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Detection of non-native freshwater fishes using environmental DNA 

Abstract 

Invasive non-native species are a serious conservation threat, and management to 

mitigate their impact depends on accurate survey methods. Early detection enables a 

rapid response while an invader is still localised. Recently, environmental DNA (eDNA) 

techniques, based on detection from DNA present in water samples, have been 

applied to search for a range of organisms, from invertebrates in small ponds to 

cetaceans at sea. The aim of this thesis was to investigate the use of eDNA methods 

to detect non-native freshwater fish.   

 

Sampling methods and species-specific primers were developed for pumpkinseed 

Lepomis gibbosus, topmouth gudgeon Pseudorasbora parva, sunbleak Leucaspius 

delineatus, and fathead minnow Pimephales promelas. All four species were detected 

within 24 hours of introduction into aquarium tanks, and DNA of L. gibbosus was 

detected within 6-12 hours of their release into experimental 5m x 5m ponds. Further 

validation of the techniques was obtained in a survey of ponds for P. parva on a site 

where the species was known to occur.  

 

The methods were then applied to a real-world scenario, mapping the distribution of 

P. parva on a complex of fishing ponds where an eradication attempt was in progress. 

The eDNA survey proved the persistence of a small population in one lake, and 

provided evidence for the patchy distribution of eDNA in a still water body. A laboratory 

protocol based on nested PCR was developed, and determined in laboratory trials to 

be more sensitive than conventional or quantitative PCRs. This more sensitive 

technique was then applied to a repeat sampling at the fishing pond complex, 

confirming the previous results in only providing positive detections at the one pond. 

The nested PCR protocol was used to assess a second eradication attempt at this 

site.     
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Moving the method development from still to flowing water, eDNA surveys were 

conducted over three days to map the distributions of Lepomis gibbosus and 

Leucaspius delineatus in two river catchments in southern England (Sussex Ouse and 

Hampshire Test). This demonstrated the utility of the method for rapidly assessing 

distribution, with the results broadly matching previous knowledge gained through 

conventional survey methods, but with the addition of the discovery of L. delineatus 

detections upstream of the ponds containing a known source population in the River 

Ouse.     

 

Successful management of non-native species often depends on accurate detection 

of small populations (or reliable interpretation of negative results), and environmental 

managers need to know the sampling effort (and therefore allocation of financial 

resources) required to attain the necessary level of sensitivity. To this end, a field trial 

was conducted in which a known low density (100 fish per hectare) of two species 

(rainbow trout Oncorhynchus mykiss and barbel Barbus barbus) was stocked into six 

fishing ponds, and electrofishing compared directly with trapping and electrofishing. 

Different detectability was observed in the two species: the eDNA sampling proved the 

only effective method for detecting O. mykiss (detected on all six ponds), but B. barbus 

was not detected in all ponds, by any method.  

 

This trial, and the project as a whole, demonstrate that eDNA surveying is an effective 

method for detection of non-native fishes to inform management decisions, but that 

surveys need to be tailored to the ecology of the target species. The DNA, particularly 

of rare species, has been shown to be patchily distributed within the water body (at 

detectable levels), and a high level of sampling effort may be required to detect low 

density populations.        
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1. Introduction 

This thesis aims to study how a relatively new survey method, the detection of aquatic 

organisms from environmental DNA, can be used to assist the management of non-

native species. It uses several freshwater fishes as the model species, and the UK as 

the study area, although the methods developed are applicable to other taxonomic 

groups and regions.   

 

1.1 Literature review 

Non-native species introductions are increasing worldwide (Seebens et al. 2020), with 

the rate of freshwater fish introductions worldwide doubling over the last 30 years 

(Gozlan et al. 2010b). The subset of non-native species which cause significant 

environmental or economic impacts are defined as invasive (Copp et al. 2005a). 

Invasive species are thought to represent one of the greatest threats to global 

biodiversity (McNeely et al. 2001; Pyšek et al. 2020), and freshwater ecosystems are 

considered to be particularly susceptible to biological invasions and resulting negative 

effects (Lodge et al. 1998; Gallardo et al. 2016). Invasive species can also have 

serious economic impacts. For example, the annual cost of invasive non-native 

species to the British economy was recently estimated to be £1.7 billion (Williams et 

al. 2010), and recent studies have demonstrated that it is cheaper to prevent biological 

invasions than to manage (eradicate, control, contain) the species once they have 

established (Finnoff et al. 2007; Mehta et al. 2007; Epanchin-Niell 2017), when 

complete eradication may be impractical (Gozlan et al. 2010b). Therefore, early 

detection, while the species is present in low densities at a limited number of sites, is 

of great importance to enable management action to prevent further spread or 

extirpate the species entirely (Mehta et al. 2007; Trebitz et al. 2017).  

 

There are several aquatic examples where early detection has enabled successful 

eradication at recently colonised sites, including zebra mussels Dreissena polymorpha 

in Lake George, New York (Wimbush et al. 2009) and the marine alga Caulerpa 

taxifolia in California (Anderson 2005). Eradication programmes for freshwater fishes 
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have frequently achieved success (Rytwinski et al. 2019; Simberloff 2020). 

Recognising the importance of early detection, the development of monitoring and 

surveillance programmes for non-native species was one of the key recommendations 

of the GB Non-native Species Framework Strategy (Defra 2008) and of current UK 

government policy (Defra 2011).  

 

During the early stages after a non-native species has been introduced, while it is 

present at low population densities, detection depends on the sensitivity of the 

monitoring/surveillance methods used. Aquatic species in particular can be difficult or 

costly to monitor using conventional survey methods. One field which has rapidly 

developed and shown great potential for surveillance of both marine and fresh waters 

for the presence of target species is environmental DNA analysis, whether for species 

of conservation interest or for non-native species. Environmental DNA (eDNA) 

consists of nuclear or mitochondrial DNA that has been shed by an organism into the 

environment via urine, faeces, mucus and epidermal cells (Bohmann et al. 2014). 

Early applications of this methodological technique were developed to estimate 

species richness of micro-organisms in soil or water (Blanchet 2012), and eDNA 

analysis has since been used to identify species found in soil, ancient sediments, 

permafrost and ice cores (Torsvik and Øvreås 2002; Simon et al. 2009; Nagler et al., 

2018), in addition to applications in marine and freshwater environments.  

 

In water, eDNA is present at dilute concentrations and is subject to dispersal and 

mixing by water currents (Ficetola et al. 2008; Shogren et al. 2017). The concentration 

of eDNA is a function of the rate of release from the organism and the rate of 

breakdown or degradation, which itself is a function of physical factors (e.g. ultraviolet 

radiation, temperature) and biological processes, including endogenous nucleases 

and the actions of bacteria and fungi (Barnes and Turner 2016; Harrison et al. 2019).  

 

Early studies of fish eDNA persistence in experimental ponds found eDNA fragments 

(target fragment lengths of 98 base pairs) to be detectable for up to 21 days at 8–11°C 

after removal of the fish (Dejean et al. 2011). Persistence times however seem to be 
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variable; a review (Collins et al. 2018) showed that half-lives of detectability measured 

in freshwater environments ranged from 0.7 hrs in acidic streams to 47.5 hrs in a 

eutrophic lake, with temperature having a strong effect. Persistence time of eDNA is 

particularly important when applying the technique to survey streams and rivers, where 

downstream transport needs to be considered. In one example, Deiner and Altermatt 

(2014) detected eDNA of target crustacean and mollusc species 12.3 km and 9.1 km 

downstream of their respective populations. .   

 

The marine environment provides challenges to environmental DNA detection 

methods, especially in open waters, due to the large volume of water and the dilution 

and dispersal effects of tidal current processes (Foote et al. 2012). In sea water, eDNA 

typically remains above detection thresholds for about 48 hours (Collins et al. 2018).  

Nonetheless, eDNA techniques have been successfully applied to the detection of 

large pelagic open-water vertebrates at sea (Bakker et al. 2017, Boussarie et al. 2018, 

Huveneers et al. 2018) and also to the detection of the planktonic life stages of invasive 

tunicates (Simpson et al. 2017).   

 

Studies have shown that the eDNA approach is applicable for detecting almost any 

aquatic taxa in a wide range of environments. Many studies have focussed on 

amphibians, following from early work on non-native American bullfrog Lithobates 

catesbeianus in European ponds (Dejean et al. 2012), which demonstrated an 

improved detection rate in comparison to conventional methods. A considerable 

degree of method development has been conducted using great crested newts 

Triturus cristatus in lowland ponds (Biggs et al. 2015; Buxton et al. 2017; Rees et al. 

2017; Harper et al. 2018), and stream-dwelling salamanders (Olson et al. 2012; Pilliod 

et al. 2013, 2014; Takahashi et al. 2018; Wineland et al. 2019). Mammals have been 

targeted in both freshwater (otters; Thomsen et al. 2012b; Padgett-Stewart et al. 2016) 

and marine environments (cetaceans; Foote et al. 2012; Baker et al. 2018), whilst 

eDNA metabarcoding of water samples from ponds and rivers is increasingly proving 

a useful method for surveying terrestrial mammals (Ushio et al. 2017; Sales et al. 

2020). Other studies have targeted non-native or conservation-dependent reptiles 

(Hunter et al. 2015; Adams et al. 2019a). These methods have been used to detect 
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invertebrates, with applications to invasive species monitoring including the detection 

of New Zealand mudsnails Potamopyrgus antipodarum (Goldberg et al. 2013), several 

species of  crayfishes  (Tréguier et al. 2014; Dougherty et al. 2016; Geerts et al. 2018), 

dreissenid mussels (Ardura et al. 2017; De Ventura et al. 2017; Gingera et al. 2017; 

Amberg et al. 2019), clams Corbicula spp. (Cowart et al. 2018), and mosquitoes 

(Schneider et al. 2016). 

 

Environmental DNA methods might be expected to be particularly applicable to fish, 

and indeed the efficacy of the technique has been demonstrated in a range of 

environments. This approach has been used to search for freshwater species of 

conservation importance, e.g. European weather loach Misgurnus fossilis in Denmark 

and Belgium (Thomsen et al. 2012b; Brys et al. 2020) and juvenile European eels 

Anguilla anguilla ascending rivers (Cardás et al. 2020). These methods have proved 

useful for generating species inventories for native fish communities in lakes (Hänfling 

et al. 2016; Li et al. 2019a), rivers (Minamoto et al. 2012; Antognazza et al. 2021; 

Sales et al. 2021) and inshore marine waters (Thomsen et al. 2012a; Stat et al. 2019).  

 

Surveys based on detecting eDNA have several potential advantages over traditional 

survey methods, although the decision of whether to use them instead of these 

methods, or in conjunction with them, needs to be evaluated for each application or 

species. Traditional  methods could be more appropriate for organisms that are easy 

to observe or capture, but eDNA surveys can be a cost-effective alternative for 

detection of elusive species or those at low abundance which might require 

considerable effort to physically catch. Several studies have shown eDNA surveys to 

outperform traditional methods in such cases (e.g. Hinlo et al. 2018; Brys et al. 2020). 

Collection of water samples represents a non-invasive method of sampling, avoiding 

potential damage to the target animals or the environment which could be caused by, 

for example, netting surveys. Although laboratory analysis is an expert procedure, the 

relative ease and speed of sample collection means that samples can be collected by 

personnel with limited training, or ‘citizen scientists’ (Biggs et al. 2015), enabling a 

higher level of spatial or temporal sampling than might be achievable otherwise. Fewer 

staff might need to be deployed into the field for shorter time periods to sample the 
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same number of water bodies, for example in comparison to staff numbers needed to 

conduct electric fishing or netting surveys, providing financial cost savings – although 

these need to be balanced against the costs of laboratory molecular analysis.  

 

Another advantage, of particular importance when producing species inventories of 

communities, is that eDNA analysis can be conducted without the need to identify 

species based on their morphology, which typically requires expert training and indeed 

may be impractical  for some taxonomic groups or life stages. Some studies have 

shown the specific identification of invertebrate specimens by morphological methods 

to have a high error rate  (Stribling et al. 2008; Packer et al. 2009), which molecular 

identification could avoid, although this is critically dependent on the quality of 

information in the sequence databases for the relevant species (and its relatives). 

Gaps in these databases are one of the current obstacles to this approach. European 

freshwater fish are comparatively well covered in these databases, with mitochondrial 

DNA sequence data for 87.9% of species, but coverage of freshwater invertebrates 

(64.5%) and marine invertebrates (22.1%) is less comprehensive (Weigand et al. 

2019). Barcode libraries, and hence the ability to assign sequences to a species, are 

continually improving, with many programmes currently attempting to fill these gaps 

with validated sequences.   

 

Other considerations when deciding whether to deploy eDNA surveying or 

conventional methods include whether the ‘burden of proof’ for the particular 

application is such that a specimen is necessary, to indisputably prove that the species 

is definitely present in the water, rather than just the DNA which might have entered 

the system by another method (see Section 1.1.2). Such proof may be needed by 

stakeholders in cases where the presence of a species has potentially costly 

management consequences (Jerde 2021), and in such cases  those making decisions 

on whether to use eDNA surveying should consider the consequences of errors 

caused by both false positives and false negatives (Darling 2019). Like all ecological 

survey methods, eDNA detection is imperfect, and a species will very often not be 

detected in every sample in which it might be expected (Willoughby et al., 2016). As 

with trapping or netting, decisions therefore need to be made about the sampling effort 
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required, which can be informed by using statistical techniques such as occupancy 

modelling (Matter et al. 2018; Neto et al. 2020).  

 

Although eDNA surveys have proved effective at determining presence or absence of 

target species, they cannot provide the information on size, condition status or maturity 

on which much fisheries science is based, so capture-based methods are needed to 

obtain such information. The use of eDNA to assess abundance is still in its infancy. 

Some studies have shown correlation between abundance and DNA signal 

(Lacoursière‐Roussel et al. 2016; Di Muri et al. 2020). However, much work will be 

needed before a similar level of abundance information can be achieved from eDNA 

surveys in comparison to netting or trapping surveys.            

 

1.1.1 Methods used in eDNA studies 

A variety of methods have been trialled as eDNA studies have developed over the last 

15 years, but the scientific community has often converged on common methodology 

for the basic steps involved. Methods of eDNA capture from environmental samples 

used in published work have taken two approaches. These are: 

1) precipitation methods, involving the collection of a small sample (typically 15 

ml) of water, which is then preserved using ethanol and sodium acetate, and 

immediately frozen (Ficetola et al. 2008; Dejean et al. 2012; Foote et al. 2012, 

Thomsen et al. 2012a). The entire water sample is subsequently defrosted and 

immediately centrifuged. The DNA is extracted from the resultant pellet using a 

commercially available extraction kit, such as the Qiagen Blood and Tissue 

Extraction Kit (Ficetola et al. 2008; Dejean et al. 2012; Biggs et al. 2015). 

 

2) filtration methods, involving the filtering of a larger water volume, typically 1–2 

L  but in some cases up to 10 L, through a cellulose nitrate, glass fibre or 

carbonate filter (Goldberg et al. 2011; Jerde et al. 2011; Takahara et al. 2012; 

Jerde et al. 2013) using peristaltic or vacuum pumps. An alternative and 



 

7 
 

increasingly used method is to use a syringe to force water through a filter 

enclosed in  a cartridge (Spens et al. 2017). The pore size used for filters varies 

amongst studies, with 0.2 µm initially recommended for optimal eDNA capture 

(Turner et al. 2014), although most fish eDNA studies have used pore sizes of 

0.45 µm or 0.7 µm (Wang et al. 2021). Larger pore sizes will be more practical 

for waters containing elevated concentrations of suspended solids. For 

example, a 3.0 µm filter was found to be effective for sampling eDNA in a 

freshwater lagoon (Takahara et al. 2012). Immediately following water filtration, 

the filter paper is either frozen, or dehydrated using molecular grade ethanol 

(Hinlo et al. 2017b). DNA can subsequently be extracted in the laboratory either 

directly from the defrosted filter paper using commercially available isolation 

kits (evaluated by Hinlo et al. 2017b), or by rehydrating the sample, centrifuging, 

and extracting DNA from the resulting pellet using a blood-and-tissue kit 

(Minamoto et al. 2012; Takahara et al. 2013). 

 

A number of comparative trials have looked at eDNA capture from different method 

combinations (Deiner et al. 2015, Minamoto et al. 2016; Spens et al. 2017; Muha et 

al. 2019). The filtration method is now generally considered to yield higher DNA 

quantities than the precipitation method, particularly in larger systems where it is 

beneficial to be able to sample larger volumes of water to detect rarer species (Spens 

et al. 2017; Muha et al. 2019).  

 

Analysis of the eDNA requires amplification of DNA sequences of interest. Primers are 

designed which will enable selection of the DNA fragment to be amplified. Two 

approaches can then be used, either: 

 

1) targeted at detection of a particular species of interest, using Polymerase Chain 

Reaction (PCR) methods to amplify DNA regions specific to the target 

organism, referred to hereafter as ‘single-species targeting’. Conventional 

PCR (also known as standard PCR) requires visualisation of DNA bands on an 

electrophoresis gel under ultraviolet light. An alternative method is quantitative 

PCR, in which fluorescence of an attached probe is measured to determine 

DNA concentration, potentially enabling estimation of population size (Lodge et 
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al. 2012; Thomsen et al. 2012a). Less frequently used at present is droplet 

digital PCR technology, which offers increased sensitivity which has been 

shown to increase detection capabilities in some studies (Doi et al. 2015; 

Mauvisseau et al. 2019; Brys et al. 2020).    

 

2) using degenerated primers for a group of organisms (for example, all 

metazoans, or all fish) to generate a list of all sequences present in a sample, 

which can then be matched to sequence databases to assign them to species 

(Sevilla et al. 2007; Minamoto et al. 2012), in the technique known as 

metabarcoding. This enables a more comprehensive assessment of community 

composition than the single-species targeted approach (Shokralla et al. 2012; 

Jerde et al. 2013). Such degenerated primers have been designed for use on 

fish, and Zhang et al. (2020) reviewed and evaluated 22 primer sets that have 

been used for metabarcoding of teleost fish.   

 

Despite the quantity of information produced by the metabarcoding approach, single-

species targeting still provides the most sensitive method for detecting a species of 

particular interest, particularly if it occurs at low density. This was demonstrated by 

Harper et al. (2018) who compared qPCR and metabarcoding detections of great 

crested newts Triturus cristatus in eDNA samples from 532 ponds. Targeted qPCRs 

detected newts in 49.8% of ponds, whereas metabarcoding using vertebrate primers 

produced positive detections from 34.2 % of ponds (Harper et al. 2018). One reason 

is because targeted primers can be optimised for a particular species, ensuring the 

signal is not ‘drowned out’ by more abundant DNA sequences or missed due to primer 

bias (Schenekar et al. 2020). Surveillance programmes designed for detection of 

invasive species, for example in ports and marinas, are likely to be most effective if 

they employ a combination of metabarcoding studies to detect a suite of potential 

invaders (Zaiko et al. 2012), combined with single-species targeting to detect key 

species. 

 

Mitochondrial DNA is generally used as it is more abundant than nuclear DNA, and 

more sequence data are publicly available (Bohmann et al. 2014). For the majority of 

animals, the region most commonly used for DNA barcoding work is the cytochrome 
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c oxidase I gene (COI). This mitochondrial gene of 652 base pairs was proposed as 

the best target for bar-coding applications because it allows discrimination of closely 

allied species, and its suitability across a large range of animal taxa (Hebert et al. 

2003; Frézal and Leblois 2008; Andújar et al. 2018). The COI gene has been shown 

to differentiate robustly between fish species in a number of studies (Ward et al. 2005; 

Hubert et al. 2008). Other genes targeted in fish eDNA studies include the 12S rRNA, 

16S rRNA and cytochrome b genes; Zhang et al. (2020) generally detected greatest 

fish diversity when they used metabarcoding primers targeting the 12s rRNA gene.   

 

DNA sequences of many species are published in online databases such as GenBank 

(National Center for Biotechnology Information 2013), and whilst there are currently 

many species for which no sequences are available in these databases (a limitation 

that is commonly encountered in metabarcoding studies), an ambitious project has 

been launched to sequence all species on the planet by 2028 (the Earth Biogenome 

Project; Lewin et al. 2018).  

 

Primer (and probe) design for specific sequences is achieved using specific software 

packages. Thereafter, the primers need to be tested to assess their reliability and 

specificity before applying them in the analysis of field samples (Bohmann et al. 2014), 

To provide increased confidence in the detection of the target species, it is 

recommended that the visualisation of products using gel electrophoresis be 

complemented by the sequencing of PCR product of a certain proportion of all positive 

samples (Darling and Mahon 2011).  

 

1.1.2 Potential sources of error 

A number of potential sources of error must be considered when developing eDNA 

monitoring strategies and assessing results. Several sources of both false positive 

(type I errors) and false negative (type II) errors have been identified (Darling and 

Mahon 2011). Sources of Type I errors arising from the laboratory protocols include 

the erroneous detection of non-target species during PCR amplification (Darling and 

Mahon 2011) or due to contamination. False positives could also occur if there is an 
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alternative explanation for target DNA presence in the water column. It has been 

suggested that positive e-DNA results obtained for Asian carp in the Great Lakes 

Basin may originate from sources other than live fish currently present in the lakes – 

for example dead fish on the decks of ships, excrement from birds that have recently 

fed on that species, or sewage outflows in regions where the fish are prepared for 

human consumption (Darling and Mahon 2011; Jerde et al. 2011, 2013).  

 

False negatives are an inherent problem with most fisheries survey methods (Bayley 

and Peterson 2001). In eDNA studies, Type II errors can result from the presence of 

a substance in the water that inhibits DNA amplification, such as humic acid (Wilson 

1997), or from limitations of laboratory protocols, which can be minimised with 

improved method sensitivity (Darling and Mahon 2011). Some studies have found 

quantitative PCR methods to be more sensitive to low eDNA concentrations than the 

conventional PCR-based genetic screening used by many studies (e.g. Wilcox et al. 

2013) [but see Chapter 4 of this thesis]. For example, Wilcox et al. (2013) were able 

to detect eDNA of the target species, brook trout Salvelinus fontinalis and bull trout S. 

confluentus, at concentrations as low as 0.5 target copies per µl, which compares well 

with the detection limit of 7 copies per µl reported by Jerde et al. (2012) for silver carp 

Hypophthalmichthys molitrix using traditional PCR methods.   

 

With increasing sensitivity in the laboratory methods, an adequate system of controls 

is essential when working with eDNA, to avoid false positive errors due to 

contamination. Samples should be collected using sterilised equipment, with 

precautions taken to ensure that DNA is not transferred from one sampling location to 

the next, for example on the bottom of a boat. Similarly, laboratory procedures need 

to be carefully planned so that contamination cannot occur at any stage. Separate 

rooms should be used for different stages of the process, with sample preparation 

undertaken in a different place to post-PCR processes (due to the greater 

contamination risk caused by the amplified DNA following PCR). One control against 

false positives due to contamination is the use of ‘cooler blanks’ (e.g. Jerde et al. 2013) 

– bottles of deionised water that are transported with the water samples taken from 

the field and treated in the same way as samples before testing for the target DNA.    
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Controls can be used at each stage of the laboratory processes, to check both for  

contamination (avoiding false positives) and for successful completion of each stage 

(avoiding false negatives). In addition to the negative controls from the field sampling 

discussed above, each PCR run should contain a negative control in which the sample 

is substituted with laboratory water, to ensure that reagents are not contaminated. To 

ensure that DNA in the sample is not lost during storage and that the extraction 

procedure has worked correctly, a non-target sequence can be added to the sample 

(Harper et al. 2019). Each PCR run will also include at least one positive control, using 

tissue-derived DNA from the target species. Another potential obstacle to successful 

eDNA detection is the presence of  compounds within the environmental sample which 

inhibit PCR amplification (McKee et al. 2015; Lance and Guan 2020), which can be 

tested for using a spiked control (looking for difference in DNA signal when a known 

quantity of tissue-derived DNA is spiked into laboratory water, in comparison to when 

spiked into an environmental sample).    

 

When planning a field sampling programme, it is important to consider the many 

factors which may result in false negatives. Foremost among these is the patchiness 

of eDNA, particularly in still water bodies with limited water mixing, where dispersal of 

DNA particles through the system has been shown to be limited, sometimes to within 

a few metres (Harper et al. 2019a). Sufficient spatial coverage of a water body 

therefore needs to be achieved before it can be considered likely that negative results 

represent a genuine absence of the species. Other environmental factors may need 

to be considered. High stream flows, for example, can dilute eDNA concentration, 

which in one study was considered to cause non-detection of a relatively common 

bivalve (Curtis et al. 2020). Seasonal effects relating to the animal’s life history may 

affect DNA signal, particularly for crustaceans which are most reliably detected when 

the females are carrying eggs (Dunn et al. 2017; Crane et al. 2021). Freshwater fishes 

may be more active in warm weather, and therefore shed more DNA into the water 

column, as would also be the case at times of spawning activity.    
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Two elements of the laboratory protocol are particularly important for avoiding false 

positive or false negative errors: the primers that are deployed, and the number of 

PCR replicates. Primer design needs to be robust enough to ensure that all genetic 

variation (all haplotypes) within a species is covered, but that co-occurring closely-

related species are excluded (Goldberg et al. 2013). Primers should be designed 

according to established guidelines (e.g. Bustin et al. 2009 for qPCR primers), and 

rigorously tested in the laboratory to determine their level of sensitivity, given that 

target eDNA in environmental samples will typically be at low concentrations. To avoid 

false positives due to amplification of DNA from the wrong species, specificity testing 

needs to be conducted. In silico testing should establish that there are no close 

matches to other species when those primers are used; a threshold mismatch of >four 

base pairs has been used in fish eDNA studies (e.g. Harper et al. 2019). Specificity 

testing should also be conducted in vitro, evaluating the primers against tissue-derived 

DNA of related species occurring at the study site. The number of PCR replicates is 

important due to stochasticity in the amplification process (for DNA at very low 

concentrations in the samples), and some studies recommend a minimum of 12 qPCR 

replicates to give a high probability of detection of low abundance species (e.g. Harper 

et al. 2018).     

