filter paper. MCE recovered the
most DNA, followed by Polyvinylidene Fluoride (PVDF - not trialled in the present study),
PES and polycarbonate filter papers (Liang & Keeley, 2013). Liang and Keeley (Liang &
Keeley, 2013) used the PowerSoil® DNA Isolation Kit to extract DNA from the filter papers.
In our study, we also found that for DNeasy-extracted samples, MCE gave a significantly
higher DNA yield compared to PES and Polycarbonate filters. However, if PowerWater is
used for DNA extraction, a significant difference in DNA yield was only seen between PES
and PCTE. It is worthwhile to note that although our results agree with the findings of Liang
and Keeley (Liang & Keeley, 2013) , the main difference between the studies was that they
used purified DNA while our study dealt with eDNA which consists of both extra- and
intracellular DNA, and even small tissue fragments or feces. Thus, while we could not calculate
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the efficiency of the methods compared, our experimental methodology enabled us to
potentially capture eDNA in all its forms from the water samples.
The different binding affinities of DNA to various filter material could in part be
explained by the inherent properties of the filter itself. For instance, filter papers can be
categorized as depth filters (particles retained on the surface and within the filter matrix, i.e.
GF, CN, MCE) or surface filters (particles trapped on filter’s surface, i.e. PES, PCTE) (GE
Healthcare, 2013). A possible explanation why CN and MCE yielded significantly more DNA
than the other filter papers (for DNeasy-extracted samples only) could be because DNA was
also trapped within the matrix itself and not only on the surface. Another explanation could be
the inherent high DNA and protein binding capacity of cellulose nitrate filters (Towbin et al.,
1979; Thornton et al., 1996). Further investigation is required to determine the factors that
allow eDNA to bind to some filter types more than others. Testing the performance of other
filter papers not included in this study (e.g. nylon, PVDF) is also recommended.
Differences in the extraction methodology could explain the higher DNA yield we saw
when CN and MCE were extracted with the DNeasy kit compared to the PowerWater kit. For
instance, the DNeasy extraction process we used involved one hour incubation in tissue lysis
buffer and Proteinase K. This step could have resulted in the release of more nucleic acids from
within the filter matrix. The DNeasy method relies on a biochemical method to lyse cells
compared to the PowerWater method which uses a mechanical method (bead beating) (Deiner,
et al., 2015). The PowerWater extraction process also involved several transfers of the
supernatant to different collection tubes. Gaillard &Strauss (1998) found that significant
amounts of DNA can stick to the walls of polypropylene tubes resulting in loss of DNA. This
could have contributed to the lower yield in the PowerWater extracts.
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It is of interest that the DNeasy-GF and PowerWater-GF combinations gave the lowest
DNA yield particularly because these are two of the most widely used extraction-filter paper
combinations in eDNA studies (e.g. (Jerde, et al., 2011; Olson, et al., 2012; Jerde, et al., 2013;
Wilcox et al., 2013; Eichmiller, et al., 2014; Furlan, et al., 2015; Lacoursière‐Roussel et al.,
2015; Schultz & Lance, 2015)). Several studies have found that the PCI or the CTAB method
yield more eDNA compared to commercial DNA extraction kits (Turner, Miller, et al., 2014;
Deiner, et al., 2015; Renshaw, et al., 2015). The DNA kits are convenient and simple to use
but are more expensive. In contrast, the PCI and CTAB methods are inexpensive but require
careful preparation and handling of toxic chemicals. This study, along with several others,
provides guidance for researchers to choose their method depending on research objectives,
personal preference, ease of use and availability of resources.
Flow rate is also important when choosing filter papers for eDNA studies. Filter papers
with higher flow rates can significantly decrease filtration time (potentially contributing to
eDNA degradation during long filtration) and associated labour costs. Filtration time can be a
crucial factor when using highly turbid samples. For example, we have experienced filtration
times of up to 3 hours for 2L samples from highly turbid waterways (>200 nephelometric
turbidity unit (NTU)), despite using multiple 1.2 µm glass fibre filter papers. Previous work by
Robson, et al. (2016) suggested increasing filter pore size (10 or 20 µm) or using pre-filters to
decrease filtration time particularly when using water with high sediment load or algae. This
could mean though that higher water volumes must be filtered in order to get the same quantity
of eDNA if one is to use smaller pore sized filters. Turner, Barnes, et al. (2014) found that
using 0.2µm filter paper maximized DNA capture but could only filter very small volumes due
to clogging. They recommended calculating pore size and water volume isoclines to attain
identical amount of carp DNA. Our study shows that choosing filter papers with higher flow
rates can also decrease filtration time.
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Aside from DNA yield and flow rate, cost of filter papers is another factor to consider
in filter paper choice. The filter paper type can significantly increase eDNA processing costs,
not only because of the price of the filter paper but also because filters with low flow rates
increases filtration time and labour costs. Our study suggests cellulose nitrate filter papers
extracted with Qiagen’s DNeasy kit as the most cost-efficient combination. We recognize
however that eDNA methods vary depending on the objectives of the study. If large quantities
of water samples are to be filtered, then perhaps using glass fibre filters or CN filter paper of
larger pore size would be more appropriate. For limited sample volumes, the CN-DNeasy
combination could be more cost-efficient.
A common practice for many eDNA studies is to filter water samples within 24 hours.
Our results support this practice as we have observed a significant decrease in DNA copy
numbers from Day 1 to Day 2 in stream samples regardless of storage method. If samples
cannot be filtered within 24 hours, our results suggest that refrigeration at 4°C for a few days
would yield higher DNA copies compared to freezing. For long-term storage, water samples
should be placed inside a -20°C freezer. While this study looked at the effect of storage
temperature on eDNA, it is also important to note that eDNA degradation is affected by a range
of other physiochemical factors such as light, pH, conductivity and enzymatic activity (Liang
& Keeley, 2013; Barnes, et al., 2014). These factors can interact in a synergistic or antagonistic
manner in relation to DNA degradation (Liang & Keeley, 2013). Thus, while our experiment
produced such results, it is also possible that the superiority of the storage conditions (room
temperature, refrigerated, frozen) could vary depending on the characteristics of the water
samples.
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Takahara, et al. (2015) investigated the effect of freezing and thawing water samples
on eDNA detection and concentration of Common Carp (Cyprinus carpio) DNA. They found
that detection of Common Carp DNA was lower in samples that underwent freezing (frozen
for 2-5 days) and thawing compared to samples that did not, although no significant difference
in DNA concentration was seen. In our experiment, we found no difference in detection rates
but found significantly more DNA copy numbers on Day 1 aliquots (unfrozen, filtered within
4 hours) compared to Day 2 aliquots (stored in freezer for 1 day) from stream water samples.
For our tap water aquarium samples, we measured eDNA yield after several freezing and
thawing events and showed that the repeated freezing and thawing process from Day 2 to Day
28 did not significantly affect the DNA copy number, suggesting that the first freeze-thaw cycle
is the crucial factor which significantly affects eDNA concentration. Some studies have
investigated the effect of the freeze-thaw cycle on DNA in intact cells (such as spermatozoa)
and have found that the freezing–thawing process affects DNA integrity by causing strand
breaks (Cabrita et al., 2005; Fraser & Strzeżek, 2005). Environmental DNA analysis however
already deals with short DNA sequences and it seems that subsequent freeze-thaw cycles after
the first one do not significantly affect the DNA concentration of these short fragments.
Our experiments were set-up in the laboratory and thus represented ideal conditions for
eDNA analysis. Although we were able to validate our filter paper-DNA extraction kit
experiment with stream water samples, we were only able to test Day 1 and Day 2 for the
storage method and time experiment. We recommend exploring the same experimental set-up
using actual field samples for the entire duration of the experiment to see if similar results will
be obtained.
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There are also many other possible combinations of eDNA methods that we have not
tested here. In particular, this study was not able to include other commonly-used extraction
and preservation methods used in eDNA studies such as PCI extraction and preservation with
Longmire’s solution. We also acknowledge that our methods comparison study investigates
variation in DNA yield only up to the DNA extraction stage and that subsequent variation in
PCR reagents, assay design and set-up procedures could also affect DNA quantity and
detection (Jane, et al., 2015; Goldberg, et al., 2016). For instance, we did not encounter
inhibition in our samples when using any of the two DNA extraction kits; however, Eichmiller,
et al. (2016) observed more inhibition in DNeasy-extracted samples compared to Power
Water-extracted samples in a previous study. It may be that our samples were free of inhibitors
or, alternatively, the use of the TaqMan® Environmental Master Mix in the PCR master mixes
in this study have reduced any effect of inhibitors as it has been reported that this reagent can
effectively release inhibition in eDNA samples (Strand et al., 2011; Jane, et al., 2015).

Conclusion
The choice of eDNA methods should consider efficiency, reliability and comparability in
addition to cost and ease of use. In this study, we have provided further evidence that the choice
of eDNA capture, storage, extraction method and filtration materials can substantially affect
DNA yield. By using similar pore-sized filters, we were able to directly compare eDNA yield
from different filter papers using two extraction kits. We recommend filtration with cellulose
nitrate filter paper and extraction with the Qiagen’s DNeasy kit for commercial DNA kit users.
Filters can either be stored frozen before extraction or placed in ethanol for up to four days
without significantly affecting DNA copy numbers. Our results support the recommendation
to filter water samples within 24hours but if this cannot be done, our results suggest short-term
refrigeration for up to five days may be a better storage option than freezing. The information
provided in this study has practical implications for eDNA field studies and is useful in
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designing eDNA studies while considering resource costs and available resources. The result
of this study is likely to be of importance to eDNA detection of low-density invasive or
threatened species, where small variations in DNA recovery can signify the difference between
detection success or failure.
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Chapter 3 : Environmental DNA monitoring and management of
invasive fish: comparison of eDNA and fyke netting

* This chapter has been published as: Hinlo, R., Furlan, E., Suitor, L., & Gleeson, D. (2017).
Environmental DNA monitoring and management of invasive fish: comparison of eDNA and
fyke netting. Management of Biological Invasions, 8(1), 89-100.
doi:https://doi.org/10.3391/mbi.2017.8.1.09

Abstract
The potential of environmental DNA (eDNA) methods to enhance the detection of invasive
species during routine monitoring is of interest to management agencies. Here we applied the
eDNA methodology concurrent with conventional detection techniques during two routine
monitoring seasons to detect the presence of three invasive fish in Australia with contrasting
spatial distributions (benthopelagic, pelagic and benthic): Common Carp (Cyprinus carpio),
Redfin Perch (Perca fluviatilis) and Oriental Weatherloach (Misgurnus anguillicaudatus). Our
objectives were to compare the seasonal detection of the target species using eDNA and
conventional detection (fyke nets), determine the relationship between catch per unit effort
(CPUE) and DNA copy number and ascertain the best water location (surface vs. subsurface)
for eDNA detection. Our results show that eDNA had a higher detection rate than fyke nets for
Oriental Weatherloach and Redfin Perch during both the autumn and spring surveys. Common
carp was detected at all sites for both seasons using fyke nets and eDNA except for one site
during the autumn survey where Common Carp was captured using fyke nets but no carp eDNA
was detected. Season had a significant effect on DNA concentration for Common Carp
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(P<.005) and Oriental Weatherloach (P=.002) but sampling location (surface vs. subsurface)
had no significant effect on DNA concentration for all three species. We found a positive
correlation between CPUE and DNA copy number for Oriental Weatherloach (rs = .718, α =
.045) and Redfin Perch (rs = .756, α = .030) during spring but a non-significant, negative trend
was observed for Common Carp in both seasons (rs = −.357, α = .385 spring; ρ = −.539, α =
.168 autumn). Our results show that eDNA is an effective tool for the detection of single or
multiple species to complement the traditional approaches using physical capture. As with all
survey methods, the eDNA approach suffers from imperfect detection. We conclude that eDNA
survey results are more powerful when used in conjunction with other survey methods as a way
to enhance detection rates and increase confidence in the monitoring results.
Introduction
The detection of invasive species during routine monitoring and surveillance is important to
management agencies. Data generated by such programs must be robust to support reliable and
timely interventions (Yoccoz, et al., 2001). However, it is often difficult to detect all individuals
or species present during monitoring, especially for elusive or cryptic species and those present
at low density (Mills, et al., 2000). Rates of non-detection are typically higher for rare species,
particularly aquatic species where most are concealed under the water’s surface (Jerde, et al.,
2011). Survey methods can also bias sampling, allowing differential probability of detection
for particular species or size classes. For example, several methods exist for sampling fish (e.g.
electrofishing, fyke nets, gill nets, bait traps) but the efficiency of each technique depends on
the species targeted as well as their size and developmental stage (Jackson & Harvey, 1997;
Lintermans, 2016).
Recently, environmental DNA (eDNA) has been used to detect a number of invasive fish
including the bluegill sunfish, Mozambique tilapia, and Asian carp (Dejean, et al., 2012; Jerde,
et al., 2013; Takahara, et al., 2013; Robson, et al., 2016). The eDNA method detects DNA
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released into the environment through skin sloughing or bodily discharges and genetic
sequence matching can then be used to indicate the presence of the target organism (Pilliod,
Goldberg, Arkle, et al., 2013). eDNA surveys used in the Great Lakes in the USA to detect
Asian carp were found to be more sensitive compared to traditional methods such as fyke net
sampling (Turner, et al., 2012) or electrofishing (Jerde, et al., 2011). The advantages of DNAbased detection, such as sensitivity, ease of sample collection, and ability to discern species
presence regardless of size or life stage, makes it a useful detection tool (Darling & Blum,
2007; Dejean, et al., 2012).
The potential of eDNA to infer abundance has also been investigated. Earlier eDNA
experiments using discrete static mesocosms (aquariums or ponds) showed an association
between density and amplification rate (Ficetola, et al., 2008), density and DNA concentration
(Thomsen, Kielgast, Iversen, Møller, et al., 2012)and biomass and DNA concentration
(Takahara, et al., 2012). A more recent study in natural lakes in Canada found an association
between eDNA concentration and catch per unit effort (CPUE: number of catch per overnight
set with the number of stations sampled being proportional to the lake size) (Lacoursière‐
Roussel, et al., 2015). A similar positive association occurs in lotic ecosystems between
amphibian density (measured by conventional field methods) and eDNA concentration (Pilliod
et al. 2013). In contrast, one study found Common Carp eDNA concentrations were not
associated with abundance using fyke net capture data in coastal wetlands (Turner, et al., 2012).
These variable results suggest caution in inferring abundance through eDNA concentration,
particularly in natural flowing bodies of water.
Most studies of eDNA detection in aqueous systems involve sampling from the water surface,
perhaps as a matter of convenience, despite the fact that DNA occurs in various environmental
compartments such as the water column and sediments (Everhart, et al., 2013; Santas, et al.,
2013; Turner, et al., 2015). Only a few studies investigated eDNA concentrations between surface
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and subsurface water samples, and most of these studies have been in enclosed systems such
as ponds and small lakes. Moyer et al. (2014) found that surface water was the optimal location
in the water column in ponds for eDNA detection of African jewel fish (Hemichromis
letourneuxi) whereas no difference in Common Carp eDNA concentration was found between
surface and subsurface samples (Eichmiller, et al., 2014). Species-specific differences, such as
habitat preference, may affect the dispersal of eDNA in the water column, and thus, success in
eDNA detection.
Recent publications have suggested that temporal factors such as breeding and migratory
seasons should also be considered in eDNA surveys to increase the likelihood of detection
(Thomsen & Willerslev, 2015; Barnes & Turner, 2016). For example, Spear, et al. (2015) found
a strong increase in Eastern hellbender eDNA during its breeding season compared to other
survey windows. In addition, Goldberg, et al. (2011) found seasonal variation in eDNA detection
of two stream amphibians and they attributed this to species-specific seasonal changes in
abundance. Future research on the temporal as well as the spatial aspects of eDNA across
various species and habitats have been advocated to increase the eDNA method’s application
to conservation (Furlan, et al., 2015; Thomsen & Willerslev, 2015).
The use of eDNA as a detection tool shows enormous promise, but because it entails
additional cost, effort, and altered practice, studies comparing the performance of eDNA with
conventional tools during routine monitoring are necessary for management uptake. In this
paper, we compared detection of three invasive fish species using eDNA and fyke nets in the
Katarapko/Eckert Creek anabranch system of the Lower Murray River, South Australia. The
objectives of the study were to i) compare the seasonal detection of the target species using
traditional fish monitoring methods (fyke nets) and eDNA, ii) determine the relationship
between CPUE and DNA copy numbers in a natural flowing system, and iii) determine the best
water stratum for eDNA detection for the three study species with contrasting spatial
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distribution. We show that the eDNA method is an effective tool for targeted species detection
to complement traditional approaches.

Materials and methods
Study area
The study was carried out at eight sites in the Katarapko/Eckert Creek anabranch system located
near the town of Berri in South Australia (Figure 3.1 and Appendix 2 Figure S1). The Katarapko/
Eckert anabranch and floodplain system is one of three large anabranch systems located within
the lower Murray River, South Australia. This system encompasses a range of diverse aquatic
habitats incorporating permanent fast-flowing and slow-flowing creeks, and backwaters (Bice et
al., 2015). Such hydraulic diversity is now scarce in the lower River Murray main channel
during low flow conditions.

Figure 3.1. Survey site locations along the Katarapko/Eckert Anabranch, South Australia.
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Study species
The Common Carp (Cyprinus carpio Linnaeus, 1758), Redfin Perch (Perca fluviatilis,
Linnaeus, 1758) and Oriental Weatherloach (Misgurnus anguillicaudatus Cantor, 1842) are
three invasive fish species previously recorded in the area (Leigh et al., 2009; Wegener & Suitor,
2013). The species were chosen due to management requirements and different habitat
preferences including a pelagic (Redfin Perch), benthopelagic (Common Carp) and benthic
species (Oriental weather-loach). These species were selected to test whether DNA concentration
in surface and subsurface water samples vary among the species with different vertical
distribution.
The Common Carp is the most abundant freshwater alien fish in Southeast Australia (Koehn,
2004). Introduced to the country in the mid-1800’s, it now represents the largest biomass in
Australia’s largest catchment—the Murray-Darling Basin (Gehrke et al., 1995). The Redfin
Perch was introduced early in the 1900’s (Coy, 1979) for recreational angling and has
established in six states across Australia (Koehn & MacKenzie, 2004). The Oriental
Weatherloach is a more recent invader, having been detected at low densities along the South
Australian (SA) region of the Murray-Darling Basin since 2011. Its dispersal in the region is
of particular interest to management authorities and has been tracked annually through
monitoring (Wegener and Suitor 2013).
Carp are habitat generalists and have been known to congregate in deeper river waters during
winter and move to off-stream spawning habitats prior to spawning season in spring (Stuart &
Jones, 2002; Butler & Wahl, 2010). The peak spawning months for Common Carp in Australia
have been reported to be between September and April (spring to mid-autumn) (Sivakumaran
et al., 2003; Smith & Walker, 2004), with gonadal changes indicating spawning peaks during
spring (Brown et al., 2005). For Oriental Weatherloach, the spawning season in Japan has been
reported to span from mid-May to August (late spring to summer) (Fujimoto et al., 2008). There
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is limited information on the ecology and precise distribution of the Oriental Weatherloach in
Australia owing to its cryptic behavior (Lintermans et al., 2007). It is also a habitat generalist
and has been found in a wide variety of habitats ranging from clear upland streams to turbid
degraded habitats, with a particular preference for habitats with a sandy or silty substrate
(Lintermans, et al., 2007). Redfin Perch is known to spawn in late winter to early Spring (July
to September) (Morgan et al., 2003). It has been found in lakes and rivers but prefers still or
slow flowing water with rich vegetation (Morgan, et al., 2003; Lintermans, et al., 2007).

