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Abstract

This study aims to characterize and compare the feeding ecology of the European eels
(Anguilla anguilla L.) during the continental phase (i.e. yellow and silver) along a salinity gradi-
ent (i.e. lower, middle and upper) in six northern France estuaries (i.e. brackish water). The
diet and stable isotopic (i.e. 3'°N and 5'3C values) compositions of eels collected with a fyke
net in six estuaries (Slack, Wimereux, Liane, Canche, Authie and Somme estuaries) located
along the French coast of the eastern English Channel per season over a year were
described by combining gut content and stable isotope analyses. Eel guts were dominated by
typical BW prey, Malacostraca and Actinopterygii (54% and 40%, respectively), with the gam-
mare Gammarus zaddachi and the green crab Carcinus maenas (38% and 14%, respec-
tively), and smaller yellow eels of A. anguilla and juvenile European flounder, Platichthys
flesus (19% and 14%, respectively) being the most frequently found in their guts. The 5'3C
values of a majority of eels confirmed the sea- and brackish water-specific carbon resources.
Dietary and isotopic niche revealed no clear change between total length, silvering stages
and seasons, but a significant difference between salinity gradients and estuaries. Eels 5'°C
values showed significant enrichment from upper to lower along the estuaries while the 5'°N
values showed an inverse effect, with the lowest values in the lower part and highest in the
upper part. Higher variability in 5'3C values in larger estuaries suggested that eels feed on a
wide range of food sources than in smaller estuaries. While eels in the smaller estuaries fed
mainly on Actinopterygii prey, eels in the larger ones had a lower trophic level (i.e. 5'°N val-
ues) and fed mainly on Malacostraca prey. This spatial difference in dietary and isotopic niche
is discussed in relation to biological structure of eel and environmental variables.

Introduction

The European eel (Anguilla anguilla L. 1578) is a panmictic [1, 2], a facultative catadromous
[3-5] and a long-lived semelparous fish species [3, 5], with a complex life history that occupies
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a wide variety of habitats between sea-, brackish- and fresh-water (SW, BW and FW, respec-
tively) [6, 7]. The European eels, considered critically endangered due to a drastic decline in
their stocks since the 1980s [8], are confronted to numerous anthropogenic pressures (e.g.
dams, fishing, pollutions, etc.) encountered in particular during their development phase (i.e.
yellow eels) in the SW, BW and/or FW habitats [9]. Yellow eels switch back and forth between
SW, BW and FW habitats to feed and grow, or reside in one habitat (i.e. SW, BW or FW) [3].
A significant number of eels may remain in salty water (i.e. SW and BW) all their lives and
never live in FW [3, 5, 10]. The behavioural plasticity of yellow eels to use the full range of hab-
itats (i.e. SW, BW and FW) depends on different external factors such as environmental condi-
tions [11, 12], intra- and inter-specific competition [11, 12] and food availability [13].
Nevertheless, SW and BW habitats allow a better growth of yellow eels than FW [14-16], so
eels residents in marine and estuarine habitats will be more frequent and beneficial to their
development (e.g. [17-19]).

Estuaries are complex and fluctuating environments, known to be important areas for
many organisms [20, 21], including diadromous fish. They play an essential role in the life
cycle of many fish species as breeding, nursery, feeding and refuge habitats for juveniles and
adults [22]. Located at the interface between the marine and continental environment, estuar-
ies are used by diadromous migratory species at various times during their life cycle, as a tran-
sit area between sea-, brackish- and fresh-water (SW, BW and FW, respectively), but also as an
essential habitat for their development [22, 23]. Currently, there is little information on eels in
the BW habitats [24, 25], although they may constitute an important habitat for a significant
proportion of the eel population (e.g. [26, 27]). The study of the ecological role of estuarine
habitats for resident eels is still extremely limited [24, 25], yet it is necessary to better under-
stand the mechanisms that govern their development and interactions with their environ-
ments. This is especially true since the type and quality of habitats influence the development
of future breeding adults [4].

The main purpose of the present study is to characterise and compare the feeding ecology
of European eels along a salinity gradient in estuarine habitats during their continental devel-
opment phases. The direct approach of gut content analysis (GCA) [28, 29] and the indirect
approach of isotope stable analysis (SIA) [30] are the most common methods in trophic ecol-
ogy studies. The GCA is an easy way to quickly assess the different prey ingested by a predator.
Conversely, the SIA determine the assimilation of prey by the predator, with nitrogen and car-
bon (i.e. 8'°N and 8'°C values) are the most common isotopes measured reflecting respectively
the trophic position of the consumers along the food web [31, 32] and the consumption of pri-
mary producers [30]. Several studies have investigated the feeding ecology of European eels in
estuaries based on GCA [33-35] or SIA [10, 36]. But, few studies combine these two
approaches to determine the role of estuaries in the feeding ecology of eels. The combination
of GCA and SIA is a robust approach to provide a complete picture of the feeding ecology of a
species and improve the interpretation of trophic relationships [37]. The advanced digestion
of some ingested prey limits their identification and the short-term (snapshot) view of the diet
by GCA requires more detailed examination. SIA of fish muscle validates and complements
the trophic relationships elucidated by GCA and provides additional information on sources
of primary productivity, habitat use and movement patterns [38]. As sample collection and
measurement of stable isotopes of potential prey is often difficult and time consuming, the
simultaneous use of GCA and SIA improves the quality of information and makes it faster and
easier to elucidate feeding relationships at different spatial and temporal scales.

In this study, taking the northern France estuaries as a case study, the feeding ecology of the
eels sampled in estuarine habitats was characterised based on GCA and SIA. The study was
carried out using eels collected in 2019 along a salinity gradient (i.e. lower, middle and upper)
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in six estuaries, located along the French coast in the eastern English Channel. More specifi-
cally, this study aimed (i) to assess the diet and stable isotopic (8'°C and §'°N values) composi-
tions of eels in estuarine habitats, (ii) to compare their dietary and isotopic niche between
salinity gradients and estuaries, and (iii) to identify among biological structure of eel (total
length and silvering stages) and environmental variables, those that influence their feeding
ecology. The biological structure of eel and environmental variables associated with density
and diversity of potential eel prey were used as proxies to assess the variability of dietary and
isotopic niche. This study contributes significantly to a better understanding of the ecology of
European eels, particularly with regard to the use of various aquatic habitats, which has impli-
cations for the conservation and management strategies of this critically endangered fish
species.

