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Highlights

* Among 482 cels, 66% were impacted by A. crassus and 27% showed evidence of past
infection.

» Among 169 eels, organic and inorganic contaminants showed high prevalence.

* Variability in eel quality at the European scale was mainly driven by organic pollutants.

* According a risk index, eels from Scheldt, Warwickshire and Frémur ranked lowest risk.

* Eel quality risks were positively correlated with a remote sensing anthropization index.
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Abstract: The European eel is critically endangered. Although the quality of silver eels is
essential for their reproduction, little is known about the effects of multiple contaminants on
the spawning migration and the European eel management plan does not take this into account.
To address this knowledge gap, we sampled 482 silver eels from 12 catchments across Europe
and developed methods to assess three aspects of eel quality: muscular lipid content (N=169
eels), infection with Anguillicola crassus (N=482), and contamination by persistent organic
pollutants (POPs, N = 169) and trace elements (TEs, N = 75).We developed a standardized eel
quality risks index (EQR) using these aspects for the subsample of 75 female eels. Among 169
eels, 33% seem to have enough muscular lipids content to reach the Sargasso Sea to reproduce.
Among 482 silver eels, 93% were infected by A. crassus at least once during their lifetime. All
contaminants were above the limit of quantification, except the 1,2-bis (2,4,6-
tribromophenoxy)ethane (BTBPE), Ag and V. The contamination by POPs was heterogeneous
between catchments while TEs were relatively homogeneous, suggesting a multi-scale
adaptation of management plans. The EQR revealed that eels from Warwickshire were most
impacted by brominated flame-retardants and agricultural contaminants, those from Scheldt
were most impacted by agricultural and construction activities, PCBs, coal burning, and land
use, while Frémur eels were best characterized by lower lipid contents and high parasitic and
BTBPE levels. There was a positive correlation between EQR and a human footprint index
highlighting the capacity of silver eels for biomonitoring human activities and the potential
impact on the suitability of the aquatic environment for eel population health. EQR therefore
represents a step forward in the standardization and mapping of eel quality risks, which will

help identify priorities and strategies for restocking freshwater ecosystems.

Keywords: Lipid energy; Anguillicola crassus; Pollution; Bioaccumulation; Bioindicators;
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1. Introduction

The temperate European eel Anguilla anguilla (Linnaeus, 1758) is a facultative catadromous
species characterized by a complex semelparous life cycle. Spawning takes place in the tropical
North Atlantic convergence zone (Miller et al., 2015; Righton et al., 2016), and the fertilised
eggs hatch into meso-epipelagic leptocephali that are transported for more than a year towards
the European and North African coasts (Miller et al., 2015). On the continental shelves, they
start metamorphosing, reach estuaries as glass eels and colonize the transitional waters and
inland aquatic habitat (Feunteun et al., 2003; Tesch, 2003). After metamorphosis from the
juvenile glass and elver stages, eels undergo a growth stage of about 3—30 years as yellow eel
in European and North African transitional and inland waters (Tesch, 2003). When yellow eels
reach a certain size (35-46 cm for males and 50-100 cm for females, Tesch, 2003), they
undergo the silvering metamorphosis to develop adaptations to oceanic-migration conditions,
cease their feeding (e.g. degeneration of the digestive tract, Pankhurst and Sorensen, 1984) and
begin a seaward migration (Tesch, 2003).

Once at sea, the still reproductively immature and fasting silver eels migrate towards the
spawning ground (N 5000 km), whose duration remains uncertain (several months to more than
a year, Righton et al., 2016) and during which the oocytes and spermatocytes become mature
(Palstra et al., 2005; Tesch, 2003; van den Thillart et al., 2007). Successful migration and
breeding is likely to depend on both the quality and quantity of fat stored in the eel during the
growth stage. The long-distance migration of the eel, coupled with semelparity, is therefore a
risky life-history strategy that risks complete reproductive failure (Robinet and Feunteun,
2002).

The European eel population suffers from several anthropogenic pressures such as habitat
modification (Kettle et al., 2011), barriers (Trancart et al., 2020), overfishing (Dekker, 2004),
non-native pathogens like the introduced sanguivorous nematode Anguillicola crassus (Kirk,
2003), and pollutions (Geeraerts and Belpaire, 2009; Robinet and Feunteun, 2002). As a result,
population has declined significantly in the last 30 years, and the European eel is currently listed
as critically endangered (Jacoby and Gollock, 2014). To date, eel management targets set by
EU Member States in response to the European Commission Regulation EC 1100/2007
(Council of the European Union, 2007) have mainly focused on reducing fishing, promoting
the freshwater migration, and restocking of glass eels to depleted catchments (Belpaire et al.,
2019) so as to increase the quantity of eels escaping. However, little attention has been paid to

improving the quality of silver eels, which could be used as a proxy for how eels will perform
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in the future in terms of survival, migratory and reproductive success, since the immature and
mature oceanic key stages are not accessible. Three aspects of eel quality are particularly
important:

i) Body fat content. Although little is known about the swimming behaviour towards the
spawning area, several laboratory experiments and theoretical assumptions have shown that a
fat content representing 12-13% of the body mass is required to fuel the trans-Atlantic
migration, while a fat content estimated at 20% is thought to be necessary to ensure successful
reproduction (Boétius and Boétius, 1980; Palstra and van den Thillart, 2010; van den Thillart
et al., 2007).

i) The load of A. crassus (Kuwahara et al., 1974). This invasive nematode damages the
swimbladder in European and American eels, therefore potentially affecting the oceanic
swimming performance and the resistance to environmental stress (Kennedy, 2007; Palstra et
al., 2007).

iii) The contaminant load in body tissues. Contaminants such as lipophilic persistent organic
pollutants (POPs) and non-lipophilic trace elements (TEs) bioaccumulate in the lipid, muscles
and organs (for example: Brinkmann et al., 2015; ICES, 2016; Malarvannan et al., 2014; Zacs
et al., 2018). During migration, the contaminants are remobilised and directed towards
developing organs like gonads and eggs (Freese et al., 2019; Siihring et al., 2015, 2016b). As a
result, this remobilisation is thought to affect physiological functions with histological
responses, endocrine and osmoregulation disruptions, reduction of the stress resistance,
genotoxicity, reprotoxicity and behavioural alterations (Geeraerts and Belpaire, 2009; Robinet
and Feunteun, 2002). It could also have an embryotoxicity in future eggs (Palstra et al., 2006)
that further compromise the sustainability of the eel population.

Due to the inaccessibility of specific key stages of its life cycle, the impacts on the eel quality
is limited by insufficient knowledge in relation to the thresholds of A. crassus and contaminant
loads for reducing or compromising spawning migration success (Belpaire et al., 2019).
However, assessing the quality of future spawners has several advantages. Firstly, eels are
relevant indicators for aquatic management due to their life traits (longevity, high fat content,
top predator and benthic dweller, Tesch, 2003). Therefore, measures of the eel quality can
pinpoint a part of human pressures on aquatic environment (Belpaire, 2008; Freese et al., 2016)
and provide context for relevant management actions on the eel population. Secondly, one of
the current eel management actions consists in restocking young glass eels in catchments where
natural recruitment is low to enhance the eel stock. Measuring the eel quality in candidate

catchments enables the selection of stocking sites producing silver eels with a relatively good
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quality, potentially favouring the production of future ‘healthy’ spawners. Current stocking
programs typically consider the presence of obstacles to migration, the existing density of eels,
and only to a certain extent the quality of the environment (Beaulaton and Azam, 2019).
Developing a large-scale eel quality map and the use of standardized quality indicators of eels
would help to improve the choice criteria of existing and potential future stocking sites.
Preliminary attempts to assess the quality of yellow eels using epidemiological thresholds
relative to human health (Couderc et al., 2015; Quadroni et al.,, 2013) and to develop
bioindicators of the spawner quality have been made, as reviewed in 2015 by the Working
Group on Eel (WGEEL, ICES, 2015) involving the European Inland Fisheries and Aquaculture
Advisory Commission (EIFAAC), the International Council for the Exploration of the Sea
(ICES) and the General Fisheries Commission for the Mediterranean (GFCM). In Flanders,
Belpaire and Goemans (2007) and Maes et al. (2005) used contaminants to, respectively,
develop the eel quality classes (defined as the quantile values of mean concentrations) and to
define the standardized individual mean multimetal bioaccumulation index (IMBI). The
WGEEL also developed the eel “patho-index” as a tool to monitor eel diseases and parasites
(ICES, 2015), using data from the restocking project in North Rhine (Germany). In another
example, the reproductive potential of female eels based on the size and lipid reserves has been
considered by the WGEEL with the RPIND index. Finally, Amilhat et al. (2014) assessed the
silver eel quality throughout Mediterranean lagoons with an integrative eel quality index
(EQITOT, ICES, 2015) that integrates toxic contaminants (PCBs, DDTs, Cd, Cu and Zn) and
pathogens (A. crassus infection and EVEX virus) in four classes (weakly polluted, slightly
polluted, polluted, and strongly polluted). However, none of the reported bioindicators adopted
an integrative approach including lipid content, parasite burden and contaminant loads. In
addition, current bioindicators have been developed only for yellow eels on small
biogeographic scales, despite the need for a European consensus on the quality trends of future
spawners.

To improve the use of the eel quality in population and environmental assessments, fourteen
scientific  institutes  from  the  collaborative = European = EELIAD  project

(https://cordis.europa.eu/project/id/212133) sampled 482 silver eels from 12 catchments

located in northern and mid-Europe to assess their quality. A nested sampling strategy was used
to gather effective data across as many parameters relating to quality as possible: diagnosis of
the A. crassus infection (N=482, 12 catchments), measurements of lipid and POPs contents (N
=169, 11 catchments) and analysis of TEs (N=75 for which all quality variables were available,

8 catchments). We used the resulting data to address the following aims:


https://cordis.europa.eu/project/id/212133

i) produce an overview of each subsample to map the range of different quality variables in
male and female silver eels throughout several European catchments.

ii) develop a new integrative bioindicator (the EQR index: eel quality risks) based on current
bioindicators and standardized quality variables that we applied on the 75 female silver eels
subsample.

iii) use the standardized quality variables and the EQR index to assess the management of eel
habitats with respect to quality and the impacts of related human activities in European

catchments.

2. Material and methods
2.1. Eel sampling

368 female and 114 male silver eels were sampled by scientific or professional fisheries
between 2008 and 2010 in 12 European freshwater and brackish waterbodies that ranged
from60 to 117,000km2 in size (Fig. 1, Table 1). At each site, a length stratified sampling
protocol was used to select silver eels captured during their seaward migration. Since the gears
used were typically passive, the captured eels would have originated from any upstream part of
the catchment. The eels were anesthetized using either clove oil / eugenol (3mL of 30% solution
dissolved in 10 L of water), phenoxyethanol, chlorbutol (1 or 2 g of solid in 4 L of water),
benzocaine (150 mg/L) or metomidate (400 mg powder for 10 L of water) depending the
required ethical standards of each participating institute. Then, biometry was performed (length,
weight, length of pectoral fins, vertical and horizontal eye diameters) to assess the silver stage,
according to external measurements (Acou et al., 2005), and maturity stages based on anatomic
metrics (Durif et al., 2005).

2.2. Quality variables

After euthanasia (through anaesthetic overdoses), the eels were dissected to remove and collect
the swimbladders, and to take a dorsoventral section of muscles (from 5 cm above to 10 cm
below the anus). These were weighed and stored at—20 °C. Depending on the parameter of
interest, analyses were then carried out on three nested subsamples among the 482 available
individuals (Table 2). The abbreviations and protocols are described in supplementary data (S.1

section).



