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Abstract The glass eel catch from the international 
River Minho, western Iberian Peninsula, forms the 
southernmost Atlantic series in the composite index 
outside the North Sea assessing European eel recruit-
ment. Here, new experimental yield data from the 
lower estuary (1981–2022) and fishers´ daily records 
(1990–2022) were modelled to describe and compare 
seasonal and interannual trends. Seasonality matched 
river discharge climatology, possibly a more general 

feature in the southern range of the species distribu-
tion, with the difference between high and low sea-
son becoming less marked in recent periods of lower 
abundance. Glass eel yield showed a sharp decline 
during the 1980s, in line with the recruitment index 
outside the North Sea and with total Minho catch, but 
not with recent local estimates of catch per unit effort. 
This decline is corroborated by trends in fishers´ daily 
records, suggesting that the reduction in effort in the 
Minho was the consequence of a gradual adjustment 
to recruitment in the catchment mediated by progres-
sively tighter local management measures. The inef-
ficiency of fisheries regulatory measures to guarantee 
stock recovery alone calls for more comprehensive 
measures to reverse anthropogenic impacts on conti-
nental eel populations, but the task seems Herculean.

Keywords European eel (Anguilla anguilla 
(L.)) · Critically Endangered · Monitoring series · 
Recruitment · Seasonality · Decadal trends

Introduction

Anguillid eels have complex life cycles that may 
require cumulative exposure to oceanic, coastal, 
estuarine, and inland habitats across their life stages 
(Tesch, 2003). Their wide distribution, predatory 
behaviour, and diversity of habitats required to com-
plete their life cycle also make eels suitable surro-
gate species to monitor biodiversity conservation, 
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especially in freshwaters (Itakura et al., 2020). Being 
of marine origin, the genus retains marine spawning 
with oceanic dispersal of larvae (leptocephali) until 
reaching continental waters. On arrival to the conti-
nental shelf, the larvae metamorphose into glass eels 
and generally enter the estuaries of the nearest rivers. 
After several years of growth (yellow eel phase), the 
duration of which depends on sex, habitat productiv-
ity and latitude, yellow eels undergo a metamorphosis 
into silver eels and initiate a migration back to their 
spawning grounds, where they reproduce and die (Jel-
lyman, 2022).

Currently, most species of the genus Anguilla 
are under some conservation strain. In addition to 
changes in oceanic conditions, eels have been subject 
to a host of anthropogenic pressures, such as habitat 
loss and fragmentation, obstacles to migration, pol-
lution, introduction of parasites and overexploitation, 
that have acted in their continental habitats for dec-
ades (Jacoby et  al., 2015) and synergistically led to 
the current situation of generalised threat (Drouineau 
et  al., 2018). The most prominent conservation risk 
is for the European eel (Anguilla anguilla (L.)). With 
a distribution area that spans more than ten thousand 
km across the temperate north-eastern Atlantic Ocean 
and the Mediterranean Sea (Tesch, 2003), the Euro-
pean eel remains Critically Endangered in the latest 
IUCN Red List assessment (Pike et al., 2020) and is 
listed in Appendix II of CITES, which prohibits inter-
national trade. Perilous IUCN classifications have 
also been attributed to other temperate species (Har-
rison et al., 2014) and most tropical ones (Jellyman, 
2022), although some of the latter are classified as 
Data Deficient. This leads to a paradoxical situation 
where one of the most widespread fish genera in the 
globe, and apparently among the most evolutionary 
successful due to a range of biological adaptations, is 
currently facing a practically worldwide conservation 
threat.

The status of the European eel stock is annu-
ally assessed by ICES based on trends in composite 
indices of glass eel (from 1960 onwards) and yellow 
eel relative abundance (from 1950 onwards). These 
indices emerge from the joint statistical modelling 
of relative abundance indicators available across the 
species distribution area, retained in the analysis fol-
lowing quality checks and, in the case of the recruit-
ment index, geographically organized as North Sea or 
elsewhere Europe (ICES, 2022). Currently retained 

indicators are based on a few fishery-independent 
monitoring series, frequently associated with obsta-
cles to migration (dams or cooling stations—e.g., 
Briand et  al., 2003; Westerberg and Wickström, 
2016) at some distance from the coast, and several 
fisheries series based on commercial catch or catch 
per unit effort (CPUE) data (Bornarel et  al., 2018). 
Glass and yellow eel data are often reported jointly 
in mixed indicators, with 20 mixed series and 37 
glass eel series currently used for the assessment of 
recruitment (ICES, 2022). Data are mainly available 
in and around the North Sea, with 18 series out of 
the 22 currently used in the yellow eel index com-
ing from the North Sea (ICES, 2022). The glass eel 
recruitment index outside the North Sea covers all 
the remaining range of the species, with a latitudinal 
(more series in northern than in southern Europe, no 
series in northern Africa) and a longitudinal (more 
series in the northeast Atlantic than in the Mediter-
ranean Sea) imbalance. A review of historical trends 
in eel fisheries from Mediterranean Sea lagoons, also 
points to important declines in recruitment and local 
standing stocks (Aalto et  al., 2016), although these 
data are not used by ICES in the assessment indices 
mentioned above.