Materials and methods
Study area

Sampling was performed in six small and medium estuaries located along the French coast in
the eastern English Channel: Slack, Wimereux, Liane, Canche, Authie and Somme estuaries
(Fig 1). These estuaries are characterised by a semi-diurnal tide and megatidal regime, with an
average tidal range of about 1 m at neap tides and 11 m for the Somme at spring tides [39].
Each of these estuaries has similarities in temperature and salinity ranges but has its own
hydro-morpho-sedimentary characteristics in terms of mean flow (water agency hydro.
eaufrance.fr; exported in February 2021), surface area (IGN-F maps; exported in February
2021) or entrance width [40]. The Slack and Wimereux, the smallest estuaries, have a mean
flow of 0.5 + 0.1 to 1.2 + 0.1 m”.s ' and a surface area of 13 and 2.2 ha respectively. These two
estuaries are much less exposed to tidal actions and sea water entry with an entrance width of
0.02 and 0.04 km, respectively. The Liane, the Canche and the Authie, which are much larger,
are characterised by bigger mean flows of 4.1 + 1.9, 10.7 £ 9.1 and 6.0 + 5.6 m’.s™', and surface
area of 222, 340 and 622 ha. They are more exposed to tidal action with entrance widths of 2.7
and 2.9 km for the Canche and Authie, except for the Liane which has infrastructure in the
downstream part of the estuary and is more exposed to freshwater inflow. The Somme, the
largest of the studied estuaries, with a mean flows of 37.9 + 33.4 m”.s ' and a surface area of
2516 ha, and is the most influenced by sea water with entrance width of 4.6 km. The Slack,
Wimereux and Liane are characterised by a bottom type mainly composed of mud, whereas
the Canche, Authie and Somme are predominantly composed of sand and muddy sand sedi-
ments [41]. The Slack, Liane and Somme are characterised by the presence of dams, delimiting
the lower and upper estuaries. The Canche, Authie and Somme estuaries show higher amounts
of total nitrogen (8.5 + 9.7 to 13.7 + 13.9 mg.L™"), are subject to higher human activities (e.g.
agriculture, tourism, metal industry, commercial shipping) and can be considered as the most
impacted systems of the study area (Naiades database: naiades.eaufrance.fr; exported in Febru-
ary 2021).

Fish sampling

The permission to collect fish in the estuaries and field site access was issued by the “Préfete de
la région Normandie, préfete de la Seine Maritime, Officier de la légion d’honneur, Officier de
l'ordre national du mérite, Direction interrégionale de la mer Manche Est-mer du Nord, Ser-
vice Régulation des Activités et des Emplois Maritimes, Unité Réglementation des Ressources
Marines (dram-npe@equipement.gouv.fr): Decision n°196/2019”. In France there is no need
for special approval to catch fish by an ethics committee. This study was conducted in accor-
dance with European Commission recommendation 2007/526/EC, on revised guidelines for
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Fig 1. Location of the six estuaries along the French coast in the eastern English Channel.

https://doi.org/10.1371/journal.pone.0270348.9001

the accommodation and care of animals used for experimental and other scientific purposes.
Eels were anaesthetised with eugenol solution (0.04 ml.L ") before be measured and a total of
121 eels (5 to 6 eels per estuary, station and season) were euthanized with a saturated eugenol
solution before being freezed at -80°C for gut content analysis (GCA) and stable isotopes anal-
ysis (SIA). The other fish species captured were released alive in the vicinity of the sampling
station.

Sampling was performed at each season in March (winter), May (spring), July (summer)
and October (autumn) of 2019 at three stations distributed along a salinity gradient (i.e. lower,
middle and upper). Eels were collected using fyke nets of 16 m long and a mesh size of 15 mm
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at the beginning, 10 mm in the middle and 8 mm at the cod end. Two fyke nets were deployed
at each station along the shoreline at low tide for a 2 x 24h period.

The total length was measured to the lowest centimetre and their silvering stages were
determined by the “silver index” [42] based on the body length (cm), body weight (g), horizon-
tal and vertical eye diameter (mm) and pectoral fin length (mm) measurements. Six silvering
stages are be defined with one growth phase (OH), one female growth phase (FII), one female
pre-migrant phase (FIII), two female migrating phases (FIV and FV) and one male migrating
phase (MII) [43]. In the laboratory, frozen eels were dissected to extract the digestive tract for
GCA and a white dorsal muscle was recovered for SIA.

Gut content analysis

The digestive tract was opened to remove prey from the gut contents and then identified to the
lowest possible taxon (using taxonomic keys/references for macrozoobenthos [44, 45], aquatic
macroinvertebrate [46] and fish [47, 48] prey) under a binocular microscope and counted.
Then, each prey was weighed (in g) using a precision balance (+ 0.1 mg). The environmental
habitat of each aquatic prey was retrieved from the World Register of Marine Species
(WoRMS) and the Catalogue of Life (CoL) databases to assign them as marine (M), marine-
brackish (MB), marine-brackish-freshwater (MBF), freshwater (F), in order to determine the
habitat origin of the prey according to the water salinity.

The vacuity rate was calculated as the percentage of eels with empty gut and used to esti-
mate the feeding intensity [49]. Diet was described from the relative abundance (N), relative
weight (W) and frequency of occurrence (FO) of each prey [29]. The index of relative impor-
tance (IRI) [50, 51] was calculated to quantify the contribution of each prey taxa to the diet
using the following Eq (1):

IRI = (%N + %W) x %FO (1)

Where %N is the percentage of relative abundance, % W is the percentage relative weight and
%FO is the percentage of frequency of occurrence. The IRI of each prey taxa was expressed as a
percentage (%IRI) for summarize the diet composition using the following Eq (2):

IRI
%IRI = ———— x 100 (2)

> IRI

Where 7 is the number of prey taxa i.