We investigated the A. crassus infection in the swimbladder of all 482 eels, using prevalence
(presence or absence of nematode), abundance (number of nematodes per eel), and the
swimbladder degenerative index (SDI), that measures three alterations of the swimbladder
(transparency, wall thickness, and the presence of pigmentation and exudate), each graded as
0,1, or 2. The SDI ranges from0 (not affected) to 6, and a value > 4 indicates a severely damaged
swimbladder (Lefebvre et al., 2002). Using the muscle samples of 169 individuals, the lipid
content and concentrations of six types of POPs were analysed (BTBPE, DDT and its
metabolites, three HBCD isomers, HCB, 13 PBDE congeners, and 40 PCB congeners). For the
TEs, we measured Ag, As, Cd, Co, Cr, Cu, Fe, Hg, Mn, Ni, Pb, Se, V, and Zn in the muscle
samples of 75 females (males were excluded because knowledge about lipid requirement for
migration and impact of contaminants on physiology and eggs development are more developed
for females). The POPs and TEs mentioned above were chosen due to their more or less known
effects on the physiology of eels (or other fishes), and to their proven prevalence in several
monitoring networks (Belpaire and Goemans, 2007), excepting the emerging contaminant
BTBPE.

The sampling protocol resulted in complete data on the muscular lipid content, swimbladder
parasites, POPs and TEs for 75 eels, covering eight catchments: Bages-Sigean (France), Loire
(France), Frémur (France), Scheldt (Belgium), Warwickshire Avon (United Kingdom), Corrib
(Ireland), Gudena (Denmark), and Stockholm archipelago (Sweden) (Table 1). These data were
then used for the development of the eel quality risks (EQR) index. The data on the muscular
lipid content, the swimbladder infestation and muscular POPs concentrations that were not
sampled for all characteristics (i.e. outside the subsample N = 75) were used to provide

knowledge on the overall quality of the studied eel subpopulations.

2.3. Quality assessment with a standardized bioindicator

2.3.1. Catchments ranking

Our eel quality risks (EQR) index was computed by summing four standardized quality

components within the subsample of 75 silver eels described above, as follows:

EQR=RLrwLs + RLAcinf + RLpops + RLTEs,

with following details:



i) The ‘RL;’ (relative load) is a function used to standardize the four quality variables between
0 and 1, because of their different orders of magnitude and our consideration without a priori
knowledge. The RL; is similar to the IMBI index (Maes et al., 2005) and reflects the percentage
of the maximum value (Cimax) detected among all values in the i variable: RLi=Ci/Cimax, with C;
the individual value of the i variable. Thus, EQR index ranged from 0 (high quality or low risks)
to 4 (low quality or high risks).

i) The RLrwis component (RWLB: reversed weighted lipid burden) takes into account the
muscular lipid content (in %) weighted by the DSS (distance between sampling site and putative

spawning ground, in km, Table 1) and penalized by a risk coefficient (1), as follow:

RLrwie =RL[A x (rLipid / DSS)], with rLipid = 1 / lipid.

We assumed the A values of 0.25, 0.5, and 1 to represent low (> 20% of the muscular lipid
content), medium (12-20%), and high (< 12%) risks of reproduction failure, respectively
(Boétius and Boétius, 1980; Palstra and van den Thillart, 2010; van den Thillart et al., 2007).
In addition, the lipid percentage was reversed to ensure that a high value of RLrwLp represents
arisk for an individual with low lipid content and a long distance to travel to reach the spawning
ground. The DSS was estimated from QGIS (ver. 2.14.20, QGIS Development Team, 2017),
and trajectories towards the putative Sargasso Sea spawning ground were inspired by Righton
et al. (2016) and were calculated to 27°N latitude and 55°W longitude (i.e. the centre of a 22—
32°N latitude and 50-60°W longitude square, described by Friedland et al., 2007).

iii) The RLacinf cOmponent takes into account the current nematode abundance as well as the
swimbladder degenerative index (SDI), where RLacint = RL[(abundance +0.01) x (SDI +
0.01)].

iv) The RLpoprs and RLtes are computed as the standardized average of all standardized POPs

and TEs respectively, for example

RLpors= RL [(RLgTerPE + RLDDTs + RLHBCDs + RLHCB + RLpBDES + RLpPCBS)/6],

inferring the same weight to each contaminant, because the effects of contaminants on the eel
quality and the sublethal thresholds are currently unknown. Considering this standardized
approach adapted for contaminants, we assumed that the maximum concentration of
contaminants passed quality controls and were not outliers. For both Ag and V trace elements,

RLi was taken as half of the limit of quantification (LOQ), because all the observed
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concentrations were below the LOQ. This assumption avoids over-representing the
corresponding RLi values. As recommended by ICES (2015), TEs were expressed as
concentration against the dry weight (dw). In order to maintain a same weight between RLtgs
and RLpops cOmponents and to promote comparisons, POPs were not expressed by lipid weight
(Iw) but in wet weight (ww). Furthermore, the EQR index already includes the variation in lipid
weight due to the RLrwis component, and the observed ww and Iw concentrations of POPs
were positively correlated (Spearman tests; R2 = 0.9 + 0.04; P < 0.001; Table S1), thereby
showing similar standardized values between ww or Iw expressions.

Despite the lack of knowledge about the effects of quality variables on the eel spawning
migration, we postulate that the probability of spawning migration failure increases with the
relative load of penalized and weighted lipid content (RLrwig), parasite infection (RLAacinf), and
muscular contaminants (RLpops and RLes).

We separated the eels into four classes based on the EQR quartile distributions. The eels classed
in the Q1 (0-25%) and Q2 (25-50%) quartiles were respectively considered to be representative
of habitats that were weakly and slightly impacted by human activities pinpointed by silver eels.
The eels found in the Q3 (50-75%) and Q4 (75-100%) quartiles were considered to be either
impacted or strongly impacted with the highest probability of failure during spawning
migration. To rank catchments according to the EQR index, we computed the rank as the sum

of the EQR quartile scores standardized by the number of sampled eels in each catchment.

2.3.2. Identification of quality issues

In order to identify the origin of the eel quality issues within each catchment, the contribution
(in %) of each quality component (RLrwig, RLacinf, RLroprs and RLres) in relation to the EQR
value was computed for each individual (contribution = quality component value / EQR valuex
100) and then averaged at the catchment scale. Finally, we identified in each quartile and each
catchment the six contaminants with the highest cumulative average RL; values as the priority

targets for future conservation measures.

2.3.3. Biomonitoring relevance

We investigated the link between EQR index (EQR with all quality components and EQR
without the ACinf component) and a human footprint index (HFP, no unit). Estimated in 2009

by Venter et al. (2016a, 2016b), the HFP integrates several pieces of remote sensing information
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of human impacts (agriculture, constructions, population density, and navigable waterways).
The average HFP values were extracted for each studied catchment (raster package; Hijmans
and van Etten, 2018).

2.4. Variability of quality and approach to trace the origin of contaminants

To assess the intra- and inter-catchment variability of the eel quality, we 1) performed a principal
component analyse (PCA, FactoMineR package; Husson et al., 2018), using the RLi of quality
variables measured in 75 females as structuring variables, and ii) computed the coefficients of
variation (CV = (SD/u) x 100, SD = standard deviation, pu = average) of each quality component
(RLrwLB, RLAcinf, RLrors and RLtes) and the EQR index.

The European eel is known to reflect human activities in/near the waterbodies that each
individual had inhabited (Belpaire et al., 2008; Freese et al., 2016). This bioindicator property
is, therefore, an opportunity to target the human activities responsible for the degradation of the
eel quality. The POPs are exclusively produced by anthropogenic activities, such as
agrochemistry (DDTs and HCB) and other industries [PCBs and brominated flame retardants
(BFRs: BTBPE, HBCDs, and PBDES)]. For the TEs, it is difficult to distinguish geogenic from
anthropogenic sources, and their flows in Europe are poorly known. Therefore, we pooled the
TEs according to the anthropogenic flows estimated for USA by Sen and Peucker-Ehrenbrink
(2012) as follows: construction (Co, Cr, Fe, Mn, Ni, Pb, Se, V, and Zn),mining (Ag, Cr, Cu,
Fe, and Zn), consumption of petroleum (Fe, Hg, Ni, and V) and coal (As, Fe, Mn, Pb, and Zn),
and the HANPP (human apportionment of terrestrial net primary productivity; Cd, Co, Fe, Mn,
and Zn) activities. For each activity group, we computed the average RL; of quality variables,
and included them as non-structural variables in the PCA as an exploratory approach to target

activities responsible of contaminants in the eels.

2.5. Statistical analysis

The statistical analyses were carried out using R ver. 3.6.1 (R Core Team, 2019). Detailed
descriptions of the muscular lipid content (N = 169), A. crassus infection (N = 482), and
concentrations of POPs (N=169) and TEs (N=75) are given in supplementary data (S.2 section).
All data are described as the mean plus one standard deviation (u = SD). To test the difference
of quality variables and indices (EQR and HFP) between catchments, we applied Kruskal-

Wallis and Dunn's tests (Dunn, 1964; Ogle, 2019) because the normality of residues and
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homoscedasticity were not maintained (oo = 5%, with Bonferroni correction for multiple
comparisons). The link between EQR and HFP indices was determined by selecting the best-
explained deviance from different linear models (polynomial, natural cubic spline, and B-spline;

with 1-3 degrees of freedom).

3. Results
3.1. Overview of lipid, parasitic infection, and contaminations

The muscular lipid content for the 169 analysed silver eels ranged between 5.9% (individual
from Scheldt) and 31.8% (from Stockholm archipelago). Samples from 3.6% of silver eels
contained b12% muscular lipids (N = 4 from Scheldt, N = 1 from Loire and Burrishoole) and
33.1% of individuals (N = 56), essentially from Stockholm archipelago (N = 12), Warwickshire
(N = 10) and Valencia (N = 7) catchments, contained N20% muscular lipids (see details in
supplementary data, S.2 section, Fig. S1).

Overall, 317 silver eels (66%) hosted nematodes in their swimbladders (Fig. S2a) and were
classified as having a damaged swimbladder (SDI > 1). A total of 131 individuals (27%) were
classified as having had a past infection (no nematode but SDI > 1). The average abundance
was 4.5 £ 7.3 nematodes per swimbladder (Fig. S2b). No nematodes were found in silver eels
from Burrishoole, while the nematode occurrence reached 93% of all samples in Frémur. In
addition to Burrishoole, the abundance was low (b 1.7 £ 4.2 nematodes) in eels from Bages-
Sigean, Stockholm archipelago and Esva. The SDI value exceeded four for 25% (N = 120) of
individuals, including individuals from Burrishoole (N = 3) with no nematode burden (Fig.
S2c).

Of the silver eels tested for POPs (N=169, Fig. S3) and TEs (N=75, Fig. S4) of them had
concentrations above the limit of quantification (LOQ), except for VV, Ag (< DL) and BTBPE,
for which 25% of individual (N = 43) displayed concentrations above LOQ. Silver eels from
Scheldt and Valentia had higher DDTs concentrations (N 87 ng-g~* ww) compared to other
sites (Dunn's tests; P < 0.05), except for Bages-Sigean and Warwickshire (64.6+30.1 and
54.2+26.2 ng-g* ww). The silver eels from Stockholm, Scheldt and Warwickshire catchments
showed highest HCB levels (between 1.3 + 0.5 and 3.7 + 5.3 ng-g~* ww) than others individuals.
The Scheldt eels also displayed the highest level of PCBs (2358 + 3284 ng-g~* ww). The
HBCDs and PBDEs reached high levels in English (Warwickshire and Hampshire) and Scheldt
catchments (N 21.7 + 23.0 ng-g~* ww for HBCDs, and N 9.9 + 12.2 ng-g* ww for PBDES).

The bioaccumulation of Cr, Cu, Fe, and Zn was similar between catchments. The silver eels
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sampled in Stockholm archipelago were among the least contaminated for Cd, Co, and Se. The
Frémur individuals had among the highest concentrations of Co and Hg while Scheldt
individuals where highly contaminated by Cd and Pb, and the Bages-Sigean individuals by As
and Ni (Fig. S4).

