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Bottom trawl surveys show a sharp decline in European eel (Anguilla anguilla) abundance in northern European coastal waters
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Almost 50 years ago, the first signs of population decline in the European eel (Anguilla anguilla) were observed when upstream migration of yellow eel and catches of silver eel decreased in the Baltic Sea. Since then, the decline in recruitment has continued throughout the eel's range, and many indices based on early life stages are now hovering at extremely low levels. Consequently, the European eel is considered critically endangered, which has been linked to overfishing and habitat destruction, including barriers, spread of parasites, contaminants, and climate change. Measurements of European eel escapement are considered difficult to obtain because return sea migrations occur diffusely from all possible coasts, including marine habitats. Currently, the main source of data is the reported commercial landings data, which are subject to several uncertainties. Such uncertainties make evaluating stock status and the efficiency of eel management plans (EMPs) difficult. In this study, data on eel catches are presented from fishery independent international trawl surveys, which often is a more consistent data source than fisheries-dependent data (i.e., tag returns and landing reports from commercial fisheries). The trawl survey data presented here show drastic declines in eel abundance over the last 30–35 years throughout the Baltic Sea, the Kattegat, and the southern North Sea both regardless of size and in the group of larger eels (≥50 cm). This decline in abundance of larger eels calls into question the effectiveness of national EMPs and the future of the European eel.
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Introduction

European eel has been a matter of concern for a long time, but where are we?

The difficulty of assessing the threat of extinction of various species increases as the species becomes rarer. The International Union for Conservation of Nature criteria for assessing threat category are, in most cases, based on the ability to detect changes in abundance over three generations [e.g., (1)]. The quantification of the threat status of commercial fish species is regularly based on abundance indices, as there is rarely any assessment of changes in range or actual numbers. Due to the inability to detect changes in, for example, catch per unit effort (CPUE) at low levels, it may give rise to complacency in a “post-truth” world (2); absent evidence, uncertainty in assessments will not promote a precautionary approach to risk management, while increased uncertainty should, on the contrary, be seen as increased risk of extinction (3).

Half a century ago, the Swedish fisheries biologist Svärdson (4) observed an alarming development in the European eel (Anguilla anguilla) stock when he found that eel recruitment to Swedish inland waters and catches of eel along the Swedish Baltic coast were decreasing drastically. Since then, the status of the European eel has been viewed with increasing concern (5–8). Currently, the WGEEL (Working Group on Eels) (Joint European Inland Fisheries Advisory Commission; EIFAAC)/International Council for the Exploration of the Sea (ICES)/ General Fisheries Commission for the Mediterranean (GFCM) Working Group on Eels notes that the European eel's status remains critical, clarifying that “time series from 1980 to 2024 show that glass eel recruitment remains at a very low level,” that is, 93%−99% reductions in recruitment indices in Europe (9).

It has been suggested that the drivers of the decline are linked to, for instance, fishing at different life stages, loss of inland connectivity due to river constructions, parasites, pollution, and climate change [(9) and references therein]. Fisheries statistics, that is, the combined commercial catches of glass, yellow, and silver eel, indicate landing decreases of ~80% since the 1960s, that is, from ~10,000 tons to ~2,000 tons by 2023 (ICES, op. cit.). For 30 years, scientists have been urgently calling for better protection of the European eel [e.g., Quebec Declaration: (10)]. For example, ICES recommended in 2008 (56) “that all exploitation and other anthropogenic effects on eel production and escapement should be reduced to as close to zero as possible, until stock recovery has been achieved.” This statement was reinforced (7) as “ICES recommends that, applying the precautionary principle, there should be zero catches in all habitats by 2022. This applies to both recreational and commercial catches and includes catches of glass eel for restocking and aquaculture. All other anthropogenic mortalities should be minimized and eliminated where possible”.

The recovery plan for the European eel stock, as described in EU Council Regulation No 1100/2007 (11), has thus left member states relatively free to decide on the development of national eel management plans (EMPs), which has created the possibility of different approaches within the framework of the common fisheries policy (12). However, the EMPs have still not resulted in any significant improvement in the many recruitment indices examined (9).