Water sampling for eDNA analysis
Surveys were carried out in November 2014 (spring) and March 2015 (autumn). Water samples
for eDNA analysis were obtained concurrent with the spring and autumn fish monitoring
conducted by wetland staff from the Department of Environment, Water and Natural Resources
(DEWNR). Water samples were collected either immediately before fyke net deployment (in
spring) or 4–7 days before fish sampling (in autumn).
Six 2-L water samples (three surface, three subsurface) were taken per site and placed inside
plastic wide-mouthed bottles previously decontaminated with 10% bleach solution and rinsed
with UV-sterilised water. The water samples were taken approximately 0.5m away from the
stream bank. Subsurface water samples were taken ̴ 0.3m below the water surface by
submerging the sampling bottles and opening them underwater. Samples were transported and
kept inside ice chests prior to filtration.
At each site, a 2-L bottle filled with UV-sterilised water served as a field control. The control
bottles were opened, the contents exposed to the air, re-sealed and submerged in the water. The
controls were placed in the same ice chest and handled the same way as the rest of the samples
in the field and the laboratory.
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Water samples and field controls were filtered within 12–36 h of sampling through 42mm,
1.2 µm pore size glass fibre filter papers (Microscience®) using a peristaltic pump (Geopump
Series II, Geotech Environmental Equipment Inc., Denver, Colorado). Prior to filtering each
sample, 500 ml of UV-sterilised water was passed through the filter equipment and on to a 1.2
µm glass fibre filter paper to serve as equipment blank. Filter papers were stored in a −20 °C
freezer prior to extraction. All filtering equipment was bleached for a minimum of 10 minutes
and rinsed with UV sterilised water between samples.

Conventional monitoring using fyke nets
A total of nine fyke nets (7 m wing length, 0.7 m entry diameter and 6 mm mesh, three sets of
fyke nets set ̴ 10m apart) per site were set in the afternoon, left overnight and pulled the morning
after. The nets were positioned perpendicular or parallel to the bank to capture the habitat
utilization by different fish species. Catch per unit effort (CPUE) per fyke net was calculated
by dividing the number of fish caught in the fyke net by the total soak time and then multiplying
by 24 to determine number of fish entering a net per hour over a 24-hour period. Site CPUE was
expressed as the mean CPUE of all fyke nets in a site.

DNA extraction and amplification
DNA was extracted from the filter papers using the PowerWater® DNA Isolation Kit (Mo Bio
Laboratories, Carlsbad, CA). DNA extraction and PCR preparation took place in separate
rooms in a designated trace DNA laboratory. We tested for DNA in the environmental samples
using Common Carp, Oriental Weatherloach and Redfin Perch qPCR primers and probes
previously developed for the three species (Furlan, et al., 2015; Furlan & Gleeson, 2016a; Furlan
& Gleeson, 2016b). Quantitative PCR reactions were performed in a separate laboratory using
the Viia™ 7 Real-Time PCR System (Applied Biosystems®, Vic., Australia). PCR reaction
mixes consisted of 4 µl of DNA template, 1 µl of TaqMan ® assay, 10 µl of TaqMan®
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Environmental Master Mix (Life Technologies, Carlsbad, CA, USA), 1 µl of Exogenous
Internal Positive Control (IPC) Reagent (Applied Biosystems®), 0.2 µl of IPC DNA, and 3.8 µl
of PCR water to make a total volume of 20 µl. Real-time PCR cycling conditions were set at 50
°C (2 min), 95 °C (10 min), followed by 55 cycles of 95 °C (15 s), 60 °C (60 s). Six PCR
replicates were done for each environmental sample and positive and negative controls
(including IPC negatives) were included in each run. Three replicates of synthetic oligonucleotides of the target sequence in a series of 10-fold dilutions with concentrations ranging from
106 to 102 copies per µl were included in each plate and the amount of eDNA present in each
sample was quantified by comparison to these known concentrations (details of the synthetic
oligonucleotides published in Furlan, et al. (2015)). We considered a positive detection if there
was an exponential phase at any point during the 55 reaction cycles. Presence of inhibitors
were deemed the likely cause of delayed or non-IPC amplification. A Ct shift of ≥ 3 cycles
beyond the blank was regarded as significant inhibition (Hartman, et al., 2005). Representative
samples from positive detections for each of the target species from each site were taken and
Sanger sequenced to confirm sequence identity (10% of positive samples for Common Carp;
all samples for Oriental weather-loach and Redfin Perch).
Data analysis
We checked the data for normality using the Shapiro-Wilk test and assessed the distribution of
DNA copy number and CPUE between seasons through visual inspection of histograms. PCR
replicates with no amplifications were given a copy number of zero (0) and the eDNA
concentration in each site was calculated by averaging PCR replicates. We included all outliers
in our analysis as these represented valid detections. For example, only one sample was positive
for Oriental Weatherloach eDNA during spring in the Eckert Creek Main site and the sample
contained 18DNA copies/4µL of DNA extract. This was flagged as an outlier simply because
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the rest of the replicates had 0 copies (no detection). Removing this outlier would be erroneous
because it would mean that we have taken out the only detection in that site.
Generalized linear mixed modelling (GLMM) was used to examine the effect of season
(spring vs. autumn) and sampling location (surface vs. subsurface) on eDNA copy number.
GLMMs are the most appropriate analytical tool for non-normal data with random effects
(Bolker et al., 2009). A negative binomial regression with a log link function was used to account
for overdispersion (Gardner et al., 1995; Ver Hoef & Boveng, 2007). Site was included in the
model as a random effect while sample location and season were fixed effects. A MannWhitney U test was used to compare the difference in CPUE between seasons. Spearman’s
rank correlation was used to determine the relationship between CPUE and DNA copy numbers
(H0 = There is no monotonic association between CPUE and DNA copy numbers). All statistical
analyses were performed using IBM SPSS Statistics 21.

Results
The seasonal distributions of copy number and CPUE for all three species did not
follow a normal distribution (positively skewed with overdispersion). DNA copy numbers and
CPUE varied widely among sites and between seasons (Figure 3.2, Appendix 2 Table S2). No
DNA amplification occurred in field controls and no inhibition was observed in any sample.
All internal positive controls also amplified. However, low-level contamination (1 copy/4µl)
was detected in two equipment blanks (one each from the spring and autumn surveys). The two
samples filtered through the contaminated equipment were discarded and were not included in
the analysis. The R2 values of the qPCR standard curves ranged from 0.992–0.999 while
efficiency ranged from 0.86–0.99. Sequenced reads correspond accordingly to the DNA
sequences of the target species.
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Figure 3.2. Boxplots comparing seasonal variation in DNA copy numbers and CPUE among
sites in Common Carp, Oriental Weatherloach and Redfin Perch. Two sites, Splash
Downstream of Log Crossing (Splash Down) and Upstream Splash (Up Splash), were not
sampled using fyke nets in autumn. The dark line inside the boxes represent the median values,
the bottom and top of the box indicates the 25th percentile and 75th percentile, and the T-bars
extend to 1.5 times the height of the box or, if no case has a value in that range, to the minimum
or maximum values. Values outside of the T-bars are tagged as outliers and are denoted by
circles or asterisks (extreme outliers). Extreme outliers represent cases that have values more
than three times the height of the boxes.
Seasonal detection using fyke nets and eDNA
The eDNA method detected Oriental Weatherloach and Redfin Perch in more sites during the
two seasons compared to fyke nets (Table 3.1). Oriental Weatherloach DNA was detected in
seven out of eight sites during the spring survey (compared to two sites using fyke nets) and in
all eight sites during autumn (zero sites using fyke nets). Redfin Perch eDNA was detected at
two sites during spring (only one site using fyke nets) and three sites in autumn (zero sites using
fyke nets). Common carp was detected at all sites for both seasons using fyke nets and eDNA
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with the exception of the wetland site Ngak Indau during the autumn survey where Common
Carp was captured using fyke nets (CPUE = 1.4), but no carp eDNA was detected (Appendix
2, Table S2). A seasonal difference in CPUE was seen only in carp, with higher CPUE recorded
in spring compared to autumn (spring mdn = 5.1, autumn mdn = 1), U = 6, p < .005.

Table 3.1. Comparison of eDNA and fyke net detection of invasive fish species in eight sites
in Katarapko, South Australia during two seasons, November 2014 (spring) and March 2015
(autumn). (+) indicates a positive detection in at least one of 36 PCR replicates per site,
(-) indicates no positive detection, ND indicates no data. S = Spring, A = Autumn.
Common Carp

Oriental Weatherloach

Redfin Perch

eDNA

Fyke nets

eDNA

Fyke nets

eDNA

Fyke nets

S

A

S

A

S

A

S

A

S

A

S

A

The Splash

+

+

+

+

+

+

-

-

+

+

-

-

The Splash Downstream of Log Crossing*

+

+

+

ND

+

+

+

ND

+

-

+

ND

Sawmill Creek

+

+

+

+

+

+

-

-

-

-

-

-

Eckert Creek Wide Water

+

+

+

+

+

+

-

-

-

-

-

-

Eckert Creek Southern Arm

+

+

+

+

-

+

-

-

-

+

-

-

Eckert Creek Main

+

+

+

+

+

+

-

-

-

-

-

-

The Splash Upstream of Log Crossing*

+

+

+

ND

+

+

-

ND

-

+

-

ND

Ngak Indau

+

-

+

+

+

+

+

-

-

-

-

-

* Sites were not sampled with fyke nets during the Autumn survey

Effect of season and sampling location on DNA copy number
Season had a significant effect on DNA copy number for Common Carp (P < .005) and Oriental
Weatherloach (P = .002) based on the fitted models, with estimated means significantly higher
in spring compared to autumn (Table 3.2). Sampling location (surface vs. subsurface) did not
have a significant effect on copy numbers for all three species. Note that we first fitted a model
with the random effect for all three species but found the variance of the random effect was
effectively zero for Oriental Weatherloach and Redfin Perch. Thus, we refitted the model
without the random effect for the two species and reported those results in Table 3.2.
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Table 3.2. Fixed effects from a negative binomial generalized linear mixed model predicting
DNA copy number.
Estimated Means for
Significant Effect

95% Confidence Interval
Model Term

Coefficient

Std. Error

t

Sig.
Lower

Upper

Target: DNA Copy No.

Common Carp
Intercept

2.545

0.466

5.463

.000

1.620

3.471

Spring: 131

Season

2.350

0.341

6.891

.000

1.673

3.028

Autumn: 12

Location

-0.039

0.408

-0.096

.924

-0.849

0.771

Intercept

0.889

0.273

3.258

.002

0.347

1.431

Spring: 7

Season

1.151

0.395

2.917

.004

0.367

1.935

Autumn: 2

Location

-0.220

0.398

-0.555

.581

-1.010

0.569

Intercept

0.160

0.827

0.194

0.847

-1.486

1.803

Season

1.280

0.835

0.153

0.129

-0.378

2.938

Location

0.464

0.826

0.562

0.576

-1.176

2.104

Oriental Weatherloach

Redfin Perch

Relationship between CPUE vs. DNA copy number
The results demonstrate a strong, positive correlation between CPUE and DNA copy number
for Oriental Weatherloach (rs = .718, α = .045) and Redfin Perch (rs = .756, α = .030) during the
spring season. For both seasons, the correlations between CPUE and DNA copy number for
Common Carp were not significant (rs = −.357 spring, rs = −.539 autumn; Table 3.3).
Table 3.3. Spearman's correlation coefficient showing the relationship between catch per unit
effort and DNA copy number for three invasive fish species in Katarapko, South Australia over
two seasons (summer - November 2014; autumn - March 2015), N = 8.
Carp

Weatherloach

Redfin

Spring

Autumn

Spring

Autumn

Spring

Autumn

Spearman’s rho

-.357

-.539

.718*

-

.756*

-

Sig.

.385

.168

.045

-

.030

-

*Correlation is significant at the 0.05 level (2-tailed)
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Discussion
Our results support the increasing evidence of the benefits of integrating eDNA methods into
routine fish monitoring by management agencies. For all the target species, and in all cases
except one, the eDNA method detected the target species in sites where it was captured by fyke
nets. For less abundant species such as Redfin Perch and Oriental Weatherloach, the detection
rate was higher for eDNA than for fyke nets. Hence, the application of the eDNA method,
when paired with traditional detection, can increase the reliability of monitoring surveys
particularly for rare and cryptic species.
The eDNA methodology failed to detect Common Carp DNA in one site during the
autumn survey (Ngak Indau) although the species had been caught in the site with fyke nets.
Non-detection using eDNA despite the presence of the animal in the environment could be a
result of method errors (such as during the filtration, DNA isolation, extraction or amplification
process) or insufficient detection sensitivity such as might arise from insufficient sampling
(Furlan, et al., 2015). In this study, we assume that the non-detection of carp DNA at one site was
not due to method error because DNA was successfully amplified from another species (Oriental
Weatherloach) from the same samples and internal positive controls were also amplified. Six 2L water samples per site were processed which recorded a 100% detection of Common Carp
DNA during the 2014 spring survey when Common Carp CPUE was ten times higher
compared to the autumn 2015 survey. It is possible that the sampling volume was sufficient in
spring but insufficient during autumn when Common Carp CPUE was much lower. The
seasonal variation in Common Carp eDNA seen in this study has also previously been reported
by Turner, Barnes, et al. (2014), indicating the importance of timing eDNA surveys when target
species are known to be more abundant and active.
It is possible to obtain water samples without the target species’ DNA particularly in large
and complex systems. This has been shown previously where a patchy distribution and highly
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variable carp DNA concentrations ranging from zero to thousands of DNA copies in samples
from the same site were found (Turner, et al., 2012). Similar variability was recorded in the
Common Carp DNA concentrations in this study, including during the spring 2014 survey when
Common Carp CPUE was higher. For example, five out of six samples from Sawmill Creek
during the spring survey were negative for eDNA while the only positive sample had a
concentration of 324 DNA copies/4µl. This result suggests that eDNA is heterogeneously
distributed in the environment or occurs in clumps.
A higher eDNA detection rate for Oriental Weatherloach was recorded compared to the
fyke net results, perhaps because fyke netting is not the most appropriate sampling method for
this mud burrowing benthic fish. Only fish of a certain diameter can be caught using fyke nets
as larvae and small young of year pass through the mesh holes. The eDNA method is
advantageous over fyke netting in these cases because the method can detect DNA from a
species regardless of its size or age class. Using several fish sampling methods may also result
in better estimates of species composition (Fago, 1998) but often, the choice of sampling
method depends upon the purpose of the activity and availability of resources. Electrofishing
has been used to survey for Oriental Weatherloach in Australia in addition to fyke nets
(Lintermans, 1993; Keller & Lake, 2007). In the Katarapko/Eckert Anabranch system, other
methodology (e.g., electrofishing) within some areas is not possible owing to access issues,
snags, shallow areas and creek width etc. Future comparisons between the eDNA method and
traditional method in detecting Oriental Weatherloach should include other suitable methods
in addition to fyke netting.
The eDNA approach has been reported to be a more sensitive method than netting (Jerde,
et al., 2011) or electrofishing (Wilcox et al., 2016) for fish detection, but it remains imperfect
like other traditional survey techniques (Dejean, et al., 2012; Yoccoz, 2012; Schmidt, et al.,
2013). This suggests caution in interpreting negative eDNA results and vigilance in reducing
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the occurrence of false negatives. False negatives in eDNA surveys can be reduced by
increasing sampling intensity (more samples/sites), but in most surveys, this must be balanced
with time and resource costs. The sensitivity of eDNA surveys can also be improved using
different filter paper types or extraction methods (Liang & Keeley, 2013; Deiner, et al., 2015).
Recently, a few models have been developed using eDNA presence/absence data to estimate
the sensitivity of eDNA surveys (Schmidt, et al., 2013; Furlan, et al., 2015). These models can
be used to ascertain whether enough samples have been analysed to reach a desired probability
of detection and is useful for planning subsequent eDNA surveys. The use of controls which
can monitor method efficiency through all stages of the eDNA analysis is also important to
distinguish method error from legitimate negative results (Furlan & Gleeson, 2016a).
The eDNA method’s sensitivity is an advantage but it can also be a pitfall as it may
predispose to false positives (Wilcox et al. 2016). Minimizing contamination is paramount and
this can be done through rigorous decontamination of bottles and equipment, the use of
designated trace DNA laboratories, and adequate quality checks (Furlan & Gleeson, 2016a;
Goldberg, et al., 2016). All bottles and equipment in this study were decontaminated through
immersion in a 10% bleach solution for a minimum of 10 minutes, similar to other eDNA
protocols previously reported (Jerde, et al., 2013; Wilson et al., 2014; Turner, et al., 2015).
However, low level contamination was still detected in two of the equipment blanks. Wilcox
et al. (2016) also reported contamination in two equipment controls prompting them to use
50% bleach solution for later experiments. The current recommendation is decontamination of
reused equipment/supplies using 50% commercial bleach solution (Goldberg, et al., 2016).
A positive eDNA detection only signifies DNA presence in the environment but does not
confirm whether the DNA is from a live organism. DNA can come from other sources such as
dead or decaying organisms, excrement from predators, contaminated equipment or brought in
from another area by flowing water. The sites sampled in this study are connected as a series of
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creeks within the Katarapko/ Eckert anabranch. Although physical barriers may prevent fish
movement, water could still flow between sites especially when water levels are high.
Transport and persistence of eDNA in flowing water is not well understood, although abiotic
(flow rate, temperature, sunlight, DNA degradation rate, dilution, deposition and re-suspension)
and biotic factors all play a part. A few studies have shown that eDNA can be detected
anywhere within 5 m to 12 km from source in flowing water (Deiner & Altermatt, 2014; Pilliod,
et al., 2014; Jane, et al., 2015) although this would likely differ between species, sites and
density. For this study, it cannot be discounted that the eDNA detected could have originated
from upstream sites.
Both eDNA and fyke netting results indicated a decrease in the distribution of Common
Carp and Oriental Weatherloach in autumn compared to spring. Both species are known to
spawn during spring, with carp’s spawning season extending until autumn (Sivakumaran, et
al., 2003). The model used in this study suggested season as a significant predictor of eDNA
copy number for carp and Oriental Weatherloach. This result supports the recommendation of
timing eDNA surveys during the breeding season or when the species are known to be more
abundant. Carp are also known to use shallow wetlands during the warmer months (spring to
autumn) and migrate to deeper river water during the colder months (Smith et al., 2009). Both
the autumn and spring survey dates for this study occurred within the spawning season for carp
in South Australia (October–April) (Smith & Walker, 2004). Thus, we did not expect to see
such a marked difference in CPUE/eDNA copy numbers between the two monitoring seasons.
Brown, et al. (2005) however reported spawning peaks for carp occurring during spring. Thus,
the increased spawning activity in spring could account for the higher eDNA and CPUE
recorded during this time. It is also possible that carp have started to move into deeper water
prior to our autumn survey. In addition, the Katarapko/Eckert Anabranch system is now the
subject of substantial environmental rehabilitation effort wherein construction of a complex
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series of regulator structures and blocking banks to allow broad-scale engineered floodplain
inundation in the absence of elevated discharge in the River Murray are planned (Bice, et al.,
2015). Some of these constructions had begun during our study period and it is probable that
these affected the movement patterns of fish (and their DNA) in the area. The ability of the
eDNA method to mirror the seasonal changes in CPUE shows its applicability as an indirect
indicator of abundance.
There was no direct positive relationship between CPUE and DNA copy numbers for
Common Carp in this study. This is similar to the findings of Turner et al. (2012) wherein no
correlation was found between Common Carp DNA concentration and abundance using fyke
nets in a coastal wetland site. In contrast, Pilliod et al. (2013) found that the amount of eDNA
in streams was related to the density, biomass and occupancy of stream amphibians. It can be
inferred that the differences in species, sites and sampling methods between studies could
account for the varying results observed. Unlike lentic systems, correlating abundance with
eDNA concentration in moving water is less straightforward because flow, discharge rate,
channel morphology, downstream transport and other factors could complicate observations
(Pilliod, Goldberg, Arkle, et al., 2013; Jane, et al., 2015; Wilcox, et al., 2016). Although this
study found a positive relationship between CPUE and DNA copy number for Redfin Perch
and Oriental Weatherloach, this result should be interpreted with caution since the correlation
is based on only a few data points and for one season only since no Oriental Weatherloach or
Redfin Perch were caught using fyke nets in the autumn survey.
The results showed no significant difference in eDNA concentration or number of
positive PCR replicates from surface and subsurface water samples, even for a benthic fish like
Oriental Weatherloach. Water samples were collected near the banks of the creeks/streams
where the water level at most of our survey sites was less than < 0.5 m. It could be inferred that
the water at this depth is relatively well-mixed thus accounting for our observation. Most eDNA
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studies obtain samples from the water surface presumably out of ease of sampling. There are
only a few studies including this study, that have investigated eDNA concentrations between
surface and subsurface water samples. Moyer, et al. (2014) found that surface water was the
optimal location in the water column for the detection of African jewel fish (Hemichromis
letourneuxi) in small ponds (average depth = 1.4m) whereas no significant difference in
Common Carp eDNA detection and concentration was found between surface and subsurface
samples in a small lake (average depth = <2m) (Eichmiller, et al., 2014). To the best knowledge
of the authors, this study is the first study that investigated the difference in eDNA
concentration between surface and subsurface water samples in flowing water. We wanted to
determine if more DNA copies could be obtained from subsurface samples for a benthic fish
such as Oriental Weatherloach compared to the more pelagic Redfin Perch and Common Carp.
Although more DNA and a higher PCR detection were recorded in subsurface samples for the
benthic species (Oriental Weatherloach), the difference from surface samples is not significant.
Further studies are needed to investigate whether the same holds true for benthic fish in deeper
flowing or static water.
Sampling surface water is easier and quicker than subsurface sampling and can be done
without getting into the water wherein potential contamination can be introduced through
clothing and footwear. These results give confidence that eDNA sampling from surface water
in relatively shallow waterways for the three species studied will not compromise eDNA
detection. Subsurface water samples also take a longer time to filter due to more sediment
especially in waterways with a muddy substrate. Collecting sediments instead of water samples
can also be an option as Turner, et al. (2015) found that for bigheaded Asian carp, eDNA is more
concentrated in sediments than surface water. However, using sediments for eDNA analysis
have three main disadvantages: first, collection of sediments and decontamination of
equipment is more laborious; second, PCR inhibition is very likely; and third, eDNA bound to
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sediments can persist for a long time, even months after a species is no longer present making
spatiotemporal inferences complicated (Turner et al. 2015).

