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1  |  INTRODUC TION

Because so many urban areas were developed around them, a large 
proportion of the human population depends on river services and 
resources (Kummu et al., 2011). Rivers have provided water, food, 
and transportation pathways and have supported agricultural 

development from the origin of civilization (Gleick, 1996). Despite 
covering a small area of our planet, rivers harbor a rich biodiversity 
playing fundamental roles in ecosystem function (Blanchet et al., 
2020; Dudgeon et al., 2006; Lundberg et al., 2000; Reid et al., 
2019). However, human infrastructures (e.g., channels, dams), 
contamination, increasing freshwater usage, over- exploitation 
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Abstract
Large rivers and their estuaries are structurally complex and comprise a diversity of 
habitats supporting a rich biodiversity. As a result, identifying and monitoring fish 
communities using traditional methods in such systems may often be logistically chal-
lenging. Using the mitochondrial DNA 12S MiFish primers, we performed an eDNA 
metabarcoding analysis to assess the effect of spatial and environmental factors on 
the variation of the fish community structure along most of the St. Lawrence River/
Estuary/Gulf (Québec Canada), a transect spanning 1300 km across a diversity of 
habitats from a fluviatile non- tidal section to a marine environment. A total of 129 
species were identified including freshwater and marine species. For the freshwa-
ter sectors, eDNA identified 80 species compared with the 85 species previously re-
ported based on conventional sampling. eDNA also revealed similar species diversity 
and communities in the fluviatile section of the St. Lawrence River. Furthermore, our 
study improved current knowledge about the brackish and marine sections by de-
scribing community transition between freshwater and marine fish communities in as-
sociation with a drastic shift in environmental conditions observed between the end 
of the fluvial estuary and the beginning of the middle (brackish) estuary. Altogether, 
this study exemplifies how eDNA metabarcoding is a powerful tool to document fish 
community shifts in large temperate lotic ecosystems.
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of living resources, the introduction of non- indigenous species, 
and climate changes have caused ecosystem disturbances driving 
habitat degradation and the extinction of thousands of freshwa-
ter species all over the world (Brismar, 2002; Burkhead, 2012; 
Dudgeon et al., 2006; Jelks et al., 2008; Reid et al., 2019; Sala, 
2000; Su et al., 2021).

In Canada, the St. Lawrence River did not escape this reality 
and numerous sources of stress have impacted its ecosystems 
over the last 160 years (Côté & Morin, 2007; Foubert et al., 2020; 
Marty et al., 2010; Paradis et al., 2020). Dragging 25% of the 
world's freshwater reserves, the St. Lawrence River is one of the 
largest rivers in the world (Centre Saint- Laurent, 1996). It drains 
the Laurentian Great Lakes and a vast hydrographic network com-
posed of more than 200 tributaries that support an important 
number of aquatic species of great socioeconomic and environ-
mental value (Centre Saint- Laurent, 1996). In Québec (Canada), 
concerns about fish species conservation status compelled au-
thorities to create, in 1995, the Fish Monitoring Network (FMN) of 
the freshwater section of St. Lawrence River. A long- term netting 
(i.e., gillnets and seine nets) program has delivered valuable infor-
mation on community structure, biodiversity, and stock status of 
fishes throughout several sectors of the river (Foubert et al., 2018; 
Mingelbier et al., 2016; Paradis et al., 2020). Due to its large scale 
and complexity, the fish communities of the St. Lawrence River 
are multidimensionally heterogeneous. Several fish assemblages 
have been identified both along the river's main axis (Foubert 
et al., 2018) but also transversally (Berger et al., 2020; Foubert 
et al., 2018). The interplay between various factors can explain the 
strong structuration of fish communities in the St. Lawrence River. 
The differences between water masses from tributaries (e.g., the 
“green waters” from the Great Lakes and the “brown waters” from 
the Ottawa River) that flow side by side without mixing along an 
important part of the fluvial section of the river, as well as the 
influence of tides and changes in salinity, are among the most rel-
evant (Berger et al., 2020; Centre Saint- Laurent, 1996; Vincent 
et al., 1996).

Precise and swift monitoring of fish communities to understand 
their structure and response to natural and anthropogenic environ-
mental changes is costly and logistically challenging in large river 
systems such as the St. Lawrence River, Estuary, and Gulf (Thomsen 
& Willerslev, 2015; Valentini et al., 2016). Traditional sampling meth-
ods (TSM) such as direct observation and capture using nets (i.e., 
gillnets and seines) or electrofishing are the most current practices 
for collecting, identifying, and counting fish species (Gunzburger, 
2007). However, these techniques are invasive, perturb habitat, and 
communities, and in most cases are lethal (Dalu et al., 2015; Portt 
et al., 2006; Snyder, 2003). Moreover, the complexity of some eco-
systems (e.g., depth, high- speed, and water turbidity in large rivers), 
and practical limitations of TSM (e.g., species selectivity and species- 
specific behavior) may bias appraisals of fish assemblage diversity 
(Allard et al., 2014; Fujii et al., 2019; Hercos et al., 2013; Hubert et al., 
2012; Pope et al., 2010).

eDNA metabarcoding can efficiently overcome the challenges 
of TSM while providing accurate identification and, in some cases, 
quantification of species (Beng & Corlett, 2020; Coble et al., 2019; 
Deiner et al., 2017; Hänfling et al., 2016; Pont et al., 2020). This ap-
proach progressively emerges as a useful tool to reveal ecosystem- 
level processes and dynamics and to provide assessments of 
biodiversity (Bohmann et al., 2014; Deiner et al., 2021). However, 
hydrological conditions have profound effects on eDNA dynam-
ics, which may affect the efficiency of eDNA metabarcoding for 
monitoring fish communities (Harrison et al., 2019). In lotic envi-
ronments, eDNA can be rapidly transported from a few meters to 
many kilometers from its source, depending on the environmental 
characteristics of the system (Civade et al., 2016; Minshall et al., 
2000; Pont et al., 2018; Wilcox et al., 2016). Newly available infor-
mation highlights the effects of discharge intensity and distance on 
eDNA detectability, evidencing that under high current velocities 
eDNA rapidly fades under the effect of dilution (Thalinger et al., 
2021) but see also (Wood et al., 2020). Similarly, lateral eDNA dis-
tribution heterogeneities due to hydrodynamic characteristics of 
river flow and seasonal variations have been described for temper-
ate rivers (Laporte et al., 2020; Thalinger et al., 2021). Despite high 
downstream transport and evidence that information obtained 
from eDNA can unify spatially structured biodiversity (Deiner 
et al., 2016), a growing number of studies portray eDNA metabar-
coding as a useful tool to obtain accurate descriptions of varied 
fish assemblages and biodiversity patterns at different geographic 
scales in temperate streams and large rivers (Civade et al., 2016; 
Li et al., 2018; Olds et al., 2016; Shaw et al., 2016). However, most 
studies published so far in fluvial systems focused on relatively 
small geographic scales where environmental variables are spa-
tially relatively homogenous, with very few studies demonstrating 
the reliability of eDNA metabarcoding to describe the longitudinal 
pattern of fish assemblages in large heterogeneous systems like the 
500 km of the Rhone River (Pont et al., 2018).

The present study aims to use eDNA metabarcoding to assess 
the effect of spatial and environmental factors on the composi-
tion of fish communities along a nearly 1300 km transect of the St. 
Lawrence River system that comprises three distinct aquatic realms 
(freshwater, estuary, and saltwater) from the Island of Montréal to 
the northwest of Newfoundland in the Gulf of St. Lawrence. We 
tested the ability of eDNA metabarcoding to identify and delineate 
fish communities associated with distinct hydro- morphological 
structures (i.e., corridors, lake, estuaries, and gulf) and assess the 
role of environmental factors shaping fish assemblages along the 
river/sea/scape. Then, we tested whether the pattern of differen-
tiation and fish biodiversity follows a gradient from headwaters to 
the Gulf of St. Lawrence. We finally compared and discussed the 
eDNA metabarcoding results with those obtained by the long- term 
survey program conducted by the Fish Monitoring Network in the 
fluviatile sectors of the river (Foubert et al., 2018) and evaluate the 
utility of eDNA metabarcoding as an approach for fish biomonitor-
ing in large temperate lotic ecosystems.
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2  |  MATERIAL AND METHODS

2.1  |  Study area

We compiled eDNA metabarcoding sequencing from four sam-
pling campaigns to characterize fish communities over a distance 
of 1300 km comprising the fluvial, estuarine, and gulf sections of 
the system between the Island of Montréal and the northwest of 
Newfoundland (Figure 1). Following an upriver- to- downriver direc-
tion, five sections, mainly distinguished by the level of salinity and 
the influence of marine tides, are recognized between Cornwall 
(Ontario) and the Gulf of St. Lawrence (Québec): Fluvial section, 
Fluvial Estuary, Middle Estuary, Marine Estuary, and Gulf of Saint 
Laurent (Centre Saint- Laurent, 1996). First, the Fluvial section 
spans 240 km of freshwater flowing unidirectionally with a limited 
admixture of the waters from the major tributaries draining in the 
system (Figure 1). We considered three sectors within this river sec-
tion as defined in Foubert et al., (2018): Montréal –  Sorel (MS- 1), 
the Archipelago of Lake Saint- Pierre (ALSP- 2), and Lake Saint- Pierre 
(LSP- 3) (Table 1).

The second section is the Fluvial Estuary (160 km), which is 
delimited downstream by the eastern end of Orléans Island near 
Québec City. We distinguished three sectors for this second river 
section: Trois- Rivières -  Grondines (TG- 4), Grondines –  Saint- 
Nicholas (GSN- 5) as defined in Foubert et al., (2018), and Québec –  
Orléans Island (QIdO- 6). The TG- 4 sector is microtidal, and the water 

from tributaries is still largely unmixed. The GSN- 5 is a mesotidal 
sector though, downstream from Grondines, the progressive effect 
of freshwater tides produces a reversal of the current and there is 
water mass mixing (Centre Saint- Laurent, 1996). The QIdO- 6 is the 
last freshwater sector of the river and is macrotidal (Gauthier, 2000).

The third section is the Middle Estuary (sector MiE- 7), a 150 km 
long river stretch ranging from the eastern end of Orléans Island to 
Tadoussac and Cacouna (Figure 1), whose brackish waters define the 
transition zone between the river and the marine waters. In this sec-
tor, the effect of tides is maximal, reaching up to 6.9 m at the eastern 
end of Orléans Island (DesGranges & Ducruc, 1998; Godin, 1979). 
The fourth section we analyzed is the Marine Estuary (sector MaE- 
8), which spans 230 km from Tadoussac to Pointe- des- Monts and 
is mesotidal (Figure 1). Finally, the Gulf of St. Lawrence (also sector 
GStL- 9) is a semi- closed and mostly shallow sea of about 263 km2 
(Figure 1; Appendix S1A for details).

2.2  |  Water sampling and processing

A total of 130 sampling stations from the four sampling campaigns 
were combined for subsequent analyses (see Figure 1; Table 1; 
Appendix S2 for details). The first sampling event (September 13 
and 15, 2017) was in a 5 km region about 40 km downstream of 
Montréal (Berger et al., 2020), and 3 sampling stations were ran-
domly selected to represent this sector. The second sampling event 

F I G U R E  1  Study area of the St. Lawrence River. The different sections recognized along the river are delimited by vertical dashed bars. 
The sectors are delimited by the continuous bars and identified by acronyms: ALSP- 2, Archipelago of Lac Saint- Pierre; GSN- 5, Grondines 
–  Saint- Nicolas; GStL- 9, Gulf of St. Lawrence; LSP- 3, Lac Saint- Pierre; MaE- 8, Marine Estuary; MiE- 7, Middle Estuary; MS- 1, Montréal- Sorel; 
QIdO- 6, Québec –  Île d’Orléans; TG- 4, Trois- Rivières –  Grondines
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(July 3 to 13, 2018) consisted of 61 sampling stations covering the 
river stretch between Montréal and Donnacona, which is about 
40 km upstream of Québec City (Mingelbier et al., 2019). The third 
(identified as Lampsilis 2019 expedition) consisted of 29 stations 
sampled between August 31 and September 11, 2019, covering the 
river stretch between Sorel and Cacouna. Results of eDNA meta-
barcoding analyses from these last two sampling campaigns are new 
and have not been published before. The last set was a sampling 
campaign covering the Marine Estuary and the Gulf of St. Lawrence 
(August 2 to September 2, 2017) (Afzali et al., 2021), and 35 sampling 
sites out of 84 were randomly selected to represent this sector. All 
samples of Afzali et al. (2021) were collected using a bottom trawler 
at a mean depth of about 150 m. Subsampling from the studies of 
Berger et al. (2020) and Afzali et al. (2021) was done to balance 
the sampling representation across the different defined sectors. 
Additionally, we tested both data sets (i.e., subsample and full data 
set) from the Marine Estuary and the Gulf of St. Lawrence for dif-
ferences in estimates of diversity and they did not differ statistically 
(rarefaction index t = 0.41487, df = 117, p- value = 0.679; Simpson 
(1- D) index t = 0.72273, df = 117, p- value = 0.4713; Simpson even-
ness index t = −0.51091, df = 117, p- value = 0.6104) although some 
species were missed (see Section 4 and Figure 1). The water volume 
collected (i.e., 250 ml to 2 L), filtration procedure (i.e., in situ filtra-
tion or frozen water and laboratory filtration), and filter storage (i.e., 
direct freezing, Longmire buffer preservation, and freezing) varied 
among the four studies (Appendix S2 for details). As the number of 
eDNA reads can be affected by differences in protocols, the number 
of eDNA reads was transformed in relative abundances for all subse-
quent analyses to mitigate biases between species with high and low 
numbers of counts (Laporte et al., 2021, see also Data processing 
below). For all four sampling campaigns, field negative controls were 
performed as detailed in Berger et al., (2020) and Afzali et al., (2021).