 

1.1.3 Application of eDNA methods to invasive species monitoring 

The potential for detecting and mapping the distribution of non-native fish species was 

recognised at an early stage. Water samples taken from the North American Great 

Lakes basin have been used to document the spread of two Asian carp species, silver 

carp and bighead carp Hypophthalmichthys nobilis (Jerde et al. 2013), whereas 

Takahara et al. (2013) sampled ponds in Japan to map the distribution of the invasive 

bluegill sunfish Lepomis macrochirus. 

 

Surveys using eDNA techniques compare favourably with other, traditional, survey 

methods, and this is apparent in a study of invasive American bullfrogs Lithobates 

catesbeianus in 49 ponds surveyed in France, where positive detections were 

obtained for 38 ponds using eDNA techniques, compared to just seven ponds using 
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conventional survey methods (Dejean et al. 2012). Similarly, a study using eDNA 

techniques detected invasive bluegill sunfish Lepomis macrochirus in 11 ponds where 

they had not been observed visually (Takahara et al. 2013).  

 

The ability of eDNA surveys to survey a large number of water bodies rapidly under 

virtually any weather conditions, with no effect on the environment and at relatively 

low financial cost has been recognised (Dejean et al. 2012). For example, the costs of 

eDNA sampling for invasive gastropod molluscs were reported to be considerably 

lower ($35–$80 US per sample) than those for collecting and sorting conventional 

invertebrate samples (>$300 US per sample) (Goldberg et al. 2013). And although the 

laboratory analysis of eDNA samples requires specialist training, the collection of 

water samples is relatively simple, as demonstrated in a pilot study in 2013 to assess 

how easy and practicable volunteers would find the collection of samples for assessing 

the distribution of great-crested newts Triturus cristatus (Biggs et al. 2015). Volunteers 

collected water samples from 239 ponds where this species was known to be present, 

with positive detections at 91.2% of sites (Biggs et al. 2015). Such an approach could 

potentially allow large-scale distributions to be mapped, with the limiting factor then 

being the cost of laboratory analysis.  

 

Most work to date has used environmental DNA surveys to determine presence or 

absence, but management decisions could be better informed with knowledge of 

numbers or biomass of the target organism. Takahara et al. (2012) hypothesized that 

eDNA concentration, as measured by qPCR methods, could be used to estimate 

biomass of a target species in a water body, assuming that aquatic vertebrates release 

eDNA into the water in proportion to their biomass. A series of trials in both laboratory 

tanks and experimental ponds with varying numbers of common carp Cyprinus carpio 

showed a strong correlation between biomass and eDNA concentration (Takahara et 

al. 2012). Other studies have taken number of positive eDNA samples to represent a 

measure of species abundance; Mahon et al. (2013b) found that number of positive 

samples in a 4.18 km stretch of river could generally be related to number of fish 

present.   
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Another application for environmental DNA techniques is in the surveillance of 

potential pathways for non-native species introductions. Ballast water transfer by ships 

is recognised as one of the main sources for non-native species (Drake and Lodge 

2004), and eDNA monitoring could potentially be used to screen ballast water. An 

experimental survey conducted on ballast water of a ship travelling from Germany to 

South Africa demonstrated the ability of eDNA analysis to detect a range of taxa in 

ballast water comparable to visual sampling methods (Zaiko et al. 2015). Another 

significant pathway of introduction is shipments of live fish contaminated with 

misidentified or concealed species. A good example of this is topmouth gudgeon 

Pseudorasbora parva, which was accidentally introduced to countries throughout 

Europe, including the UK, as a contaminant of authorised freshwater fish 

consignments (Gozlan et al. 2010a). For import monitoring programmes, eDNA 

analysis of water samples provide a cost-effective, non-lethal means with which to 

screen fish imports for unseen contaminant species (Collins et al. 2013), especially 

consignments containing a number of morphologically similar species (Collins et al. 

2012).    

 

1.1.4 Future technological advances 

Ongoing research is progressively increasing the efficiency (speed), sensitivity and 

portability of eDNA analysis (Jerde et al. 2013), and developments in next-generation 

sequencing technology could make it possible to bypass primer design and the 

sequencing of PCR products, using metagenomic methods (Ruppert et al. 2019). This 

increased sensitivity may enable the detection from water samples of other genes 

which can be used for population genetics, thereby potentially providing a more 

reliable source of information on population levels than is currently available from 

eDNA (Adams et al. 2019b).   

 

Advances in technology have increased the rate at which specimens can be 

sequenced, which has enabled the initiation of programmes to sequence all fauna and 
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flora from entire countries (such as the Darwin Tree of Life Project in the UK; 

www.darwintreeoflife.org). As sequence databases continue to improve, 

metabarcoding will become a considerably more powerful tool for any application for 

which knowledge of community structure is useful, such as screening for non-native 

species or studying their impacts on a community.     

 

1.1.5 Conclusions 

Since the publication of the first paper on the use of eDNA to detect aquatic macro-

organisms (Ficetola et al. 2008), the field has advanced considerably in both 

methodology and applications. However, there remain several questions regarding 

application of eDNA surveys; Jerde and Mahon (2015) identified a number of key 

issues which require further study, including resolving methodological issues 

(elimination of ‘false negatives’ by greater knowledge of the number of replicates 

required); increasing our knowledge of how eDNA is moved within both lentic and lotic 

systems; and investigating the considerable unexplained variability surrounding the 

relationship between target organism biomass and DNA in the system. The work 

undertaken for this PhD thesis addresses some of these knowledge gaps.  

 

 

 

 

 

 

 

 

http://www.darwintreeoflife.org/
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1.2 Research aims and objectives in relation to thesis 

structure 

 

The research aim is to develop, validate and apply environmental DNA tools for 

detecting the presence of non-native fish in freshwater systems. The study area is 

Great Britain, although the methodology is transferrable to other locations. 

Correspondingly, the research develops and validates eDNA surveying protocols for 

non-native freshwater fishes that are relevant to British freshwaters. The research 

objectives (O) are outlined below, along with a brief explanation and identification of 

where the objective is reported in this thesis.  

 

O1. Develop a simple method for detecting non-native freshwater fishes using 

eDNA via laboratory and field validation studies (Chapter 2). 

This objective provided the rationale for development of conventional PCR primers 

and sampling methodologies for detecting four species of fish that are non-native to 

Great Britain: topmouth gudgeon Pseudorasbora parva, sunbleak Leucaspius 

delineatus, pumpkinseed Lepomis gibbosus and fathead minnow Pimephales 

promelas. These primers and methodologies were validated by aquarium tank studies 

(all four species), experimental pond studies (L. gibbosus) and field surveys at a 

known stillwater location (P. parva).    

 

O2. Apply the developed eDNA tools to inform an invasive fish eradication 

attempt, and to assess the effectiveness of such eradication attempts from lotic 

and lentic sites (Chapters 3 and 4).  

This objective applies the tools developed in Objective 1 for detection of P. parva to a 

real-world context. This invasive species is currently the subject of a national 

eradication programme. This study applies eDNA surveying to determining its 

continued presence in a lake and assessing its distribution in surrounding water bodies 

(Chapter 3). A more sensitive methodology, using a nested PCR protocol, was 

designed and compared directly in the laboratory against other PCR methods, to give 

increased confidence in negative results (Chapter 4). This methodology was then 
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applied to a repeat analysis of the lakes at the site in Chapter 3, confirming knowledge 

of P. parva’s distribution and thereby informing the eradication attempt (Chapter 4). 

These nested PCR protocols were adopted for post-eradication surveys of the one 

infested water body on that study site (Chapter 4).  

 

O4. Develop a methodology for detecting non-native fishes in running waters 

using eDNA techniques (Chapter 5). 

Here, eDNA sampling methodology was developed for detecting fishes in lotic 

systems, and validated through trials undertaken to map non-native fish distributions 

(Lepomis gibbosus and Leucaspius delineatus) in river catchments in southern 

England where these species are known to be present. 

 

O5. Conduct field trials to determine the sampling regime required to detect 

small populations of target species, and to assess the cost-effectiveness of 

eDNA sampling in comparative trials against conventional sampling methods 

(Chapter 6) 

This objective was addressed through the use of methods developed in previous 

chapters in a field trial in which two fish species were stocked at a known low density 

into six ponds. The detectability of these fish using eDNA surveys was compared 

directly against detection rates using conventional methods (trapping, electrofishing). 

The decision to use conventional PCRs for this trial was informed by the results of 

protocol sensitivity testing in Chapter 4.     

 

In addition to the data chapters outlined above in relation to Objectives, this 

thesis contains:  

 

Introduction (Chapter 1):  

This chapter provides a survey of the current literature on eDNA sampling, focussing 

on the methods and applications relevant to non-native freshwater fishes but also 

aiming to set that work in its wider context amongst other eDNA applications. In a fast-

evolving field, the majority of the cited papers have been published in the lifetime of 

this PhD study (2013-2019).   
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Discussion (Chapter 7):  

This chapter summarises the main conclusions that can be drawn from the outputs of 

the data chapters (Chapter 7.1), in relation to the initial aims and objectives set out in 

Chapter 1.2. The advances in the field over the lifetime of this PhD study are also 

discussed, as are the key knowledge gaps remaining to be addressed before the 

widespread adoption of eDNA surveying as a monitoring and surveillance tool for non-

native freshwater fishes (Chapter 7.2).   
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2. Laboratory and field validation of a simple method for 

detecting four species of non-native freshwater fish using 

environmental DNA 

 

This chapter was published as: 

 

Davison, P.I., Créach, V., Liang, W.-J., Andreou, D., Britton, J.R. and Copp, G.H., 

2016. Laboratory and field validation of a simple method for detecting four species of 

non-native freshwater fish using eDNA. Journal of Fish Biology, 89, 1782-1793. 

 

2.1 Abstract 

This paper presents the first phase in the development and validation of a simple and 

reliable environmental DNA (eDNA) method using conventional PCR to detect four 

species of non-native freshwater fish (pumpkinseed Lepomis gibbosus, sunbleak 

Leucaspius delineatus, fathead minnow Pimephales promelas and topmouth gudgeon 

Pseudorasbora parva). The efficacy of the approach was demonstrated in indoor (44-

L tank) trials in which all four species were detected within 24 hours. Validation was 

through two field trials, in which L. gibbosus was detected 6–12 hours after its 

introduction into outdoor experimental ponds, and P. parva was successfully detected 

in disused fish rearing ponds where the species was known to exist. Thus, the filtration 

of small (30 mL) volumes of pond water was sufficient to capture fish eDNA and the 

approach emphasised the importance of taking multiple water samples of sufficient 

spatial coverage for detecting species of random or patchy distribution. 

 

2.2 Introduction 

The most economical and effective means of preventing biological invasions is early 

detection and eradication (Hulme 2009; Gozlan et al. 2010a). In recent years, a very 

promising molecular approach for early detection of non-native species has been 

developed (Ficetola et al. 2008), based on analysis of DNA shed by an organism into 
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the environment (eDNA), e.g. via urine, faeces, mucus and epidermal cells (Bohmann 

et al. 2014). Recent studies have shown that eDNA approaches are applicable for 

detecting a range of aquatic taxa (Thomsen et al. 2012b), including amphibians (e.g. 

Dejean et al. 2012; Pilliod et al. 2014; Rees et al. 2014a; Biggs et al. 2015), mammals 

(e.g. Foote et al. 2012), invertebrates (e.g. Goldberg et al. 2013; Deiner and Altermatt 

2014), and fishes (e.g. Keskin 2014; Gustavson et al. 2015). Indeed, eDNA methods 

are particularly applicable to fishes, such as for detecting species’ range expansions 

(e.g. Jerde et al. 2011, 2013), establishing species distributions (e.g. Takahara et al. 

2013; Keskin 2014) and inventories for fish assemblages in rivers (e.g. Minamoto et 

al. 2012) and inshore marine waters (Thomsen et al. 2012a).  

 

Surveys that employ eDNA techniques can complement conventional sampling 

methods, usually proving to be more effective for detecting elusive and/or rare species 

(e.g. Janosik and Johnston 2015; Sigsgaard et al. 2015). In some cases, such as 

surveys of invasive American bullfrogs Lithobates catesbeianus and native great 

crested newts Triturus cristatus, detection rates in ponds were higher using eDNA 

methods (Dejean et al. 2012; Biggs et al. 2015), and the financial cost was 

approximately 10× cheaper than with conventional methods (Biggs et al. 2015). 

Therefore, eDNA analysis shows great potential as a relatively rapid means of 

surveying a large number of water bodies with no adverse effect on the environment, 

with fewer restrictions caused by weather conditions, and at relatively low financial 

cost (Rees et al. 2014b). The information obtained from such surveys can be applied 

to facilitate effective management of non-native species, for example by detecting 

newly-arrived invaders and enabling a rapid response (Vander Zanden et al. 2010); 

by accurately mapping the distributions of established species (Dejean et al. 2012; 

Jerde et al. 2013); and by providing a means to assess the success of eradication 

programmes (Rout et al. 2009). 

 

The aim of the present study was to develop and validate a simple, relatively low-cost 

eDNA protocol for surveying four species of freshwater fish that are non-native to the 

UK, in order to inform management decisions. Topmouth gudgeon Pseudorasbora 

parva, native to Asia, was accidentally introduced to the UK in the mid-1980s as a 
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contaminant of ornamental fish, and subsequently spread to form scattered 

populations throughout England and Wales (Gozlan et al. 2002). As an invasive 

species known to have a detrimental effect on native fish communities, all 23 known 

populations were targeted for eradication from the UK  (GBNNSS 2015). Sunbleak 

Leucaspius delineatus, native to continental Europe, is also considered invasive in the 

UK, and has spread to a number of locations in southern England following its 

introduction in the mid-1980s with ornamental fish (Zięba et al. 2010a). The other two 

species, pumpkinseed Lepomis gibbosus and fathead minnow Pimephales promelas, 

both native to North America, have established populations in the UK without yet 

becoming invasive. However, they are predicted to become invasive in the UK under 

warmer climatic conditions (Britton et al. 2010a). Lepomis gibbosus was first 

introduced to the UK as an ornamental fish during the 1890s or early 1900s (Lever 

1977), and now occurs at a number of locations in southern England (Villeneuve et al. 

2005).  No populations of P. promelas are currently known from the UK, but this 

species was previously established in two adjacent ponds in northern England, 

probably arriving as a contaminant of ornamental fish in 1996 and persisting until 

eradication in 2010 (Zięba et al. 2010a).  

 

These four species were therefore selected for study primarily because of their interest 

to agencies managing non-native species: P. parva as the fish species currently 

considered of highest priority for national eradication (see Chapters 3 and 4); P. 

promelas as a species which has in the past been prioritised for eradication; and L. 

gibbosus and L. delineatus as two species which are likely to continue to spread in the 

UK. Although there is limited evidence for impacts of these last two species on native 

species or ecosystems in the UK, experimental pond trials have demonstrated that 

competition with native cyprinids could occur, with some species showing  altered 

isotopic niches in the presence of L. gibbosus (Copp et al. 2017) or L. delineatus (Bašić 

et al. 2019).      

 

The specific objectives were to: 1) develop specific primers for the four fish species; 

2) test the primers and sampling methodology in aquarium trials, using these to 

determine time between the introduction of fish and the detection of eDNA, for a known 
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fish biomass; 3) test the methodology in experimental pond trials, again to determine 

time between introduction of fish and the detection of eDNA, for a known biomass of 

one of the species (L. gibbosus); and 4) conduct a field survey to validate the protocol 

for one of the species (P. parva) in small ponds where the species is known to be 

present.   

 

2.3 Methods 

Specimens of three fish species were sourced from established non-native 

populations in southern England: L. gibbosus and L. delineatus from a commercial 

angling venue in East Sussex, England (51.018333° N; 0.013056° E), and P. parva 

from ponds of a decommissioned ornamental fish farm in Hampshire, England 

(51.000556° N; 1.452778° W). Wild populations of P. promelas in the UK were not 

available, the only known population having been eradicated three years prior to start 

of the present study (Britton et al. 2011a), so laboratory-reared specimens were 

obtained from a captive source (AstraZeneca Environmental Laboratory, Brixham, 

UK). 

 

2.3.1 Development of specific primers 

Specific primers for the four species (Table 2.1), targeting the mitochondrial gene 

encoding cytochrome c oxidase subunit 1 (COI), were designed using the NCBI 

Primer-BLAST software (NCBI, http://www.ncbi.nlm.nih.gov/tools/primer-blast/), using 

sequences available from an open source database (GenBank, 

http://www.ncbi.nlm.nih.gov/genbank/). To test the efficacy and specificity of the 

primers, tissue samples were taken from the dorsal muscle of each fish species and 

the mitochondrial DNA was extracted using a tissue extraction kit (DNeasy Blood and 

Tissue Kit, Qiagen, Hilden, Germany). Amplified samples were purified (Nucleospin 

Gel and PCR Clean-up, Machery-Nagel, Düren, Germany) and sequenced by a 

commercial service (Source Bioscience, Cambridge, UK). The sequences have been 

deposited in Genbank with the following accession numbers: L. gibbosus KR092382; 

L. delineatus KR092383; P. promelas KR092384; P. parva KR092385.  

http://www.ncbi.nlm.nih.gov/tools/primer-blast/
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Table 2.1. Species-specific primers designed for the four targeted non-native freshwater 

fishes in the UK: topmouth gudgeon Pseudorasbora parva (Pv), sunbleak Leucaspius 

delineatus (Ld), pumpkinseed Lepomis gibbous (Lg) and fathead minnow Pimephales 

promelas (Pp). Fragment size = bp (base pairs) 

 

 Forward Primer (5’-3) Reverse Primer (5’-3’) bp 

Pv CCTCTTCCGGAGTAGAGGCT TAGGATTGGGTCTCCTCCCC 350 

Ld TTCGAGCCGAACTAAGCCAR GGCCTCAACCCCAGAAGAAG 251 

Lg CTAATAATTGGCGCCCCCGA CGGACCAGACAAACAGTGGT 310 

Pp CCTCTAATAATCGGAGCACCTG GCAGAAGCACAGCAGTTACAAG 337 

 

 

 

The PCRs were performed in 20 µL reaction mixtures (2 µL of DNA template, 0.5 µM 

of each primer, 10 µL (= 50 units) HotStar Taq Plus DNA polymerase (Qiagen Fast 

Cycling PCR Kit) and 2 µL CoralLoad Fast Cycling Dye (Qiagen)). Tests of 

temperature gradients at the annealing stage indicated that the same optimum PCR 

programme could be used for all four species. The optimal temperature for detection 

of both L. gibbosus and P. promelas was 61.0° C, with the other two species showing 

equally distinct bands across the temperature range of 58–62° C. The cycling 

conditions were 95° C for 5 min, followed by 32 cycles of 96° C for 5 sec, 61° C for 5 

sec and 68° C for 12 sec, with a final extension at 72° C for 1 min. PCR products were 

visualised using electrophoresis on 2% agarose gel, stained with SYBR Gold Nucleic 

Acid Gel Stain (Invitrogen, Paisley, UK).  

 

Sensitivity of the primers was tested by measuring the quantity of DNA extracted from 

the dorsal muscle tissue using a Nanodrop ND-1000 spectrophotometer (Nanodrop 

Instruments, Wilmington, DE, USA), and by producing a dilution series from 0.03 ng 
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µL-1 to 1.8  10-6 ng µL-1. Three replicate dilution series were conducted for each 

species.  

 

Primers were designed to amplify relatively long sections of DNA, targeting regions of 

251–350 base pairs (Table 2.1) to improve specificity. In addition to in silico tests for 

primer specificity using the Primer Blast software, all four primer pairs were tested 

against tissue samples from all four species in this study, with no false positives 

occurring from cross-species amplification.   

 

2.3.2 Aquarium trials 

The aquarium trials were conducted in 44-L tanks of de-fluorinated tap water, with no 

flow-through, within an indoor facility at the Cefas Lowestoft Laboratory. The water in 

these tanks was maintained at a similar temperature to the outside holding facilities 

used for the fish prior to the experiment, and was exposed to a natural photoperiod. 

Trials were conducted in January 2014 (L. delineatus and L. gibbosus) and March 

2014 (P. parva and P. promelas). Water temperature measurements were recorded 

every 10 min using Tinytag Aquatic 2 temperature loggers (Gemini Data Loggers UK 

Ltd, Chichester, UK). Mean, minimum and maximum (mean; min–max) temperatures 

(° C) over the five-day experiment were as follows: P. parva (6.8°C; 6.5–9.9), P. 

promelas (6.3°C; 5.9–9.0), L. delineatus (2.1°C; 1.9–2.3), L. gibbosus (2.3°C; 2.2–

2.5).  

 

For each species, tanks were stocked with one, five or ten fish to achieve a range of 

fish biomass, with three replicate tanks for each biomass (Table 2.2). The exception 

was for one replicate of the high L. gibbosus biomass, where a single large specimen 

of equivalent biomass was used in lieu of smaller specimens due to limited fish 

availability. Fish were not fed for the duration of the experiment. On completion of the 

experiment, each fish was measured for total length (LT) and mass (Table 2.2).   

 

 

 

 



 

25 
 

Table 2.2 Mean body lengths and weights of fish used in trials of eDNA detection (Detect, +) 

of non-native species at 24 h after release of fish into the aquaria containing one, five or ten 

specimens (* indicates use of one large fish in place of 10 smaller individuals due to their 

limited availability). n = number of fish in each treatment, in all three replicates combined. n = 

number of tanks in each treatment.  

 

Species                               Total length (mm)                           Fish biomass (g)              

 Treatment n Mean Min. Max. n Mean Min. Max. Detect 

L. gibbosus 

 1 fish 3 41.0 39 44 3 0.9 0.7 1.1 + 

 5 fish 15 38.6 33 43 3 4.1 3.8 4.4 + 

 10 fish 20 40.7 36 46 2 9.7 9.7 9.7 + 

 10 fish* 1 83.0 – – 1 8.7 – – + 

L. delineatus 

 1 fish 3 52.7 50 57 3 1.1 0.9 1.4 + 

 5 fish 15 44.7 33 56 3 2.6 1.6 4.0 + 

 P. promelas 

 1 fish 3 60.3 57 65 3 2.6 2.1 3.4 +           

     5 fish 15 57.6 51 69 3 11.3 10.5 12.1 + 

 10 fish 30 56.5 50 63 3 20.7 19.9 21.1 + 

P. parva 

 1 fish 3 50.7 47 55 3 1.0 0.8 1.3 + 

 5 fish 15 49.7 39 60 3 5.3 4.8 5.6 + 

 10 fish 30 44.9 33 63 3 8.0 7.9 8.1 + 
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Water samples (1 L) were collected by submerging a sterilized plastic bottle with a 

gloved hand into the aquarium. Samples were collected from each tank before the 

addition of the fish (day 0), and at 24-h intervals following stocking, for five days. 

Immediately following sample collection, water samples were filtered through a 0.4 µm 

pore size polycarbonate filter of diameter 47 mm (Isopore, EMD Millipore, Darmstadt, 

Germany) using a vacuum pump (EMD Millipore). The filter was immediately frozen at 

–80° C. At six points during filtration, de-ionised water was run through the filtration 

system and filtered as above, with these samples analysed to detect any potential 

cross-contamination. Within six months from initial sampling, the DNA was extracted 

using a PowerWater DNA Isolation Kit (MO BIO, Carlsbad, CA, USA). PCR 

amplification was performed using the reaction mixtures and cycling conditions 

described previously, with three replicates for each sample, and including both a 

negative (de-ionised water) and positive (DNA standard) control. Filtrations, 

extractions and PCRs were each conducted in separate laboratories to reduce risk of 

contamination. 

 

2.3.3 Experimental pond trial 

A field trial was conducted in six artificial outdoor ponds (Figure 2.1) constructed 

previously for experimental studies (Zięba et al. 2010b; Fobert et al. 2011) on a fishery 

site in East Sussex, UK (51.018333° N; 0.013056° E). Each pond was 25 m2 (5 m  5 

m), configured with a 1 m wide, 0.2–0.5 m deep shelf on one side, with the remainder 

being ≈ 1.2 m deep (Zięba et al. 2010b), with an approximate volume of 25750 L. Each 

pond was fitted with a recirculation system (a maximum rate of 2400 L h−1) whereby 

the water was pumped into a 227-L cistern containing Canterbury spar gravel through 

which it filtered before returning to the pond via an overflow pipe. The ponds were 

enclosed within a netting cage to prevent mammalian or avian predation during the 

experiment. Pond temperatures were measured every 10 min using Gemini Tinytag 

Aquatic 2 data loggers. Mean temperature during the 48 h of the experiment was 21.2° 

C (min–max = 18.2–24.6). 
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Figure 2.1 Photograph of experimental ponds used for Lepomis gibbosus eDNA 

detection study.  

