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Abstract 16 

Monitoring freshwater fish communities in a large human-impacted river represents a 17 

challenging task. The structure of fish assemblages has been monitored yearly in the Marne 18 

and the Seine Rivers, across the Paris conurbation, France, using traditional electrofishing 19 

(EF) surveys since 1990, in accordance with the European Water Framework Directive. In 20 

addition, metabarcoding of DNA extracted from environmental samples (eDNA) was 21 

concomitantly conducted in 9 sampling sites in 2017 and in 2018, to compare estimates of 22 

species richness and relative abundance among three methods: annual, long-term EF 23 

monitoring, and eDNA. The present study confirms better detection of fish species using 24 

eDNA compared to annual EF. eDNA metabarcoding was also more efficient for species 25 

detection than 3- to 6-year EF survey, but was similar or less efficient than long-term EF 26 

survey of 14 years of monitoring. In addition, the numbers of reads per species relative to the 27 

total number of reads significantly increased with (1) increasing relative abundance (relative 28 

% of individuals caught per species) and (2) increasing number of years that a fish species 29 

was detected during the 2000-2018 period. These results suggest that eDNA could reflect 30 

local population persistence. 31 

 32 
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monitoring, population persistence 34 

  35 



3 
 

Introduction 36 

Although fresh water occupies less than 1% of the Earth’s surface and represents 37 

approximately 0.01% of the World’s water (Gleick, 1996), these habitats support 38 

exceptionally rich biodiversity, with over 10000 freshwater fish species, corresponding to 39 

40% of global fish diversity (Lundberg et al., 2000). Fresh water ecosystems are threatened by 40 

intensive and widespread human activities, such as overexploitation of resources, acute and 41 

chronic release of pollutants, habitat modification and fragmentation, hydrological regime 42 

modification, and introduction of invasive exotic species (Dudgeon et al., 2006, Vörösmarty 43 

et al., 2010). Several freshwater fish populations are declining or at risk of extinction, 44 

especially large, long-lived, or potamodromous fish species (Liermann et al., 2012).  45 

Freshwater ecosystem quality, as established by the Water Framework Directive 46 

(WFD, 2000/60/CE) and its transposing legislation in France (2006-1772 of 30/12/06) is 47 

evaluated using a combination of several bio-indicators. Four biological quality elements -48 

diatoms, macrophytes, benthic macro-invertebrates and fish- are monitored at regular 49 

intervals (EEA 2012). Traditional sampling (gillnet, electrofishing) is an effective tool for 50 

determining fish abundance, population structure and species composition (Bonar et al., 51 

2009). Sampled organisms are identified using morphological criteria and a metric index is 52 

computed based on taxonomic richness and abundance. Ecological representativeness of 53 

sampling methods is a critical task, especially in large rivers. Indeed, electrofishing (EF) may 54 

fail to detect rare species, may exclude some species, due to low size or to the use of 55 

microhabitats and may underestimate population size at greater river widths, because of 56 

increasing depth and flow velocity in the open water zone (Kennedy & Strange, 1981; Evans 57 

and Lamberti, 2017; Zajicek and Wolter, 2018). Moreover, EF is costly, time consuming, 58 

requires teams of skilled and qualified workers and can induce harmful effect for fish and 59 

eggs (Dwyer, et al., 1993; Snyder, 2003; Goldberg et al., 2016; Shaw et al., 2016). 60 
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During the last decade, environmental DNA (eDNA) has emerged as a rapid, reliable 61 

and non-invasive tool for inventorying fish richness (Rees et al., 2014; Pawlowski et al., 62 

2018). Tracing eDNA allows a better species detection compared to traditional EF methods 63 

(Bohmann et al., 2014; Valentini et al., 2016), reduces sampling effort and cost (Evans et al., 64 

2017). However a major constraint of the eDNA method is its limited ability for the 65 

quantitatively estimation of fish assemblages. Indeed the detectability and concentration of 66 

eDNA depends on several parameters: (i) production rates from organisms (faeces, saliva, 67 

urine, skin, mucus, dead cells, Taberlet et al., 2012), according to the individual’s abundance 68 

and metabolic rate (Lacoursière‐ Roussel et al., 2016), (ii) water dispersion (dilution, 69 

deposition, downstream transport, Wilcox et al., 2016) and (iii) environmental degradation in 70 

the environment (UV light, microbial activity, temperature, pH, Barnes et al., 2014, Thomsen 71 

et al., 2012, but see Lacoursiere-Roussel et al., 2016). It should be noted that eDNA 72 

degradation rate under laboratory conditions (20°C, 12-h light) is around 10% reduction per 73 

hour, so that more than 90% of eDNA is degraded after one day (Maruyama et al., 2014). A 74 

challenging task is to shift from presence-absence monitoring to an estimation of relative 75 

abundance of individuals. In mesocosms, the number of eDNA copies increased with biomass 76 

of freshwater fish and amphibians (Evans et al., 2015) or marine fish (Kelly et al., 2014), but 77 

correlations are weak and non-linear. Promising correlations were found between sequence 78 

read counts and fish relative abundance in field studies along the Rhône River (Pont et al., 79 