Conclusion
Using the specific methodology outlined in this research (filtration, extraction, sample volume
etc.), this study demonstrated that eDNA can be a sensitive detection tool but because the eDNA
method also suffers from imperfect detection, it is more powerful when used in conjunction
with other survey methods as a way to enhance detection rates and to increase confidence in
the monitoring results. Despite the advantages of eDNA detection, there is important ecological
information such as fish recruitment and size / age classes that can only be gained through
traditional monitoring. Correlating eDNA copy numbers to catch per unit effort in flowing
systems needs further study. The patchy distribution of fish DNA and the large variation in
copy numbers in samples from the same site currently precludes one from making inferences
on fish abundance. However, eDNA can detect general trends or changes in abundance, which
is still useful in monitoring. If used on its own, eDNA can alert managers on the presence or
absence of a target species, allowing them to make more informed decisions especially for
species of special concern such as threatened or invasive species.
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Chapter 4 : eDNA production, persistence and low-density
detection of Oriental Weatherloach (Misgurnus anguillicaudatus)
in a flowing stream

Abstract
One of the most useful applications of eDNA is low-density detection, potentially enhancing
the detection of rare species or pests at invasion fronts. Despite its advantages, eDNA detection
as influenced by DNA production, degradation and distance from source in natural flowing
systems needs further study. In this experiment, we investigated low density eDNA dynamics
of the elusive Oriental Weatherloach in a flowing stream by introducing and removing caged
fish and tracking spatial and temporal detection. We found that time-dependent changes in
eDNA production seen in the aquarium was demonstrable in flowing systems, but only when
water samples were taken close to the source (5-150m). Water samples taken at longer distance
intervals (50-400m) did not show the eDNA production pattern expected, suggesting that to
relate eDNA concentration to fish abundance, water samples must be taken close to the source.
eDNA from five caged fish (total biomass = 21.2g) was detected 400m away from source but
only during the first day after introduction, when eDNA production was highest. We did not
find a consistent effect of distance from source and sampling time on eDNA concentration,
suggesting stochasticity in eDNA detection when target species are present at low densities.
The eDNA signal declined rapidly downstream from source in flowing water, indicating that
strong eDNA signals is indicative of proximity of target species especially when target species
are known to be rare.

77

Introduction
The environmental DNA (eDNA) method infers the presence of a species through the DNA it
sheds in the environment. There has been a growing trend in the past decade towards the
application of the eDNA method to estimate not only species presence/absence but also
density, location and distribution in natural systems (Fukumoto et al., 2015; Balasingham et
al., 2017; Doi et al., 2017). The potential of eDNA is projected to revolutionise monitoring,
cutting management costs and survey times and thus delivering faster outcomes for
management (Pedersen, et al., 2015). But whether the eDNA method is applied to static or
flowing water, a correct understanding of eDNA dynamics, particularly in natural systems, is
critical for accurate interpretation of eDNA data. Central to this is a good understanding of
eDNA detection as influenced by DNA production and persistence, abundance, residence
time, distance from source and environmental conditions (Thomsen & Willerslev, 2015;
Goldberg, et al., 2016; Wilcox, et al., 2016).
The spatio-temporal distribution of eDNA in lotic systems has only been recently
studied and warrants further investigation (Shogren et al., 2017). The few studies which
investigated aspects of eDNA transport or residual detection in flowing water mainly
involved the release of highly concentrated eDNA-containing solutions (Balasingham, et al.,
2017; Shogren, et al., 2017) or tracking transport from dense populations (Deiner &
Altermatt, 2014). Studies on eDNA transport and distribution in flowing water when species
are rare are extremely limited. We expect the dynamics to be different when eDNA in the
system is abundant compared to when it is not. For example, residual eDNA can be detected
longer when large amounts of eDNA are released, owing to more DNA temporarily stored in
the substrate and made available for detection after resuspension (Balasingham, et al., 2017).
Also, because the eDNA method is often utilised to enhance the detection of species present
at low densities, eDNA studies involving less abundant species would provide insights into
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eDNA transport and dispersal which could be used to enhance detection probabilities for rare
species.
In this study, we investigated the spatial and temporal detection of eDNA following the
introduction and removal of caged fish in order to understand low density eDNA dynamics in
a flowing system. We first assessed eDNA production in a closed system and compared this
against eDNA detection in a natural stream to understand eDNA dispersal and detection in
relation to distance from source and residence time. We then explored the implications of these
findings towards improving eDNA detection surveys in flowing water.
We used the Oriental Weatherloach (Misgurnus anguillicaudatus) as the study species
because of its small size (adults ~100mm total length) and its stationary, benthic and fossorial
nature, which makes it difficult to monitor through conventional fish monitoring means
(Lintermans, 1993; Fredberg et al., 2014; Froese & Pauly, 2016). The Oriental Weatherloach
is considered an invasive fish in Europe, Australia, North America, Philippines, Palau, Hawaii
and Brazil, thus, making its detection important (Froese & Pauly, 2016). The application of
eDNA can potentially improve monitoring of this species. Insights from this study may also
improve the detection of other closely related species, some of which are threatened (e.g.,
European Weatherloach (Misgurnus fossilis) (Sigsgaard et al., 2015).

Materials and methods
Study Site
The study site was located at Gibraltar Creek, a tributary of Paddys River in the Australian
Capital Territory (ACT) (latitude -35.4884, longitude 148.9342). Gibraltar Creek is a 2nd order
stream, ranging from 1.5-3 m width, with depth generally <1 m, that passes through a
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combination of native forest and pastoral land uses. Turbidity is relatively low in the study area
(4-70 NTU during the two experiments). We utilized a stretch of creek upstream of Gibraltar
Falls, a 50 m high natural waterfall that prevents the upstream movement of fish. The creek
above the falls is known not to harbor any Oriental Weatherloach (Lintermans, 2000b). A
stream reach without the presence of the target species was necessary so as not to confound
eDNA detection results following the experimental introduction of the fish to the stream. To
ensure absence of Oriental Weatherloach in the system, multiple water samples along the
stretch of the creek were collected on two occasions prior to the experiments (December 2015
and March 2016) and checked for Oriental Weatherloach eDNA. Two 2-L water samples were
collected and filtered on site at six points along the stream from the waterfalls (100m, 200m,
300m, 400m, 500m and 600m). DNA extraction and eDNA analysis followed the same
procedure as the rest of the samples from the main experiments (see genetic analyses section).
No Oriental Weatherloach DNA amplified in the stream samples taken prior to the
experiments.

eDNA production - laboratory
We performed an eDNA production experiment to understand time-dependent changes in
eDNA production. Five adult male Oriental Weatherloach of similar size (total biomass = 21.2
g, mean = 4.2 ± 0.4g) were placed inside a plastic aquarium with 20 L of stream water taken
from Gibraltar Creek, ACT. Three 200 ml water samples were taken 4hrs, 24hrs and 48hrs after
placing the fish in the aquarium and analysed using the eDNA method (see genetics analysis
in data analysis). The experiment was performed in a constant temperature room at 20˚C and a
12h:12h light:dark cycle.
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eDNA production, persistence and detection - field
Two field experiments were performed, one in January 2016 (Experiment A) and another in
March 2016 (Experiment B). The differences in distance and time intervals between the two
experiments are given in Table 4.1. Because Oriental Weatherloach prefer slow flowing pools
compared to riffles (Lintermans, 2007), pools that were deep enough to submerge at least half
the height of the cage were chosen. After identifying the cage locations, distance intervals from
the cages were measured and marked along the stream (Table 4.1).
The same five Oriental Weatherloach used in the eDNA production experiment in the
laboratory were used for both field experiments. The total distance and sampling intervals in
Experiment B were modified based on the results of Experiment A. The fishes were placed
inside a double cage made of wire mesh measuring 45cm x 31cm x 28 cm. The location of the
cage varied between Experiments A and B to allow collection of samples at different spatial
scales (cage location for Experiment B was further upstream of the waterfall). The cage was
submerged until the bottom of the cage rested on the stream substrate, where it was secured
with iron stakes. After placing the cage in the stream, three 2-L surface water samples at
different time and distance intervals were taken to investigate eDNA detection after
introduction of source. We then removed the fish cage from the water and took water samples
again at several distance and time intervals to determine eDNA persistence after removal of
the eDNA source. Flow, temperature and water quality parameters were also taken during the
experiments (Appendix 3, Supplementary Information 1).
Water samples were filtered on site through a 42 mm, 1.2 µm pore size glass fibre filter
paper (Microscience®) using a peristaltic pump (Geopump Series II, Geotech Environmental
Equipment Inc., Denver, Colorado). A different set of gloves, forceps, filter funnel and bottles
were used for sampling each distance interval. Sampling bottles and filtration equipment were
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decontaminated prior to use by immersion in 20% bleach solution for a minimum of 20 min,
followed by rinsing with UV-sterilized water, air drying and then sealing inside new zip locked
bags. Sampling proceeded from downstream to upstream to minimize contamination. Before
filtering each sample, 500 ml of UV-sterilised water was passed through the filter equipment
and through a 1.2 µm glass fibre filter paper to serve as equipment blank. A 2-L bottle filled
with UV-sterilised water was also filtered each sampling day to serve as a field control. The
control bottles were opened, the contents exposed to the air, re-sealed and submerged in the
water. Filter papers were stored individually inside 15 ml conical tubes, stored inside ice chests
and were immediately transferred to a -20˚C freezer upon arrival in the laboratory (within 6
hours of collection).
Table 4.1. Distance downstream from eDNA source and time intervals for field experiments
A and B. APC = after placing cage; ARC = after removing cage.
Field Experiment A
Summer (January)

Field Experiment B
Autumn (late March-mid April)

350 m

550 m

Total sampling distance 150 m
downstream of
cage/DNA source

400 m

Distance Intervals

5m
25 m
75 m
150 m

Time Intervals

APC: 4h, 24h and 48h
ARC: 4h

50 m
150 m
250 m
350 m (weir)
400 m
APC: 4h, 24h, 48h and 7d
ARC: 4h, 24h, 48h and 7d

Season
Location of cage
upstream of falls

Genetic Analysis
DNA extraction and quantitative PCR (qPCR) set-up took place in separate rooms in a
laboratory built for trace DNA samples at the University of Canberra. DNA was extracted from
the filter papers using Qiagen’s DNEasy® Kit (Qiagen, Hilden, Germany), following the
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manufacturer’s recommendations with the following modifications: 1) the filter paper was
pushed to the bottom of the microcentrifuge tube with a 1000 µl pipette tip so that it was
entirely covered by the buffer ATL + Proteinase K solution.; 2) Incubation occurred in a
thermomixer set at 56°C for one hour, and 3) DNA was eluted using 100 µl of Buffer AE. We
tested for the presence of Oriental Weatherloach DNA using qPCR primers and probes
developed previously for the species (Furlan, et al., 2015). PCR reaction mixes contained 4
µl of DNA template, 0.65 µl of TaqMan® assay, 6.5 µl of TaqMan® Environmental Master
Mix (Life Technologies, Carlsbad, CA, USA), 0.5 µl of universal fish assay (Furlan & Gleeson,
2016a), and 1.35 µl of PCR water to make a total volume of 13 µl. Each run consisted of three
PCR replicates per water sample, three replicates of positive and negative controls and three
replicates of synthetic oligonucleotides of the target sequence (details of the synthetic
oligonucleotides published in Furlan et al. 2015) in a series of 10-fold dilutions (concentrations
ranged from 106 to 102 copies per µl). The amount of eDNA present in each sample was quantified by comparison to these known concentrations. Real-time cycling conditions were set at 50
°C (2 min), 95 °C (10 min), followed by 55 cycles of 95 °C (15 s), and 60 °C (60 s). A positive
detection was considered if there was an exponential phase at any point during the 55 reaction
cycles. All positive amplicons were Sanger sequenced to confirm match to target species.
Data Analysis
Effect of sampling time and distance from source on eDNA concentration
The eDNA concentration of each water sample was calculated as the mean eDNA
concentration of the three PCR replicates. The mean eDNA concentration across the three
water samples taken at each distance interval was then used for subsequent analyses. A
generalised linear model (GLM) was used to analyse eDNA concentration relative to distance
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downstream of the cage (distance) and sampling time interval (time). We used a negative
binomial distribution with a log link function to account for over dispersion in the data.

Effect of sampling time and distance from source on eDNA detection rate
Detection rate at each distance interval was calculated as the number of 2-L water samples that
tested positive for Oriental Weatherloach DNA divided by the number of water samples
collected from that distance interval (n=3). Detection rate for each sampling time interval was
calculated by dividing the number of positive water samples taken at a particular time interval
(regardless of distance) by the total number of water samples taken at that sampling interval
multiplied by 100. We again used GLM to examine the effect of time and distance on detection
rate. A binomial distribution with a logit link function was used. Water samples were coded as
either 1 (positive detection) or 0 (negative detection).

Estimation of eDNA production/release rate
In order to assess the decline of eDNA in relation to distance from source, we estimated the
combined eDNA production or eDNA release rate of the five Weatherloach in our study based
on the results of the eDNA production experiment in the laboratory. We estimated the eDNA
production/release rate in a closed system (aquarium) at t = 4h APC by assuming that the total
amount of eDNA in the aquarium was equal to the total amount of eDNA produced collectively
by the five fish during the first 4 hours minus the total amount of eDNA degraded within that
time frame:
eDNAaquarium = eDNAprod - eDNAdeg

(1)
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eDNAaquarium = total amount of eDNA in the aquarium four hours after fish introduction
eDNAprod = total amount of eDNA produced in the aquarium during the first 4h after
introduction
eDNAdeg = total amount of eDNA degraded in the aquarium within the first 4hrs after
introduction

To estimate eDNAdeg, we calculated the degradation constant by fitting an exponential
degradation model to the time-dependent changes in eDNA concentration of water samples
stored at room temperature (20˚C) found in Experiment 3A of Hinlo, Gleeson, et al. (2017).
From this model, we obtained a degradation constant of 0.171 (see Appendix 3 Supplementary
Information 2 for details).
Multiplying the mean eDNA concentration at 4hr APC (from the eDNA production
experiment) by the volume of water in the aquarium (20L) gave the total amount of eDNA
copies in the aquarium at t=4h:
eDNAaquarium = (mean eDNA concentration in copies/L) (20 L)

(2)

Assuming that eDNA production rate in the first 4hrs is constant, we divided eDNAtank (2) by
4 h to get the eDNA copies produced per hour:
eDNA aquarium /4h = eDNAprod /h

(3)

Multiplying the result of (3) by the degradation constant (0.171) gave the degradation
rate per hour:
eDNAdeg per h = (eDNAprod /h)( 0.171)
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(4)

The sum of (3) and (4) is the amount of eDNA produced collectively by five Oriental
Weatherloach per hour. We divided this number by 3,600 to obtain the eDNA
production/release rate per second.
We also estimated the eDNA release rate of our study species once the eDNA levels
seemed to have stabilized. Previous studies on eDNA production in fishes found that eDNA
concentration in a closed system eventually stabilizes in three to four days, indicating that the
eDNA production and degradation rate are in equilibrium (Takahara, et al., 2012; Maruyama,
et al., 2014). As we only took samples up to 48hrs after fish introduction in our eDNA
production experiment, we multiplied the mean eDNA concentration from this sampling time
by the degradation constant (0.171) to get the eDNA degradation rate at t=48 h:
eDNA degradation rate = (eDNA concentrationt=48h) (0.171).