 

Prior to commencing, the ponds were drained to ensure the absence of fish, and then 

left to re-fill with rain water. A semi-natural and representative fish community was 

then created by stocking three species of native fish (15 roach Rutilus rutilus, nine 

rudd Scardinius erythrophthalmus, and 10 tench Tinca tinca) into the ponds three 

months prior to L. gibbosus introduction. The mean, minimum and maximum (mean ± 

SE; min–max) biomasses of native fish in each pond, calculated from fish LT at time of 

stocking using published length-weight equations (Britton and Shepherd 2005; 

Verreycken et al. 2011), were: R. rutilus (46.2 ±0.6 g, 44.1–48.5); S. erythrophthalmus 

(40.1 ±2.3 g, 36.3–49.4); T. tinca (56.1 ±5.3 g, 38.2–71.2).   

 

Lepomis gibbosus were captured using electro-fishing and minnow traps from the 

fishery’s commercial angling ponds, and 30 specimens were stocked into three of the 

six experimental ponds in June 2014. The mean, minimum and maximum (mean ±SE, 

min–max) values of LT for L. gibbosus stocked into the three ponds were: Pond 1 (55.4 

±3.8 mm, 42–131); Pond 2 (57.8 ±4.0 mm, 44–123); Pond 3 (58.3 ±4.4 mm, 43–136). 

Fish biomass in each experimental pond was calculated from LT using a length-weight 

equation derived from L. gibbosus measurements from the same commercial angling 

lakes (Villeneuve et al. 2005): Pond 1 = 71.2 g; Pond 2 = 79.3 g; Pond 3 = 89.3 g. 

Before introduction of L. gibbosus, eight 125 mL water samples were collected from 

each pond at eight equidistant locations around the pond’s banks using a 183 cm 
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sampling pole with a polypropylene sampling cup attached (Camlab Ltd, Cambridge, 

UK). The ponds were re-sampled in the same manner at 1, 3, 6, 12, 24 and 48 h 

intervals after introduction of L. gibbosus (these sampling intervals informed by the 

results of the previous tank trials). The sampling cup was moved in a standardised 

manner from the bank to the greatest extent reached by the pole, and vertically through 

the water in such a way as to obtain a sample representative of the entire water 

column. The water samples from a pond were combined in a sterilized 1 L plastic 

bottle. Between samples, the sampling pole and cup were disinfected using Microsol 

3+ (Anachem Ltd, Luton, UK) and washed with de-ionised water. A plastic bottle of 

de-ionised water was taken into the field and transported identically to the pond 

samples, to act as a contamination control (‘field blank’).    

 

The water samples were immediately refrigerated at 4° C, and filtered as soon as 

practicably possible, within 72 h of collection. The pond water was pre-filtered through 

a 200 µm filter to remove coarse material, and then two sub-samples of 15 mL were 

filtered through polycarbonate filters of 0.4 µm pore size (Isopore, EMD Millipore, 

Darmstadt, Germany).  This sample volume was determined by the amount of water 

which could practicably be filtered before clogging occurred. The ‘field blank’ was also 

filtered in the same way, using the same equipment immediately following filtration of 

the field samples, to test for contamination from the filtering process. The two filters 

were placed in a 2 mL tube and the DNA was extracted using the MO BIO PowerWater 

DNA Isolation Kit. PCR amplification was as described previously, with the exception 

of the use of 6 µL of sample template.  

 

2.3.4 Field survey  

For the detection of P. parva in natural conditions, water samples were collected from 

three ponds on a decommissioned ornamental fish farm, at the original introduction 

site of the species to the UK. (Gozlan et al. 2002). Surveys using conventional 

sampling techniques (e.g. fish traps) had previously shown these ponds to contain P. 

parva populations at different densities (Pond 1, low density, 52 m  7 m; Pond 2, 

intermediate density, 65 m  15 m; Pond 3, high density, 52 m  7 m). Fish community 
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composition (non-target species) varied in these ponds, with no other species known 

from Pond 1; T. tinca, common carp Cyprinus carpio, ide Leuciscus idus and three-

spined sticklebacks Gasterosteus aculeatus in Pond 2; and G. aculeatus in Pond 3.  

 

From each pond, six 1-L water samples were collected from equidistant points around 

the pond’s bank. Samples were transported to the laboratory on ice (in addition to a 

plastic bottle of de-ionised water transported identically to act as a control against 

contamination), refrigerated at 4° C and then filtered as soon as possible, within 24 h 

of their collection. The bottle of de-ionised water was also filtered at the end of the 

filtering run, to check for contamination. Water was pre-filtered as described above, 

then an 80 mL sub-sample was filtered, the DNA extracted and PCR-amplified as 

described above. 

  

2.4 Results 

The tests of primer sensitivity, on DNA extracted from fish tissue, revealed that the 

lower limit of detection varied between the four species. The lowest DNA quantity at 

which each species was reliably detected (i.e. producing a distinct gel electrophoresis 

band on all three PCR replicates), was: L. gibbosus = 4.6  10-4 ng; L. delineatus = 

4.6  10-4 ng; P. promelas = 3  10-2 ng; P. parva = 1.5  10-2 ng.         

 

In the aquarium trials, the eDNA of all four species, at all three levels of fish biomass, 

was detectable at the first sampling interval, i.e. 24 h following the addition of fish to 

the tanks (Table 2.2), in all three PCR replicates. All control samples, collected before 

introduction of the fish, were negative for DNA of the target species, as were the de-

ionised samples run through the equipment during filtering to test for contamination. 

The eDNA remained detectable for the remainder of the five-day experiment.  

 

In the experimental pond trials, L. gibbosus eDNA was first detected in two of the three 

ponds 6 h after introduction of the fish. In the third pond, eDNA was first detected at 
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12 h following L. gibbosus introduction. In all three ponds, this result for time of first 

detection was confirmed by all three PCR replicates undertaken. Lepomis gibbosus 

eDNA was detected in all subsequent samples from all ponds for the remainder of the 

48-h trial. All control samples collected before fish introduction proved negative for L. 

gibbosus DNA, as did the de-ionised water taken into the field as a contamination 

control.   

 

In the field survey, P. parva eDNA was detected in all three of the decommissioned 

fish farm ponds where it was known to occur. However, the distribution of eDNA in all 

three ponds was spatially heterogeneous (Table 2.3), with DNA detected at one 

location only in survey Ponds 1 and 2 (with low and intermediate P. parva densities, 

as indicated by previous trapping surveys) and at four locations in survey Pond 3 (high 

P. parva density detected in previous trapping surveys). No features of the pond were 

observed that were likely to account for the differences between sites of positive and 

negative detections. The de-ionised water taken into the field to act as a contamination 

control proved negative for P. parva DNA.   

 

Table 2.3 Number of detections of P. parva eDNA from three replicate PCRs, from an 

80 ml water sample collected at each of six locations in former fish rearing ponds at a 

decommissioned fish farm in Hampshire (England). Categorisation of fish density (low, 

medium, high) is based on previous trapping surveys.  

Rearing pond Sampling location in pond (1-6) 

1    2  3    4  5 6 

1 (low P. parva density) 0    0  3    0  0 0 

2 (intermediate P. parva 

density) 

0    0  3    0  0 0 

3 (high P. parva density) 3    3  3    3  0 0 
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2.5 Discussion 

The present study demonstrates that conventional PCR methods can reliably detect 

the presence of non-native fishes in water samples (Tables 2.2 and 2.3), providing an 

effective means with which environmental managers can map non-native species’ 

distributions and thus inform management decisions. This enables surveys to be 

undertaken in circumstances where quantitative PCR (qPCR) facilities are not 

available or are financially prohibitive. Compared to conventional PCR, use of qPCR 

methods increases the costs of materials required for sample processing ( 1.5–2) 

and the cost of initial machine purchase ( 4).  

 

Whilst conventional PCR methods have been used successfully to survey aquatic 

organisms (e.g. Deiner and Altermatt 2014; Janosik and Johnston 2015), many recent 

eDNA trials (e.g. Barnes et al. 2014; Pilliod et al. 2014) and field surveys (e.g. 

Eichmiller et al. 2014; Tréguier et al. 2014; Gustavson et al. 2015) use qPCR. One 

reason for considering use of quantitative PCR would be the increased sensitivity 

reported in published studies, compared to that achieved in the present study. 

Examples include detections of red swamp crayfish Procambarus clarkii DNA at 

concentrations of 10-8 ng µL-1 (Tréguier et al. 2014), and newt DNA at quantities of 3  

10-9 ng (Biggs et al. 2015). The present results demonstrated reliable detection at DNA 

quantities of 10-2–10-4 ng (DNA extracted from tissue). Importantly, detection at these 

DNA quantities proved sufficient to detect the target species in the present study, at 

relatively low densities (in the L. gibbosus pond trials, a mean biomass of 80 g in a 

pond of ≈ 25750 L). A study comparing conventional PCR and qPCR found no 

difference in ability to detect DNA presence at low target organism densities in 

mesocosm experiments (Nathan et al. 2014), although further work would be needed 

to determine how the detectability of target eDNA in field surveys in different 

environments relates to the sensitivity of the PCR protocol used.  

 

These results emphasise the need to adapt sampling methodologies to the study site 

and the target species; this is to ensure sufficient spatial coverage of the water body 
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to detect species of random or patchy distribution. Positive detections at only some of 

the sampling points in the field survey (Table 2.3) suggested that the distribution of P. 

parva in these narrow ponds was relatively heterogeneous, as is often observed both 

temporally and spatially in field studies using fish microhabitat-orientated sampling 

approaches (Copp 2010). Indeed, raw data collected for the purposes of another study 

revealed that in four size-classes of P. parva inhabiting the stream downstream of the 

disused fish farm (Beyer et al. 2007), their dispersion index values were 0.004 to 

0.021, indicating random distribution. In addition, experiments with P. parva in artificial 

streams have also indicated that native populations exhibit clumped/patchy 

distributions in response to available food and predator presence (Sunardi and 

Manatunge 2005). Similar patterns of patchy eDNA distribution have been reported 

for lake-dwelling common carp Cyprinus carpio (Eichmiller et al. 2014). This 

patchiness in eDNA distribution emphasises the need for statistically robust sampling 

protocols when attempting to determine presence/absence, taking into account both 

spatial heterogeneity due to habitat features (e.g. sediment, vegetation structure) and 

temporal aspects (e.g. seasonal movements of fish in relation to water temperature).    

 

The quantity of water filtered in the current study, in both the pond trials (30 mL) and 

field survey (80 mL), was lower than used in many eDNA studies (reviewed by Rees 

et al. 2014b), and was selected as being the maximum water volume that could be 

filtered before the membrane became clogged. Previous studies to determine the 

presence of non-native fish in still water bodies have filtered 1–2 L (Takahara et al. 

2012, 2013; Moyer et al. 2014), or 200 mL (Eichmiller et al. 2014), whereas those 

studies that sampled quantities of water similar to those in the present study (e.g. 15 

mL) applied precipitation methods instead of filtration (Ficetola et al. 2008; Dejean et 

al. 2012). These two methods (filtration and precipitation) may yield different results in 

relation to detectability of eDNA, and indeed a recent comparative study found a higher 

diversity of eukaryotic eDNA in 15 mL samples of lake and river water using a filtration 

protocol than when using precipitation (Deiner et al. 2015). The present results 

demonstrated that filtration of small sub-sampled volumes of water can provide 

sufficient amounts of eDNA to detect the target fish species at the population densities 

and waterbody sizes employed or encountered during the current study. Further 

experimental studies would be needed to determine whether the variable rate of 
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detection at locations within ponds in the field survey would have been resolved (i.e. 

more positive detections) with filtration of larger volumes.    

 

In field studies, the volume of water that can be filtered before clogging of the filter 

occurs will depend on water character and filter pore size. The 0.4 µm pore size used 

in the present study was similar to that used in many eDNA studies (Rees et al. 2014b) 

but smaller than that used in studies of non-native freshwater fishes in still waters, i.e. 

3.0 µm (Takahara et al. 2012, 2013, 2015) and 1.5 µm (Eichmiller et al. 2014). A recent 

study found that common carp eDNA occurred in particles ranging from >180 µm to 

<0·2 µm, with eDNA most abundant in particles of 1–10 µm, and recommended a filter 

of 0.2 µm pore size to optimise collection of target DNA relative to total DNA (Turner 

et al. 2014). In the present study, use of 0.4 µm pore filters proved effective in capturing 

enough DNA for species detection.  

 

Detection of fish in the present study was rapid, with successful detection within 6–12 

h after L. gibbosus were released into the experimental ponds, and in the initial 

samples (at 24 h post release) in the tank experiments (Table 2.2). Given the much 

smaller volumes of water in the aquaria, it is likely that detection would have been 

considerably earlier if sampling had been initiated prior to the 24 h interval. When a 

fish is introduced into a new environment (tank or pond), it may be expected to release 

more DNA initially as a consequence of elevated stress responses (Takahara et al. 

2012). Laboratory trials with Idaho giant salamanders Dicamptodon aterrimus found 

an increased rate of eDNA production in the first 2 h of aquarium occupancy, which 

the authors attributed to physiological stress (Pilliod et al. 2014). Environmental DNA 

released immediately upon fish introduction in both tank and pond trials would have 

been expected to persist for the length of the experiments, as previous studies have 

shown eDNA persistence (>5% probability of detection) for 25 days in tanks and 17 

days in ponds (Dejean et al. 2011). 

 

In the tank experiments, positive detections were recorded at 24 h post release 

regardless of fish density (one, five or ten fish), whereas the field survey yielded more 
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detections in the pond containing the higher density of the target species. Most work 

to date has used environmental DNA surveys to determine the presence or absence 

of species, but management decisions could be better informed with information on 

the biomass of the target species. A series of trials in both laboratory tanks and 

experimental ponds with varying numbers of C. carpio did reveal a strong correlation 

between fish biomass and eDNA concentration (Takahara et al. 2012), although some 

field surveys have found weak relationships between target species abundance 

(assessed using traditional survey methods) and eDNA concentration (Biggs et al. 

2015; Spear et al. 2015), perhaps due to highly variable rates in the shedding of DNA 

within-species, and even by the same individual (Klymus et al. 2015). Thus, further 

work is required before eDNA can be used reliably to determine the biomass of target 

species in field surveys. 
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3. Applications of environmental DNA analysis to inform 

invasive fish eradication operations 

This chapter has been published as: 

Davison, P.I., Copp, G.H., Créach, V., Vilizzi, L. and Britton, J.R., 2017. Applications 

of environmental DNA analysis to inform invasive fish eradication operations. The 

Science of Nature, 104, 35.   

 

3.1 Abstract  

Environmental DNA (eDNA) detection of non-native species has considerable 

potential to inform management decisions, including identifying the need for population 

control and/or eradication. An invasive species of European concern is the Asian 

cyprinid fish, topmouth gudgeon Pseudorasbora parva. Here, eDNA analyses were 

applied at a fishery site in southern England to inform operations aiming to eradicate 

P. parva, which had only ever been observed in one of the venue’s seven unconnected 

angling ponds. Eradication of P. parva was initially attempted by repeated depletion of 

the population using fish traps (crayfish traps fitted with 5 mm mesh netting) and the 

introduction of native predators over a four-year period. The very low number of P. 

parva captured following these eradication efforts suggested a possible population 

crash. Conventional PCR analysis of water samples using species-specific primers 

was applied to all seven ponds to confirm that P. parva was present in only one pond, 

that the eradication attempt had indeed failed and that the species’ distribution in the 

pond appeared to be restricted to three bankside locations. The continued presence 

of P. parva at these locations was confirmed by subsequent trapping. Water samples 

from an adjacent, unconnected stream were also analysed using the eDNA 

methodology but no DNA of P. parva was detected. The results suggest that further 

management action to eradicate P. parva be focused on the pond shown to contain 

the isolated P. parva population and thereby eliminate the risk of further dispersal. This 

study is the first to apply eDNA analysis to assess the efficacy of an eradication 

attempt and to provide evidence that the species was unlikely to be present in the 

other ponds, thus reducing the resources needed to control the species.   
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3.2 Introduction 

Surveys based on the detection of environmental DNA (eDNA) are increasingly used 

to detect the presence of a broad range of taxonomic groups in aquatic environments, 

with particular applications to species of conservation concern and non-native species 

(Rees et al. 2014b; Thomsen and Willerslev 2015).  This is because eDNA-based 

surveys; which collect DNA shed by an organism via urine, faeces, mucus and 

epidermal cells into the water; tend to have greater power to detect elusive and/or rare 

organisms than conventional sampling approaches, e.g. bluegill sunfish Lepomis 

macrochirus (Takahara et al. 2013). This increased effectiveness, combined with 

relatively low financial costs and reduced impact on the environment, demonstrates 

that eDNA methodologies have high potential for enhancing the management of 

invasive fish species (Rees et al. 2014b, Bylemans et al. 2016). Applications so far 

have included distribution assessments (Takahara et al. 2013; Keskin 2014), 

monitoring surveys on invasion fronts (Jerde et al. 2013; Adrian-Kalchhauser and 

Burkhardt-Holm 2016), and the evaluation of population eradication attempts (Dunker 

et al. 2016).  

 

Eradication of potentially harmful non-native species is considered a key component 

of invasive species management, particularly in rapid response scenarios (Defra 2008; 

Britton et al. 2011a; Genovesi et al. 2015). Attempts to eradicate non-native fish 

species often involve application of a piscicide, such as rotenone (Allen et al. 2006; 

Britton et al. 2008), even though this practice can have substantial impacts on non-

target fauna (e.g. Finlayson et al. 2010; Billman et al. 2011). In some circumstances, 

such as isolated water bodies, it may be possible to eradicate a fish species through 

a drain-down and liming of the water body (Britton et al. 2008). Other options for 

controlling invasive fish populations include repeated cropping by netting, trapping or 

electric fishing, and biological control by stocking predators (Britton et al. 2008).   

 

Topmouth gudgeon Pseudorasbora parva, a native species in eastern Asia, is one of 

the most invasive freshwater fish species in Europe, having spread across most of the 

continent within decades of its accidental introduction to Romania in the 1960s as a 

contaminant of Asian carp consignments (Gozlan et al. 2010a). It arrived in England 

by this introduction vector in the mid-1980s (Gozlan et al. 2002). Such is the threat 
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posed by P. parva, in particular its role as a healthy host of the rosette agent 

Sphaerothecum destruens (Gozlan et al. 2005), that it is the target of a national 

eradication campaign, which aimed to remove all 23 known UK populations by the end 

of 2017 (Environment Agency 2014; GBNNSS 2015). Pseudorasbora parva is one of 

just two fish species currently listed as being of European Union concern under 

Regulation (EU) No. 1143/2014, requiring EU member states to implement 

management and control measures (European Union 2014). Methods which have 

been successfully used to eradicate local topmouth gudgeon populations include 

rotenone treatments and repeated removals (Copp et al. 2007). Also, there are 

instances elsewhere in Europe where P. parva have established a population in a 

water body, persisted for a short period (<10 years) and then disappeared entirely 

(Copp et al. 2007). This suggests that the species may be susceptible to recruitment 

failure and local extirpation where their population numbers are dramatically reduced 

by either natural or human assisted means. 

 

To facilitate this management programme, an attempt to eradicate a P. parva 

population from a pond on a commercial recreational angling venue in southern 

England was undertaken between 2011 and 2016 using depletion and biocontrol 

methods. Given the requirement of such eradication attempts to undergo thorough 

post-operation evaluations to measure their efficacy (Britton et al. 2011a), the 

development of effective survey methodologies for this species is considered a priority 

to assist environmental managers. The aim of this study was to demonstrate the 

potential use of eDNA analysis as a complement to conventional sampling 

methodologies for assessing the efficacy of fish eradication attempts. The specific 

objectives were to: (1) develop a statistically-robust eDNA sampling protocol for 

evaluating the P. parva eradication attempt; (2) assess the efficacy of the eradication 

attempt using conventional and eDNA methods; and (3) determine whether or not P. 

parva was likely, based on eDNA analysis results, to be present in any other water 

bodies at the site.   
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3.3 Methods 

3.3.1 Primer design and testing 

Species-specific primers for P. parva were designed to amplify a 350 base-pair region 

of the mitochondrial gene encoding cytochrome c oxidase subunit 1 (COI): forward 

primer (5-3) CCTCTTCCGGAGTAGAGGCT and reverse primer (5-3) 

TAGGATTGGGTCTCCTCCCC (Davison et al. 2016). Primer specificity was tested in 

silico against sequences of all UK freshwater fishes, using NCBI Primer-BLAST 

(http://www.ncbi.nlm.nih.gov/tools/primer-blast/). The primers were also tested 

experimentally in conventional PCRs against DNA extracts (DNeasy Blood and Tissue 

Kit, Qiagen, Hilden, Germany) from fish species from the same family (Cyprinidae) 

which are likely to occur at the study site: common carp Cyprinus carpio, common 

bream Abramis brama, roach Rutilus rutilus and rudd Scardinius erythrophthalmus. 

Conventional PCRs were conducted using 0.1 ng of genomic DNA and none of the 

triplicate PCRs showed amplification for any of these species.   

 

Testing of primer efficiency and optimisation of the PCR protocol was undertaken 

using DNA extracted from dorsal muscle tissue samples of P. parva. These tests 

showed that the primers reliably amplified P. parva DNA at a quantity of 1.5  10-2 ng. 

The ability of the primers to detect P. parva DNA reliably from water samples was 

confirmed in aquarium trials (1 fish in 44-litre tanks) and in a field survey conducted in 

ponds where the species was known to occur (Davison et al. 2016).  

 

3.3.2 Study site and field sampling protocol  

The recreational angling venue, which was located in Kent, South-east England 

(latitude 51°N, longitude 0°E), has no direct hydrological connections with an adjacent 

stream nor are any of the seven angling ponds connected (Figure 3.2). A single 

specimen of Pseudorasbora parva was first captured in one of the angling ponds 

(Figure 3.1; area = 1.4 ha) in April 2004 but reported in the angling press to be a young 

grass carp Ctenopharyngodon idella (fishery owners, pers. comm.). An attempt to 

eradicate P. parva from this pond began in 2011 under the guidance of an independent 

http://www.ncbi.nlm.nih.gov/tools/primer-blast/
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fisheries consultant (commissioned by the fishery owners). From 2011 to July 2016, 

this consisted of intensive depletion using cylindrical fish traps (i.e. 60 by 30 cm 

crayfish traps with conical funnel entrance and fitted with 5 mm mesh netting). The 

depletion trapping was complemented by repeated, high density (116 kg·ha-1) stocking 

of a native predatory fish, Eurasian perch Perca fluviatilis – a biocontrol method that 

has been demonstrated to exert a top-down effect on P. parva abundance (Davies 

and Britton 2015; Verhelst et al. 2016). Initial reports received by the authors indicated 

that by 2014 P. parva were no longer being captured, however trapping data recently 

acquired from the venue’s owners revealed persistence of a very small number of P. 

parva, with the lowest capture densities occurring after predator releases (Figure 3.3). 

 

 

 

 

 

Figure 3.1 Photograph of the 1.4 ha angling pond in which topmouth gudgeon 

Pseudorasbora parva was detected. 
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Figure 3.2 Schematic map (scale bars = 100 m) of the study site in the English 

county of Kent, showing location of the seven ponds and adjacent stream. In the 

infested lake (inset), pelagic sampling locations are indicated with small, open 

circles, whereas littoral sampling locations (open squares) are numbered (see Table  

3.1), the filled squares indicating locations where positive detections of P. parva DNA 

occurred in the initial sampling survey (September 2014). Locations 1 and 10 also 

produced positive results in November 2014 (see Table 3.1). 

 

As little published information was available to determine the minimum number of 

samples required from a given area of water to ensure a statistically robust eDNA 

sampling protocol, a protocol was developed that involved water collection from 24 

sampling locations (12 littoral and 12 pelagic). At each sampling location, four sub-

samples were taken for analysis, and at least two PCR amplifications should be 

performed for each sub-sample.  



 

41 
 

 

Accordingly, post-eradication assessment using eDNA analysis consisted of three 

sampling steps (Sept 2014; Nov 2014; Feb–Mar 2015). Firstly, 24 1-L water samples 

were collected on 16 Sept 2014 in the infested pond, namely from 12 littoral zone 

locations spread equidistantly (40 m apart) around the pond shore and 12 from pelagic 

zone locations spaced around the water body (Figure 3.1). Secondly, water sampling 

was undertaken during a return visit on 12 Nov 2014 at the six littoral sampling points 

in the infested water body closest to those where eDNA of P. parva was detected 

during step one. No P. parva DNA was detected in any of the 12 pelagic (mid-water) 

samples, so these pelagic sample locations were not considered further in the eDNA 

analysis. The water sampling on 12 Nov 2014 was complemented by intensive 

sampling, using the fish traps described above. Traps were deployed for five days in 

late December 2014, ten days in early February and six days in early April 2015 

(Figure 3.3). Thirdly, water samples (1 L) were collected in 2015 on 17 Feb, 19 Feb 

and 5 March from 12 littoral zone locations in each of the other six ponds (areas of 0.5 

to 2.4 ha), as well as at eight locations along the longitudinal course (1.5 km) of the 

small stream that runs adjacent to the ponds. Pelagic samples were not collected from 

the other six ponds, as this would have required movement of the boat between the 

water bodies, thus increasing the risk of cross contamination. 