2018) and in large lakes in England (Hanfling et al., 2016). In that regards, Hering et al. 80 

(2018) have explored the suitability of DNA-based identification into ecological status 81 

assessment under the European Water Framework Directive and concluded that eDNA 82 

method is particularly efficient for fish. 83 

The interdepartmental association for sewage disposal in Paris conurbation (SIAAP) 84 

has monitored the structure and composition of fish communities in the Marne and the Seine 85 
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Rivers, France, with traditional EF surveys since 1990. Previous results have highlighted an 86 

increase in fish species diversity from 1990 to 2013 in eight stations of the Seine River across 87 

the Paris conurbation (Azimi and Rocher, 2016). Annual EF surveys yielded 21 species in 88 

2013 vs 14 in 1990, and the cumulative number of species increased from 14 species in 1990 89 

to 32 in 2013 (Azimi and Rocher, 2016). Fish assemblages also changed, with a relative 90 

decline of limnophilic and omnivorous species, and an increase of limnophilic and 91 

carnivorous species and the presence of rheophilic and carnivorous species, primary after 92 

2009 (Azimi and Rocher, 2016). This change has been attributed to recent achievements in 93 

wastewater treatment in the greater Paris area and that have considerately improved the water 94 

quality, especially dissolved oxygen, organic matter and ammonia nitrogen in the Seine River 95 

(Azimi and Rocher, 2016). At a larger spatial and temporal scale, a recent study showed that 96 

amphidromous species declined for the past 150 years on 29 river sections of the Seine River 97 

basin, where non-native species colonized (Belliard et al., 2018).  98 

During two consecutive years (2017 and 2018), eDNA was tracked in nine sampling 99 

sites, the same week than traditional EF inventories, to compare their species richness 100 

estimates using eDNA metabarcoding, EF and long-term electrofishing survey (LTES). We 101 

expected better species detection from eDNA, compared to EF. In addition, we tested whether 102 

difference in species detection between LTES and eDNA increased with the LTES period 103 

(from 3 to 29 years). Lastly, we investigated the potential of eDNA to estimate relative 104 

abundance, by testing the correlation between the number of individuals caught per species 105 

and the numbers of reads per species relative to the total number of reads.  106 

 107 
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Materials and methods 108 

 109 

Study area  110 

Electrofishing and eDNA surveys were conducted in summer 2017 and 2018 at nine sampling 111 

sites distributed from upstream (Gournay-sur-Marne (GM), Bonneuil-sur-Marne (BM) and 112 

Maisons-Alfort (MA) in the Marne River, and Choisy-le-Roi (CR) in the Seine River) to 113 

downstream (Paris (P), Levallois-Perret (LP), Colombes (C), Herblay (H) and Triel-sur-Seine 114 

(TS) in the Seine River) of the Paris conurbation (Fig. 1). The distance between adjacent 115 

sampling sites was: 20.0 km (GM-BM), 6.2 km (BM-MA), 14.6 km (MA-P), 19.3 km (CR-P), 116 

14.5 km (P-LP), 15 km (LP-C), 27.5 km (C-H), 18.1 km (H-TS). 117 

 118 

Electrofishing survey 119 

EF surveys started in 1990 for P and LP, with sampling twice a year, from 1990 to 1999, then 120 

once a year, from year 2000 onwards. Three additional sampling sites were monitored from 121 

2000: GM, MAl and TS. BM was added in 2005, CR in 2013, C and H in 2016. Information 122 

for LTES periods and EF surveys conducted in July 2017 and 2018 is given in Table 1. 123 

Single-pass electrofishing was performed according to a European standardized protocol 124 

(CEN 14011), using a portable unit which generated up to 200 V and 3 A pulsed D.C. in an 125 

upstream direction (Azimi and Rocher, 2016). Sampling method changed in 2005 from the 126 

per-habitats fishing method (1990-2004) to Abundance Grab Sampling (AGS) method (from 127 