(5)

The eDNA release rate (copies/hr) of our five fish at t=48h was then calculated as the
eDNA degradation rate multiplied by the water volume of the container (18.4L, considering
the water lost from previous sampling intervals). This method of estimating eDNA
production rate has been previously applied by Maruyama, et al. (2014).

Results
The 18 2-L water samples taken prior to the field experiments did not contain Oriental
Weatherloach eDNA. Similarly, our field controls and equipment blanks did not amplify
Weatherloach eDNA. Mean R2 across plates was 0.996 and mean PCR efficiency was 99.4 %.
Mean surface water temperature was 24.9 ±1.4 ˚C and 15.2 ±0.5˚C for Experiments A and B,
respectively. The discharge on Day 1 for Experiment A was 0.018 m3/sec (18 L/s) and the mean
discharge for Experiment B was 0.014 ± 0.001 m3/sec (14 L/sec). Water quality measures are
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listed in Appendix 3 Table S1. Mean aquarium water temperature during the eDNA production
experiment was 19.2 ±0.1 ˚C

eDNA production in aquaria
Samples collected 4h after introducing the fish in the aquarium recorded the highest eDNA
concentration (mean = 1380 ±273 x 103 L-1) (Figure 4.1-A). After 24h, the eDNA concentration
dropped to a mean of 84 ± 11 x 103 copies L-1. The downward trend continued 48h after fish
introduction with the eDNA concentration dropping to 27 ± 11 x 103 copies L-1 (Figure 4.1-A).
DNA copy numbers were significantly different at time points F (2,6) = 23.654, p =0.001.
DNA copy number at 4h APC was significantly higher than DNA from samples collected 24
hrs (p =.003) and 48 hrs (p =.002) post-introduction. eDNA concentration between 24hrs and
48 hours post introduction did not differ significantly (p =.965) (Fig. 4.1-A).

87

B

A

C

Figure 4.1. Mean eDNA concentration
plotted against sampling time for (A)
eDNA Production Experiment; (B)
Experiment A, and (C) Experiment B.
Time for (A) indicates time after placing
the fish in the aquarium. For (B) and (C),
APC = after placing cage in the stream,
ARC = after removing cage in the stream
(h = hours, D = days).

Figure1. Mean eDNA concentration plotted
against sampling time

Experiment A
Seven out of a total of 48 water samples processed for Experiment A were positive for
Weatherloach DNA (14.6%). Detection rate was 24% higher at 4h APC compared to 24h APC
(42% vs 17% detection rate) (Table 4.2). Weatherloach eDNA was detected at all distance
intervals 4h APC but higher eDNA concentrations were at distances closest to the cage (5m
and 25m) (Figure 4.2). There was no consistent trend in detection rate seen across distance
intervals. Twenty-four hours after placing the cage in the stream, eDNA was still detected at
5m and 75m but the frequency of detection and the eDNA concentration were lower compared
to 4h APC. There were no detections at 48h APC and after cage removal (Figure 4.2).
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The eDNA concentration of water samples ranged from 0 to 129 copies L-1. A decrease
in eDNA concentration with increasing distance from the cage was not apparent in any of the
time intervals. There appears to be a decreasing trend in eDNA concentration as distance from
the cage increased 4h APC but the trend was marred by a high mean DNA concentration in the
water samples at 25m (Figure 4.2). When eDNA concentration was plotted against time after
introduction of DNA source (regardless of distance), eDNA concentration followed the same
decreasing trend as that of the eDNA production experiment (Figure 4.1-B).
None of the models explaining the effect of time and distance on eDNA concentration
and detection rate were significantly different from the null model (p > .05). This suggests that
sampling time after cage introduction and distance had no clear effect on eDNA concentration
or the detection rate based on the results of Experiment A.
Table 4.2. eDNA detection rate at different distance downstream of eDNA source and time
intervals for Experiments A and B. No positive detection was noted for all distance and time
intervals after removing the cage from the stream (APC = after placing cage in the stream,
ARC = after removing the cage from the stream; h = hours; d = days).
Experiment A
5m
4h APC
24h APC
48h APC

Distance from the cage
25m
75m

150m

Detection rate for
time interval (%)
42
17
0

33
33
0

67
0
0

33
33
0

33
0
0

50m

150m

250m

350m

400m

0
0
33
0

0
0
33
0

33
33
0
0

33
0
0
0

67
0
0
0

Experiment B

4h APC
24h APC
48h APC
7d APC
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Detection
for time
interval
27
7
13
0

Figure 4.2. Mean eDNA concentration ± SE across time and distance intervals for
Experiment A. APC = after placing cage; ARC = After removing cage.

Experiment B
A total of 105 water samples were analysed for eDNA in Experiment B, with positive detection
in only seven samples (6.7%). Weatherloach eDNA was detected up to 400m away from the
source, but only on Day 1 (4h APC) (Figure 4.3). Detection rate was higher 4h APC (27%)
compared to 24h APC (7%) and 48h APC (13%) (Table 4.2). No Weatherloach DNA was
detected at any sampling interval after cage removal from the stream. The eDNA concentration
of water samples at all distance and time intervals remained low throughout the experiment (06 copies L-l) and no decreasing eDNA trend was seen with time (Figure 4.1-C).
We found a significant effect of time (p = 0.034) and an interaction between time and distance
(p =.020) on eDNA concentration (Table 4.3). When the influence of time and distance were
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taken together, there is an overall decrease in eDNA concentration as time and distance from
cage increased (Table 4.4). The model run to explain the effect of time and distance on
detection rate was not significantly different from the null model (p>0.05), indicating that the
detection rate was not significantly affected by time or distance based on the results of
Experiment B.

Figure 4.3. Mean eDNA concentration ± SE across time and distance for Experiment B. APC
= after placing cage; ARC = After removing cage.

Table 4.3. Results of the generalized linear model, explaining the effect of time, distance and
their interaction on eDNA concentration relative to distance from the source and sampling
time after eDNA source introduction.

Experiment A

Experiment B

Intercept
Time
Distance
Time*distance
Intercept
Time
Distance
Time*distance

Wald Chisquare
18.349
1.465
1.238
.140
.082
4.492
.113
5.449
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df

p-value

1
1
1
1
1
1
1
1

.000
.226
.266
.708
.774
.034
.737
.020

Table 4.4. Generalized linear model parameter estimates for Experiment B.
Parameter
Estimate Std. Error
95% CI
95% CI
lower
upper
Intercept
-4.118
3.060
-10.116
1.881
time = 24h APC 3.625
3.582
-3.395
10.645
time = 48h APC 7.253
3.422
.546
13.961
time = 4h APC1
.
.
.
.
distance
.014
.009
-.004
.031
time*distance
-0.012
.011
-0.035
.010

p-value
.178
.311
.034
.
.129
.275

(24h APC)

time*distance

-0.032

.014

-.058

.005

.020

.

.

.

.

.

(48h APC)

time*distance2
(4h APC)

1 = time interval which other time parameters are compared with;
2 = time*distance parameter which the other time*distance parameters are compared with;
eDNA production rate/release rate
The calculated eDNA production rate of the five Oriental Weatherloach in our study at t=4h
after fish introduction was 8,079,900 copies/hr or 2,244 copies/s. Once eDNA production has
stabilized (t=48h after fish introduction), the estimated eDNA production rate was 86,800
copies/h or 24 copies/s.

Discussion
This study demonstrated the variable detection probabilities across time and space for
an elusive, benthic species present at low density in a slow to moderate flowing stream. The
study advances our understanding of low density eDNA dynamics and provided insights on
how to improve eDNA detectability for Oriental Weatherloach and other closely-related
species in lotic environments.
An important finding from this study was that water samples taken close to the source
generally reflected the eDNA production pattern seen in closed systems, whereas samples taken
at farther distances did not. However, even samples collected close to the source occasionally
failed to detect eDNA in both field experiments. This indicates that water samples must
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generally be taken close enough to the source to reflect actual eDNA dynamics of the source
population. This suggests that to relate eDNA concentration to fish abundance in flowing water,
water samples must be taken close enough to the source to be meaningful. In our study, we
found that the eDNA signal dropped rapidly in relation to distance from source even during
periods of high eDNA production (during the fish acclimation stage). From an estimated eDNA
release rate of 2,244 DNA copies s-1 (from Experiment A, 4h APC results), the eDNA
concentration of water samples in our study taken between 5-150m from the cage ranged from
only 6-49 copies L-1, suggesting that majority of the eDNA released are lost due to settling,
degradation, stream flow, or turbulence only a short distance away from source. Once eDNA
production has stabilized, our estimated eDNA release rate after acclimation of 24 copies per
second was too low to detect using the methodology and sampling scheme used in the study.
This is important as it gives an idea of the sampling effort required to detect our target species
at extremely low densities.
It is possible to calculate the distance at which eDNA travels before deposition in
streams through methods used to study organic particle transport in flowing water. This has
been demonstrated recently by Shogren, et al. (2017) using small streams with different
substrates (stream width = 0.4m, flow= 1.8-2.1 l/sec). They obtained eDNA transport distances
ranging from only 7.7-18.9m depending on substrate, despite releasing highly concentrated
DNA solutions from a pond containing a high density of Common Carp (Cyprinus carpio)
(1.1-1.9 x 105 copies/ml released at a rate of 100ml/min) (Shogren, et al., 2017). Transport
distance of very fine organic matter has been found to increase with increasing stream size and
is expected to vary with flow as well as the physico-chemical parameters of the study system
(Thomas et al., 2001). Therefore, eDNA transport distance is expected to vary across different
streams. In our study, we were able to detect DNA until 400m given our stream characteristics,
although detection was sporadic and eDNA concentration in the water samples were very low.
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Our results did not show a steady decrease in relation to distance from source, precluding us
from calculating eDNA transport distance using the methodology used to estimate particle
transport in hydrology (Thomas, et al., 2001; Paul & Hall Jr, 2002; Shogren, et al., 2017). The
low concentrations we found at the distance intervals in our study suggest that increasing
eDNA release rate (by increasing number of individuals) or sampling at much shorter distance
intervals is required in order to accurately detect the decline of eDNA over distance.
Nevertheless, our results still provide evidence that eDNA concentration becomes very low
only a short distance from source, indicating that strong eDNA signals in flowing water,
especially when target species are known to be rare, is indicative of close proximity of target
species.
Approximation of the location of the target species in relation to eDNA sampling points
is important from a conservation context particularly for species that are rare or near extinct
(Sigsgaard et al. 2015). When abundance of target species is expected to be low, strong eDNA
signals in flowing water is likely indicative of localised proximity (provided false positive
detections are accounted for). This is even more so for sessile or less mobile species. Practical
applications of this are evident at invasion fronts or habitats of endangered species wherein
eDNA can be used to delineate eradication/control zones for invasive species or protection
zones for threatened species. When both eDNA and conventional methods are used for
monitoring, obtaining a high eDNA concentration contrary to the results of conventional
monitoring could indicate that more intensive surveys using conventional tools might be
needed.
Estimating abundance or biomass using eDNA concentration in flowing water remains
challenging because of the many variables (i.e. distance, flow, season, stress, residence time,
inter- and intra-specific differences in DNA production) that influence eDNA concentration in
water (Maruyama, et al., 2014). Sampling locations alone as seen in this study can confound
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the relationship between eDNA concentration and abundance. For example, sampling 25m
away from the source 4h APC in Experiment A revealed almost 10 times more DNA compared
to samples taken 150m away, although the abundance of our target species has not changed.
Because aquatic species are often unseen in actual field situations (e.g. as a result of depth,
turbidity, habitat complexity), it is difficult to determine whether the eDNA concentration
reflects actual numbers or is due to sampling distance or other variables (such as sampling
aggregated eDNA in tissue, faeces etc.). While determining absolute densities remains difficult,
it may be possible for eDNA to reflect density patterns in flowing water, if water samples are
taken along the length of a stream/river at specific sites. Although it is expected that eDNA
transport will vary across systems, the handful of studies on eDNA transport in flowing water
(including this study), provide evidence that majority of the eDNA produced in a site is also
lost locally; thus, enabling inferences to be made about species abundance using eDNA (Jane,
et al., 2015; Laramie, et al., 2015).
The study found that eDNA could no longer be detected as early as 4h after removing
the cage from the stream. These results are similar to the findings of another study which found
that amphibian eDNA can no longer be detected in a flowing stream an hour after removal of
the eDNA source (Pilliod, et al., 2014). These findings indicate that positive eDNA detection
imply very recent presence (<12-24 hrs) of the species of interest. Detection of residual DNA
though is influenced by the amount of DNA released in the system. For example, Balasingham,
et al. (2017) was able to detect eDNA 11.5h after eDNA source removal; however they released
highly concentrated eDNA solution in the stream at a constant rate for more >24h. The higher
the amount of eDNA in the environment, the higher the chances of DNA retained by the
streambed to be resuspended and made available for detection. Low levels of eDNA however
become undetectable in flowing systems quickly.
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Evidence of eDNA production patterns across faunal groups could signify different
detection probabilities in the field. For example, in amphibians, a steady increase in eDNA
concentration in contained mesocosms and in the field, have been observed with increasing
residence time, suggesting that eDNA detection could also increase with time (Thomsen et al.
2017, Pilliod et al. 2014). In contrast, fishes exhibit a decrease in eDNA production after
introduction/acclimatisation (Maruyama et al. 2014, this study). Experiments in the field must
consider these differences in eDNA production patterns and allow baseline eDNA production
levels to be reached to correctly reflect eDNA dynamics.
This study has immediate practical field applications. First, we know that detection of
low densities (five individuals) of Oriental Weatherloach in our study stream becomes difficult
once eDNA production has stabilised. This gives us an indication of the sensitivity of the
particular eDNA methodology we used and allows us to modify our sampling strategy (i.e. by
increasing sampling effort) depending on the study area or suspected population density.
Second, because eDNA signals are expected to be stronger close to the source, preferred
habitats should be targeted for eDNA sampling to maximise the chances of picking up the
eDNA of the target species. Knowing the ecology of the species, particularly its preferred
habitat and breeding season is important (Spear, et al., 2015; Takahashi, et al., 2017). In the
case of Oriental Weatherloach for example, taking water samples at pools instead of runs and
riffles is ideal as the species is known to prefer slow-flowing or backwater pools with silty and
sandy substrate (Lintermans, et al., 2007). Third, DNA production of fishes is enhanced by
physiological stress, indicating that perhaps mild disturbance of suitable habitats (e.g.
disturbing sediments in the case of Oriental Weatherloach) prior to collection of water samples
for eDNA analysis may enhance detection rates. This remains to be tested though and it may
not be desirable in many areas where threatened species are present or in sensitive ecosystems.
Also, if disturbing a site prior to eDNA sampling does increase detection rates, stress related
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increase in eDNA can confound the relationship between abundance and eDNA concentration;
thus, it should not be done in studies intending to determine the relationship between eDNA
and abundance. Finally, water samples for eDNA analysis should be collected along an
appropriate length of the stream, in the knowledge that false negatives could result from
sampling too far away from the source. Sampling distance intervals should not be too far apart
(i.e. ~100 m or less; closer for rare species) and is best determined by considering the estimated
abundance of the target species and the physical characteristics of the site. The rarer the species
of interest is, the more intensive the eDNA survey should be.
We were limited in the number of individual fish we could use in this study because
our target species is considered invasive and our study area was located inside a national park.
We recommend that where possible, future experiments should consider varying the number
of fish introduced into a system while considering variables such as flow, temperature, season,
location and stream substrate to provide a better understanding on the effect of such variables
on eDNA concentration. This would allow the development of more informative models to
estimate the spacing that water samples must be taken to adequately reflect the density or
biomass of target species in flowing water. Inter- and intra-specific variation in eDNA
production and the effect of stress could also confound the relationship between eDNA and
abundance, necessitating further investigation of these parameters as well.

Conclusion
This study provided important insights into low-density eDNA detection of an elusive
fish in flowing water. While many studies investigated eDNA detection and transport using
abundant species, the eDNA method was specifically developed to detect low density species,
an important requirement for many conservation or pest management programs Also, by
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introducing live individuals into the streams, the study reflected actual eDNA release patterns
and degradation rates compared to other experiments where eDNA solutions were instead
released in flowing water. This study contributes to the understanding of the spatial and
temporal distribution of eDNA in lotic systems and underscores the importance of
understanding the factors affecting eDNA concentration in attempts to estimate abundance in
lotic systems.
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Chapter 5 : Performance of eDNA assays to detect and quantify
an elusive benthic fish in upland streams

* This chapter has been published as: Hinlo R, Lintermans M, Gleeson D, Broadhurst B,
Furlan E (2018). Performance of eDNA assays to detect and quantify an elusive benthic fish
in upland streams.Biological Invasions. https://doi.org/10.1007/s10530-018-1760-x.