 

In all cases, water samples were collected using a 183 cm sampling pole with a 500 

mL polypropylene sampling cup attached (Camlab Ltd, Cambridge, UK). The sampling 

cup was moved in a standardised manner from the bank (littoral samples) or boat 

(pelagic samples) to the greatest extent reached by the pole, ensuring no contact with 

the bottom sediment. At each sampling location, 1 L of water obtained using the 

sampling cup was poured into a sterilized plastic bottle. Samples were then placed in 

individual plastic bags and immediately refrigerated (4°C) for transportation back to 

the laboratory. On each sampling day, two identical ‘field blank samples’ (new 

sterilized bottles of de-ionised water from the laboratory) were opened briefly in the 

field, and then transported in the same manner as the pond samples.  Between 

samples, the sampling pole and cup were disinfected using Microsol 3+ (Anachem 

Ltd, Luton, UK) and washed with de-ionised water. 
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3.3.3 Laboratory protocol  

Within 24 hours of collection, the water samples were filtered through a 0.4 µm pore 

size polycarbonate filter of diameter 47 mm (Isopore, EMD Millipore, Darmstadt, 

Germany) using a vacuum pump (EMD Millipore). From each sampling location, four 

sub-samples of 100 mL were filtered. Between filtration of samples from each location, 

the filtering equipment was sterilized using Microsol 3+, and washed with de-ionised 

water, and at regular intervals during filtration, de-ionised water was run through the 

filtration system, with these samples analysed to detect any potential cross-

contamination (in addition to the ‘field blank samples’ which were also filtered in the 

same manner). The filters were immediately frozen at –80°C. DNA extraction from the 

filters took place within three months from initial sampling using a PowerWater DNA 

Isolation Kit (MO BIO, Carlsbad, CA, USA).  

 

Conventional PCR amplifications were performed in 20 µL reaction mixtures, 

containing 6 µL of DNA template, 0.5 µM of each primer, 10 µL (= 50 units) HotStar 

Taq Plus DNA polymerase (Qiagen Fast Cycling PCR Kit) and 2 µL CoralLoad Fast 

Cycling Dye (Qiagen). The cycling conditions employed were an initial denaturation 

step at 95°C for 5 min, followed by 32 cycles of denaturation (96°C; 5 s), annealing 

(61°C; 5 s) and extension (68°C; 12 s), with a final extension at 72°C for 1 min. 

Amplified PCR products were visualised using electrophoresis on 2% agarose gel, 

stained with SYBR Gold Nucleic Acid Gel Stain (Invitrogen, Paisley, UK).  Three 

replicate PCRs were conducted for each 100 mL sub-sample, with each one including 

a negative control (de-ionised water) and a positive control (tissue-extracted P. parva 

DNA). To confirm the identity of sequences amplified from the pond samples, PCR 

products from the positive sampling points were purified (Nucleospin Gel and PCR 

Cleanup) and sequenced by a commercial service (Eurofins Genomic Services Ltd, 

Wolverhampton, UK).   

 

To confirm that negative results were not detection errors (‘false negatives’) caused 

by PCR inhibition, additional PCRs were conducted using the PCR protocol described 

previously (Jane et al. 2015; Adrian-Kalchhauser and Burkhardt-Holm 2016). PCRs 

were performed using an eDNA sample (6 µL) from a single location within each pond 

that was spiked with 2 µL of genomic P. parva DNA (0.01 ng/µL). The strength of the 
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resultant electrophoresis gel band was compared visually with that from the same 

quantity of P. parva DNA amplified in deionised water alone (i.e. without sample). As 

these PCRs indicated the presence of inhibition, a further set of PCRs were 

undertaken in which the extracted samples (one sub-sample from each sampling 

location) were re-analysed following a 1:5 dilution in deionised water, a technique used 

to combat inhibition by diluting the inhibitory compounds (McKee et al. 2015). Three 

replicate PCRs were conducted on these diluted samples. To assess whether 

inhibition was still occurring following the 1:5 dilution, three replicate PCRs per pond 

were conducted in which a spike of 0.02 ng of tissue-extracted P. parva DNA was 

added. 

 

Filtration, extraction, PCR preparation and post-PCR analysis were undertaken in 

separate rooms of a laboratory dedicated to molecular biology, observing strict anti-

contamination procedures (no transfer of equipment between rooms; changing of 

labcoats when moving between rooms; thorough cleaning of all equipment and 

surfaces before and after use).     

 

3.4 Results 

In the initial sampling step, of the infested water body only, P. parva DNA was detected 

at three of the 12 littoral zone locations (Table 3.1). These sampling locations came 

from adjacent locations at one end of the pond (Figure 3.1). DNA of P. parva was not 

detected in any of the 100 mL sample replicates collected from the pelagic zone. 

Spiking tests indicated a small level of inhibition occurring in pelagic and littoral 

samples. Two samples contained the minimum quantity of DNA required for 

sequencing, which confirmed the identity of the eDNA as that of P. parva. Both 

sequences showed a 100 % match with 34 sequences of P. parva registered in the 

Genbank database (e.g. accession number HQ960448). No detection was noted in 

the negative control samples (‘field blanks’ or filtration controls).   
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Table 3.1 Positive (+) and negative (–) detection of P. parva eDNA in a field survey of 

the infested pond at a fishery in Kent, England, with number of positive detections from 

three PCR replicates shown for positive detections. Sampling location 1 is located in 

north-west corner of the pond; locations are numbered consecutively in an anti-

clockwise direction around the pond shore (spacing = 40 m).   

Sampling 

location in pond 

100 mL subsample no. 

1 2 3 4 

1 – – – – 

2  – – +(3) +(3) 

3  – – – – 

4 – – – – 

5 – – – – 

6 – – – – 

7 – – – – 

8 – – – – 

9 – – – – 

10 – – – – 

11 – – +(3) – 

12 – – +(3) +(3) 

Subsample number denotes order in which 100 mL subsamples (from 1-L collected 

sample) were analysed. 

 



 

45 
 

In the second sampling step, repeat sampling and eDNA analysis of water from the 

locations where P. parva eDNA had been detected in step one provided further 

confirmation of the species’ presence. This corroborated the trapping data recently 

acquired from the venue’s owners (Figure 3.3). 

 

 

 

 

Figure 3.3 Numbers of topmouth gudgeon Pseudorasbora parva, calculated on a per 

trap per month basis, captured by fishery staff between 2011 and 2016 using fish 

traps (see Methods) placed around the water body’s banks on each sampling 

excursion. The arrows indicate dates of predator biocontrol release, i.e.  400, 200, 

400, and 246 Eurasian perch Perca fluviatilis (left to right, respectively) of 6–9 cm 

total length. 

 

 

In the third sampling step, all sample replicates from the other six angling ponds and 

from the adjacent small stream proved negative for P. parva eDNA. Spiking tests 
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indicated a small level of inhibition occurring in all six ponds. Following the 1:5 dilution 

of extracted samples to combat the detected inhibition, no further inhibition was 

detected. All samples that had previously shown negative for P. parva DNA (i.e. 

previously negative littoral locations and pelagic locations from the infested pond, and 

all samples from the a priori non-infested ponds) also proved to be negative following 

the 1:5 dilution. These results suggest that the level of inhibition occurring in the 

samples was not sufficient to mask the presence of DNA during the first analysis. 

  

3.5 Discussion 

The current study demonstrates that eDNA surveys are a valuable method for post-

evaluation of eradication attempts, with equal, if not greater, power to detect remnant 

populations of target species than conventional survey methods. Water samples 

subjected to eDNA analysis confirmed the persistence of a small population of P. 

parva in the infested pond, as indicated from trapping results (Britton et al. 2011b). In 

the other water bodies, eDNA analysis corroborated trapping results for the other six 

angling ponds and electrofishing results for the adjacent stream, that indicate it is 

unlikely the species was present at the time of sampling.  

 

Small-bodied fishes at low population densities can often be difficult to detect, and 

imperfect detection using conventional methods (electric fishing and trapping) has 

previously been demonstrated for P. parva in 100 m2 ponds (Britton et al. 2011b). At 

low population abundances, eDNA surveys may represent the most effective method 

of confirming the presence of a fish species. For example, eDNA sampling detected 

the presence of European weather loach Misgurnus fossilis in a location where it had 

not been recorded for 13 years using traditional methods, including fish traps, 

electrofishing and seine nets (Sigsgaard et al. 2015). In the present study, the spatial 

heterogeneity of the positive  eDNA detections is likely to reflect the heterogeneous 

distribution of the target species, which has been recorded previously (Li et al. 2010; 

Davison et al. 2016). The lack of detections from the open water sampling locations is 

indicative of a distribution favouring shallow vegetated areas in the littoral zone (as 

previously shown for P. parva: Li et al. 2010), or an alternative favoured habitat type 

that is present in only a few isolated locations around the pond. The trapping of 78 

specimens in the vicinity of these sampling points (seven months after the initial water 



 

47 
 

sample collection), suggests that a small, localised population in this area was the 

most likely source of the detected eDNA. 

 

Spatial heterogeneity of eDNA is common in lentic water bodies (e.g. Eichmiller et al. 

2014), emphasising the need for sufficient water samples to be collected (with 

adequate spatial coverage) to increase the likelihood of detection of localised species 

in low abundance. In the present study, only five positive detections resulted from 96 

sub-samples of water from 24 locations in the infested lake, demonstrating that the 

employed sampling strategy was sufficient but that the species could have been 

missed if fewer samples had been collected. As increased field sample collection will 

increase financial costs, more work is needed to determine the minimum number of 

samples required from a water body to provide a high probability of detection.  

 

Detection power could potentially have been improved by modifying the PCR protocol, 

such as increasing the number of cycles (Rameckers et al. 1997). The sensitivity of 

detection could arguably be increased by using quantitative real-time PCR (qPCR) 

protocols, for which higher levels of sensitivity have been reported (Tréguier et al. 

2014; Biggs et al. 2015). However, in mesocosm trials, no difference between qPCR 

and conventional PCR was found in the detection of DNA of target species present at 

low density (Nathan et al. 2014). A practical consideration is that conventional PCR is 

financially less costly than qPCR, and therefore more likely to be available to those 

tasked with the management of invasive species (Davison et al. 2016).  

 

The lack of detection of P. parva DNA in the six other lakes on site serves to 

corroborate the species’ absence in angler’s catches and conventional surveys 

undertaken before and after the eDNA survey (fishery owners, pers. comm.). Indeed, 

no P. parva were observed or captured in the adjacent stream during an electrofishing 

survey carried out a few months after the water samples for eDNA analysis were 

collected (Environment Agency, pers. comm.). Whilst caution is always needed when 

declaring a species to be absent on the basis of absence of detection, regardless of 

the survey method used (Mackenzie 2005; Kéry and Schmidt 2008), the statistically-

rigorous sampling protocol used here suggests that it is unlikely that P. parva is 

present in the other nearby, but unconnected, ponds and the stream. PCR-inhibiting 

compounds in the water are a potential cause of false negatives, but in this case study 
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the detected inhibition was not sufficient to affect the results. It does demonstrate, 

however, the importance of incorporating steps in laboratory protocols to assess the 

extent of inhibition, and if necessary to overcome inhibition by methods such as 

dilution of samples or addition of bovine serine albumin (Deiner et al. 2015; McKee et 

al. 2015). 

 

The risk of false positives also needs to be considered when basing management 

decisions on the results of eDNA surveys. Positive detections should not necessarily 

be taken as an indication of presence of live organisms, as DNA could enter the water 

from other sources, e.g. decaying corpses or bird faeces (Merkes et al. 2014; Dunker 

et al. 2016). Before costly management action is taken, ‘ground truthing’ (i.e. capture 

of live individuals) is recommended to corroborate eDNA detection, such as was the 

case in the present study.      

 

The present study demonstrates the applicability of eDNA surveys to assess the 

efficacy of eradication attempts in aquatic environments, providing additional support 

for studies elsewhere in which eDNA analysis was reported to be more sensitive than 

conventional methods for detecting species present in low abundance. Accurate 

assessments of the success of eradications is important; the continuation of a 

monitoring programme after the final individuals have been removed can be costly, 

whilst conversely the premature declaration of success and resultant cessation of 

monitoring can be even more costly and potentially nullify previous efforts (Rout et al. 

2009, 2014). Surveys based on eDNA analysis are therefore an important tool to assist 

the decision-making process as regards the management of non-native species, both 

for early detection and rapid response, as well as for the assessment of eradication 

success. To this end, a nested quantitative PCR protocol is currently being tested in 

still and running waters for such applications to enhance the sensitivity of the analysis 

[see Chapter 4] 
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4. Is it absent or is it present? Detection of a non-native fish 

to inform conservation management decisions using a new 

highly-sensitive eDNA protocol 

This chapter has been published as: 

Davison, P.I., Falcou-Préfol, M., Copp, G.H., Davies, G.D., Vilizzi, L. and Créach, V., 

2019.  Is it absent or is it present? A new highly-sensitive eDNA protocol to detect non-

native fishes to inform management decisions. Biological Invasions, 21, 2549-2560.   

 

4.1 Abstract 

Environmental managers require a sensitive and reliable means to prove, with the 

highest level of confidence possible, where non-native fish species exist and where 

they do not. Therefore, a nested PCR (nPCR) protocol was developed to detect the 

environmental DNA (eDNA) of a case-study species, topmouth gudgeon 

Pseudorasbora parva, which was recently the subject of a national eradication 

campaign in the UK. The nPCR protocol was tested in the laboratory and in the field 

in a series of coordinated surveys (eDNA and conventional sampling with traps) at a 

commercial angling venue in southern England where an initial eDNA survey, based 

on conventional PCR (cPCR), found P. parva to be present in one of the seven ponds. 

In the laboratory, the nPCR protocol was on average 100 more sensitive than cPCR, 

providing a 100% detection rate at DNA concentrations of 3  10-8 ng/µL (8 DNA copies 

per µL). In the field, nPCR and conventional trapping both detected P. parva in only 

one of the seven angling ponds, the same infested pond as in the previous cPCR-

based study. Following eradication work on the infested pond, no eDNA of P. parva 

was detected using nPCR in either the formerly infested pond or the adjacent pond, 

which had been used to quarantine large, commercially valuable fishes. In 

management applications where the veracity of negative results may be of equal 

importance as confirmation of positive detections, nPCR protocols provide a useful 

addition to the analytical toolkit available to inform decision makers responsible for 

non-native species management. 

 



 

50 
 

4.2 Introduction 

A major challenge in the conservation and management of aquatic ecosystems to 

combat biological invasions is the detection of non-native species (NNS), both as an 

early warning after their initial introduction and as a means of determining where to 

apply management procedures to eradicate or contain the unwanted NNS (Simberloff 

et al. 2005). To address this challenge, molecular techniques are being developed to 

detect species, even when present in very low abundance, from the environmental 

DNA (eDNA) that these organisms shed into the aquatic environment (Darling and 

Mahon 2011; Rees et al. 2014b; Davison et al. 2016). These eDNA detection 

techniques have so far been used primarily to determine distributions (Takahara et al. 

2013; Adrian-Kalchhauser and Burkhardt-Holm 2016) or, when next-generation 

sequencing methods are used, in studies of biodiversity (Taberlet et al. 2012; Hänfling 

et al. 2016; Keskin et al. 2016; Valentini et al. 2016). Indeed, virtually all applications 

of eDNA in aquatic environments to date, whether single-species or meta-barcoding 

based, have aimed to prove species presence. However, conservation management 

decisions to address biological invasions, such as whether to attempt an eradication, 

can have immense resource implications and therefore require highly sensitive 

analytical techniques with which to prove with the highest possible level of confidence 

where the undesirable NNS is absent, in addition to where it is present.  

 

Another application where eDNA surveys can be particularly valuable is in assessing 

the efficacy of NNS eradication attempts (Dunker et al. 2016; Davison et al. 2017). A 

species of particular concern is topmouth gudgeon Pseudorasbora parva, a small 

cyprinid fish that first arrived in Europe as a contaminant of Asian carp consignments 

to Romania in the 1960s and is now widespread throughout the continent (Gozlan et 

al. 2010a). In the UK, where it arrived via the same vector in the mid-1980s, P. parva 

has been the subject of a nationwide eradication campaign due to the potential threats 

the species poses to native fish species (Gozlan et al. 2005; Britton et al. 2007; Great 

Britain Non-native Species Secretariat 2015). Recent research has demonstrated the 

value of eDNA techniques, as a complement to conventional sampling/capture 

methods, for determining P. parva distribution within a given area to inform 

management decisions on eradication procedures (Davison et al. 2017). In that study, 

at a recreational angling venue in southeast England, conventional PCR-based eDNA 
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analysis provided evidence, of sufficiently high degree of confidence to form the basis 

of management decisions, that P. parva had survived an attempted eradication in one 

pond but was not present in six adjacent but unconnected ponds (Davison et al. 2017). 

 

Surveys based on eDNA must consider the risk of errors due to both ‘false positives’ 

caused by contamination, and ‘false negatives’ resulting from failure to capture eDNA 

in the collected sample, or from limitations of the laboratory tests used (Guillera-Arroita 

et al. 2017). Conservation management decisions can have serious consequences on 

the allocation of resources (personnel, consumables, travel) and potential collateral 

(environmental, socio-economic, ecosystem services) damage, and so must be based 

on correct information. In terms of economic costs alone, eradication operations for P. 

parva at three UK sites cost between £1.90 and £7.90 per m2 of water surface (Britton 

et al. 2008). Monitoring of eradication success, by any survey technique, also provides 

a challenge for managers; if success is declared prematurely and management 

operations ceased, the invasive species can re-establish, resulting in continued 

ecological impacts and increased management costs (Rout et al. 2009). Field and 

laboratory eDNA protocols of the highest possible accuracy and reliability are 

necessary in order to provide a high degree of confidence in the survey results so that 

they can be used to inform management decisions. This is effectively a transition from 

‘proof of presence’ to ‘proof of absence’, because a positive eDNA detection can 

normally be substantiated through conventional sampling, albeit with greater effort 

when extremely rare (infrequent) species are concerned. Whereas, in the case of a 

negative detection for a species’ eDNA, it may be impossible, or practically impossible, 

to prove that the target species is absent, except where the water body can be drained 

down in a manner that allows all specimens to be captured (again there remains the 

possibility of specimens of the target species being missed; e.g. Pot et al. 1984). 

Therefore, a more accurate and reliable eDNA approach is needed, even if this 

involves increased financial cost.  

 

To date, single-species eDNA surveys have typically used either conventional PCR 

(cPCR) or quantitative PCR (qPCR) detection protocols (Goldberg et al. 2016). 

Although qPCR is generally considered to be more sensitive than cPCR (Wilcox et al. 

2013; Tréguier et al. 2014; Biggs et al. 2015), some recent studies have reported little 

difference in their detection ability, e.g. for fish at low density in a mesocosm 
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experiment (Nathan et al. 2014), and for invasive freshwater mussels in a river system 

(De Ventura et al. 2017). A potentially more sensitive approach is nested PCR (nPCR), 

which consists of two steps: (i) a cPCR, followed by (ii) a qPCR performed on the 

product of the cPCR. This protocol is expected to increase detection sensitivity but 

has so far received little used in aquatic eDNA studies, with one exception being for 

the detection of salmonid fish in rivers (Clusa et al. 2017). 

 

The aim of the present study was to develop an approach, based on conventional and  

molecular detection methods, to determine the presence or absence of P. parva and 

inform management decisions on where eradication efforts are warranted. The specific 

objectives of this study were to: 1) directly compare the sensitivity of cPCR and qPCR 

protocols in laboratory trials; 2) develop a more sensitive eDNA protocol, based on a  

nPCR approach, and evaluate its sensitivity; 3) undertake coordinated sampling 

(conventional trapping and eDNA surveys) of ponds at a known P. parva site to 

determine the species presence/absence in each water body prior to an eradication 

attempt; and 4) undertake coordinated sampling of any infested water body after 

eradication to check for continued persistence.  

 

4.3 Methods 

4.3.1 Overview and study site 

The laboratory and field investigations took place in three stages: i) development and 

laboratory testing of PCR protocols and their eDNA detection sensitivity; ii) a 

coordinated, pre-eradication survey of the seven water bodies at a commercial fishery 

in south-east England using conventional and eDNA approaches; and iii) a post-

eradication survey of two of these water bodies, the angling pond subjected to 

eradication measures (henceforth the ‘infested pond’) and the adjacent ‘holding’ 

(quarantine) pond where the rescued (i.e. large, commercially-valuable) fishes were 

held during and after the eradication work (details given here below). 

 

The commercial fishery (latitude 51°N, longitude 0°E) is the same angling venue where 

a previous eDNA survey, using cPCR (Davison et al. 2017), demonstrated P. parva to 

be present in only one of the venue’s seven human-made angling ponds (areas of 0.5 
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to 2.4 ha). These ponds are surface-water fed only, i.e. not connected with each other 

nor with an adjacent stream that flows along the eastern side of the venue (see map 

in Figure 3.1 in Chapter 3), and any outflows from the ponds discharge into a gravel 

and reed bed filter that does not retain surface water. An invasive population of P. 

parva was discovered in the infested pond at least as early as April 2004. An 

eradication  attempt was conducted by the fishery owners (intensive trapping 

combined with introduction of a piscivorous fish species), but the persistence of a low-

density population of P. parva was confirmed by cPCR of water samples and focused 

intensive trapping at the locations where DNA of P. parva was found (Davison et al. 

2017). 

 

4.3.2 Protocol sensitivity testing  

Sensitivity tests were conducted using DNA extracted from P. parva dorsal muscle 

tissue (DNeasy Blood and Tissue Kit, Qiagen, Hilden, Germany) collected from a 

population in southern England; the sequence has been deposited in the open-source 

database Genbank (www.ncbi.nlm.nih.gov/genbank) with the accession number 

KR092385 (Davison et al. 2016). Several different approaches to defining limit of 

detection (LOD) and limit of quantification (LOQ) have been suggested, as reviewed 

by Hunter et al. (2017). In this study, LOD is defined as the minimum amount of target 

DNA at which positive detections were recorded in one or more replicates (following 

the definition used in other eDNA studies, e.g. Takahara et al. 2013; Tréguier et al. 

2014; Biggs et al. 2015). LOQ is generally defined as the lowest amount of target DNA 

which yields an acceptable level of precision and accuracy (Currie 1995; Tréguier et 

al. 2014). In the present study, LOQ has been specifically defined as detection in 100% 

of replicates as per Agersnap et al. (2017). Tests to determine LOD and LOQ were 

applied to two sources of DNA, referred to hereafter in this paper as “total DNA” and 

“plasmid DNA”. “Total DNA” refers to DNA extracted directly from muscle tissue, and 

therefore comprises both genomic and mitochondrial DNA. “Plasmid DNA” refers to 

targeted mitochondrial DNA obtained using cloning to create a plasmid solution for 

use as a standard, enabling calculation of DNA copy numbers. Concentrations of both 

total and plasmid DNA were measured using a Nanodrop® ND1000 

Spectrophotometer (Thermo Scientific, Waltham, MA, USA) and calculated with the 

software ND-1000 v3.8.1 (Thermo Scientific).  

http://www.ncbi.nlm.nih.gov/genbank
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To obtain the plasmid DNA, a preliminary cPCR using total DNA from P. parva was 

performed to amplify the 350 base-pair target region (Table 4.1). Cloning was 

performed using a TOPO® TA Cloning® Kit for Sequencing (Invitrogen, Carlsbad, CA, 

U.S.A.) with PCR 4-TOPO® vector including competent cells (Escherichia coli), 

following the manufacturer’s recommended protocol. Bacterial colonies were grown 

on agar plates with ImMediaTM Amp Blue (Invitrogen). Colonies not displaying blue 

colouration were selected and inoculated in a liquid medium containing 40 mL of LB-

Medium (MP Biomedicals, Santa Ana, CA) and 50 μg/ml of Ampicillin. The plasmids 

were isolated using QIAprep® Spin Miniprep Kit (Qiagen) and tested with a cPCR to 

verify the success of the incorporation of the mitochondrial cytochrome c oxidase 

subunit I (mtCOI) target gene sequence into the plasmid. Copy numbers for plasmid 

DNA standards were calculated from DNA concentrations and base-pair lengths using 

the equation of Godornes et al. (2007). 

 

4.3.3 Conventional PCR (350 bp) 

The cPCR used in all field surveys, and in sensitivity testing (referred to hereafter as 

cPCR 350) used specific primers to amplify P. parva DNA, designed to amplify a 350 

base-pair sequence of the mtCOI gene (Table 4.1). Specificity of these primers was 

tested in silico against all sequences in the NCBI Genbank database using the NCBI 

Primer Blast software (www.ncbi.nlm.nih.gov/tools/primer-blast/; Ye et al. 2012). The 

primers were also tested experimentally in cPCRs against 0.1 ng genomic DNA 

extracts from Cyprinidae species which are likely to occur at the study site: common 

carp Cyprinus carpio, common bream Abramis brama, roach Rutilus and rudd 

Scardinius erythrophthalmus, with none of the triplicate cPCRs showing amplification 

for any of these species (Davison et al. 2016). 

 

 

 

 

 

http://www.ncbi.nlm.nih.gov/tools/primer-blast/
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Table 4.1 Primers used for conventional and quantitative PCR of topmouth gudgeon 

Pseudorasbora parva. The cPCR primers targeting a 350 base-pair amplicon (cPCR 

350) were designed by Davison et al. (2017). The primer pair used for cPCR targeting 

a 101 base-pair amplicon (cPCR 101) and for qPCR (with the addition of a FAM probe) 

was designed for the present study. 