3.2. Quality assessment with a standardized bioindicator (N= 75)
3.2.1. Catchments ranking

We computed the four standardized components of quality (RLrwie, RLAcinf, RLpops, and
RLtes) for 75 female silver eels with the full set of quality data. The silver eels from Gudena
showed higher RLrwig values (0.41 + 0.15) in comparison to eels from Warwickshire Avon
(0.16 £ 0.09), Stockholm archipelago (0.17 + 0.03) and Corrib (0.22 + 0.1) (Dunn tests; P <
0.05; Fig. 2a). In addition, the RLrwis Values of Warwickshire's eels were significantly lower
than values of Scheldt (0.34 + 0.17), Frémur (0.37 + 0.03) and Bages-Sigean (0.37 + 0.11)
(Dunn tests; P b 0.05). The RLacinf index identified a higher A. crassus infection in silver eels
from Frémur (0.24+0.2), Corrib (0.22+0.29) and Gudena (0.19 + 0.24) than those from Bages-
Sigean (Dunn tests; P < 0.015; Fig. 2b). The silver eels from Warwickshire and Scheldt had
higher RLpops values (0.51 + 0.22 and 0.38 + 0.30, respectively) than eels from Corrib
(0.04+0.01), Gudena (0.05 + 0.02), Stockholm archipelago (0.06 + 0.02), and Frémur (0.09 +
0.07, difference only with ukWAR) (Dunn tests; P < 0.01; Fig. 2c). The RLtes values were
relatively homogenous throughout the studied catchments, with lower values for silver eels
from Stockholm archipelago (0.37 + 0.05) in comparison to other catchments: Loire (0.53 *
0.09), Corrib (0.53 +0.12), Frémur (0.55 £ 0.07), Scheldt (0.56 + 0.14), and Bages-Sigean (0.59
+ 0.13) (Dunn tests; P < 0.01; Fig. 2d). In addition, the Gudena silver eels showed a trace
element charge (0.43 £ 0.07) significantly lower than those of Bages-Sigean (Dunn test; z =
—=3.17, P=0.04).

To simplify comparisons between catchments, the four standardized variables discussed above
were integrated in the EQR index (Fig. 3a). The eels from Stockholm archipelago displayed a
lower EQR index (0.65 £ 0.08) than those from Loire (1.16 + 0.31), Frémur (1.24 + 0.22),
Warwickshire (1.29 + 0.31) and Scheldt (1.44 = 0.49) (Dunn tests; P < 0.05). The silver eels
from Corrib (1.02 + 0.40), Gudena (1.09+0.33) and Bages-Sigean (1.12 + 0.21) showed
intermediary EQR averages. The EQR distribution was split into four quartiles (Fig. 3b) in order
of increasing environmental impact: Q1 (weakly impacted) = 0.51-0.81, Q2 (slightly impacted)
=0.81-1.12, Q3 (impacted) = 1.12-1.31, and Q4 (strongly impacted) = 1.31-2.43. According
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to quartiles and the calculated rank, 100% of the tested eels from the Stockholm archipelago
showed low impacts (N = 9). Eels from Corrib and Gudena ranked second and third with,
respectively, 70 and 50% of individuals classified in Q1 and Q2. Eels from Bages-Sigean were
ranked fourth with an intermediary quality status (44% of individuals in Q1 and Q2, 56% in Q3
and Q4). Finally, the Loire, Frémur, Warwickshire and Scheldt displayed a high proportion of
impacted and strongly impacted eels (44, 60, and both 78% for Warwickshire and Scheldt,
respectively). In the Scheldt catchment, 67% of individuals were strongly impacted.

3.2.2. Identification of quality issues

Throughout the catchments, the contribution of RLtes to the EQR average value (Fig. 4a) was
significantly higher (48.1+11%) than the contribution of RLrwig (27.3 £ 10.9%; Dunn test; z
=—5.77, P <0.001). Both RLtes and RLrw1B contributed significantly more to the EQR index
in comparison to RLpops (13.9 + 12.8%) and RLacinf (10.7 £ 12.5%) (Dunn tests; P < 0.001). In
Warwickshire and Scheldt catchments, the RLpops (38.3 £ 9.8% and 25.4 + 14.6%, respectively)
and RLves (43.0 £ 11.2% and 55.5+7.1%, respectively) were major sources of poor quality.
Individuals facing the highest risk in spawning migration failure (i.e. high cumulative RL;) were
beSCH19 from Scheldt (EQR = 2.43, high contribution to the EQR index: RLpops = 44%, RLTEs
= 33%), and irCOR026 from Corrib (EQR=1.9, high contribution: RLacinf= 52%), despite that
Corrib ranked among the highest quality catchments. The only individual displaying a muscular
lipid burden below 12% (frLOI138, in Loire catchment) shows the 8th highest EQR value (EQR
=1.62, strongly impacted quartile), for which RLrwLs component contributed 62% to the value
of EQR. In Bages-Sigean, the only individual in the Q4 quartile showed the highest sum of RL;
averages (EQR = 1.54) in this catchment, with a significant risk for this individual.

Within each catchment and EQR quartile, major POPs and TEs cocktails (as relative load index)
were identified in order to target the main issues linked to pollution by human activities (Fig.
4b). A homogeneous bioaccumulation by Cu, Fe, and Zn appears throughout catchments (see
supplementary data, S.2 section), and thus these compounds were excluded from analyses to
better identify the contamination specificities of each catchment. As a result, the six major
contaminations cocktails (in descending order of the RLi averages) were the following for
Stockholm archipelago: Hg, Mn, Cd, DDTs, Ni, and BTBPE; for Gudena: Mn, Hg, Se, Cd, Pb
and BTBPE; for Corrib: Hg, Mn, Se, Ni, Cd and As; for Warwickshire Avon: PBDEs, HBCDs,
Hg, Pb, Co, and DDTs; for Scheldt: DDTs, Cd, Hg, Se, Pb and Ni; for Frémur: Hg, Ni, Mn,
BTBPE, Cd, and Co; for Loire: Hg, Se, Co, Ni, Cd, As; and for Bages-Sigean: Hg, As, DDTs,
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Ni, Mn, and Co. Regarding these cocktails, we observed a high RL; average value of Hg in all
catchments, especially in Stockholm archipelago (0.23 + 0.08), Loire (0.35 + 0.25), Bages-
Sigean (0.44 + 0.31), Corrib (0.53 £0.24) and Frémur (0.58+0.21) catchments. We observed
specific compounds in several catchments, like Warwickshire Avon with brominated flame
retardants (HBCDs and PBDES), Scheldt with DDTs and Cd, Corrib and Gudena with Mn and
Se, Loire with Se and As, and Bages-Sigean with As and DDTs. Within EQR quartiles, the
cocktail showed several specificities, like the bioaccumulation of HCB in Q1 quartile in
Scheldt, As in Warwickshire (Q1), and Pb in Loire (Q1) and Frémur (Q4). The brominated
flame retardant BTBPE emerged among the six major contaminants mainly in Frémur (Q2 to
Q4), but also in Stockholm archipelago (Q1), Gudena (Q3) and Warwickshire (Q4).

3.2.3. Biomonitoring relevance

In order to validate the relevance of the EQR index for biomonitoring, we used the human
footprint index from remote sensing (HFP), that provides clues about the human impacts within
each catchment (Fig. 5a). The Corrib catchment and Stockholm archipelago displayed
significantly lower HFP index (9.32 = 6.40 and 10.57 £ 2.69, respectively) than Bages-Sigean
(19.53£9.29), Fremur (22.95 +8.19), and Warwickshire (27.60£7.92) (Dunn tests; P b 0.05).
Similarly, the HFP index of Scheldt (30.36 + 8.09) was higher than those of Corrib catchment
(Dunn test; z = 6.59, P = 1.21 x 107°%). The high HFP average values of Scheldt and
Warwickshire eels were also significantly different from those of Loire (14.8 + 8.85; Dunn
tests; P < 0.001). The Scheldt showed a higher HFP index than Gudena (16.16 + 8.09; Dunn
test; z = 3.77, P = 4.49 x 107%). Lastly, our EQR index was significantly and positively
correlated with the HFP index (R2 = 0.23, Fig. 5b). When the ACinf component was removed
from the EQR index, the correlation remained significant and better explained the variance
(EQR without ACinf=1.6 x HFP + 1.0, Spearman; N =75, R2=0. 34, S = 26,891, P = 3.62 x
1079).

3.3. Variability of quality and approach to trace the origins of contaminants
According to PCA (Fig. 6a), the variability between individuals originated from POPs, which
contribute to 47% in PC1 (DDTs, HCB, PBDEs and PCBs) and 41.6% in PC2 (HBCDs, PBDEs,

and PCBs). In addition, the Pb and Cd level also explained a high proportion of the total
variance with 14.3% in PC1 and 11.9% in PC2, respectively.
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Regarding CV coefficient, the inter-catchment variability of the EQR index was moderate
(32.8%) and the intra-catchment variability was ranged as follow: Stockholm (12.1%), Frémur
(17.6%), Bages-Sigean (18.8%), Warwickshire (24.0%), Loire (26.5%), Gudena (30.0%),
Scheldt (33.9%) and Corrib (38.6%). The EQR variability between catchments was primarily
related to the level of RLpops (CV=121.1%), but also from RLacinf (CV = 144.6%) and, to a
lesser extent, to RLtes (24.9%) and RLrwis (51.7%). Within each catchment, the RLacint
variability was very high, from 84.0% (in Frémur) to 160.2% (in Scheldt), while RLpops
variability was lower, with 31.1% in Corrib, and respectively 72.6% and 78.9% in Frémur and
Scheldt catchments.

The sum of average RLi values computed by anthropogenic contaminant sources (Fig. 6a, b)
revealed that silver eels from Warwickshire and Stockholm archipelago were subjected
respectively to the strongest and the weakest pressure of human activities according
contaminations. The activities producing TEs were relatively similar between catchments,
except for the Stockholm archipelago, which also revealed low pressures from industrial and
agricultural activities. Silver eels from Scheldt appeared to be at most risk of contamination
from agricultural practices (agrochemicals + HANPP activities), activities generating TES
related especially to mining and transportation (coal and petroleum burning), and industrial
activities (PCBs). Meanwhile, the Warwickshire catchment showed high industrial pressures
(especially brominated flame retardants). The Loire catchments presented intermediary
anthropogenic pressures, due to intermediate agrochemical and industrial POPs producing
activities and from TEs producing activities that are relatively more important in the other
catchments. The Bages-Sigean lagoon and Frémur River suffered from transportation
(petroleum burning), agricultural land use (HANPP), mining, and construction activities.

4. Discussion

The quality of eels integrates their entire life history, from the larval stage to the reproductive
eel (Jacoby et al., 2015), during which many parameters impact their reproductive potential.
When glass eels complete the larval migration and reach transitional and inland waters, they
encounter many human activities (dams, fisheries, risk of contaminants bioaccumulation,
introduced parasites ...) or natural pressureS (predation, indigenous parasites or diseases ...)
during their growth stage. Once metamorphosis to the yellow phase occurs, eels can live a long
life as fatty and semelparous top predators that forage on benthos and in sediments (Tesch,

2003), where many contaminants accumulate. However, until eels metamorphose to the silver
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stage, stop feeding and leave the growth habitat, their lipid reserves and contaminant load are
fixed. Silver eels therefore provide the best method to sample the eel quality at a catchment
scale than the other life stages. One of the most important challenge for the current eel
management plans is to increase considerations and actions to take account of the information
that can be derived from measurement of the quality of silver eels. Our study represents a step
forward to assess the quality of subadult silver eels by synthesizing information about the
muscular lipids content, A. crassus infection, and muscular contaminations by POPs and TEs.

4.1. Quality of eels

Among the 482 analysed silver eels, 93% were infected by the sanguivorous A. crassus at least
once during their lifetime, including 66% with a current infection (presence of nematode and
damages) and 27% showing past traces of infection (SDI >1), highlighting the invasive nature
of this nematode (Kirk, 2003). The observed average burden of 4.6 nematodes per eel is
consistent with the finding of Ashworth and Blanc (1997). However, eels from Bages-Sigean,
Burrishoole and Stockholm archipelago were less affected by the nematode, possibly as a result
of unfavourable temperature and salinity for A. crassus (Costa-Dias et al., 2010; Kirk et al.,
2000).