2005 onwards), without significantly affecting diversity and composition of fish assemblages 128 

(Azimi and Rocher, 2016). Captured fish were sorted by species and counted. 129 

 130 
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eDNA sampling and metabarcoding  131 

Two filtrations (i.e. 2 samples) per site were conducted, lasting 30 minutes each and 132 

corresponding to a water volume of 30 L, which is considered sufficient to detect more than 133 

95% of the local species richness (Valentini et al. 2016). For one site (Colombes), only one 134 

water sample was collected in 2017, because of a technical problem. A total of 35 water 135 

samples were collected in the nine sampling sites from July 26 to August 2 2017 and from 136 

July 18 to 20 2018 (Table 1). All devices were provided by SPYGEN (le Bourget du Lac, 137 

France). Water samples were collected on the left bank or on the right bank and filtered using 138 

a peristaltic pump (1.1 L.min
−1

), a VigiDNA® 0.45-μM cross flow filtration capsule and a 139 

disposable sterile tubing for each sample. After emptying the capsule at the end of each 140 

filtration, CL1 Conservation buffer (80 mL, SPYGEN, le Bourget du Lac, France) was added 141 

and filters were stored at room temperature. DNA extraction, amplification using teleo 142 

primers (Valentini et al., 2016), high-throughput sequencing, sequence analysis, and taxon 143 

assignments were conducted by SPYGEN (le Bourget du Lac, France), as described in Pont et 144 

al. (2018) and Milhau et al. (2019). Library preparation and sequencing were performed using 145 

the Fasteris MetaFast protocol (www.fasteris.com/dna/?q=content/metafast-protocol-146 

ampliconmetagenomic-analysis). Paired-end sequencing (2 ×125bp) was carried out on an 147 

Illumina HiSeq2500 sequencer (www.illumina.com) with the HiSeq SBS Kit v4 (Illumina) 148 

following the manufacturer's instructions. Taxonomic assignment of molecular operational 149 

taxonomic units (MOTU) was performed using the program ecotag with the local reference 150 

database Teleostei (Valentini et al., 2016). MOTUs showing <98% similarity to the local 151 

reference database were removed. All sequences with an occurrence frequency < 0.001 per 152 

taxon and per library were discarded. After the bioinformatic analysis, taxa present in only 153 

one PCR replicate and in only one field replicate were discarded (Ficetola et al., 2015). 154 
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We excluded six species that had not been detected in the Seine and the Marne Rivers, since 155 

they are consumed by humans and their DNA are likely released in the environment from 156 

treatment plants: Dicentrarchus labra L. (2006 reads in total across all samples), Liza ramada 157 

(Risso, 1826), 295 reads in total across all samples), Pangasianodon hypophthalmus 158 

(Sauvage, 1878) (740 reads in total across all samples), Salmo salar L. (4385 reads in total 159 

across all samples), Sparidae sp. (375 reads in total across all samples), Trachurus sp. (1947 160 

reads in total across all samples).  161 

The following fish species were not differentiated according to molecular marker used 162 

in this study: (1) the vairone Telestes souffia (Risso 1827), the common nase Chondrostoma 163 

nasus L. and the south-west European nase Parachondrostoma toxostoma (Vallot 1837), (2) 164 

the grass carp Ctenopharyngodon idella (Valenciennes 1844) and the silver carp 165 

Hypophthalmichthys molitrix (Valenciennes 1844), (3) black bullhead Ameiurus melas 166 

(Rafinesque 1820) and brown bullhead Ameiurus nebulosus (LeSueur 1819), (4) ide 167 

Leuciscus idus L. and common dace Leuciscus leuciscus L., (5) crucian carp Carassius 168 

carassius L., goldfish Carassius auratus L. and Prussian carp Carassius gibelio (Bloch 1782), 169 

(6) Cottus species: C. aturi (Freyhof, Kottelat and Nolte, 2005), C. duranii (Freyhof, Kottelat 170 

and Nolte, 2005), C. gobio L., C. hispaniolensis (Bacescu & Bacescu-Mester 1964), C. 171 

perifretum (Freyhof, Kottelat and Nolte, 2005) and C. petiti (Bacescu & Bacescu-Mester 172 

1964), (7) gudgeon Gobio gobio L., G. lozanoi (Doadrio & Madeira 2004) and G. occitaniae 173 

(Kottelat & Persat 2005). 174 

 175 

Statistical analyses 176 

Species richness was first compared between eDNA and annual EF methods in 2017 and in 177 