2.3  |  eDNA extraction, amplification, sequencing

The eDNA from the full set (i.e., published and unpublished data) 
of water samples was extracted following the same protocols and 
sterilization methods, as well as methods for field and laboratory 
negative controls were as described by Afzali et al. (2021) and Berger 

et al. (2020) and based on Goldberg et al. (2011) and Spens et al. 
(2017) protocols. The MiFish primer pair (Miya et al. 2015) amplify-
ing a hypervariable segment (approx. 170 bp) of the 12S RNA mito-
chondrial gene was used, and detailed protocols of amplification and 
high- throughput sequencing were described elsewhere (Afzali et al. 
2021; Berger et al. 2020) (see Appendix S1B for further details).

2.4  |  Data processing

We filtered raw sequencing reads to remove primer sequences and 
demultiplexed using the MiSeq Control software v2.3. We trimmed, 
merged, and extracted reads from 5′ and 3′ to keep only sequences 
containing the 12S MiFish primers and analyzed the sequences using 
the Barque v1.5.2 pipeline developed in our research group (www.
github.com/enorm andea u/barque). When compared with other 
pre- build pipelines, Barque was shown to be an efficient alterna-
tive to some of the existing and highly used pipelines. Of the pipe-
lines tested, Barque had the best sensitivity and specificity metrics 
as well as run times (Mathon et al.,2021). Detailed Barque settings 
for sequence analysis can be found on the GitHub webpage. We 
used default settings from v1.5.2. Taxonomic assignment was per-
formed by searching in our reference database (also available as a 
part of Barque at www.github.com/enorm andea u/barque), which is 
composed of sequences from the MitoFish database (Iwasaki et al., 
2013), the GenBank database (Benson et al., 2012), and the Barcode 
of Life (Ratnasingham and Hebert, 2007), supplemented with new 
sequences generated in our laboratory to ensure that all freshwater/
diadromous fish and most marine species in the study area were rep-
resented in the database.

We used a 97% sequence similarity as a threshold for species as-
signment. We used genus or family level classification when closely 
related species showed identical sequences. We used the reads de-
tected in the negative controls from the field and laboratory to min-
imize false positives. We corrected each species number of reads by 
subtracting the maximum number of sequence reads for this species 
observed in any of the negative controls. To standardize data across 
data sets, we translated the matrix of the number of reads (the re-
sponse matrix) (Appendix S3) into a matrix of relative abundances 
by applying the Hellinger transformation of data (y'ij = SQR(yij/yi+), 

TA B L E  1  Sampling sites, number of samples, and number of species identified by eDNA at each sector

Sectors

Total
MSa 
1

ALSP
2

LSP
3

TG
3

GSN
4

QIdO
5

MiE
6

MaE
7

GStL
9

Length (km) 65 22.4 25.6 65 55 35.4 42.3 213.8 770 1294.5

No. stations 26 14 7 19 9 8 10 12 23 130

No. samples 43 20 14 35 13 16 20 12 23 196

No. species (richness) 73 68 59 72 59 69 73 35 39 127

Abbreviations: ALSP- 2, Lake Saint- Pierre Archipelago; GSN- 5, Grondines –  Saint- Nicolas; GStL- 9, Gulf of St. Lawrence; LSP- 3, Lake Saint- Pierre; MaE- 
8, Marine Estuary; MiE- 7, Middle Estuary; MS- 1, Montréal –  Sorel; QIdO- 6, Québec –  Orléans Island; TG- 4, Trois- Rivières –  Grondines.
aFirst upstream station near the Old Port of Montréal.

http://www.github.com/enormandeau/barque
http://www.github.com/enormandeau/barque
http://www.github.com/enormandeau/barque
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where yij is the abundance of species j in site i, and yi+ is the sum of 
abundances in site i (Legendre & Gallagher, 2001) using the deco-
stand function in vegan 2.5- 7 package (Oksanen et al., 2020). The 
Hellinger transformation corrects for biases produced by high read 
values and double 0 similarities and shows better performance with 
eDNA metabarcoding data set (Laporte et al., 2021; Legendre & 
Legendre, 2012).

2.5  |  Environmental variables

We considered four environmental variables that were available 
for the entire study area that were likely to influence the distri-
bution of fish communities: salinity, temperature, tide, and the 
number of growing days. We obtained the salinity and tempera-
ture data from the Government of Canada website (https://open.
canada.ca/data/en/datas et/8a3dc 9e5- f3af- 4270- 8c09- 43fa2 
c25848b) and from Afzali et al. (2021). We obtained tide informa-
tion from the Fisheries and Oceans Canada website (https://www.
marin fo.gc.ca/e- nav/stl- stl/stl- glf3- eng.php?pedis able=true#). 
We also included the maximum number of growing days (Lepage 
et al., 2012), a measure of the length of the growing season for 
plants and cultures for a given region which begins when the tem-
perature remains stable over 5°C. This agrometeorological index 
implicitly involves climate variations (i.e., temperature and precipi-
tations) that may have an impact on temperature requirements for 
fish reproduction and growth, etc., and thus affect the geographic 
distribution of species.

2.6  |  Community analysis

2.6.1  |  Longitudinal variation of fish communities 
detected by eDNA

We used a shading matrix (heatmap) diagram to visualize the spatial 
distribution of the relative number of eDNA sequence reads for each 
species along the total experimental transect. We log- transformed 
the response matrix using decostand function implemented in the 
vegan 2.5- 7 R package (Oksanen et al., 2020). We arranged species 
from higher to lower numbers of reads and according to three main 
fish groups; strictly freshwater, marine/brackish, and diadromous. 
For the heatmap and all subsequent analyses, we arranged sampling 
stations according to their relative geographic position along the 
river. We performed a principal component analysis (PCA) to portray 
the main fish assemblages along the river according to the distri-
bution of the Hellinger transformed response matrix of eDNA read 
counts.

To further assess the boundaries between fish communities oc-
curring along the upstream– downstream axis of the river without a 
priori delimitation of sectors defined in previous studies, we used 
a multivariate regression tree (MRT) (Borcard et al., 2018; Moisen, 
2008) (function mvpart from the homonymous package) constrained 

by the environmental descriptors (i.e., tide, temperature, salinity, 
and the maximum number of growing days). We used the Hellinger 
transformed response matrix and the environmental variables stan-
dardized to a matrix with mean of zero and a variance of one using 
the standardize option of the decostand function implemented in 
the vegan 2.5- 7 R package (Oksanen et al., 2020). We selected the 
tree with the smallest cross- validated relative error (CVRE) (De'ath 
& Fabricius, 2000). We also evaluated the tree whose CVRE was 
within one standard error (±1 SE) of the tree with the smallest CVRE 
after 100 iterations, which is considered the tree with the highest 
predictive power.

To test for differences in fish assemblages among predefined 
hydro- morphological structures described above and assess 
the impact of environmental descriptors (i.e., Sector, Salinity, 
Temperature, Tide) on community structure, we performed a 
Permutational Multivariate Analysis of Variance (PERMANOVA) 
(Anderson, 2001), implemented in the vegan 2.5- 7 R package, 
using the adonis function with 9999 permutations. This analysis 
was based on Bray- Curtis distances calculated from the Hellinger 
transformed response matrix. As our sampling design is unbal-
anced (i.e., unequal number of observations for the fixed effect 
factor: sector), and this can strongly bias the results of this analy-
sis (Anderson & Walsh, 2013), we also tested the homogeneity of 
the groups using betadisper function (with 1000 permutations) in 
vegan 2.5- 7, which is an implementation of the PERMDISP2 rou-
tine based on centroids (Anderson, 2006).

2.6.2  |  Indicator species

We used the indicator value species analysis (IndVal) (Dufrêne & 
Legendre, 1997) using multipatt (IndVal.g function) implemented in 
the package indicspecies (ver. 1.7.8) (De Cáceres & Legendre, 2009) 
to test for species association to one or more sampling site combina-
tions. Indicator species are determined as the product of their rela-
tive abundance and their occurrence in the different sites of a sector. 
Values close to 1 have the strongest predictive value. We also per-
formed a multilevel pattern analysis (function IndVal.g) to estimate 
the specificity predictive value A, which corresponds to the prob-
ability that a given site belongs to the target sector and the fidelity 
value B which is the probability that the species appears at the sites 
of a target sector. We calculated the statistical significance for each 
species in a multigroup comparison analysis by using a random per-
mutation procedure (9999 permutations) (De Cáceres et al., 2010). 
We applied Holm correction (Holm, 1979) to correct the significance 
values for multiple comparisons using the function p.adjust in R.

2.6.3 | Community diversity

We used three different measures of fish community diversity to 
shed light on different aspects of biodiversity, for example by giving 
different importance to very abundant and very rare species. The 

https://open.canada.ca/data/en/dataset/8a3dc9e5-f3af-4270-8c09-43fa2c25848b
https://open.canada.ca/data/en/dataset/8a3dc9e5-f3af-4270-8c09-43fa2c25848b
https://open.canada.ca/data/en/dataset/8a3dc9e5-f3af-4270-8c09-43fa2c25848b
https://www.marinfo.gc.ca/e-nav/stl-stl/stl-glf3-eng.php?pedisable=true#;
https://www.marinfo.gc.ca/e-nav/stl-stl/stl-glf3-eng.php?pedisable=true#;
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rarefaction index (Hurlbert, 1971; Shimadzu, 2018) is a measure of 
the expected diversity, which allows the comparison of species rich-
ness under unequal sampling efforts. We used the function rarefy in 
vegan 2.5- 7, fixing the number of samples to 6286, the smallest value 
of sequence reads obtained for a station. The Simpson index (1- D) 
(Simpson, 1949) is a dominance measure that provides the prob-
ability that two individuals (i.e., eDNA reads in this case) taken at 
random from a community belong to the same species. It is less sen-
sitive than the species richness index (S) and Shannon diversity index 
(H’) to different sample sizes and species richness and is strongly 
weighted toward the most abundant species (Magurran, 2004). 
Finally, we calculated the Simpson evenness index (E1/D), which 
expresses how similar in numbers each species are in a given site 
and is not sensitive to the species richness (Smith & Wilson, 1996). 
We estimated these two latter indices using the specnumber and di-
versity functions in the vegan R package. To assess the relationship 
between diversity and longitude (used as the proxy for upstream– 
downstream location), we applied a non- parametric Spearman rank 
correlation (R function cor.test).

To further examine the trends in fish community diversity along 
the river's environmental gradients, we translated the response ma-
trix into an occurrence matrix (i.e., “1” and “0”), and calculated the 
β- diversity and its two additive partitions (i.e., species replacement 
or turnover and nestedness) (Baselga, 2013; Legendre, 2014). We 
used the Sørensen dissimilarity index (βsor) as a measure of the num-
ber of shared species between sites, being βsor = 0 if two sites share 
the same species compositions, and βsor = 1 if species compositions 
are completely different. The replacement, βsim and the nestedness, 
βsne components were computed following Baselga (2012) using the 
R package betapart (Baselga & Orme, 2012) (See Appendix S1C). We 
used the Mantel test (999 permutations of spatial distances) imple-
mented in vegan to assess the effect of the geographic distance on 
βsor. We also used the R package geosphere, and its function geodesic 
to build a matrix of geographic distances between stations based on 
the shortest distance between points of an ellipsoid. Additionally, 
we computed a Mantel correlogram using the function mpmcorrelo-
gram in vegan to assess the geographic distance where fish commu-
nity composition tends to differentiate.

3  |  RESULTS

3.1  |  Species and distribution

We identified 129 species representing 37 families and 22 orders 
(Appendix S4). For the freshwater sectors, Cyprinids species were 
the most represented (20% of the total number of species detected), 
followed by the Percidae (11%) and Catostomidae (9%) families. All 
freshwater, brackish, and marine species identified by eDNA are 
known to occur in the St. Lawrence River. Among all freshwater sec-
tors combined, 86 species were identified when merging eDNA data 
and those from TSM in Foubert et al. (2018) and MMFP (unpublished 
data). A total of 80 of these (94%) were common to both methods, 

1 was detected by eDNA only, and 5 were detected by TSM only 
(Appendix S3). The five species not detected with eDNA were the 
American gizzard shad (Dorosoma cepedianum), the cutlips minnow 
(Exoglossum maxillingua), the sand shiner (Notropis stramineus), the 
blacknose shiner (N. heterolepis), and the American pickerel (Esox 
americanus americanus). Among them, we could not discriminate the 
sequences of N. heterolepis from that of several other cyprinid spe-
cies (i.e., Luxilus cornutus, N. rubellus, N. volucellus, Pimephales notatus). 
The number of eDNA reads in these cases of poor taxonomic resolu-
tion was marginal and thus excluded from the analysis. Ambiguous 
species identification also concerned Percina caprodes— P. copelandi 
and Ictalurus punctatus— Ameiurus nebulosus, but most sequences for 
those were properly assigned to one or the other species (see more 
details in Berger et al., 2020). Rainbow trout (Oncorhynchus mykiss) 
was detected by eDNA (5492 reads) but not by TSM although the 
species is known to occur in the St. Lawrence River. It is noteworthy 
that we also detected the Capelin (Mallotus villosus) (151 668 reads), 
an essentially marine species, in the most downstream freshwater 
sector. Finally, we identified a total of 41 species from the subsam-
ple of stations (n = 35) from the marine sectors MaE- 8 and GStL- 9. 
This number was lower than the 72 species recognized using the full 
data set that was covering a broader part of the southern part of the 
Gulf of St. Lawrence (Afzali et al., 2021). Water sampling for the se-
lected stations was done at the bottom only, which might contribute 
to the lower number of species detected. So, while randomly select-
ing stations from this study to balance the sampling effort with that 
of other sectors led to underestimating the total number of species 
present in the marine sectors, the diversity estimates did not differ 
from those that were estimated based on the 85 samples analyzed 
by Afzali et al. (2021), namely because the additional species had a 
low abundance (see details provided in the methods section).