To swim towards the spawning ground and reproduce, silver eels need sufficient energy
reserves. Because lipids are mainly stored in the muscle tissues (Boétius and Boétius, 1985;
Dave et al., 1976) which constitute a large part of the bodyweight (Brinkmann et al., 2015) and
since our muscular sampling area reflects the total muscular lipid level (Pohlmann et al., 2019),
the measures of lipid content in muscles of our study provide a representative proxy for total
energy stores. Several experiments and modelling studies suggest that the migration may
consume 60-65% of the total lipid content (or the 12—-13% of the body weight that it represents),
while maturation requires an additional 40% (8% body weight, Boétius and Boétius, 1980;
Palstra and van den Thillart, 2010; van den Thillart et al., 2007). During the downstream
migration of 169 silver eels, 63.3% of individuals had muscular lipid ranging from 12% to 20%
of the body weight, and 33.1% had >20%. Here, we postulate that only eels with a muscular
lipid content >20% could potentially reproduce successfully; and therefore only 33% of the 169
sampled silver eels, mainly from the Stockholm archipelago, Warwickshire and Valencia
catchments met this requirement. This result is consistent with the observation of Clevestam et

al. (2011) showing that between 45% and 60% of silver eels sampled from the Baltic sea would
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potentially use up their entire energetic stores during the spawning migration, with no remainder
for maturation.

Although some analysed POPs have been banned for decades, almost all the 169 analysed silver
eels had a concentration above the limit of quantification for POPs and also TEs (except for
BTBPE, Ag, and V). This additional evidence of the widespread and persistent contamination
in eels (Belpaire et al., 2019) reinforces the WGEEL suggestion (ICES, 2013, 2015, 2016) that
regulations should be quickly introduced or strengthen to improve the quality of waterbodies.
Special attention should be given to the BTBPE, an alternate emerging brominated flame
retardant (EBFR, currently produced in low quantity to substitute the banned octa-BDE, Oh,
2020), because it was found above the limit of quantification in 25% of silver eels in our study.
In addition to legacy contaminants, this result suggests that the European Eel Management Plan
should better consider emerging organic and inorganic compounds with potentially persistent,
bio-accumulative and toxic properties, and for which occurrence in water or sediments and the
bioaccumulation in fish tissues are attested by numerous studies. Sihring et al. (2013, 2014,
2016a), Zacs et al. (2018) and Byer (2013) found new contaminations in juvenile, yellow and
subadult eels, by some EBFRs like DBDPE (decabromodiphenylethane), HBBs
(hexabromobenzene), PBEB (pentabromoethyl), PBT (pentabromotoluene), TBCO (1,2,5,6-
tetrabromocyclooctane), TBBPA (tetrabromobisphenol A), TBP — DPBE (2,3-diphenylpropyl-
2,4,6-tribromophenyl ether), and TBPH (bis(2-ethylhexyl)-3,4,5,6-tetrabromophthalate), and
some emerging chlorinated flame retardants as DP (dechlorane plus) and its structural
analogues. Some of these previous EBFR compounds have potential effects on fish
metabolisms, as oxidative stress or the regulation of gene transcription (Ortega-Olvera et al.,
2020). In the same way, some compounds like DPAs (diphenylamine and derivatives) reaching
similar or higher contents than those of legacy PCBs are not frequently considered for their
effects on the eel quality, despite its transfer capabilities from maternal lipids towards future
eggs (Suhring et al., 2016b). Recently, NLs (nonylphenols) and NPEOs (nonylphenols
ethoxylates) compounds were found at relatively low levels in muscles and livers of yellow and
silver eels (Ruczynska et al., 2020). Those chemicals have been banned by the EU due to their
endocrine disrupting potential, suggesting that the management of aquatic species like the
European eel should take into consideration the emerging contamination of banned pollutants
(“time bomb” effect). Some studies are starting to study the contamination load and effects of
several PPCB compounds (pharmaceuticals and personal care products) that are still scarcely
known in Anguilla sp. and whose analytical development will enable to take into account these

disruptors in the eel quality screening, as food production hormones, human pharmaceutical
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residues and drugs (paracetamol, non-steroidal anti-inflammatory drugs, cocaine), disinfectants
and veterinary drugs (Gay et al., 2013; Nunes et al., 2015; Turnipseed et al., 2019; Zheng et al.,
2019). Finally, several heavy industries (aeronautics, naval and hospital industries) release
inorganic rare earth elements (REEs: La, Sm, Ce, etc.) in hydrosystems, that have been found
in eels, recently (Lortholarie et al., 2020). The bioaccumulation properties and physiological
effects of these compounds are unknown in fish but which, as a precaution, should be
considered by research and management. It would be conceivable to integrate these emerging
contaminants generated from textile, agriculture, pharmaceutical, electronic, and plastic
industries and bioaccumulated in several organs, or more parasites and viruses in an improved

quality indicator.

4.2. Developing an integrated indicator for eel quality

In our study, we developed the EQR index as a tool to quantify the risks incurred by silver eels
on their spawning migration, combining muscular lipid reserves (primary condition to ensure
the migration), the A. crassus pressure (adding cost and structural impairments), and numerous
bioaccumulated contaminants. With the decline of European eel population in recent decades,
there is insufficient time to study and understand the poorly known complex and potentially
cocktail effects of contaminants on eel physiology. In this way, it pragmatic to treat all
contaminants with a same weight, even when causes and effects are not well understood, or if
effects vary between contaminants. This integrative and without a priori approach is better
adapted to target overall quality issues for eels than using separate quality indices. In addition,
the EQR index provides information over a given time of the accumulation of numerous
contaminants, which represent potential risks for eels (Geeraerts and Belpaire, 2009).
Nonetheless, few contaminants are known to be deleterious at different levels for reproduction,
nervous, endocrine and immune systems during chronic exposures in fishes (Wood et al.,
2011a, 2011b) and eels (Geeraerts and Belpaire, 2009). For example in yellow eels, Cd
decreases lipid storage metabolism (Pierron et al., 2007), while Cu impairs the
hypothalamopituitary-interrenal axis with potential genotoxicity (Oliveira et al., 2008). Hg is
considered as the most toxic trace elements in fish (Wood et al., 2011a) and induces DNA
damages in the blood of glass eels (Castro et al., 2018). Pb seems to affect the immune system
of yellow eels (Santos and Hall, 1990) and has neurotoxic, haematological and developmental
effects in fishes (Wood et al., 2011a). PCBs and dioxin-like impair the embryonic development

and survival (Palstra et al., 2006). Furthermore, the detoxification process of several
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organochlorine pesticides seems to be limited (Corsi et al., 2005) and this bioaccumulation
could have a metabolic role during the migration (potentially on the lipidogenesis) and be
mobilized towards eggs. Thus, while we have treated all contaminants with equal weight in our
EQR index so as to provide a standardized assessment, specific contaminants are likely to have
different weights on the eel quality in different catchments. Thus, in our study, although
subadults from Stockholm archipelago had the lowest contaminant accumulation, individuals
may be at special risk in comparison to other catchments with respect to the toxicity of specific
contamination found in the archipelago, such as HCB and the emerging BTBPE. Improving
knowledge of the impact of contaminants on eel physiology could allow the development of
the EQR index so as to include weighting by the toxicity of contaminants and the type of impact

(reproduction, immune system, migration, etc.).

4.3. Application of the EQR index

We observed that the EQR index for individuals sampled between 2008 and 2010 was positively
correlated with the multi-layer remote sensing-based HFP index estimated in 2009 (Venter et
al., 2016a, 2016b), especially due to contaminant and lipid components. This result suggests
the relevance of the EQR applied with silver eels as a useful bioindicator for human activities,
similar to the finding for yellow eels from several studies (Belpaire et al., 2008; Belpaire and
Goemans, 2007). We propose therefore, that the integrated approach based on EQR and HFP
could be the foundation of a predictive map of the eel quality through European catchments.

According to the EQR index, human activities producing TEs were relatively similar in all
catchments. This homogeneity suggests that the production of TEs by humans has a longer
history (and so is more widespread) than the more recent introduction of POPs, and the
aquaculture practices, international transport and restocking practices that were responsible for
the widespread A. crassus infection. The analysis also showed that intra-catchment variability
in quality was essentially due to the POP contamination and A. crassus infection. A high spatial
variation of contamination was attested by several studies (Belpaire et al., 2008, 2019; Brusle,
1991; Byer et al., 2013), especially for several Belgian catchments (Malarvannan et al., 2014).
The Corrib catchment including a lake system and a coastal river displayed the highest intra-
catchment variability. The characteristic of lentic water (slow water renewal) and the spatial
variability of human activities would promote very different patterns of contaminations or eel
productivity at the local scale of a lake, consistent with the different pollution patterns between

yellow eels sampled in lake Schulen as described by Belpaire et al. (2001). The second highest
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intra-catchment variability was observed in Scheldt, which also contains a mixture of lentic
(ponds) and lotic (canals, rivers) waterbodies characterized by significant variations in
contaminant pressures. The high intra-catchment variability could be explained by the intrinsic
characteristics of the tributary catchments (the spatial variability of human activities, salinity,
area, etc.) and the different life history of sampled eels (growth rate, habitat selection, diet,
individual size, etc.). This result highlights the importance of sampling individuals in the most
downstream zone, in order to display a representative diversity of life history traits and to adapt
the sample size to the catchment area. This highlights the need to consider quality and
management measures at the catchment scale, requiring the balance of European measures that
target widespread TEs (Hg, Cr, Cu, Fe, Mn, and Zn in our study) and A. crassus, and on the
other hand, include local management measures linked to the characteristics of land use and
human activities at the scale of the catchment, so as to reduce or limit contamination by POPs
and several specific TEs.

By using EQR, we identified the origin of impaired quality in silver eels through the studied
catchments. The three worst catchments according to EQR (i.e. Frémur, Warwickshire and
Scheldt) showed local characteristics of human activities. Eels from the Frémur River showed
a high contribution of RLTEs and RLRWLB components to the EQR index, and seem to have
inhabited low-quality habitats, where they were unable to accumulate enough muscular lipid
and experienced significant infection levels of A. crassus. In addition, specific and potential
toxic contaminants of emerging BTBPE and Pb exist in the Frémur River. In Warwickshire, the
Avon crosses many conurbations, and the eels sampled here were impaired by industrial BFRs
and to a lesser extent agrochemicals (DDTs), in accordance with environmental sampling
(Environment Agency, 2014). Human activities also have very high and specific impacts on the
Scheldt catchment, which is consistent with the high HFP index. In Scheldt, six silver eels were
sampled in canals near at the second largest European cargo port (Antwerp city), and the other
eels in ponds about 50 km from Antwerp near farm fields and large conurbations. In that respect,
the silver eels were severely affected by agricultural activities (DDTs, HCB), land uses (Cd),
industrial PCBs, construction activities and coal burning (Pb). The Scheldt habitats were also
affected by HBCDs and PBDEs, but concentrations (162 + 265 and 66 + 73 ng-g ! lw
respectively) were lower than earlier results for yellow eels in Flanders between 2000 and 2009
(510 + 1570 and 110 + 190 ng-g* Iw respectively, Malarvannan et al., 2014). Conversely,
Malarvannan et al. (2014) measured lower PCBs average concentrations (39 congeners: 6380
+ 2050 ng-g* Iw) at Flanders scale than in our study in the Scheldt sites (17,716 + 19,952
ng-g ! Iw). This fact highlights the temporal and spatial heterogeneity of POP contaminations
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(Freese et al., 2016; Maes et al., 2008; Malarvannan et al., 2014) and the need to establish and
manage eel monitoring networks specific for each catchment in a timely manner (Belpaire et
al., 2008; Malarvannan et al., 2014).

Tracking the real origin of POP contaminants seems to be difficult due to their long-range
atmospheric transport. The low HFP value for the Corrib catchment did not really match with
the EQR values of silver eels found there, suggesting that contaminations come from waste
incineration plants or leaching from consumer products of the surrounding catchments.
Conversely, the high HFP values for Scheldt and Warwickshire catchments and related previous
studies (Belpaire et al., 2011b; Malarvannan et al., 2014) indicate that it is highly likely that
POPs come from local sources for these catchments. Because they are long lived, reproduce
once, and are migratory species, eels receive and concentrate pollutants that may come from
local or remote areas over long periods of time. To that extent they are interesting witnesses of
environmental quality over nested scales of space and time. We thought important to state that
it would be irrelevant to plan to improve eel quality solely through catchment wide actions
because some pollutants were transported by rivers from the surrounding catchments and
through atmospheric transport.

