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Abstract: Given the European eel population’s marked decrease since the 1980s, it has become urgent
to collect information describing its regional population structure to improve management plans.
The Minho River (NW-Portugal, SW-Europe) is an important basin for the eel at the southern limit
of its distribution, but the species is poorly described. Thus, we aimed to study the structure of the
European eel population in the Minho River using otolith shape analysis, which has proven to be
effective in discriminating fish groups experiencing different environmental conditions through on-
togeny. Our results showed complete discrimination between the two main types of habitats studied
(tributaries and estuaries). Otoliths of eels from the estuary were rectangular and elliptic, whereas in
the tributaries they presented a more round and circular form. Eels collected in both habitats were
mostly yellow-stage eels with a similar age range, but the eels from the tributaries showed smaller
length-at-age and lower body condition than those collected in the estuary. Additionally, the sex ratio
was skewed towards males in the tributaries and females in the estuary. This study reveals that there
are at least two distinct groups of eels in this basin, likely with different development characteristics.

Keywords: Anguilla anguilla; fish biology; ecosystem variability; minho river; stock assessment

1. Introduction

The European eel Anguilla anguilla (Linnaeus, 1758) population is currently outside
of safe biological limits [1]; the number of eels reaching the European coastal areas has
decreased by 90% since the 1980s [2–4]. Eel fishing still occurs throughout most of Europe
and across most life stages [5], even though this species is considered critically endangered
by the IUCN’s Red List and listed in Appendix II of the CITES and Bonn Convention [6–8].
The lack of basic knowledge about the status of regional stocks and its vast distribution
range has precluded the development of adequate management plans [5,9–12]. Eels grow
and adapt to habitats, from freshwater to saltwater, presenting a high degree of flexibility
in habitat use patterns [13–15]. Identifying regional population structure is of outmost
importance to unravel how each river basin is contributing to the spawning population.

The European eel (hereafter, eel) is a semelparous and semi-catadromous fish species
with a single randomly mating population [13,15,16]. It has a remarkable life cycle which
includes migration of ca. 6000 km between the spawning grounds in the Sargasso Sea
on the NW-Atlantic Ocean and the nursery areas distributed along the coasts of Europe
and Northern Africa [17–19]. Leptocephali (larvae) drift across the Atlantic Ocean and
metamorphose into glass eels before entering the continental shelf [20]. They then use
divergent colonization migratory tactics depending on the time of arrival and the settlement
habitat [21,22]. The growth phase in coastal waters typically lasts from 2 to 20 years (i.e., the
yellow eel stage), increasing with decreasing temperatures [23]. After this period, they
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metamorphose into silver eels and achieve sexual maturation as they swim back to their
spawning grounds [24,25].

At the scale of the species distribution, eel growth rates decrease from the south to the
north of Europe [23]. Additionally, as the result of the latitudinal gradients of temperature,
photoperiod, hydrology, and productivity, eels achieve larger sizes with increasing latitude
and distance from the spawning areas [26]. Within river basins, eel development can
vary according to environmental drivers such as temperature, salinity, depth, and food
availability [15,27,28]. Downstream brackish and marine environments promote higher
growth rates in eels than upstream freshwater or riverine habitats [29]. Demographical
factors such as sex and density are also known to influence individual development [30–32].
There is a predominance of males in Southern Europe and a predominance of females in
Northern Europe [23]. Males generally occupy the most downstream areas in a river, grow
fast, and mature earlier at a smaller size, whereas females develop slowly in upstream
areas and mature later at larger sizes [23,33,34]. Eel growth is usually low at higher
densities due to increased intraspecific competition for resources or habitat loss [35,36].
Males tend to predominate in such environments [28,30,37], which seems to contradict the
general idea of faster growth in males [18,38]. Nonetheless, several aspects of a riverine
environment are known to affect trophic interactions, fish distribution, and development,
such as productivity [39], ecosystem size [40,41], and disturbance [41,42]. The interactions
between these factors differ between basins, which will then reflect on the dynamic and
river-specific eel biology/ecology, not following the specific expected patterns.