The international River Minho/Miño (Minho 
thereafter) forms the border between northern Por-
tugal and Spain and flows into the Atlantic ocean. 
Situated at the western edge of the Iberian Penin-
sula, its river plume (Fernández-Nóvoa et  al., 2017) 
is associated with a narrow continental shelf (Varela 
et  al., 2005). Sediments are exported from the estu-
ary during episodic flood events (Dias et  al., 2002) 
that also contribute to the temporary increase of the 
turbid plume of the River Minho over a coastal area 
that can exceed 400  km2 (Fernández-Nóvoa et  al., 
2017). Complex coastal interactions with the Douro 
plume and the Rias Baixas circulation are modulated 
by wind regimes (Mendes et al., 2016) that also influ-
ence oceanographic conditions and productivity in 
the North Iberian Shelf (González-Nuevo and Nogue-
ira, 2014). As a result, the freshwater discharge from 
the River Minho provides one of the westernmost 
attractions for continental entry of eastward migrating 
oceanic eel larvae that initiate their metamorphosis 
into glass eels (Antunes & Tesch, 1997).

The river Minho has experienced many centu-
ries of diadromous fish exploitation (Araújo et  al., 
2016). Since the 1970s the most important activity 
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in the estuary has been glass eel fishing using stow 
nets (Weber, 1986). Since 1981 the fishery is man-
aged jointly by Portugal and Spain (Stratoudakis 
et  al., 2023). An advisory committee, composed of 
members of the national and regional administration 
from the two countries, supports the two maritime 
authorities in the preparation of an annual decree and 
contributes to communication with national and inter-
national scientific bodies and the European Fisheries 
Administration. A formal meeting of the advisory 
committee takes place annually in the presence of 
the representatives of local authorities, where fishery 
regulations for the coming year are presented and dis-
cussed (Stratoudakis et al., 2023). In recent years, the 
restrictions on glass eel fishing effort have been prom-
inent in the agenda, creating heated debates within 
the committee and with representatives of local com-
munities and fishers´ associations. The annual catch 
data reported from this fishery contribute towards the 
southernmost Atlantic indicator of eel recruitment 
in the ICES glass eel index outside the North Sea 
(Bornarel et al., 2018). A local CPUE series has been 
recently reconstituted, based on total catch adjusted 
for underreporting and divided by potential fishing 
effort (Correia et  al., 2018). The latter corresponds 
to fishing opportunities estimated from the number 
of emitted licences times the number of new moons 
of possible fishing in the respective glass eel fishing 
season. The CPUE series showed a moderate decline 
in the 1980s and some recovery from the 2000s 
onwards, raising hypotheses of latitudinal differences 
in population decline within the species distribution 
area (Correia et al., 2018).

The objectives of this study were to investigate 
trends in local eel monitoring data and compare with 
already published series. For that, we recovered and 
jointly analysed historical and recent glass eel recruit-
ment data that are assumption-free and independ-
ent of the current ICES assessment series and the 
recent reconstitution of the Minho CPUE by Cor-
reia et  al. (2018). Daily catch records of individual 
fishers were also used to validate the new series and 
Generalised Additive Models (GAMs) were used to 
detect seasonal and inter-annual patterns. Consider-
ing what is known about the implementation of the 
European Eel Management Plans (EMP), emanat-
ing from EC Regulation nº 1100/2007 that mainly 
focused on the restriction of fishing effort, and recent 
roadmap adjustments proposed to address observed 

insufficiencies (ICES, 2021), the present study aims 
to update information on the southern limit of the 
species distribution in the Atlantic and contrib-
ute towards a broader management perspective that 
simultaneously addresses eel stressors in continental 
and marine waters.