The first inspection of the fish eDNA relative abundances along 
the study system offers an illustrated summary of the distribution 
and abundance of the main fish groups detected by eDNA according 
to their salinity preferences (Figure 2). As expected from the gradi-
ent spanning from freshwater to brackish to marine environments, 
the freshwater species were progressively replaced by diadromous 
and marine estuarine species in the transition zone represented by 
the QIdO-  Middle Estuary (MiE- 7) sectors, followed by an almost 
exclusive occurrence of marine species (except for a few diadromous 
species) in the Marine Estuary (MaE- 8) and the Gulf of St. Lawrence 
(GStL- 9).

The detection and relative abundance of eDNA reads of the dif-
ferent species varied widely along the study system. The eDNA of 
several species was detected throughout the freshwater and brack-
ish water sectors but many showed more restricted distributions 
(Figure 3). For example, reads of Acipenser fulvescens, Catostomus ca-
tostomus, Ictalurus punctatus, and Sander vitreus were recorded in all 
freshwater and brackish water sectors (i.e., MS- 1 to MiE- 7), followed 
by the reads of Moxostoma anisurum, and M. macrolepidotum, which 
were also among the most abundant from MS- 1 to QIdO- 6 (but not 
found inMiE- 7). In the freshwater/brackishwater sectors, reads of 
some species (e.g., Micropterus salmoides) were more abundant in 
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upriver sectors (i.e., MS- 1 to LSP- 3) while others were more abun-
dant downriver sectors such as QIdO- 6 (e.g., Sander canadensis and 
Morone americana) and MiE- 7 (e.g., Microgadus tomcod, Morone sax-
atilis, and Osmerus mordax), as also reported by Foubert et al. (2018) 
from TSM data. The broad detection of eDNA from either the nat-
uralized Cyprinus carpio and the invasive Neogobious melanostomus, 
a species for which eDNA reads were abundant in all stations from 
MS- 1 to MiE- 7 is noteworthy, also as reported by Foubert et al. 
(2018). At the scale of sectors (i.e., MS- 1 to GSN- 5 of the Fluvial 
section and Fluvial Estuary), eDNA detected on average 23.7% 
more species per sector compared with 7.1% detected on average 
for TSM, independently of the sector analyzed (χ2 = 12.285, df = 4, 
p = 0.015).

3.2  |  Longitudinal differentiation of fish 
communities

The principal components ordination of the full set of stations 
showed that the first two components (PC1 and PC2) accounted for 
58.06% of the total variation of the data matrix. We identified four 
main clusters, ordered along the main river axis (Figure 4). From an 
upstream– downstream direction, the first cluster combined sectors 
MS- 1 to GSN- 5 from the Fluvial Section and the Fluvial Estuary. The 
second cluster comprised only QIdO- 6 sampling stations located in 
the last portion of the Fluvial Estuary while the third cluster com-
prised the Middle Estuary (MiE- 7) stations. Finally, the fourth clus-
ter comprised sampling stations from the Marine Estuary (MaE- 8) 

and the Gulf of St. Lawrence (GStL- 9). The first component (PC1) 
differentiated freshwater sectors (MS- 1 -  GSN- 5 and QIdO- 6) from 
brackish/marine waters (MiE- 7 and MaE- 8-  GStL- 9) fish communities 
while PC2 mainly distinguished intermediate sectors QIdO- 6 and 
MiE- 7 from upstream and downstream sectors (Figure 4). Overall, 
these results illustrated that MiE- 7 and QIdO- 6 sectors form a tran-
sition zone between fluvial and marine fish communities in the study 
system. Nine species showed high scores loads associated with the 
two main principal components: Acipenser fulvescens, Catostomus 
commersonii, Cyprinus carpio, Moxostoma anisurum, M. macrolipeda-
tum, Sander vitreus, and Neogobius melanostomus (score: 0.89– 0.34). 
Those were more associated with the freshwater fluvial sectors 
while Microgadus tomcod and Sebastes sp. (score: −0.89 to −0.34) 
were characteristic of more downriver saline sectors.

3.3  |  Multivariate regression trees (MRTs)

The MRT with the smallest error (Figure 5) was a slightly more ac-
curate predictor than the ±1 SE CVRE tree (0.431 vs. 0.459, respec-
tively), providing a finer resolution of community structure. The 
variation of the four environmental descriptors (tide, temperature, 
salinity, and the maximum number of growing days (grdays) used 
to constrain the MRT tree were highly correlated all along the river 
axis and were associated with several of the detected community 
splits (Figure 5; Appendix S5b). Tide, temperature, and salinity were 
strongly related to the community split detected among downriver 
sectors from QIdO- 6 (in the Fluvial Estuary) to GStL- 9 (Gulf), while 

F I G U R E  2  Shading matrix diagram showing the distribution of the fish eDNA sequence reads along the river. The species, in each main 
class group (i.e., freshwater, brackish— marine, and diadromous), were arranged according to their decreasing relative numbers of reads (i.e., 
from high to low). The most abundant species of each group are illustrated. The blue shading represents the spatial distribution of species 
along sectors with color intensity emphasizing relative abundance of eDNA sequence reads
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local hydro- morphological structures (e.g., corridors, archipelago, 
lake) determined fish community composition in the upriver sec-
tors (i.e., MS- 1 to GSN- 5) (Appendix S5a). The ten- leaf tree showed 

the first division of sampling stations, explaining 36% of the vari-
ation, with the QIdO- 6 sector marking the limit between fluvial 
and brackish— marine fish communities. Here, the split was mainly 

F I G U R E  3  The proportion of eDNA 
sequence reads scaled for a selected 
group of species distributed all along the 
fluvial and brackish water sectors of the 
Saint Lawrence River. Asterisks point 
out the invasive and naturalized species. 
ALSP- 2, Archipelago of Lake Saint- Pierre; 
GSN- 5, Grondines –  Saint- Nicholas; 
LSP- 3, Lake Saint- Pierre; MiE- 7, Middle 
Estuary; MS- 1, Montréal- Sorel; QIdO- 6, 
Québec –  Orléans Island; TG- 4, Trois- 
Rivières –  Grondines
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driven by the effects of a lower number of growing days, but the 
effect of the increased tide (>3.34 m), and reduced mean tempera-
ture (<20.7°C) on downstream sectors was also strong. In general, 
a higher number of growing days, no or very low salinity, and higher 
temperatures characterized the environment in the upriver sectors. 
The ten partitions were not completely in agreement with the pre-
defined hydro- morphological sectors. The QIdO- 6 sector split into 
two communities, as were the MiE- 7, and GStL- 9 sectors. The split of 
MaE- 8 and GStL- 9 marine communities from the previous upstream 
community occurred at a converging point of a drop in temperature, a 
dramatic increase in salinity, and a lower number of growing days, and 
a progressive reduction in the magnitude of tides. The split between 
the last two communities (i.e., MaE- 8 and GStL- 9) was associated with 
a shift in mean temperature, which was relatively lower in the GStL- 9 
sector, and an increase in salinity. This also revealed that the Marine 
Estuary (MaE- 8) fish community extended east up to the western 
extreme of the Anticosti Island instead of being constrained to the 
predetermined limits (i.e., Pointe- des- Monts on the north shore and 
Cap- Chat on the south shore of this sector) (Figure 1). More upriver, 
the analysis identified three splits: MS- 1, ALSP- 2 + LSP- 3, and TG- 4 + 
GSN- 5, the last two being under the effect of tides (>0.095 m increase 
downriver), and a lower number of growing days (<198.5) downriver.

3.4  |  Community differentiation among hydro- 
morphological sectors

For this and all subsequent analyses, we kept the predefined limits 
among sectors but extending the limit of the Marine Estuary (MaE- 8) 
to Anticosti Island according to the result of the MRT. For simplicity, 
we did not consider the additional subdivisions inferred by the MRT 
for QIdO- 6, MiE- 7, and GStL- 9 sectors. Here, paired comparisons 
among contiguous sectors performed using PERMANOVA showed 
that all sectors were significantly characterized by distinct fish com-
munities (p < 0.001 –  p < 0.02). The multivariate homogeneity test of 
group dispersions was significant (p < 0.001) for the TG- 4 –  GSN- 5 
comparison only, suggesting that data dispersion was not homogene-
ous. The pairwise comparisons provided more details on the role of 
environmental descriptors potentially shaping community structure 
along the study system. The effects of sector, tide, and temperature 
were significant (p < 0.05 –  p < 0.001) and explained the differentia-
tion between sectors in the following pairwise comparisons: LSP- 3 
–  TG- 4, TG- 4 –  GSN- 5, and GSN- 5 -  QIdO- 6. Similarly, all descriptors 
were highly significant (p < 0.001) when comparing QIdO- 6 –  MiE- 7, 
and MiE- 7 –  MaE- 8 sectors. Overall, these results corroborated and 
complement the inferences obtained by the MRT analysis.

F I G U R E  5  Multivariate regression tree (minimum standard error) describing the main fish community partitions inferred along the Saint 
Lawrence River. The arrows indicate the point of the split between communities. Nodes and leaves are identified by numbers, and the 
number of stations (n) is indicated for each leaf. The splits determined by the alternative predictor variables are indicated, and the values 
refer to the right side of each node (i.e., upstream sector to the referred split point). Tide (Tide), temperature (Temp), salinity (Sal), and the 
maximum number of growing days (Grdays)
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3.5  |  Indicator species

A total of 52 indicator species were identified for one sector or a 
composite of two or more sectors (Appendix S6). Among them, we 
identified several of the most abundant species characterizing the 
groups class identified (see Figures 2 and 3). Only two marine spe-
cies were strongly linked to a single sector; Melanostigma atlanticum 
in MaE- 8 (Marine Estuary) and Scomber scombrus in GStL- 9 (Gulf) 
although only M. atlanticum (A = 0.98, B = 1) was a good indicator 
of its associated sector. The reads of several species showed both 
high specificity and high fidelity with two sectors upstream of those 
two marine sectors. Microgadus tomcod (estuarine dependant) and 
Acipenser oxyrinchus (diadromous) (A ≥ 0.98; B = 1) were indicator 
species for the QIdO- 6 and MiE- 7 transition sectors; Mallotus vil-
losus (a marine species tolerating lower salinity conditions) (A = 0.94, 
B = 1) was a good indicator for the MiE- 7 and MaE- 8 sectors while 
Glyptocephalus cynoglossus, Sebastes sp., Reinhardtius hippoglos-
soides, and Gadus morhua (all marine species) (A range 0.99– 1.00; B 
range 0.89– 1.00) were good indicators of MaE- 8 and GStL- 9 sectors. 
In contrast, the strongest associations for the fluvial sectors were 
found for composite groups of five to seven sectors. Five mostly 
freshwater native species (Ameiurus nebulosus, Esox lucius, Hiodon 
tergisus, Aplodinotus grunniens, Moxostoma macrolepidotum), and two 
introduced species (Cyprinus carpio and Tinca tinca) showed high 
specificity (A range 0.98– 0.99) and fidelity (B range 0.86– 1.00) to 
all fluvial sectors from MS- 1 to GSN- 5. Seven freshwater and low- 
salinity- tolerant species (Perca flavescens, Catostomus commersonii, 
Carpiodes cyprinus, Lota lota, Percopsis omiscomaycus, Noturus flavus, 
and Percina sp.) showed high specificity (A range 0.98– 0.99) and fi-
delity (B range 0.86– 1.00) to all sectors from MS- 1 to QIdO- 6 (fresh-
water sectors), while nine species (Acipenser fulvescens, Anguilla 
rostrata, Catostomus catostomus, Ictalurus punctatus, Moxostoma an-
isurum, M. macrolepidotum, Sander vitreus, S. canadensis, and the inva-
sive species Neogobius melanostomus) were recorded across most of 
the stations of all sectors from MS- 1 to MiE- 7 (Freshwater to Middle 
Estuary sectors) (Figure 3, Appendix S6).

3.6  |  Upstream– downstream variation of 
fish diversity

All three measures of species richness and equitability (i.e., evenness) 
showed lower values toward the downriver sectors as indicated by a 
negative and highly significant (p < 0.001) correlation between each 
index and the longitude (Figure 6). All measures dropped drastically 
in the brackish and marine water sectors suggesting lower diversity 
and lower equitability. In contrast, Simpson's evenness correlations 
were not different from zero when brackish and marine water sec-
tors were excluded (Appendix S7). Among the freshwater sectors 
(i.e., MM- 1 to QIdO- 6), species diversity was higher and its distribu-
tion was relatively homogenous among stations. The fish community 
of ALSP- 2 tended to exhibit the highest value of species richness in 
contrast to that of LSP- 3 and GSN- 5 which showed lower values of 

diversity and equitability as indicated by rarefaction and Simpson 
evenness indices (Figure 6). Further downstream, the Middle Estuary 
(MiE- 7) sector showed contrasting values of diversity estimates with 
relatively high richness and low equitability value. This result agreed 
with the overwhelming relative number of reads of the species 
Microgadus tomcod compared with the high number of species de-
tected in this sector (Figure 3, Table 1). The Gulf (GStL- 9) showed the 
lowest diversity estimates together with pronounced differences 
among stations, as indicated by the tall boxplots of Simpson (1- D) 
index and Simpson evenness index (Figure 6). The contrast between 
these two indices evidenced a relatively large proportion of stations 

F I G U R E  6  Boxplots showing the variation of the diversity 
indices used. (A) Rarefaction index estimated for a sample size 
of 80 reads; (B) Simpson diversity index; (C) Simpson evenness 
index. Spearman correlation coefficients (rho) and significance 
values were obtained for the full set of sectors. One- way ANOVA 
and Tukey post hoc tests were used for multiple comparisons 
analysis with α = 0.05 cutoff. Different letters indicate statistically 
significant differences
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characterized by low diversity estimates and strong dominance by 
few species.