2018 separately, and then between two-year eDNA metabarcoding and LTES, using 178 
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Wilcoxon signed-rank tests for paired data. The correlation between difference in the number 179 

of detected fish species between LTES and eDNA (2017 and 2018 data sets) methods and the 180 

LTES period (from 3 to 29 years) was tested using a Spearman’s rank-order correlation test. 181 

All eDNA samples were resampled using R package MASS (function sample without 182 

replacement; www.r-project.org) to randomly select 45,950 reads per sample, i.e. the smallest 183 

number of reads in one sample. All taxa that were detected from the initial dataset were still 184 

found after resampling. Correlations between the number of reads per species relative to the 185 

total number of reads and the number of individuals caught per species were tested for each 186 

using Spearman’s rank-order correlation tests. Links between the number of reads per species 187 

relative to the total number of reads and the number of years a fish species detected during the 188 

2000-2018 period (19 years) were tested using Spearman’s rank-order correlation tests in 189 

three historical sampling stations: the most upstream site (GM), within the metropolis (P) and 190 

the most downstream point (TS). 191 

 192 

Results  193 

Qualitative pattern 194 

A total of 8,072,888 reads were assigned to 31 fish taxa. Whatever the method used, the total 195 

number of species or groups of species did not significantly differ between the two 196 

consecutive years 2017 and 2018 (eDNA : W = 18, p = 0.551 ; EF: W = 13, p = 0.932 ; LTES 197 

: W = 0, p = 0.089).  198 

A greater number of species or groups of species per site was detected through eDNA 199 

metabarcoding (min-max: 18-24 in 2017 and 16-23 in 2018) compared to EF inventory (10-17 200 
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in 2017 and 10-19 in 2018, Wilcoxon signed-rank tests for paired data, W=45, p-value = 201 

0.009 for both years, Table 2, Fig. 2).  202 

 Total number of fish species that were sampled at least once during LTES from 1990 203 

at the earliest to 2018 (19 to 30 species per site) did not differ significantly from species 204 

richness detected during the two-year eDNA survey (compiled data from the 2017 and 2018 205 

sampling sessions, 20 to 26 species or groups of species per site, Wilcoxon signed-rank tests 206 

for paired data, W = 22, p-value = 0.203, Fig. 3). Moreover, difference in the number of 207 

detected fish species between LTES and two-year eDNA methods was positively correlated to 208 

the LTES period (Spearman’s rank-order correlation test, r = 0.957, p < 0.001, Fig. 4). This 209 

was also true for one of the years of eDNA sampling (2017, r = 0.953, p < 0.001 ; 2018, r = 210 

0.798, p-value = 0.010).  211 

 212 

Semi-quantitative pattern  213 

Relative abundance was calculated as the abundance of fish individual of each species relative 214 

to the total number of fish caught by electrofishing in one sampling site in 2017 or in 2018. 215 

Relative number of reads increased with increasing relative abundance, but with some 216 

variations among the 9 studied sites and between the two years (Table 3, Figure 5).   217 

At last, the number of reads per species relative to the total number of reads in 2018 218 

increased with increasing number of years that a fish species was detected during the 2000-219 

2018 period (Figure 6, Spearman’s rank-order correlation test, p < 0.001 for all sites, 220 

Gournay-sur-Marne: r = 0.778 ; Paris :  r = 0.837; Triel-sur-Seine: r = 0.806).  221 

 222 

Discussion 223 
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This study confirms the higher detection capability of fish species using eDNA 224 

metabarcoding compared to traditional electrofishing method, as previously demonstrated 225 

(e.g. Civade et al., 2016; Valentini et al., 2016). New fish species were detected during the 226 

studied period though either EF, either eDNA or both methods: sunbleak Leucaspius 227 

delineatus was first sampled by EF in 2017 (Paris), spirlin Alburnoides bipunctatus by EF in 228 

2018 (Gournay-sur-Marne), largemouth bass Micropterus salmoides by eDNA and EF in 229 

2018 (Gournay-sur-Marne), and asp Aspius aspius by eDNA in 2018 (Maison-Alfort).  230 

Some species were detected by eDNA but not caught during EF survey at one site, and 231 

the relative number of reads was very low (mean ± se: 1.57% ± 0.48%). These species were 232 

either solitary, either rheophilic with good swimming ability in streams, being more prone to 233 

avoid the boat and fishing capture, such as the barbel Barbus barbus L., the ruffe 234 