Materials and methods

Study area

River Minho starts in the highlands of northeast 
Galicia and ends, after approximately 300 km, in the 
Atlantic Ocean (41º 51′ 54.39’’ North; 8º 52′ 17.70’’ 
West), between Caminha (Portugal) and A Guarda 
(Spain). The river drains a basin of 17.11 ×  103  km2, 
95% of which is in Spain, and the final part of its 
course, with a length of 70  km, delimits the north-
ern border between the two countries (international 
River Minho—Fig.  1). The estuary is mesotidal 
with a total area of 23  km2, extending about 40 km 
inland and having a maximum width of 2  km near 
the mouth. Five dams, constructed between the 1950s 
and the 1970s, significantly reduced the longitudinal 
connectivity for diadromous fish in the international 
main stem and some tributaries (Azeiteiro et  al., 
2021; Almeida et  al., 2023). Damming has also led 
to increased siltation and reduced water flow in the 
summer months (Sousa et al., 2008), leading to com-
plaints by fishers and their associations (Stratouda-
kis et al., 2023). The river has limited industrial and 
urban pollution and acceptable water quality (San-
tos et  al., 2013), but in recent years there has been 
an increase in exotic species and a modification of 
aquatic communities (Ilarri et al., 2022).

Glass eel fishery

The stow net used in the glass eel fishery in the 
River Minho was crafted by a local Spanish fisher 
in the 1960s and rapidly gained prominence due to 
its efficiency during flood tides (Antunes, personal 
communication), particularly at nights around new 
moon (Weber, 1986). Local licensing and system-
atic recording of total annual catch of glass eel in 
the River Minho started in the 1973/74 fishing sea-
son. The glass eel fishery in Portugal was regulated in 
1981, with stow net commercial fishing only allowed 
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at the international section of River Minho. In the 
remaining Portuguese rivers glass eel fishing was ini-
tially allowed with a hand-net, but it became prohib-
ited during 2000, when signs of declining abundance 
were associated with a generalized use of illegal 
fishing gear and high levels of bycatch (Antunes and 
Weber, 1996; Neves et al., 2018). In River Minho, the 
observed decline in recruitment and the implementa-
tion of the local EMP led to a prohibition of fishing 
for yellow and silver eel during the 2008/09 fishing 
season and to a progressively tighter regulation of 
glass eel fishing opportunities (Correia et al., 2018). 
The number of fishing licences has been steadily 
decreasing and the total duration of the fishing season 
has been reduced. During the early years of the activ-
ity the fishing season was restricted from Novem-
ber to April to avoid the increasing level of bycatch 
in the remaining months (Antunes & Weber, 1996). 
Although there has always been a preference for fish-
ing around the new moon, in more recent years there 
has been a restriction of fishing to one week before 
and one week after new moon per month (Correia 
et al., 2018) and a further reduction in fishing months.

Data availability

Historical data series of experimental stow net fish-
ing, conducted opportunistically in the lower Minho 
estuary since 1981, were recovered and added to the 
monitoring data regularly obtained since 2017 fol-
lowing the same sampling protocol. This compila-
tion only considers experimental glass eel fishing 
events with a stow net at a known fishing location in 
the lower estuary in which both fishing time duration 
and glass eel catch records (grams) are available: sta-
tion 3 in Weber (1986), 5.2 km from the river mouth, 
and station 1 in Antunes (1990), 2 km from the river 
mouth. Experimental observations started in the early 
1980s (1981/82 fishing season) and have continued 
opportunistically until 2017, when a regular monitor-
ing program, of monthly sampling from November 
to May, was initiated under the EU Data Collection 
Framework. All data correspond to glass eel biomass 
caught per hour of fishing with a stow net of standard 
dimensions (20 m long float lines, 15 m long bottom-
anchored lead line, 8 m high and 1–2 mm mesh size), 
with the fishing operation always taking place around 
the new moon and for 2–3 h after low tide. Some of 

Fig. 1  Iberian Peninsula and international River Minho/Miño along the northern border between Portugal and Spain. Rivers along 
the southern distribution area of the European eel in the northeast Atlantic, indicated in Table 3, are also highlighted



2595Hydrobiologia (2024) 851:2591–2607 

1 3
Vol.: (0123456789)

the earliest data are already published, but the major-
ity are either opportunistic collections within pro-
jects or, since 2017, are annually reported to ICES 
through Eel Data Calls. The new series makes no 
estimation assumptions, as it is based on standard-
ised glass eel yield per hour of stow net operation 
during flood tide around the new moon, and closely 
corresponds to new arrivals, as it takes place near the 
river mouth and is mainly composed of glass eels at 
early stages of development (Weber, 1986; Antunes, 
1994). Table  1 summarises all standardised experi-
mental glass eel fishing data made available for this 
study in the international River Minho for the period 
1981–2022. These data can provide an independ-
ent indicator of catchment recruitment monitoring 
(according to the definition of Drouineau et al., 2016) 
for the River Minho and be considered in the future 
as an additional monitoring series for the composite 
index outside the North Sea.