The beta- diversity (proportion of diversity due to differences 
among sampling sites within sectors) estimates (βsor) were high and 
the turnover (βsim) component largely dominated over the nested-
ness all through the study system which determined the pattern 
variation of the beta- diversity as well (Table 2). The sectors MS- 1, 
TG- 4, MiE- 7, and GStL- 9 showed the highest diversity values. The 
Mantel test showed a positive and significant (rho = 0.88, 97.5% 
quantile = 0.0879; p = 0.001) correlation between the pairwise βsor 
dissimilarity matrix among stations and the geographic distance in-
dicating the increment of the beta- diversity with distance. Following 
the same trend, the results of the Mantel correlogram (Appendix 
S8) showed significant and positive spatial correlation at distance 
classes 87.4 and 174.8 km and a significant and negative correlation 
at longer distances.

4  |  DISCUSSION

Although in later years the use of eDNA metabarcoding to study fish 
communities has considerably increased, studies of large river com-
munities are still uncommon and limited to the freshwater portion. 
Here, we use eDNA metabarcoding to document the fish communi-
ties along a 1300 km transect of the St. Lawrence River, including its 
large estuary and part of its gulf. Despite several limitations associ-
ated with combining data from different studies (see methodologi-
cal considerations below), we demonstrate the ability of the eDNA 
metabarcoding approach based on MiFish 12S primers to efficiently 
identify the vast majority of species previously known to occur in 
the system as well as deciphering the spatial structure of fish com-
munities along the longitudinal axis of this large temperate river 
ecosystem. eDNA metabarcoding identified a pattern of fish com-
munity differentiation that was strongly associated with a series of 
longitudinal hydro- morphological structures and to the upstream– 
downstream effect of a gradient of salinity, temperature, and tide 
amplitude variations. Our results showed that eDNA metabarcod-
ing evidenced an upstream– downstream reduction in fish diversity 
indices which can be explained by a switch of fish composition in 
the transition zone between freshwater and marine waters and the 
overwhelming dominance of few species in most downriver sectors. 
Below, we compare and discuss the results of eDNA metabarcoding 
survey with those obtained by the long- term survey program con-
ducted by FMN in the freshwater sectors of the river (Foubert et al., 

2018) and demonstrate that eDNA metabarcoding is a useful and al-
ternative tool to document fish community shifts in large temperate 
lotic ecosystems such as the St. Lawrence River. We do not compare 
and discuss eDNA and TSM data for the marine sectors as this was 
fully covered in Afzali et al. (2021). However, eDNA results for the 
marine sectors are discussed in interpreting patterns of community 
shifts as seen by eDNA across the entire study area.

4.1  |  Species detection

In the MS- 1 to GSN- 5 sectors, also used in Foubert et al. (2018), 
eDNA detected 80 of the 86 fish species occurring across those 
sectors, which represents an excellent agreement considering 
such a large number of species. Similar results were reported for 
the Rhône River (Pont et al., 2018) that is home to about half the 
number of species of the St. Lawrence River. Additionally, eDNA 
efficiently detected species (river redhorse Moxostoma carinatum 
and four salmonid species), which are only occasionally detected 
by the FMN (Ministère des Forêts, de la Faune et des Parcs, un-
published data). Similarly, the American eel (A. rostrata), a common 
species in the St. Lawrence River, was detected in all freshwater 
sectors and the Middle Estuary (MiE- 7) using eDNA, in contrast 
with Foubert et al. (2018) results that only reported this species 
in Lake Saint- Louis, outside the area studied here. At the sector 
scale, the eDNA survey detected on average more species than 
the TSM survey. Several studies evaluating different sampling 
methods have already emphasized the ability of eDNA to provide 
more exhaustive appraisals of biodiversity (Civade et al., 2016; 
Hänfling et al., 2016; Hinlo et al., 2017; Valentini et al., 2016; 
Wilcox et al., 2016). This likely results from the capability of eDNA 
to integrate local- level information, its sensitivity to detect fish 
species for a wide range of abundances, and reduced selectivity 
compared with TSM (Cantera et al., 2019). This is also particularly 
true for large aquatic ecosystems where susceptibility of species 
to capture, topological complexity, and variable depth can reduce 
TSM efficacy (Pont et al., 2018). Nonetheless, when we inspected 
the species assemblages characterizing the freshwater sectors 
both eDNA and TSM surveys produced a similar list of indicator 
species and similar distributions of these species across sectors.

In recent years, the use of eDNA for the detection and monitor-
ing of invasive species has rapidly expanded (Mahon & Jerde, 2016). 
Here, we efficiently detected two non- native species (i.e., Neogobius 
melanostomus and Tinca tinca) that are of major concerns for the 
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βsor 0.80 0.70 0.62 0.80 0.68 0.69 0.75 0.67 0.83

βsim 0.73 0.58 0.47 0.72 0.54 0.58 0.70 0.50 0.75

βsne 0.07 0.12 0.14 0.08 0.14 0.11 0.06 0.18 0.07

TA B L E  2  Beta- diversity (βsor) and 
its turnover (βsim) and nestedness (βsne) 
components estimated between stations 
at the different sectors
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conservation of native fish communities in the St. Lawrence River 
and its tributaries since they likely represent threats to local spe-
cies (Kipp & Riccardi, 2012; Masson et al., 2013; Paradis, 2018). Both 
were detected across freshwater and brackish water sectors; how-
ever, the number of sequence reads was much more important for 
the upriver fluvial sectors (i.e., MS- 1 and ALSP- 2), in agreement with 
the estimates based on TSM (Paradis, 2018; Pelletier et al., 2012).

4.2  |  Longitudinal differentiation of fish 
communities

The potential homogenizing effect of downstream transportation of 
eDNA from upstream sources is one of the most important chal-
lenges in using eDNA metabarcoding to study aquatic communities 
in lotic ecosystems (Deiner & Altermatt, 2014; Deiner et al., 2016; 
Jane et al., 2015; Laporte et al., 2020). Despite the obvious poten-
tial for downstream eDNA transportation, our results show that the 
community structure information contained in the eDNA data was 
robust enough to depict pronounced shifts in fish assemblages. The 
large size and the hydrodynamic and structural complexity of the St. 
Lawrence River provide a variety of habitats that may contribute to 
shaping fish assemblage compositions (Berger et al., 2020; Foubert 
et al., 2018). Along upriver sectors, fish community differentiation 
was determined by the succession of corridors, archipelagos, and a 
large lake, almost exactly as previously found using TSM in the river 
transect comprised between Montréal and Saint- Nicolas (i.e., MS- 1 
to GSN- 5) (Foubert et al., 2018). However, eDNA failed to differ-
entiate sectors TG- 4 and GSN- 5 as comprising different fish com-
munities. Known as the first mesotidal sector of the river with water 
reversal, the GSN- 5 sector was identified by TSM data as harboring 
a highly differentiated fish community among the freshwater sec-
tors (Foubert et al., 2018). While this result can be interpreted as 
a low sensitivity of eDNA metabarcoding compared with the TSM, 
perhaps due to the eDNA dispersal effect, the low number (n = 9), 
and the clustered spatial distribution (i.e., distributed upstream near 
the limit with TG- 4 sector) of the eDNA sampling stations can partly 
explain this discrepancy. Our results suggest that future surveys 
should optimize eDNA sampling strategies to improve the assess-
ment of the community structure in this ecosystem (Bylemans et al., 
2018; Cantera et al., 2019; Grey et al., 2018).

Downstream, at the freshwater— saltwater transition, the joint 
effect of sharp gradients in tides height, temperature, and salinity 
set unique environmental conditions. Here, eDNA metabarcoding 
identified QIdO- 6 and MiE- 7 sectors as the home of two completely 
different fish communities, characteristic of estuarine, and transition 
waters regions (Elliott et al., 2007). Three species were identified as 
indicator species of these two sectors: tomcod (Microgadus tomcod); 
Atlantic sturgeon (Acipenser oxyrinchus); and rainbow smelt (Osmerus 
mordax). The tomcod eDNA signature largely dominated the Middle 
Estuary (MiE- 7) where this diadromous species is known to be abun-
dant along with rainbow smelt. For example, MiE- 7 is also known 
to be the main larval retention zone for these two species in the 

St. Lawrence River system (Laprise & Dodson, 1990; Winkler et al., 
2003). In contrast, the fish community of QIdO- 6, which is under 
a strong tidal influence, shows a balanced composition of freshwa-
ter (e.g., I. punctatus; M. anisurum; S. canadensis), euryhaline (e.g., 
A. fulvescens; C. catostomus; C. commersoni; L. lota), and diadromous 
(e.g., A. rostrata; M. tomcod; Morone saxatilis, O. mordax) species. This 
result highlights the uniqueness of this downstream transition sec-
tor of the Fluvial Estuary. Indeed, fluvial estuaries are well known 
to be home of fish communities comprising species from a diverse 
number of functional groups (Elliott et al., 2007). Finally, our results 
revealed at least two well- differentiated fish assemblages in the 
Marine Estuary (MaE- 8), and Gulf (GStL- 9) sectors, providing new in-
formation about the fish communities in this Northwestern Atlantic 
marine ecosystem.

4.3  |  Upstream– downstream variation of 
fish diversity

In addition to deciphering community structure and largely corrobo-
rating previous observations based on TSM, our results revealed an 
overall pattern of upstream to downstream reduction in rarefaction 
and Simpson diversity indices estimated from eDNA data. This trend 
was comparable to that observed previously using TSM along with 
the fluvial sectors (i.e., MS- 1 to GSN- 5) (Foubert et al., 2018). Indeed, 
eDNA species richness estimate in the Archipelago of Lake St. Pierre 
(ASLP- 2) sector was also higher than that of all other sectors, Lake 
St. Pierre (LSP- 3) also shows lower diversity, followed by Grondines- 
Saint Nicolas (GSN- 5) sector. Similar patterns of higher fish biodi-
versity in freshwater communities at the middle part of large rivers 
were described for the Ganges (Das et al., 2013) and the Mekong 
(Chea et al., 2017) rivers. In contrast, the estimates of equitability 
were similar across all fluvial sectors showing a significant decrease 
in downstream sectors. In these sectors, eDNA of a few species 
was dominant: Atlantic tomcod (M. tomcod) and Atlantic sturgeon 
(Acipenser oxyrinchus) in the MiE- 7, as previously noted; Atlantic 
soft pout (Melanostigma atlanticum), Redfish (Sebastes sp.), and 
Greenland halibut (Reinhardtius hippoglossoides) in the MaE- 8 sec-
tor; and Sebastes sp., Atlantic cod (Gadus morhua), Pleuronectide sp., 
and Atlantic herring (Clupea harengus) in the GStL- 9 sector. Generally 
speaking, those species are also the most abundant in those sectors, 
as revealed by TSM surveys (e.g., Afzali et al., 2021).

When we analyzed beta- diversity (Sørensen dissimilarity), the 
turnover component largely dominates over evenness all along the 
river. As this pattern implies that species are replaced between 
the sites, it also indicates that eDNA transportation was not suf-
ficient to erase signatures of community shifts (Mächler et al., 
2019). Nonetheless, we found a significant spatial auto- correlation 
between stations located at distances below 175 km, which is 
roughly in the range of the maximal eDNA transportation inferred 
in other studies (Pont et al., 2018). At that scale, we should then 
expect that eDNA transportation could contribute to homogenize 
contiguous community compositions, thus blurring the signal of 
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local differentiation (Deiner et al., 2016). However, and as discussed 
above, this was apparently not the case in our study. Nonetheless, 
the information provided by eDNA metabarcoding might not be 
accurate enough to determine specie specific distributions due to 
upstream– downstream eDNA transport in such a large fluvial eco-
system. However, and despite the partial blurring due to potential 
eDNA transport, our study highlights the ability of eDNA metabar-
coding analysis to document major shifts in fish community and bio-
diversity gradients in large lotic ecosystems. This supports the view 
of large rivers as a dis- continuum of longitudinal series of alternat-
ing geomorphological structures shaping local aquatic communities 
(Poole 2002; Ward and Stanford 1995).