Stable isotope analyses

The muscle samples were freeze-dried then ground to a fine powder. As eels are fatty fish, °C-
depleted lipids [31] were extracted from the muscle samples using the cyclohexane protocol
[52]. Then, the samples were oven-dried at 45°C for 48h and placed in tin cups. The amount of
stable isotope carbon (C) and nitrogen (N) was measured using an elemental analyser Flash
EA 2000 (Thermo Scientific), connected to an Isotope Ratio Mass Spectrometer (Delta V+)
with a ConFlo IV interface (Thermo Scientific) at the Pole Spectrométrie Océan in Plouzané,
France. Results are expressed as 8 (delta) notation relative in parts per mile (%o) using the fol-

lowing Eq (3):
_ Rsumple _
5x = 1| x 1000 (3)
Rstundard

Where 8x is §'°C or 8'°N values (%o), Ryample is the ratio °’C/*>C or '"N/"*N and Ryiandara is
value based on the Pee Dee Belemnite for carbon or atmospheric Nitrogen for nitrogen. The
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calculated uncertainties on the repeated measurement of the acetanilide internal standards
were of experimental precision <0.3%o for 8'°C and 8'°N values. The C/N ratios above 4 indi-
cating that the tissues have high levels of lipid to bias the §'°C values were excluded from the
analyses.

The trophic position (TP; Cabana and Rasmussen, 1996) [53] of eels was calculated follow-
ing Eq (4):

15 15

TP = TP,,, + % (4)
Where TPg,. is the trophic position of isotopic baseline, 8'°N is the nitrogen isotopic of eels,
8"°Npase is the isotopic nitrogen of the baseline, and TDF is the trophic discrimination factor.
Mean 8'°N values of sediment organic matter (SOM) inside the Canche (between 4.67 to
7.19%o) [54] and the Somme (between 6.93 to 8.98%o) [55] estuaries at different salinity and
seasons (S1 Table) were used as baseline resource to calculate the 8'°Np,.. The baseline
resource used was considered as a TP set at 1 and the TDF has been set to 3.4%o [56].

Layman metrics [57] were calculated to estimate eels isotopic niche widths using their §'°C
and 8N values. Isotopic niche widths were estimated using a Bayesian approach based on
multivariate ellipse-based metrics [58]. The convex hull area (TA) represents the width of the
total isotopic niche of a population [57], and the standard ellipse area (SEA) is a bivariate mea-
sure of mean isotopic niche for all individuals [58]. The SEA can be underestimated when
samples are small and should therefore be corrected using the SEAc metric [58]. The analyses
were performed using the SIBER [58] package in R.

The trophic positions and 8'>C values of eels will be combined and compared with the com-
position of gut contents and the origin of ingested prey to explore variations in feeding habitats
along a salinity gradient (§'°C values differ along salinity gradients [38]) and the dependence
of eels on certain categories of prey (e.g. benthic macroinvertebrates rather than fish [10]).

Statistical analyses

As the data did not comply with the parametric assumption of normality (Shapiro-Wilk test)
and homoscedasticity of variance (Levene’s F test), total length of eels was compared with non-
parametric Kruskall-Wallis test. Dunn test was used for post hoc comparisons. The percentage
of silvering stages between six estuaries were compared with Chi-square test. The Shapiro-
Wilk test, Levene’s F test, Kruskall-Wallis test, Dunn test and Chi-square test were performed
using the Stats package in R.

The effects of total length, silvering stages, salinity gradients, estuaries and seasons on the
diet and stable isotope (5'°C and 8'°N values) compositions of eels were tested by a permuta-
tional multivariate analysis of variance (PERMANOVA) based on the Bray-Curtis or Euclid-
ean distance [59]. Pairwise tests were used to examine differences between factors when the
PERMANOVA indicated significant main effects, and p-values were adjusted using False Dis-
covery Rate [60]. The PERMANOVA and pairwise tests were performed using the vegan [61]
and the RVAideMemoire [62] packages in R.

The spatial dietary similarities were explored using non-metric multidimensional scaling
(nMDS). A hierarchical classification analysis (HCA) based on Bray-Curtis similarity matrix
from %IRI of prey categories found in the eel gut contents was carried out in order to group
the salinity gradients (i.e. lower, middle and upper) and estuaries with similar eel diet. The
number of groups was selected from the group-average sorting and comparison made by simi-
larity profile test (SIMPROF). These groups were represented by an ordination plot using
nMDS with Bray-Curtis distance calculated by groups. One-way analysis of similarity
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(ANOSIM) based Bray-Curtis dissimilarity matrix was then performed to compare their
groups with similar diets. Similarity percentages (SIMPER) were used to determine which
prey taxa (i.e. accounted for 80% of the similarity) contributed to average similarity within a
group and to provide measures of the relative dissimilarity among groups [63]. The HCA,
SIMPROF, nMDS, ANOSIM and SIMPER were performed using the vegan [61], clustsig [64]
and Stats packages in R. Schoener diet overlap index (SDOI) [65] based on the %IRI of prey
categories was calculated to estimate the percentage similarity of diets between salinity gradi-
ents and estuaries according to the following Eq (5):

x =1-05( 3" IP,— B) (5)

Where a is the dietary overlap, P,; and P, are proportions of prey taxa i (%IRI) between groups
x and y (i.e. between salinity gradients and estuaries) and # is the total number of prey taxa.
Dietary overlap index is considered significant for values exceeding 0.6 (>60%) [66, 67].

The spatial overlaps of isotopic niche region were estimated by a probabilistic method that
uses stable isotopes values [68]. This probabilistic method calculates niche regions and pair-
wise niche overlap without considering sample size. The 8'°C and §'°N values for each salinity
gradient (i.e. lower, middle and upper) and estuary were used to calculate the average overlap
between niche regions with 95% Bayesian intervals based on 10,000 iterations in bivariate
dimension. Uncertainty was estimated using a Bayesian framework considering the sample
size [68]. The isotopic niche region overlaps were performed using the R package nicheROVER
[69].