The most recent ICES assessment report (ICES, 
2022) was used to obtain the series of recruitment 
indices for the northeast Atlantic and the North 
Sea and the official Portuguese catch data from the 
Minho. Table 2 summarizes the information available 
from daily records of glass eel catch from commercial 
fishing operations in the River Minho, either through 
the voluntary disclosure of fishers´ logbooks after 
retirement or through the anonymous register of log-
books by local traders. Given that commercial fish-
ing operations in the River Minho have always taken 
place in autumn and winter (Weber, 1986; Antunes 
and Weber, 1996), calendar months and years are 
reorganized for this analysis according to the season-
ality of glass eel recruitment and the respective fish-
ing season: from October of one year (month 1 in the 
season of year 1) to September of the next (month 12 
of year 1). For example, the last month of the fish-
ing season 2022/2023 in March 2023, corresponds to 
month 5 in the fishing year of 2022. For this reason, 
the recruitment indices of ICES are analysed and pre-
sented for the year prior to the one reported.

To explore the relationship between seasonal-
ity of glass eel arrivals in estuaries at the southern-
most range of the species distribution (from southern 
France to northern Morocco in the northeast Atlan-
tic—see Fig. 1) and river discharge, the results of the 
present analysis in the River Minho and metadata 
from other publications were used. Mean monthly dis-
charge data from the River Minho were obtained from Ta
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Santos et al. (2021) and associated with the seasonal-
ity patterns resulting from the modelling of the exper-
imental yield data. For neighbouring rivers within the 
southern distribution area of eel, mean monthly dis-
charge values and months of glass eel arrivals were 
obtained from the literature (see discharge metadata 
citation in parentheses within Table 3 below).

Statistical analysis

The date of fishing operations was used to estimate 
the lunar luminosity, using the library lunar in R. 
This corresponds to the nominal nocturnal luminosity 
at a given latitude and date and does not account for 
local meteorological conditions. Temporal patterns 
in experimental glass eel yield from the lower Minho 
estuary (Table  1) and daily fisher records (Table  2) 
were modelled with a Generalised Additive Model 
(GAM—Wood & Augustin, 2002). All experimental 
yield data from Table 1 were used to describe the sea-
sonality of glass eel arrivals in the Minho estuary and 
explore for changes over time. To this end, a smooth 
effect of the month was considered, as well as the 
effect of the period (high vs low abundance period, 
two level factor) and the smooth effect of the year. 
Only the experimental yield data from the main fish-
ing months were then used together with the fisher 
catch data from Table 2 to model the interannual yield 
trend, to compare between the two sets (experimental 
vs fisher data) and with the ICES indices. For that, 
only the smooth effect of the year was considered for 
experimental yield during the fishing season, while 
the smooth effect of luminosity was also considered 
for the fisher catch daily data.

Adequacy of the model complexity was evalu-
ated using the Akaike´s Information Criterion (AIC). 
In the case of the seasonality model a forward step-
wise selection procedure was followed and the model 
with the lowest AIC was selected. A negative bino-
mial error distribution was used with a logarithmic 
link function, iteratively modifying the theta param-
eter until optimising the distribution of residuals 
through visual inspection (Venables and Ripley, 
2002). The logarithm of the number of experimen-
tal fishing hours per night was used as an offset in 
the experimental yield data and the number of fish-
ers with records in the daily catch data. Predictions 
were standardised as average daily yield, assuming 
three hours of commercial fishing operation on the 
night with the lowest luminosity in the fisher data 
model. To evaluate management effectiveness over 
time, luminosity during fishing nights was compared 
between temporal phases using the non-parametric 
Wilcoxon rank sum test (W-score for non-parametric 
equivalent of the two-sample t test when the normal-
ity assumption is relaxed). Further, cross-correla-
tions between landings and fishing licenses series 
were tested in the periods prior and after the EMP, 
using Kendall´s rank correlation (tau-score for non-
parametric measure of association between random 
variables, able to capture monotonic dependencies 
when the normality assumption is relaxed and under 
no or limited auto-correlation). Statistical and graphi-
cal analysis was performed in R 4.2.0 (R Core Team, 
2022), also using the packages mgcv and MASS.