At this critical time for the European eel, monitoring the evolution in abundance of larger yellow eel/silver eel life stages is of utmost interest. The current uncertainty about the effectiveness of various conservation measures stems from the fact that only recruitment estimates are used for describing stock status [e.g., (9)] when the overall management objective is to increase eel escapement and thus the spawning biomass in the Sargasso Sea. As no further declines in recruitment have been clearly demonstrated after 2011, eel recruitment is interpreted to have entered a phase of semi-stability, albeit at previously unprecedented low levels (9). By comparison, previous sufficient abundance to monitor stock status does not necessarily mean that current indices can qualify for trend analysis when recruitment is only about 1% of the level of a few decades ago. Trend analysis at such low levels may be too close to the shifting baseline syndrome (13).

Estimates of downstream eel migration are possible in some watercourses [e.g., (14)]. As many such measurements are often based on translocated eels (15, 16), where the restocked eels often originate from geographically distant areas, the actual value of the release for eel reproduction can be questioned [cf. (17)]. The informative value of the eel stock status in terms of the natural rate of escapement (escapement of not naturally recruited eel) can therefore be questioned. However, measurements of silver eel migration, or at least the occurrence of large eels, that is, then they are close to start maturing, at sea, could support the evaluation of EMPs and provide more accurate assessments of eel stock status for entire sea areas, as stocking rate was low already 30 years ago (18, 19), and has been kept at low levels since the turn of the century [e.g., (9)]. Because most eel recruitment indices are based on river catches, they may not accurately reflect the evolution of stock status as coastal waters in Northern Europe may be more important as growth habitat for yellow eel than inland waters [e.g., (20), and references therein].

ICES bottom trawl surveys [i.e., ICES Database on Trawl Surveys (DATRAS) (21), https://datras.ices.dk] may provide such an opportunity to obtain indices of eel abundance in regional sea areas, although the surveys were developed with the aim of monitoring other demersal species such as gadoids and flatfishes rather than European eel. Notably, eels are more likely to be caught during the second part of the year (i.e., the third and fourth quarters of the year, Q3 and Q4) than during the winter period [the first quarter, Q1; (22) and references therein]. Furthermore, gear selectivity [e.g., (23)] and catch handling procedures must also be taken into account to ensure that the presence of eel at the seafloor is detectable and accurately documented. However, spatial considerations were ignored as the suitability of trawl surveys was determined by the presence of eel in the time series of surveys.


Aim of the study

This study aims to investigate trends in time series of eel catches in ICES fishery-independent bottom trawl surveys in Northern European coastal waters. Furthermore, the study intends to use such indices of eel abundance, that is, CPUE, for evaluating the development of the eel stock at a regional level such as the Baltic Sea. Finally, the results are discussed in relation to current stock status and risk assessments at international, European Union, and national levels, including EMP outcomes.




Materials and methods


Data sources

Information on European eel catch per unit effort (CPUE) by length group and haul (number per trawling hour; no*h−1) was retrieved from ICES Database on Trawl Surveys (DATRAS, 2024-12-06, ICES, Copenhagen, Denmark. https://datras.ices.dk) for all bottom and beam trawl surveys in the Baltic Sea, the Skagerrak, the Kattegat, the North Sea, the English Channel, the Celtic Sea, the Irish Sea, the Bay of Biscay, and the Eastern Atlantic (Figure 1).


[image: Map of Northern Europe showing the North Sea, Irish Sea, Baltic Sea, and English Channel with depth contours from 50 to 5000 meters. Specific sea areas labeled SD20 to SD29.]
FIGURE 1
 The study area for all bottom and beam trawl surveys in the Baltic Sea, the Skagerrak, the Kattegat, the North Sea, the English Channel, the Celtic Sea, and the Irish Sea, which are included in DATRAS (ICES Database on Trawl Surveys, https://datras.ices.dk) and used in this study. ICES subdivision 20 (SD20) corresponds to the Skagerrak and ICES subdivision 21 (SD21) the Kattegat.