The observed variations in development across the eel’s distribution range could be
reflected, for example, in the otolith formation [43–45]. Otoliths are metabolically inert
structures less vulnerable to post-depositional chemical and structural modification, as
they grow through uptake from the water masses through which a fish passes during
its lifetime [44,46,47], being good records of its life. Otoliths are widely used for age
estimation, but their microstructure can also be used to investigate habitat characteristics
and regional differences or similarities between fish populations [48,49]. They have proven
to successfully identify the population structure of several fish species [50–52]. Endogenous
and exogenous factors determine both otoliths’ overall shape and growth patterns [53,54],
functioning as good phenotypic markers, as their formation is influenced by feeding regime
and differences in body condition and growth [55–57]. Otolith shape has been studied for
the European eel in the Mediterranean and successfully discriminated eels that grow in
different habitat types, proving to be a valuable tool to study this species ontogeny [58,59].

In this study, we aimed to investigate for the first time the population structure of the
European eel in the Minho River using the otolith shape signature. The eels’ biological
characteristics were recorded to explore and discuss possible differences between eel
groups. This river basin is characterized by different habitats, such as upstream tributary
and downstream estuary ecosystems, whose dynamics and specific characteristics will
determine the ecological assemblage and its influence on eel life history. We hypothesize
that eels present distinct development strategies in these different environments, which
will reflect in the otolith shape characteristics. The results of this study are a step forward
in understanding the population structure of the European eels in their Southern Atlantic
distribution area.

2. Materials and Methods
2.1. Population Characterization
2.1.1. Study Area

Sampling took place between November 2017 and October 2020 in fixed locations
considered the most relevant areas for the occurrence of this species in the Portuguese
border of the International Minho river basin (unpublished results). This river is located in
the NW-Iberian Peninsula (SW-Europe). The river is 343 km long, and the last 76 km serve
as the north-western Portuguese–Spanish border [60]. The limit of tidal influence is about
40 km inland [61], and the uppermost 30 km are tidal freshwater wetlands (TFW) [62,63].
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The estuary has 23 km2 and is partially mixed, but during periods of high floods it tends to
evolve towards a salt wedge estuary [64].

The Minho River is the only area in Portugal where glass eel fishery still legally
occurs, and until the ban imposed in 2011, the yellow and silver eel fisheries were also
economically, socially, and culturally important. Minho has a separated eel management
plan from the rest of the Portuguese rivers; therefore, the data provided here can help
inform the success of its implementation. It also has a great ecological value, with several
areas classified as a Natura 2000 site. In the European context, this ecosystem is of reference,
as it integrates an extensive monitoring program that provides ICES with estimates for
the status of the European eel in Portugal, and is of relevance as a particular example of
cross-border eel management. This study was conducted under the Sudoang project, which
aimed at developing common management and assessment tools, obtaining coordinated
and long-term monitoring strategies, and reinforcing cooperation between stakeholders in
the Southwest Europe (Sudoe) area. The Minho River was part of an eel sampling network
that included 10 pilot basins in the Mediterranean and Atlantic which were representative
of the different ecosystems of the Sudoe area.

In the Minho basin, the habitat available to migratory fish decreased from 17,000 km2

(at the beginning of the 20th century) to 1000 km2 [65]. The river continuum is interrupted
at 76 km from the mouth of the river due to the presence of the Frieira dam, which impairs
upstream fish migration. There are 30 main tributaries on the Portuguese side, with water
line extensions varying from around 2000 to 46,000 m. Anthropogenic pressures, such as
human or industrial pollution, water capture, water flow control, construction of small
physical obstacles, or agricultural land, influence the water masses in these areas.

2.1.2. Sampling

Temperature, salinity (Aquaread aquaprobe AP2000), and river depth were deter-
mined during each sampling event. All individuals were measured (±0.1 cm), weighed
(±0.1 g), and classified macroscopically as yellow or silver eels using three criteria: the
color of the back and belly, presence of a well-marked lateral line, and eye diameter [66].
For eels above 30 cm, additional biometric measures were recorded for the Durif Silvering
Index estimation, including the pectoral fin length and the vertical/horizontal eye diam-
eter [67,68]. Fulton’s condition factor (FU) was calculated as a fitness indicator based on
the weight and length of each eel following Fulton [69]. As normality (Shapiro–Wilk test)
and homogeneity of variances (Levene’s test) assumptions were met, One-Way Analysis
of Variance (One-Way ANOVA) was used to test for regional differences in FU (0.05 level
of significance).