Table 2  Datasets of daily records of glass eel fishing activity in the River Minho by licensed fishers

Detail and reliability of information varies with each set, depending on provenance and degree of reporting detail (in parenthesis 
indication of Figure panel where each set was used)

Set Period Fishers (n) Fisher-days (n) Description

1 1990–1998 170 5057 Daily fisher registers, unknown fishing area (Figs. 3, 4a)
2 1998–2014 1 471 Individual daily fisher register, fishing area near the estuary mouth, 

high reliability (Figs. 3, 4b)
3 1999–2008 NA 3313 Daily registers of unknown fisher and fishing area (Fig. 3, 4a)
4 2011–2012 NA 599 Daily registers of unknown fisher and fishing area (Figs. 3, 4a)
5 2017–2023 15 1317 Daily fisher registers, fishing area near the estuary mouth (Figs. 3, 4b)
6 2017–2013 32 1325 Daily fisher registers, upstream fishing area (Fig. 3)
7 2017–2023 43 1780 Daily fisher registers, unknown fishing area (Figs. 3, 4a)
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Results

Although glass eels entered the Minho estuary all 
year round, experimental observations were gener-
ally skewed towards the months of higher recruitment 
(Table  1). A smooth seasonal effect, distinct for the 
early and the later period, explained 73% of the devi-
ance in the data series (n = 105 daily observations, 
1981–2022). Until the early 1990s there was a clear 
separation between the high season, from November 
to April, and the low season, from May to October. 
Peak yields declined by almost an order of magni-
tude after the early 1990s, but there was no significant 
change in mean yield during the low season (Fig. 2). 
As a result, although seasonality remained evident in 
the more recent period, the difference between high 
and low season became less marked and showed 
a close link with the discharge climatology. Simi-
lar relationships were observed in the seasonality of 
discharge and glass eel entry in the metadata from 
neighbouring rivers in the southernmost range of the 
species distribution in the Atlantic (Table 3, for rivers 
depicted in Fig.  1). Reported seasonality from other 
rivers in the region confirmed that estuarine entry 
at lower latitudes takes place throughout the year, 

but also showed an earliest peak in estuaries of the 
western Iberian shelf. This difference was evident 
both in the northernmost Spanish and French estuar-
ies (Bay of Biscay) and in the southernmost Spanish 
and Moroccan estuaries (Gulf of Cadiz). Further, the 
climatology of river discharge also seemed to be in 
line with the above geographical patterns. In most 
rivers for which mean monthly data were available, 
the four months of highest discharge coincided with 
the period of highest glass eel recruitment (Table 3). 
The highest mean monthly freshwater discharge was 
reported earlier in rivers whose estuaries are located 
in the western edge of the Iberian Peninsula, com-
pared to rivers further south or further north.

Beyond the drastic reduction in glass eel yield in 
the Minho estuary since the mid-1990s and the cor-
responding impacts on seasonality, the addition of 
a smooth effect of time (year, as determined by the 
start of the fishing season) to the model of the experi-
mental yield data contributed a small but significant 
increase in the explained deviance (79%). The pre-
dicted value for the 2022/23 fishing season was 6.6% 
of the predicted value during the onset of sampling 
four decades earlier. This term inclusion confirmed 
that the most significant part of the reduction in yield 

Fig. 2  Left panels: Boxplot comparisons of observed glass 
eel yield during experimental fishing in the early (up to mid-
1990s, green) and later periods (in blue), during both the high 
season (a) and the low season (c). Note the difference in scale 
of the y-axis between the two seasons. Right panels: Compari-

sons of modelled monthly seasonality between the early (lines 
and circles, in green) and the later periods (solid line, in blue), 
in absolute (b) and relative (d) yield values. In the latter, the 
dashed lines with arrows indicate the relative mean monthly 
freshwater discharge in Minho River
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took place up to the early 1990s, when mean yield 
had already reduced to 20% of its initial value, and 
that a smoother decline possibly continued to the pre-
sent days. On the contrary, moon luminosity did not 
significantly improve the model fit, due to the pre-
dominance of observations around the new moon. A 
very similar smooth effect of time (fishing year) was 
obtained when the model only considered experimen-
tal yield data from the months important to fishing 
(November to April, 1981–2022, n = 74), explaining 
62% of the total deviance. Changes in fishing regula-
tions, over the period analysed, led to a progressive 
reduction in fishing opportunities and some reor-
ganization of fishing activity. This can be seen in the 
distribution of moon luminosity during reported fish-
ing nights across three temporal phases from 1990 
onwards (Fig. 3). Although there were no significant 
differences in the overall distribution (recent vs. 
intermediate W = 61,848, p = 0.070; recent vs. early 
W = 63,780, p = 0.444), fishing activity in recent years 
(Fig.  3c) was never registered during the full moon 
half-cycle, in contrast to earlier periods.