The influence of biological structure of eel and environmental variables on the dietary and
isotopic niche was explained using redundancy analysis (RDA). The RDA was performed as a
constrained ordination technique to determine how the spatial difference of dietary (%IRI of
prey categories, and percentage of marine-brackish and freshwater prey) and isotopic niche
(8'C values, TA, SEAc, and TP) of 121 eels analysed could be explained by biological struc-
tures of eel and environmental variables. The two biological structures of eel used were the
total length and silvering stages which influence the range of prey size and ontogenetic change
in the diet with increasing body size (e.g. [36, 70]). The four environmental variables selected
are the surface area of the estuary to determines the diversity of habitats present (e.g. 71, 72]),
the entrance width which reflects the connectivity of the system with the marine environment
and access to the estuary for marine and diadromous species (e.g. [40]), and the sediment
types which are known to affect the distribution of estuarine macrobenthos (e.g. [41, 73, 74]).
The nitrogen concentration is used as indicators of anthropogenic pollutions that can influ-
ence the 8"°N values of eels [75]. The data were normalized (log-transformed), then centred
and reduced before analyses. Biological structures of eel and environmental variables were sig-
nificantly selected using a Monte Carlo permutations test (n = 999) [76]. Contribution of each
selected co-variable to diet and isotopic niche variation was finally assessed using a variance
partitioning analysis and a permutation test [76]. The RDA and variation partitioning were
performed using the vegan [61] packages in R.

Results
Eels samples for gut contents and stable isotopes analyses

The total length of the 121 analysed eels ranged between 260 and 924 mm. The mean size of
individuals showed no significant differences between salinity gradients of six estuaries (Krus-
kall-Wallis test, p = 0.39) (Table 1). The percentage of eels per silvering stage did not vary sig-
nificantly between the six estuaries (Chi-square test, p = 0.31). Regardless of the estuary, most
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Table 1. Number of individuals analysed for gut content and stable isotope analysis along salinity gradient (i.e. lower, middle and upper) in the six estuaries, and
their mean total length (mm) + standard deviation, and percentage of individuals by silvering stages (OH growth phase, FII female growth phase, FIII female pre-
migrant phase, FIV and FV female migrating phases and MII male migrating phase).

Estuary Number of individuals Total length (mm) Silvering stage (%)

Lower Middle Upper Lower Middle Upper OH FII FIII FIV FV MII
Slack 6 3 11 419.3 +138.5 473.7 + 107.6 395.2 +85.7 60.0 10.0 15.0 - - 15.0
Wimereux 6 6 8 457.5 + 167.5 424.7 +102.1 454.1 +107.8 35.0 5.0 35.0 - - 25.0
Liane 2 14 4 509.5 £ 94.0 505.0 + 148.1 560.5 + 167.9 30.0 30.0 15.0 10.0 5.0 10.0
Canche 4 7 7 462.3 +178.7 377.7 £ 84.5 387.3 +84.2 66.7 11.1 11.1 - 5.6 5.6
Authie 5 12 4 510.6 + 126.9 434.8 +61.3 364.0 + 89.1 57.1 28.6 9.5 - 4.8 -
Somme 5 4 11 472.8 + 89.6 499.3 +262.8 502.5 + 183.1 50.0 20.0 15.0 10.0 - 5.0

https://doi.org/10.1371/journal.pone.0270348.t001

of the eels were in the yellow stage (75-95%) and only 5-25% in the silver stage. Half of the
individuals were of undetermined (OH) while the other half (40%) had a sex ratio dominated
by females. Males were slightly more abundant only in the Slack, Wimereux and the Liane
estuaries. The Wimereux and the Liane estuaries had 25% of silver eels (i.e. FIV, FV and MII),
which is higher than in the other estuaries (between 4.8 and 15%) (Table 1).

Diet composition and stable isotopic values of eels

Of the 121 eels, 22% had an empty gut (Table 2). The vacuity rates varied between the salinity
gradients, with the highest rates recorded in the upper part, mainly in the Slack and Somme
estuaries (13%), and in the middle part, mainly in the Liane and the Authie estuaries (9%),
while in the lower part were below 3%. The vacuity rates were higher in the Slack (30%), the
Liane (25%) and the Somme (24%) estuaries, while in the other estuaries the vacuity rates did
not exceed 20%. In total, 32 prey taxa were identified in the eel gut contents (Table 2). The
majority of the prey was typical of brackish water (BW) habitats, with 42% from marine-brack-
ish-freshwater habitat (MBF), 38% from marine-brackish habitat (MB) and 16% from marine
habitat (M) (Table 2). Freshwater prey (F) represented barely 4% of the diet. The diet showed
an important diversity of prey consumed by the eels, mainly dominated by Malacostraca and
Actinopterygii which were respectively the most important prey categories in terms of percent-
age index of relative importance (%IRI) with 54% and 40% of the diet. The diet composition of
the eel was not significantly different for total length (PERMANOVA, Pseudo-Fs o3 = 0.7414,
p = 0.658), silvering stages (PERMANOVA, Pseudo-Fs o3 = 1.3615, p = 0.182), salinity gradi-
ents (PERMANOVA, Pseudo-F, o3 = 0.5418, p = 0.709) and seasons (PERMANOVA, Pseudo-
F3 o3 = 1.2883, p = 0.265). However, their diet varied significantly between estuaries (PERMA-
NOVA, Pseudo-Fs o3 = 6.5205, p < 0.001). Among the Malacostraca prey, the gammare Gam-
marus zaddachi and the green crab Carcinus maenas had the highest %IRI in all the collected
samples representing respectively 38% and 14% of the total identified prey. These prey were
the most abundant in the diet of eels collected from the Canche (60 and 10%, respectively), the
Authie (80 and 16%, respectively) and the Somme (5 and 35%, respectively) estuaries

(Table 2). For Actinopterygii prey, smaller yellow eels of A. anguilla and juvenile young-of-
the-year European flounder, Platichthys flesus were the most important prey representing
respectively 19% and 14% of the total gut contents. Smaller yellow eels were found in the gut
contents mainly in the Liane (67%) and the Wimereux (30%) estuaries, while P. flesus was
found mainly in the Wimereux (50%) and the Slack (42%) estuaries. A diversity of insects was
found in the gut contents of eels, particularly in the Slack (20%) and the Wimereux (16%) estu-
aries, with mainly Corixa sp. and Calliphoridae and Chironomidae larvae. Regarding other
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Table 2. Prey composition observed in the gut contents of European eels collected in the six estuaries. Percentage values of prey occurrence (%F), abundance (%N),
weight (% W), index of relative importance (%IRI) and empty guts (%) are indicated.