Abstract
The sensitivity and specificity of eDNA–based monitoring, coupled with its potential utility to
estimate population density or biomass, makes it a useful tool in invasive species management.
In this study, we investigated the potential of the eDNA method to improve the detection of
the elusive invasive fish, Oriental Weatherloach (Misgurnus anguillicaudatus), in a river
system where a density gradient of the species occurs. We compared detection rates between
eDNA and conventional monitoring methods and examined the relationship between eDNA
and abundance in a flowing environment. The eDNA method had a higher site detection rate
than conventional methods (63% vs. 38%). Weatherloach eDNA was detected at all sites where
the fish has been previously caught and none of the sites where the species has not been caught
for the past seven years. There was an increasing density trend going downstream based on
long-term conventional monitoring, but the eDNA concentration in water samples reflected
this trend only in a continuous section of the river where impoundments were absent. We did
not find a positive relationship between eDNA concentration and contemporary abundance
estimates in our study area. A high eDNA concentration was recorded at a site (DVC) which
was designated a low density site based on long-term catch data. This discrepancy was a likely
result of physical habitat characteristics which influenced the efficiency of the conventional
methods used. This study highlighted the challenges of inferring density from eDNA data in
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flowing water because habitat features may confound results, necessitating careful
consideration for results to be useful to management.
Introduction
Aquatic invasive species negatively impact ecosystems, causing biodiversity and economic
losses (Pimentel et al., 2000; Lovell et al., 2006). Early detection is critical to prevent their
establishment but can be challenging due to the limitations of traditional detection techniques
(Darling & Blum, 2007; Jerde, et al., 2011). The environmental DNA (eDNA) method is an
alternative or complementary detection tool that is increasingly being applied to freshwater
environments to detect rare, threatened or invasive taxa (Pilliod, et al., 2014; Sigsgaard, et al.,
2015; Bylemans, Furlan, Pearce, et al., 2016). The method detects species-specific DNA
fragments in environmental samples (water, soil, air) and associates positive eDNA detection
with the presence of the target species in the study system (Pilliod, Goldberg, Arkle, et al.,
2013). Several studies that compared eDNA with traditional detections (such as electrofishing
or visual observations) have shown the eDNA method to be a more sensitive detection tool
when target organisms are rare. Positive eDNA detections have been shown in sites where
species have not been previously recorded, highlighting the potential of the method to improve
species distribution (Rees et al., 2014; Laramie, et al., 2015; Spear, et al., 2015). The eDNA
method’s specificity and sensitivity make it a useful tool in invasive species management,
particularly at invasion fronts when the ability to detect invasive alien species (IAS) at low
densities is critical for program success (Mehta et al., 2007).
Flowing water such as rivers and streams are important dispersal routes for aquatic
invasive species (Leuven et al., 2009). A few studies have documented the applicability of the
eDNA method in enhancing invasive species management in rivers by improving distribution
data, thereby enhancing control strategies to prevent further spread or to reduce the deleterious
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effects caused by the invasion (Jerde, et al., 2013; Bylemans, et al., 2016). In addition to
improving species distribution, the eDNA method also has the potential to estimate abundance
or biomass (Takahara, et al., 2012; Thomsen, Kielgast, Iversen, Wiuf, et al., 2012; Baldigo et
al., 2017; Doi, et al., 2017). Although a number of studies have found a positive relationship
between eDNA concentration and abundance or biomass in lentic and lotic systems (Takahara,
et al., 2012; Pilliod, Goldberg, Arkle, et al., 2013; Lacoursière‐Roussel, et al., 2015; Doi, et al.,
2017), there is still substantial variability surrounding this relationship (Goldberg et al., 2015;
Jerde & Mahon, 2015). In particular, the relationship between density and eDNA in flowing
water remains unclear due to contrasting results (Laramie, et al., 2015; Spear, et al., 2015; Doi,
et al., 2017; Hinlo, Furlan, et al., 2017; Nevers et al., 2018). The variation in the relationship
between eDNA and density in lotic and lentic systems could be due to the differences in the
movement and retention of eDNA in the systems. While eDNA in lentic systems is contained,
eDNA transport in lotic environments is complicated by flow and stream morphologies
(Goldberg, et al., 2011; Jerde, et al., 2011; Olson, et al., 2012). Further investigations in the
field are encouraged before abundance estimates from eDNA may be ready to inform
management (Goldberg, et al., 2015). Moreover, additional field studies comparing eDNA and
traditional census methods have been advocated to enable practitioners to objectively assess
the performance of eDNA, including how the method performs across a gradient of target
species density (Roussel et al., 2015).
The eDNA method has the potential to improve the detection of the elusive IAS,
Oriental Weatherloach (Misgurnus anguillicaudatus), in Australia. The species’ expanding
distribution and potential impacts to native fauna is currently a management concern
(Lintermans et al., 1990; Lintermans, 2007; Fredberg, et al., 2014). Members of the genus
Misgurnus are benthic and fossorial in nature, thus, monitoring especially at low densities is
difficult and necessitates the use of more than one sampling tool to increase the chances of
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detection (Sigsgaard, et al., 2015). For instance, long-term monitoring in the Cotter River in
the Australian Capital Territory (ACT) using backpack electrofishing, fyke netting and visual
observations revealed only sporadic detection of the species across the years, but is indicative
of the presence of a density gradient along an estimated 25km stretch of river, with decreasing
Oriental Weatherloach density moving upstream from the initial point of establishment
(Lintermans, 1993; Broadhurst et al., 2016). The existing density gradient of Oriental
Weatherloach in the system presents an opportunity to study the relationship between fish
density and eDNA concentration in an upland flowing system as well as to examine the
potential of eDNA to improve the monitoring of this elusive invader.
In this study, we used eDNA and conventional monitoring tools to detect the presence
of the Oriental Weatherloach across eight sites in the Cotter and Paddys River. We were
interested in investigating whether a single sampling run using eDNA can potentially capture
similar information provided by several years of traditional monitoring for a species that is
difficult to monitor at low densities. Our specific aims were to compare detection rates between
conventional detection and eDNA, determine the relationship between eDNA concentration
and abundance in a flowing environment, and investigate how the eDNA method performs
across a gradient of target species density. We hypothesize that eDNA concentration in water
samples would follow the density trend in the river system as ascertained by conventional
detection tools.

Materials and methods
Study Species
The Oriental Weatherloach is a small (< 250 mm total length), elongate, bottom-dwelling fish
of the family Cobitidae native to East Asia but has established populations in Europe, Australia,
North America, Philippines, Palau, Hawaii and Brazil (ISSG, 2005; Keller & Lake, 2007;
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Abilhoa et al., 2012; Froese & Pauly, 2016). Aquaculture and the ornamental fish trade are
believed to be the main pathways of introduction worldwide (ISSG, 2005), with subsequent
dispersal via bait-bucket introductions (Lintermans, 2004; Lintermans, et al., 2007).

In

Australia, the species has established populations in New South Wales, Victoria, South
Australia and the ACT and continues to expand in distribution (Lintermans, 1993; Keller &
Lake, 2007; Fredberg, et al., 2014). Its distribution in the ACT includes the Murrumbidgee,
Cotter, Paddys and Molonglo rivers and major tributaries including Tuggeranong and
Ginninderra creeks (Lintermans, 1993, 2000b).
Oriental Weatherloach has been found in clear upland streams as well as degraded
habitats but prefers slow-flowing environments with a sandy, muddy or silty substrate (Keller
& Lake, 2007; Lintermans, et al., 2007). Little is known about the movement and behaviour of
this species due to its cryptic nature, but it is believed that the species undertakes localised
migrations from creeks to off stream spawning sites in rice paddies (Naruse & Oishi, 1996;
Fujimoto, et al., 2008). Research on the closely related species, Misgurnus fossilis, in Germany
showed that loaches exhibit stationary behaviour and site fidelity, with the majority of adult
fish recaptures occurring within 50m of the release site (Meyer & Hinrichs, 2000). Ecological
studies suggest a lifespan of about 5-7 years (Urquhart, 2013). Its tolerance to a wide range of
environmental conditions, high fecundity and flexibility in diet characterizes it as a species
with a high invasion potential (Fredberg, et al., 2014; Urquhart & Koetsier, 2014).
Study Site
The study area was in the Murray-Darling Basin in the Australian Capital Territory (ACT),
centred on the Cotter and lower Paddys rivers (Fig. 1). The Cotter River is an upland stream
(460-1760 m elevation) approximately 70 km in length, with a catchment area of 480 km2 and
is regulated by three dams: Corin, Bendora and Cotter (Nichols et al., 2006). Paddys River (a
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tributary of the Cotter River) is more lowland (460-1400 m elevation, mostly <700 m),
approximately 40 km in length and has a catchment area of 246 km2 and no impoundments
(Lintermans, 2000b). The fish community of both Cotter and Paddys rivers is relatively
depauperate with only 4-6 native species (four of which are threatened) and 2-7 alien species
per reach (Online Resource 1).
A total of eight sites were surveyed in this study, seven from the Cotter River: Cotter
Hut (CH), Burkes Creek Crossing (BCC), Pipeline Crossing (PX), Spur Hole (SH), Vanity’s
Crossing (VC), Downstream of Vanity’s Crossing (DVC), Upstream of Paddys Confluence
(UPC), and one from the Paddys River: Paddys Caves (PC) (Fig. 1). All sites above Cotter
Dam have been monitored at least annually since 2010, with the exception of DVC which has
only been surveyed since 2014 as a substitute to one of the original sites - Bracks Hole (BH).
BH was inundated by an enlarged reservoir in 2013. Cotter Hut was designated as the reference
site since Oriental Weatherloach has never been detected there and its remote location and
position above two dams renders it a low probability of introduction. The sites UPC and PC
are located below Cotter Dam and are known to harbor high densities of Oriental Weatherloach
(Lintermans, 2000a), but are not part of the longterm monitoring program and so standardised
data is only available for 2016. Details of sites are given in Online Resources 2 and 3.
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Figure 5.1. Survey site locations along the Cotter and Paddys Rivers, ACT, Australia
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Conventional sampling using fyke nets, electrofishing and visual observation
The survey was undertaken during summer (February 2016), which is within the known
breeding season of the study species in Australia (Lintermans, et al., 2007). At all sites except
VC, a total of 12 fyke nets per site (13 mm stretch mesh, 5 m single wing, 60 cm high D
entrance) were set in four pools (three nets/pool) and left overnight for a ~16-hour soak time
(typically from 1530 hours to 0730 hours). Pools in each site were ordered from 1-4,
beginning with the most downstream pool in the site (Fig. 2). All 12 nets were set in a single
large pool at VC. Backpack electrofishing (single pass) of runs and riffles in wadeable depths
(4 x 30m sections per site) using a Smith Root Model LR 18 was done the following day. All
fish caught by electrofishing and fyke nets were identified and their length measured (total
length). Catch per unit effort (CPUE) per fyke net was calculated by dividing the number of
fish caught in the fyke net by the total soak time and then multiplying by 24h. CPUE for
electrofishing was calculated as the number of fish per hour of electrofishing on time. Site
CPUE from fyke netting and electrofishing were calculated as the mean of the 12 fyke nets
and four electrofishing runs per site, respectively. Oriental Weatherloach that were observed
but not caught during the survey were also recorded. Visual observations of Oriental
Weatherloach were mostly of fish seen swimming away from the electric field during
electrofishing or those that have been shocked but were not caught by dip nets. Observed fish
were not included in the computation of CPUE but were included in the total number of fish
recorded per pool and per site.
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Electrofishing was used to survey for fish in the runs and riffles and fyke nets were used
in the pools, thus, the results of both methods, plus the visual observations, must be taken
collectively to appropriately reflect Oriental Weatherloach density at each site. Consequently,
we used combined fish abundance (total number of Oriental Weatherloach visually observed
and caught by fyke netting and electrofishing), hereafter referred to as ‘abundance,’ as the basis
for the density gradients. The standardised methodology and effort used between sites (and
years, see density gradient below) allows direct comparison between sites. Abundance of
Oriental Weatherloach per pool was calculated as the sum of fish caught and observed in the
pool and the riffle immediately upstream of the pool.

Figure 5.2. Simplified representation of conventional and eDNA sampling used in each study
site. Fyke nets were set up in four pools and four 30-m sections of riffles were electrofished
per site. Three 2-L water samples for eDNA analysis were taken from the downstream end of
each pool

Determination of Oriental Weatherloach density gradient along the Cotter River
We collated the CPUE and abundance data of Oriental Weatherloach caught during the summer
surveys in the Cotter River from 2010-2016. Each year, the same standardized sampling
methodology (fyke netting and electrofishing) was used in the surveys. From the mean
Weatherloach abundance across seven years of monitoring, we established a density criterion
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and assigned density gradients to each study site based on this criterion. We used the following
density criterion in this study: absent to very low density (≤1 fish caught/observed per site),
low density (2-10 fish), and high density (> 10 fish).

Water sampling for eDNA analysis
Water sampling occurred on the same day as conventional sampling but prior to any personnel
with fyke nets or electrofishing gear entering the water to minimise opportunity for
contamination. Sampling for eDNA analysis consisted of taking three 2-L water samples per
pool (taken at the downstream end of each pool) with a total of 12 2-L water samples per site
(Fig. 2). At VC where there is only one large pool, three 2-L water samples were taken at each
of the downstream, right and left banks, and upstream of the big pool. Prior to use, the bottles
for eDNA sampling were soaked in 20% bleach solution for a minimum of 20 minutes, rinsed
with UV-sterilised water (sterilised using Pond One ClearTec® UV Clarifier 18W UV-C) and
air-dried. eDNA sampling proceeded unidirectionally from the most downstream pool to the
most upstream pool in each site in order to avoid re-sampling of water. When possible, the
three water samples were taken from the middle of the river and the left and right river banks
with sampling at all sites occurring between 1:30-3:30 pm. Areas chosen for sampling were
shaded, low flow areas associated with riparian vegetation (where possible). Disposable gloves
were changed between pools and waders were disinfected between sites by soaking in 20%
bleach solution and rinsing thoroughly with UV-sterilised water.
At each site, a 2-L bottle filled with UV-sterilised water was used as a field control.
The contents of this bottle were exposed to air, re-sealed, submerged into the river and handled
the same way as the rest of the samples. This was used to check for cross-contamination
between samples in the field. Samples were placed inside ice chests and brought to the lab for
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filtration. Immediately before filtration, the outside of the water bottles was wiped with a paper
towel sprayed with 10% bleach and wiped dry. Water samples were filtered within 6 hours of
collection and then processed according to the methods outlined in Hinlo et al. (2017).

DNA Extraction and Amplification
DNA extraction and PCR set-up took place in separate rooms in a laboratory built for trace
DNA samples. DNA was extracted from the filter papers using Qiagen’s DNEasy® Kit (Qiagen,
Hilden, Germany), following the manufacturer’s recommendations with the following
modifications: 1) the filter paper was pushed to the bottom of the microcentrifuge tube with a
1000 µl pipette tip so that it was entirely covered by the buffer ATL + Proteinase K solution.;
2) Incubation occurred in a thermomixer set at 56°C for one hour, and 3) DNA was eluted using
100 µl of Buffer AE. We tested for the presence of Oriental Weatherloach DNA using qPCR
primers and probes developed previously for the species (Furlan, et al., 2015). PCR reaction
mixes contained 4 µl of DNA template, 0.65 µl of TaqMan® assay, 6.5 µl of TaqMan®
Environmental Master Mix (Life Technologies, Carlsbad, CA, USA), 0.5 µl of universal fish
assay (Furlan & Gleeson, 2016a), 0.5 ml of AmpErase® Uracil N-glycosylase (1 unit/µl) and
1.35 µl of PCR water to make a total volume of 13 µl. Each run consisted of six PCR replicates
per water sample, three replicates of positive and negative controls and three replicates of
synthetic oligonucleotides of the target sequence in a series of 10-fold dilutions (concentrations
ranged from 106 to 102 copies per µl). The amount of eDNA present in each sample was quantified by comparison to these known concentrations (details of the synthetic oligonucleotides
published in Furlan et al 2015). Real-time cycling conditions were set at 50 °C (2 min), 95 °C
(10 min), followed by 55 cycles of 95 °C (15 s), and 60 °C (60 s). A positive detection was
considered if there was an exponential phase at any point during the 55 reaction cycles. Five to
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ten samples from each site with positive detections were Sanger sequenced to confirm match
to target species.

Data analysis
We calculated the number of eDNA copies per litre of water sample from the number
of eDNA copies per PCR reaction, accounting for the dilution effect in all samples. PCR
replicates without any amplification were assigned a concentration of zero eDNA copy/l. A
linear mixed model was used to investigate the relationship between eDNA concentration and
abundance. We included pool order, in addition to abundance, as a fixed effect in the model to
examine the influence of downstream sampling location on eDNA (i.e. eDNA increases in
downstream pools). Log-transformed values of eDNA concentration were used as the response
variable. We included random effects (site, 1|site/pool) in the model to account for the
hierarchical nature of the data. The model was run using the lme4 package in R version 3.3.2.
Results were visualized using Tableau software and R. The significance of all statistical tests
was set to α= 0.05.

Results
Density gradient along the Cotter River based on long-term data
Three density gradients in the Cotter River were evident based on the average abundance
across 7 years of conventional monitoring: absent to very low density, low density, and high
density (Fig. 3). Density gradient increased from upstream to downstream, with the highest
abundance seen at BH (Fig. 3; BH monitored only from 2010-2013). Although no
Weatherloach were caught at CH, BCC and PX since 2010, we considered these sites to fall
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under absent to very low density as they are still connected to the low density sites and the
possibility remains that Weatherloach exist in these sites but at very low levels that may be
beyond the detection limits of our chosen methods.

Figure 5.3. Mean abundance +/- SE of Oriental Weatherloach by site and density gradient in
the Cotter and Paddys Rivers based on long-term monitoring (2010-2016) using fyke netting,
electrofishing and visual observations. Sites are ordered from the most upstream to the most
downstream (left to right). Note that UPC and PC reflect data from the year 2016 only. BH
data represents mean abundance from 2010 to 2013 and DVC from 2014-2016

Conventional detection results from 2010-2016
Long-term monitoring using fyke nets, electrofishing and visual observation did not detect
Oriental Weatherloach in the three most upstream sites in the Cotter River (CH, BCC, PX;
Table 1). Detection at SH, VC and DVC was inconsistent across the years whereas detection
at BH was consistent, but this site was dropped from long-term monitoring in 2014 due to
inundation as a result of Cotter Dam enlargement. DVC, which is located upstream of BH, was
monitored in its place. Fyke nets (in pools) caught Oriental Weatherloach in more sites across
the years than electrofishing (in riffles) (Table 2). In 2016, Oriental Weatherloach was caught
only at three sites (detection rate = 38%): SH (a low density site) and the two high density sites
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(UPC and PC). CPUE from fyke netting and electrofishing and abundance data from 20102016 are listed in Table 2.

Table 5.1. Detection results from 2010-2016 of Oriental Weatherloach in the Cotter and
Paddys River, ACT, Australia. A check mark indicates positive detection and the x-mark
indicate a negative detection. NA = Not applicable due to site inundation; ND = not
determined (not sampled)
Site

CH
BCC
PX
SH
VC
DVC
BH
UPC
PC

2010



✓
✓
ND
✓
ND
ND

Conventional detection
(Fyke netting, electrofishing, visual observation)
2011
2012
2013
2014
2015
















✓


✓

✓


✓

✓
ND
ND
ND
✓
✓
✓
NA
NA
ND
ND
ND
ND
ND
ND
ND
ND
ND
ND

2016



✓


NA
✓
✓

eDNA
detection
2016



✓
✓
✓
NA
✓
✓

Table 5.2. Mean CPUE and abudance of Oriental Weatherloach from fyke netting and
electrofishing in the Cotter and Paddys River, ACT from 2010-2016. Sites are ordered from
the most upstream to the most downstream (top to bottom)
CPUE FROM FYKE NETTING (No. of fish/24hr soak time)
Mean CPUE
±SE
Site

2010

2011

2012

2013 2014

2015 2016 (7-yr ave.)

CH

0

0

0

0

0

0

0

0.00

BCC

0

0

0

0

0

0

0

0.00

PX

0

0

0

0

0

0

0

0.00

SH

0.38

0

0.11

0

0

0.33

0.62

0.21 ±0.09

VC

1.97

0

0.12

0

0

1.47

0

0.51 ±0.32

DVC*

NA

NA

NA

NA

0

0.54

0

0.18

BH**

4.8

1.29

0.35

0

NA

NA

NA

1.61 ±1.1

UPC***

NA

NA

NA

NA

NA

NA

0.46

0.46

PC***

NA

NA

NA

NA

NA

NA

0.85

0.85
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CPUE FROM ELECTROFISHING (No. of fish/hr of on time)
Mean CPUE
±SE
Site

2010

2011

2012

2013 2014

2015 2016 (7-yr ave.)