The exploration of standardized trawl surveys was based on whether consistent time series could be retrieved on eel CPUE; that is, the time series contained (a) continuous length records of all fish species, (b) eel catches were made in trawls with sufficiently small mesh sizes to catch eels at least ~50 cm in length (23), (c) no assumption was made on whether the caught eels were in yellow or silver eel stage because no such records were kept. Thus, no statement was made on whether the eels were migrating or foraging. Seven surveys [BITSQ1 (Baltic International Trawl Survey first quarter), BITSQ4 (Baltic International Trawl Survey fourth quarter), NS-IBTSQ1 (North Sea International Bottom Trawl Survey first quarter), NS-IBTSQ3 (North Sea International Bottom Trawl Survey third quarter), BTS (Beam Trawl Survey), DYFS (International Demersal Young Fish Survey), and SNS (Sole Net Survey)] were included in the study with varying coverage between 1985 and 2024 (Figures 2–4; Table 1).


[image: Four maps labeled a to d display data points in the Baltic Sea region. Maps a and c show numerous blue points scattered across the sea. Maps b and d feature fewer and more dispersed red points. Each map includes a gradient scale along the right, indicating depth or intensity from light to dark shades. The maps are positioned side by side in two rows.]
FIGURE 2
 Map showing trawl locations in the Baltic International Trawl Survey (BITS). (a) All trawl hauls in Q1 between 1991 and 2024 with no catches of eel (A. anguilla) are marked in blue; (b) all hauls in Q1, where CPUE for eel ≥ 1 are marked in red; (c) all hauls in Q4 made between 1991 and 2023 with no catches of eel are marked in blue; and (d) all hauls in Q4 CPUE for eel ≥1 eel are marked in red.



[image: Four maps labeled a, b, c, and d depict colored point distributions over a European coastal area. Maps a and c have dense blue points, while b and d show sparse red points, indicating different data sets or time periods. Gray areas represent land, and blue tones signify varying water depths.]
FIGURE 3
 Map showing trawl locations in the North Sea International Bottom Trawl Survey (NS-IBTS) between 1991 and 2024. (a) All trawl hauls in Q1 between 1991 and 2024 with no catches of eel are marked in blue; (b) all hauls in Q1, where CPUE for eel (A. anguilla) ≥ 1, are marked in red; (c) all hauls made in Q3 with no catches of eel are marked in blue; and (d) all hauls in Q3, where CPUE for eel ≥1 eel are marked in red.



[image: Six-panel map series depicting observation points in the North and Baltic Seas. Panels a and c use blue dots; b and d use red dots, highlighting different observation patterns. Panels e and f zoom in on specific areas, maintaining the color scheme. The maps include latitudinal and longitudinal grids, with a color bar on the right indicating depth or temperature scale.]
FIGURE 4
 Map showing trawl locations in the North Sea: Beam Trawl Survey (BTS) in Q3 and Q4 combined between 1985 and 2023. (a) All made trawl hauls with no catches of eel are marked in blue; (b) all hauls where CPUE for eel (A. anguilla) ≥1 eel is marked in red. The international Demersal Young Fish Survey (DYFS) in Q3 and Q4 combined between 1985 and 2023. (c) All made trawl hauls with no catches of eel are marked in blue; (d) all hauls where CPUE for eel (Anguilla anguilla) ≥1 eel are marked in red. The Sole Net Survey (SNS) in Q3 and Q4 combined between 1985 and 2023. (e) All made trawl hauls with no catches of eel are marked in blue; (f) all hauls where CPUE for eel (A. anguilla) ≥1 eel is marked in red.


TABLE 1 Standardized trawl surveys included in the study, where consistent time series could be retrieved on eel CPUE over time.