Prey taxa Env %F %N %W %IRI
Slack Wimereux Liane Canche Authie Somme Total
Polychaeta 2.44
Arenicola marina M 1.06 0.06 0.13 0.10 0.01
Hediste diversicolor MBF 6.38 4.05 4.72 0.68 0.67 0.26 29.62 2.43
Arachnida 0.04
Argyroneta aquatica F 2.13 0.17 0.03 1.31 0.02
Dolomedes sp. F 1.06 0.28 0.05 1.36 0.02
Insecta 1.62
Haliplidea larvae F 3.19 0.50 0.01 0.25 0.41 0.07
Calliphoridae larvae F 1.06 1.61 0.09 5.98 0.08
Chironomidea larvae F 8.51 2.16 0.32 7.89 1.52 0.03 0.42 0.92
Chironomidea pupae F 4.26 0.44 0.06 1.02 0.36 0.09
Unid. Tipulidea F 1.06 0.06 <0.01 0.03 <0.01
Corixa sp. F 3.19 2.05 0.14 18.58 0.03 0.30
Lepidoptera larvae F 1.06 0.17 0.09 0.76 0.01
Crambidea larvae F 1.06 0.06 0.01 0.22 <0.01
Tettigonia sp. T 1.06 0.06 0.05 0.29 0.01
Unid. Taeniopterygidea F 1.06 0.06 <0.01 0.03 <0.01
Trichoptera larvae F 1.06 0.06 0.01 0.03 <0.01
Limnephilidea larvae F 1.06 0.22 0.05 0.90 0.01
Insecta eggs F 1.06 2.77 0.01 6.59 0.13
Malacostraca 53.75
Corophium volutator M 1.06 0.50 0.04 1.24 0.02
Gammarus zaddachi MB 26.6 23.95 8.85 2.92 0.93 60.34 80.09 5.30 37.84
Carcinus maenas M 26.6 2.94 8.96 9.79 0.56 9.66 15.65 34.96 13.73
Crangon crangon M 7.45 1.05 3.71 1.07 6.37 0.97 1.54
Palaemon elegans M 3.19 0.44 3.98 0.14 12.19 0.61
Gnathia sp. MB 2.13 0.11 <0.01 0.53 0.01
Actinopterygii 39.63
Unid. Actinopterygians 3.19 0.17 0.37 0.38 0.30 0.07
Anguilla anguilla MBF 10.64 2.99 37.72 30.19 66.88 1.37 6.86 18.79
Sprattus sprattus MB 1.06 0.39 0.80 0.65 0.05
Gasterosteus aculeatus MBF 1.06 0.06 0.41 0.26 0.02
Pomatoschistus microps MBF 12.77 2.27 9.50 22.40 0.95 1.19 4.81 2.47 0.71 6.52
Platichthys flesus MBF 22.34 4.77 9.63 41.92 49.89 1.50 16.64 1.13 13.95
Eggs 3.19 1.66 0.03 1.48 0.13 0.23
Bivalvia 0.02
Limecola balthica M 3.19 0.17 0.01 0.25 0.02
Gastropoda 2.48
Stenophysa marmorata F 1.06 43.79 10.23 25.54 2.48

Vacuity rate (%) | 30.0 20.0 25.0 15.8 19.1 23.8 22.3

The environmental habitats (Env.) of each prey with marine (M), marine-brackish (MB), marine-brackish-freshwater (MBF), freshwater (F) and terrestrial (T) is also

indicated.

https://doi.org/10.1371/journal.pone.0270348.t002
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Table 3. Isotopic metrics with mean + standard deviation of 3'>C and 3'°N (%o) of European eels along salinity gradient (i.e. lower, middle and upper) in the six
estuaries and total convex hull area (TA; %), corrected standard ellipse areas (SEAc, %), and trophic position (TP).

Estuary 8"3C (%o) 8"N (%o) TA (%) SEAc (%) TP
Lower Middle Upper Lower Middle Upper | Lower | Middle | Upper | Lower | Middle | Upper | Lower | Middle | Upper

Slack -223+13|-23.6+1.7 | -247+25|163+0.5|164+1.2|156+0.7 2.8 0.1 8.7 2.5 0.5 52 4.0 3.7 4.0
Wimereux | -24.0+1.3 | -250+1.2 | -253+1.2 | 164+£0.7 | 155+ 1.7 | 16.0+ 1.6 2.9 4.1 5.8 2.9 4.4 5.2 4.3 3.6 4.0
Liane -26.0+0.1 | -26.8+£0.7 | -26.4+0.6 | 185+0.5 | 16.9+1.6 | 157+ 1.9 - 8.1 0.9 - 4.0 1.6 5.1 4.0 4.0
Canche -23.1+55|-225+1.8 | -23.8+25|143+0.8 | 145+09 | 13.4+0.6 | 104 4.7 5.0 19.4 3.8 4.0 3.7 3.3 33
Authie -185+22 | -228+2.6|-282+1.0|151+0.3 | 14.6+0.6 | 12.8+£0.5 1.7 4.1 0.7 2.1 2.5 1.5 3.7 3.5 3.2
Somme -173+0.8 | -21.4+6.5 | -28.0+5.0 | 155+04 | 14.8+0.7 | 143 £ 1.2 0.8 10.8 37.3 1.0 20.4 20.5 3.2 3.3 2.8

https://doi.org/10.1371/journal.pone.0270348.t1003

prey categories, the Polychaeta Hediste diversicolor represented up to 29% of the gut contents
in the Somme estuary and the Gastropod Stephonysa marmorata represented up to 26% in the
Liane estuary. Other prey had a low %IRI of less than 3% of total gut contents (Table 2).