Gymnocephalus cernua L., the pike Esox Lucius L., the pike-perch Sander lucioperca L.. On 235 

the other hand, some species (tench Tinca tinca L., rudd Scardinius erythrophthalmus L., 236 

pike, pumpkinseed sunfish Lepomis gibbosus L., common nase, common carp Cyprinus 237 

carpio L., European bitterling Rhodeus amarus (Bloch, 1782)) were not detected by eDNA at 238 

one site but were caught during EF survey at a relatively low abundance (0.64% ± 0.15%). 239 

 The detection of a species using eDNA could result from the presence of individuals 240 

upstream, because of downstream transport from few meters up to several dozens of 241 

kilometers (Laramie et al., 2015; Jane et al., 2015; Civade et al., 2016; Shogren et al., 2017; 242 

Pont et al., 2018). In our data sets, many fish species were detected using eDNA and EF in 243 

one sampling site, but not at the station(s) downstream: the spined loach (Cobitis taenia L.) 244 

was recorded in Gournay-sur-Marne only, in 2017 and in 2018 ; the three-spined stickleback 245 

Gasterosteus aculeatus L. in Paris in 2017 and in Maison-Alfort in 2018 ; the largemouth bass 246 

in Gournay-sur-Marne in 2018. Hence, our results suggest that downstream transport in the 247 

Marne and the Seine River did not reach 14.5 km, likely because of low velocities within 248 
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these rivers at low altitude and high eDNA degradation in summer. Mean flows and 249 

temperature in the Seine River during eDNA sampling were 113 m
3
/s and 22°C in 2017 and 250 

150 m
3
/s and 25.2°C in 2018. 251 

Two-year eDNA monitoring produced similar results than long-term electrofishing 252 

survey that was conducted yearly since up to 1990. Consistently with a 10-year study on the 253 

Rhône River (2006–2016, Pont et al., 2018), our results suggest that eDNA metabarcoding is 254 

a good proxy of fish assemblage during the last decade. Specifically, an electrofishing survey 255 

of 3 to 6 years was less efficient than eDNA to detect fish species, an electrofishing inventory 256 

of 14 to 19 years was equivalent or slightly better (4 more caught species) than eDNA and the 257 

29-year survey allow inventorying 6 to 7 more species than the two-year eDNA survey. As 258 

previously shown (Azimi and Rocher, 2016), the number of caught species through EF 259 

increased from 1990 to 2000, and then remained nearly constant, as a potential consequence 260 

of river quality’s improvement. Some species were caught occasionally (1 to 4 specimen) 261 

during the 29-year survey, but were not detected by eDNA metabarcoding at these sites (GM, 262 

P, TS):  sunbleak, spirlin, rudd, ninespine stickleback Pungitius pungitius L., three-spined 263 

stickleback Gasterosteus aculeatus L., Brook Lamprey Lampetra planeri (Bloch, 1784), 264 

Topmouth gudgeon Pseudorasbora parva (Temminck & Schlegel, 1846). Their occasional 265 

detection through LTES but not eDNA did not reflect establishment of these fish population 266 

and could be attributed to morphometric misidentification (Jerde, 2019) and to exceptional 267 

exchange with the connecting tributaries of the Seine River and the Marne River.  268 

The relative number of eDNA reads per species is a good proxy of the relative 269 

abundance of caught individuals. Correlations were strong and variabilities among sampling 270 

sites and between the two years were weak, which is a promising result for the use of eDNA 271 

as an estimate of quantitative patterns of fish biodiversity in large rivers. However, it worth 272 

noting that the vast majority of fish species had finished their reproduction and fry were 273 
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growing, when EF and eDNA sampling were conducted, in late July, early August. Whereas 274 

only adults above a given size only are caught by EF, eDNA is released from different 275 

individuals at different stages, including gametes and eggs (Bylemans, et al., 2017). The 276 

eDNA release rate of fish is higher in adults than in juveniles, but the opposite pattern is 277 

observed when corrected by fish body weight (Maruyama et al., 2014). This would entail 278 

considering the timing of water sampling for the interpretation of eDNA-based data (Shaw et 279 

al., 2016), according to freshwater fish phenology (the timing of migration, spawning, 280 

hatching). Phenological trends are species-specific and vary from year to year, because of 281 

environmental changes (Shuter et al., 2012; Krabbenhoft et al., 2014), which makes the 282 

interpretation more complex.  283 

Production rates of eDNA should be higher in resident species compared to transitory 284 

fish or newly established populations, because of a relatively higher abundance and biomass 285 

of individuals, wider spatial distribution and temporal persistence, and higher breeding 286 

probability. This study confirms this hypothesis, since the relative number of reads were 287 