 

 Forward primer 
(5’-3’) 

Reverse primer 
(5’-3’) 

FAM probe (5’-3’) 

cPCR 350 CCTCTTCCGGA 
GTAGAGGCT 

TAGGATTGGG 
TCTCCTCCCC 

Not applicable 

cPCR 101 GTGTTTCATCAAT 
TCTAGGCGCAAT 
 

AGCTCATACAAAT 
AAGGGCGTTTGA 
 

Not applicable 

qPCR GTGTTTCATCAAT 
TCTAGGCGCAAT 
 

AGCTCATACAAAT 
AAGGGCGTTTGA 
 

ATATAAAACCTCC 
AGCTATTTCC 
 

 

 

A further pair of cPCR primers, referred to hereafter as cPCR 101, were designed to 

amplify a target region of 101 base pairs. The purpose of this primer pair was to enable 

a direct comparison in sensitivity tests with the pair targeting a longer region (cPCR 

350), to assess whether length of target region affected sensitivity. This primer pair 

was used only for comparative sensitivity testing in the laboratory, and was not used 

in the field surveys.   

 

Conventional PCRs were performed with a total reaction mixture of 20 μL containing 

2 μL of DNA samples (total DNA, plasmid or eDNA), 0.5 μM of each specific primer, 

10 μL of HotStar Taq® Plus DNA polymerase 2 (Qiagen Fast Cycling PCR Kit) and 2 

μL of Coral Load Fast Cycling Dye 10 (Qiagen). De-ionised water was added to 

obtain the total mixture volume. The cycling conditions were 95°C for 5 min, followed 

by 35 cycles of 96°C for 5 s, 62°C for 5 s and 68°C for 12 s, with a final extension at 

72°C for 1 min. PCR products were visualised after 60 min of electrophoresis migration 

on 2% agarose gel, stained with SYBRTM Gold Nucleic Acid Gel Stain (Invitrogen). For 

both laboratory validation trials and eDNA field samples, five cPCR replicates were 

analysed in each machine run, on three discrete machine runs (i.e. 15 replicates in 
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total). Each machine run included a negative control (de-ionised water) to check for 

contamination.    

 

4.3.4 Quantitative and nested PCR 

Specific P. parva primers and probes were designed for qPCR to amplify a 101 base-

pair sequence of the mitochondrial cytochrome c oxidase subunit I (COI) gene, 

occurring within the sequence amplified by the cPCR 350 primers (Table 4.1). The 

primers were successfully tested for specificity in silico against all sequences in the 

Genbank database using NCBI Primer-BLAST software, in which no species likely to 

be present at UK freshwater sites corresponded to the primer pair to within four base 

pair mismatches (a level of mismatch within that used for assessing specificity by 

recent fish eDNA studies, e.g. Harper et al 2019b). The primers were also tested 

experimentally against genomic DNA of C. carpio, A. brama, R. rutilus and S. 

erythrophthalmus, with no amplification observed. Real-time qPCRs were performed 

using an Applied BiosystemsTM Step OneTM system (Applied Biosystems, Foster City, 

CA, USA) using the following thermocycling profile: 2 min at 50°C, 10 min at 95°C, 

followed by 35 cycles of 15 s denaturation at 95°C, and 60 s annealing-extension at 

60°C. 

 

PCRs were performed in a 20 μL reaction mixture containing 2 μL of total DNA, 

plasmid or eDNA, 1 μL of assay mix (18 μM forward and reverse primers and 5 μM 

probe) for the targeted species (Applied BiosystemsTM), 10 μL of TaqMan® Genotyping 

Master Mix (Applied BiosystemsTM) and 7 μL of de-ionised water. Samples and 

standards were analysed in triplicate (i.e. three independent replicates of each sample, 

with three wells for each replicate as per machine instructions). The standard curve 

comprised a range of five or six dilutions of a selected standard (plasmid or total DNA), 

acting as positive samples to confirm reaction efficacy. The dilution series was 

constructed from the standard on the day of analysis. Finally, the lengths of the qPCR 

products were checked using 2% agarose gel electrophoresis after addition of DNA 

Gel Loading Dye (6) (Invitrogen). 
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The nPCR protocol consisted of two steps: i) a cPCR, using the cPCR 350 primer pair 

and the protocol described above; and if the initial cPCR produced a negative result, 

then ii) a qPCR was performed on 2 μL from each completed cPCR. Five cPCR 

replicates were performed on each sample. Each cPCR replicate that produced a 

negative result was then subjected to qPCR in triplicate.  

 

4.3.5 Coordinated pre- and post-eradication surveys  

Water samples were collected on 6 and 7 September 2016 from 12 littoral zone 

locations spread at approximately equal distances from each other around the shores 

of all ponds, using the same statistically informed sampling protocol developed 

specifically for these ponds (Davison et al. 2017). Water samples were collected at 

about 1.5 m distance from the bank using a 183-cm-long sampling pole fitted with a 

500 mL polypropylene sampling cup (Camlab Ltd, Cambridge, UK), which, between 

samples, was disinfected thoroughly with Microsol 3+ sterilising solution (Anachem 

Ltd, Luton, UK) and washed with de-ionised water. New sampling poles and cups were 

used for each pond to ensure no contamination risk. The sampling cup was moved in 

a standardised manner from the bank, to the greatest extent reached by the pole, 

ensuring no contact with the bottom sediment. At each sampling location, three 

replicates of 300 mL water, obtained using the sampling cup, were injected through a 

Sterivex-GP 0.22 μm sterile filter cartridge (EMD Millipore, Billerica, MA, USA) using 

a 50 mL sterile syringe (Thermo Scientific) that is designed to attach directly onto the 

cartridge’s input opening. Cartridges from each location were sealed in individual 

plastic bags and immediately frozen (–20°C) for transportation back to the laboratory. 

On each sampling day, water from a sterilized bottle of de-ionised water from the 

laboratory was also filtered, handled and transported in the same manner as the pond 

samples, and analysed in the laboratory to test for contamination. 

 

Conventional trapping in each of the angling ponds consisted of ten, previously 

unused, rectangular minnow traps of 45 cm length and 25 cm width and height with 3 

mm mesh, which were deployed on 7 September 2016 (i.e. same date as eDNA 

surveying, the use of new traps to avoid potential DNA contamination). Traps were 

baited using fishmeal pellets (21 mm diameter) and exposed for 12 h, with the numbers 

of fish captured recorded for P. parva only. Only five traps were used in the pond 
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known to contain P. parva due to a periodical check of the traps revealing high 

numbers of P. parva captured. Once P. parva presence was confirmed, the traps were 

retrieved.  

 

Post-eradication surveys (eDNA, trapping) were completed approximately six months 

after the fishery undertook procedures to eradicate P. parva. This consisted of 

complete drain-down of the infested (i.e. treatment) pond during which the larger and 

more commercially valuable fish were collected, passed through a salt bath (≈ 30 ppt) 

and placed into one of the adjacent ponds, henceforth the ‘quarantine’ pond. On 8 

June 2017, three replicate water samples of 300 mL were collected (as described 

above) at 12 littoral zone locations from the treatment and the quarantine ponds. 

These samples were collected and analysed in the same manner as described above.  

 

 

4.3.6 Laboratory processing of the pond-water samples 

 

In the laboratory, DNA was extracted from the cartridges using a PowerWater 

SterivexTM DNA Isolation Kit (MoBio, Carlsbad, CA, USA), with a final elution volume 

of 100 mL. The extracted sample was then diluted 1:5 in deionised water to dilute 

potential inhibitors (McKee et al. 2015), and a nPCR then performed using the 

conditions described above on 2 µL of diluted sample. To confirm that negative results 

in the qPCR were not detection errors (‘false negatives’) caused by PCR inhibition, 

five replicate samples from four locations per pond were spiked with 0.01 ng of P. 

parva total DNA and compared against controls of deionised water spiked with the 

same DNA quantity. 

 

Sample extraction, PCR preparation and post-PCR analyses were each undertaken 

in separate rooms of a laboratory dedicated to molecular biology, observing strict anti-

contamination procedures (no transfer of equipment between rooms; changing of lab 

coats when moving between rooms; thorough cleaning of all equipment and surfaces 

before and after use, and treating of equipment under UV light; use of sterile filter tips 

for pipettes). Increased risk of contamination is an important consideration with nested 

PCR protocols, due to the increased handling of amplified DNA. This risk was 
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minimised by placing prepared reagents into well plates in a fume cabinet in a separate 

room from where the completed cPCR template was added, using different pipettes 

and gloves. 

 

4.3.7 Statistical analysis 

Differences between treatments in the sensitivity testing (plasmid DNA cPCR 350 vs 

plasmid DNA cPCR 101; plasmid DNA cPCR 350 vs plasmid DNA qPCR; total DNA 

cPCR 350 vs total DNA qPCR) were tested by Permutational (Univariate) Analysis of 

Variance (PERANOVA). This was based on a one fixed-factor design consisting of 

Detection rate at two levels. PERANOVA was carried out in PERMANOVA+ v1.0.8 for 

PRIMER v6.1.18 (Anderson et al. 2008), using a Euclidean distance, 9999 

permutations of the residuals under a full model (Anderson and Robinson 2001), and 

with statistical effects evaluated at α = 0.05. Notably, the advantage of PERANOVA 

compared to ‘traditional’ (fully parametric) ANOVA is that the stringent assumptions of 

normality and homoscedasticity, which often prove unrealistic when dealing with 

biological data sets, are ‘relaxed’ considerably. 

 

4.4 Results 

4.4.1 Sensitivity testing 

No statistical difference (permutational ANOVA) in sensitivity was observed between 

cPCR 350 and qPCR, in laboratory trials using plasmid DNA (F1,20
# = 0.924, P = 0.415; 

# = permutational) or total DNA (F1,20
# = 0.569, P = 0.480; # = permutational). Nested 

PCR proved the most sensitive of the three protocols (Figures 4.1 and 4.2; Table 4.2). 

In trials on plasmid DNA (Fig 1b), the LOQ was 3.34  10-8 ng/µL using nPCR, 

corresponding to 8 DNA copies per µL, compared to 3.34  10-6 ng/µL (764 copies per 

µl) using both cPCR 350 and qPCR. At target DNA concentrations below LOQ, cPCR 

350 produced more positive detections than qPCR for a given concentration. The LOD 

for qPCR was 3.34  10-8 ng/µL (76 copies per µL), with no positive detections at 3.34 

 10-9 ng/µL, whereas both cPCR 350 and nPCR produced detections at the lowest 

DNA concentration tested, 3.34  10-10 ng/µL (<1 copy per µL), in 20% and 27% of 

replicates, respectively.  
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When total DNA was tested (Figure 4.1), nPCR again proved more sensitive than 

cPCR 350 or qPCR in terms of LOQ. In all three protocols, a more sensitive LOQ (i.e. 

more detections at low concentrations) was achieved when using plasmid DNA than 

when using total DNA.  

 

 

 

Table 4.2 Limit of Detection (LOD) and Limit of Quantitation (LOQ) in laboratory 

sensitivity tests for Pseudorasbora parva primers, using conventional (cPCR), 

quantitative (qPCR) and nested (nPCR) PCR protocols. LOD is defined here as the 

lowest DNA concentration detected in any replicate (cPCR: 15 replicates; qPCR: 9 

wells, forming 3 independent replicates). LOQ is defined as lowest DNA concentration 

detected in all replicates.    

 

 Plasmid DNA Total DNA 
 cPCR qPCR nPCR cPCR qPCR nPCR 

LOD 
(ng/µL) 

3.34 ×10–

10 

3.34 ×10–

8 
3.34 ×10–10 9.79 ×10–8 9.79 ×10–5 9.79 ×10–8 

LOQ 
(ng/µL) 

3.34 ×10–6 3.34 ×10–

6 
3.34 ×10–8 9.79 ×10–2 9.79 ×10–4 9.79 ×10–6 
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Figure 4.1 Sensitivity test results for conventional PCR (cPCR 350, 15 replicates), 

quantitative PCR (qPCR, 3 independent replicates) and nested PCR (nPCR, up to 15 

replicates if undetected at cPCR stage) detection of topmouth gudgeon 

Pseudorasbora parva in the laboratory using total DNA standards.  

 

Figure 4.2 Sensitivity test results for conventional PCR (cPCR 350, 15 replicates), 

quantitative PCR (qPCR, 3 independent replicates) and nested PCR (nPCR, up to 15 

replicates if undetected at cPCR stage) detection of topmouth gudgeon 

Pseudorasbora parva in the laboratory using plasmid DNA standards.  
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Figure 4.3. Quantitative PCR plots (2 independent replicates of each dilution) of 

sensitivity test using total DNA. Each plot contains one replicate set of dilutions on a 

separate machine run (blue diamonds), calibrated against a standardised calibration 

curve (red diamonds). r2= 0.996 (top plot), 0.996 (bottom plot).  
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Figure 4.4. Quantitative PCR plots (3 independent replicates of each dilution) of 

sensitivity test using plasmid DNA. Each plot contains one replicate set of dilutions on 

a separate machine run (blue diamonds), calibrated against a standardised calibration 

curve (red diamonds). r2= 0.999 (top plot), 0.994 (middle plot), 0.985 (bottom plot).  
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Figure 4.5. Quantitative PCR plots (3 independent replicates of each dilution) of 

sensitivity test for nPCR, using total DNA. Each plot contains one replicate set of 

dilutions on a separate machine run (blue diamonds), calibrated against a 

standardised calibration curve (red diamonds). r2= 0.997 (top plot), 0.992 (middle plot), 

0.948 (bottom plot).  
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Figure 4.6. Quantitative PCR plots (3 independent replicates of each dilution) of 

sensitivity test for nPCR, using plasmid DNA. Each plot contains one replicate set of 

dilutions on a separate machine run (blue diamonds), calibrated against a 

standardised calibration curve (red diamonds). r2= 0.982 (top plot), 0.962 (middle plot), 

0.998 (bottom plot).  
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Figure 4.7. Conventional PCR gel photo (five replicates of each dilution) of sensitivity 

test using total DNA, demonstrating the drop-off in detection.  

Wells in top row (numbered from left): 

1= Ladder.  2= Negative control. 3 = Positive control. 4-8 = Five replicates of 9.79 x 

10-3 ng/µL DNA (5 positive detections). 9-13 = Five replicates of 9.79 x 10-4 ng/µL DNA 

(5 positive detections). 14-18 = Five replicates of 9.79 x 10-5 ng/µL DNA (2 positive 

detections). 19-20 = Two replicates of 9.79 x 10-6 ng/µL DNA (no positive detections). 

Wells in bottom row (numbered from left):  

 1= Ladder.  2-4 = Three replicates of 9.79 x 10-6 ng/µL DNA (no positive detections). 

9-13 = Five replicates of 9.79 x 10-7 ng/µL DNA (no positive detections). 14-18 = Five 

replicates of 9.79 x 10-8 ng/µL DNA (no positive detections). 19-20 = Five replicates of 

9.79 x 10-9 ng/µL DNA (no positive detections). 

 

 

Although the LOQ showed less sensitivity using cPCR than using qPCR, at 

concentrations below qPCR LOQ there was a higher probability of detection using 
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cPCR 350 (e.g. 31% of replicates at 9.79  10-5 ng/µL) than using qPCR (11% of 

replicates at 9.79  10-5 ng/µL). As with plasmid DNA, the number of detections using 

qPCR declined to zero before cPCR and nPCR (qPCR no detections at or below 9.79 

 10-6 ng/µL, nPCR detections in 15% of replicates at 9.79  10-8 ng/µL, cPCR 350 

detections in 8% of replicates at 9.79  10-8 ng/µL).There were no statistically 

significant differences in sensitivity between cPCR 350 and cPCR 101 (F1,20
# = 0.569, 

P = 0.480; # = permutational).  

 

4.4.2 Field surveys 

In pre-eradication surveys, both eDNA and trapping, P. parva was detected in one 

pond only, the known infested (i.e. treatment) pond, with eDNA detection at the first 

(cPCR) stage of the nPCR protocol, thus confirming the previous cPCR results of 

Davison et al. (2017). All water samples from the other six ponds of this angling venue 

were negative for DNA of P. parva, and this included all replicates at both the cPCR 

and qPCR stages of the nPCR protocol. No inhibition was detected in any sample 

(following the dilution steps undertaken to reduce inhibition). All positive controls (total 

DNA controls in the cPCR stage, and plasmid DNA standard curves in the qPCR) 

demonstrated successful amplification.  

 

In the post-eradication surveys, all water samples and trapping from both the treatment 

pond and the quarantine pond yielded negative results, including all replicates at both 

the cPCR stage and the final qPCR stage of the nPCR protocol. No inhibition of eDNA 

was detected, and all positive controls demonstrated successful amplification. 

 

4.5 Discussion 

This nPCR protocol proved to be applicable for evaluating the success of the P. parva 

eradication operation. The greater sensitivity of nPCR in the present study, relative to 

cPCR or qPCR approaches, confirms the results of two similar studies (Clusa et al. 

2017; Jackson et al. 2017). The LOQ of the nPCR was lower than the detection limit 

of 1  10-5 ng/µL reported by Clusa et al. (2017), whereas Agersnap et al. (2017) 

demonstrated a higher level of sensitivity (LOD and LOQ of one copy per µL of 
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extracted sample) using qPCR than was recorded in this study. A LOD of less than 

one copy number per reaction has been reported in other studies using qPCR (Hunter 

et al. 2017; Serrao et al. 2017).  

 

The increased sensitivity demonstrated by this nPCR protocol is likely to be largely a 

consequence of the increased number of cycles, with 70 in the two rounds of 

amplification compared to 35 in the cPCR or qPCR alone. Increased sensitivity could 

potentially have been obtained from the cPCR or qPCR protocols by increasing the 

number of cycles to 45–55 as used in some other eDNA studies (e.g. Tréguier et al. 

2014; Biggs et al. 2015). However, one potential advantage of the nPCR approach is 

that it uses refreshed (new) reagents after 35 cycles. Length of DNA amplicon targeted 

by the primers is another factor that could conceivably affect sensitivity (Deagle et al. 

2006), but comparative testing of cPCR primers for two different fragment lengths (101 

bp and 350 bp) showed no statistical difference in the present study. Piggott (2016) 

similarly found no evidence that target amplicon size was a limiting factor in eDNA 

detectability. Caution also needs to be exercised when extrapolating the results of 

sensitivity trials conducted on relatively long DNA fragments to eDNA surveys, which 

may be targeting partially degraded shorter fragments. Further work is needed to show 

that the increased sensitivity shown by nPCR does result in significantly improved 

detection ability when analysing the shorter fragments present in environmental 

samples.      

 

In comparative tests using plasmid DNA, qPCR was not found to be more sensitive 

than cPCR (Figure 4.2), although it should be noted that there were differences 

between the two protocols, e.g. different reagents and fragment target lengths. It 

should also be noted that number of replicates varied between treatments, with three 

independent replicates (nine wells) in qPCR and fifteen in cPCR, which may have 

affected results due to the stochasticity inherent in PCR amplification, as more qPCR 

replicates may have produced more detections. This similarity in sensitivity of the two 

approaches contradicts some other studies (e.g. Tréguier et al. 2014; Biggs et al. 

2015; Piggott 2016) but is consistent with others (e.g. Nathan et al. 2014; De Ventura 

et al. 2017). Indeed, at concentrations below the 100% detection limit, more detections 

were obtained using cPCR than with qPCR. In such circumstances, where both 
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positive and negative results are obtained from a set of replicates, it would be 

important in a management context to set a threshold limit on the number of positive 

replicates required before assigning presence/absence status. De Ventura et al. 

(2017) similarly found cPCR to provide a more robust protocol than qPCR in a direct 

comparison, producing fewer false negatives at very low target DNA concentrations. 

This is despite the inherent challenge of interpretation of weak bands, which in cPCR 

may be on the borderline of visual acuity of the observer. These findings, particularly 

when the lower financial costs are considered, demonstrate that cPCR remains an 

effective tool, particularly for routine monitoring and/or survey applications.  

 

Plasmid DNA provided a much lower value for sensitivity (LOQ) than total DNA, using 

all three PCR protocols. This demonstrates one of the difficulties in comparing protocol 

sensitivity between different studies, with some reporting values for DNA sensitivity 

based on total tissue-extracted DNA (e.g. Tréguier et al. 2014; Biggs et al. 2015;) 

whereas others base these values on plasmid DNA (e.g. Takahara et al. 2012; Jane 

et al. 2015). The use of plasmid DNA enables the calculation of copy numbers for 

reporting relative sensitivities of protocols as recommended by Goldberg et al. (2016).  

 

‘Proving a negative’, i.e. declaring a species to be absent using any survey method, is 

difficult due to the inherent uncertainty (imperfect detection) that is associated with any 

form of field sampling approach (Rout et al. 2009; Britton et al. 2011b). Detection rates 

using conventional methods are well known to vary according to the gear used (e.g. 

Jackson and Harvey 1997), in the use of citizen science (e.g. Ruiz‐Gutierrez et al. 

2016), and the spatial scale used (Barry and Elith 2006).  Even a moderate variation 

in the technique used to apply a sampling method, such as how the dip net is handled 

in the water during point-abundance sampling by electrofishing (Copp and Garner 

1995), will affect the likelihood of capturing a species and consequently its ‘detection’ 

for purposes of calculating species richness. However, any increase in the sensitivity 

of a sampling protocol, such as seen here with the nPCR protocol, provides increased 

confidence in a negative detection result. For example, the nPCR protocol presented 

here was up to 100 more sensitive at detecting plasmid DNA than the cPCR protocol 

used previously to survey these same water bodies (Davison et al. 2017). The 

increased sensitivity did not, in this instance, result in detections that would not have 

been achieved by cPCR or conventional trapping, and further field trials on water 
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bodies containing smaller populations of the target species would be beneficial to 

demonstrate the merit of the technique. The extent to which this increased sensitivity 

translates into increased detections in environmental samples (i.e. to assess the level 

of sensitivity that is required from the laboratory protocol to detect eDNA from a small 

fish population in a water body of a given size) requires further study. False negatives 

can derive from several stages in sampling design, in both field and laboratory (Darling 

and Mahon 2011). In field applications, it is conceivable that modifications to sampling 

strategy, such as sampling location (within a water body) or quantity of water filtered, 

may have as great an effect on the overall result (positive/negative) as improvements 

to the sensitivity of the laboratory protocol.   

 

The results of the eDNA survey of the seven water bodies matched the results of the 

conventional sampling, with both methods detecting P. parva in the known infested 

pond, and neither method detecting the species in the six remaining ponds. 

Experimental trials (in 100 m2 mesocosms) have demonstrated that trapping is not 

completely effective at detecting P. parva at low densities (Britton et al. 2011b). Baited 

traps (deployed for 1 h) showed 100% detection at densities >0.5 m–2, but imperfect 

detection at densities of 0.02 and 0.1 m–2 (Britton et al. 2011b). Surveys of other fish 

species using eDNA methods have frequently proved more effective than conventional 

methods at detecting species (e.g. Takahara et al. 2013; Janosik and Johnston 2015; 

Sigsgaard et al. 2015). Further study would be needed to determine the efficiency of 

eDNA sampling, relative to conventional sampling, at varying population densities, as 

such comparisons will be species specific (Hinlo et al. 2017a) and are also likely to be 

site specific.  

 

Following draw-down of the infested pond by the fishery owners, the negative eDNA 

detection for P. parva in the infested and quarantine ponds indicated that eradication 

of the infested pond had been successful and that it was highly unlikely that any P. 

parva were transferred into the quarantine holding pond. The six-month delay between 

eradication and water sampling would have provided sufficient time for: (i) any 

surviving P. parva to introduce more eDNA into the ponds (and possibly even 

reproduce, as spawning in southern England occurs between April and June; Beyer 

2008), and (ii) any remaining DNA from dead/removed P. parva to degrade to non-

detectable levels (Dejean et al. 2011). The present study, therefore, clearly 
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demonstrates the potential of eDNA surveying as a tool to identify which water bodies 

require eradication efforts and to assess the success of those eradication attempts 

(Dunker et al. 2016; Davison et al. 2017). 

 

Environmental DNA surveys are often seen as a less-expensive substitute for 

conventional methods (Biggs et al. 2015; Sigsgaard et al. 2015), although this does 

not hold true for all sampling programmes under all circumstances (Smart et al. 2016). 

For example, to detect brook trout Salvelinus fontinalis in streams, eDNA analysis 

imposed 67% less cost than triple-pass electrofishing and required lower sampling 

effort (Evans et al. 2017). However, for simple presence/absence detection in that 

study, eDNA was more expensive than electrofishing, when fishing operations were 

halted upon first detection of the target species. Conventional fish surveying 

approaches can also provide information on population structure, which eDNA surveys 

cannot, and therefore eDNA sampling may in some applications represent a 

complement, rather than an alternative, to conventional sampling.  

 

The work required to confirm definitive absence of an invasive fish species in a pond 

would be both costly and potentially environmentally destructive. The enhanced 

sensitivity of the nPCR protocol provides increased confidence that the negative 

results obtained were not ‘false negatives’, but this comes at increased financial cost. 