Stable isotopes of eels ranged between -32.6 to -15.1%o for 8'>C values; whereas for the 5'°N
values ranged between 11.7 to 19.0%o. The majority of eels analysed showed §"°C values
reflecting SW and BW-specific carbon resources. The diet does not differ significantly between
total length (PERMANOVA, Pseudo-F,, 115 = 1.2638, p = 0.258) and seasons (PERMANOVA,
Pseudo-F; 115 =1.7676, p = 0.139). The PERMANOVA indicated a low significant effect of sil-
vering stages on 813C and 8'°N values (PERMANOVA, Pseudo-Fs 13 =2.7383, p = 0.017).
The 8"°C and 8"°N values of eels were similar between silvering stages, except for females in
the FIV stage (Pairwise PERMANOVA, p < 0.05), but this may be related to the small number
of individuals analysed (Table 1). However, there was a high significant effect between salinity
gradients (PERMANOVA, Pseudo-F,, 113 = 18.4892, p < 0.001) and estuaries (PERMANOVA,
Pseudo-Fs 115 = 6.1809, p < 0.001) reflecting a spatial difference in isotopic niche. Eels 8"°C
values showed significant enrichment along the estuaries from upper (-28.2 + 1.0 to
-24.7 + 2.5%o) to lower (-26.0 £ 0.1 to -17.3 £ 0.8%o) part. The PERMANOVA revealed a salin-
ity gradient effect on eels 8'°N values, with the highest mean values in the lower part
(14.3 £ 0.8 to 18.5 + 0.5%0) and lowest in the upper part (12.8 + 0.5 to 16 £ 1.6%o). The eels col-
lected in the Slack, the Wimereux and the Liane estuaries showed higher mean 3N values
(15.5 £ 1.7 to 18.5 £ 0.5%o) than that caught in the other estuaries (12.8 + 0.5 to 15.5 + 0.4%o)
(Table 3). This may reflect a difference in diet in favour of more nitrogen enriched prey in eels
in smaller estuaries and the consumption of more nitrogen depleted prey in larger estuaries, as
shown by their trophic positions (TP) (Table 3). Mean eels 8'*C values were higher for the
Canche, Authie and Somme estuaries (-23.8 + 2.5 to -17.3 + 0.8%o), indicating a more marine
carbon source in the larger estuaries compared to the smaller estuaries (-26.8 + 0.7 to
-22.3 £ 1.3%0). The results of total and standard ellipse areas (TA and SEAc) reveal a larger iso-
topic niche in the Canche (10.4% and 19.4%, respectively) and the Somme (10.8 to 37.3% and
20.4 to 20.5%, respectively) compared to the Slack, Wimereux, Liane and Authie estuaries
(between 0.1 to 8.7% of TA and 0.5 to 5.2% of SEAc) (Table 3).

Spatial similarities of dietary and isotopic niche

According to the hierarchical classification analysis (HCA) and the similarity profile test (SIM-
PROF) based on %IRI of prey categories between salinity gradients and estuaries, two distinct
groups of estuaries were identified and distributed along the two ordinations of the non-metric
multidimensional scaling (nMDS) (Fig 2, stress value = 0.07). These groups were significantly
different with average dissimilarity of 75% (ANOSIM, R = 0.75, p<0.001) and indicates clearly
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Fig 2. Two-dimensional nMDS ordination performed on the index of relative importance (%IRI) of prey categories in the gut contents of
European eels collected along salinity gradient (i.e. lower, middle and upper) in the six estuaries. The ellipses represent the two groups of estuaries
identified in the HCA. Stress value is indicated in the top right.

https://doi.org/10.1371/journal.pone.0270348.9002

that the whole diet differs between estuary groups but not between salinity gradients. The prey
categories that determine the dissimilarity between groups are the Malacostraca, Actinoptery-
gii and Insecta accounting for over 91% of the dissimilarity (SIMPER, p<0.01). The first group
including the Slack, the Wimereux and the Liane estuaries, was discriminated by a similar diet
composed mainly of Actinopterygii (dissimilarity of 32%) and Insecta (dissimilarity of 15%),
while the diet composition for the second group associating the Canche, the Authie and the
Somme estuaries, was mainly composed of Malacostraca (dissimilarity of 44%). The Schoener
diet overlap index (SDOI) indicated a diet overlap of 67 to 85% between the Slack, the Wimer-
eux and the Liane estuaries (i.e. the first group) and of 73 to 83% for the Canche, the Authie
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Table 4. Fish dietary overlap calculated with the Schoener diet overlap index (SDOI; %) and isotopic niche region overlap (%) estimates with 95% Bayesian credible
intervals of European eels along salinity gradient (i.e. lower, middle and upper) in the six estuaries.

Estuary Station Estuary
Lower-Middle | Lower-Upper | Middle-Upper | Slack | Wimereux | Liane | Canche | Authie | Somme
SDOI Slack 84 62 62 100 85 67 46 19 35
‘Wimereux 61 79 45 100 72 31 4 20
Liane 18 0 66 100 30 4 18
Canche 80 88 92 100 73 83
Authie 91 86 95 100 73
Somme 17 38 79 100
Isotopic niche region overlap | Slack 18 50 27 100 66 28 38 20 54
Wimereux 54 56 71 100 39 33 18 41
Liane 0 0 43 100 15 8 25
Canche 44 43 48 100 72 72
Authie 36 0 14 100 62
Somme 36 0 14 100

Bold characters indicate significantly high values (>60%).

https://doi.org/10.1371/journal.pone.0270348.t004

and the Somme estuaries (i.e. the second group) (Table 4). The variations in the diet composi-
tion of eels between salinity gradients were low (with an overlap of 61 to 95%; Table 4), except
for the Liane and the Somme estuaries which show a different diet in the upper part (with an
overlap of 0 to 38%; Table 4), due to a dominance in Bivalvia in the Liane estuary and Poly-
chaeta prey in the Somme estuary (Fig 2).