A total of 1428 eels were sampled in eight tributaries (Figure 1), which are freshwater
shallow areas (mean depth varying between 0.1 and 0.7 m) with temperatures ranging
from 10 ◦C to 20 ◦C throughout the year. Eels were caught during spring and autumn
by electrofishing using two different gears, Hans Grassl model EL62 IIG and Electrocatch
International model WFC911, in deeper or shallow tributaries, respectively. This is the
primary sampling method used to monitor freshwater fish abundance in rivers and streams,
as it samples populations quickly, is non-lethal, and can capture the entire size range of fish
present at a given location [70].

A total of 2676 eels were sampled in the estuary (Figure 1) in four fixed stations with
similar depths (two to four meters): one located near the river mouth (mesohaline to
euhaline; salinity varies with tides), with water temperatures reaching a maximum of 20 ◦C,
and three located in the tidal freshwater (fresh to oligohaline), with water temperatures
reaching a maximum of 26 ◦C [63,71]. Eels were collected using fyke nets of 10 mm mesh
size, 7 m total length, 0.7 m mouth diameter, and 3.5 m central wing. This type of gear is
selective for large eel individuals (>25 cm).
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Figure 1. Map showing the sampling locations of the Anguilla anguilla individuals collected from
November 2017 to October 2020 in the Minho River basin. Green dots denote the estuary sampling
locations, and blue dots show the tributaries’ sampling locations.

2.2. Otolith Analysis
2.2.1. Age Estimation

The sagittal otoliths from eels euthanized with an anesthetic overdosage were ex-
tracted. Macroscopic inspection of gonads was also undertaken for sex determination: eels
with thin, regularly lobed organs were classified as males, and eels with broad, folded,
curtain-like gonads were classified as females [28].

Eel age was assigned by counting the annual growth increments on the sagittal
otoliths [72,73]. For this, all otoliths were immersed in a clearing agent (ethanol and
glycerol, 1:1) to enhance their transparency during reading and examined using a stere-
omicroscope (Nikon SMZ800) against a dark background with polarized reflected light
(Figure 2a). An age of 0 years was attributed to the glass eels to consider only the continen-
tal age. Otoliths of eels older than 5 years old (140 individuals) were treated to enhance
rings’ visualization. The process consisted of embedding the otolith in epoxy resin and
mounting it on a glass slide for sagittal grinding. Each otolith was grounded manually
using a decreasing range in the coarseness of silicon carbide wet–dry papers (600–4000 grit)
(Figure 2b). The otolith plane was etched with a drop of 5% EDTA for 3 min and rinsed
with running water, stained with a drop of 1% Toluidine blue until it dried, and rinsed
again (Figure 2c). Otoliths were observed with a stereomicroscope and polarized reflected
light, and age was estimated. Three independent readings were undertaken, and only
otoliths with consistent concordance in age were used (a total of 420 otoliths, 210 from
the tributaries and 210 from the estuary). As linearity assumptions were not met, the
relationship between age and length was investigated using the Spearman rank–order
correlation test.
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Figure 2. Right sagittal otoliths: in the first image (a), the otolith rings are visible with the clearing
agent, followed by a non-readable ground otolith (b) and the resulting rings’ visualization after
coloration (c). The last image (d) is the averaged outline contour of the Elliptic Fourier analysis, in
red for the estuary and black for the tributaries.

2.2.2. Shape Descriptors

Orthogonal two-dimensional digital images of the right sagittal otoliths were captured
using a stereomicroscope coupled with a digital camera (Digital Sight DS-5M) at 2×mag-
nification. Otoliths were all photographed in the same position with reflected light and
dark backgrounds.

Binary otolith images were measured using the program ImageJ v. 1.50 (Bethesda, MD,
USA) to assess the morphometric size parameters, otolith length (OL, mm), otolith width
(OW, mm), otolith area (OA, mm2), and otolith perimeter (OP, mm) [74]. With these vari-
ables, it was possible to determine the Shape Indices (SI), Form factor (FF, (4πOA)/OP2),
Roundness (RO, (4OA)/(πOL2)), Circularity (CI, OP2/OA), Ellipticity (EL, (OL − OW)/
(OL + OW)), and Rectangularity (RE, OA/(OL×OW)), which describe the otolith plane [75].