In the present study, the extra analysis involved with the two steps of the nPCR 

protocol increased the combined costs of consumables and laboratory analysis by 

1.6. Despite these considerations, nPCR protocols are recommended for any eDNA 

survey in which a high level of confidence is required in the declaration of a negative 

result, e.g. where the presence or absence of a species will form the basis of decisions 

for management action.     
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5. Assessing non-native fish distributions in river basins using 

environmental DNA 

This chapter has been submitted as a paper:  

Davison, P.I. and Copp, G.H., submitted. Assessing non-native fish distributions in 

river basins using environmental DNA. River Research and Applications.     

 

5.1 Abstract 

Environmental DNA (eDNA) is increasingly used to inform decisions and strategies for 

non-native fish management, initially in still waters but also in water courses, by 

detecting the presence and plotting the distribution of newly-arrived and established 

non-native species that are in too low abundance for efficient detection using 

conventional surveillance methods. A recently-developed nested PCR protocol was 

used to assess the current distributions of three non-native fish species at a catchment 

level for two river basins in southern England (River Test, Hampshire; River Ouse, 

Sussex) known previously to contain two small-bodied invasive non-native fish species 

(topmouth gudgeon Pseudorasbora parva, sunbleak Leucaspius delineatus) as well 

as a non-native species predicted to become invasive under future climate conditions 

(pumpkinseed Lepomis gibbosus). In these two river catchments, water samples were 

collected at locations from headwater streams to the estuary. Pumpkinseed and 

sunbleak were both detected downstream of an angling venue in the Sussex Ouse 

catchment known to contain those species, with upstream expansion of sunbleak 

suggested by eDNA detected at a few upstream locations. Neither sunbleak nor 

topmouth gudgeon were detected from eDNA in water samples from various locations 

in the River Test catchment, where both species were first introduced to the U.K., 

suggesting that neither species has persistent populations in that river catchment. 

 

 

5.2 Introduction 

Accurate mapping of biological invasions is essential to inform management decisions 

on strategies for eradication, control or containment, so as to avoid or minimise 
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impacts (Simberloff et al. 2005). In aquatic environments, molecular techniques based 

on environmental DNA (eDNA) shed by organisms into the water have successfully 

detected a range of taxa (e.g. Darling and Mahon 2011; Rees et al. 2014b; Davison et 

al. 2016), and in particular fish species at low densities in still waters (e.g. Takahara  

et al. 2013; Lacoursière-Roussel et al. 2016; Davison et al. 2017) and in lotic systems 

(e.g. Minamoto et al. 2012; Keskin, 2014). These methods have sometimes 

outperformed traditional survey methods; for example, a river-basin wide eDNA-based 

study detected Chinook salmon Oncorhynchus tshawytscha at six locations outside of 

its previously known range (Laramie et al. 2015). 

 

Non-native fishes introduced to still waters in a river’s flood plain can be particularly 

problematic when they gain access to tributary streams and adjacent floodplain water 

bodies, which serve as dispersal pathways to invade other suitable habitats (e.g. 

Fobert et al. 2013). Monitoring methods for freshwater fishes in water courses have 

generally been successful in capturing larger-bodied, more abundant species, with 

small-bodied fishes in low density potentially avoiding detection (e.g. Bohlin et al. 

1989; Rogers et al. 2003). Environmental DNA is potentially detectable when the 

target species occurs at very low densities, providing a means of mapping the 

distributions of these species at a catchment level, thus providing the necessary 

information upon which to develop control and containment measures. 

 

The aim of the present study was to assess the distribution of three non-native fish 

species in two river catchments in southern England in a synchronic manner (sensu 

Amoros et al. 1987), which resembles the approaches developed by government 

agencies to monitor fish stocks annually (e.g. Adjers et al. 2006) or every three years 

such as for the River Great Ouse, England (e.g. Coles et al. 1985). The three non-

native fish species are the: 1) North American freshwater sunfish, pumpkinseed 

Lepomis gibbosus, which was introduced to England as an ornamental fish (the 

equivalent of the koi carp) in either the late 1800s or early 1900s (Copp et al. 2002), 

has existed in (or in the vicinity of) the River Ouse (Sussex) since at least as early as 

the 1910s (Wheeler and Maitland 1973) and was found to be relatively widespread but 

in low-to-moderate abundance in the Sussex Ouse in 2001 (Klaar et al. 2004; Copp et 

al. 2010a); 2) sunbleak Leucaspius delineatus, a small-bodied cyprinid native to 

continental Europe, and 3) topmouth gudgeon Pseudorasbora parva, a small-bodied 
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invasive cyprinid native to parts of Asia that is of particular concern due to its threat as 

a host of the pathogen Sphaerothecum destruens (Gozlan et al. 2005).  

 

Both P. parva and Leucaspius delineatus were accidentally introduced to an 

ornamental fish farm (now defunct) at Crampmoor on Tadburn Lake Stream, a 

tributary of the River Test, Hampshire, as a contaminant of golden orfe Leuciscus idus 

consignments from continental Europe (Farr-Cox et al. 1996; Pinder and Gozlan 

2003). The known UK distribution of Leucaspius delineatus remained limited to the 

southern English counties of Hampshire and Somerset until an established population 

was discovered in a commercial fishery on a tributary of the Sussex Ouse (Zięba et al. 

2010), whereas P. parva became much more widely distributed in the UK (Pinder and 

Gozlan, 2003) as a contaminant of fish movements (Copp et al. 2010b).  

 

The specific objectives of the present study were to: 1) design quantitative PCR 

(qPCR)  primers for detection of Lepomis gibbosus and Leucaspius delineatus for use 

in a recently-developed nested PCR protocol (Davison et al. 2019); 2) survey lotic sites 

for the eDNA of Lepomis gibbosus and Leucaspius delineatus in the catchment of the 

Sussex Ouse, with spatially intensified sampling close to the discharge into the stream 

of a known still-water site for both species; 3) survey sites in the catchment of the River 

Test for eDNA of P. parva and Leucaspius delineatus, with spatially intensified 

sampling in the vicinity of the discharge of the fish farm into which those two species 

are known to have been imported as contaminants; and 4) assess whether use of a 

nested PCR protocol can result in increased field detections when compared to 

conventional PCR alone.  

 

5.3 Methods 

5.3.1 Study sites  

The two study catchments were the River Ouse (Sussex) and River Test (Hampshire). 

The Sussex Ouse has a length of 62 km, discharging into the English Channel at 

Newhaven (https://en.wikipedia.org/wiki/River_Ouse,_Sussex). Two of the Ouse’s 

second-order tributaries, Sheffield Stream and Batts Bridge Stream (Figure 6.1), were 

sampled more intensively due to the known presence of Lepomis gibbosus and 
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Leucaspius delineatus in upstream water bodies of one or both of these two tributaries. 

In the Sheffield Stream catchment, Lepomis gibbosus and Leucaspius delineatus are 

established in ponds of a commercial angling venue that exchanges water with the 

stream near Danehill, East Sussex (Zięba et al. 2010; Copp et al. 2017; Bašić et al. 

2018). The angling venue and its water exchanges with Sheffield Stream are 

described in Fobert et al. (2013). In the Batts Bridge Stream catchment, Lepomis 

gibbosus is known to have been established in Boringwheel Lake (Villeneuve et al. 

2005; Fobert et al. 2013), a 400-year old, 2.6 ha former mill pond now used as a 

commercial fishery for rainbow trout Oncorhynchus mykiss and brown trout Salmo 

trutta (Figure 5.1). The stream passes through this former mill reservoir, continuing 

along the stream bed after overtopping a gated weir. Both tributaries, which are of 

variable width (1.0–4.3 m) and depth (0.05–1.5 m), are described in Fobert et al. 

(2013).  

 

The River Test  is a chalk river of high conservation interest (Natural England 1997), 

dropping 90 m in elevation to discharge into the English Channel via Southampton 

Water (https://en.wikipedia.org/wiki/River_Test). Water sampling sites focused on the 

receiving water course of a former (now-disused) fish farm at Crampmoor, Hampshire 

(Figure 6.2), the introduction site of P. parva and Leucaspius delineatus to England 

(Pinder and Gozlan 2003). Crampmoor Stream runs adjacent to, and received 

escapee fish from, the fish farm via an unscreened discharge pipe, eventually joining 

Tadburn Lake Stream (width 0.7–2.0 m), which itself subsequently joins the River Test 

at Romsey (Figure 6.2). A population of P. parva, but not Leucaspius delineatus, was 

found to persist in the fish ponds and in the stream (Beyer et al. 2007) until action to 

eradicate P. parva at this site took place in 2014–2015 as part of a national programme 

(Environment Agency 2014; Great Britain Non-native Species Secretariat 2015). 

Following this eradication, the pathogen S. destruens was detected in water samples 

collected downstream of the fish farm (Sana et al. 2018). An established population of 

Leucaspius delineatus is known to be present in the nearby Stoneham Lakes complex 

(Beyer et al. 2010), but its persistence in the Test downstream of Crampmoor remains 

unknown.    
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5.3.2 Sample collection and preparation  

Water sampling was conducted on 14–15 June 2016 (Sussex Ouse) and 16 June 2016 

(Hampshire Test).  Water samples were collected at about 1.5 m distance from one 

bank, or from the mid-point of the stream at sites where the stream was <3 m wide. A 

500 mL polypropylene sampling cup, attached to a polypropylene sampling pole of 

183 cm length (Camlab Ltd, Cambridge, UK), was used to collect the water. Care was 

taken to avoid any contact with the bottom sediment. At each sampling location, three 

replicates of 300 mL water, obtained using the sampling cup, were injected through a 

Sterivex-GP 0.22 μm sterile filter cartridge (EMD Millipore, Billerica, MA, USA) using 

a 50 mL sterile syringe (Thermo Scientific) attached to the cartridge’s input opening. 

Cartridges from each location were sealed in individual plastic bags and immediately 

frozen (–20°C) for transportation back to the laboratory. Contamination between sites 

was avoided by disinfecting the pole and cup thoroughly using Microsol 3+ sterilising 

solution (Anachem Ltd, Luton, UK) and then rinsing with de-ionised water. On each 

sampling day, water from a sterilized bottle of de-ionised water from the laboratory 

was also filtered, handled and transported in the same manner as the stream samples, 

and analysed in the laboratory to test for contamination. 

 

In the laboratory, DNA was extracted from the cartridges using a PowerWater 

SterivexTM DNA Isolation Kit (MoBio, Carlsbad, CA, USA), producing a final elution 

volume of 100 mL. The extracted sample was then diluted 1:5 in deionised water to 

dilute potential inhibitors (McKee et al. 2015).  

  

5.3.3. Primer design and nested PCR protocol 

Water samples were subjected to a nested PCR (nPCR) protocol that involves two 

steps: Step 1 consists of a conventional PCR (cPCR, which in the event of non-

detection is followed by Step 2, which involves a quantitative PCR (qPCR) on the 

product of Step 1 (Davison et al. 2019). The nPCR protocol proved 100 more 

sensitive in laboratory sensitivity tests on DNA derived from P. parva tissue (Davison 

et al. 2019). To complement the existing qPCR primer for P. parva, qPCR primers 

were designed for Lepomis gibbosus and Leucaspius delineatus (Table 5.1) to amplify 

a section of the mitochondrial cytochrome c oxidase I (COI) gene. Conventional PCR 
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primers for all three species were designed and tested for sensitivity and specificity for 

a previous study (Davison et al. 2016), as were the qPCR primers for P. parva 

(Davison et al. 2019). The qPCR primers for Lepomis gibbosus and Leucaspius 

delineatus were designed for the present study, and tested for sensitivity and 

specificity in a similar manner.  

 

Table 5.1: Primers used for conventional and quantitative PCR of topmouth gudgeon 

Pseudorasbora parva, pumpkinseed Lepomis gibbosus and sunbleak Leucaspius 

delineatus. The cPCR primers were designed by Davison et al. (2017). The qPCR 

primers for topmouth gudgeon were designed by Davison et al. (2019), and for the 

other two species as part of the present study. 

 

Species, 
PCR type, 
(amplicon 
size in 
bp) 

Forward primer (5’-3’) Reverse primer (5’-
3’) 

FAM probe (5’-3’) 

P. parva 
cPCR 
(350) 

CCTCTTCCGGA 
GTAGAGGCT 

TAGGATTGGG 
TCTCCTCCCC 

Not applicable 

P. parva 
qPCR 
(101) 

GTGTTTCATCAAT 
TCTAGGCGCAAT 
 

AGCTCATACAAAT 
AAGGGCGTTTGA 
 

ATATAAAACCTCC 
AGCTATTTCC 
 

L. 
gibbosus 
cPCR 
(350) 

CTAATAATTGGCG 
CCCCCGA 

CGGACCAGACA 
AACAGTGGT 

Not applicable 

L. 
gibbosus 
qPCR 
(83) 

GCTGGCACGGGCTGAA 
CCGGCAACCTAGC 

GAGAAAATAGTGA 
GATCAACGGATGCT 

CCGGCAACCTAGC 
CCACGCC 

L. 
delineatus 
cPCR 
(251) 

TTCGAGCCGAAC 
TAAGCCAR 

GGCCTCAACCC 
CAGAAGAAG 

Not applicable 

L. 
delineatus 
qPCR (93) 

CCCACGCCTTCGT 
AATAATTTTCTT 

CGGGCGCACCAA 
TCATTAG 

CGGGTTTGGAAAC 
TGACTCGT 
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DNA extracted from dorsal muscle tissue (DNeasy Blood and Tissue Kit, Qiagen, 

Hilden, Germany) of fish collected from populations in southern England was used as 

a positive control in cPCRs and for calibration of qPCRs; these  sequences have been 

deposited in the open-source database Genbank (www.ncbi.nlm.nih.gov/genbank) 

with the accession numbers KR092382 (Lepomis gibbosus), KR092383 (Leucaspius 

delineatus) and KR092385 (Pseudorasbora parva) (Davison et al. 2016). 

Concentrations of tissue-extracted DNA used for construction of qPCR calibration 

curves were measured using a Nanodrop® ND1000 Spectrophotometer (Thermo 

Scientific, Waltham, MA, USA) and calculated with the software ND-1000 v3.8.1 

(Thermo Scientific). Specificity of all primers was tested in silico against sequences in 

the NCBI Genbank database using the NCBI Primer Blast software 

(www.ncbi.nlm.nih.gov/tools/primer-blast/; Ye et al. 2012), and tested experimentally 

against 0.1 ng genomic DNA extracts from fish species likely to co-occur at the study 

sites: common carp Cyprinus carpio, common bream Abramis brama, roach Rutilus 

rutilus and rudd Scardinius erythrophthalmus, with none of the triplicate PCRs showing 

amplification for any of these species (Davison et al. 2017).  

  

Conventional PCRs were performed on 6 μL of eDNA sample, with the reaction 

mixture  containing 0.5 μM of each specific primer, 10 μL of HotStar Taq® Plus DNA 

polymerase 2 (Qiagen Fast Cycling PCR Kit) and 2 μL of Coral Load Fast Cycling 

Dye 10 (Qiagen), made up to 20 μL with the addition of de-ionised water. The PCR 

cycling conditions consisted of an initial denaturation step of 95°C for 5 min, followed 

by 32 cycles of 96°C for 5 s, 62°C for 5 s and 68°C for 12 s, with a final extension step 

at 72°C for 1 min. PCR products were visualised after 60 min of electrophoresis 

migration on 2% agarose gel, stained with SYBRTM Gold Nucleic Acid Gel Stain 

(Invitrogen). Five cPCR replicates were analysed for each sample location. Each 

machine run included a negative control (de-ionised water) to check for contamination.  

 

Environmental DNA samples that provided a negative result at the cPCR stage were 

subjected to further analysis (the second stage of the nested PCR protocol), with 

qPCR performed on the products from three of the five cPCR replicates. Real-time 

qPCRs were performed on an Applied Biosystems Step OneTM system (Applied 

Biosystems, Foster City, CA, USA),  in a 20 μL reaction mixture containing 2 μL of 

http://www.ncbi.nlm.nih.gov/genbank
http://www.ncbi.nlm.nih.gov/tools/primer-blast/
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DNA sample, 1 μL of assay mix (18 μM forward and reverse primers and 5 μM probe) 

for the targeted species (Applied Biosystems), 10 μL of TaqMan® Genotyping Master 

Mix (Applied Biosystems) and 7 μL of de-ionised water. The thermocycling profile used 

was 2 min at 50°C, 10 min at 95°C, followed by 35 cycles of 15 s denaturation at 95°C, 

and 60 s annealing-extension at 60°C. The standard curve, applied on each qPCR 

run, comprised a range of five 10-fold dilutions of tissue-derived DNA. Each qPCR run 

incorporated a negative control (deionised water).  

  

Sample extraction, PCR preparation and post-PCR analysis were performed in 

separate rooms of a dedicated molecular biology laboratory, observing strict anti-

contamination procedures (no transfer of equipment between rooms; changing of lab 

coats when moving between rooms; thorough cleaning of all equipment and surfaces 

before and after use, and treating of equipment under UV light; use of sterile filter tips 

for pipettes). An important consideration when using nested PCR protocols is the 

increased risk of sample contamination, due to increased handling of amplified DNA. 

This risk was minimised by preparing reagents in a separate room to that in which the 

completed cPCR template was added, using different pipettes and gloves. 

 

5.4 Results 

Positive eDNA detections were obtained in the Sussex Ouse catchment for both 

Leucaspius delineatus and Lepomis gibbosus from locations in the Sheffield Stream, 

but not from Batts Stream (Figure 5.1). Both species were recorded at the two sites 

immediately downstream of the commercial angling venue, which has lakes known to 

contain both species (Zięba et al. 2010; Fobert et al. 2013). Additionally, Leucaspius 

delineatus DNA was recorded at three sites upstream of the angling venue, and two 

sites further downstream (one on the Sussex Ouse immediately downstream of its 

confluence with Sheffield Stream). At both locations with positive detections for eDNA 

of pumpkinseed, all five replicates of the cPCR provided a positive result. The eDNA 

signal for Leucaspius delineatus was strongest at the location immediately 

downstream of the angling venue, with all five cPCR replicates proving positive. At the 

remaining six locations with Leucaspius delineatus detections, only 1–2 cPCR 

replicates proved positive, with comparatively faint bands, but in each case proceeding 

with the nPCR on three of the negative replicates produced a positive result.    
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Figure 5.1 Map of water collection sites (WGS84 coordinates) in River Ouse 

catchment (Sussex) for eDNA analysis of pumpkinseed Lepomis gibbosus (all sites) 

and sunbleak Leucaspius delineatus (sites 1–10). Black-filled circles = sites where 

both species were detected. Grey-filled circles = sites where only L. delineatus was 

detected. Open circles = sites with no detections. 1 = Sheffield Stream at Collingford 

(51.028885, 0.007233); 2 = Tanyards Farm Stream (51.027380, 0.013906);  
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Figure 5.1 continued: 3 = Sheffield Stream above Tanyards Fishery (51.023912, 

0.009229); 4 = Sheffield Stream at upper end of Tanyards Fishery (51.023486, 

0.009990); 5 = Sheffield Stream below Tanyards Fishery (51.018459, 0.014657); 6 = 

Sheffield Stream at Eastbridge (51.007024, 0.017481); 7 = Sheffield Stream at lower 

end of Sheffield Park (51.993436, 0.019276); 8 = River Ouse at Ardingly (51.028445, 

–0.0894816); 9 = River Ouse at Fleching Mill (50.987522, 0.027771); 10 = River Ouse 

estuary at Piddinghoe (50.810306, 0.033544); 11 = Batts Stream at Batts Bridge 

(50.991580, 0.068360); 12 = Batts Stream at Cackle Street (51.016889, 0.075606);  

13 = Batts Stream at Old Forge Lane (51.013028, 0.078568); 14 = Batts Stream at 

Hole Farm (51.020853, 0.072426); 15 = Confluence of Batts Stream and Shortbridge 

Stream at Powder Mill (50.991621, 0.068564); 16 = Shortbridge Stream (50.992533, 

0.094205). 

 

 

On the River Test catchment, no positive eDNA detections were obtained for either 

Leucaspius delineatus or P. parva, including on the stretch of Tadburn Lake Stream 

running adjacent to, and receiving overflow discharge from, the ponds on the site 

formerly known as Crampmoor Fish Farm (Figure 5.2).  
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Figure 5.2 Map of water sampling sites (WGS84 coordinates) on the River Test 

catchment, Hampshire. Open circles indicate sites with no detection of topmouth 

gudgeon Pseudorasbora parva or sunbleak Leucaspius delineatus. 1 = Crampmoor 

Fishery stream, above ponds (51.001136, –1.44476);  2 = Crampmoor Fishery stream, 

adjacent to ponds (50.999826, –1.447869);  3: Crampmoor Fishery stream, below 

ponds (50.999556, –1.451109); 4: Crampmoor Stream, at confluence with Tadburn 

(50.996450, –1.454585); 5: Tadburn Lake (50.996234, –1.454135); 6: Tadburn, in 

Romsey (50.986037, –1.498767); 7: River Test, in Romsey, above confluence with 

Tadburn (50.984605, –1.504131); 8: River Test, at Lee Farm Longbridge  (50.959004, 

–1.496252); 9: River Test, at Salmon’s Leap (50.926528, –1.486266). 
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5.5 Discussion 

The eDNA surveys provided a relatively rapid assessment of the target species 

distributions within the two river catchments (Figure 5.1 and 5.2), requiring one day of 

water sampling on each catchment, and 24–39 h of laboratory analysis per species 

per catchment. Detections of Lepomis gibbosus eDNA in Sheffield Stream (Sussex 

Ouse catchment) were consistent with  previous surveys (e.g. Klaar et al. 2004; S. 

Stakėnas and G. H. Copp, unpublished data), which were substantiated by 

subsequent tagging and drift-net sampling that demonstrated a much lower Lepomis 

gibbosus escapee rate into that stream (via outflow) than in the adjacent Batts Stream 

catchment from Boringwheel Lake (Fobert et al. 2013). Despite the demonstrated 

capacity of Lepomis gibbosus to make seasonal up- and down-stream movements in 

Sussex Ouse tributaries (Stakėnas et al. 2013), no Lepomis gibbosus eDNA was 

detected upstream of the angling venue on Sheffield Stream, where the species is well 

established in several of the angling ponds (Villeneuve et al. 2005; Fobert et al. 2013; 

Copp et al. 2017). Detections of Leucaspius delineatus were more widely dispersed 

along Sheffield Stream (Figure 5.1), including a few locations upstream of the 

established populations at the angling venue. This suggests an expansion of the 

species up the catchment, including the possibly of an established population at the 

in-stream pond just above site 2 (Figure 5.1). 

 

The lack of Lepomis gibbosus eDNA detections anywhere in Batts Bridge Stream  

catchment would appear to confirm a previous electrofishing survey which 

documented no Lepomis gibbosus captures after 2007 (Jackson et al. 2016), despite 

Lepomis gibbosus having been present in the stream and connected still waters for at 

least a decade previously (Klaar et al. 2004; Villeneuve et al. 2005). The most 

important of the connected still waters has been Boringwheel Lake, which discharges 

into Batts Stream immediately upstream of site 12 (Figure 5.1) and therefore has drip-

fed Lepomis gibbosus into the stream, leading to the establishment of at least one new 

population in a garden pond due to an extreme flood event (Fobert et al. 2013). 

 

The lack of P. parva and Leucaspius delineatus detections in water samples from sites 

in the Crampmoor and Tadburn Lake streams suggest either that these species are 

no longer present in that part of the River Test catchment, or that they occur at a 
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density below the detection limit of this survey. In view of the presence of Leucaspius 

delineatus in some stillwater fisheries that discharge into tributaries of the River Test, 

such cases of negative detection suggest a need for further, more intensive surveying. 

Imperfect detection rates by eDNA or conventional methods (e.g. Britton et al. 2011b) 

are particularly important when the results form the basis of management decisions. 

When analysing eDNA survey results, lack of detection (i.e. ‘false negatives’) could 

result from a number of elements of the laboratory or field protocol that could affect 

the sensitivity of the technique. Stochastic variability in detection should be expected 

when seeking to detect low DNA concentrations in streams (Wilcox et al. 2016), and 

a higher level of field sampling (larger water volume filtered, or increased spatial or 

temporal repetition) might have produced positive results at more locations in this 

study.  

 

The use of nPCR did not detect any species at any locations where they were not 

detected at the initial cPCR stage, although Leucaspius delineatus was detected when 

using nPCR on cPCR replicates that produced negative detections. This suggests that 

the increased sensitivity of this technique (as demonstrated in the laboratory; Davison 

et al. 2019) could in some cases result in improved field detectability. The enhanced 

sensitivity of the nested PCR protocol provides increased confidence that species that 

are present in the streams are not being missed as ‘false negatives’, but at increased 

financial cost and risk of laboratory contamination. Such nPCR protocols may prove 

particularly useful in running water, where eDNA signals from upstream populations 

are likely to be highly diluted.     

 

The potential of eDNA surveying for surveying fish in running water, clearly 

demonstrated by this and other studies, needs to be assessed in comparison to other 

survey methods. Advantages include the ability to undertake surveys when factors 

such as weather or water depth would preclude the use of electrofishing, or reduce its 

effectiveness. In terms of financial cost, eDNA surveys are often regarded as less 

expensive than conventional methods (Biggs et al. 2015; Sigsgaard et al. 2015; Evans 

et al. 2017). Whilst eDNA surveying can provide a wider geographic coverage more 

rapidly than would be possible using conventional methods, the likelihood that positive 

eDNA detections may result from animals occurring some distance upstream of the 

sampling site (potentially up to 12.3 km; Deiner and Altermatt 2014) means that 
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accurate population mapping may require a combination of eDNA and other methods. 