CH

0

0

0

0

0

0

0

0.00

BCC

0

0

0

0

0

0

0

0.00

PX

0

0

0

0

0

0

0

0.00

SH

0

0

0

0

0

0

4.1

0.59 ±0.59

VC

0

0

0

0

0

0

0

0.00

DVC*

NA

NA

NA

NA

0

0

0

0.00

BH**

26.7

NA

11.3

26.7

NA

NA

NA

21.57 ±5.1

UPC***

NA

NA

NA

NA

NA

NA

38.7

38.70

PC***

NA

NA

NA

NA

NA

NA

41

41.00

ABUNDANCE FROM FYKE NETTING, ELECTROFISHING AND VISUAL
OBSERVATIONS (No. of fish seen)
Mean
Abundance
Site

2010

2011

2012

2013 2014

2015 2016 (7-yr ave.) ±SE

CH

0

0

0

0

0

0

0

0

BCC

0

0

0

0

0

0

0

0

PX

0

0

0

0

0

0

0

0

SH

3

0

1

0

0

3

7

2 ±0.98

VC

16

0

1

0

0

13

0

4 ±2.7

DVC*

NA

NA

NA

NA

0

5

0

2 ±1.7

BH**

64

1

10

4

NA

NA

NA

20 ±15

UPC***

NA

NA

NA

NA

NA

NA

16

16

PC***

NA

NA

NA

NA

NA

NA

16

16

1

*DVC sampling was initiated only in 2014 when BH was inundated from Cotter dam
enlargement;
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2

**BH 2013 fyke netting result from 2 pools only; top 2 pools were inundated;

3

***UPC and PC sampled only in 2016 for this study; PC is part of the Paddys River, all
other sites are in the Cotter River. NA = Not applicable (site not sampled).

eDNA detection results

The cycle threshold (CT) for positive detections ranged from 32.6 to 41.6 (mean of 36.0) with
Weatherloach DNA copy numbers ranging from 25 to 2425 copies/L (mean = 475 copies/L).
Field controls, equipment blanks and plate negative controls did not amplify Oriental
Weatherloach DNA. Mean PCR efficiency across plates was 96.908 while mean R2 values for
the qPCR standard curves was 0.999. All sequenced reads matched the DNA sequence of the
target species. The universal fish assay used as an internal positive control (IPC) amplified in
all samples except for three PCR replicates that also failed to amplify Oriental Weatherloach
DNA. These failed amplifications were excluded from the dataset.
Oriental Weatherloach DNA was detected in five out of eight sites, from SH to PC
(detection rate = 63%. There were no eDNA detections in the three most upstream sites (Fig.
4). The eDNA method detected Oriental Weatherloach at all sites where it has been previously
detected by conventional methods and none of the sites where it has not been previously
detected (Table 1). The highest pool mean eDNA concentration was observed at DVC (438±84
copies/l) followed by UPC (269±231 copies/l), VC (197±105 copies/l), SH (144±74 copies/l)
and PC (140.5±28 copies/l) (Fig. 4). There was an increasing trend in mean eDNA
concentration going downstream from SH to DVC. The eDNA decreased at sites UPC and PC
below Cotter Dam (Fig. 4). The mean eDNA concentration at each site was not in proportion
to the increase in Weatherloach abundance going downstream. For instance, the highest mean
eDNA concentration was recorded at DVC although no Oriental Weatherloach was
caught/observed in this site during the 2016 survey. Also, the mean eDNA concentration at SH
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(a low density site) was similar to the mean eDNA concentration at PC (a high density site,
Fig. 4).

Figure 5.4. Box plot showing the distribution of eDNA concentration per site. Median values
are represented by the line where the top and bottom boxes meet while dotted lines represent
the mean of the 4 pools in each site. The bottom and top of the box indicate the 25th
percentile and 75th percentile, and the T-bars extend to 1.5 times the height of the box or, if
no case has a value in that range, to the minimum or maximum values. Light grey shaded
areas outside the boxes represent the 95% confidence interval of the mean. CH = Cotter Hut,
BCC = Burkes Creek Crossing, PX = Pipeline Crossing, SH = Spur Hole, VC = Vanity’s
Crossing, DVC = Downstream of Vanity’s Crossing, UPC = Upstream of Paddys Confluence
and PC = Paddys Cave

Relationship of eDNA concentration to fish abundance and pool order

The main effects of fish abundance and pool order on eDNA concentration were slightly
negative, indicating no clear effect of either parameters on eDNA concentration in our study
sites (Fig. 5, Table 3). There was high variability in eDNA concentration seen in the water
samples. Approximately a quarter of the variation in eDNA concentration occurs among pools
within sites (site/pool variance = 0.026), another quarter occurs among sites (site variance =
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0.026) and approximately half of the variation occurs among samples within the same sites
(residual variance = 0.057) (Table 3).

Figure 5.5. Estimates of mean eDNA concentration in pools from the linear mixed model
plotted against abundance of Oriental Weatherloach. The blue line represents the best fitted
regression line based on the data

Table 5.3. Parameter estimates for the fixed and random effects of the generalized linear
mixed model explaining the relationship between 1) eDNA concentration and abundance, and
2) eDNA concentration and pool order (downstream effect) in the Cotter and Paddys River,
ACT
Fixed Effects
Intercept
Abundance
Pool order
Random
Effect
Site
Site/Pool
Residual

Estimate

Std. Error

2.293
-0.009
-0.008

0.154
0.018
0.045

95% CI lower

95% CI
upper
2.001
2.586
-0.046
0.025
-0.098
0.078
Standard deviation

Variance
0.026
0.026
0.057

0.161
0.162
0.238
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Discussion

Our study demonstrated the potential of the eDNA method to improve the detection rate for an
elusive, benthic, invasive fish in a flowing system. Because long-term data were available for
Oriental Weatherloach in our study system, we were able to demonstrate the irregularity in
detecting the species across several years using conventional means and compare it with oneoff detection using eDNA. We were thus able to show that eDNA detection achieved consistent
detection at all sites where the species has been previously caught.
Our results however did not show a positive relationship between eDNA and fish
abundance as assessed by conventional monitoring, despite employing different types of
conventional tools to detect our target species and taking more water samples along the length
of each site compared to other studies (see Pilliod, Goldberg, Arkle, et al. (2013), Doi, et al.
(2017), Wilcox, et al. (2016)). In addition, we also considered the habitat preference of the
species by taking water samples in pools (preferred habitat of Weatherloach). Despite our
increased sampling effort and targeted habitat sampling, we found no significant relationship
between eDNA concentration and fish abundance. It is likely that the conventional methods
used in the study underestimated the true abundance of Oriental Weatherloach in the study
sites. Electrofishing and fyke netting have well-known limitations although these are two of
the most commonly used methods to monitor fish communities in freshwater environments
(Miranda & Dolan, 2003; Breen & Ruetz III, 2006). The efficiency of fyke nets depends upon
the probability of the fish encountering and entering the nets and the capacity of the nets to
retain them (Portt et al., 2006). Because of its small size, elongate body shape and burrowing
nature, the catchability of Oriental Weatherloach using fyke nets is expected to be low,
particularly for immature fish which could escape through the mesh. The burrowing nature of
the fish also means that fish may avoid entering the net by passing through small spaces under
119

the net wing or body in the structurally complex cobble-bottomed nature of the Cotter River.
On the other hand, depth, visibility and habitat factors are critical in backpack electrofishing
(Portt, et al., 2006); thus, the Oriental Weatherloach can be easily missed in large streams and
rivers with fast currents, complex substrates and bank vegetation. Further testing against a more
robust abundance measures is required (e.g. mark-recapture estimates, removal methods to
accurately estimate population density) to obtain a better understanding of the relationship
between density and eDNA concentration for our target species in rivers and streams.
We found a general decreasing trend in mean eDNA concentration going upstream from
DVC, although the decrease in eDNA was not in proportion to site abundance estimates. In
contrast, Laramie, et al. (2015) did not observe a decrease in Chinook salmon eDNA
concentration in upstream reaches, despite fewer fish inhabiting these higher tributaries. They
attributed this finding to the possible input of tributaries between sites which could have
confounded results by the addition or dilution of eDNA in the study system (Laramie, et al.,
2015). In our study, the high eDNA concentration in water samples at DVC did not correspond
to the apparent low fish density suggested by three years of conventional monitoring. We offer
two possible explanations for this. First, the site could harbor a higher density of Oriental
Weatherloach as indicated by the eDNA results, but site characteristics may have influenced
the efficiency of fyke netting and electrofishing, resulting in a poor catch rate across the years.
DVC is the widest among the sites and it has a tributary, Condor Creek, flowing into it (Fig.1).
It also has a higher stream velocity with more runs and riffles compared to pools. Electrofishing
efficiency is reduced in larger streams/rivers (Paller, 1995) and faster flows can rapidly carry
fish out of the electric field, reducing the amount of time they are immobilized and making
netting more difficult (Portt, et al., 2006). It is also possible that the fyke nets were set-up in
river sections that were not ideal Weatherloach habitat. We used a standardized fish monitoring
protocol in this study which was designed to sample overall fish diversity in the river, not just
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Oriental Weatherloach. Electrofishing was carried out to sample as much of the 30-m sections
as possible but did not specifically target preferred Oriental Weatherloach sites (such as near
vegetation/detritus accumulations or slow flow areas near river banks) (see Lintermans 1993
which outlines the preference for slow/slack water near bank and debris accumulation in the
Cotter River).
The second explanation for the contrasting results between eDNA and conventional
methods at DVC is that the high eDNA concentration could be a result of eDNA flowing from
upstream sources. This remains a possibility as Condor Creek flows into the site, has lower
discharge (and hence is more likely to have preferred Weatherloach habitat) and could
potentially harbor populations of Oriental Weatherloach. There is however only one sampling
pool below the confluence of DVC and Condor Creek but a high eDNA concentration was seen
from all four pools in the site. In addition, results from another eDNA study showed that
Weatherloach eDNA concentration in a stream quickly drops off less than 50 meters away from
the source (Hinlo et al., in prep), a likely result of settling, dilution, degradation and stream
flow (Jane, et al., 2015). With distances between our sampling sites of ≥1 km, it is unlikely that
majority of the eDNA detected at DVC came from the low-density sites upstream. Thus,
limitations of the conventional sampling methods coupled with habitat factors could be the
more likely reason for the conflicting eDNA and conventional detection results seen at DVC.
The eDNA concentrations at the high density sites below Cotter Dam (UPC and PC)
were lower or similar to the eDNA concentration of the low density sites above the Dam.
Differences in eDNA dynamics at sites above and below the dam could explain the nonproportionality in eDNA in relation to the expected densities. UPC has lower flow, discharge,
higher sediment load and modified embankments compared to the more natural protected sites
above Cotter Dam. PC on the other hand is located in a different river system. This suggests
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that differences in flow, discharge, and water quality parameters should be considered when
comparing eDNA concentration among sites in flowing water.
We found high variability in the eDNA concentration of water samples from within the
same pool, across pools in the same site and within sites. Highly variable eDNA concentration
among samples from the same site have also been reported by Turner, et al. (2012) in a similar
study targeting invasive carp, Cyprinus carpio, in a coastal wetland. This variability highlights
the difficulty of using eDNA concentration to estimate fish abundance in natural water bodies.
The heterogeneous distribution of eDNA in the environment is likely influenced by the physical
characteristics of the site, flow, position of the target species and other factors that can affect
eDNA distribution (Jane, et al., 2015; Laramie, et al., 2015; Wilcox, et al., 2016). While some
studies have found a positive correlation between eDNA concentration and traditional
abundance measures in lotic environments (Pilliod, et al., 2014; Baldigo, et al., 2017; Doi, et
al., 2017), several studies including this one did not find a clear relationship (Laramie, et al.,
2015; Spear, et al., 2015; Hinlo, Furlan, et al., 2017). The contrasting results among studies
could be due to differences in detection probabilities among sites, species and methods used.
For instance, the lack of knowledge of detection probability of conventional fishing methods
in many studies, and how such detection probability varies with environmental conditions (e.g.
flow, discharge, turbidity) and target species is an acknowledged weakness which can lead to
spurious results (Lyon et al., 2014; Smith et al., 2014; Gwinn et al., 2016). The same can be
said for eDNA detection. Consequently, we suggest caution when inferring the relationship
between eDNA concentration and density/abundance of target fish. The many biases of
conventional sampling methods for individual target species are somewhat understood in
freshwaters (Stoner, 2004; Lintermans, 2016)) and similar biases are likely present with DNA
detection and require further investigation along with potential species specific effects.
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The results of the study showed no indication that Oriental Weatherloach was spreading
or expanding its distribution upstream of SH. The species favours habitats with slow flowing
water and muddy or silty substrate (Lintermans et al. 2007). This habitat is less common in the
upstream reaches compared to downstream sites, and likely determines the distribution of the
fish in the river. Moreover, the ban on bait fishing in all of the Cotter and the total ban on
fishing in waters of the Cotter upstream of Bendora Dam likely limit the potential humanassisted introduction and spread of Oriental Weatherloach in the upstream reaches (see
Lintermans 1993; 2004). The high eDNA variation between pools in the same site suggests
preference of the species for certain pools more than others. As there is increasing evidence
that eDNA in flowing water reflects more localized distribution and does not simply
accumulate downstream (Laramie, et al., 2015; Balasingham, et al., 2017), eDNA signal
strength can be used to determine areas where more rigorous control measures or surveillance
of invasive species may be needed.
The findings of this study demonstrated the difficulty of monitoring an elusive invasive
fish especially at low densities using conventional tools and how eDNA can potentially
improve its detection. The study also underscores the challenges of relating eDNA
concentration to fish abundance in flowing water because of the high variability of eDNA in
samples taken from the same site. Our study suggests that site eDNA averages may reflect
density patterns, but factors influencing eDNA detection and distribution such as site physical
attributes must be carefully considered when making inferences.
Attempts to compare the eDNA detection with conventional fish sampling methods,
especially for species that are difficult to catch, should consider multiple and more robust
detection tools targeting different lengths and life stages so that the relationship between
density and eDNA concentration can be more adequately evaluated. For instance, the use of
fyke nets alone would have biased detection towards larger fish, as smaller fish would simply
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pass through the mesh. Because the eDNA method does not discriminate on size, the
correlation between the two methods would be affected. Also, while we were not able to
investigate the relationship between fish biomass and eDNA concentration in this study,
biomass may provide a stronger correlation to eDNA concentration as previous studies have
shown (Takahara, et al., 2012; Maruyama, et al., 2014). We recommend further studies that
look at the potential of eDNA concentration to estimate biomass, especially for cryptic, smallbodied benthic species like the Oriental Weatherloach.

Conclusion
This study’s findings contribute to the growing body of literature supporting the
application of eDNA in enhancing the detection of rare elusive species in rivers, whether
invasive or not. The ability of eDNA to detect rare or cryptic taxa also likely reduces the
occurrence of false negatives, thus improving the targeting of scarce resources available for the
management of such species (Lintermans, 2016). Because sample collection is relatively easy
when sites are accessible (water samples can be taken to the lab or filtered on-site), wide
geographic extents can be studied, making eDNA a potentially useful tool in understanding
community and ecosystem processes in rivers and streams (Bohmann, et al., 2014; Deiner et
al., 2016). Future field experiments targeting different species and a range of robust
conventional monitoring methods are encouraged to maximize the application of the eDNA
method to species monitoring.
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Chapter 6 : Synthesis
This research examined several factors affecting environmental DNA (eDNA) detection in the
field and the laboratory in order to enhance the robustness of eDNA as a species monitoring
tool. Specifically, this research contributes to the understanding of eDNA dynamics in flowing
water, how field and laboratory protocols affected its recovery and provides novel insights
when considering eDNA as a tool to estimate species abundance. Chapter 2 demonstrated how
the choice of DNA capture, extraction, filtration and preservation can significantly affect
eDNA recovery (and thus, the chances of detection), paving the way towards a more costefficient methodology. Chapters 3 and 5 demonstrated that eDNA can significantly improve
species detection, especially of rare, elusive species; however, using eDNA to estimate species
abundance in flowing water continues to be a challenge, because factors such as physical site
attributes, sampling location and distance from eDNA source may confound generalities.
Chapter 4 gave further insights on low-density eDNA detection and sampling considerations
in flowing water. The succeeding paragraphs summarize the main points of the research in
relation to the study objectives and provide management recommendations and future
directions for eDNA research.
Improving eDNA detection probabilities through cost efficient methods
Previous studies found that higher eDNA yields equates to a higher probability of detection
(Deiner, et al., 2015; Renshaw, et al., 2015; Piggott, 2016). Therefore, utilising methodologies
that are most efficient in recovering eDNA increase the chances of obtaining a positive
detection, especially when target species are rare. I found that different combinations of
capture, storage and extraction methods can significantly influence eDNA yield and have
shown that the most commonly used published methods are not necessarily the most costefficient. This study adds to the current body of knowledge by examining different
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combinations of methods that were not previously studied and elucidating the effect of storage
methods on eDNA across a longer time frame. As a result, this study is the first to recommend
refrigeration as a better option than freezing for short-term storage of water samples for eDNA
analysis. The findings of this study are important for workflow optimisation, providing
guidelines for improving eDNA recovery while minimising cost and processing time.
There are other factors during the eDNA analytical process that influence eDNA yield
besides the various methodologies investigated in this study. PCR strategy, assay design and
choice of markers can also significantly impact DNA yield and detection (Goldberg, et al.,
2016; Piggott, 2016). For example, droplet digital PCR (ddPCR) has been shown to be more
sensitive than qPCR in detecting DNA in ponds with natural inhibitors (Doi, et al., 2015). Also,
Piggott (2016) has shown that the number of PCR replicates, together with sampling and
extraction method, had a greater influence on detection probability than amplicon size or
marker region. Significant advances have been made in the last few years to investigate the
effect of method choice in all steps of the eDNA process, including prevention of
contamination and the use of models to infer sampling requirements given a preferred detection
probability (Darling & Mahon, 2011; Furlan, et al., 2015; Wilcox, et al., 2016; Hinlo, Gleeson,
et al., 2017). These studies provide critical recommendations for eDNA sample collection and
analyses.