The Elliptic Fourier analysis was also used. This analysis fits a closed curve to an
ordered set of data points, decomposes the contour into a sum of harmonically related
ellipses, and indicates the contribution of each harmonic to the total otolith shape [76–78].
The program Shape v.1.3 (Tsukuba, Japan) was used to capture the otolith contour and
to determine the number of Elliptic Fourier Descriptors (EFD) required to describe the
otolith outline adequately. A level of 95% of the accumulated variance was used to select
the minimum number of harmonics [79] (Figure 2d). The first 6 harmonics reached >95% of
the cumulative power, excluding coefficients c6 and d6. Moreover, after normalization to
the first harmonic (EFD invariant to otolith size), the first three coefficients (a1, b1, and c1)
were constant and excluded from subsequent analyses [80]. Thus, 19 Fourier coefficients
(d1 to b6) could adequately explain otolith shape.

2.2.3. Statistical Analysis

Shape Indices (SI) were checked for normality (Shapiro–Wilk test) and homogeneity
of variances (Levene’s test). These assumptions were met after log10 (e.g., CI) or square
root (e.g., FF) transformations. Differences in fish length distributions can disrupt location-
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specific characteristics, as the otolith shape relates to the fish development [76]. The rela-
tionship between SI and otolith size was investigated to ensure that differences in fish size
among samples did not confound habitat-specific differences in otolith SI. Because all SI cor-
related with OL, the variables were corrected using the formula Vadj = V − (β × covariate),
where Vadj is the adjusted sample value, V is the original sample value, and β is the AN-
COVA slope value (sampling location as factor and OL as a covariate) [81]. Statistical
analyses were performed using R studio v.3.5.1 (Boston, MA, USA) with a 0.05 level of
significance.The statistical analyses described in the following paragraphs were performed
for two groups, for the undifferentiated eels only, and for all the eels combined, in order to
remove potential sex-related effects, which may exist due to sexual growth dimorphism [43].
The results were similar for both cases, and thus differences were presented for all eels.
Comparisons were made between different habitats (estuary vs. tributary) and between
locations within each habitat (sampling locations within the estuary and the tributaries).

One-Way ANOVA was used to test for regional differences in individual shape vari-
ables, followed by a Tukey post-hoc test for significant differences. Multivariate Analyses
of Variance (MANOVA) tested regional differences using all SI and EFD variables. For
MANOVA, the approximate F-ratio statistic was reported for the most robust test of mul-
tivariate statistics (Pillai’s trace), followed by multivariate pairwise comparisons using
the Hotelling’s T-squared test. Statistical analyses were performed using R studio v.3.5.1
(Boston, MA, USA) with a 0.05 level of significance.

A Linear Discriminant Analysis (LDA) was used to examine the reclassification accu-
racy of eels to their original location, verified through the percentage of correct reclassi-
fication accuracies of the discriminant functions using a jackknifed classification matrix.
A Canonical Variates Analysis (CVA) (with Mahalanobis distances) was used to visual-
ize differences and to identify the variables that contributed most to the discrimination.
These results were presented in a two-dimensional biplot, with ellipses representing 95%
confidence. Both analyses were conducted using the software PAST v.4.05 (Oslo, Norway).

3. Results
3.1. Population Characterization

The information regarding the 4104 eels caught between November 2017 and October
2020 is summarized in Table 1 and Figure 3. The size of the eels sampled in the tributaries
(total = 1428 eels) varied between 6 cm and 39 cm, with an average (±SD) of 18 ± 7.32 cm,
and 1.5% were macroscopically classified as silver eels. In the estuary, the size of the
sampled eels (total = 2676 eels) varied between 6 cm and 88 cm (36 ± 10.64 cm), and
the proportion of eels macroscopically classified as silver eels was 3.2%. Overall, size
distribution was right-skewed, and there was a higher proportion of yellow-stage eels than
silver eels.

The majority of eels from the tributaries Coura (a), S.Gonçalo (b), Lajes (g), and
Mouro (h) presented sizes lower than 20 cm, while those at Campos (c) and Insuas (d) were
smaller than 15 cm (Figure 3). The majority of eels collected at Gadanha (f) presented sizes
varying between 10 cm and 25 cm, while the sizes of the eels collected at V. Mira (e) were
more evenly distributed (Figure 3). Based on the Durif Silvering Index, 97% of eels were
yellow-stage eels, and silver individuals were all males (SMII) with lengths between 29 and
39 cm.