It is also important to take into consideration temporal factors and the human activities history.
For example, our study shows a high contribution of As in the Bages-Sigean lagoon, probably
due to proximity to the former silver mine of Salsigne that was a major site of arsenic
contamination in Europe before 2010 (Manlius et al., 2009). Amilhat et al. (2014) observed a
higher level of Cd in the silver eels from Bages-Sigean compared to our study. This could be
explained by the closure of a factory producing pigments with Cd in the city of Narbonne in
2008. The sampling by Amilhat et al. (2014) was conducted before the factory closure, while
our sampling was carried out in November 2009.

Among the studied catchments, the silver eels from Stockholm archipelago were in the most
pristine state according to the EQR index. This could be due to low anthropogenic pressures in
the sampling area (low HFP index), in combination with eel residence in brackish cold water
and geographical properties of the archipelago that could promote fast water turnover and low
bioavailability of contaminants. In that respect, the EQR and HFP indices are useful in assessing
the suitability of catchments for restocking measures. Restocking operations in catchments
displaying both high EQR (or HFP) values and extrinsic stressful factors of eel would likely
lead to the development of eel populations with lower quality than could be achieved in
catchments with a low EQR index. Optimal restocking emplacements could reflect the

following specifications: small catchments (easier to manage and monitor), brackish or low
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salinity water to minimize A. crassus prevalence, an effective water turnover to decrease the
residence of potential contaminants, low industrial impacts with agricultural inputs controlled
and with less fisheries activities and migration barrier as far as possible.

We will consider that the EQR index could be an additional decision-aid criterion to select a
catchment for restocking operations. In the future, a more general index than the EQR could be
developed by including standardized relative data about the density of eels, obstacles to
migration and fisheries that would enable the production of a greater quantity of “healthy”
subadults able to contribute to the spawning stocks. However, restocking operations should also
consider a diversity of habitats to conserve the large variation of history traits of silver eels. In
this way, it would be possible to sample more catchments at European scale than in our study
and also improve spatial resolution within a same catchment, such as the ‘Flemish eel pollutant
monitoring network’ (Belpaire, 2008) or the sampling design in Elbe River (Freese et al., 2016),
to improve the accuracy of management measures and stocking operations, and to supply the

existing European eel quality database (Belpaire et al., 2011a).

4.4. Eel quality and the spawning migration

After leaving the growth catchment, the eel continues its spawning migration towards the
tropical North Atlantic convergence zone, whose sea migration corridors and duration are still
unknown. Righton et al. (2016) tracked numerous silver eels and observed a migration corridor
towards the Azores archipelago. While some individuals migrated quickly, other slower
individuals performed the migration over a longer period, perhaps up to eighteen months. In
addition to the lack of knowledge on the effect of climate change on oceanic migration of eels,
the quality of eels likely has a significant impact on the migration duration and may gradually
deteriorate during migration because i) the amount of lipid decreases during swimming and
maturation (especially for eels far from the spawning area), and ii) lipophilic contaminants are
remobilised from lipid reserves towards the blood, gonads and eggs during lipids catabolism
(Larsson et al., 1990; Suhring et al., 2015, 2016b). Considering only lipid component (N = 169
eels), individuals from Scheldt and Gudena catchments seem to have a higher theoretical
migration distance (between about 6400 and 8000 km, Table 1) than eels from Warwickshire
(about 6000 km) but have a lower muscular lipid content (16.4 £ 4.1 and 18.3 + 2.5%,
respectively; see supplementary data, S.2 section) compared to those from Warwickshire (25.2
+ 4.3%), suggesting the importance of taking migration distance into account in the calculation

of the RLrwis. However, individuals from Warwickshire Avon had high muscular lipid content
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but also high levels of POPs (express as ww or Iw), which represent toxicological risks for
migrant eels (Geeraerts and Belpaire, 2009; Robinet and Feunteun, 2002) and future eggs
(Suhring et al., 2016b). This result highlights that a high muscular lipid content does not warrant
reproductive success, and the potential contribution of effective spawners to the next generation
could be lower compared to the predicted reproductive success based on measurements of lipid
content alone. In addition, Freese et al. (2019) showed the remobilisation capacity of several
inorganic TEs, such as Cd, Cu, Hg and Mn relatively homogeneously found in our sampled
eels, between somatic tissues and others tissues in which TEs could produce their deleterious

effects.

5. Conclusions

According to the WGEEL recommendations (ICES, 2013, 2015, 2016), we believe that
developing synthetic quality indices such as the EQR is a new step towards standardizing future
European biomonitoring networks to compare and manage the risks of silver eels quality in
space (local or regional considerations) and time. A key achievement within the EQR is to link
information about contaminant sources and the eel quality, so as to target human activities that
are most responsible for the eel quality degradation and therefore require countermeasures.

Upgrading the EQR index with emerging, novel and legacy contaminants, viruses and parasites
reflecting several human activities (agriculture, pharmaceutical, heavy industries, aquaculture,
etc.) will i) improve the spatial and temporal resolutions for the variability in EQR and ii) lead
to the more concrete targeting of specific human activities that impair the eel quality. On the
other hand, the development of such indices is limited by several unknown aspects in the
ecology of eel (e.g. migration behaviour and physiology), some characteristics of the
catchments (e.g. habitat description, sedimentation, and temperature), methods for analysing
the emergent contaminants, the costs of analyses, and the requirement for destructive sampling
of silver eels. The use of remote sensing (HFP index) as a proxy of silver eel quality risks
instead of eel sampling could reduce the requirement to sample large numbers of eels, and help
inform the choice of stocking sites. Where sampling of silver eels is necessary, we recommend
selecting pollutant categories that depict different kinds of human activities that need prioritized
actions to limit the production of contaminants, as well as developing analyses for emerging
contaminants that are more persistent and could aggravate the current status of eels. We
recommend the use of silver eels for the development of quality metrics rather than yellow eels,

because silver eels i) represent the best proxy for the future performance of eels during
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spawning migration, and ii) silver eels may come from any part of the suitable habitats on their
downstream migration and therefore better represent the situation at the scale of areas producing
silver eels in catchments. However, we also recommend a finer-scale sampling network with
more stations (monitoring network) to dissociate habitats and target risk areas for a hierarchical
and spatialized management. It would also be important to analyse links between the quality
variables for which we have no a priori knowledge in our study and reproductive success (life
history traits of eels like sex, age, length, growth rate...) and it would be more operational to

better understand the contaminant fluxes in Europe.
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Fig. 1. Sampling locations (crosses) of European silver eels in 12 catchments (blue shading)
during the EELIAD program. The involved countries are shaded in dark gray. The eight
catchments showing the full quality dataset were frBAG, frLOI, frFRE, beSCH, ukWAR, irCOR,
deGUD, and swSTO. (For interpretation of the references to colour in this figure legend, the

reader is referred to the web version of this article.)
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Fig. 2. Violin and box plots of the four quality components (expressed as relative load indices,

RLi) computed for 75 female silver eels in eight catchments from the southern (frBAG) to
northern Europe (swSTO): a) reverse weighted lipid burden (RWLB), b) A. crassus infection
(ACinf), c) persistent organic pollutants (POPs, including BTBPE, DDTs, HBCDs, HCB,
PBDEs, and PCBs) and d) trace elements (TEs, including Ag, As, Cd, Co, Cr, Cu, Fe, Hg, Mn,
Ni, Pb, Se, V, and Zn). The crosses represent mean values for each catchment. Different letters

between catchments (displayed on the right side of each chart) denote means found to be

statistically different (P b 0.05, Dunn's test comparisons with Bonferroni correction). For the

eel number in each catchment refer to Table 2.
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Fig. 3. a) Individual EQR distribution (eel quality risks, black line) of 75 silver eels combined
with the cumulative areas of each EQR component (expressed as relative load indices, RL;):
reverse weighted lipid burden (RWLB), A. crassus infection (ACinf), and muscular
concentrations of persistent organic pollutants (POPs) and trace elements (TESs). The
catchments are displayed with the EQR rank (sum of EQR quartile scores divided by the
number of eels in each catchment). A high rank means poor eel quality for spawning migration.
Horizontal red lines show the average EQR values by catchment. Different letters between
catchments (displayed on the center of each catchment chart) denote means found to be
statistically different (P < 0.05, Dunn's test comparison with Bonferroni correction). For the
number of eels sampled in each catchment refer to Table 2. b) Percentage of individuals
belonging to different EQR quartiles (number of eels is displayed by quartile) for each
catchment: Q1 (weakly impacted) to Q4 (strongly impacted). (For interpretation of the

references to colour in this figure legend, the reader is referred to the web version of this article.)
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Fig. 4. Identification of major quality risks in each studied catchments (75 silver eels throughout
height catchments), with a) the average contribution (%, * standard deviation) of the four
standardized components of quality to EQR values [relative load index (RLi) of RWLB (reverse
weighted lipid burden), ACinf (A. crassus infection), POPs (persistent organic pollutants) and
TEs (trace elements)], and b) the sum of average RL; indices of the six major contaminants that
had large contributions to EQR values in each quartile and catchment. Cr, Cu, Fe, and Zn were
excluded from the six major contaminants because they were found homogeneously throughout
the studied catchments (see the supplementary data section). For the eel number in each quartile
and catchment refer to Fig. 3b and Table 2, respectively. (For interpretation of the references to

colour in this figure legend, the reader is referred to the web version of this article.)
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Fig. 5. a) Average (£ SD) of HFP index in the studied catchments. The HFP index (Venter et
al., 2016ab) reflects the cumulative human footprints in 2009. Different letters between
catchments (displayed on the right side of the chart) denote means found to be statistically
different (P < 0.05, Dunn's test comparisons with Bonferroni correction). b) Correlation
between the mean EQR (eel quality risks) and HFP indices. The displayed linear regression
(dotted line, = 95% confidence interval): EQR = 1.6 x HFP + 1.1 (Spearman; N = 75, R2=0.23,
S =35,574, P =6.68 x 10°%).

38



a) b)

I
I
[}
i 3.5 3.4
5 i - 3.1
3 2.8 I
p
RWLE cdt— RBROCHEMICAL 25 &L I 26 25
I =7 HCB : I 22
I " -~
. 25 X _£2 _HANPP DDTs 7 27
B M i Ho PETRBLEGN ® L l
5 N.  Se Lt o COAL ‘
= ) /"‘ g //// Jamd |
N o4 ACHEBE2ETTCU | MINING - o e e e e e e mmm e m L I I I l l
(6] & ""V l
= i A ZICONSTRUCTION 0.5
| -
L Sy @ Pb g i i :
2.51 : ~~_BTBPE S SEES8R
; 5 g T L 23 Q0@
i INDUSTRIAL = = 8 x =8 3
I PBDEs Catchments
-5 i HBCDs TRACING POLLUTANTS
| . y ; Agrochemical | Industrial
0.0 25 5.0 75 M Coal B Mining
PC1 (19.0 %) Construction Petroleum
CATCHMENTS HANPP

[“]#BAG[ | Lol fiFRE| | beSCH| | ukWAR | |irCOR| | deGUD [7] swSTO

Fig. 6. a) Principal component analysis of the relative load indices (RL;) of the quality variables
(black labels) in 75 female silver eels: RLrwis (reverse weighted lipid burden), RLacint (A.
crassus infection), and RL; of each muscular POPs (BTBPE, DDTs, HBCDs, HCB, PBDEs,
and PCBs) and TEs (Ag, As, Cd, Co, Cr, Cu, Fe, Hg, Mn, Ni, Pb, Se, V, and Zn). Additional
non structuring variables provide information about the human activities producing POPs (red
labels) and TEs (blue labels). b) Cumulative average RL; values (sums displayed on chart)
computed for each catchment and each human activities producing POPs (agrochemical,
industrial) and TEs (coal-burning, construction, HANPP: human alteration of photosynthetic
productivity on land, mining and petroleum burning). (For interpretation of the references to

colour in this figure legend, the reader is referred to the web version of this article.)
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Table 1. Information about the EELIAD sampling sites. The identifier (ID) is a combination of the country name and site name.