4.4  |  Methodological considerations

In this study, we merged the results of four studies conducted in dif-
ferent years, months of the years, each with different goals, sampling 
strategies, and eDNA sampling effort (see Appendix S2). Regarding 
this, although the average number of reads per sample was similar 
among most studies, in one case (i.e., Mingelbier et al., 2019) the 
sequencing effort was lower and could have affected the detection 
of rare species in the most upriver sectors. It is noteworthy that 
despite lower sequencing effort per sample, species diversity was 
nevertheless the highest in those most upstream sampling locations 
covered by (Mingelbier et al., 2019), suggesting that it did not affect 
importantly our overall interpretations in community shifts and pat-
terns of diversity. Yet, this might certainly represent a methodologi-
cal handicap for the quality of the data set (Bylemans et al., 2018; 
Gotelli & Colwell, 2001; Laporte et al., 2020). But despite these 
potential caveats, eDNA revealed a pattern of fish biodiversity and 
community structure that concur well with the patterns described 
by a long- term survey program using TSM, giving confidence to our 
findings and suggest that even better correspondence with results 
from TSM could be achieved by performing a more standardized 
sampling protocol. Another possible limitation of our study is that a 
growing number of studies has suggested that the use of a single pair 
of universal primers targeting only one mtDNA segment may rep-
resent a limiting factor of eDNA metabarcoding, particularly when 
the study aimed to assess complex and diverse communities (Alberdi 
et al., 2018; Collins et al., 2019; Li et al., 2019; Stat et al., 2017). 
Here, we used Mifish (Miya et al., 2015), a fish- targeting primer pair 
that amplifies a segment (approx. 171 bp) of the mitochondrial 12S 
rRNA gene widely used in fish eDNA studies (Bylemans et al., 2018; 
Miya et al., 2020; Ushio et al., 2018; Zhang et al., 2020). Our results 
demonstrate that this universal primer pair and sequence segment 
successfully amplifies and distinguishes the vast majority of species 
present in the system with a few exceptions that could have possi-
bly been resolved by the analysis of one or more mtDNA segments. 
This, however, would come as a trade- off between the gain in im-
proved information and substantially increased cost in sequencing. 
Additionally, because we have only taken a subsample of all stations 
from Afzali et al. (2021) in the marine sectors to balance our sampling 

design with the more upstream sectors, we have underrepresented 
the overall species diversity in the Gulf of St. Lawrence. Yet, this did 
not significantly impact the comparison of diversity indices because 
in general the results revealed that, while there are more species in 
the marine sectors overall (Afzali et al., 2021; Centre Saint- Laurent, 
1996), the brackish and marine fish communities sectors are largely 
influenced, as mentioned above, by a few species of overwhelming 
abundance. For instance, in the study of Afzali et al. (2021), four spe-
cies represented 96% of the entire biomass of fish sampled using 
bottom trawl, and those four species represented 78% of all eDNA 
sequence reads.

5  |  CONCLUSIONS

Biodiversity surveys of large fluvial ecosystems are logistically com-
plex requiring substantial amounts of resources and time (Zajicek & 
Wolter, 2018). This probably explains why, despite their importance, 
relatively few studies about fish communities of large rivers have 
been published (Chea et al., 2017; Das et al., 2013; Erős et al., 2017; 
Galat et al., 2005; Whitten & Gibson- Reinemer, 2018). The relative 
paucity of research on fish communities in large fluvial ecosystems 
is very consequential for the conservation of freshwater fish bio-
diversity, which has recently been coined as “the world's forgotten 
fish” (WWF, 2021).

Despite the aforementioned limitations, the results of our 
study corroborate the growing evidence demonstrating that 
eDNA metabarcoding is a useful complementary (and sometimes 
replacement) tool to study aquatic communities. Particularly, we 
show that eDNA can provide equivalent information in a shorter 
time than long- term fish surveys using TSM, as previously demon-
strated for the Rhône River (Pont et al., 2018). We also demon-
strate that eDNA sampling was efficient to detect and provide 
relative abundance profiles of most fish species living in the St. 
Lawrence River. This is expressly useful to survey species of par-
ticular interest for management and conservation, as is the case 
of the American eel and the river redhorse among others, some of 
them inefficiently quantified or detected using gillnets and seine 
nets (Foubert et al., 2018). eDNA also makes it possible to sample 
and analyze fish communities in some river stretches where the 
use of TSM is difficult or impossible, such as rapids in freshwa-
ter or rocky bottoms in marine waters, as well as sampling during 
harsh weather times of the year (i.e., during the harsh Canadian 
winter), to better understand the dynamics of fish communities in 
space and time (Buxton et al., 2017; Takahashi et al., 2018). This 
is particularly relevant considering the spatiotemporal shifts ob-
served in freshwater fish communities as a response to climate 
changes (Maire et al., 2019). Integrating eDNA decay dynamics, 
shedding, and transportation rates coupled with hydrological and 
geomorphological information will enable a better knowledge of 
biodiversity and the improvement of the conservation plans, espe-
cially in large and highly diverse aquatic ecosystems (e.g., Carraro 
et al., 2020).



130  |    GARCÍA- MACHADO et Al.

ACKNOWLEDG MENTS
We are grateful to the personal of the Ministère des Fôrets, 
de la Faune et des Parcs (MFFP) of Québec and Department of 
Fisheries and Oceans for their contribution to sampling cam-
paigns. Thank you also to the staff of the genomic platform of the 
Institut de Biologie Intégrative et des Systèmes (IBIS), Université 
Laval, Québec (http://www.ibis.ulaval.ca/) for their technical 
support. We are also thankful for constructive comments on a 
previous version of the manuscript by Associate Editor Michelle 
Gaither and three anonymous referees. This work was funded 
by MFFP, the Canadian Chair in Genomics and Conservation of 
Aquatic Resources, as well as a Strategic Partnership grant from 
the Natural Sciences and Engineering Research Council of Canada 
(NSERC).

CONFLIC T OF INTERE S T
We have no conflict of interest to declare.

AUTHOR CONTRIBUTIONS
EG- M: have made major contributions to analysis, interpretation 
of the data, and writing of the manuscript. ML and EN: have made 
major contribution to analysis of the data and writing of the manu-
script. CH: have made major contributions to the acquisition of the 
data and writing of the manuscript. GC: have made major contribu-
tion to the acquisition of the data. YP: have made major contribu-
tions to the acquisition of the data and writing of the manuscript. 
MM: have made major contributions to the acquisition of the data 
and writing of the manuscript. LB: have made major contributions to 
the conception of the study, interpretation of the data, and writing 
of the manuscript.

DATA AVAIL ABILIT Y S TATEMENT
All eDNA metabarcoding data generated are available in Appendix S3.

ORCID
Erik García- Machado  https://orcid.org/0000-0001-5720-1733 
Martin Laporte  https://orcid.org/0000-0002-0622-123X 
Cecilia Hernández  https://orcid.org/0000-0002-4520-6569 
Louis Bernatchez  https://orcid.org/0000-0002-8085-9709 

R E FE R E N C E S
Afzali, S. F., Bourdages, H., Laporte, M., Mérot, C., Normandeau, E., 

Audet, C., & Bernatchez, L. (2021). Comparing environmental me-
tabarcoding and trawling survey of demersal fish communities in 
the Gulf of St. Lawrence, Canada. Environmental DNA, 3, 22– 42. 
https://doi.org/10.1002/edn3.111

Alberdi, A., Aizpurua, O., Gilbert, M. T. P., & Bohmann, K. (2018). 
Scrutinizing key steps for reliable metabarcoding of environmental 
samples. Methods in Ecology and Evolution, 9, 134– 147. https://doi.
org/10.1111/2041- 210x.12849

Allard, L., Grenouillet, G., Khazraie, K., Tudesque, L., Vigouroux, R., & 
Brosse, S. (2014). Electrofishing efficiency in low conductivity 
neotropical streams: Towards a non- destructive fish sampling 
method. Fisheries Management and Ecology, 21, 234– 243. https://
doi.org/10.1111/fme.12071

Anderson, M. J. (2001). A new method for non- parametric multivar-
iate analysis of variance. Austral Ecology, 26, 32– 46. https://doi.
org/10.1111/j.1442- 9993.2001.01070.pp.x

Anderson, M. J. (2006). Distance- based tests for homogeneity of 
multivariate dispersions. Biometrics, 62, 245– 253. https://doi.
org/10.1111/j.1541- 0420.2005.00440.x

Anderson, M. J., & Walsh, D. C. I. (2013). PERMANOVA, ANOSIM, and 
the Mantel test in the face of heterogeneous dispersions: What null 
hypothesis are you testing? Ecological Monographs, 83, 557– 574. 
https://doi.org/10.1890/12- 2010.1

Baselga, A. (2012). The relationship between species replace-
ment, dissimilarity derived from nestedness, and nestedness. 
Global Ecology and Biogeography, 21, 1223– 1232. https://doi.
org/10.1111/j.1466- 8238.2011.00756.x

Baselga, A. (2013). Separating the two components of abundance- based 
dissimilarity: Balanced changes in abundance vs. abundance gra-
dients. Methods in Ecology and Evolution, 4, 552– 557. https://doi.
org/10.1111/2041- 210x.12029

Baselga, A., & Orme, C. D. L. (2012). betapart: An R package for the study 
of beta diversity. Methods in Ecology and Evolution, 3(5), 808– 812. 
https://doi.org/10.1111/j.2041- 210X.2012.00224.x

Benson, D. A., Cavanaugh, M., Clark, K., Karsch- Mizrachi, I., Lipman, D. J., 
Ostell, J., & Sayers, E. W. (2012). GenBank. Nucleic Acids Research, 
41, D36– D42. https://doi.org/10.1093/nar/gks1195

Beng, K. C., & Corlett, R. T. (2020). Applications of environmental DNA 
(eDNA) in ecology and conservation: Opportunities, challenges and 
prospects. Biodiversity and Conservation, 29, 2089– 2121. https://
doi.org/10.1007/s1053 1- 020- 01980 - 0

Berger, C. S., Hernandez, C., Laporte, M., Côté, G., Paradis, Y., Kameni T., 
D. W., Normandeau, E., & Bernatchez, L. (2020). Fine- scale environ-
mental heterogeneity shapes fluvial fish communities as revealed 
by eDNA metabarcoding. Environmental DNA, 2, 647– 666. https://
doi.org/10.1002/edn3.129

Blanchet, S., Prunier, J. G., Paz- Vinas, I., Saint- Pé, K., Rey, O., Raffard, 
A., Mathieu- Bégné, E., Loot, G., Fourtune, L., & Dubut, V. (2020). A 
river runs through it: The causes, consequences, and management 
of intraspecific diversity in river networks. Evolutionary Applications, 
13, 1195– 1213. https://doi.org/10.1111/eva.12941

Bohmann, K., Evans, A., Gilbert, M. T. P., Carvalho, G. R., Creer, S., 
Knapp, M., Yu, D. W., & de Bruyn, M. (2014). Environmental DNA 
for wildlife biology and biodiversity monitoring. Trends in Ecology & 
Evolution, 29, 358– 367. https://doi.org/10.1016/j.tree.2014.04.003

Brismar, A., (2002). River systems as providers of goods and services: 
a basis for comparing desired and undesired effects of large dam 
projects. Environmental Management, 29(5), 598– 609. http://dx.doi.
org/10.1007/s0026 7- 001- 0058- 3

Burkhead, N. M. (2012). Extinction rates in North American Freshwater 
Fishes, 1900– 2010. BioScience, 62, 798– 808. https://doi.
org/10.1525/bio.2012.62.9.5

Borcard, D., Gillet, F., & Legendre, P. (2018). Numerical ecology with R. 
(Use R!, 2nd ed. p. 1– 435). Springer International Publishing. https://
doi.org/10.1007/978-3-319-71404-2

Buxton, A. S., Groombridge, J. J., Zakaria, N. B., & Griffiths, R. A. (2017). 
Seasonal variation in environmental DNA in relation to population 
size and environmental factors. Scientific Reports, 7, 46294. https://
doi.org/10.1038/srep4 6294

Bylemans, J., Gleeson, D. M., Lintermans, M., Hardy, C. M., Beitzel, M., 
Gilligan, D. M., & Furlan, E. M. (2018). Monitoring riverine fish 
communities through eDNA metabarcoding: determining opti-
mal sampling strategies along an altitudinal and biodiversity gra-
dient. Metabarcoding and Metagenomics, 2, e30457. https://doi.
org/10.3897/mbmg.2.30457

Cantera, I., Cilleros, K., Valentini, A., Cerdan, A., Dejean, T., Iribar, A., 
Taberlet, P., Vigouroux, R., & Brosse, S. (2019). Optimizing environ-
mental DNA sampling effort for fish inventories in tropical streams 

http://www.ibis.ulaval.ca/
https://orcid.org/0000-0001-5720-1733
https://orcid.org/0000-0001-5720-1733
https://orcid.org/0000-0002-0622-123X
https://orcid.org/0000-0002-0622-123X
https://orcid.org/0000-0002-4520-6569
https://orcid.org/0000-0002-4520-6569
https://orcid.org/0000-0002-8085-9709
https://orcid.org/0000-0002-8085-9709
https://doi.org/10.1002/edn3.111
https://doi.org/10.1111/2041-210x.12849
https://doi.org/10.1111/2041-210x.12849
https://doi.org/10.1111/fme.12071
https://doi.org/10.1111/fme.12071
https://doi.org/10.1111/j.1442-9993.2001.01070.pp.x
https://doi.org/10.1111/j.1442-9993.2001.01070.pp.x
https://doi.org/10.1111/j.1541-0420.2005.00440.x
https://doi.org/10.1111/j.1541-0420.2005.00440.x
https://doi.org/10.1890/12-2010.1
https://doi.org/10.1111/j.1466-8238.2011.00756.x
https://doi.org/10.1111/j.1466-8238.2011.00756.x
https://doi.org/10.1111/2041-210x.12029
https://doi.org/10.1111/2041-210x.12029
https://doi.org/10.1111/j.2041-210X.2012.00224.x
https://doi.org/10.1093/nar/gks1195
https://doi.org/10.1007/s10531-020-01980-0
https://doi.org/10.1007/s10531-020-01980-0
https://doi.org/10.1002/edn3.129
https://doi.org/10.1002/edn3.129
https://doi.org/10.1111/eva.12941
https://doi.org/10.1016/j.tree.2014.04.003
http://dx.doi.org/10.1007/s00267-001-0058-3
http://dx.doi.org/10.1007/s00267-001-0058-3
https://doi.org/10.1525/bio.2012.62.9.5
https://doi.org/10.1525/bio.2012.62.9.5
https://doi.org/10.1007/978-3-319-71404-2
https://doi.org/10.1007/978-3-319-71404-2
https://doi.org/10.1038/srep46294
https://doi.org/10.1038/srep46294
https://doi.org/10.3897/mbmg.2.30457
https://doi.org/10.3897/mbmg.2.30457


    |  131GARCÍA- MACHADO et Al.

and rivers. Scientific Reports, 9(1), 3085. https://doi.org/10.1038/
s4159 8- 019- 39399 - 5

Carraro, L., Mächler, E., Wüthrich, R., & Altermatt, F. (2020). 
Environmental DNA allows upscaling spatial patterns of biodiver-
sity in freshwater ecosystems. Nature Communications, 11(1), 3585. 
https://doi.org/10.1038/s4146 7- 020- 17337 - 8

Centre Saint- Laurent (1996). Rapport- Synthèse sur l'état du Saint- Laurent. 
Volume 1: L'écosystème du Saint- Laurent. Environement Canada 
-  région du Québec, Conservation de l'environnement -  Editions 
MultiMondes. Montréal. Coll. "BILAN Saint- Laurence".