The majority of eels collected in Caminha (i), Espanha (j), Ponte (k), and Marina (l)
presented sizes varying between 25 and 35 cm, and the largest eels were collected at
Ponte (k), the only location with the presence of eels larger than 80 cm (Figure 3). In
the estuary, 84% were yellow-stage eels, 14.5% of which were females, and the rest were
classified as silver eels (4.5% females and 11.5% males). The number of females and
silver eels in the estuary slightly increased with increasing distance from the river mouth
(Figure 3).
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Table 1. Eels caught in the monitoring campaigns in the Minho River between November 2017 and
October 2020. Data presented include: total sample size (N total), the number of silver eels classified
macroscopically (N silver), minimum, maximum, and mean (±standard deviation, SD), total length
(cm) of all eels, and the mean (cm ± SD) total length (cm) of the individuals characterized using the
Durif Silvering Index as yellow resident (SI and SFII), female pre-migrant (SFIII), silver female (SFIV
and SFV), and as silver male (SMII).

Sampling N Length (cm) Durif Index-Length (cm, Mean ± SD)

Habitat Location Total Silver Min Max Mean ± SD SI SMII SFII SFIII SFIV SFIV

Coura 127 3 6 34 17 ± 7.37 16 ± 6.86 33 ± 1.04 - - - -
S.Gonçalo 50 0 6 31 19 ± 6.72 19 ± 6.72 - - - - -
Campos 184 0 6 34 14 ± 6.24 14 ± 6.24 - - - - -

Tributary Insuas 249 3 7 36 14 ± 8.07 14 ± 7.34 34 ± 1.46 - - - -
V.Mira 99 0 6 33 19 ± 7.70 19 ± 7.70 - - - - -

Gadanha 298 12 9 39 23 ± 6.39 22 ± 6.09 33 ± 2.13 - - - -
Mouro 284 3 10 35 19 ± 5.37 19 ± 5.06 31 ± 2.50 - - - -
Lajes 137 1 11 35 19 ± 5.84 18 ± 5.40 32 ± 2.80 - - - -

Caminha 84 2 15 64 33 ± 8.80 29 ± 4.27 36 ± 3.85 - 63 ± 3.49 - -
Estuary Espanha 551 18 8 73 35 ± 11.21 30 ± 6.01 34 ± 3.09 49 ± 5.68 53 ± 11.76 56 ± 8.46 60 ± 7.00

Ponte 967 50 6 88 36 ± 11.92 30 ± 5.05 36 ± 3.68 49 ± 4.38 54 ± 13.72 57 ± 8.63 61 ± 6.28
Marina 1074 18 19 71 34 ± 8.95 30 ± 5.21 35 ± 3.74 46 ± 1.56 48 ± 3.83 55 ± 4.08 57 ± 6.00
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Figure 3. Catch length composition of the eels collected in the tributaries ((a) Coura, (b) S.Gonçalo,
(c) Campos, (d) Insuas, (e) V.Mira, (f) Gadanha, (g) Mouro, and (h) Lajes) and in the estuaries
((i) Caminha, (j) Espanha, (k) Ponte, and (l) Marina). Pie charts present the proportion of individuals
sampled according to the life stage classification based on the Durif Silvering Index (Durif et al. 2009):
yellow resident (SI and SFII), female pre-migrant (SFIII), silver female (SFIV and SFV), and silver
male (SMII).
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3.2. Otolith Analysis

The information regarding the 420 eels used for the otolith analysis is summarized
in Table 2 and Figure 4. The age of the eels varied between 0 and 10 years and sizes
between 6 cm and 60 cm. Eels caught in the tributaries (Figure 4a) and estuary (Figure 4b)
had similar length-at-age for the age classes 0 and 1. From the age of 2 years onwards,
the eels collected in the estuary were 25% to 40% longer (mean total length) than those
collected in the tributaries. In the tributaries, most of the individuals belonged to the
2, 3, and 4 age classes, whereas in the estuary most of the eels belonged to the 4, 5,
and 6 age classes. The eels collected in the estuary presented higher length dispersion
over an age class (Spearman correlation; rs = 0.6797, p < 0.05) than those collected in the
tributaries (Spearman correlation; rs = 0.9642, p < 0.05; Figure 4). The condition of the eels
collected in the tributaries only differed between Mouro and Gadanha (One-Way ANOVA,
F(6, 203) = 4.55, p < 0.05; Tukey Test, p < 0.05; Table 2). The condition of the eels collected
in the estuary varied between stations (One-Way ANOVA, F(3, 206) = 4.79, p < 0.05), with
eels sampled in Caminha presenting the lowest mean FU value (Tukey Test, p < 0.05). Eels
collected in the estuary presented higher FU values than those collected in the tributaries
(One-Way ANOVA, F(1, 418) = 109.6, p < 0.05).