ID Country Sampling site Latitude Longitude Area DSS Waterbody type Sampling Sampling date (m/d/y)
(km?) (km) gear

swSTO Sweden Stockholm archipelago 58°57'30.82" 18°02’'05.09" 467 8654 S A 10/12/09

deGUD Denmark Gudena 55°58'01.31" 09°42'16.64" 2684 8053 R B 11/12 to 12/14/09
irBUR Ireland Burrishoole 53°55'13.51" 09°35’ 03.30" 89 5682 Cr+ L B 11/19/08

irCOR Ireland Corrib 53°16'32.05" 09°03'21.71" 3167 5697 Cr+ L C 11/16/09

ukWAR UK. Warwickshire Avon 52°10'00.46" 01°47'27.39" 4588 6069 R B 11/05/09

ukHAM UK. Hampshire Avon 50°44'41.56" 01°46'57.18" 2993 5935 R D 11/16/09

beSCH ~ Belgium  Scheldt 51°03'5853"  04°23'19.97" 20,282 6451 £55 R+ Cp D+E 10/19 to 10/27/09
frFRE France Frémur 48°34'3980"  02°06'13.1” 60 5949 Cr B 01/19 to 03/01/10
frLol France Loire 47°22'59.80" 00°50'07.1" 116,962 5539 Cr F 12/09 to 12/26/09
SpESV  Spain Esva 43°340900"  06°28'11.00" 464 4997 Cr E 09/13 to 11/22/09
frBAG France Bages-Sigean 43°03'39.61" 02°59’38.06" 411 6166 Lg D 11/08 to 12/16/09
spVAL Spain Albufera de Valencia 39°20’59.58" 00°20'44.82" 886 5721 Lg D 11/06/10

Waterbody type: Cp=canals and ponds, Cr=coastal river, L=lake system, Lg=lagoon, R=river, S=Baltic sea. Sampling gear: A=pound net, B=eel trap, C=Coghill net, D=Fyke

net, E = electrofishing, F = stow nets. DSS: distance between sampling site and putative spawning ground.

40



Table 2. Number (N) and total silvering length [TL in mm, mean + SD and range (min—-max)

in brackets] of sampled female (f) and male (m) silver eels. Three nested subsamples were

analysed for the A. crassus infection (N = 368 f + 114 m), muscular lipids content and POPs
(both N =166 f + 3 m), and TEs concentrations (N=75 f).

ID SUBSAMPLES
A. crassus Lipids & POPs TEs
N TL N L N T
_ 851 + 43 847 + 50 844 + 51
SW5T0 24 (754-933) 12 (754-929) 9 (754-929)
663 + 79 637 + 88 628 + 91
deCUD 37 (a86-787) B (486-787) 10 (486-787)
_ 509 + 56 519 + 51
IrBUR 46 (318-635) B (443-635) - T
_ 674 + 137 692 + 130 701 + 134
irCOR 36 (356-970) T 482-970) 10 (482-970)
656 + 73 652 + 84 667 + 94
ukWAR 42 (533-833) B (538-833) 9 (538-833)
568 + 101 585 + 82
ukHAM 3 (3332710 12 (482-710) -
670 + 117 670 + 117 719 + 76
beSCH D (354-837) B (354-837) 9 (616-837)
567 + 125 623 + 85 615 + 88
[TFRE 46 (340-796) B (495-763) 10 (495-763)
669 + 190 716 + 137 698 + 151
Jriol >1 (37301005) 3 (522-1005) 9 (522-1005)
_ 343 + 66
SpESV 21 (288-610) - - - -
464 + 152 722 + 133 710 + 137
JrBAG 0 (354-875) M (470-875) 9 (470-875)
_ 590 + 168 726 + 76
SPVAL 0 (351-852) B (583-852) -
601 + 162 670 + 123 696 + 122
TOTAL 482  (288-1005) 169  (354-1005) 75  (470-1005)
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Supplementary data

S.1 Material and methods
S.1.1 Quality variables

S.1.1.1 Parasitic infection

Anguillicola crassus infection in the eel’s swimbladder was examined on a sample of 482 silver
eels (368 females and 114 males) at the CEFREM center (Perpignan University, France). The
prevalence (number of infected hosts), abundance of nematode or nematode burden (number of
nematodes in each infected host), and the swimbladder degenerative index (SDI) for each silver
eel were determined with separate examination by two observers. The SDI characterizes three
alterations of the swimbladder (transparency, wall thickness, and the presence of pigmentation
and exudate), each graded as 0O, 1, or 2 (Lefebvre et al., 2002). The SDI ranges from 0 (not

affected) to 6, and a value > 4 indicates a severely damaged swimbladder.

S.1.1.2 Lipids and persistent organic pollutants (POPs)

The muscular concentration of lipids (expressed as percentage of lipid in muscles) and muscular
concentrations of POPs (ng-g™* wet weight, ww) were measured on a subsample of 169 silver
eels (166 females and 3 males) in the Toxicological Center (University of Antwerp, Belgium)
according to the methods described by Belpaire et al., (2011), Malarvannan et al., (2014), and
Roosens et al., (2010) with slight modifications, as detailed below.

The measured POPs include the DDT (dichlorodiphenyl trichloroethane) and its metabolites,
the fungicide HCB (hexachlorobenzene), three brominated flame retardants (BFRs): BTBPE

(1,2-bis(2,4,6-tribromophenoxy)ethane), HBCDs (a-, B-, and y-hexabromocyclododecanes
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isomers), and PBDEs (13 polybromodiphenyl ether congeners), and 40 PCB congeners
(polychlorinated biphenyls). The analysed DDT isomers and metabolites were p,p’-DDT, o,p’-
DDT, p,p’-DDD, 0.,p’-DDD, and p,p’-DDE. The measured PBDE congeners had the following
IUPAC (International Union of Pure and Applied Chemistry) nomenclature: 28, 47, 49, 66, 85,
99, 100, 153, 154, 183, 196, 197, and 203. The measured PCB congeners were: 18, 28, 31, 44,
47,49, 52, 66, 74, 87, 95, 99, 101, 105, 110, 118, 128, 132, 138, 146, 149, 151, 153, 156, 157,
170, 171, 172, 174, 177, 180, 183, 187, 194, 195, 196, 199, 203, 206, and 209.

Briefly, a homogenized sample of approximately 1 g pooled eel muscle (after muscle excision)
was weighed, mixed with anhydrous Na>SO4, and spiked with internal standards (CB 143, BDE
77, BDE 128, *C-BDE 209, and 3C-HBCDs). Then, the sample was extracted for 2 h by hot
Soxhlet with 100 mL hexane/acetone (3:1, v/v), and cleaned up on acidified silica. The lipid
concentration was determined gravimetrically on an aliquot of the extract (105 °C, 1 h), while
the rest of the extract was cleaned on about 8 g acidified silica (44 %) and eluted with 20 mL
hexane and 15 mL dichloromethane (DCM). The cleaned extract was evaporated to dryness,
re-dissolved in 0.5 mL hexane, and eluted from pre-packed silica cartridges (Varian, 500 mg/3
mL). The first fraction (A) eluted with 6 mL hexane contained BTPBE, DDTs, HCB, PBDEs,
and PCBs; while the second fraction (B) containing HBCDs was eluted with 8 mL DCM. The
two fractions were evaporated to incipient dryness and re-dissolved in 100 pL iso-octane
(fraction A) and 100 puL methanol (fraction B). Quantification of BTPBE, DDTs, HCB, PBDEs
and PCBs was done using GC-MS, while HBCD isomers were quantified by LC-MS/MS.
Abbreviations were expressed as follows: DDTSs as the sum of five compounds, HBCDs as the
sum of three isomers, PBDESs as the sum of 14 congeners and PCBs as the sum of 40 congeners.
BTBPE, DDTs, HCB, PBDEs, and PCB congeners with more than five chlorine atoms were
measured with an Agilent 6890-5973 gas chromatograph coupled with a mass spectrometer

system (GC-MS). The GC was equipped with a 30 m x 0.25 mm x 0.25 um DB-5 capillary
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column and the MS was operated in electron capture negative ionization (ECNI) mode.
Methane was used as reagent gas and the ion source, quadrupole and interface temperatures
were set at 170, 150 and 300 °C, respectively. The MS was used in the selected ion-monitoring
(SIM) mode with two specific ions for each compound (BTBPE, DDTs and HCB) or
homologue group (PBDEs and PCBs) monitored during specific acquisition windows. Dwell
times were set at 20 ms. One pL of the cleaned extract was injected in cold pulsed splitless
mode (injector temperature 90 °C (0.03 min) then to 300 °C with 700 °C/min), pressure pulse
25 psi, pulse time 1.50 min. Helium was used as carrier gas at constant flow (1.0 ml/min) and
methane as moderating gas. The temperature of the DB-5 column was kept at 90 °C for
1.50 min, then increased to 200 °C at a rate of 20 °C/min, further increased to 300 °C at a rate
of 5 °C/min, kept for 15 min.

PCB congeners with three and four chlorine atoms, together with DDTs were measured with
the same GC-MS system as for the PBDE determination, operated in electron ionization (EI)
mode and equipped with a 25 m x 0.22 mm x 0.25 um HT-8 capillary column (SGE, Zulte,
Belgium). The ion source, quadrupole and interface temperatures were set at 230, 150 and
300 °C, respectively. The MS was used in the SIM mode with two ions monitored for each PCB
homologue group or DDT and metabolites. One pL of the cleaned extract was injected in cold
pulsed splitless mode (injector temperature 90 °C (0.03 min) then to 300 °C with 700 °C/min),
pressure pulse 25 psi, pulse time 1.50 min. The splitless time was 1.50 min. Helium was used
as carrier gas at constant flow (1.0 ml/min). The temperature of the HT-8 column was kept at
90 °C for 1.50 min, then increased to 180 °C at a rate of 15 °C/min (kept for 2.0 min), further
increased to 280 °C at a rate of 5 °C/min and finally raised to 300 °C at a rate of 40 °C/min,
kept for 12 min.

The determination of THBCDs and separation of a-, -, and y-HBCD was achieved using a dual

pump Agilent 1100 Series liquid chromatograph equipped with autosampler and vacuum
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degasser. An Agilent Zorbax Extended-C18 reversed phase analytical column
(50 mm x 2.1 mm i.d., 3.5 um particle size) was used. A mobile phase of (a) water and (b)
methanol at a flow rate of 200 uL/min was applied for elution of HBCD isomers; starting at
75% (b) then increased linearly to 100% (b) over 7 min; this was held for 12 min followed by
a linear decrease to 75% (b) over 0.5 min and held for 10 min. The target analytes were baseline
separated on the LC column with retention times of 7.0, 7.5, 7.8 min for a-, - and y-HBCD,
respectively. Mass spectrometric analysis was performed using an Agilent 6410 triple
quadrupole mass spectrometer operated in the ES negative ion mode. MS/MS detection
operated in the MRM (multiple reaction monitoring) mode was used for quantitative
determination of the HBCD isomers based on m/z 640.6 to 79 and m/z 652.6 to 79 for the native
and *C-labelled diastereomers, respectively.

The extraction, clean up, and fractionation steps were evaluated by measuring the absolute
recoveries of the internal standards. Mean recoveries = SD (both expressed in %) for internal
standards were 94 + 12, 90 + 9, 89 + 9 and 80 + 18 for PCB 143, BDE 77, BDE 128 and 3C-
BDE 209, respectively. Mean recoveries + SD (both expressed in %) for internal standards were
93+ 3,88 + 3, and 81 + 4 for 1*C-a-HBCD, *C-B-HBCD, and *C-y-HBCD, respectively. The
peaks were quantified as the target compounds if (i) the retention time matched that of the
standard compound within £ 0.1 min and (ii) the signal-to-noise ratio (S/N) was higher than
3:1.