positively correlated to the number of years a fish species were detected during the last two 288 

decades (2000-2018). Bleak Alburnus alburnus L., eel Anguilla Anguilla L., perch Perca 289 

fluviatilis L., roach Rutilus rutilus L. and chub Squalius cephalus L. were caught by EF during 290 

at least 10 years from 2000 to 2018 in the three historical sites (GM, P and TS). Mean relative 291 

number of eDNA reads for these 5 species at the 3 sites was 0.10 ± 0.02. Hence eDNA gives 292 

accurate information on local fish population persistence. 293 

 294 

Acknowledgments 295 

The authors thank the SIAAP scientists who helped during the sampling survey and the 296 

PIREN-Seine research program for financial support.  297 



14 
 

 298 

Contributions 299 

AG, SG and VR conceived the idea and designed the methodology. A.G. and R.R. contributed 300 

to field work. A.G. performed data analyses. A.G. and N.M. prepared the manuscript and 301 

figures. All authors approved the final version of the manuscript.   302 



15 
 

References 303 

Azimi, S., & Rocher, V. (2016). Influence of the water quality improvement on fish 304 

population in the Seine River (Paris, France) over the 1990–2013 period. Science of 305 

the Total Environment, 542, 955–964.  306 

Barnes, M. A., Turner, C. R., Jerde, C. L., Renshaw, M. A., Chadderton, W. L., & Lodge, D. 307 

M. (2014). Environmental conditions influence eDNA persistence in aquatic systems. 308 

Environmental science & Technology, 48(3), 1819–1827. 309 

Belliard, J., Beslagic, S., Delaigue, O., & Tales, E. (2018). Reconstructing long-term 310 

trajectories of fish assemblages using historical data: the Seine River basin (France) 311 

during the last two centuries. Environmental Science and Pollution Research, 25(24), 312 

23430-23450. 313 

Bohmann, K., Evans, A., Gilbert, M. T. P., Carvalho, G. R., Creer, S., Knapp, M., Douglas, 314 

W. Y., & De Bruyn, M. (2014) Environmental DNA for wildlife biology and 315 

biodiversity monitoring. Trends in Ecology & Evolution, 29, 358–367.  316 

Bonar, S. A., Hubert, W. A., & Willis, D. W. (2009). Standard methods for sampling North 317 

American freshwater fishes. Bethesda, Maryland, CA: American Fisheries Society 318 

Bylemans, J., Furlan, E. M., Hardy, C. M., McGuffie, P., Lintermans, M., & Gleeson, D. M. 319 

(2017). An environmental DNA‐ based method for monitoring spawning activity: A 320 

case study, using the endangered Macquarie perch (Macquaria australasica). Methods 321 

in Ecology and Evolution, 8(5), 646–655. 322 

Civade, R., Dejean, T., Valentini, A., Roset, N., Raymond, J. C., Bonin, A., Taberlet, P., & 323 

Pont, D. (2016). Spatial representativeness of environmental DNA metabarcoding 324 



16 
 

signal for fish biodiversity assessment in a natural freshwater system. PloS one, 11(6), 325 

e0157366. 326 

Dudgeon, D., Arthington, A. H., Gessner, M. O., Kawabata, Z. I., Knowler, D. J., Lévêque, 327 

C., Naiman, R. J., Prieur-Richard, A. H., Soto, D., Stiassny, M. L., & Sullivan, C. A. 328 

(2006). Freshwater biodiversity: importance, threats, status and conservation 329 

challenges. Biological reviews, 81(2), 163–182.  330 

Dwyer, W. P., Fredenberg, W., & Erdahl, D. A. (1993). Influence of electroshock and 331 

mechanical shock on survival of trout eggs. North American Journal of Fisheries 332 

Management, 13(4), 839-843. 333 

EEA,  European  Environmental  Agency  (2012)  European  waters  –  assessment  of  status  334 

and pressures  (EEA  Report  No  8/2012). 335 

http://www.eea.europa.eu/publications/european-waters-assessment-2012  336 

Evans, N. T., Olds, B. P., Renshaw, M. A., Turner, C. R., Li, Y., Jerde, C. L., Mahon, A. R., 337 

Pfrender, M. E., Lamberti, G. A., & Lodge, D. M. (2015). Quantification of mesocosm 338 

fish and amphibian species diversity via environmental DNA metabarcoding. 339 

Molecular Ecology Resources, 16, 29–4.  340 

Evans, N. T., Shirey, P. D., Wieringa, J. G., Mahon, A. R., Lamberti, & G. A. (2017). 341 