	Name of survey
	Area
	Quarter (Q) of the year
	Mesh size in cod end
	Measure of fish length
	Reference





	Baltic International Trawl Survey (BITSQ1)
	Kattegat and Baltic Sea ICES SD21 to SD29 (Figures 2a, b)
	Q1
	20 mm
	All species
	(50)

 
	Baltic International Trawl Survey (BITSQ4)
	Kattegat and Baltic Sea ICES SD21 to SD29 (Figures 2c, d)
	Q4
	20 mm
	All species
	(50)

 
	North Sea International Bottom Trawl Survey (NS-IBTSQ1)
	English Channel, North Sea and Kattegat (Figures 3a, b)
	Q1
	20 mm
	All species
	(51)

 
	North Sea International Bottom Trawl Survey (NS-IBTSQ3)
	English Channel, North Sea and Kattegat (Figures 3c, d)
	Q3
	20 mm
	All species
	(51)

 
	Beam Trawl Survey (BTS)
	Irish Sea, English Channel and North Sea (Figures 4a, b)
	Q3 and Q4
	40 mm
	All species
	(52)

 
	International Demersal Young Fish Survey (DYFS)
	Southern, inshore North Sea (Figures 4c, d)
	Q3 and Q4
	20–22 mm
	All species
	(53)

 
	Sole Net Survey (SNS)
	Southern, inshore North Sea (Figures 4e, f)
	Q3 and Q4
	40 mm
	All species
	(54)






Because mesh size in the cod end is likely to influence the catch size distribution, some assumptions must be made on the effects of differences between BITS, NS-IBTS, and DYFS, on one hand (mesh size ~20 mm), and BTS and SNS, on the other (~40 mm). The selectivity in fyke nets mesh size of 20 mm corresponds to 345 mm in fish length, over which all individuals are retained; for mesh size of 40 mm, the selectivity of ~0.5 corresponds above 500 mm (23).

However, the pressure on trawl cod end diamond meshes is different from that of fyke nets, which rest on the seafloor, leading to a higher retention of smaller eels in trawls. For comparison reasons, the recorded catch for each haul was hence divided between eels ≥50 cm and below this length limit for each trawl survey.

Other available bottom trawl surveys at DATRAS were omitted, because eel catch records were absent or almost absent (see Supplementary Table S1).

Information on eel landings in tons for Swedish Baltic coast, including the sound, between 1925 and 2022 was provided by Sweden Statistics through the Swedish University of Agriculture (Figure 5a).


[image: Six line graphs show eel data trends from 1990 to 2020. Graph (a) displays eel landings decreasing over time. Graphs (b), (c), (d), (e), and (f) show CPUE (Catch Per Unit Effort) data for various surveys (BITS, DYFS, BTS, SNS) with different lines for all eels and those 50 centimeters or larger. The CPUE values generally decline or fluctuate mildly over the years across all graphs.]
FIGURE 5
 (a) Landings of eels (in tons) on the Swedish east coast 1925–2022 (provided by Sweden Statistics (SCB) through SLU). (b) Baltic International Trawl Survey (BITS) survey in between 1991 and 2024 for Q1 and between 1991 and 2023 for Q4: CPUE (no*h−1) of all eels, irrespectively of body length, and for eels ≥ 50 cm. (c) North Sea International Bottom Trawl Survey (NS-IBTS) survey in between 1991 and 2024 for Q1 and Q3: CPUE (no*h−1) of all eels, irrespectively of body length, and for eels ≥50 cm. (d) Beam Trawl Survey (BTS) survey between 1985 and 2024 for Q3 and Q4 combined: CPUE (no*h−1) of all eels, irrespectively of body length, and for eels ≥50 cm. The gap in the time series is due to a cancelation of the Swedish survey in the Kattegat and the Skagerrak in Q3 in 2000. (e) Demersal Young Fish Survey (DYFS) survey in between 1985 and 2023 for Q3 and Q4 combined: CPUE (no*h−1) of all eels, irrespectively of body length, and for eels ≥50 cm. (f) Sole Net Survey (SNS) survey in between 1985 and 2023 for Q3 and Q4 combined: CPUE (no*h−1) of all eels, irrespectively of body length, and for eels ≥ 50 cm. In 2003, no data were provided.