The limit of quantification (LOQ) was calculated as three times the standard deviation of the
mean for the blank measurements. LOQs were 0.02 ng-g* for BTBPE, 0.2 ng-g™* for DDTs, 0.1
ng-g* for HBCDs, 0.2 ng-g* for HCB, 0.02 ng-g™* for PBDEs, and 0.2 ng-g™* for PCB congeners
with tri and tetra chlorine atoms (18, 31, 28, 52, 49, 47, 44, 74, and 66) and 0.1 ng-g™* for PCB
congeners with penta to deca chlorine atoms. Values below the LOQ were replaced by LOQ/2.

Procedural blanks were analysed simultaneously with every batch of seven samples to check
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for interferences or contamination from the solvent and glassware. For the few compounds
measurable procedural blank values (CB 101, CB 153, CB 138, CB 180, HCB, BDE 99), these
values were low (< 0.1 ng) and consistent (relative standard deviation (RSD) < 30 %). The
procedural blanks were consistent (RSD < 30 %), and therefore the mean value was calculated
for each compound and subtracted from those of the samples. The analytical procedures were
validated using a certified reference material (CRM) 1945 (organics in whale blubber), with
less than 20 % deviations from the certified values. The concentration of POPs was expressed

as ng-g* wet weight (ww), and that of lipids as percentage in muscles.

S.1.1.3 Trace elements (TES)

The muscular concentrations (ug-g™* dry weight dw) of 14 trace elements (Ag, As, Cd, Co, Cr,
Cu, Fe, Hg, Mn, Ni, Pb, Se, V, and Zn) were determined in 75 female silver eels at the LIENSs
laboratory (University of La Rochelle, France). Total Hg analyses were performed on dried
tissue aliquots ranging between 5 and 20 mg with an Advanced Mercury Analyser (ALTEC
AMA 254). For Hg determination, the samples were heated up to 750 °C under oxygen flow to
allow the Hg to evaporate and amalgamate on a gold net. Then, the net was heated to liberate
the collected Hg, which was measured by atomic absorption spectrophotometry. The analytical
accuracy and reproducibility of for Hg were assessed using blanks and the CRM TORT-2
lobster hepatopancreas (NRC, Canada; certified mercury concentration: 0.27 + 0.06 ug-g™* dw).
The CRM was analysed at the beginning and end of the analytical cycle. Our measured values
for the CRM were 0.268 + 0.010 pg-g* dw (N = 53), showing a recovery of 100 %. The
detection limit was 0.05 ng. Values below the LOQ were replaced by LOQ/2. Other elements
(Ag, As, Cd, Co, Cr, Cu, Fe, Mn, Ni, Pb, Se, V, and Zn) were analysed using Varian Vista-Pro

ICP-OES and Thermo Fisher Scientific XSeries 1l ICP-MS. Aliquots ranging between 50 and
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250 mg were digested with 6 mL 67 % HNOz and 2 mL 37 % HCI (Fisher Scientific, trace
element grade). Acidic digestion of samples was performed overnight at room temperature and
then in a Milestone microwave (30 min with constant increasing temperature up to 120 °C, then
15 min at this maximal temperature). Each digested sample was made up to 50 mL with milli-
Q quality water. Blanks and CRMs [Dogfish Liver DOLT-4 (NRCC) and TORT-2 (NRCC)]
were included in the analytical batch and analysed in the same way as the samples. The
respective quantification limits and mean recovery rates were: 0.1 pg-L™* and 88 % for Ag, 1
ug-L™* and 99 % for As, 0.1 pug-L™* and 98 % for Cd, 0.1 pg-L™* and 94 % for Co, 0.1 pg-L*
and 82 % for Cr, 0.5 pug-L™* and 96 % for Cu, 20 pg-L* and 95 % for Fe, 0.5 pg-L* and 107 %
for Mn, 0.2 pg-L™* and 94 % for Ni, 0.1 pug-L™* and 97 % for Pb, 0.5 pg-L* and 103 % for Se,

2 ug-Lt and 108 % for V, and 20 pg-L* and 96 % for Zn.

S.2 Results
S.2.1 Lipids, parasitic infection, and contaminants

S.2.1.1 Lipids (N = 169)

The analysed silver eels showed a muscular lipid content from 5.9 % (beSCHO017 individual) to
31.8 % (swSTOQ9 individual) with a mean of 18.8 + 4.8 % for the 11 studied catchments
(N=169 eels, Fig. S1). Individuals from Stockholm archipelago and Warwickshire had the
respective average values of 26.4 + 3.7 % and 25.2 + 4.3 %, which were significantly higher
than those from Loire (18.0 £ 3.3 %), Bages-Sigean (17.5 £ 3.9 %), Frémur (17.2 + 3.2 %),
Burrishoole (17.1 + 2.7 %), Hampshire (16.8 * 4.6 %), and Scheldt (16.4 £+ 4.1 %) catchments.
Silver eels with less than 12 % lipids in muscles represented 3.6 % of the total samples (N = 6),
while 63.3 % of the individuals (N = 107) had muscular lipid percentage from 12 % to 20 %,

and 33.1 % had more than 20 % muscular lipid [N = 56, 12 from Stockholm archipelago (so

47



100% of individual in catchment), 10 from Warwickshire (77 %), 7 from Valencia (54 %), 5
from each of Gudena (39 %), Corrib (46 %), and Scheldt (11 %), 4 from Loire (31 %), 3 from
Hampshire (25 %), 2 from each of Frémur (15 %) and Bages-Sigean (18 %), and one from

Burrishoole (8 %)].

S.2.1.2 Parasitic infection (N = 482)

An average of 4.5 £ 7.3 nematodes (n.) per swimbladder (maximum: 65 n. for beSCH018 in
Scheldt) was found through the studied sites. Nematodes were found in 319 silver eels (66 %,
amongst the 482 analysed) and reached 92 and 93 % for the Loire and Frémur catchments,
respectively (Fig. S2a). No parasite was found in 163 swimbladder (34 %), especially in eels
from Burrishoole (N = 46), Bages-Sigean (N = 46), and in lesser extent from Valencia (N =
14), Esva (N = 13) and Stockholm (N = 11) sites. Thus, the lowest abundance was observed in
Burrishoole (no nematode), Bages-Sigean (0.1 + 0.4 n.), Stockholm (1.2 + 1.7 n.), and Esva
(1.7 £4.2n.), while silver eels sampled in Corrib (6.17 + 6.91 n.), Gudena (7.5 + 6.8 n.), Frémur
(8.04 + 7.9 n.), Hampshire (8.9 £ 10.6 n.), and Scheldt (9.4 + 13.4 n.) catchments had
significantly more nematodes (Fig. S2b).

448 individuals (93 %) have SDI > 1, of which 317 eels (66 %) with a current infection during
sampling (abundance > 1 and SDI > 1) and 27 % with a past infection (abundance = 0 and SDI
> 1, N =131 eels). We observed no nematode and no apparent infection during the growth in
32 individuals (7 %) from Bages-Sigean (N = 21), Esva (N = 7), Burrishoole (N = 3), and
Valencia (N = 1) catchments. Severely damaged swimbladders (SDI > 4) were observed for
120 silver eels (25 %, Fig. S2c), especially those from Scheldt (N = 14), Gudena (N = 14),

Frémur (N = 15), Hampshire (N = 16) and Warwickshire (N = 25) catchments. Despite the
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absence of nematodes in the swimbladder of silver eels from Burrishoole, severely damaged

swimbladders were observed in three individuals.

S.2.1.3 Contaminants

Among the POPs, the DDTs, HBCDs, PBDEs, and PCBs concentrations were above of LOQ
(limit of quantification) in muscles of 100 % of the sampled silver eels (N = 169). BTBPE and
HCB concentrations were found above the LOQ in 25 % (N = 43) and 94 % (N = 159) of the
individuals, respectively.

The analyses of TEs in muscles showed that Cu, Fe, Hg, Mn, Ni, and Zn were quantifiable (>
LOQ) in 100 % of the analysed silver eels (N = 75). The prevalence was also high for As (71
%), Pb (83 %), Co (91 %), and Se (92 %). Conversely, Cd and Cr were found in 19 % and 23
% of the analysed eels, respectively, and the V and Ag concentrations were below the LOQ for
all analysed individuals. Comparisons of POPs and TEs between catchments are detailed in the

following sections.

S.2.1.4 POPs (N = 169)

Regarding BTBPE (Fig. S3a), the silver eels from Scheldt catchment were significantly more
contaminated than those from Stockholm archipelago (Dunn test; Nbesch = 45; Nswsto=12; 2 =
3.6; P = 2.0x102) and Burrishoole (Dunn test; NoescH = 45; Nirgur = 13; z = 3.7; P = 1.3x10?),
which were 100 % below the LOQ (0.02 ng-g™* ww).

The DDTSs contaminants (Fig. S3b) ranged from 0.9 (irCOR010) to 535 ng-g* ww (beSCH034).
Silver eels from Scheldt (100.3 + 84.6 ng-g™* ww) and Valencia (87.1 + 46.1) had higher DDTs

concentrations in comparison with other catchments (Dunn’s test; P < 0.05), except for Bages-
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Sigean and Warwickshire that had respectively the third (64.6 + 30.1 ng-g™* ww) and the fourth
(54.2 £ 26.2) highest concentrations. The silver eels from Burrishoole and Corrib catchments
showed the lowest DDTs concentrations (2.2 + 0.8 and 3.2 + 2.5 ng-g™* ww, respectively).
The bioaccumulation of HCB fungicide (Fig. S3d) ranged from 0.1 (deGUDO025) to 37.7 ng-g"
1 ww (beSCH019). The concentration measured in Warwickshire silver eels (3.7 + 5.3 ng-g*
ww) was significantly higher than in other catchments except Scheldt (3.3 £ 6.7) and Stockholm
archipelago (1.3 £ 0.5). The silver eels from Bages-Sigean and Frémur silver eels had the lowest
HCB concentrations in their muscles (0.3 + 0.4 and 0.4 + 0.2 ng-g™* ww, respectively; Dunn’s
tests; P < 0.05).

The muscles of the analysed silver eels contained between 0.2 (irBUR085) and 77 ng-g* ww
(beSCHO034) of PBDES (Fig. S3e). Silver eels from Warwickshire (35.3 + 19.5 ng-g** ww) and
Hampshire (19.4 = 8.5) catchments had worst pollution than those from other studied
catchments (Dunn’s test; P < 0.001), except for Scheldt (9.9 + 12.2 ng-g™* ww) and Loire (8.0
+ 6.1). The PBDE concentrations were the lowest for silver eels from Bages-Sigean (0.4 £ 0.2
ng-g* ww) and Burrishoole (0.7 + 0.3) catchments. The inter-catchment differences observed
for HBCDs (Fig. S3c; from 0.15 to 634 ng-g™* ww) follow the same trends described above for
PBDEs, with high concentration in Warwickshire (297.1 + 162.2 ng-g™* ww), Hampshire (89.3
+ 42.8) and Scheldt (21.7 + 23.0) catchments.

The highest and lowest concentrations of PCBs measured for individuals differed by a factor of
5,877 (19,040 ng-g* ww in beSCH034 and 3.3 ng-g™* ww in irBUR0S5, respectively). The silver
eels from Scheldt catchment contained significantly more PCBs in their muscles (2,358 + 3,284
ng-g ww) than other silver eels (Dunn’s test; P < 0.05), except for individuals from Loire
(309.2 + 198.0 ng-g* ww), Warwickshire (295.9 + 183.5), Valencia (146.3 + 90.0), and

Stockholm archipelago (77.7 + 48.6) (Fig. S3f; Dunn’s tests; P > 0.05). Silver eels from Corrib
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and Burrishoole catchments had the lowest and the second lowest PCB concentrations (8.6 *
2.9 and 14.4 + 9.9 ng-g* ww, respectively).

The observed POPs concentrations expressed as wet weight (ww) and lipid weight (Iw) showed
a positive correlation for each POPs groups (Spearman tests; R2 = 0.9 + 0.04; P<0.001; Table

s1).