Comparative cost and effort of fish distribution detection via environmental DNA 342 

analysis and electrofishing. Fisheries, 42(2), 90–99.  343 

Evans, N. T., & Lamberti, G. A. (2017). Freshwater fisheries assessment using environmental 344 

DNA: A primer on the method, its potential, and shortcomings as a conservation tool. 345 

Fisheries Research, 197, 60–66. 346 



17 
 

Ficetola, G. F., Pansu, J., Bonin, A., Coissac, E., Giguet-Covex, C., Barba, M., et al. (2015). 347 

Replication levels, false presences and the estimation of the presence/absence from 348 

eDNA Metabarcoding data. Molecular Ecology Resources, 15, 543–556. 349 

Goldberg, C. S., Turner, C. R., Deiner, K., Klymus, K. E., Thomsen, P. F., Murphy, M. A., … 350 

Taberlet, P. (2016). Critical considerations for the application of environmental DNA 351 

methods to detect aquatic species. Methods in Ecology and Evolution, 7, 1299–1307. 352 

Gleick, P. H. (1996). Basic water requirements for human activities: meeting basic needs. 353 

Water International, 21(2), 83–92. 354 

Hänfling, B., Lawson Handley, L., Read, D. S., Hahn, C., Li, J., Nichols, P., Blackman, R. C., 355 

Oliver, A., & Winfield, I. J. (2016). Environmental DNA metabarcoding of lake fish 356 

communities reflects long‐ term data from established survey methods. Molecular 357 

ecology, 25(13), 3101–3119. 358 

Hering, D., Borja, A., Jones, J. I., Pont, D., Boets, P., Bouchez, A., Bruce, K., Drakare, S., 359 

Hänfling, B., Kahlert, M., & Leese, F. (2018). Implementation options for DNA-based 360 

identification into ecological status assessment under the European Water Framework 361 

Directive. Water Research, 138, 192–205. 362 

Jane, S. F., Wilcox, T. M., McKelvey, K. S., Young, M. K., Schwartz, M. K., Lowe, W. H., 363 

Letcher, B. H., & Whiteley, A. R. (2015). Distance, flow and PCR inhibition: e DNA 364 

dynamics in two headwater streams. Molecular ecology resources, 15(1), 216–227. 365 

Jerde, C. L. (2019). Can we manage fisheries with the inherent uncertainty from eDNA?. 366 

Journal of fish biology. 367 

Kelly, R. P., Port, J. A., Yamahara, K. M., & Crowder, L. B. (2014). Using environmental 368 

DNA to census marine fishes in a large mesocosm. PloS one, 9(1), e86175. 369 



18 
 

Kennedy, G. J. A., & Strange, C. D. (1981). Efficiency of electric fishing for salmonids in 370 

relation to river width. Aquaculture Research, 12(2), 55–60.  371 

Krabbenhoft, T. J., Platania, S. P., & Turner, T. F. (2014). Interannual variation in 372 

reproductive phenology in a riverine fish assemblage: implications for predicting the 373 

effects of climate change and altered flow regimes. Freshwater Biology, 59(8), 1744-374 

1754. 375 

Lacoursière‐ Roussel, A., Rosabal, M., & Bernatchez, L. (2016). Estimating fish abundance 376 

and biomass from eDNA concentrations: variability among capture methods and 377 

environmental conditions. Molecular Ecology Resources, 16(6), 1401–1414. 378 

Laramie, M. B., Pilliod, D. S., & Goldberg, C. S. (2015). Characterizing the distribution of an 379 

endangered salmonid using environmental DNA analysis. Biological Conservation, 380 

183, 29–37. 381 

Liermann, C. R., Nilsson, C., Robertson, J., & Ng, R. Y. (2012). Implications of dam 382 

obstruction for global freshwater fish diversity. BioScience, 62(6), 539–548.  383 

Lundberg, J. G., Kottelat, M., Smith, G. R., Stiassny, M. L., & Gill, A. C. (2000). So many 384 

fishes, so little time: an overview of recent ichthyological discovery in continental 385 

waters. Annals of the Missouri Botanical Garden, 87, 26–62. 386 

Maruyama, A., Nakamura, K., Yamanaka, H., Kondoh, M., & Minamoto, T. (2014). The 387 

release rate of environmental DNA from juvenile and adult fish. PLoS One, 9(12), 388 

e114639. 389 

Milhau, T., Valentini, A., Poulet, N., Roset, N., Jean, P., Gaboriaud, C., & Dejean, T. (2019). 390 