Statistical analysis

The distribution of all trawl hauls for each of the surveys with or without catches of eels (number ≥ 1) was visualized using Ocean Data View [(24); cf. Figures 2–4]. Annual mean CPUE (number per trawling hour; no*h−1) was estimated for all surveys, including all valid hauls in the nominator, regardless of location or depth. Visual inspection showed that the location of eel catches varied by longitude, as well as by depth, while less by latitude (Figures 2–4). Thus, each of the seven trawl surveys was analyzed separately as well as together. Differences in eel CPUE between surveys conducted in the same areas at different times of the year and therefore treated as separate trawl surveys (Table 1), that is, BITSQ1 vs. BITSQ4 and NS-IBTSQ1 vs. NS-IBTSQ3, respectively, were tested using the Wilcoxon rank-sum test with continuity correction within the stat package (version 4.4.1) in R (25).

Because the surveys were found to be dominated by zero catches for European eel, the effects of year, longitude depth, and mesh size on eel CPUE (no*h−1) were assessed by fitting zero-inflated negative binominal linear mixed effects models (glmm.zinb function) within the R package NBZIMM, version: 1.0 [cf. (26)], available in the public GitHub repository (http://github.com//nyiuab//NBZIMM; downloaded 2025-07-07). In the following model, the fixed effects of the variables Year and Longitude on eel CPUE were evaluated, with Depth treated as a random variable:

CPUE=(Year+Longitude,random=~1|Depth).      (1)

The analyses were repeated for both when all eels were included and for eels ≥ 50 cm. Because two different mesh sizes in the lift were used in the investigated surveys (Table 1), Model 1 was modified to include all seven surveys by including the fixed effects of the categorical variable Mesh size, that is, “small” and “large,” on eel CPUE:

CPUE=(Year+Longitude+Meshsize,random=~1|Depth)      (2)

To further examine the results of all surveys combined for eel ≥50 cm with similar gear selectivity covering the entire longitude spectrum present in the study, that is, with a small mesh size in the cod end, that is, 20 mm, GAM (Generalized Additive Models) analysis was performed using the R-script gam(), mgcv package version 1.9-3 (27) by applying the following model:

CPUE =  s(Year)+s(Longitude)+s(Depth)(family=nb(link             ="sqrt″).      (3)

Finally, correlations between studied time series for eels ≥50 cm were tested using the non-parametric Spearman rho statistic, available in the R-script package Hmisc version 4.6 (28).

As the aim of this study was to evaluate the effects of introduced conservation measures on the abundance of larger eels, it was noted whether the abundance of larger eels (i.e., CPUE for eels ≥50 cm) had been affected since 2010.




Results


Distribution of eel catches and trends in surveys
 
BITSQ1 and BITSQ4 trawl hauls

The number and distribution of all trawl hauls in the Baltic, including the Kattegat, with or without catch of eel during Q1 and Q4, are shown in Table 2 and Figures 2a–d. Eels were caught in greater quantity and in more hauls in BITSQ4 than BITSQ1 (Figure 5b, Wilcoxon rank-sum test with continuity correction, W = 82.5, p = 1.8e-09) and occurred to a greater extent in the Kattegat and the western Baltic than in the rest of the Baltic Sea (Figures 2b, d). The fixed effects of the variables Year and Longitude on CPUE (no*h−1), when Depth was treated as a random variable, were highly significant in both cases, when all eel catches were included and for catches of eels ≥50 cm in both surveys (GLMM-ZINB (Generalized Linear Mixed Models – Zero-Inflated Negative Binomial): Tables 3a, b). There was no sign of recovery or stabilization since 2010.

TABLE 2 All surveys included in the study: the annual percentage of hauls with catches (≥1) of large eels (≥50 cm) and the total number of hauls per survey.