Improving eDNA detection probabilities through improved eDNA survey design
Incorporating the ecology and biology of the target species is critical to the design of eDNA
surveys. Sampling during the breeding season may improve detection probabilities as seen in
this study (Chapter 3) and that of others (Janosik & Johnston, 2015; Spear, et al., 2015; de
Souza, et al., 2016; Buxton et al., 2018). Diel patterns, on the other hand, do not seem to affect
eDNA estimates (Pilliod, Goldberg, Arkle, et al., 2013; Takahashi, et al., 2017). Considering
126

seasonal patterns not only increase detection probability, but decreases the overall cost and
time needed for eDNA surveys. This is because the number of water samples and/or PCR
replicates required to achieve a certain level of detection (sensitivity) decreases as the DNA
concentration in the water increases (Furlan, et al., 2015). Therefore, timing surveys when
eDNA is expected to be high due to increased activity or number of individuals is both efficient
and practical.
Prior to this study, targeted sampling based on a species’ habitat preference had only
been minimally studied, and all were done in contained systems such as ponds (Eichmiller, et
al., 2014; Moyer, et al., 2014). This study addressed that gap in knowledge by investigating
eDNA detection between surface and subsurface water samples from flowing water for three
fish species with varying depth preferences (Chapter 3). The research did not find a significant
effect of sampling location on eDNA concentration for all three species. Although more eDNA
was found from subsurface water samples for the benthic fish (Oriental Weatherloach), this
was not significantly different from surface samples, a finding which may have been influenced
by the relatively shallow depth of the study site (sampling location depths were mostly ≤ 1m).
Nonetheless, a more recent study on the benthic round goby (Neogobius melanostomus) found
a similar outcome despite sampling from depths of up to 14m (Nevers, et al., 2018). These
results suggest that underlying processes of mixing and re-suspension are at work on eDNA
molecules, and that sampling from the surface does not necessarily compromise the detection
of benthic species. It is important to remember though that the processes affecting eDNA
dispersion/transport can vary widely between and within sites (Shogren, et al., 2017),
precluding generalizations in this area.
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Improving eDNA detection in flowing water through an enhanced understanding of eDNA
dynamics
Understanding how eDNA is produced, transported and degraded in the environment is
essential for improving detection probabilities and correctly interpreting eDNA results
(Goldberg, et al., 2016). While there are many studies attesting to the efficacy of the eDNA
method in rivers and streams, few studies have focused on understanding eDNA detection in
lotic systems as influenced by eDNA production, transport and degradation (Shogren, et al.,
2017). Four key learnings were obtained from the low-density fish experiments in Chapter 4.
First, the eDNA production pattern seen in closed systems (e.g. aquarium) was also
demonstrable in flowing systems but only when water samples were taken within 150m from
the source. This suggests that distance from source is an important consideration when
attempting to relate eDNA concentration with abundance in rivers and streams. Water samples
for eDNA analysis must be taken close enough to the source for it to reflect abundance or
biomass. But because most aquatic species are concealed or difficult to observe underwater, it
is difficult to determine whether a low amount of eDNA in water samples indicate low
abundance or just a result of sampling too great a distance from the source.
Second, eDNA production is highest when fishes are first introduced into a new
environment, after which eDNA production level stabilizes by 2-3 days. The initial increase in
eDNA production is attributed to physiologic stress, suggesting that periods of high stress
levels can be exploited for increased eDNA detection (presence of disturbance, high level of
predation etc.). However, stress can also confound estimates of abundance (Takahara, et al.,
2012), and the evidence that the stress response can vary widely among individuals adds to the
complexity (Pilliod, et al., 2014). The effect of stress on eDNA production is poorly
understood. Future research in this area is recommended as it is critical in attempts to estimate
abundance or biomass using eDNA.
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Third, by estimating the amount of eDNA produced by caged fish (mimicking low
density), the research was able to show that very low concentrations of eDNA can be recovered
in water samples. This suggests that the eDNA molecules disperse rapidly in flowing water, a
result that agrees with the inference from other studies that greater eDNA concentrations
obtained near the source are closely linked with species presence (Laramie, et al., 2015;
Sigsgaard, et al., 2015). This indicates that when target species are expected to be rare, strong
and consistent eDNA signals indicate proximity of target species. This is useful for estimating
the distribution of rare targets, such as threatened species or alien species at invasion fronts.
Lastly, a consistent decrease in detection rate or eDNA concentration with increasing
distance from source was not observed, suggesting stochasticity in detection when the target
population is low. Other studies which released highly concentrated DNA solutions in streams
found a decreasing trend in eDNA concentration with increasing distance (Balasingham, et al.,
2017; Shogren, et al., 2017). This again highlighted the challenge of detecting rare species,
even with a sensitive method like eDNA.
Improving inference on species abundance in flowing water using eDNA
Even though a few studies have found a positive relationship between eDNA
concentration and abundance/biomass in lotic systems (Pilliod, Goldberg, Arkle, et al., 2013;
Doi, et al., 2017), there is still substantial variability surrounding this relationship (Jerde &
Mahon, 2015). The investigations in this study attest to this fact, emphasising five important
factors that must be considered when drawing out inferences on species abundance using
eDNA: distance from source, effect of stress, stochasticity of detection, efficiency of traditional
detection and site characteristics. The first three was discussed above, the final two are
discussed in the subsequent section.
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The relationship between abundance and eDNA concentration in the water is influenced
by the thoroughness and efficiency of the methods used to estimate species abundance. For
secretive and elusive species (such as Oriental Weatherloach), there is usually a high level of
uncertainty surrounding abundance estimates due to the limitations of the traditional detection
methods used (Thompson, 2013). These limitations, along with site-specific characteristics
(including water quality parameters), can confound the relationship between eDNA and species
abundance in flowing water. In the same way, poor eDNA sampling and analytical procedures
(e.g. taking too few samples, not accounting for PCR inhibitors) can lead to incorrect inferences
of target species abundance. Therefore, it is essential to factor in the efficiencies of the methods
used, including the potential effect of site features when attempting to relate abundance from
eDNA concentration in water samples.
Estimating species abundance in lotic systems using eDNA remains challenging due to
the unpredictable nature of its detection and the various factors that can affect its transport and
persistence. This study suggests that eDNA concentration in flowing water could indicate
general density trends (such as eDNA reflecting seasonal abundance of species) (Chapter 5)
but getting more accurate estimates would be complicated. This area will continue to progress
as more research focuses on understanding eDNA movement and transport. Incorporating
modelling with hydrological approaches would enable greater insights into this (Jerde &
Mahon, 2015; Shogren, et al., 2017).
eDNA detection vs conventional detection
The research contained in this thesis provided strong evidence of the ability of the
eDNA method to improve detection rates particularly for rare, elusive species in flowing
aquatic systems. Chapters 3 and 5 have demonstrated higher detection rates using eDNA
compared to conventional tools. However, eDNA, as with other survey/monitoring tools,
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suffers from imperfect detection, highlighting the need to account for uncertainties or potential
sources of error in order to improve detection probability. It is important to note that eDNA is
only one of the many survey tools available to environmental practitioners and was designed
not to replace conventional methods but to complement them. eDNA cannot provide important
demographic information such as population structure and recruitment but it can improve
distribution data, as well as indicate spatial and temporal changes because of increased
biological activity, migration or control activities. When used in combination with
conventional monitoring, the application of the eDNA method can increase the chances of
detecting species, which is very useful when target species are rare or difficult to find.

Recommendations and management implications
The eDNA technology has already been used to influence policy despite the uncertainties
associated with it (Darling & Mahon, 2011; Kelly, et al., 2014). It can be a powerful tool, but
much work remains in bridging the gap between research and management, particularly in the
interpretation of eDNA results (Barnes & Turner, 2016). Potential errors in detection must be
carefully considered, and emphasis on good assay and sampling design and rigorous field and
laboratory and protocols is paramount (Darling & Mahon, 2011). Every effort must be exerted
to prevent contamination at every stage of the eDNA analysis. Thorough decontamination of
all equipment, utilization of single-use materials, use of negative controls and strict adherence
to clean practices in the laboratory and the field should are recommended (Goldberg, et al.,
2016). eDNA assays must also be rigorously tested and proven for specificity and sensitivity
prior to field use (Darling & Mahon, 2011). Considering the sources of uncertainties (potential
sources of false positive and false negative detections) can improve inferences made from
eDNA survey results.
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Detection probability is likely dependent on the amount of eDNA produced, and the
various factors and processes affecting its degradation, transport and dispersal. Thus, detection
probability is expected to vary between species and study systems and strongly influenced by
sampling protocols and assay sensitivity. Given this variability, pilot studies are recommended
to assess detection sensitivity and assist in method optimisation (Furlan, et al., 2015; Goldberg,
et al., 2016). Management agencies must be open to changing protocols and adapting new
technologies, as new information on eDNA emerges.
Monitoring programs are usually constrained by human and financial resources (Allan
et al., 2006). Thus, increasing efficiency while reducing the cost of environmental monitoring
is important for management agencies (Abramic et al., 2014). Management interventions can
also be costly and accurate determination of species presence is critical for success. This study
as well as others have shown that the eDNA technology can significantly enhance species
detection compared to traditional methods of detection. Further enhancing eDNA’s costefficiency through field and laboratory investigations, such as those done in this thesis,
increases its practicality as a tool for routine monitoring in aquatic environments and is worthy
of continued investment

Future directions
The future of eDNA in species monitoring will concentrate on three general areas, which
include fine-tuning of eDNA methodologies, enhancing eDNA technologies, and exploring
novel applications of eDNA in environmental science (Díaz-Ferguson & Moyer, 2014).
Methodological considerations include optimizing eDNA assays for sensitivity and specificity
and further development of eDNA techniques that maximize detection (i.e. automated eDNA
sampling and analysis) (Bohmann, et al., 2014; Barnes & Turner, 2016). Future studies should
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incorporate models that consider biotic and abiotic factors in different ecosystems to inform
sampling requirements (e.g. number of samples, volume of water etc.) (Schmidt, et al., 2013;
Furlan, et al., 2015). Spatial and temporal limits on eDNA detection vary depending on the
study system (e.g. lentic vs. lotic, freshwater vs. marine), and continued research on this aspect
is important if eDNA is to mature and reach its full potential as a monitoring tool.
The use of eDNA to target single or multiple species is increasing, and genetic data
from environmental samples are being generated at an increasing scale. The massive amount
of data alone produced by high-throughput sequencing of eDNA samples is a computational
challenge, and informatics that support analysis and data management is essential in the
development of the eDNA technology (Díaz-Ferguson & Moyer, 2014). Also, recent progress
in PCR technology and next generation sequencing has energized eDNA research, but new
methods in obtaining and sequencing data needs to be optimized, analysed for errors and
compared to existing methods to determine cost efficiency (Shokralla, et al., 2012; Valentini
et al., 2016). There is also a trend toward miniaturization, and the fairly recent release of
portable DNA sequencers such as the MinION sequencer from Oxford Nanopore Technologies
(Oxford, United Kingdom) makes in-situ DNA-based species identification from
environmental samples possible (Johnson et al., 2017). Further testing and development of new
sequencing technologies and analytical platforms for eDNA research is expected.

Identification of single species or communities of species and abundance estimation
through eDNA will continue to be popular due to their importance in monitoring. However,
the expanding application of eDNA to answer varied questions in ecology deserves mention.
An exciting possibility is the use of eDNA in population genetics. Distinguishing individuals,
hybrids, populations and estimating population genetic parameters from an environmental
sample is challenging due to decay and fragmentation of eDNA, insensitive genetic tools to
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pick up markers from a complex mixture, as well as input of genetic material from an unknown
number of individuals and species (Barnes & Turner, 2016). Despite these challenges, two
studies on humans have demonstrated that genetic data from environmental samples can be
used to infer patterns of population genetic diversity (Kapoor et al., 2014; Afshinnekoo et al.,
2015). Similar approaches can be done to infer population genetics for wildlife using eDNA.

There is also a growing tendency to move away from local measures of biodiversity to
evaluations involving large spatial and temporal scales. eDNA can provide both taxonomic and
functional diversity over large areas, providing information not only on biodiversity but on
overall ecosystem health (Jackson et al., 2016). With the use of models, a plethora of
information can be derived from NGS data on environmental samples, including food webs,
species interactions and regime shifts (García-Robledo et al., 2013; Vacher et al., 2016). Other
emerging areas include the use of eDNA to assess life history events such as spawning,
recruitment and migrations (Bylemans, Furlan, Hardy, et al., 2016; Erickson et al., 2016) and
the increasing application of eDNA to detect parasites, pests and disease vectors (Bass et al.,
2015; Schneider et al., 2016). As eDNA technology advances and costs decline, the future of
eDNA in ecology and conservation will continue to expand.
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Appendices
Appendix 1: Supplementary information for Chapter 2
S1 Table. Product details of filter papers used in the experiments
Manufacturer

Filter Paper Type

Pore
Size

Diameter

Product No.

Price (per pack
of 100)
US$ / AU$

Sartorius

Cellulose Nitrate
(CN)

0.8 µm

47mm

11304-47-N

44 / 58

Merck

Mixed Cellulose
Esters (MCE)

0.8 µm

47mm

AAWP 04700

121 / 158

Sterlitech

Polyethersulfone
(PES)

0.8 µm

47mm

PES0847100

121 / 158

Merck

Polycarbonate
track-etched
(PCTE) Isopore
membrane filters

0.8 µm

47mm

ATTP04700

80 / 104

Sterlitech

Glass fibre filter
papers

0.8 µm

47mm

GA2004750

34 / 44
(pack of 50)

Sartorius

Cellulose Nitrate
(CN) membrane
filter

1.2 um

47 mm

11303-47-N

44 / 57

Microscience

Mixed Cellulose
Ester (MCE)
Membrane

1.2 um

47 mm

E12WP04700

206 / 269

Microscience

PES membrane
filter

1.2 um

47 mm

S12SP04700

191 / 249

Microscience

Glass fibre

1.2 um

47 mm

MSGC 47mm

25 / 32

Conversion rate: 1AUD = .7661 USD Reserve Bank of Australia Exchange rate for 10 Nov 2016
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S2 Table. Multiple pairwise comparisons of eDNA methods using Tukey’s HSD for
Experiment 1: DNA capture, preservation and extraction
95% Confidence
Interval

Tukey
HSD

Mean
Difference
(I-J)

(I) eDNA
Method

(J) eDNA
Method

DNeasyFreeze

DNeasy-Ethanol

-.02941

.19076

1.000

-.6572

.5984

Precipitation
Method-Freeze

1.25730*

.19076

.000

.6295

1.8851

.57294

.19076

.078

-.0549

1.2007

2.94400*

.19076

.000

2.3162

3.5718

DNeasy-Freeze

.02941

.19076

1.000

-.5984

.6572

Precipitation
Method-Freeze

1.28671*

.19076

.000

.6589

1.9145

.60235

.19076

.061

-.0254

1.2301

2.97341*

.19076

.000

2.3456

3.6012

DNeasy-Freeze

-1.25730*

.19076

.000

-1.8851

-.6295

DNeasy-Ethanol

-1.28671*

.19076

.000

-1.9145

-.6589

PW-Freeze

-.68437*

.19076

.032

-1.3122

-.0566

PW-Ethanol

1.68669*

.19076

.000

1.0589

2.3145

DNeasy-Freeze

-.57294

.19076

.078

-1.2007

.0549

DNeasy-Ethanol

-.60235

.19076

.061

-1.2301

.0254

Precipitation
Method-Freeze

.68437*

.19076

.032

.0566

1.3122

2.37106*

.19076

.000

1.7433

2.9989

DNeasy-Freeze

-2.94400*

.19076

.000

-3.5718

-2.3162

DNeasy-Ethanol

-2.97341*

.19076

.000

-3.6012

-2.3456

Precipitation
Method-Freeze

-1.68669*

.19076

.000

-2.3145

-1.0589

PW-Freeze

-2.37106*

.19076

.000

-2.9989

-1.7433

PW-Freeze
PW-Ethanol
DNeasyEthanol

PW-Freeze
PW-Ethanol
Precipitation
MethodFreeze

PW-Freeze

PW-Ethanol
PW-Ethanol

*. The mean difference is significant at the 0.05 level.
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Std.
Error

Sig.

Lower
Bound

Upper
Bound

S3 Table. Multiple pairwise comparisons of the simple main effects for DNA Extraction
kit for Experiment 2A: Comparison of different combinations of filter paper and
extraction method using water samples from aquaria with tap water
Dependent Variable: DNA Copy Number
95% Confidence Interval
for Differenceb
Filter (I) Extraction
Paper Kit

Mean
(J) Extraction Difference (IKit
J)

CN

DNEasy

PowerWater

PowerWater

DNEasy

DNEasy

PowerWater

PowerWater

MCE

PES

Std. Error

Sig.b

Lower
Bound

Upper
Bound

10613.000*

2678.718

.000

5156.631

16069.369

-10613.000*

2678.718

.000

-16069.369

-5156.631

10524.000*

2678.718

.000

5067.631

15980.369

DNEasy

-10524.000*

2678.718

.000

-15980.369

-5067.631

DNEasy

PowerWater

-10808.600*

2678.718

.000

-16264.969

-5352.231

PowerWater

DNEasy

10808.600*

2678.718

.000

5352.231

16264.969

1650.000

2678.718

.542

-3806.369

7106.369

-1650.000

2678.718

.542

-7106.369

3806.369

PCTE DNEasy
PowerWater

PowerWater
DNEasy

Based on estimated marginal means
*. The mean difference is significant at the .05 level.
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S4 Table. Multiple pairwise comparisons of the simple main effects of filter paper for
Experiment 2A: Comparison of different combinations of filter paper and extraction method
using water samples from aquaria with tap water
Dependent Variable: DNA Copy Number
95% Confidence Interval for
Differenceb
Extraction
Kit

(I) Filter
Paper

(J) Filter
Paper

DNEasy

CN

MCE

CN

Water

7781.874

14619.000*

2678.718

.000

7085.526

22152.474

9757.800*

2678.718

.006

2224.326

17291.274

-248.400

2678.718

1.000

-7781.874

7285.074

14370.600*

2678.718

.000

6837.126

21904.074

9509.400*

2678.718

.007

1975.926

17042.874

CN

-14619.000*

2678.718

.000

-22152.474

-7085.526

MCE

-14370.600*

2678.718

.000

-21904.074

-6837.126

PCTE

-4861.200

2678.718

.474

-12394.674

2672.274

CN

-9757.800*

2678.718

.006

-17291.274

-2224.326

MCE

-9509.400*

2678.718

.007

-17042.874

-1975.926

PES

4861.200

2678.718

.474

-2672.274

12394.674

MCE

159.400

2678.718

1.000

-7374.074

7692.874

-6802.600

2678.718

.097

-14336.074

730.874

794.800

2678.718

1.000

-6738.674

8328.274

CN

-159.400

2678.718

1.000

-7692.874

7374.074

PES

-6962.000

2678.718

.084

-14495.474

571.474

635.400

2678.718

1.000

-6898.074

8168.874

CN

6802.600

2678.718

.097

-730.874

14336.074

MCE

6962.000

2678.718

.084

-571.474

14495.474

PCTE

7597.400*

2678.718

.047

63.926

15130.874

CN

-794.800

2678.718

1.000

-8328.274

6738.674

MCE

-635.400

2678.718

1.000

-8168.874

6898.074

-7597.400*

2678.718

.047

-15130.874

-63.926

CN

PES
PCTE
MCE

PCTE
PES

PCTE

Upper
Bound

-7285.074

PCTE

Power

Lower Bound

1.000

PES

PCTE

Sig.b

2678.718

PCTE

PES

Std. Error

248.400

PES

MCE

Mean
Difference (IJ)

PES
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Based on estimated marginal means
*. The mean difference is significant at the .05 level.
b. Adjustment for multiple comparisons: Bonferroni.
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S5 Table. Multiple pairwise comparisons of the simple main effects of time for
Experiment 3A: Effect of storage method and time on eDNA concentration of water
samples from aquaria with tap water
Measure: CopyNumber