Table 2. Number of eels collected in the Minho River according to habitat and sampling location (N),
number of macroscopically sexed eels (males *), minimum and maximum age, weight (W), length
(L), and mean (±standard error, SE), Fulton’s condition factor (FU). Data also include age, W, L, and
silvering stage of undifferentiated, male, and female eels according to the habitat.

Habitat Location N Sexed Age W (g) L (cm) FU (Mean ± SE)

Coura 30 2 * 1–10 1.53–69.4 10.6–34.9 0.146 ± 0.004
S.Gonçalo 15 0 0–8 0.23–70.8 6.3–32.7 0.151 ± 0.004

Tributary Insuas 30 2 * 0–10 0.4–75.6 7–36 0.136 ± 0.005
V.Mira 30 0 0–8 1.25–55.3 9.5–31 0.144 ± 0.003

Gadanha 15 12 * 2–10 3.02–75.6 14.9–34.6 0.154 ± 0.006
Mouro 60 3 * 1–10 1.6–73.6 11.6–35.2 0.125 ± 0.003
Lajes 15 1 * 1–9 3.55–90.5 14.4–35.9 0.150 ± 0.007

Caminha 30 3/1 * 3–7 16.3–78.2 23.0–36.2 0.156 ± 0.004
Estuary Espanha 45 12 0–9 0.67–276 8.4–53 0.160 ± 0.004

Ponte 45 25 0–9 0.57–367 6.7–54.6 0.173 ± 0.003
Marina 90 40/3 * 2–9 15.4–483 20.5–60.5 0.168 ± 0.004

Habitat Sex Age W(g) L(cm) Silvering

Tributary Undifferentiated 0–10 0.23–69.4 6.3–34.9 All Yellow
Male 6–10 32.1–90.5 29–36 All Silver

Estuary Undifferentiated 0–7 0.57–98 6.7–36.5 All Yellow
Female 4–9 57.6–483 31.1–60 2 Silver
Male 4–7 46.9–87 30.8–37.6 All Silver

Shape Indicies (SI) and Elliptic Fourier Descriptors (EFD) values and variable individ-
ual results are in Tables S1 and S2, respectively. In the tributaries, otolith shape differed
between a few locations in the tributaries: Coura from Insuas and Lajes, Mouro from Insuas
and Gadanha, and S.Gonçalo from Lajes (MANOVA, Pillai´s Trace, F1.6049 = 0.999, p < 0.05).
The LDA, through the Jackknife reclassification matrix, showed that Lajes was the site with
the best reclassification value (40%), but the overall reclassification success was low (26%;
Table 3. The lack of specific groups can be visualized in the CVA plot (Figure 5a). Vectors’
overlay shows the RO as the most prominent variable for group characterization. The
otolith shape of eels collected in the brackish sampling location (Caminha) was different
from those collected in the TFW (MANOVA, Pillai´s Trace, F1.799 = 0.589, p < 0.05). The
LDA, through the Jackknife reclassification matrix, showed good reclassification success
for Caminha (57%), but an overall poor reclassification success for the eels collected in
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the estuary (34%; Table 3). The discrimination of Caminha can be visualized in the CVA
plot, where vector overlays show the prevalence of the otolith outline EFD variables d1,
b2, and b3 (Figure 5b). Otolith shape proved to be successful in differentiating eels from
tributary vs. estuary habitats (MANOVA, Pillai´s Trace, F83.883 = 0.842, p < 0.05). The LDA,
through the Jackknife reclassification matrix, showed an overall reclassification success of
98%, with complete reclassification success for the tributary habitat (100%; Table 3). The
discrimination of both habitats can be visualized in the CVA plot (Figure 5c). Additionally,
the CVA plot of the undifferentiated eels shows similar results (Figure 5d). Vector overlays
show that the SI variables RO and CI describe the otoliths of the individuals collected in
the tributaries, whereas EL and RE describe the otoliths of the individuals collected in the
estuary. Otolith outline EFD variables d1, b2, c2, b4, d3, d4, and b3 also contribute to the
discrimination between groups.
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Table 3. Jackknife reclassification matrix of the otolith shape signatures of the eels collected in the
Minho River according to (a) the tributary sampling locations, (b) the estuary sampling locations,
and (c) habitat.