$.2.1.5 TEs (N = 75)

The average concentrations of Cr (range: 0.02 — 0.33 pg-g™* dw), Cu (0.1 — 1.3), Fe (2.0 — 8.6),
and Zn (19 — 42) were homogeneously distributed through catchments. The same trend was
observed for Mn (0.06 — 1.20 ug-g* dw), except for silver eels from Corrib (0.4 + 0.2) that
showed a higher concentration than those from Warwickshire (0.16 = 0.06 pg-g™* dw; Fig. S4e;
Dunn test: Nircor = 10; Nuwar=9; z = 3.4; P < 0.05).

The bioaccumulation of As (Fig. S4a; range: 0.02 to 1.60 ug-g™* dw) was important in silver
eels from Bages-Sigean (0.6 + 0.4) in comparison with those from Gudena (0.03 + 0.03 ug-g™
dw), Scheldt (0.04 + 0.06), Stockholm archipelago (0.06 = 0.05), and Frémur (0.10 + 0.05)
catchments. The second highest As concentration was found in individuals from Loire (0.26 +
0.06 pg-g* dw) and Warwickshire (0.22 + 0.07) catchments. The Cd concentration (Fig. S4b;
range: 0.002 to 0.018 pg-g™* dw) was relatively homogeneous through the sampled catchments,
except for silver eels from Scheldt (0.008 + 0.006 pg-g™* dw) that had a higher burden than those
from Stockholm archipelago and Gudeni (below LOQ, 0.002 pg-g™* dw) catchments. For Co
(Fig. S4c; range: 0.002 to 0.074 pg-g* dw), the highest difference in bioaccumulation was
observed between Stockholm archipelago (0.004 + 0.002 pg-g™* dw) and Loire (0.013 + 0.004).
The Hg concentration in the muscle (Fig. S4d; range: 0.01 to 0.61 pg-g™* dw) for silver eels

from Corrib and Frémur silver eels (both 0.3 + 0.1 pg-g™* dw) was higher than those from
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Gudena (0.12 + 0.07). The only difference in Ni concentration was observed between Bages-
Sigean (0.05 + 0.03 pg-g* dw) and Gudend (0.01 + 0.01) catchments (Fig. S4f). For Pb
bioaccumulation (Fig. S4g; range: 0.002 to 0.13 pg-g™* dw), the maximum values were found
for silver eels from Warwickshire (0.03 + 0.04 pg-g™* dw) and Scheldt (0.03 + 0.01), which

were significantly different of those from Corrib and Stockholm archipelago (both 0.003 +

0.001 pg-g? dw). Lastly, the Se concentrations of silver eels from Corrib (0.69 + 0.23 pg-g™

dw), Scheldt (0.40 + 0.13), Bages-Sigean (0.41 + 0.20), Gudena (0.36 + 0.19), and Loire (0.71
+ 0.80) were significantly different from Stockholm archipelago (0.06 + 0.05 pg-g™* dw),

Frémur (0.20 £0.05), and Warwickshire (0.27 + 0.11) catchments (Fig. S4h).
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Table S1. Muscular concentrations of persistent organic pollutants (POPSs) in 169 silver eels

(166 females and 3 males) sampled in 11 catchments from southern Europe (Valencia, SpVAL)

to northern Europe (Stockholm archipelago, swSTO). Values represent mean + standard error,

with range in bracket (min — max), and were expressed as ng-g™* wet and lipid weight (ww and

Iw, respectively). The positive relationship between Iw and ww (lw~ww) concentrations were

shown in the last row, with adjusted R? and P values (Spearman test). For the eel number in

each catchment refer to Table 2.

Unit | ID | BTBPE | DDTs HBCDs | HCB | PBDEs PCBs
SO | 0000 217145 13+08  13%05 1609 77.7+ 486
(00-00) (69-473)  (04-36) (05-22) (0.7-3.9) (26.5 - 173.5)
GeGUD | 0000 12063 06+03  05+03  13%10 241+103
(00-00) (25-229)  (02-13) (0.1-12) (0.3-34) (4.3-39.5)
BUR | 00%00 2208 03+01  05+02  07%03 14.4+9.9
(00-0.0)  (10-35) (02-06)  (03-07) (0.2-1.1) (3.3-33.6)
cog | 00£00 3024 22+18  05+02  18+15 8.2+2.9
(00-0.0)  (0.9-84) (03-57)  (02-09) (05-5.2) (5.0-14.3)
LWAR | 0000  542%262  2071+1622 3753 353%195  2059%1835
(00-0.2) (168-1129) (17.2-634.2) (0.7-21.0) (58-752)  (30.5-584.6)
LAy | 00%00  189%55  964:482  06+04 213105 34.1+9.8
- (00-0.0) (117-227) (23.7-1519) (0.3-11) (4.0-326) (20.1 - 45.0)
pesch | 01*01 1003846  217£230  33%67  99%122  2357.6+32844
(00-06) (25.8-535.1) (02-1048) (0.2-37.7) (0.7-77.0)  (45.5-19,040.3)
crpp | 00£00  132%99 13£09  04%02  20%15 51.9+35.2
(00-01) (23-359)  (02-33)  (0.1-07)  (0.3-4.9) (8.0-112.2)
(Lo | 0000 18590 39+23  09+06  83%61 336.5 + 215.9
(00-01) (45-283)  (0.3-63) (0.2-23) (05-221)  (49.0-809.9)
(Bag | 00£00  646+301 02+01  03+04 0402 41.6+22.2
(00-01) (259-1154)  (02-03) (0.1-12)  (02-0.7) (14.2-77.9)
GuAL | 0000 871461 29+65  07+06  18+18 146.3+89.5
(00-0.0) (433-1911) (0.3-243) (02-25) (04-7.3) (22.2 - 369.6)
TOTAL| 0001  475%604  362:912  16+39  82+130  6917+10384
(00-0.6) (09-535.1) (0.2-6342) (0..-37.7) (02-77)  (3.3-19,040.3)
SO | 0100 866633 56+34  52+22  67+36 313.2+226.1
(01-01) (27.0-2220) (27-151) (24-91) (32-142)  (99.5-826.4)
eUp| O01%0 658345 34+15  26+16  7.6%6.0 135.1 +56.6
(01-03) (149-1426) (15-7.0) (1.0-66) (21-204)  (31.3-246.3)
w | igug | 0100 14035 22+08  28+08  40+16 86.3 + 52.4
(01-01) (9.0-209)  (15-40) (1.0-40) (15-65) (30.2 - 189.2)
cog | 0100  169+106 10883 2612 9475 48.6 +14.1
(01-01) (65-37.6)  (2.2-306) (1.0-49) (3.1-27.7) (34.4-79.3)
UKWAR | 01401 2185+1157 1'%8:3 * 149210 1393+67.6 1,159.6+6347
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(0.1-0.6) (88.1-482.0) 2(22'81 é) (2.4-836) (19.1-258.1) (104.1-2,327.4)
UKHAM 0.1+£0.0 116.1+ 350 588.0x271.2 35+19 131.7+62.3 2145+ 72.3
(0.1-0.1) (47.9-160.6) (97.4-9104) (1.0-4.9) (16.3-2152)  (86.2-348.1)
04+09 651.8+522.4 161742645 22.0+49.0 657732 DT L
beSCH T
(0.1-4.0) §1$;6543 (15-17085) (L0-301) (44-3923) (282.9-97,010.3)
frERE 0.2+£0.2 7791544 8.0+£58 23+13 121+9.2 304.9 + 199.3
(0.1-06) (174-175.1) (15-212) (1.0-43) (2.2-316) (58.3 - 653.3)
fLOl 0101 98.9 £ 38.9 21+10.3 46+ 3.3 443 +£28.8 1,767.0 £ 924.8
(0.1-0.4) (225-1545) (21-351) (1.0-11.2) (2.9-98.2)  (233.7-3,755.2)
HBAG 02+01 392.3+218.9 1.5+£00 20+23 2809 241.1+1125
(0.1-0.6) (1435-811.0) (1.5-1.5) (10-6.8)  (1.5-4.8) (68.1 - 430.4)
0.1+£0.0 438.2+251.1 147+ 30.8 3528 9.1+87 739.7 £ 504.8
VAL -
P (0.1-0.1) 5105%12) (15-116.4) (1.0-11.9) (2.4-352) (101.7 - 2,079.4)
02+£05 279.7+377.2 183.1+4148 9.0+26.8 448+64.2 4,470.1+12,120.3
TOTAL
(0.1-4.0) (6.5-2,726.4) (1.5-2,998.6) (1.0-301.0) (1.5-392.3) (30.2-97,010.3)
0.8 0.9
i~ 2
Iw~ww | Rz (P) (<0.001) 0.8(<0.001) 0.9 (<0.001) (<0.001) 0.8 (<0.001) 0.9 (<0.001)
BTBPE: 1,2-bis(2,4,6-tribromophenoxy)ethanes, DDTs: sum of
dichlorodiphenyltrichloroethanes (DDT) and four of its metabolites, HBCDs: sum of a-, R-, and
y-hexabromocyclododecane isomers, HCB: hexachlorobenzenes, PBDEs: sum of 13

polybromodiphenylether congeners, PCBs: sum of 40 polychlorinated biphenyl congeners.
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Fig. S1. Violin plot and box plot of muscular lipid content (%) in sampled European silver eels
(N = 169) according to a latitudinal catchment gradient. The crosses represent the average
values of each catchment. Different letters between catchments (displayed on the right side of
the chart) denote means found to be statistically different (P < 0.05, Dunn’s test comparison
with Bonferroni correction). The vertical dotted lines represent the critical thresholds of 12 %
and 20 %, below which eel migration and reproduction would fail, respectively (Boétius and
Boétius, 1980; Palstra and van den Thillart, 2010; van den Thillart et al., 2007).
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Fig. S2. Epidemiological parameters of A. crassus in the swimbladders of 482 European silver
eels sampled in 12 catchments from southern Europe to northern Europe. a) Prevalence
(percentage of infected eel) in bar chart. b) Abundance of nematodes in swimbladder (number
of nematode per infected host, with the maximum found in beSCHO018). The crosses represent
mean values for each catchment, and different letters between catchments (displayed on the
right side of the chart) denote means found to be statistically different (P < 0.05, Dunn’s test
comparison with Bonferroni correction). ¢) Percentage of swimbladder degenerative index
(SDI) values. SDI = 0 means intact swimbladders, while SDI > 4 (percentages shown in white)
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indicates severely damaged swimbladders (Lefebvre et al., 2002).
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Fig. S3. Violin and box plots of industrial (a, ¢, e, f) and agrochemical (b, d) POPs (ng-g* ww)
measured in the muscular tissue of 169 silver eels (166 females and 3 males) sampled in 11
catchments from southern Europe (Valencia, spVAL) to northern Europe (Stockholm
archipelago, swSTO). The investigated POPs were: a) 1,2-bis(2,4,6-tribromophenoxy)ethanes
(BTBPE); b) dichlorodiphenyltrichloroethanes (DDTSs) and four of its metabolites; c) a-, -,
and y-hexabromocyclododecane isomers (HBCDs); d) hexachlorobenzenes (HCB); e) 13
polybromodiphenylether congeners (PBDEs); and f) 40 polychlorinated biphenyl congeners
(PCBs). The crosses on the box plot represent mean values for each catchment, and different
letters between catchments (displayed on the right side of each graph) denote means found to
be statistically different (P < 0.05, Dunn’s test comparison with Bonferroni correction). For the
number of eels sampled in each catchment refer to Table 2.
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Fig. S4. Violin and box plots of trace element (TE) concentrations (ug-g™*, dw) in the muscles

of 75 European silver eels sampled in eight catchments from southern Europe (Bages-Sigean,

frBAG) to northern Europe (Stockholm archipelago, swSTO). V and Ag were not displayed

because their concentrations were below the detection limit. The same goes for Cr, Cu, Fe, and

Zn because the difference between catchments was not significant (P > 0.05). The crosses on

the box plot represent mean values for each catchment, and different letters between catchments

(displayed on the right side of each graph) denote means found to be statistically different (P <

0.05, Dunn’s test comparison with Bonferroni correction). For the number of eels sampled in

each catchment refer to Table 2.
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