(I) factor1time (J) factor1time
Day 2

Day 3

Day 5

Day 7

Mean
Difference
(I-J)

95% Confidence Interval for
Differencec
Std. Error

Sig.c

Lower Bound

Upper Bound

Day 3

.008

.027

.804

-.108

.123

Day 5

.247*

.047

.034

.045

.449

Day 7

.348*

.021

.004

.257

.439

Day 10

.553*

.097

.029

.136

.969

Day 14

1.054*

.224

.042

.088

2.02

Day 21

1.559*

.031

.000

1.424

1.695

Day 28

1.664*

.033

.000

1.524

1.804

Day 5

.996*

.066

.004

.712

1.280

Day 7

1.039*

.136

.017

.454

1.623

Day 10

1.353*

.161

.014

.659

2.046

Day 14

1.629*

.110

.004

1.158

2.100

Day 21

1.956*

.052

.001

1.731

2.182

Day 28

2.266*

.184

.006

1.476

3.055

Day 3

-.996*

.066

.004

-1.280

-.712

Day 7

.043

.175

.831

-.710

.795

Day 10

.356

.155

.148

-.311

1.024

Day 14

.633

.148

.051

-.006

1.271

Day 21

.960*

.057

.003

.716

1.203

Day 28

1.269*

.166

.017

.553

1.986

Day 3

-1.039*

.136

.017

-1.623

-.454

Day 5

-.043

.175

.831

-.795

.710

Day 10

.314

.112

.106

-.166

.794

Day 14

.590*

.027

.002

.474

.706

Day 21

.917*

.188

.039

.109

1.725
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Day 28
Day 10

Day 14

Day 21

Day 28

1.227

.319

.062

-.147

2.601

Day 3

-1.353*

.161

.014

-2.046

-.659

Day 5

-.356

.155

.148

-1.024

.311

Day 7

-.314

.112

.106

-.794

.166

Day 14

.276

.105

.119

-.175

.728

Day 21

.603

.198

.093

-.249

1.456

Day 28

.913

.321

.105

-.470

2.296

Day 3

-1.629*

.110

.004

-2.100

-1.158

Day 5

-.633

.148

.051

-1.271

.006

Day 7

-.590*

.027

.002

-.706

-.474

Day 10

-.276

.105

.119

-.728

.175

Day 21

.327

.161

.180

-.367

1.021

Day 28

.637

.293

.162

-.624

1.898

Day 3

-1.956*

.052

.001

-2.182

-1.731

Day 5

-.960*

.057

.003

-1.203

-.716

Day 7

-.917*

.188

.039

-1.725

-.109

Day 10

-.603

.198

.093

-1.456

.249

Day 14

-.327

.161

.180

-1.021

.367

Day 28

.310

.132

.144

-.258

.878

Day 3

-2.266*

.184

.006

-3.055

-1.476

Day 5

-1.269*

.166

.017

-1.986

-.553

Day 7

-1.227

.319

.062

-2.601

.147

Day 10

-.913

.321

.105

-2.296

.470

Day 14

-.637

.293

.162

-1.898

.624

Day 21

-.310

.132

.144

-.878

.258

Based on estimated marginal means
*. The mean difference is significant at the .05 level.
a. Storage Method = Room Temperature
c. Adjustment for multiple comparisons: Least Significant Difference (equivalent to no adjustments).
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S6 Table. Multiple pairwise comparisons of the simple main effects of storage method
for Experiment 3A: Effect of storage method and time on eDNA concentration of water
samples from aquaria with tap water

Multiple Comparisons

(I) Storage
Method
Room
Temperature
Refrigerated

Frozen

(J) Storage Method

Mean
Difference
(I-J)

95% Confidence Interval
Std. Error

Sig.

Lower Bound

Upper Bound

-1.1565*

.17807

.002

-1.7028

-.6101

Frozen

-.7317*

.17807

.015

-1.2781

-.1853

Room Temperature

1.1565*

.17807

.002

.6101

1.7028

Frozen

.4248

.17807

.118

-.1216

.9711

Room Temperature

.7317*

.17807

.015

.1853

1.2781

Refrigerated

-.4248

.17807

.118

-.9711

.1216

Refrigerated

Based on observed means.
The error term is Mean Square(Error) = .048.
*. The mean difference is significant at the .05 level.
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Appendix 2: Supplementary information for Chapter 3
Figure S1. Study Sites in Katarapko/Eckert Creek Anabranch, South Australia, (A) The
Splash, (B) Splash Downstream of Log Crossing, (C) Sawmill, (D) Eckert Creek Wide
Water, (E) Eckert Creek Southern Arm, (F) Eckert Creek Main (G) Upstream Splash, (H)
Ngak Indau.

A

B

D

C

F

E

H

G
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Table S2. Summary statistics of DNA copy number in the eight study sites in Katarapko, South Australia, during two seasons, including number
of positive PCR replicates (out of 36) and mean catch per unit effort (CPUE, average of nine nets per site).

Common Carp
Splash
Splash Downstream
Sawmill
Eckert Creek WW
Eckert Creek SA
Eckert Creek Main
Splash Upstream
Ngak Indau

6
6
6
6
5
6
6
6

SPRING (NOVEMBER 2014)
DNA Copy Number (copies/4 µl)
# of
positive
Mean Median
SD
Min
Max
PCR reps
555
324
761
72
2083
36
378
340
127
271
629
36
54
0
132
0
324
6
47
2
98
0
246
18
9
5
12
0
27
13
202
162
152
93
505
36
334
10
746
0
1854
22
36
34
33
0
75
26

Oriental Weatherloach
Splash
Splash Downstream
Sawmill
Eckert Creek WW
Eckert Creek SA
Eckert Creek Main
Splash Upstream
Ngak Indau

6
6
6
6
5
6
6
6

4
6
0.2
2
0
3
6
32

3
6
0
0
0
0
6
24

5
6
0.4
3
0
7
5
35

0
0
0
0
0
0
0
0

11
13
1
7
0
18
12
92

4
3
6
4
0
1
7
10

0
0.1
0
0
0
0
0
0.6

6
6
6
6
6
6
6
5

1
1
2
2
2
3
4
3

0
0
2
2
2
0
6
0

2
1
2
3
1
7
3
4

0
0
0
0
0
0
0
0

3
3
4
6
4
17
7
8

2
3
6
4
14
2
11
3

0
ND
0
0
0
0
ND
0

Redfin Perch
Splash
Splash Downstream
Sawmill
Eckert Creek WW
Eckert Creek SA
Eckert Creek Main
Splash Upstream
Ngak Indau

6
6
6
6
5
6
6
6

11
35
0
0
0
0
0
0

0
21
0
0
0
0
0
0

24
42
0
0
0
0
0
0

0
0
0
0
0
0
0
0

60
96
0
0
0
0
0
0

2
4
0
0
0
0
0
0

0
0.3
0
0
0
0
0
0

6
6
6
6
6
6
6
5

4
0
0
0
7
0
.2
0

4
0
0
0
7
0
.2
0

0
0
0
0
1
0
0
0

9
0
0
0
14
0
.4
0

0
0
0
0
0
0
0
0

2
0
0
0
5
0
1
0

0
ND
0
0
0
0
ND
0

Sites
N
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6
6
6
6
6
6
6
5

AUTUMN (MARCH 2015)
DNA Copy Number (copies/4 µl)
# of
positive
Mean Median
SD
Min
Max
PCR reps
18
4
30
0
77
4
84
7
134
0
321
13
7
1
15
0
38
12
4
1
4
0
11
18
11
3
16
0
37
20
5
4
4
0
10
22
58
2
129
0
321
13
0
0
0
0
0
0

CPUE
0.6
ND
2.0
2.6
1.4
.1
ND
0.2

N
CPUE
1.8
2.7
7.5
38.9
13
8
13.8
2.3

Table S3. Geo-referenced data points for the study Sites in Katarapko/Eckert Creek Anabranch, South Australia
Site
Latitude
Longitude
-34.34762501
140.5301746
Splash
-34.33525086
140.5393973
Splash Downstream of Log Crossing
-34.33790442
140.5496783
Sawmill
-34.32064645
140.5456401
Eckert Creek Wide Water
-34.32350548
140.5732777
Eckert Creek Southern Arm
-34.31499478
140.5845374
Eckert Creek Main
-34.33414674
140.5480351
Splash Upstream of Log Crossing
-34.33389892
140.5372196
Ngak Indau
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Appendix 3: Supplementary information for Chapter 4
Supplementary Information 1. Water quality readings and discharge for Experiment A and Experiment B.
EXPERIMENT A
Date

EXPERIMENT B

10-Jan

11-Jan

14-Jan

Ave

28-Mar

29-Mar

3-Apr

4-Apr

5-Apr

6-Apr

11-Apr

Ave

24.8

27.3

22.5

24.9

16.8

15.5

14.8

14.6

15.6

16.1

12.8

15.2

8.0

8.8

7.0

7.9

6.9

7.2

7.7

7.8

7.4

7.9

7.8

7.6

0.032

0.034

0.042

0.0

0.032

0.045

0.03

0.045

0.047

0.028

0.047

0.0

56.5

69.4

31.6

52.5

50.7

4.4

28.1

3.7

0.6

47.9

3.6

19.9

(mg/l DO)

9.06

9.3

10.9

9.8

6.43

7.54

6.63

7.1

7.69

7.63

8.24

7.3

% DO (%)

109.4

115.3

125.9

116.9

68.1

77.8

67.6

72.1

79.9

80.4

80.4

75.2

TDS (g/l)

0.02

0.021

0.026

0.0

0.019

0.029

0.019

0.029

0.031

0.017

0.03

0.0

0

0

0

0.0

0

0

0

0

0

0

0

0.0

0.17*

0.014

0.01

0.016

0.016

0.013

0.009

0.01

6.757

14

10

16

16

13

9

10

13.5

Temp (˚C)
pH
Conductivity (ms/cm)
Turbidity (NTU)
Dissolved Oxygen

Salinity
Discharge (m3/sec)
Discharge (L/sec)

.13

-

-

13
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Supplementary Information 2. Determination of degradation constant for Oriental
Weatherloach
Previous studies have found that eDNA follows an exponential decay function (Thomsen,
Kielgast, Iversen, Møller, et al., 2012; Barnes, et al., 2014; Maruyama, et al., 2014). Thus, we
estimated the degradation constant by fitting an exponential degradation model to the timedependent changes in eDNA concentration of water samples containing Weatherloach eDNA
(Experiment 3A of Hinlo, Gleeson, et al. (2017), see table below for data).

The eDNA degradation rate per hour was estimated using the following equation:
dN =

-

ßN

dt

where, N is the number of copies/L and ß is the degradation constant. We fitted the eDNA
concentration data to the relationship,

Nt = N0 e-ßt

where N0 = initial eDNA concentration and Nt = concentration at time t. N0 and ß were
determined using non-linear regression (exponential) on IBM SPSS Statistics 23 at an α =
0.05.

Table SI 2-1. Parameter estimates using non-linear regression
N0 ± SE

ß ± SE

R2

p

47,3305 ± 149,261

0.171 ± .021

0.780

< 0.005
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Figure SI 2-1. eDNA concentration against time for eDNA degradation experiment.

Table SI 2-2. DNA copy numbers from Experiment 3A (Effect of storage method and time on
eDNA concentration of water samples from aquaria with tap water) of Hinlo et al. (2017b).
Day

DNA copy number (copies/L)

3

1106000

3

1286500

3

1073750

5

136000

5

96250

5

119750

7

129750

7

170750

7

52750
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10

97000

10

52500

10

26250

14

32500

14

40000

14

15250

21

11500

21

12000

21

15000

28

4250

28

4250

28

13500
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Supplementary information 3. eDNA concentration and number of positive PCR replicates for Field Experiment A (150m).
4 hrs APC

24 hrs APC

Mean
Distance

DNA

No. of

from

copy

positive

cage (m)

number

PCR
replicates

±SE

(out of 9)

48 hrs APC

No. of
Mean

positive

Mean

DNA

PCR

DNA

copy

replicates

copy

number

(out of

number

9)/

(copies/L)

No. of
positive
PCR
replicates
(out of 9)

4 hrs ARC

Mean
DNA
copy
number

No. of
positive
PCR
replicates
(out of 9)

5

21 ±21

2

6 ±6

1

0

0

0

0

25

49 ±40

4

0

0

0

0

0

0

75

8 ±8

1

15 ±15

2

0

0

0

0

150

6 ±6

1

0

0

0

0

0

0
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Supplementary information 4. eDNA concentration and number of positive PCR replicates for
Field Experiment B (400m). Note: No detections were seen 4h, 24h, 48h and 7d ARC and these
were not included in the table for brevity.
4 hrs APC

24 hrs APC

48 hrs APC

7 days APC

Mean
Distance

DNA

No. of

from

copy

positive

cage (m)

number

PCR

No. of

Mean

positive

DNA

PCR

copy

Mean
DNA
copy

No. of
positive
PCR

Mean
DNA
copy

No. of
positive
PCR

(copies/L) replicates number replicates number replicates number replicates
(out of 9)
(out of 9)
(out of 9)
(out of 9)
±SE

50

0

0

0

0

6 ±6

2

0

0

150

0

0

0

0

3 ±3

2

0

0

250

1 ±1

1

4 ±4

0

0

0

0

350

1 ±1

1

0

0

0

0

0

0

400

4 ±2

2

0

0

0

0

0

0
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Supplementary information 5

Diagram of cage and sampling locations for Experiments A and B. The yellow and red stars
represent the cage locations for Experiments A and B, respectively. Experiment A sampling
locations are represented by yellow ovals and sampling locations for Experiment B are
represented by red ovals. Total distance for Experiment A is 150m and 400m for Experiment
B.
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Appendix 4: Supplementary information for Chapter 5
Online Resource 1. Fish communities of the sampled river reaches (From Lintermans 2000),
target species in bold.
Location

Native species

Alien species

Cotter upstream of Corin
dam
Cotter b/w Bendora and
Corin dams
Cotter upstream of Cotter
dam

Ma, Gb, Go

Om, St

Sampling
sites
CH

MP, Gb, Go, Mm

Om, St

-

MP, Gb, Go, Mm

Om, St,
BCC, PX,
Mang, Gh,
SH, DV,
Ca
Cotter below Cotter dam and Ma, Go, Rs*, Hk, Om,St,
UPC, PC
Paddys River
Mm*, Mp*
Mang, Gh,
ca, Cc, Pf
Species key: Ma Macquaria australasica; Gb Gadopsis bispinosus; Go Galaxias olidus; Mm
Maccullochella macquarienis; Rs Retropinna semoni; Hk Hypseleotris klunzingeri; Mp
Maccullochella peeli; Om Oncorhynchus mykiss; St Salmo trutta; Mang Misgurnus
anguillicaudatus; Gh Gambusia holbrooki; Ca Carassius auratus; Cc Cyprinus carpio; Pf
Perca fluviatilis. * = vagrant
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Online Resource 2. Coordinates, date of field sampling, site description and surface water quality of the study sites
Site

Georeferenced location

Date of
eDNA
Sampling

Estimate Estimated
d mean
mean wetted
depth (m) width (m)

Water Quality parameters

0.5 –
0.6m

14m

Temperature: 19.4 °C
pH: 7.3
Conductivity: .021 ms/cm
Turbidity: 31.4 NTU
Dissolved Oxygen: 10.4 mg/L DO
% Dissolved Oxygen: 116.6% DO
TDS: .013 g/L TDS
Salinity: 0.0 ppt
Temperature: 20.5 °C
pH: 7.8
Conductivity: .028 ms/cm
Turbidity: 5.2 NTU
Dissolved Oxygen: 10.4 mg/L DO
% Dissolved Oxygen: 118.6% DO
TDS: .018 g/L TDS
Salinity: 0.0 ppt
Temperature: 23.0 °C
pH: 7.8
Conductivity: .029 ms/cm
Dissolved Oxygen: 10.87 mg/L DO
% Dissolved Oxygen: 129.5% DO
TDS: .019 g/L TDS
Salinity: 0.0 ppt

Latitude
-35.403875

Longitude
148.85660 1 Feb 2016
0

Pipeline Crossing

-35.386075

148.86500
3

2 Feb 2016

0.5 – 1m

8 – 11 m

Spur Hole

-35.361267

148.87833
9

3 Feb 2016

0.4 - 0.6m

10-12m

Burkes Creek
Crossing
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Upstream of Paddys
Confluence

-35.327825

148.93766
9

8 Feb 2016

0.45 –
0.75

8-10m

Paddys Cave

-35.331131

148.94111
9

9 Feb 2016

0.5m

10-15m

Downstream of
Vanity’s Crossing

-35.335661

148.89594
7

10 Feb 2016 0.5 - 0.7m

20-30m

Cotter Hut

-35.633803

148.82718
3

14 Feb 2016 0.5m

3-5m
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Temperature: 21.1 °C
pH: 7.1
Conductivity: .026 ms/cm
Turbidity: 39.3 NTU
Dissolved Oxygen: 10.46mg/L DO
% Dissolved Oxygen: 120.3 % DO
TDS: .016 g/L TDS
Salinity: 0.0 ppt
Temperature: 26.8 °C
pH: 6.8
Conductivity: .044 ms/cm
Turbidity: 82.2 NTU
Dissolved Oxygen: 10.32 mg/L DO
% Dissolved Oxygen: 131.7 % DO
TDS: .027 g/L TDS
Salinity: 0.0 ppt
Temperature: 25.0 °C
pH: 7.9
Conductivity: 0.03
Turbidity: 65.0 NTU
Dissolved Oxygen: 7.3 mg/L DO
% Dissolved Oxygen: 88.6 % DO
TDS: .025 g/L
Salinity: 0.0 ppt
Temperature: 22.1 °C
pH: 6.8
Conductivity: .111 ms/cm
Turbidity: 16.3 NTU
Dissolved Oxygen: 7.56 mg/L DO
% Dissolved Oxygen: 88.4 % DO
TDS: .073 g/L TDS
Salinity: 0.1 ppt

Vanity’s Crossing

-35.345672

148.88916
9

6 Feb 2016

0.4-0.7
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7-15m

Temperature: 25.4 °C
pH: 8.3
Conductivity: .032 ms/cm
Turbidity: 64 NTU
Dissolved Oxygen: 7.12 mg/L DO
% Dissolved Oxygen: 88.3 % DO
TDS: .020 g/L TDS
Salinity: 0.0 ppt

Online Resource 3. Flow in the Cotter River during eDNA sampling
Date
1 Feb 2016

Flow (Ml/day)
65.4

eDNA sampling site
Burkes Creek Crossing

2 Feb 2016
3 Feb 2016
8 Feb 2016
9 Feb 2016
10 Feb 2016
14 Feb 2016
16 Feb 2016

56.3
43.4
40.8
38.7
38.6
21.5
20.2

Pipeline Crossing
Spur Hole
Upstream of Paddys Confluence
Paddys Caves
Downstream of Vanitys Crossing
Cotter Hut
Vanitys Crossing

Source: https://portal.alsglobal.com/web.htm
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