Daily fisher records (n = 1101 individual fishing 
events, 1990–2022) also showed that the daily catches 
were significantly higher in the first half of the 1990s 
than in subsequent periods (Fig.  4). Further, when 
fishers with known activity in the lower estuary were 

compared, there was a significant increase in the most 
recent years (Fig.  4b), although with catches still 
much lower than in the early reporting period in the 
1990s (Fig. 4c). In recent years daily catch was sig-
nificantly higher in the lower than in the upper estu-
ary (W = 26,676, p = 0.016). Comparing the predicted 
yield, from the model fitted to the experimental glass 
eel catch per hour fished, with the corresponding 
yield predicted from the reported fisher daily catch 
(assuming a daily effort of three hours), shows that 
the two independent sources of evidence are nearly 
overlapping and point to very similar temporal trends 
(Fig. 4d). Extending the comparison of the fitted yield 
with ICES recruitment indices and reported Minho 
catch and potential fishing effort (Fig. 5) also shows 
that the temporal trend in the experimental yield 
from the lower Minho estuary is congruent with the 
ICES elsewhere Europe recruitment index (Fig.  5b) 
and the total Portuguese landings in the River Minho 
(Fig. 5c). On the other hand, it shows a delay of a few 
years in the decline, when compared to the North Sea 
recruitment index (Fig.  5a), and precedes, by a few 
years, the decline in the number of fishing licences 
in the Portuguese River Minho (Fig.  5d). Although 
the highest cross-correlation of the predicted yield in 
the monitoring series with all remaining series was 
without any lag, there was an interesting relationship 

Fig. 3  Histogram of lunar luminosity during fishing nights in the early (a, 1990–1998), intermediate (b, 1998–2014) and recent (c, 
2017–2023) period
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Fig. 4  Top: Boxplots of distribution of daily catch (glass eel 
biomass per fisher per night) in different time periods in the 
River Minho—a unknown fishing area and b in the lower estu-
ary. Bottom: Fitted temporal trend (thick blue line) to fishers´ 
catch records, assuming catch during the new moon night (c) 
and comparison of fitted experimental yield (dotted line) with 

estimated yield from fitted catch records (blue line), assuming 
a daily fishing effort of three hours (d). Data from daily fisher 
records, as reported in Table 2, and experimental yield records, 
as reported in Table 1, are superposed on the respective graphs 
as open circles (highest values are truncated in the y-axis to 
facilitate visual comparison of the fitted models)

Fig.5  Comparison of temporal trends in experimental yield 
of glass eel in the River Minho (1981–2022) with: a ICES 
recruitment index for the North Sea (1960–2022); b ICES 
recruitment index for Elsewhere Europe (1960–2022); c Glass 
eel catch in the Minho commercial fishery (Portuguese land-

ings, 1973–2022); and d Glass eel fishing effort in the Minho 
(Portuguese fishing licences, 1973–2022). Experimental yield 
values correspond to predicted GAM values (within one stand-
ard error envelope). All series under comparison are scaled to 
the secondary y-axis
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between the official landings and licences (Fig.  6). 
In the latter case, the cross-correlation was maxi-
mal with a lag-phase of two years for the period 
1973–1995 (corresponding to the phase from the 
onset of licensing to the end of high abundance), 
whereas no lag was found in the period 2008–2022 
(phase since the implementation of the EMP). 
Although the above relationship may be inflated by 
the high autocorrelation in the licence series of the 
early period, the change in pattern between the two 
periods remains valid.

Discussion

The recovery and compilation of experimental glass 
eel fishing data in the lower estuary of River Minho 
presented here provide a new source of fishery-
independent information to monitor river catchment 
recruitment (following the definition of Drouineau 
et  al., 2016) in the southernmost part of the Euro-
pean eel range, in the northeast Atlantic. Existing 
recruitment series in that region cover relatively 
narrow time periods (Arribas et  al., 2012; Aranb-
uru et  al., 2016; Stratoudakis et  al., 2018), combine 

observations along the estuary and upstream waters 
(Lobón-Cerviá and Iglesias, 2008; Aranburu et  al., 
2016) or involve fishery-dependent estimates (Bru 
et al., 2009; Aranburu et al., 2016; Stratoudakis et al., 
2018). The recovery of data from the first experimen-
tal monitoring in the Minho estuary (Weber, 1986; 
Antunes, 1994; Antunes and Weber, 1996) and the 
replication of these sampling methods in an ongoing 
monitoring program, in place since 2017, allowed the 
estimation of temporal trends over the last 40 years. 
Although the recruitment monitoring in the River 
Minho has been sporadic and opportunistic (Igle-
sias et  al., 2010), the experimental protocol, includ-
ing fishing location, practice and gear used (Weber, 
1986), has not changed over time, providing compat-
ible observations that are amenable to joint model-
ling and interpolation. A further strength of the new 
series is that observations are independent of com-
mercial fishing and possible contaminations from 
underreporting or variations in fishing effort (Cor-
reia et al., 2018). Finally, as this study focuses exclu-
sively on the lower estuary, close to the river mouth, 
it maximizes the probability of sampling new arrivals 
(Weber, 1986; Antunes, 1994), prior to experiencing 
fishing mortality, while avoiding later pigmentation 

Fig. 6  Cross-correlation coefficients for total glass eel land-
ings and the respective number of fishing licences in the Por-
tuguese side of the international River Minho during two peri-
ods: a during the first two decades of registered fishing (early 

period, 1973–1995); b from the implementation of the EMP 
onwards (recent period, 2008–2022). The dashed line (in blue) 
indicates the limit for statistical significance of the compari-
sons
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stages and elvers that may be found further upstream 
(Gascuel et al., 1995; O’leary et al., 2022; Monteiro 
et al., 2023).