The same results were obtained for the SIA. The probabilistic niche region indicated that
the isotopic overlap between eels in the Slack and Wimereux estuary is 66%, and from 62 to
72% between the Canche, Authie and Somme estuary (Table 4). In contrast to the GCA, no
isotopic niche overlap was found between salinity gradients (Table 4), suggesting a variation in
baseline carbon resources according to position in the estuary (i.e. lower, middle and upper)
rather than a difference in feeding (Fig 3).

Environmental and biological influence on dietary and isotopic niche

RDA was applied to analyse the eel spatial dietary and isotopic niche variation in response to
biological structures of eel and environmental variables (Fig 4). The selected co-variables
explained 52% (adjusted r°) of the total variance. Two first axes of the RDA explained 51.1% of
the total variance in the dietary and isotopic niche was significantly different according to the
surface area, entrance width, sediment types and mean total nitrogen. The diet and isotopic
niche of eels from the Canche, the Authie and the Somme estuaries characterized mainly of
SW and BW prey (Malacostraca and Polycheata) and higher §'°C values, TA and SEAc were
associated with higher surface area, entrance width and mean total nitrogen and sandy sedi-
ment. The second group of eels included individuals belonging to the Slack, the Wimereux
and the Liane estuaries characterised by a diet mainly composed of freshwater prey (Actinop-
terygii, Arachnida, Gastropoda, Bivalvia and Insecta), and higher TP were associated with a
muddy sediment less influenced by the sea. The variance partitioning analysis showed the
main contribution of environmental variables (50%) to the explained variation of dietary and
isotopic niche (51%), followed by biological variables (2%) (Fig 4).
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Discussion

Estuarine eels feeding ecology

In previous studies, the gut content analysis (GCA) of yellow and silver European eels con-
firmed that they mainly feed on Malacostraca and Actinopterygii prey [10, 33-35, 77] which is
in accordance with the eels analysed in the present study (Table 3). We found a lower vacuity
rate (< 30%) compared to other studies like in the Tagus estuary (32-41%) [33] and in Lough
Corrib (43-61%) [35]. This vacuity rate is probably overestimated since the use of fyke nets
could lead to an overestimation of the eel diet due to the long time (i.e. 24h) between the laying
and the hauling of the nets. However, the low percentage of empty gut in the present study
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https://doi.org/10.1371/journal.pone.0270348.9004

could be explained by the passive capture of eels by fyke nets, which reduces the stress and the
possibility of regurgitating gut contents [78]. As in previous studies [33, 77], Malacostraca was
the dominant prey taxa (54% of IRI) in the diet of European eels caught in the studied estuar-
ies. The Malacostraca prey included the crab C. maenas and the gammare G. zaddachi. Simi-
larly, in the Tagus estuary in Portugal [33] and the Gironde estuary in France [77], the eels fed
on the crustaceans, specifically amphipods, crabs and shrimps, to be dominant prey for Euro-
pean eels captured in the upper part in the Severn estuary in UK the eels fed on other
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Malacostraca prey, with the shrimp Crangon crangon and Mysidacea Neomysis integer being
the most important prey species in terms of biomass [79]. Actinopterygii was the second domi-
nant prey taxa in %IRI (40%), consisting mainly of two fish species that frequent BW habitats
such as estuaries with a resident juvenile European flounder P. flesus. A significant amount of
smaller eels A. anguilla (19%) were found in the gut contents. Both field and experimental
studies have reported cases of cannibalism in several eel species [80-82]. Insecta, Gasteropoda
and Polychaeta prey were the most widespread other prey taxa, with low %IRI values below
3%. The high diversity of prey recorded in the gut contents confirms the opportunistic charac-
ter of European eels, particularly in feeding on benthic prey [83-85].

Stable isotope analyses (SIA), based on both stable carbon and nitrogen isotopes (87C
and 8'°N values), indicated that European eels fed across several basal food sources and tro-
phic positions (TP). SIA is an approach to assess the origin of food sources, the TP of species
and trophic interactions between species [86], and also to determine the movements
between feeding habitats along contrasting salinity gradient in diadromous fishes over a
short-term of several weeks or months [10, 36]. Yellow and silver eels had broad 8'°C values
(-32.6 to -15.1%0) suggesting differences in baseline carbon resources. However, the major-
ity of eels showed low variations in 8'°C values (Table 3 and Fig 3) between individuals
within the same salinity zones suggesting minimal movement between the salinity gradients
(i.e. lower, middle and upper). The European eels’ 8'°N values (11.7 to 19.0%o) indicated a
variation of TP approximately 3.4 to 4.2, based on the trophic discrimination factor of 3.4%o
[56]. Our results support the hypothesis that eels are able to feed at different TP in BW habi-
tats such as estuaries [36], and thus benefit from a wider range of potential food sources
offered by BW habitats. Indeed, BW habitats support a high trophic diversity of macrozoo-
benthos and fish, including SW and FW species that use the estuaries as a breeding or a
nursery area during their life cycle [39, 87].

The §"°N values can be used as a tracer of total nitrogen inputs from untreated domestic,
industrial and/or agricultural activities assimilation into the food web by primary producers
[38, 75]. In the Canche and the Somme estuary, SOM 8"°N values (S1 Table) were rather simi-
lar along the salinity gradient during the same season, indicating a relatively low input of total
nitrogen from human catchment activities. Our results also show that despite high total nitro-
gen values in the larger estuaries, eels had the lowest §'°N values compared to eels in the
smaller estuaries, which confirms a weak influence of anthropogenic pollution.