Further attempts to map species presence in catchments using eDNA would benefit 

from gaining a more complete knowledge of the dynamics of eDNA in running water 

systems.   
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6.  How much sampling effort is needed to detect a small 

lentic fish population using eDNA?  

This chapter is in advanced stages of production for submission as a paper:  

Davison, P.I., Vilizzi, L., Wesley, K., Britton, J.R. and Copp, G.H., in prep. How much 

sampling effort is needed to detect a small lentic fish population using eDNA? [title, 

author order and journal to be confirmed] 

 

6.1 Abstract 

Environmental DNA approaches have proved to be effective, sometimes out-

performing traditional methods of fish surveying,  and have also been suggested as 

saving economic costs,  a key consideration for environmental management agencies. 

The detection of fish at very low population density, and in situations where the veracity 

of negative results is important, requires a statistically-rigorous sampling programme, 

tailored to the species and water body in question to account for spatial heterogeneity 

of DNA, and a highly sensitive laboratory protocol with sufficient replicates to account 

for stochastic variation in PCRs. These considerations potentially increase the 

economic cost. To assess the relative cost-effectiveness of statistically-rigorous eDNA 

surveys in comparison to conventional methods (trapping and electrofishing), field 

trials were conducted in six ponds in Hertfordshire, southern England, which contained 

fish populations typical of angling ponds. Fish of two species known not to occur in the 

ponds and selected as ‘surrogate’ non-natives, barbel Barbus barbus (a native species 

representative of benthic-feeding fishes) and rainbow trout Oncorhynchus mykiss (a 

pelagic-shoaling species)  were stocked into the six ponds at a population density of 

100 fish of each species per hectare. Water sampling for eDNA, conducted 6–7 days 

following fish stocking, detected B. barbus in three of the ponds and O. mykiss in all 

six ponds. Neither conventional method detected O. mykiss in any pond, and imperfect 

detection rates for B. barbus at this low fish density were also demonstrated by both 

trapping (successful at two ponds) and electrofishing (also successful at two ponds). 

Economically, the most cost-effective method for detecting B. barbus varied between 

ponds, with eDNA sampling (£615–£1600, dependent on pond size), trapping (£900, 
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for 2 days of a fishery consultant’s time) and electrofishing (£450, for one day of a 

consultant’s time) each proving the most cost-effective method on ponds where other 

methods failed.        

 

6.2 Introduction 

Numerous studies have demonstrated the effectiveness of environmental DNA 

(eDNA) surveying for detecting a wide range of aquatic taxa (Rees et al. 2014b). In 

addition to frequently proving more effective than conventional methods at detecting 

elusive target species (e.g. Takahara et al. 2013; Hinlo et al. 2018; Nakagawa et al. 

2018), several authors have suggested that such eDNA surveys can be conducted at 

a lower financial cost than conventional fish surveys (Biggs et al. 2015; Sigsgaard et 

al. 2015; Nakagawa et al. 2018). This is a key consideration when making the step 

from scientific trials to applied surveys to address management questions.   

 

Key applications of eDNA surveying include the management of non-native fish, for 

which the technique can be used to provide an early warning of newly invading species 

(Blackman et al. 2018), to map established populations (Adrian-Kalchhauser and 

Burkhardt-Holm 2016) and to assess eradication attempts (Dunker et al. 2016; 

Davison et al. 2017, 2019). These applications may require attempted location of very 

low populations, close to the limit of detection of any available survey methods, as a 

successful invasion can be initiated by a very low number of founding individuals 

(Kalinowski et al. 2010), or an eradication attempt may have reduced the population 

to low levels (Davison et al. 2017). Detection of low populations of a target fish species, 

whether using either eDNA or conventional survey methods, will require a higher 

sampling effort, at increased financial cost. In the case of eDNA surveying, sensitivity 

of detection could be increased by using more sensitive laboratory techniques (e.g. 

nested PCR; Davison et al. 2018) or increasing the number of field or laboratory 

replicates, with both options resulting in increased laboratory time and consumable 

costs. Such factors could at least partially negate the perceived financial benefits of 

eDNA surveying.       
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False negatives, i.e. the failure of eDNA or other survey methods to detect a 

population, can have serious deleterious consequences on the success and financial 

costs of invasive species management operations. For example, a false declaration of 

a species’ absence could lead to a premature end to a surveillance and control 

programme, enabling the organism to expand its population and range (Britton et al. 

2011b; García-Díaz et al. 2017; Furlan et al. 2019). Consequently, field and laboratory 

protocols of the highest possible accuracy and reliability are necessary.  Imperfect 

detection is a consideration with all survey methods (molecular and conventional).  

 

The aim of the present study was to directly compare the effectiveness and cost-

efficiency of conventional and molecular detection methods for detecting fish present 

at low density in a water body. The specific objectives of this study were to: 1) to 

undertake co-ordinated sampling (eDNA surveys, conventional trapping, and 

electrofishing surveys) on six ponds to compare the effort required to detect fish 

present at a known low density; and 2) to use the eDNA survey to inform sampling 

strategy, by determining how many samples are required to have a high probability of 

detecting the target species.   

 

6.3 Methods 

6.3.1 Study sites and species 

Six ponds in Hertfordshire, southern England were selected as study sites, of size 0.2 

to 3.5 ha (Table 6.1). Five of these were artificial ponds situated in close proximity on 

a commercial fishery (centred on 51.842N, 0.136E), and contained a representative 

range of fish species typical of many such sites in southern England (Table 6.1). The 

other pond, Hanbury Manor Pond 17 (51.828N, 0.036W), was an ornamental pond on 

a golf course, and contained only common carp Cyprinus carpio and tench Tinca tinca.  
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Table 6.1 Description and location (WGS084 latitude, longitude) of ponds selected as 

study sites, including number of fish stocked to give an equal density of 100 fish per 

ha, and other fish species present: northern pike Esox lucius, Eurasian perch Perca 

fluviatilis, European catfish Silurus glanis, common carp Cyprinus carpio, grass carp 

Ctenopharyngodon idella, crucian carp Carassius carassius, goldfish Carassius 

auratus, orfe Leuciscus idus, roach Rutilus rutilus, rudd Scardinius erythrophthalmus, 

silver bream Blicca bjoerkna, common bream Abramis brama, chub Squalius 

cephalus, tench Tinca tinca, gudgeon Gobio gobio. 

Pond name Location Size (ha) No. of rainbow 

trout and barbel 

stocked 

Other fish 

species present 

Hurricane 51.844722, 

0.128611 

0.22 22 perch, carp, rudd, 

silver bream, 

tench 

Spitfire 51.835833, 

0.140278 

0.43 43 perch, European 

catfish, carp, 

grass carp, 

roach, rudd, 

tench, gudgeon 

Hanbury 

Manor Pond 

17 

51.828056, 

0.036389 

0.47 47 carp, tench 

Lysander 51.837222, 

0.135556 

0.66 66 perch, carp, 

crucian carp, 

goldfish, orfe, 

roach, rudd, 

common bream, 

chub, tench 

Wellington 51.842222, 

0.136111 

2.45 245 pike, perch, carp, 

roach, gudgeon 

Lancaster 51.845000, 

0.126111 

3.08 308 pike, carp, roach, 

rudd, common 

bream, gudgeon 
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Due to legal and ethical limitations on stocking of invasive fish species into UK water 

bodies, two non-invasive species were selected to act as a proxy for invasive fish. 

These species were chosen to represent fishes expected to show different behaviours 

and distributions within the lake. Barbel Barbus barbus, native to water courses in 

parts of eastern England,  was chosen to represent a benthic-living cyprinid, with a 

broadly similar ecology to topmouth gudgeon Pseudorasbora parva, a current species 

of concern in the UK (Environment Agency 2014). Rainbow trout Oncorhynchus 

mykiss, non-native to the UK but legally permitted to be stocked in certain still waters, 

was selected to represent a more pelagic shoaling species. Neither of these species 

has been found capable of reproducing in still waters in the UK, so any specimens 

surviving at the study site after the experiment would pose no long-term ecological 

risk.   

 

The fish assemblages of each pond were unlikely to contain specimens of either B. 

barbus or  O. mykiss) because the long-term lease holder of angling rights has never 

captured or introduced either of these species in these human-made, private access 

ponds. Nonetheless, water samples were collected from each lake on 15 June 2018, 

prior to fish stocking, to confirm for the absence of eDNA of the two target species. 

 

6.3.2 Primer design and testing 

For both species, new primer pairs were designed for this study (Table 6.2). Primers 

were designed to amplify segments of the mitochondrial cytochrome c oxidase I (COI) 

gene, for which many sequences were available in the publicly-accessible Genbank 

database (https://www.ncbi.nlm.nih.gov/genbank/) for both species (B. barbus, n = 49; 

O. mykiss, n = 241; with no significant intra-specific variation). The NCBI Primer-

BLAST software (Ye et al. 2012) was used for primer design.  

    

 

 

https://www.ncbi.nlm.nih.gov/genbank/
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Table 6.2 Primers designed for conventional PCR of rainbow trout Oncorhynchus 

mykiss and barbel Barbus barbus. 

 

Species Forward primer (5’ to 3’) Reverse primer (5’ to 3’) Amplicon 

target 

length 

(base 

pairs) 

O. 

mykiss 

ACAGCCCATGCCTTCGTTAT ACTGAGAGATGGCTGGAGGT 361 

B.barbus CCGAATTAAGCCAACCCGGA CCTGCCAAGTGGAGTGAGAA 346 

 

 

Sensitivity tests were conducted on DNA from dorsal muscle tissue of B. barbus and 

O. mykiss specimens supplied by the UK Environment Agency, extracted using a 

QIAGen Blood and Tissue Extraction Kit (QIAGen, Hilden, Germany) to the 

manufacturer’s protocol. The concentration of this extracted DNA was measured using 

a Nanodrop ND1000 Spectrophotometer (Thermo Scientific, Waltham, MA, USA) and 

calculated with the software ND-1000 v3.8.1. The DNA was diluted with deionised 

water to produce a standard series featuring 10-fold dilutions (100 to 10-9 ng/µL), with 

three replicate series run per species.  

 

These sensitivity tests determined that the designed primers could reliably detect DNA 

at concentrations of 10-6 ng/µL (O. mykiss: 7.74  10-6 ng/µL; B. barbus 2.68  10-6 

ng/µL), with all three replicates showing detection at this concentration (i.e. limit of 

quantitation, LOQ, defined here as detection in all replicates, as per Agersnap et al. 

(2017)). The limit of detection (LOD, here defined as the minimum amount of target 

DNA at which positive detections were recorded in one or more replicates, as per 

Tréguier et al. (2014)) for O. mykiss was 7.74  10-7 ng/µL, with this concentration 

being detectable in two of the three replicate series. For B. barbus, the LOD was 

unchanged from the LOQ. These LODs/LOQs are a similar order of magnitude to 
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those observed in the primers previously designed and tested for Pseudorasbora. 

parva (Davison et al. 2019 [Chapter 4 of this thesis]).  

Specificity tests on the primers, conducted in silico using the NCBI Primer-BLAST tool, 

showed no species likely to occur in UK freshwater environments with fewer than three 

base pair matches to either set of designed primers. This level of ‘acceptable mis-

match’ is the same as that used in recent papers on freshwater fish eDNA (e.g. Harper 

et al. 2019b).  

Additionally, the B. barbus primers were tested in the laboratory against tissue-

extracted DNA from four species of the same family (Cyprinidae) known to occur in 

some of the study sites: Cyprinus carpio, Abramis brama, Rutilus rutilus and 

Scardinius erythrophthalmus. No amplification of DNA of these species was observed. 

Additional laboratory sensitivity tests were not conducted for the O. mykiss primers as 

no other species in the same order (Salmoniformes) were deemed likely to occur at 

the study sites.   

 

6.3.3 Fish stocking and field sampling 

Simulating usual fishery practices, both fish species were acquired from commercial 

sources and maintained in holding tanks for up to one week, prior to being stocked 

into the six ponds on 27 June 2018. Both species were stocked into the six water 

bodies at a stocking density of 100 fish per ha. This low stocking level was chosen to 

represent a population that has been shown to be near the threshold level for fish 

trapping, e.g. for P. parva (Britton et al. 2011b), but was intended to be large enough 

for a high likelihood of survival of at least some of the newly introduced fish in the 

period between stocking and sampling, a concern as they could have been at 

increased risk of predation due to their naivety in new surroundings. Numbers stocked 

into each pond to attain the required density (22-308 fish of each species) are shown 

in Table 6.1. Mean total lengths of stocked fish were: B. barbus = 108 mm; O. mykiss 

= 115 mm.  In each lake, fish were released at a single point, by operatives otherwise 

unconnected with the sampling design and with no knowledge of water sampling 

locations.    
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The number of trapping and water sampling locations in each pond was determined 

by the surface area, with four bankside locations for every 0.5 ha, as informed by 

previous experiments (Davison et al. 2017). As the smaller water bodies in this study 

were < 0.5 ha, water samples were collected from a minimum of four locations around 

those ponds. Sampling locations were situated at equal distances around the pond 

perimeter.  

     

The eDNA sampling was conducted on 3 July 2018 (Hurricane, Spitfire, Lysander and 

Hanbury Manor ponds) and on 4 July 2018 (Wellington and Lancaster ponds), 6–7 

days after fish stocking. Water samples were collected using a 500 ml polypropylene 

sampling cup on a 183 cm sampling pole (Camlab Ltd, Cambridge, UK), which 

between samples was disinfected with Microsol 3+ sterilising solution (Anachem Ltd, 

Luton, UK) and rinsed with de-ionised water. New sampling poles and cups were used 

for each pond, to ensure no contamination risk. The sample was collected by moving 

the sampling cup in a standardised manner from the bank, to the greatest extent 

reached by the pole (approximately 1.5 m from the shore), ensuring no contact with 

the bottom sediment. At each sampling location, three replicates of 1L water were 

obtained using the sampling cup and filtered through multiple Sterivex-GP 0.22 μm 

sterile filter cartridges (EMD Millipore, Billerica, MA, USA) using a sterile 50 ml syringe 

(Thermo Scientific) attached directly onto the cartridge’s input opening. To ensure 

filtration of a constant volume (1L) in each replicate, multiple filters were used as 

required to account for varying rates of filter clogging (due to variation in turbidity) 

between ponds. Three cartridges were used to filter each 1L replicate in all ponds 

except for Wellington, where four cartridges were necessary.  

 

Cartridges from each sampling location were sealed in individual plastic bags and 

immediately frozen (–20°C) for transportation back to the laboratory. For each pond, 

one sterilised bottle of de-ionised water from the laboratory was transported and stored 

in the same manner as the pond samples, and filtered immediately following the 

samples from that pond on the same equipment, to test for field contamination or 

contamination during the filtering process. 
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6.3.4 Conventional trapping and electrofishing 

After water samples had been collected, crab nets of 60 cm length and 30 cm 

diameter, with 12 mm mesh (catalogue number 6200500, Lineaeffe, Bologna, Italy) 

were deployed for 24 hours at each sampling point. Date of deployment in the four  

smaller ponds was 3 July 2018; in Wellington pond 4 July 2018; and in Lancaster pond 

5 July 2018. The traps were baited using fishmeal pellets. Upon recovery of the traps, 

all fish captured were recorded and measured (TL to nearest mm).  

 

Immediately after recovery of the traps from each pond, electrofishing operations were 

conducted from a fibreglass boat powered by an electric motor by two professional 

operatives, using a generator-powered DC electrofishing unit. A transect route around 

the perimeter of the pond was followed at a constant speed (covering the entire pond 

in 15–45 mins). All fish of the target species were counted.   

  

6.3.4 Laboratory processing of the pond-water samples 

In the laboratory, DNA was extracted from the cartridges using a PowerWater 

SterivexTM DNA Isolation Kit (MoBio, Carlsbad, CA, USA), following the 

manufacturer’s protocol, with a final elution volume of 100 mL. The multiple cartridges 

used at each location to filter 1 L of water were pooled at this stage. The extracted 

sample was then diluted 1:5 in deionised water to dilute potential inhibitors ((McKee, 

Spear, and Pierson, 2015), and a conventional PCR then performed. 

 

Conventional PCRs were performed on 6 μl of DNA sample. The reaction mixture 

contained, 0.5 μM of each specific primer, 10 μl of HotStar Taq® Plus DNA polymerase 

2 (Qiagen Fast Cycling PCR Kit) and 2 μl of Coral Load Fast Cycling Dye 10 

(Qiagen), with de-ionised water  added to obtain the total mixture volume of 20 μl. The 

cycling conditions were 95°C for 5 min, followed by 35 cycles of 96°C for 5 s, 62°C for 

5 s and 68°C for 12 s, with a final extension at 72°C for 1 min. PCR products were 

visualised after 60 min of electrophoresis migration on 2% agarose gel, stained with 

SYBRTM Gold Nucleic Acid Gel Stain (Invitrogen). Five cPCR replicates were analysed 

for each sample location.  
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To test for inhibition, samples from four locations in each pond were spiked with 0.01 

ng of tissue-derived DNA of each species. These spiked samples were compared 

against controls of deionised water containing the same DNA quantity.  

 

Contamination risk was reduced by undertaking the four stages of the process 

(extraction from tissue, extraction of environmental samples, PCR preparation, and 

post-PCR sample handling) in separate rooms of a molecular biology laboratory, 

observing strict anti-contamination procedures (no transfer of equipment between 

rooms; changing of lab coats when moving between rooms; thorough cleaning of all 

equipment and surfaces before and after use, and regular treating of equipment under 

UV light; use of sterile filter tips for pipettes).  

 

6.4. Results 

6.4.1 Detection results 

There was partial success in B. barbus detection, i.e. in five of the six ponds (Table 

6.3), with B. barbus detected in three ponds using eDNA sampling, i.e. at 50% of 

sampling locations in the two smaller water bodies (Spitfire and Lysander) and 17% of 

sampling locations in the largest pond (Lancaster). Partial success was also 

encountered in detecting B. barbus by conventional sampling methods, with 

specimens caught in traps in two ponds, and caught by electrofishing in one of those 

ponds and in another pond. In one pond (Wellington), B. barbus were not detected by 

any method. No positive detections were encountered from any of the negative control 

blanks.   

 

Oncorhynchus mykiss eDNA was recorded in all six ponds (Table 6.4), and was widely 

distributed around the ponds (positive detections at 75–100% of sampling locations in 

the four ponds <1 ha, and 41–70% of sampling locations in the two larger ponds). 

Conversely, no specimens of this species were detected using trapping or 

electrofishing. No positive detections were encountered on any of the negative control 

‘field blanks’.  
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Table 6.3 Detections of barbel Barbus barbus by eDNA, trapping and electrofishing 

survey methods. Five PCR replicates were performed at each site. 

 

Pond No. of eDNA 

sampling 

and trapping 

sites 

Sites with 

positive DNA 

detections 

(number of 

+ve PCR 

replicates at 

each site) 

No. of fish 

trapped / No. 

of traps with 

positive 

detections 

Electrofishing 

detections (No. 

of fish 

captured) 

Hurricane 4 0 0/0 1 

Spitfire 4 2 (5, 5) 0/0 0 

Hanbury 

Manor 

Pond 17 

4 0 2/2 0 

Lysander 6 3 (5, 5, 4) 3/2 6 

Wellington 20 0 0/0 0 

Lancaster 24 4 (5, 5, 5, 5) 0/0 0 
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Table 6.4 Detections of rainbow trout Oncorhynchus mykiss by eDNA, trapping and 

electrofishing survey methods. Five PCR replicates were performed at each site. 

 

Pond No. of eDNA 

sampling 

and trapping 

sites 

Sites with 

positive 

eDNA 

detections 

(number of 

+ve PCR 

replicates) 

No. of fish 

trapped / No. 

of traps with 

positive 

detections 

Electrofishing 

detections (No. 

of fish 

captured) 

Hurricane 4 4 (5, 5, 5, 5) 0/0 0 

Spitfire 4 3 (5, 5, 3) 0/0 0 

Hanbury 

Manor 

Pond 17 

4 4 (5, 5, 4, 4) 0/0 0 

Lysander 6 6 (5 at all 

sites) 

0/0 0 

Wellington 20 14 (5 at all 

sites) 

0/0 0 

Lancaster 24 10 (5 at 9 

sites, 3 at 

1 site) 

0/0 0 
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6.4.2 Analysis of economic costs 

The economic costs of detecting each species by each of the methods (eDNA, 

trapping and electrofishing) were calculated for each pond. The method used and 

assumptions made to calculate these costs were:  

 

1) Cost of eDNA sampling: Total cost comprises: i) time spent by a Cefas operative of 

intermediate pay grade to prepare equipment and to collect water samples in the field, 

following a sampling regime of four sample sites per 0.5 ha of pond area; ii) time spent 

by Cefas operative to analyse water samples, ceasing analysis after first detection of 

the species (assuming a sample analysis sequence by which samples collected at 

opposite ends of the pond are analysed first, in batches of four sample locations, and 

then intermediate gaps filled in sequentially so as to maximise chances of detection of 

spatially heterogenous DNA); iii) consumable costs necessary for continuing analysis 

until point of first detection, using the sample analysis sequence described above; 

2) Cost of trapping (commercial cost): Total cost is based on the daily rate of £450 

charged by a commercial fisheries consultant. As commercial agencies typically 

charge by a daily rate rather than an hourly rate, this represents the ‘effective cost’ of 

such work. For 24-hour trap deployment, two days are required (one for trap 

deployment, one for trap recovery) 

3) Cost of electrofishing (commercial cost): Total cost is based on the daily rate 

charged by a commercial fisheries consultant. As commercial agencies typically 

charge by a daily rate rather than an hourly rate, this does not take time of first 

detection into account; and 

4) Combined cost of electrofishing and trapping (commercial cost: Total cost for a 

commercial fisheries consultant to undertake combined trapping and electrofishing. 

This requires two days (one day for trap deployment, and one day for trap recovery 

and electrofishing operations).   
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Table 6.5 Economic costs of sampling for barbel Barbus barbus and rainbow trout 

Oncorhynchus mykiss by three methods (eDNA sampling, trapping and electrofishing) 

during June 2018. Costs are presented without parentheses (a return on resources 

invested) for those cases where positive detections were recorded by that method in 

that pond and within parentheses in cases where the species was not detected (i.e. 

losses). Costs calculated based on £120/hour are explained in footnotes for the 

conventional sampling methods, and incorporate equipment preparation time and time 

on site until time of first detection. 

 

Species 

 

Pond 

eDNA 

sampling 

cost (£) 

 

Trapping 

commercial 

cost (£) 

Electrofishing 

commercial 

cost (£) 

Combined 

trapping and 

electrofishing 

cost (£) 

B.barbus 
Hurricane (616) (900)1 4501 9009 

Spitfire 616  (900)1 (450)2 (900)10 

Hanbury 

Manor 17 
(616) 9001 (450)2 90011 

Lysander 672 9002 4504 90012 

Wellington (2991) (900)3 (450)5 (900)13 

Lancaster 1597 (900)3 (450)6 
(900)14 

O. mykiss 
Hurricane 616 (900)1 (450)4 (900)15 

Spitfire 616 (900)1 (450)2 (900)10 

Hanbury 

Manor 17 

616 (900)1 (450)2 (900)10 

Lysander 672 (900)2 (450)8 (900)16 

Wellington 995 (900)3 (450)5 
(900)13 

Lancaster 1094 (900)3 (450)6 (900)14 

Costs per hour: 1 £80; 2 £90; 3 £195; 4 £85; 5 £100; 6 £110; 7 £85; 8 £95; 9 £160; 10 170; 
11 £130; !2 £140; 13 £295; 14 305; 15 £165; 16 £185.  
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Economically, the most cost-effective method for detecting B. barbus varied between 

ponds, with eDNA sampling (£615–£1600, dependent on pond size), trapping (£900, 

for 2 days of a fishery consultant’s time) and electrofishing (£450, for one day of a 

consultant’s time) each proving the most cost-effective method on ponds where other 

methods failed. The general trend was for eDNA sampling costs to become relatively 

greater as size of pond increased; this is because an increased number of samples 

needed to be collected, whereas the costs of a fishery consultant remains the same 

regardless of pond size.         

 

The among-pond variations in eDNA sampling costs (Table 6.5) are due to: the 

different number of samples that required processing to point when a positive result 

was obtained; the time taken for sampling (greater on larger water bodies); and the 

number of filter cartridges necessary for sampling larger water bodies. 

 

 

6.5 Discussion 

The two species, stocked at the same densities, demonstrated very different detection 

rates by the three methods. The eDNA surveying for O. mykiss was successful in all 

six ponds, contrasting with no catches by trapping or electrofishing, demonstrated that 

eDNA surveying provided the best detection method for this pelagic-dwelling species. 

The results for B. barbus were less consistent, and consequently less easy to interpret. 

In some ponds, B. barbus were detected in the eDNA analysis of water samples but 

not by conventional methods, whereas in other ponds the opposite was the case, and 

in one pond (Wellington) there were no detections by any method. Such inter-species 

variability in detectability in eDNA surveying has implications for both the planning of 

single-species targeted surveys, and the interpretation of metabarcoding studies of 

fish communities. 