Chea, R., Lek, S., Ngor, P., & Grenouillet, G. (2017). Large- scale patterns 
of fish diversity and assemblage structure in the longest tropical 
river in Asia. Ecology of Freshwater Fish, 26, 575– 585. https://doi.
org/10.1111/eff.12301

Civade, R., Dejean, T., Valentini, A., Roset, N., Raymond, J.- C., Bonin, 
A., Taberlet, P., & Pont, D. (2016). Spatial representativeness of 
environmental DNA metabarcoding signal for fish biodiversity as-
sessment in a natural freshwater system. PLoS One, 11, e0157366. 
https://doi.org/10.1371/journ al.pone.0157366

Coble, A. A., Flinders, C. A., Homyack, J. A., Penaluna, B. E., Cronn, R. C., 
& Weitemier, K. (2019). eDNA as a tool for identifying freshwater 
species in sustainable forestry: A critical review and potential fu-
ture applications. Science of the Total Environment, 649, 1157– 1170. 
https://doi.org/10.1016/j.scito tenv.2018.08.370

Collins, R. A., Bakker, J., Wangensteen, O. S., Soto, A. Z., Corrigan, L., 
Sims, D. W., Genner, M. J., & Mariani, S. (2019). Non- specific am-
plification compromises environmental DNA metabarcoding with 
COI. Methods in Ecology and Evolution, 10, 1985– 2001. https://doi.
org/10.1111/2041- 210x.13276

Côté, J.- P., & Morin, J. (2007). Principales interventions humaines survenues 
dans le fleuve Saint- Laurent entre Montréal et Québec au 19è siècle: 
1844– 1907. Environnement Canada, Sainte- Foy., Rapport technique 
SMC Québec-  Section Hydrologie, RT-  140, p. 112 pages + annexes.

Dalu, T., Wasserman, R. J., Jordaan, M., Froneman, W. P., & Weyl, O. 
L. F. (2015). An assessment of the effect of rotenone on selected 
non- target aquatic fauna. PLoS One, 10, e0142140. https://doi.
org/10.1371/journ al.pone.0142140

Das, M. K., Sharma, A. P., Vass, K. K., Tyagi, R. K., Suresh, V. R., Naskar, 
M., & Akolkar, A. B. (2013). Fish diversity, community struc-
ture and ecological integrity of the tropical River Ganges, India. 
Aquatic Ecosystem Health & Management, 16, 395– 407. https://doi.
org/10.1080/14634 988.2013.851592

De Cáceres, M., & Legendre, P. (2009). Associations between species and 
groups of sites: indices and statistical inference. Ecology, 90(12), 
3566– 3574. https://doi.org/10.1890/08- 1823.1

De Cáceres, M., Legendre, P., & Moretti, M. (2010). Improving indicator 
species analysis by combining groups of sites. Oikos, 119, 1674– 
1684. https://doi.org/10.1111/j.1600- 0706.2010.18334.x

De'ath, G., & Fabricius, K. E. (2000). Clasification and regression 
trees: A powerful yet simple technique for ecological data analy-
sis. Ecology, 81(11), 3178– 3192. https://doi.org/10.1890/0012- 
9658(2000)081[3178:CARTA P]2.0.CO;2

Deiner, K., & Altermatt, F. (2014). Transport distance of invertebrate en-
vironmental DNA in a natural river. PLoS One, 9, e88786. https://
doi.org/10.1371/journ al.pone.0088786

Deiner, K., Bik, H. M., Mächler, E., Seymour, M., Lacoursière- Roussel, A., 
Altermatt, F., Creer, S., Bista, I., Lodge, D. M., de Vere, N., Pfrender, 
M. E., & Bernatchez, L. (2017). Environmental DNA metabarcod-
ing: Transforming how we survey animal and plant communities. 
Molecular Ecology, 26(21), 5872– 5895. https://doi.org/10.1111/
mec.14350

Deiner, K., Fronhofer, E. A., Mächler, E., Walser, J.- C., & Altermatt, F. 
(2016). Environmental DNA reveals that rivers are conveyer belts 
of biodiversity information. Nature Communications, 7(1). https://
doi.org/10.1038/ncomm s12544

Deiner, K., Yamanaka, H., & Bernatchez, L. (2021). The future of biodi-
versity monitoring and conservation utilizing environmental DNA. 
Environmental DNA, 3, 3– 7. https://doi.org/10.1002/edn3.178

DesGranges, J.- L., & Ducruc, J.- P. (1998). Portrait de la biodiversité du 
Sain- Laurent. Atlas de la diversité écologique potentielle et de la bio-
diversité du Saint- Laurent au Québec. Service canadien de la faune, 
Environnement Canada, région du Québec, ministère de l'Envi-
ronnement et de la Faune du Québec et Peches et Océans Canada. 
Québec: région du Québec.

Dudgeon, D., Arthington, A. H., Gessner, M. O., Kawabata, Z.- I., Knowler, D. 
J., Lévêque, C., Naiman, R. J., Prieur- Richard, A.- H., Soto, D., Stiassny, 
M. L. J., & Sullivan, C. A. (2006). Freshwater biodiversity: Importance, 
threats, status and conservation challenges. Biological Reviews, 81(02), 
163– 182. https://doi.org/10.1017/S1464 79310 5006950

Dufrêne, M., & Legendre, P. (1997). Species assemblages and indicator 
species: The need for a flexible asymetrical approach. Ecological 
Monographs, 67(3), 345– 366. https://doi.org/10.1890/0012- 
9615(1997)067[0345:SAAIS T]2.0.CO;2

Elliott, M., Whitfield, A., Potter, I., Blaber, S., Cyrus, D., Nordlie, F., & 
Harrison, T. (2007). The guild approach to categorizing estuarine 
fish assemblages: A global review. Fish and Fisheries, 8, 241– 268. 
https://doi.org/10.1111/j.1467- 2679.2007.00253.x

Erős, T., Bammer, V., György, Á. I., Pehlivanov, L., Schabuss, M., Zornig, 
H., Weiperth, A., & Szalóky, Z. (2017). Typology of a great river 
using fish assemblages: Implications for the Bioassessment of the 
Danube River. River Research and Applications, 33, 37– 49. https://
doi.org/10.1002/rra.3060

Foubert, A., Lecomte, F., Brodeur, P., Le Pichon, C., & Mingelbier, M. 
(2020). How intensive agricultural practices and flow regulation are 
threatening fish spawning habitats and their connectivity in the St. 
Lawrence River floodplain, Canada. Landscape Ecology, 35, 1229– 
1247. https://doi.org/10.1007/s1098 0- 020- 00996 - 9

Foubert, A., Lecomte, F., Legendre, P., & Cusson, M. (2018). Spatial or-
ganisation of fish communities in the St. Lawrence River: A test for 
longitudinal gradients and spatial heterogeneities in a large river 
system. Hydrobiologia, 809, 155– 173. https://doi.org/10.1007/
s1075 0- 017- 3457- z

Fujii, K., Doi, H., Matsuoka, S., Nagano, M., Sato, H., & Yamanaka, H. 
(2019). Environmental DNA metabarcoding for fish community 
analysis in backwater lakes: A comparison of capture meth-
ods. PLoS One, 14, e0210357. https://doi.org/10.1371/journ 
al.pone.0210357

Galat, D. L., Berry, C. R., Gardner, W. M., Hendrickson, J. C., Mestl, G. 
E., Power, G. J., Stone, C., & Winston, M. R. (2005). Spatiotemporal 
patterns and changes in Missouri River fishes. American Fisheries 
Society Symposium, 45, 249– 291. https://digit alcom mons.unl.edu/
nebga mesta ff/54/

Gauthier, B. (2000). L’estuaire du Saint- Laurent: synthèse phytogéo-
graphique (p. 33). Gouvernement du Québec, ministère de l’Envi-
ronnement, Direction du patrimoine écologique et du développe-
ment durable, QC.

Gleick, P. H. (1996). Water resources. In S. H. Schneider (Ed.), Encyclopedia 
of climate and weather (pp. 817– 823). Oxford University Press.

Godin, G. (1979). La marée dans le golfe et l'estuaire du Saint- Laurent. 
Naturaliste Canadien, 106, 105– 121.

Goldberg, C. S., Pilliod, D. S., Arkle, R. S., & Waits, L. P. (2011). Molecular 
detection of vertebrates in stream water: A demonstration using 
rocky mountain tailed frogs and Idaho giant salamanders. PLoS One, 
6, e22746. https://doi.org/10.1371/journ al.pone.0022746

Gotelli, N. J., & Colwell, R. K. (2001). Quantifying biodiversity: 
Procedures and pitfalls in the measurement and comparison 
of species richness. Ecology Letters, 4, 379– 391. https://doi.
org/10.1046/j.1461- 0248.2001.00230.x

Grey, E. K., Bernatchez, L., Cassey, P., Deiner, K., Deveney, M., Howland, 
K. L., Lacoursière- Roussel, A., Leong, S. C. Y., Li, Y., Olds, B., 

https://doi.org/10.1038/s41598-019-39399-5
https://doi.org/10.1038/s41598-019-39399-5
https://doi.org/10.1038/s41467-020-17337-8
https://doi.org/10.1111/eff.12301
https://doi.org/10.1111/eff.12301
https://doi.org/10.1371/journal.pone.0157366
https://doi.org/10.1016/j.scitotenv.2018.08.370
https://doi.org/10.1111/2041-210x.13276
https://doi.org/10.1111/2041-210x.13276
https://doi.org/10.1371/journal.pone.0142140
https://doi.org/10.1371/journal.pone.0142140
https://doi.org/10.1080/14634988.2013.851592
https://doi.org/10.1080/14634988.2013.851592
https://doi.org/10.1890/08-1823.1
https://doi.org/10.1111/j.1600-0706.2010.18334.x
https://doi.org/10.1890/0012-9658(2000)081#;3178:CARTAP#;2.0.CO;2
https://doi.org/10.1890/0012-9658(2000)081#;3178:CARTAP#;2.0.CO;2
https://doi.org/10.1371/journal.pone.0088786
https://doi.org/10.1371/journal.pone.0088786
https://doi.org/10.1111/mec.14350
https://doi.org/10.1111/mec.14350
https://doi.org/10.1038/ncomms12544
https://doi.org/10.1038/ncomms12544
https://doi.org/10.1002/edn3.178
https://doi.org/10.1017/S1464793105006950
https://doi.org/10.1890/0012-9615(1997)067#;0345:SAAIST#;2.0.CO;2
https://doi.org/10.1890/0012-9615(1997)067#;0345:SAAIST#;2.0.CO;2
https://doi.org/10.1111/j.1467-2679.2007.00253.x
https://doi.org/10.1002/rra.3060
https://doi.org/10.1002/rra.3060
https://doi.org/10.1007/s10980-020-00996-9
https://doi.org/10.1007/s10750-017-3457-z
https://doi.org/10.1007/s10750-017-3457-z
https://doi.org/10.1371/journal.pone.0210357
https://doi.org/10.1371/journal.pone.0210357
https://digitalcommons.unl.edu/nebgamestaff/54/
https://digitalcommons.unl.edu/nebgamestaff/54/
https://doi.org/10.1371/journal.pone.0022746
https://doi.org/10.1046/j.1461-0248.2001.00230.x
https://doi.org/10.1046/j.1461-0248.2001.00230.x


132  |    GARCÍA- MACHADO et Al.