The GAM-based temporal trend in the experimen-
tal yield series suggested a large decline of glass eel in 
the lower Minho estuary since the onset of monitor-
ing in 1981. Most of the observed decline took place 
during the 1980s. This pattern, but also the absolute 
values of yield, were corroborated by the estimates 
derived from the daily fishers´ records assuming three 
hours of fishing operation per night. The fact that the 
two independent sources provided congruent yield 
levels and temporal trends (Fig.  4d), under minimal 
(in the case of commercial data) or no assumptions (in 
the case of experimental yield), strengthens the reli-
ability of the new monitoring series. In addition, this 
trend was in line with the ICES index for elsewhere 
Europe (Fig.  5b), which includes landings in the 
Minho, despite the vast geographic area that the lat-
ter represents (from the northern Bay of Biscay to the 
western Mediterranean Sea—Bornarel et  al., 2018). 
Similarly, it was in line with the reduction in lepto-
cephali distribution area in the NE Atlantic (Wester-
berg et al., 2018) from the 1960s onwards. The new 
series trend also matched the trend in total landings 
in River Minho (Fig. 5c). This match is indicative of 
systems where local effort control does not influence 
population abundance (Kaifu et al., 2021). The results 
from this study indicate that although the potential 
fishing effort is currently below 5% of its maximum 
values and the glass eel fishery has been banned in all 
other Portuguese rivers for more than 20 years, there 
are no signs of recovery in the experimental yield 
of new glass eel arrivals in the Minho estuary, apart 
from the possible stabilization of a low catchment 
recruitment regime.

The trend in the new series diverged from the tem-
poral pattern in the North Sea glass eel recruitment 
index of ICES, the latter showing an earlier and more 
pronounced decline, currently at 2–3% of starting val-
ues (Fig.  5a). This divergence possibly corresponds 
to the earlier detection of declining recruitment in 
the peripheral areas of the oceanic migration. The 
new series from Minho also diverged from the CPUE 
series estimated by Correia et  al. (2018), who used 
total catch and estimated fishing opportunities for 
the Portuguese fishing fleet since 1974. In the CPUE 
series the decline of glass eel in the Minho estuary 
did not exhibit a very marked decline, never dropping 

below 20% of the 1974–1983 baseline and even 
showing signs of recovery in the most recent decade. 
This discrepancy may result from disproportional 
overestimation of fishing effort and underreporting by 
Correia et al. (2018) over the study period. Potential 
fishing opportunities assume all licences are active 
and fully operational along the fishing period. The lag 
of a few years in the decline of licences in relation to 
yield (Fig. 5d) and the uneven seasonal distribution of 
activity in the fishers´ records indicate that observed 
fishing effort has been lower than the potential and 
that the discrepancy may be greater in the period of 
higher abundance. This is further supported by the 
comparison of cross-correlations between catch and 
number of licences for the periods up to 1995 and 
from 2008 onwards. In the initial period of the fish-
ery, the highest correlation found between catch and 
licences series was with a lag of two years, whereas 
after the implementation of the EMP, no lag was 
observed (Fig.  6). Similarly, it is very likely that 
underreporting of catch has decreased considerably 
in recent decades, rendering a fixed correction fac-
tor for the whole series unrealistic. Finally, the new 
series also revealed a decline that is more pronounced 
than the one reported by Stratoudakis et  al. (2018) 
from the River Lis, central Portugal. In the latter, 
there was a significant reduction from 1989 to 1996, 
not as sharp as the one reported here, but, when only 
considering fisheries-independent data, there were no 
significant differences between the late 1990s and the 
2010s. A likely explanation for the latter, in the light 
of the present series, is that the decline in recruitment 
to the River Lis (approximately 250  km southwards 
of Minho) also occurred mainly in the 1980s.