  

There are several possible explanations for the greater success in detecting O. mykiss 

eDNA. As a species exhibiting more pelagic behaviour, their movements (and 

shedding of DNA into the water) might cover a greater area of the pond, thereby 
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dispersing eDNA to more sampling locations. This could also be aided by O. mykiss 

occupying higher positions in the water column than B. barbus, which would be 

expected to provide more opportunity for dispersal of eDNA on currents around the 

water body than might be expected for DNA shed by fish nearer the pond bottom. The 

patchy distribution of eDNA in ponds, with large variation on fine spatial scales, is an 

important consideration for sampling strategy. Cage experiments have shown a strong 

decrease in eDNA detection probability with distance from the cage, with most species 

of fish and amphibians undetectable from a few metres away (Harper et al. 2019a). 

The probability of eDNA detection of caged northern pike Esox lucius declined from 

89% at 1 m distance to 57% at 10 m and 27% at 40 m (Dunker et al. 2016). The 

weather conditions during the week between fish stocking and water sampling were 

warm and still, with little wind and consequently little water mixing – in large still water 

bodies it may be advisable to conduct sampling on days following windy weather when 

trying to detect small populations.   

 

Little information is available on the likely home range of juvenile B. barbus in lentic 

environments, but it is possible that the small number of stocked fish remained in 

localised locations in the pond, which may have been a considerable distance from 

any eDNA sampling site on the pond’s perimeter. For example, fish inhabiting the 

centre of the largest pond (Lancaster) would have been 70 m from the nearest 

sampling point, in contrast to the smallest pond (Hurricane) in which any fish would 

have been within 30 m of a sampling point. Diel movements by young B. barbus are 

known to occur in river systems, appearing in denser shoals near the bank during 

darkness (Copp 2004; Copp et al. 2005a), with daytime distances from the bank 

ranging from 4 to 8 m (Bischoff and Scholten 1996). And given the propensity of young 

B. barbus to disperse during daylight hours (Bischoff and Scholten 1996), there may 

have been a reduced likelihood of encountering the species’ eDNA during the daytime 

than at night. 

 

In addition to the possibility of fish behaviour influencing the patchy distribution of 

eDNA in the ponds, the inter-species differences may have been influenced by 

different shedding rates.  The quantity of DNA shed by an individual organism depends 
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on many factors, including developmental state (Maruyama et al. 2014), size (Klymus 

et al. 2015), and stress (Pilliod et al. 2014), and even differences in diet have been 

shown to produce 10-fold changes in DNA shedding rate in Asian carp 

Hypophthalmichthys sp. (Klymus et al. 2015), so equal biomasses of two fish species 

might be expected to shed different quantities of DNA into the environment.  

 

Some of the ponds used in the present study were inhabited by predatory fish, and all 

were accessible to piscivorous birds. Whereas B. barbus were captured immediately 

following eDNA sampling in three of the ponds (and an individual was also caught in 

Lancaster pond by an angler on 1 August 2018, approximately five weeks after the 

study, providing confirmation of their continued persistence), no O. mykiss were 

observed in any pond following stocking. It is therefore possible that there were no 

individuals alive at time of eDNA sampling. The persistence time for eDNA in ponds is 

known to be variable and to depend on a suite of environmental factors (Bista et al. 

2017), but as DNA fragments have been reported as persisting for 17–21 days after 

the organisms have been removed (Dejean et al. 2011), the O. mykiss DNA signal 

detected could have originated from fish predated soon after stocking.  

 

The costs of eDNA sampling are determined in part by the number of sample replicates 

required, both in the field and in the laboratory, to provide a positive or negative result 

to the required degree of accuracy. A higher number of PCR replicates (minimum of 

12; Harper et al. 2019) are now considered necessary to detect low abundance DNA 

in environmental samples than was typically used for earlier studies, increasing costs. 

The cost of analysis also depends on the methods used, as the conventional PCRs 

used in this study are less expensive than qPCRs (in terms of consumables and initial 

purchase of equipment).  

 

The high economic costs for sampling that failed to provide positive detections in the 

present study may be considered as losses, and these would be expected to increase 

with increased fishing effort to achieve a detection as smaller populations are targeted 

(Furlan et al. 2019). The ultimate cost of sampling is influenced by various factors 
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associated with the duration of effort to achieve either a detection or a level of certainty 

(of absence) of the species that is acceptable to environmental managers upon which 

to make a management decision (Davison et al. 2019). Determining when to stop 

allocating resources to the search for a species and to declare the species as absent 

is a critical decision for environmental managers, which will vary depending on context.  

 

The imperfect detection rates obtained by eDNA sampling for B. barbus (detections 

from only three ponds) suggest that 100 fish per hectare could be around the threshold 

population size for reliable detection of a small benthic fish. The number of locations 

in each pond recording a positive eDNA detection was also lower than for O. mykiss 

(16.6% to 50% for B. barbus compared to 41% to 100% for O. mykiss). Further work 

is needed to elucidate the threshold lowest number of fish that could be detected from 

their eDNA in a water body of a given area, and to determine the amount of sampling 

necessary to enable a 95% probability of detection. Water sampling for eDNA should 

be considered as part of the toolkit available to environmental managers, and for some 

species under some conditions will be the most effective method of detection 

available.  
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7. Discussion 

7.1 Key findings of this thesis  

The projects undertaken as part of this thesis, presented as chapters in roughly 

chronological order, represent a series of steps in method development from initial 

method development to its deployment in a range of environments (lentic and lotic 

systems) to answer applied questions in non-native fish management.  

The key findings of this body of work are:  

• Environmental DNA can represent an effective method of detecting freshwater 

fishes, including species present at low densities. This was demonstrated by 

the detection of a low population of topmouth gudgeon Pseudorasbora parva 

at a fishing lake in Kent, where an eradication attempt reduced fish density to 

a presumed low level (Chapter 3), and corresponds with many other studies 

which have achieved a greater detection rate with eDNA surveying than with 

other methods (e.g. Takahara et al. 2013; Hinlo et al. 2018; Nakagawa et al. 

2018).   

 

• The ability to detect these low populations means that the technique lends itself 

to assessment of eradication programmes, in which populations will be present 

at a low level. Analysis for eDNA was used to prove failure (Chapter 3) and 

demonstrate highly probable success (Chapter 4) of eradication attempts for P. 

parva. The utility of eDNA sampling as a method of assessing fish eradication 

success has been reported by Dunker et al. 2016 (northern pike Esox lucius), 

Furlan et al. 2019 (common carp Cyprinus carpio) and Robinson et al. 2019 (P. 

parva), in addition to Davison et al. 2017 and Davison et al. 2019 (P. parva, this 

study).  

 

• The field trial (Chapter 6) demonstrated the difficulty in “proving a negative”, 

with failure to detect Barbus barbus in three ponds at a density of 100 fish per 

hectare. This suggests that this density could be close to the eDNA detection 

threshold for this species (and also the detection threshold of the conventional 
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methods deployed). Such failure to detect a low density population is probably 

to be expected at times given the low rates of DNA dispersal reported in still 

water (Harper et al. 2019a; Li et al. 2019b), and the patchiness of DNA 

observed in the 1.4 ha infested pond in Chapter 3. Further work is needed to 

elucidate the sampling effort required to detect these low fish populations, with 

the caveat that any such study is likely to be very species-and site- specific.  

 

• In comparison trials against conventional and quantitative PCR, the nested 

PCR protocol developed in Chapter 4 proved considerably more sensitive in 

the detection of low quantities of tissue-derived eDNA. Although used to test 

field samples in Chapters 4 and 5, the nested PCR did not provide any new 

detection locations beyond those provided by the first conventional PCR stage. 

However, as the target species were likely missing from many of those 

sampling sites (particularly the P. parva eradication sites), further work is 

needed to determine whether the increased sensitivity will translate into 

increased field detections.  

 

• The investigation into sensitivity of conventional and quantitative PCR protocols 

(Chapter 4) suggested that conventional PCR could be equally as sensitive, 

despite the concerns over reliability of visualisation. This contradicts some 

studies which have found quantitative PCR to be more sensitive (e.g. Tréguier 

et al. 2014; Biggs et al. 2015; Piggott 2016), but it may be that it depends on 

the specific primers in question. Robinson et al. (2019) developed novel qPCR 

primers for P. parva which achieved a higher detection rate than the 

conventional PCR primers developed in this thesis (Chapter 2; published as 

Davison et al. 2017), demonstrating that primers used may have important 

effects on attribution of positive or negative status.  

 

• The application of eDNA sampling to the mapping of a river catchment (Chapter 

5) provided a rapid 3-day assessment of distribution which broadly matched the 

expected distribution based on extensive previous fieldwork input. This 

corroborates the findings of other studies which have shown the cost-
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effectiveness of eDNA sampling at a catchment level (e.g. Nakagawa et al. 

2018; Pont et al. 2018).     

 

Methodological advances are likely to continue to increase the sensitivity of eDNA  

techniques, and in turn their applicability to non-native species management 

applications. Indeed, the recommended methods have evolved over the duration of 

this PhD. For example, water filtration (as used throughout this PhD) has been shown 

to be a more effective eDNA capture method than the precipitation protocols used in 

a number of early papers (e.g. Ficetola et al. 2008; Dejean et al. 2012), and is now 

almost universally recognised as a more effective method (P. Davison, personal 

discussions at DNAquaNet Working Group). The course of this PhD saw a shift from 

collecting water bottles to filter in the laboratory using a vacuum pump (Chapters 1-2) 

to filtering the water in the field using a Sterivex filter cartridge (Chapters 3-5), with 

consequent advantages in ease of collection and storage, and reduced contamination 

ability. This switch in filtering methods is in line with many recent studies, with the filter 

cartridges offering advantages in terms of contamination avoidance and ease of 

transport from the field, in addition to giving a high DNA yield (Spens et al. 2017).  

 

As methods developed over the course of this PhD, one of the main inconsistencies 

in methodology evident between the Chapters is the analysis of different water 

volumes. Comparatively small volumes, of 80 mL from ponds at Crampmoor Fishery 

and just 30 mL from the experimental ponds (both Chapter 2), were sampled in the 

initial trials. The positive results demonstrated that such small water volumes can be 

effective, but more consistent positives (e.g. in the pond at Crampmoor Fishery with 

low density) may have been obtained if larger water volumes had been sampled. 

Similarly, the 100 mL subsamples filtered in the initial survey for Pseudorasbora parva 

in the fishing lakes (Chapter 3) gave patchy positive results only at one end of the 

infested lake – more consistent positives across that water body may have been 

achieved from larger volumes. From Chapter 4, larger volumes were filtered: three 

replicates of 300 ml in both Chapter 4 (fishing lakes) and Chapter 5 (rivers/streams). 

To maximise the possibility of detection of known low density fish in lakes in Chapter 

6, three replicates of 1L was sampled. Published studies use a wide range of water 
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volumes (15 mL to over 6 L; Hunter et al. 2019), but mesocosm studies have shown 

that increased water volume increases the likelihood of capturing ‘rare’ DNA in a 

sample (e.g. probability of detection increased 4.4 times when increasing water 

volume by 4 times; Hunter et al. 2019). One of the key limitations on volume that can 

be filtered is the clogging of the filters by debris; this can be overcome by increasing 

pore size or by combining filters at the extraction stage, apparently without loss of DNA 

detection probability (Harper et al. 2019; Hunter et al. 2019).   

 

To combat potential effects of inhibition in environmental samples, which can be 

particularly prevalent in ponds (Jane et al. 2015), in Chapters 3 and 5, extracted 

samples were diluted in water following recommendations of several authors (e.g. 

Biggs et al. 2015; McKee et al. 2015). This method is now not recommended, as it 

may further reduce the detection probability of ‘rare’ DNA in a sample, and Harper et 

al. (2019) review other methods such as different extraction protocols or the addition 

of bovine-serum albumen to PCR reactions. It is unknown whether detection 

probability would have been significantly affected in this study.             

 

 

7.2 Development of the research field during this PhD, and future 

research questions 

The field of environmental DNA research has grown considerably over the seven-year 

course of this PhD study. At the start of this PhD (March 2013), <25 papers on aquatic 

macrobial DNA had been published, although at that early stage these did include the 

first papers relating to detection of non-native freshwater fishes (Takahara et al. 2012, 

2013). By 2021, many new papers on the subject are appearing each month, and 

indeed a peer-reviewed journal, Environmental DNA, devoted entirely to the topic was 

initiated in 2019  (Bernatchez 2019).   

 

As of 2021, although eDNA surveying is increasingly being used in small-scale 

research projects, there are relatively few cases in which eDNA surveying has been 
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incorporated into routine monitoring programmes. This is particularly the case for non-

native species, where considerable method validation that is needed before a method 

can be used in an applied context, particularly where the results have legal or resource 

implications. Non-native species, especially if newly arrived or undergoing  

eradication, may occur at low density and be difficult to detect when compared to other 

eDNA applications (for example, they may evade detection by metabarcoding 

community analyses, unlike the commoner species in the community) – but the 

consequences of a false negative detection are potentially greater. For example, 

failure to detect a species may lead to delays in management, enabling it to increase 

and leading to far greater management costs when it is discovered in the future, while 

premature declaration of an eradication (due to a false lack of evidence of the species 

persistence) can also be financially costly (Rout et al. 2009). Similarly, a false positive 

detection that leads to an unnecessary eradication operation could have serious 

unintended consequences for the environment (due to effects on non-target 

organisms), to landowners and livelihoods (e.g. due to temporary closure of fisheries), 

and to financial resources of agencies. Financial costs can be considerable, with  

eradication operations at three sites for Pseudorasbora parva costed at between £1.90 

and £7.90 per m2 of water surface (Britton et al. 2008). 

 

The prime example in the UK where barriers to eDNA-based monitoring have been 

overcome is surveying for the great crested newt Triturus cristatus, a species of 

conservation importance which needs to be surveyed for before development is 

permitted. Following extensive method validation (Biggs et al. 2015; Buxton et al. 

2017; Rees et al. 2017; Harper et al. 2018), eDNA surveying is now admissible as 

legal proof of the presence or absence of T. cristatus (Natural England 2015), and an 

eDNA analysis service is offered by a number of consultancies.  

 

In a UK context, the seven-year duration of this PhD has seen considerable progress 

being built between academic researchers and monitoring agencies to bridge the gap 

between research studies and routine monitoring applications. This is continuing to 

grow under the auspices of, for example, the UK DNA Working Group and its 

associated specialist Technical Groups. Discussion at these forums often focusses on 
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the need for greater validation of the methods under a wider range of conditions; the 

need for increased clarification on the sampling effort required, such that it can be 

realistically incorporated into limited monitoring budgets; and the need for increased 

communication of method potential and limitations to end-user agencies (P. Davison, 

personal experience). One example of an effort to bridge this communication gap is 

the production of a clear scale by which to grade the degree of validation tests carried 

out on a PCR assay (by the DNAquaNet group), which enables stakeholders to 

evaluate published papers. In spite of the challenges, the next 5-10 years are likely to 

see increased uptake of eDNA as a survey method. There is considerable discussion 

currently about whether molecular monitoring could be used to effectively monitor new 

metrics for biodiversity or ecosystem function which could provide more powerful 

information than those metrics currently measured – for example when looking at 

disturbance gradients in benthic marine ecosystems.     

  

With the global increase in non-native species introductions showing no sign of abating  

(Seebens et al. 2020), their management is likely to become increasingly important to 

avoid conservation, social and economic impacts. There are also increasing regulatory 

imperatives to manage non-native species appropriately in the UK and Europe, with 

assessments of their status required to monitor compliance with the Water Framework 

Directive (Boon et al. 2020), Marine Strategy Framework Directive (Long 2011), and 

the European Union Invasive Alien Species regulations (Beninde et al. 2015) which 

have been transposed into UK law. The UK Government’s 25 Year Environment Plan 

(HM Government 2018) draws attention to the threats caused by non-native plants 

and animals, stating that “by adopting a policy of early and effective intervention, we 

can save time and money, and spare the environment from greater impacts from 

breaches in bio-security”.     

   

The emphasis is on detecting any new invaders as early as possible, and eDNA 

surveying is one element of the toolkit that may be appropriate for such monitoring. 

Monitoring can be focussed on sites at high risk of new regional introductions, such 

as ports and marinas in the case of marine non-native species, or fish farms and 

aquaculture facilities in the case of freshwater fish. If eradication of a population is the 
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desired outcome, before it successfully establishes, then rapid management action is 

required. For some species with significant impacts, UK rapid response plans have 

been formulated prior to their arrival in the country, with a good current terrestrial 

example being the Asian hornet Vespa velutina, whose isolated nests have swiftly 

been destroyed since the first records in 2016, preventing it from establishing in the 

country so far.  

 

A hierarchy of measures are available to be deployed against aquatic invasive 

species, including freshwater fishes. For those species that have not yet arrived, 

horizon scanning is a useful exercise to identify potential new arrivals (Roy et al. 2014), 

which can then be risk screened or risk assessed to determine those likely to cause 

problems, enabling the prioritisation of resources for management (Mandrak and 

Cudmore 2015). The most cost-effective management methods will stop the species 

from arriving in the first place, by targeting the pathway of introduction via legislation 

or by education (e.g. information campaigns targeted at people using the aquatic 

environment, or the ‘Be Plant Aware’ programme informing gardeners about the risks 

posed by invasive plants).     

 

Once an invasive animal or plant has established, the options could include attempted 

eradication (locally from one water body, or nationally), or control and containment. 

Both options are potentially costly, both in terms of resources and in collateral damage 

to native species, and the advantages and disadvantages need to be assessed using 

a risk-based decision framework (Britton et al., 2011). Freshwater fish eradications 

can be successful, typically using piscicides (or drainage of smaller water bodies), with 

many of the 77 eradication attempts reviewed by Rytwinski et al. (2019) reporting 

success. Invasive fish eradications should be prioritised at sites from which they can 

spread into other water courses, thereby acting to contain the population. It should be 

remembered that if a non-native species appears environmentally ‘benign’ at one 

location, it may be in a lag phase before a future population increase (Crooks and 

Soule 1999); it may also be a species which will benefit from future climatic conditions 

(Britton et al. 2010a).       
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It is generally agreed that targeted detections of a species of interest are currently best 

undertaken using species-specific PCR assays rather than metabarcoding, as 

differences in species detection reads obtained by metabarcoding are little understood 

(Bylemans et al. 2019; Wood et al. 2019). Future increases in metabarcoding 

sensitivity might make that approach as powerful for single-species detection in future 

(Taberlet et al. 2012b). Currently, surveillance programmes for newly-arrived non-

native species, for example in ports or estuaries, would benefit from a combination of 

both methods, with metabarcoding of samples to search for a suite of potential arriving 

species (Sard et al. 2019) supported by single-species targeting of key problem 

species (P. Davison, personal discussions with experts at marine eDNA workshops).      

 

The PCR protocol varies between studies, with quantitative PCR (qPCR) increasingly 

preferred over conventional PCR (cPCR). There is a widespread perception that qPCR 

has greater sensitivity (P. Davison, personal experience), and several studies have 

indeed found this to be the case (Tréguier et al. 2014; Biggs et al. 2015; Piggott 2016), 

despite their similar sensitivity demonstrated in Chapter 4 of this report (and published 

as Davison et al. 2019). In this PhD, cPCR was used for the majority of the studies 

(Chapter 2-6), with the addition of a nested qPCR stage in Chapters 4 and 5. The 

results of the comparative trials (Chapter 4), combined with lower financial cost 

(important in the context of developing monitoring protocols for agency use) provided 

justification for use of cPCR in the field trials in Chapter 6.  

 

This thesis focusses entirely on presence/absence detection, but a key research 

question still under investigation is whether fish abundance can be accurately 

determined from eDNA signal, measured either as the number of reads of a species 

in metabarcoding studies, or the fluorescence signal obtained by qPCR analysis. 

Correlations have been found between fish abundance and eDNA signal. Lacoursiére-

Roussel et al. (2016), comparing 12 lakes, found a significant positive correlation 

between relative fish abundance (measured as catch-per-unit-effort in gillnet surveys) 

and eDNA concentration. In contrast to other studies, they found a less pronounced 



 

112 
 

relationship with biomass (Lacoursiére-Roussel et al. 2016). A promising future 

development for assessment of populations using eDNA, which will be made possible 

with increased sensitivity of the technique, is likely to be detection of other genes which 

can be used for population genetics analysis (Adams et al. 2019).  

 

A key knowledge gap is a clear understanding of the ‘ecology of eDNA’ (Barnes and 

Turner 2016) in terms of its dispersal and degradation in the aquatic medium. When 

laboratory procedures have been optimised, this knowledge gap might account for 

some ‘false negatives’ (as occurred in Chapter 6 of this thesis). Very few published 

studies report definite ‘false-negatives’, i.e. a lack of detections where they would 

definitely be expected; one such recent example concerns a failure to detect killer 

whales Orcinus orca from water samples collected in close proximity (10 -20 m) to 

observed animals (Pinfield et al. 2019). More analysis of the failures, as well as the 

successes, of eDNA detection are needed to advance the field. Environmental 

managers would benefit from clearer communication of both the potential benefits and 

limitations of the technique, and more field trials are needed to determine key elements 

of sampling strategy (such as the sampling effort required to attain a high probability 

of detection in different water bodies).    

 

An environmental manager deciding whether to employ eDNA surveys or traditional 

methods, for example to assess whether a particular fish species is present in a 

complex of lakes, should base their decision on resources available and the relative 

need for proof of presence or absence. The cost of molecular methods in the 

laboratory needs to be weighed up against the costs of sample collection (whether by 

netting, trapping, electric fishing, or water sampling)  for an acceptable probability of 

getting the correct positive or negative decision for each water body. This will depend 

on the species – with those with high levels of catchability and at high abundance likely 

to be best detected using conventional methods, but those elusive species at low 

abundance likely to be detected most effectively using eDNA surveys. It may be that 

a combined approach will be required; for example, a rapid eDNA survey to determine 

presence/absence in each water body, followed by conventional surveys to provide 

abundance information on those water bodies that generated positive detections.   
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Before starting on a survey in situations where a positive detection will have 

consequences (e.g. financial deployment of resources, implications for landowners, or 

environmental impacts of management actions), environmental managers should be 

aware of the need to set a threshold for what constitutes a positive eDNA detection 

(Jerde 2019). Is one detection in a single replicate enough to initiate action, or will 

further proof of captured specimens be necessary?  

 

Based on current knowledge, the advice to environmental managers who have 

decided that eDNA surveys will be the best method to detect non-native freshwater 

fishes would be: 

1) Use single-species targeted PCRs in cases where detection of a certain 

species is of key importance. Whereas if knowledge of the fish community is 

more important, or if conducting surveillance for a large number of potential 

non-native species, metabarcoding will be a more cost-effective method. 

2) Either conventional or quantitative PCRs can be used, as sensitivity can be 

similar (see Chapter 4). A literature search should be conducted to discover if 

primers have been developed for the species in question and tested, preferably 

on field samples as well as in the laboratory. If not, then primers (for either 

cPCR or qPCR) will need to be their designed and tested, adding to the financial 

cost. Guidelines for designing and evaluating primers, such as the MIQE 

guidelines for qPCR (Minimum Information for Publication of Quantitative PCR 

Experiments; Bustin et al. 2009), should be followed to ensure robust and 

repeatable results.      

3) Design the field sampling programme carefully with respect to optimising for the 

species (seasonal considerations, preferred habitat within the water bodies) 

and site (likely levels of water mixing). Despite several field studies (Chapter 6 

of this thesis; Dunker et al. 2016; Harper et al. 2019a) which have shown that 

eDNA is patchily distributed in ponds and that detection probability declines 

within metres, it is still difficult to define the minimum amount of sampling 

required for a given species in a given water body. Advances in knowledge of 

eDNA ‘ecology’ (Barnes and Turner 2016) and occupancy modelling analyses 

(Neto et al. 2020) will increasingly be able to inform strategy. The general rule, 
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however, is that for species in low abundance in still waters, a high number of 

field replicates may need to be collected, increasing financial costs.   

4) Use a protocol which filters a large volume of water (at least 1L), as opposed 

to precipitation-based methods, to increase probability of detecting species in 

low abundance (Harper et al. 2019b). Filtration in the field using cartridges 

(Spens et al. 2017) may be the most effective method, in comparison to  

transport of water to the laboratory for filtration there. Transport and storage 

should be considered carefully to avoid DNA degradation, e.g. from repeated 

freezing and thawing of samples.   

5) Use a high number of PCR replicates (further increasing costs) to detect DNA 

in small quantities, due to stochasticity during amplification (Harper et al. 2018). 

Twelve qPCR replicates may be the minimum required (as per Harper et al. 

2018) to ensure a high probability of detection.      

6) Ensure that all appropriate controls are in place to ensure robustness of 

reported results. These include: rigorous contamination avoidance procedures, 

both in the field and in the laboratory; negative control samples collected in the 

field to test for potential contamination; positive controls such as addition of 

non-target DNA sequences to test that DNA is not lost at any stage of the 

storage, filtering or extraction process; positive and negative controls during 

PCR amplification. Unexpected positive results, or positive results which will 

have management action consequences, should be sequenced as a safeguard 

against unforeseen problems with primer specificity.   

          

The potential for eDNA surveying to enhance our knowledge of the distribution of 

aquatic organisms is now beyond doubt. Future advances in knowledge and 

capabilities are likely to ensure its status as an important tool for monitoring non-native 

species and wider biodiversity, in many cases providing the best survey tool available. 

.  
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