Pfrender, M. E., Prowse, T. A. A., Renshaw, M. A., & Lodge, D. M. 
(2018). Effects of sampling effort on biodiversity patterns esti-
mated from environmental DNA metabarcoding surveys. Scientific 
Reports, 8(1). https://doi.org/10.1038/s4159 8- 018- 27048 - 2

Gunzburger, M. (2007). Evaluation of seven aquatic sampling methods 
for amphibians and other aquatic fauna. Applied Herpetology, 4(1), 
47– 63. https://doi.org/10.1163/15707 54077 79766750

Hänfling, B., Lawson Handley, L., Read, D. S., Hahn, C., Li, J., Nichols, P., 
Blackman, R. C., Oliver, A., & Winfield, I. J. (2016). Environmental 
DNA metabarcoding of lake fish communities reflects long- term 
data from established survey methods. Molecular Ecology, 25, 
3101– 3119. https://doi.org/10.1111/mec.13660

Harrison, J. B., Sunday, J. M., & Rogers, S. M. (2019). Predicting the fate 
of eDNA in the environment and implications for studying biodi-
versity. Proceedings of the Royal Society B: Biological Sciences, 286, 
20191409. https://doi.org/10.1098/rspb.2019.1409

Hercos, A. P., Sobansky, M., Queiroz, H. L., & Magurran, A. E. (2013). 
Local and regional rarity in a diverse tropical fish assemblage. 
Proceedings of the Royal Society B: Biological Sciences, 280(1751), 
2012– 2076. https://doi.org/10.1098/rspb.2012.2076

Hinlo, R., Furlan, E., Suitor, L., & Gleeson, D. (2017). Environmental DNA 
monitoring and management of invasive fish: Comparison of eDNA 
and fyke netting. Management of Biological Invasions, 8, 89– 100. 
https://doi.org/10.3391/mbi.2017.8.1.09

Holm, S. (1979). A simple sequentially rejective multiple test procedure. 
Scandinavian Journal of Statistics, 6, 65– 70.

Hubert, W. A., Pope, K. L., & Dettmers, J. M. (2012). Passive capture 
techniques. In A. V. Zale, D. L. Parrish, & T. M. Sutton (Eds.), 
Fisheries techniques (3rd, pp. 223– 265). Bethesda, Maryland: 
American Fisheries Society. https://digit alcom mons.unl.edu/ncfwr 
ustaf f/111/

Hurlbert, S. H. (1971). The nonconcept of species diversity: A critique 
and alternative parameters. Ecology, 52, 577– 586. https://doi.
org/10.2307/1934145

Iwasaki, W., Fukunaga, T., Isagozawa, R., Yamada, K., Maeda, Y., Satoh, 
T. P., Sado, T., Mabuchi, K., Takeshima, H., Miya, M., & Nishida, 
M. (2013). MitoFish and MitoAnnotator: A mitochondrial genome 
database of fish with an accurate and automatic annotation pipe-
line. Molecular Biology and Evolution, 30, 2531– 2540. https://doi.
org/10.1093/molbe v/mst141

Jane, S. F., Wilcox, T. M., McKelvey, K. S., Young, M. K., Schwartz, M. 
K., Lowe, W. H., Letcher, B. H., & Whiteley, A. R. (2015). Distance, 
flow and PCR inhibition: eDNA dynamics in two headwater 
streams. Molecular Ecology Resources, 15, 216– 227. https://doi.
org/10.1111/1755- 0998.12285

Jelks, H. L., Walsh, S. J., Burkhead, N. M., Contreras- Balderas, S., Diaz- 
Pardo, E., Hendrickson, D. A., Lyons, J., Mandrak, N. E., McCormick, 
F., Nelson, J. S., Platania, S. P., Porter, B. A., Renaud, C. B., Schmitter- 
Soto, J. J., Taylor, E. B., & Warren, M. L. (2008). Conservation status 
of imperiled North American freshwater and diadromous fishes. 
Fisheries Research, 33(8), 372– 407. https://www.fs.usda.gov/trees 
earch/ pubs/30812

Kipp, R., & Riccardi, A. (2012). Impacts of the Eurasian round goby 
(Neogobius melanostomus) on benthic communities in the upper St. 
Lawrence River. Canadian Journal of Fisheries and Aquatic Sciences, 
69(3), 469– 486. https://doi.org/10.1139/f2011 - 139

Kummu, M., de Moel, H., Ward, P. J., & Varis, O. (2011). How close do we 
live to water? A global analysis of population distance to freshwa-
ter bodies. PLoS One, 6(6), e20578. https://doi.org/10.1371/journ 
al.pone.0020578

Laporte, M., Bougas, B., Côté, G., Champoux, O., Paradis, Y., Morin, J., & 
Bernatchez, L. (2020). Caged fish experiment and hydrodynamic bi-
dimensional modeling highlight the importance to consider 2D dis-
persion in fluvial environmental DNA studies. Environmental DNA, 
2, 362– 372. https://doi.org/10.1002/edn3.88

Laporte, M., Reny- Nolin, E., Chouinard, V., Hernandez, C., Normandeau, 
E., Bougas, B., Côté, C., Behmel, S., & Bernatchez, L. (2021). Proper 
environmental DNA Metabarcoding data transformation reveals 
temporal stability of fish communities in a dendritic river system. 
Environmental DNA.

Laprise, R., & Dodson, J. (1990). The mechanism of retention of pelagic 
tomcod, Microgadus tomcod, larvae and juveniles in the well mixed 
part of the St. Lawrence Estuary, Canada. Environmental Biology of 
Fishes, 29, 293– 302.

Legendre, P. (2014). Interpreting the replacement and richness difference 
components of beta diversity. Global Ecology and Biogeography, 23, 
1324– 1334. https://doi.org/10.1111/geb.12207

Legendre, P., & Gallagher, E. D. (2001). Ecologically meaningful trans-
formations for ordination of species data. Oecologia, 129, 271– 280. 
https://doi.org/10.1007/s0044 20100716

Legendre, P., & Legendre, L. (2012). Numerical ecology (p. 3rd, xvi + 990). 
Amsterdam: Elsevier Science BV.

Lepage, M.- P., Bourgeois, G., & Bélanger, G. (2012). Indices 
agrométéorologiques pour l’aide à la décision dans un contexte de cli-
mat variable et en évolution (p. 11). Bulletin technique. Centre de 
référence en agriculture et agroalimentaire du Québec (CRAAQ).

Li, J., Hatton- Ellis, T. W., Lawson Handley, L.- J., Kimbell, H. S., Benucci, 
M., Peirson, G., & Hänfling, B. (2019). Ground- truthing of a fish- 
based environmental DNA metabarcoding method for assessing 
the quality of lakes. Journal of Applied Ecology, 56(5), 1232– 1244. 
https://doi.org/10.1111/1365- 2664.13352

Li, Y., Evans, N. T., Renshaw, M. A., Jerde, C. L., Olds, B. P., Shogren, A. J., 
Deiner, K., Lodge, D. M., Lamberti, G. A., & Pfrender, M. E. (2018). 
Estimating fish alpha-  and beta- diversity along a small stream 
with environmental DNA metabarcoding. Metabarcoding and 
Metagenomics, 2, e24262. https://doi.org/10.3897/mbmg.2.24262

Lundberg, J. G., Kottelat, M., Smith, G. R., Melanie, L. J. S., & Gill, A. C. 
(2000). So many fishes, so little time: An overview of recent ich-
thyological discovery in continental waters. Annals of the Missouri 
Botanical Garden, 87(1), 26– 62. https://doi.org/10.2307/2666207

Mächler, E., Little, C. J., Wüthrich, R., Alther, R., Fronhofer, E. A., 
Gounand, I., Harvey, E., Hürlemann, S., Walser, J.- C., & Altermatt, F. 
(2019). Assessing different components of diversity across a river 
network using eDNA. Environmental DNA, 1(3), 290– 301. https://
doi.org/10.1002/edn3.33

Magurran, A. E. (2004). Measuring biological diversity (p. 260). Blackwell 
Science Ltd, Blackwell Publishing.

Mahon, A. R., & Jerde, C. L. (2016). Using environmental DNA for inva-
sive species surveillance and monitoring. In S. Bourlat (Ed.), Marine 
Genomics. Methods in Molecular Biology (1452, pp. 131– 142). New York, 
NY: Humana Press. https://doi.org/10.1007/978- 1- 4939- 3774- 5_8

Maire, A., Thierry, E., Viechtbauer, W., & Daufresne, M. (2019). Poleward 
shift in large- river fish communities detected with a novel meta- 
analysis framework. Freshwater Biology, 64, 1143– 1156. https://doi.
org/10.1111/fwb.13291

Marty, J., Twiss, M. R., Ridal, J. J., de Lafontaine, Y., & Farrell, J. M. (2010). 
From the Great Lakes flows a Great River: Overview of the St. 
Lawrence River ecology supplement. Hydrobiologia, 647(1), 1– 5. 
https://doi.org/10.1007/s1075 0- 010- 0238- 3

Masson, S., de Lafontaine, Y., Pelletier, A.- M., Verreault, G., Brodeur, P., 
Vachon, N., & Massé, H. (2013). Dispersion récente de la tanche 
au Québec. Le Naturaliste Canadien, 137(2), 55– 61. https://doi.
org/10.7202/10155 16ar

Mathon, L., Guérin, P.- E., Normandeau, E., Valentini, A., Noel, C., Lionnet, 
C., Linard, B., Thuiller, W., Bernatchez, L., Mouillot, D., Dejean, T., & 
Mane, L. S. (2021). Benchmarking bioinformatic tools for fast and 
accurate eDNA metabarcoding species identification. Molecular 
Ecology Resources. (submitted).

Mingelbier, M., Grant, C., Côté, G., & Deschamps, D. (2019). 
Caractérisation des communautés de poissons et de leurs habitats 

https://doi.org/10.1038/s41598-018-27048-2
https://doi.org/10.1163/157075407779766750
https://doi.org/10.1111/mec.13660
https://doi.org/10.1098/rspb.2019.1409
https://doi.org/10.1098/rspb.2012.2076
https://doi.org/10.3391/mbi.2017.8.1.09
https://digitalcommons.unl.edu/ncfwrustaff/111/
https://digitalcommons.unl.edu/ncfwrustaff/111/
https://doi.org/10.2307/1934145
https://doi.org/10.2307/1934145
https://doi.org/10.1093/molbev/mst141
https://doi.org/10.1093/molbev/mst141
https://doi.org/10.1111/1755-0998.12285
https://doi.org/10.1111/1755-0998.12285
https://www.fs.usda.gov/treesearch/pubs/30812
https://www.fs.usda.gov/treesearch/pubs/30812
https://doi.org/10.1139/f2011-139
https://doi.org/10.1371/journal.pone.0020578
https://doi.org/10.1371/journal.pone.0020578
https://doi.org/10.1002/edn3.88
https://doi.org/10.1111/geb.12207
https://doi.org/10.1007/s004420100716
https://doi.org/10.1111/1365-2664.13352
https://doi.org/10.3897/mbmg.2.24262
https://doi.org/10.2307/2666207
https://doi.org/10.1002/edn3.33
https://doi.org/10.1002/edn3.33
https://doi.org/10.1007/978-1-4939-3774-5_8
https://doi.org/10.1111/fwb.13291
https://doi.org/10.1111/fwb.13291
https://doi.org/10.1007/s10750-010-0238-3
https://doi.org/10.7202/1015516ar
https://doi.org/10.7202/1015516ar


    |  133GARCÍA- MACHADO et Al.

dans les zones portuaires et le chenal de navigation du Saint- Laurent 
—  Analyse des données de la période 2007 à 2018 (p. 105). Direction 
de l’expertise sur la faune aquatique, ministère des Forêts, de la 
Faune et des Parcs.

Mingelbier, M., Paradis, Y., Brodeur, P., de la Chenelière, V., Lecomte, F., 
Hatin, D., & Verreault, G. (2016). Gestion des poissons d’eau douce 
et migrateurs dans le Saint- Laurent: mandats, enjeux et perspec-
tives. Le Naturaliste Canadien, 140, 74– 90.

Minshall, G. W., Thomas, S. A., Newbold, J. D., Monaghan, M. T., & Cushing, 
C. E. (2000). Physical factors influencing fine organic particle 
transport and deposition in streams. Journal of the North American 
Benthological Society, 19, 1– 16. https://doi.org/10.2307/1468278

Miya, M., Gotoh, R. O., & Sado, T. (2020). MiFish metabarcoding: A high- 
throughput approach for simultaneous detection of multiple fish 
species from environmental DNA and other samples. Fisheries 
Science, 86, 939– 970. https://doi.org/10.1007/s1256 2- 020- 01461 
- x

Miya, M., Sato, K., Fukunaga, T., Sado, T., Poulsen, J. Y., Sato, K., 
Minamoto, T., Yamamoto, S., Yamanaka, H., Araki, H., Kondoh, M., 
& Iwasaki, W. (2015). MiFish, a set of universal PCR primers for 
metabarcoding environmental DNA from fishes: Detection of more 
than 230 subtropical marine species. Royal Society Open Science, 
2(7), 150088. https://doi.org/10.1098/rsos.150088

Moisen, G. G. (2008). Classification and regression trees. In S. E. Jorgensen 
& B. D. Fath (Eds.), Encyclopedia of ecology (1, pp. 582– 588). Oxford, 
U.K: Elsevier. https://www.srs.fs.usda.gov/pubs/30645

Oksanen, J., Blanchet, F. G., Friendly, M., Kindt, R., Legendre, P., McGlinn, 
D., Minchin, P. R., O'Hara, R. B., Simpson, G. L., Solymos, P., Stevens, 
M. H. H., Szoecs, E., & Wagner, H. (2020). vegan: Community Ecology 
Package. Ordination methods, diversity analysis and other functions for 
community and vegetation ecologists. R Package Ver. 2.5- 7. https://
cran.r- proje ct.org/web/packa ges/vegan/ index.html

Olds, B. P., Jerde, C. L., Renshaw, M. A., Li, Y., Evans, N. T., Turner, C. R., 
Deiner, K., Mahon, A. R., Brueseke, M. A., Shirey, P. D., Pfrender, M. 
E., Lodge, D. M., & Lamberti, G. A. (2016). Estimating species rich-
ness using environmental DNA. Ecology and Evolution, 6(12), 4214– 
4226. https://doi.org/10.1002/ece3.2186

Paradis, Y. (2018). Les espèces aquatiques envahissantes du fleuve Saint- 
Laurent: bilan de la situation en eau douce. Plan d’action Saint- 
Laurent. Ministère des Forêts, de la Faune et des Parcs (p. 9).