(a) Tributary

Original Locations Coura S.Gonçalo Insuas V.Mira Gadanha Mouro Lajes % Correct

Coura 8 4 5 6 4 1 2 27
S.Gonçalo 2 3 1 3 2 3 1 20

Insuas 1 5 9 1 5 4 5 30
V.Mira 5 7 1 5 7 1 4 17

Gadanha 5 3 2 5 9 3 3 30
Mouro 7 5 6 11 11 15 5 17
Lajes 2 0 1 3 1 2 6 40
Total 30 27 25 34 39 29 26 26

(b) Estuary (c) Habitat

Original
Locations Caminha Ponte Espanha Marina % Correct Original

Locations Tributary Estuary % Correct

Caminha 17 5 6 2 57 Tributary 210 0 100
Ponte 6 12 12 15 27 Estuary 8 202 96

Espanha 9 11 15 10 33 Total 218 202 98
Marina 13 28 21 28 31
Total 45 56 54 55 34
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4. Discussion

This study was the first attempt to characterize the European eel population structure
in the Minho River basin. Otolith shape results revealed the existence of two distinct groups
of eels associated with different ecosystems: tributaries vs. estuaries. The otoliths of eels
from the tributaries were round and circular, whereas the otoliths of eels from the estuary
were elliptical and rectangular. Moreover, the otoliths’ outline of eels from the brackish
location slightly differed from those of the tidal freshwater wetlands within the estuary.
Eels collected in the tributary and estuary habitats were mostly yellow-stage eels with a
similar age range, but eels from the tributaries showed lower length-at-age and lower body
condition than those collected in the estuary. The sex ratio was skewed towards males in
the tributaries and females in the estuary. Additionally, in the estuary, the brackish location
presented a higher percentage of males and eels with a lower-body condition than those
from TFW locations.

Previous studies have shown that variability in fish development can be mirrored
in the shape of otoliths. Several abiotic characteristics of the environment, such as tem-
perature fluctuations, salinity, depth, and food availability, are responsible for that vari-
ability [44,82–84]. Moreover, otolith shape indices have proven to be useful in discrimi-
nating eels growing in different habitats at the regional level [58,59]. For instance, Capoc-
cioni et al. [58] found similar results to those obtained during this study, including elon-
gated otoliths with a trimmed outline, evidence of growth effects in estuarine habitats, and
maintenance of the initial glass eel circular shape throughout the eel life when growing
in tributaries. The different strategies in development for the eel in a variety of river
basins have been shown to reflect the complexity of the riverine habitats, which allows the
understanding of habitat suitability, recruitment success, and eel productivity [85,86].

There are no studies on the effects of environmental fluctuations and differences in
habitat suitability on eel development in the Minho River. Despite that, these relations
were found for other basins containing similar habitat types. The smaller length-at-age and
lower body condition of the eels collected in the tributaries, compared to those collected in
the estuary, may indicate that tributaries are less suitable habitats for eels to grow. Previ-
ous studies have shown that growth tends to be higher in brackish environments and in
freshwater marshes closer to the sea than in freshwater upstream habitats [27,87,88] due to
increased productivity and food quality [29]. Although there are no estimates for the pro-
ductivity in the tributaries of the Minho River, previous studies indicate that the food webs
in the tributaries are mainly supported by aquatic- and terrestrial-derived detritus [89]. The
detrital pathway is usually considered less efficient when compared to the phytoplankton
pathway [90], which in this case, is more associated with the estuary [63]. Additionally,
extreme hydrological regimes in the tributaries, characterized by droughts during the
summer and torrential flooding during the winter, can impact fish responses, promoting
stress conditions [91]. Moreover, eels in freshwater environments tend to present lower
levels of fat accumulation and higher prevalences of the parasite Anguillicola crassus, which,
in tandem with decreases in habitat quality and complexity due to human interventions,
may impose further restrictions on eel growth and development with consequences for
their performance, health, and survival [92–94]. In the Minho River, the prevalence of the
parasite Anguillicola crassus has been increasing through the years [95], which could impair
eel development.