Fisheries-independent sampling in the lower estu-
ary also provided an opportunity to describe patterns 
in seasonality of entry more reliably than in moni-
toring systems that aggregate inland observations 
or depend on the fishing season. It is known that 
the recruitment season for glass eel in the southern 
range of the Atlantic distribution is wider (Jorge and 
Sobral, 1989; Domingos, 1992; Arribas et al., 2012; 
Stratoudakis et al., 2018; ICES, 2020) and takes place 
earlier (Tesch, 2003; ICES, 2020) than in the northern 
part of the distribution range. However, this study also 
showed that the large reduction in recruitment in this 
catchment was disproportionately distributed over the 
year, with glass eels continuing to enter to the Minho 
estuary all year round and currently showing a close 
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relationship with the monthly seasonality of river dis-
charge climatology (Fig.  2). The latter is possibly a 
more general feature, at least in the southern part of 
the species´ Atlantic distribution region, that deserves 
closer attention. If river discharge mainly drives the 
seasonality of recruitment in catchments under low 
population abundance conditions, then the impact 
of flow regulation and further changes in the hydro-
logical cycle due to climate change (Guerreiro et al., 
2017) will interfere with the geographical repartition 
of glass eel recruitment.

Finally, the trend of declining recruitment in 
the River Minho reported in this study occurs in 
an Iberian background of progressive loss of con-
tinental habitat for diadromous species along cen-
turies (Clavero & Hermoso, 2015), especially after 
large-scale dam construction in the twentieth cen-
tury. The impact of the latter is most evident in 
anadromous species (Almeida et  al., 2023), where 
orders of magnitude reduction in local abundance 
were observed during the decades of intense dam 
construction, particularly from the 1950s to the 
1970s. However, regulation of water flow and reten-
tion of large water volumes in dams (Syvitski et al., 
2005) affects the seasonality and oceanic extension 
of turbid plumes (Fernández-Nóvoa et  al., 2017). 
This possibly modifies the dynamics of glass eel 
attraction to estuaries (Stratoudakis et  al., 2018) 
that is highly influenced by continental odours such 
as geosmine (Tosi & Sola, 1993). In addition to 
the reduction in longitudinal continuity, the same 
period has been faced with increased degradation 
of coastal and continental habitats relevant for eel 
growth (Costa et  al., 2008). Currently, there is no 
eel restocking programme in Portugal and in gen-
eral no mitigation of stressors such as habitat loss 
and degradation. In recent years, translocations of 
12–15  cm eels, which accumulate in the first dam 
(Frieira) of the River Minho, have been carried to 
tributaries of the international basin. More effec-
tive local actions, such as exemptions to maintain a 
regulated glass eel fishery that is heavily controlled 
due to the reality of illegal fishing in the country, 
and the banning of yellow and silver eel fishing to 
promote spawner escapement, show the difficulty 
of a concerted national management strategy. This 
becomes more difficult when other stakeholders 
with conflicting interests are involved, such as con-
servationists, water managers and the hydropower 

industry (Verhelst et al., 2021; Waldman and Quinn, 
2022). The historical decline of the stock shows 
that uncoordinated actions by local managers alone 
will not sustain the stock (Feunteun, 2002; Dekker, 
2016; Kaifu et  al., 2021). The reality of the status 
of the eel stock is more likely to lead to total prohi-
bition measures than to measures aimed at tackling 
illegal fishing, such as the opening of controlled 
glass eel fisheries. However, management measures 
that focus only on restricting fishing may intensify 
illegal fishing and have an effect contrary to the 
original objective, while not addressing the remain-
ing drivers of the observed decline (Verhelst et al., 
2021; Waldman & Quinn, 2022).

Conclusion

The new monitoring series in the lower estuary of 
River Minho supports the consistent decline of con-
tinental eel catchment recruitment across the species 
distribution range and shows that two decades of 
more drastic fishery measures have at best stabilized 
the species to a low recruitment regime. The ineffi-
ciency of fisheries regulatory measures to guarantee 
alone stock recovery call for more comprehensive 
measures to reverse anthropogenic impacts on con-
tinental eel populations. Such measures will need to 
be globally relevant and locally comprehensible in 
order to be effective. In particular, it will be neces-
sary to develop a broader perspective that also takes 
into account the discharge dynamics in continental 
basins and the progressive degradation of eel growth 
habitats in the remaining distribution areas up to the 
first insurmountable barriers upstream. Observed and 
predicted declines in river discharge intensity and 
seasonality resulting from renewable energy require-
ments and changes in the hydrological cycles is a 
stress factor towards glass eel catchment recruitment 
that has not been adequately addressed. Further, hab-
itat loss that results from the above energy needs is 
aggravated by flood prevention and control of saline 
intrusion works in the lowlands, contributing to ever 
decreasing habitat quality as well as quantity. Unless 
such stressors also become addressed and trajectories 
are reverted, drastic reduction or even elimination of 
fishing mortality seems unlikely to revert the Euro-
pean eel to its abundance levels 40 years ago.
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