Seasonal dynamics of riverine fish communities using eDNA. Journal of Fish Biology. 391 



19 
 

Pawlowski, J., Kelly-Quinn, M., Altermatt, F., Apothéloz-Perret-Gentil, L., Beja, P., Boggero, 392 

A., Borja, A., Bouchez, A., Cordier, T., Domaizon, I., & Feio, M. J. (2018). The future 393 

of biotic indices in the ecogenomic era: Integrating (e) DNA metabarcoding in 394 

biological assessment of aquatic ecosystems. Science of the Total Environment, 637, 395 

1295–1310.  396 

Pont, D., Rocle, M., Valentini, A., Civade, R., Jean, P., Maire, A., Roset, N., Schabuss, M., 397 

Zornig, H., & Dejean, T. (2018). Environmental DNA reveals quantitative patterns of 398 

fish biodiversity in large rivers despite its downstream transportation. Scientific 399 

reports, 8(1), 10361.  400 

Rees, H.C., Maddison, B.C., Middleditch, D.J., Patmore, J.R.M., & Gough, K. C. (2014). The 401 

detection of aquatic animal species using environmental DNA - a review of eDNA as a 402 

survey tool in ecology. Journal of Applied Ecology, 51, 1450–1459. 403 

Shuter, B. J., Finstad, A. G., Helland, I. P., Zweimüller, I., & Hölker, F. (2012). The role of 404 

winter phenology in shaping the ecology of freshwater fish and their sensitivities to 405 

climate change. Aquatic Sciences, 74(4), 637–657. 406 

Shaw, J. L., Clarke, L. J., Wedderburn, S. D., Barnes, T. C., Weyrich, L. S., & Cooper, A. 407 

(2016). Comparison of environmental DNA metabarcoding and conventional fish 408 

survey methods in a river system. Biological Conservation, 197, 131–138. 409 

Shogren, A. J., Tank, J. L., Andruszkiewicz, E., Olds, B., Mahon, A. R., Jerde, C. L., & 410 

Bolster, D. (2017). Controls on eDNA movement in streams: Transport, retention, and 411 

resuspension. Scientific Reports, 7(1), 5065.  412 

Snyder, D. E. (2003). Electrofishing and its harmful effects on fish. U.S. Government Printing 413 

Office, USGS/BRD/ITR-2003-0002, Denver. 414 



20 
 

Taberlet, P., Coissac, E., Hajibabaei, M., & Rieseberg, L. H. (2012) Environmental DNA. 415 

Molecular Ecology, 21, 1789–1793.  416 

Thomsen, P. F., J. O. S. Kielgast, L. L. Iversen, C. Wiuf, M. Rasmussen, M. T. P. Gilbert, L. 417 

Orlando, & E. Willerslev. (2012). Monitoring endangered freshwater biodiversity 418 

using environmental DNA. Molecular Ecology, 21, 2565–2573.  419 

Valentini, A., Taberlet, P., Miaud, C., Civade, R., Herder, J., Thomsen, P. F., Bellemain, E., 420 

Besnard, A., Coissac, E., Boyer, F., Gaboriaud, C., Jean, P., Poulet, N., Roset, N., 421 

Copp, G. H., Geniez, P., Pont, D., Argillier, C., Baudoin J-M., Peroux, T., Crivelli A. 422 

J., Olivier, A., Acqueberge, M., Le Brun, M., Møller, P. R., Willerslev, E., & Dejean, 423 

T.  (2016). Next‐ generation monitoring of aquatic biodiversity using environmental 424 

DNA metabarcoding. Molecular Ecology, 25(4), 929–942.  425 

Vörösmarty, C. J., McIntyre, P. B., Gessner, M. O., Dudgeon, D., Prusevich, A., Green, P., ... 426 

& Davies, P. M. (2010). Global threats to human water security and river biodiversity. 427 

Nature, 467(7315), 555-561. 428 

Wilcox, T. M., McKelvey, K. S., Young, M. K., Sepulveda, A. J., Shepard, B. B., Jane, S. F., 429 

Whiteley, A. R., Lowe, W. H., & Schwartz, M. K. (2016). Understanding 430 

environmental DNA detection probabilities: A case study using a stream-dwelling char 431 

Salvelinus fontinalis. Biological Conservation, 194, 209–216.  432 

Zajicek, P. & Wolter, C. (2018) The gain of additional sampling methods for the fish-based 433 

assessment of large rivers. Fisheries  Research,  197, 15–24. 434 

 435 