Paradis, Y., Mingelbier, M., Brodeur, P., Vachon, N., Côté, C., Hatin, D., 
Couillard, M. A., Verreault, G., L’Italien, L., Pouliot, R., Foubert, A., 
Lecomte, F., Valiquette, É., & Côté- Vaillancourt, D. (2020). État des 
communautés de poissons des eaux douces et saumâtres du Saint- 
Laurent. 3e édition, p. 14. Ministère des Forêts, de la Faune et des 
Parcs, Québec.

Pelletier, A., Verreault, G., & Simard, A. (2012). Le Réseau de détection 
précoce des espèces aquatiques exotiques envahissantes du Saint- 
Laurent: bilan des activités 2007– 2010. Le Naturaliste Canadien, 
136(3), 73– 79. https://doi.org/10.7202/10092 43ar

Pont, D., Rocle, M., Valentini, A., Civade, R., Jean, P., Maire, A., Roset, N., 
Schabuss, M., Zornig, H., & Dejean, T. (2018). Environmental DNA 
reveals quantitative patterns of fish biodiversity in large rivers de-
spite its downstream transportation. Scientific Reports, 8(1), 10361. 
https://doi.org/10.1038/s4159 8- 018- 28424 - 8

Pont, D., Valentini, A., Rocle, M., Maire, A., Delaigue, O., Jean, P., & 
Dejean, T. (2020). The future of fish- based ecological assessment of 
European rivers: From traditional EU Water Framework Directive 
compliant methods to eDNA metabarcoding- based approaches. 
Journal of Fish Biology, 98(2), 354– 366. https://doi.org/10.1111/
jfb.14176

Poole, G. C. (2002). Fluvial landscape ecology: Addressing uniqueness 
within the river discontinuum. Freshwater Biology, 47, 641– 660. 
https://doi.org/10.1046/j.1365- 2427.2002.00922.x

Pope, K. L., Lochmann, S. E., & Young, M. K. (2010). Methods for as-
sessing fish populations. In M. C. Quist & W. A. Hubert (Eds.), 

Inland fisheries management in North America (3rd ed., pp. 325– 
352). Bethesda, Maryland: American Fisheries Society. https://digit 
alcom mons.unl.edu/ncfwr ustaf f/74

Portt, C. B., Coker, G. A., Ming, D. L., & Randall, R. G. (2006). A review of 
fish sampling methods commonly used in Canadian freshwater hab-
itats. Canadian Technical Report of Fisheries and Aquatic Sciences 
2604. https://www3.epa.gov/regio n1/npdes/ merri macks tatio n/
pdfs/ar/AR- 1240.pdf

Ratnasingham, S., & Hebert, P. (2007). Bold: The barcode of life data sys-
tem (www.barcodinglife.org). Molecular Ecology Notes, 7, 355– 364. 
https://doi.org/10.1111/j.1471- 8286.2007.01678.x

Reid, A. J., Carlson, A. K., Creed, I. F., Eliason, E. J., Gell, P. A., Johnson, 
P. T. J., Kidd, K. A., MacCormack, T. J., Olden, J. D., Ormerod, S. J., 
Smol, J. P., Taylor, W. W., Tockner, K., Vermaire, J. C., Dudgeon, D., 
& Cooke, S. J. (2019). Emerging threats and persistent conservation 
challenges for freshwater biodiversity. Biological Reviews, 94, 849– 
873. https://doi.org/10.1111/brv.12480

Sala O. E. (2000). Global Biodiversity Scenarios for the Year 2100. 
Science, 287(5459), 1770– 1774. http://dx.doi.org/10.1126/scien 
ce.287.5459.1770

Shaw, J. L. A., Clarke, L. J., Wedderburn, S. D., Barnes, T. C., Weyrich, 
L. S., & Cooper, A. (2016). Comparison of environmental DNA me-
tabarcoding and conventional fish survey methods in a river system. 
Biological Conservation, 197, 131– 138. https://doi.org/10.1016/j.
biocon.2016.03.010

Shimadzu, H. (2018). On species richness and rarefaction: Size-  and 
coverage- based techniques quantify different characteristics of 
richness change in biodiversity. Journal of Mathematical Biology, 77, 
1363– 1381. https://doi.org/10.1007/s0028 5- 018- 1255- 5

Simpson E. H. (1949). Measurement of Diversity. Nature, 163, 688– 688. 
http://dx.doi.org/10.1038/163688a0

Smith B., Wilson J. B. (1996). A consumer's guide to evenness indices. 
Oikos, 76(1), 70– 82.http://dx.doi.org/10.2307/3545749

Snyder, D. E. (2003). Invited overview: Conclusions from a review 
of electrofishing and its harmful effects on fish. Reviews in Fish 
Biology and Fisheries, 13, 445– 453. https://doi.org/10.1007/s1116 
0- 004- 1095- 9

Spens, J., Evans, A. R., Halfmaerten, D., Knudsen, S. W., Sengupta, M. E., 
Mak, S. S. T., Sigsgaard, E. E., & Hellström, M. (2017). Comparison 
of capture and storage methods for aqueous macrobial eDNA 
using an optimized extraction protocol: Advantage of enclosed 
filter. Methods in Ecology and Evolution, 8(5), 635– 645. https://doi.
org/10.1111/2041- 210X.12683

Stat, M., Huggett, M. J., Bernasconi, R., DiBattista, J. D., Berry, T. E., 
Newman, S. J., Harvey, E. S., & Bunce, M. (2017). Ecosystem bio-
monitoring with eDNA: Metabarcoding across the tree of life in a 
tropical marine environment. Scientific Reports, 7(1), 12240. https://
doi.org/10.1038/s4159 8- 017- 12501 - 5

Su, G., Logez, M., Xu, J., Tao, S., Villéger, S., & Brosse, S. (2021). Human 
impacts on global freshwater fish biodiversity. Science, 371(6531), 
835– 838. https://doi.org/10.1126/scien ce.abd3369

Takahashi, M. K., Meyer, M. J., Mcphee, C., Gaston, J. R., Venesky, M. 
D., & Case, B. F. (2018). Seasonal and diel signature of eastern hell-
bender environmental DNA. The Journal of Wildlife Management, 82, 
217– 225. https://doi.org/10.1002/jwmg.21349

Thalinger, B., Kirschner, D., Pütz, Y., Moritz, C., Schwarzenberger, R., 
Wanzenböck, J., & Traugott, M. (2021). Lateral and longitudinal 
fish environmental DNA distribution in dynamic riverine habitats. 
Environmental DNA, 3, 305– 318. https://doi.org/10.1002/edn3.171

Thomsen, P. F., & Willerslev, E. (2015). Environmental DNA –  An emerg-
ing tool in conservation for monitoring past and present biodiver-
sity. Biological Conservation, 183, 4– 18. https://doi.org/10.1016/j.
biocon.2014.11.019

Ushio, M., Murakami, H., Masuda, R., Sado, T., Miya, M., Sakurai, S., 
Yamanaka, H., Minamoto, T., & Kondoh, M. (2018). Quantitative 
monitoring of multispecies fish environmental DNA using 

https://doi.org/10.2307/1468278
https://doi.org/10.1007/s12562-020-01461-x
https://doi.org/10.1007/s12562-020-01461-x
https://doi.org/10.1098/rsos.150088
https://www.srs.fs.usda.gov/pubs/30645
https://cran.r-project.org/web/packages/vegan/index.html
https://cran.r-project.org/web/packages/vegan/index.html
https://doi.org/10.1002/ece3.2186
https://doi.org/10.7202/1009243ar
https://doi.org/10.1038/s41598-018-28424-8
https://doi.org/10.1111/jfb.14176
https://doi.org/10.1111/jfb.14176
https://doi.org/10.1046/j.1365-2427.2002.00922.x
https://digitalcommons.unl.edu/ncfwrustaff/74
https://digitalcommons.unl.edu/ncfwrustaff/74
https://www3.epa.gov/region1/npdes/merrimackstation/pdfs/ar/AR-1240.pdf
https://www3.epa.gov/region1/npdes/merrimackstation/pdfs/ar/AR-1240.pdf
https://doi.org/10.1111/j.1471-8286.2007.01678.x
https://doi.org/10.1111/brv.12480
http://dx.doi.org/10.1126/science.287.5459.1770
http://dx.doi.org/10.1126/science.287.5459.1770
https://doi.org/10.1016/j.biocon.2016.03.010
https://doi.org/10.1016/j.biocon.2016.03.010
https://doi.org/10.1007/s00285-018-1255-5
http://dx.doi.org/10.1038/163688a0
http://dx.doi.org/10.2307/3545749
https://doi.org/10.1007/s11160-004-1095-9
https://doi.org/10.1007/s11160-004-1095-9
https://doi.org/10.1111/2041-210X.12683
https://doi.org/10.1111/2041-210X.12683
https://doi.org/10.1038/s41598-017-12501-5
https://doi.org/10.1038/s41598-017-12501-5
https://doi.org/10.1126/science.abd3369
https://doi.org/10.1002/jwmg.21349
https://doi.org/10.1002/edn3.171
https://doi.org/10.1016/j.biocon.2014.11.019
https://doi.org/10.1016/j.biocon.2014.11.019


134  |    GARCÍA- MACHADO et Al.

high- throughput sequencing. Metabarcoding and Metagenomics, 2, 
e23297. https://doi.org/10.3897/mbmg.2.23297

Valentini, A., Taberlet, P., Miaud, C., Civade, R., Herder, J., Thomsen, P. F., 
Bellemain, E., Besnard, A., Coissac, E., Boyer, F., Gaboriaud, C., Jean, 
P., Poulet, N., Roset, N., Copp, G. H., Geniez, P., Pont, D., Argillier, 
C., Baudoin, J.- M., … Dejean, T. (2016). Next- generation monitor-
ing of aquatic biodiversity using environmental DNA metabarcod-
ing. Molecular Ecology, 25(4), 929– 942. https://doi.org/10.1111/
mec.13428

Vincent, W. F., Dodson, J. J., Bertrand, N., & Frenette, J.- J. (1996). 
Photosynthetic and bacterial production gradients in a larval fish 
nursery: The St. Lawrence River transition zone. Marine Ecology 
Progress Series, 139, 227– 238. https://doi.org/10.3354/meps1 
39227

Ward, J. V., & Stanford, J. A. (1995). The serial discontinuity concept: 
Extending the model to floodplain rivers. Regulated Rivers: Research 
& Management, 10, 159– 168. https://doi.org/10.1002/rrr.34501 
00211

Whitten, A. L., (2018). Tracking the trajectory of change in large river fish 
communities over 50 Y. The American Midland Naturalist, 180(1), 
98– 107. https://doi.org/10.1674/0003- 0031- 180.1.98

Wilcox, T. M., McKelvey, K. S., Young, M. K., Sepulveda, A. J., Shepard, 
B. B., Jane, S. F., Whiteley, A. R., Lowe, W. H., & Schwartz, M. K. 
(2016). Understanding environmental DNA detection probabili-
ties: A case study using a stream- dwelling char Salvelinus fontinalis. 
Biological Conservation, 194, 209– 216. https://doi.org/10.1016/j.
biocon.2015.12.023

Winkler, G., Dodson, J. J., Bertrand, N., Thivierge, D., & Vincent, W. F. 
(2003). Trophic coupling across the St. Lawrence River estuarine 
transition zone. Marine Ecology Progress Series, 251, 59– 73. https://
doi.org/10.3354/MEPS2 51059

Wood, Z. T., Erdman, B. F., York, G., Trial, J. G., & Kinnison, M. T. (2020). 
Experimental assessment of optimal lotic eDNA sampling and assay 
multiplexing for a critically endangered fish. Environmental DNA, 2, 
407– 417. https://doi.org/10.1002/edn3.64

WWF (2021). The world’s forgotten fishes. World wide fund for nature (pp. 
1– 47). WWF International.

Zajicek, P., & Wolter, C. (2018). The gain of additional sampling meth-
ods for the fish- based assessment of large rivers. Fisheries Research, 
197, 15– 24. https://doi.org/10.1016/j.fishr es.2017.09.018

Zhang, S., Zhao, J., & Yao, M. (2020). A comprehensive and compara-
tive evaluation of primers for metabarcoding eDNA from fish. 
Methods in Ecology and Evolution, 11, 1609– 1625. https://doi.
org/10.1111/2041- 210X.13485

SUPPORTING INFORMATION
Additional supporting information may be found online in the 
Supporting Information section.

How to cite this article: García- Machado E, Laporte M, 
Normandeau E, et al. Fish community shifts along a strong 
fluvial environmental gradient revealed by eDNA 
metabarcoding. Environmental DNA. 2022;4:117–134. 
https://doi.org/10.1002/edn3.221

https://doi.org/10.3897/mbmg.2.23297
https://doi.org/10.1111/mec.13428
https://doi.org/10.1111/mec.13428
https://doi.org/10.3354/meps139227
https://doi.org/10.3354/meps139227
https://doi.org/10.1002/rrr.3450100211
https://doi.org/10.1002/rrr.3450100211
https://doi.org/10.1674/0003-0031-180.1.98
https://doi.org/10.1016/j.biocon.2015.12.023
https://doi.org/10.1016/j.biocon.2015.12.023
https://doi.org/10.3354/MEPS251059
https://doi.org/10.3354/MEPS251059
https://doi.org/10.1002/edn3.64
https://doi.org/10.1016/j.fishres.2017.09.018
https://doi.org/10.1111/2041-210X.13485
https://doi.org/10.1111/2041-210X.13485
https://doi.org/10.1002/edn3.221