The proportion of males was higher in the tributaries than in the estuary; this may
indicate further habitat restrictions. One possible explanation could be related to the exis-
tence of the Frieira dam 76 km from the river mouth, which is the first main obstacle to the
upstream migration of eels in the Minho River. As a result, high numbers of yellow eels con-
centrate in areas below the dam, a behavior already observed in other ecosystems [92,96,97].
This promotes competition for food and shelter, parasite dissemination, and long-term
effects such as spawning biomass reduction due to sex ratio changes [31,97,98], specifi-
cally skewness towards males [28,30,37]. It was estimated that the habitat reduction for
migratory species due to dams in this ecosystem is around 90%, and because eels cannot
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migrate to and from upstream areas, they are caught in the dam and distributed mainly in
the downstream tributaries. The habitat reduction, both in extension and quality, and the
environmental variability in tributaries may be responsible for the poorer development
of eels compared to the conditions in the estuary since those in the tributaries presented
lower body conditions, smaller length at a certain age, and a skewness towards males.
Further studies are necessary to relate the type of habitat and environmental variability
(e.g., productivity, pollution, and extreme events) with eel condition (e.g., stress, fat content,
and prevalence of parasites).

Eels collected in brackish estuarine habitat (i.e., Caminha) presented a lower body
condition when compared to the eels collected in the upstream tidal freshwater wetlands.
This result is unexpected, as productivity tends to be higher in brackish waters. However,
this could mean that eels invest more in somatic growth than in energy storage. Previous
records of lighter individuals in coastal areas compared to those in inland waters were
reported [28]. Although the movement patterns of eels in the Minho River are unknown,
we hypothesize that this behavior could be linked to the conditions eels experienced during
early life [99]. The settlement of eels in brackish habitats can be condition-dependent,
with low-body-condition glass eels preferring high-salinity habitats [22]. Early migrants
usually present better body condition and migrate further upstream than the late migrants,
which are usually in the worst conditions and settle in the lower estuary [100–102]. Similar
compensatory-growth behaviors were observed in other fish and invertebrate species,
where they were able to increase the growth rate but maintained a low body condition
when transiting to habitats with high food availability [103,104]. Another explanation,
which is not mutually exclusive, could be related to movements throughout the yellow
eel stage, from freshwater to the brackish estuary, as observed for this species in other
ecosystems [15]. Still, additional information combining individual growth and habitat
shift events is necessary to understand the influence of different environments on eels’
growth strategies and condition throughout ontogeny.

The areas where eels were larger and had the highest body condition values were
located in the tidal freshwater estuary. These are transition areas between the brackish
estuary and the non-tidal freshwater streams, and tend to be less susceptible to variations
in salinity or temperature and depth than the brackish estuary or the tributaries, respec-
tively [105]. Positive effects on eel development were associated with high temperatures
and depths [27,106]. In the Minho basin, the TFW area reaches maximum water tempera-
tures of 26 ◦C during the summer, salinity is below 0.5 throughout most of the year, and
depth is relatively constant, varying between 2 and 4 m across this area. The salinity in the
brackish estuary varies daily with tides and along the year with the river flow, while in
the tributaries, depths can be as low as 0.1–0.7 m during spring and autumn, and water
temperature in both areas usually does not exceeds 20 ◦C. Thus, the relatively stable abiotic
conditions and higher temperature and depth values in the TFW may promote a steady
development environment, allowing eels to grow to larger sizes. However, several un-
known variables could be acting together, limiting further conclusions about the influence
of the environment on development [27]. Eels have sex-specific life-history strategies, with
females showing long maturation periods to produce eggs, thus having higher energetic
demands than males, which leads to a sexual dimorphism based on differences in length
at maturity [28,68]. Males migrate at a lower length, around 35–45 cm, minimizing the
duration of their yellow stage, while females migrate at sizes of 40–130 cm, optimizing
their size to reach a higher fecundity [23,28,68]. This trade-off strategy in sex differentiation
depends indirectly on the effects of environmental conditions on growth [107,108]. Thus,
the higher proportion of females in the estuarine TFW may indicate that this habitat is more
favorable for eel development.
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5. Conclusions

Our study reveals the existence of at least two distinct groups of eels in the Minho
River, associated with different types of habitats: tributaries vs. estuaries. Otolith shape
analysis completely discriminated these two groups; the otoliths were more round and
circular in the tributaries and more elliptical and rectangular in the estuary. Upstream
tributary environments likely offer poorer development conditions for eels than estuarine
areas, as these eels were smaller and in worse condition than those in estuaries. Moreover,
eels collected from tributaries skewed towards males. The estuary was dominated by larger
eels than the tributaries, skewed towards females, and presented eels with higher body
condition, especially in the tidal freshwater wetlands. This information is of outmost impor-
tance to begin understanding the development strategies of the eel in the Minho River and
the contribution of this river to the spawning population. Continued European eel research
in this species’ wide distribution area is urgent in order to improve stock management.
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