The European eels, considered as an opportunistic feeder [83, 85, 88], can change its diet
depending on various factors, including the silvering stages, total length [89-91], weight [10]
or head morphology [70, 92, 93]. During ontogeny, the young eels feed on invertebrates,
then expand their range of prey size with increasing body size for feeding almost exclusively
on fish, and thus optimise energy intake by consuming prey at higher trophic positions [70,
94, 95]. In contrast to previous studies, eels in BW habitats showed no significant difference
of diet and isotopic niche with silvering stages and total length, but rather a spatial difference
between salinity gradients and estuaries. Also, it is considered that silver eels do not feed
during migration phase (i.e. FIV, FV and MII) [7, 96, 97]. Yet, our results indicate that of the
20 silver eels analysed in this study, only 9 had empty gut contents with high §'°C values
(greater than -22%o) suggesting a SW and BW influence, except for 2 individuals that pre-
sented depleted 5'°C values (-33 and -31%o) may have stopped feeding in FW habitats.
Indeed, it has been observed that silver eels during the early part of the migration phase (i.e.
before the coastal part [98]) may temporarily stop the migration phase and resume feeding,
especially when lipid reserves are insufficient (< 20% [99, 100]) to reach the Sargasso
Sea [101].

PLOS ONE | https://doi.org/10.1371/journal.pone.0270348  July 6, 2022 15/23


https://doi.org/10.1371/journal.pone.0270348

PLOS ONE

Feeding ecology of the European eel in estuarine habitats

Spatial difference in dietary and isotopic niche

Spatial differences in diet were measured in European eels between salinity habitats, with eels
in FW habitats feeding mainly on crustaceans and insects and shifting to macrozoobenthos
and fish in SW and BW habitats [10]. The present study suggests that a difference in diet may
also occur between BW habitats such as estuaries, where eels in the smallest of the six study
estuaries (i.e. the Slack, the Wimereux and the Liane estuary) feed mainly on Actinopterygii
rather than Malacostraca. The overlap indices confirm the distinct spatial differences in eel
diet and also revealed a high overlap (> 60%) in diet between estuaries of similar environment.
Spatial differences in diet have been described in other studies [102], who showed that eels
feed on macrozoobenthos in Lake Vallum in Denmark, whereas they are piscivorous in Lake
Grofler Vitersee in Germany. This difference can be explained, not specially by the particular
habitats (i.e. SW, BW or FW) occupied by the eels, but rather by the availability of macrozoo-
benthos [88]. Indeed, several studies (e.g. [7, 79, 83, 102]) have established a positive correla-
tion between the diet composition of eels and the availability of potential macrozoobenthos
prey. Eels have a preference for macrozoobenthos food source, except when these prey are in
low abundance, the eels will shift to a piscivorous diet [102]. Our results based on SIA revealed
alower TP in eels from the largest estuaries, and may indicate a high dependence on Malacos-
traca rather than Actinopterygii. These results are coherent with the relationship found
between the diet composition and isotopic niche of eels, %IRI in Actinopterygii in the diet and
TP showed a positive correlation. The large estuaries selected for this study are composed of a
large macro-crustacean and fish community [21], compared to the smaller estuaries (i.e. the
Slack, the Wimereux and the Liane), which are in general mainly dominated by the fish com-
munity (R. Amara, Unpublished data). The high carbon isotope variations in the larger estuar-
ies showed a clear separation between salinity gradients due to greater distance between
stations, suggesting that the larger estuaries are likely to provide a wider niche [103]. The stable
isotope values showed an enrichment from the lower part of the estuary to the upper depend-
ing on the proximity of the eels to the freshwater inflow or the tide influence.

Biological and environmental influences on the feeding ecology of eel

Both RDA and variance partitioning indicated that eel dietary and isotopic niche variability
could be related mainly to environmental differences between six estuaries. No variation of
diet composition and stable isotopic with increasing total length and silvering stages were
observed in this study. Spatial diet composition and stable isotopic variability was clearly dem-
onstrated by GCA and SIA, with a wider trophic niche composed of lower TP prey (i.e. mainly
from Malacostraca) rather on the larger estuaries. The large surface area of the estuary, the
high connectivity with the marine environment and the predominantly sandy sediment result
in a higher density and diversity of marine macrozoobenthos in the larger estuaries compared
to the smaller ones. The presence of dykes, dams or harbours reduces access to habitats and
food sources for the fish species [104], particularly in large estuaries where human activities
are more important than in small ones, and therefore alter the fitness and reduce the growth of
eels (e.g. [105-107]). However, the high trophic plasticity of eels allows them to occupy habi-
tats that maximise their fitness [108]. In addition, the consumption of prey at higher TP pro-
vides more energy and potentially maintains high growth. Feeding of Actinopterygii seems to
be more favourable from a trophic viewpoint, as Malacostraca contains much less lipids com-
pared to Actinopterygii [109]. BW habitats are regularly considered less advantageous for eel
growth and fitness compared to FW habitats [13]. Even if there are contradictory observations
(e.g. [15, 110]), high macrozoobenthos prey availability in estuaries would allow good feeding
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activity to maximise eel growth and fitness, and thus enable fast maturation and reproductive
success [13].

Conclusion

The combination of gut content and stable isotopes analyses have made it possible to charac-
terize the feeding ecology of the European eels in the BW habitats and to compare the dietary
and isotopic niche between salinity gradients and six estuaries. The present study demon-
strated that the eels fed on a variety of typical BW prey, mainly Malacostraca and Actinoptery-
gii prey. These results reinforce the argument that part of the eel population may reside in
estuaries, and highlight the important role that these estuarine habitats can provide for the eel
life cycle. Both approaches led to the same pattern concluding that differences in the diet of
estuarine eels exist between larger and smaller estuaries. This difference corresponds to the
variation in the availability of macrozoobenthos prey which depends on the estuarine environ-
mental conditions (i.e. surface area, tides action, sediments types), potentially reinforced by
the feeding opportunism of eels. This difference in prey availability for eels could potentially
affect their condition and growth rate.

Our results suggest that the two approaches of gut content and stable isotopes analyses are
complementary and essential to characterise the feeding ecology of eels, one reflecting the diet
composition and the other the trophic structure. A complementary approach based on condi-
tion indices could be used to test the hypothesis of an impact on condition and growth in rela-
tion to diet. Such future research will improve our understanding of the development of eels in
BW habitats and fluctuations in population fitness [12], considering their physiological and
nutritional conditions. It will provide a better understanding of the functioning and quality of
estuaries for eels, which is necessary for better management and protection of this species.
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