	
	BITSQ1
	BITSQ4
	IBTSQ1
	IBTSQ3
	BTS
	DYFS
	SNS





	Year
	≥50 cm
	No hauls
	≥50 cm
	No hauls
	≥50 cm
	No hauls
	≥50 cm
	No hauls
	≥50 cm
	No hauls
	≥50 cm
	No hauls
	≥50 cm
	No hauls

 
	1985
	
	
	
	
	
	
	
	
	1.67%
	60
	4.68%
	299
	2.50%
	80

 
	1986
	
	
	
	
	
	
	
	
	0.00%
	59
	0.33%
	302
	2.47%
	81

 
	1987
	
	
	
	
	
	
	
	
	1.56%
	64
	2.33%
	301
	3.70%
	81

 
	1988
	
	
	
	
	
	
	
	
	1.27%
	157
	3.41%
	176
	2.67%
	75

 
	1989
	
	
	
	
	
	
	
	
	1.65%
	243
	2.11%
	284
	1.33%
	75

 
	1990
	
	
	
	
	
	
	
	
	0.00%
	201
	0.97%
	310
	4.29%
	70

 
	1991
	0.33%
	299
	10.39%
	77
	0.00%
	422
	0.68%
	295
	2.03%
	197
	1.94%
	309
	0.00%
	55

 
	1992
	1.21%
	248
	10.00%
	50
	0.27%
	375
	0.28%
	363
	1.23%
	324
	0.66%
	304
	1.82%
	55

 
	1993
	1.12%
	268
	11.70%
	94
	0.27%
	373
	1.47%
	341
	1.06%
	284
	2.57%
	311
	2.00%
	50

 
	1994
	0.82%
	243
	18.68%
	91
	0.83%
	361
	1.31%
	305
	1.49%
	134
	2.49%
	281
	0.00%
	80

 
	1995
	0.34%
	295
	29.41%
	85
	0.60%
	335
	0.80%
	250
	0.00%
	137
	0.63%
	320
	0.00%
	56

 
	1996
	0.00%
	306
	10.20%
	98
	0.31%
	327
	0.63%
	320
	1.54%
	130
	1.20%
	333
	1.75%
	57

 
	1997
	0.00%
	280
	19.20%
	125
	0.55%
	362
	0.79%
	253
	0.00%
	126
	2.65%
	302
	0.00%
	56

 
	1998
	0.00%
	313
	6.06%
	99
	0.75%
	401
	1.10%
	273
	0.00%
	121
	3.11%
	257
	0.00%
	57

 
	1999
	0.30%
	333
	14.55%
	165
	0.28%
	357
	1.10%
	364
	0.00%
	217
	2.32%
	259
	0.00%
	57

 
	2000
	0.00%
	329
	14.21%
	190
	0.00%
	386
	
	
	0.00%
	177
	2.27%
	309
	0.00%
	55

 
	2001
	1.15%
	348
	11.64%
	189
	0.70%
	428
	1.47%
	341
	0.00%
	202
	1.26%
	318
	0.00%
	44

 
	2002
	0.00%
	240
	6.95%
	187
	0.24%
	419
	1.47%
	341
	0.00%
	160
	0.99%
	302
	0.00%
	50

 
	2003
	0.39%
	255
	5.73%
	192
	0.97%
	412
	0.61%
	327
	0.00%
	211
	1.93%
	311
	
	

 
	2004
	0.00%
	255
	12.79%
	172
	0.00%
	371
	2.33%
	344
	0.00%
	499
	0.67%
	299
	0.00%
	46

 
	2005
	0.71%
	281
	10.55%
	237
	0.26%
	387
	1.79%
	336
	0.40%
	494
	0.89%
	338
	0.00%
	51

 
	2006
	0.79%
	254
	10.10%
	198
	0.00%
	377
	1.22%
	327
	0.37%
	268
	0.00%
	322
	0.00%
	51

 
	2007
	0.00%
	254
	9.43%
	212
	0.81%
	369
	1.24%
	322
	0.38%
	530
	0.61%
	326
	0.00%
	42

 
	2008
	0.00%
	262
	7.18%
	209
	0.52%
	385
	1.23%
	326
	0.00%
	497
	0.70%
	287
	0.00%
	51

 
	2009
	0.00%
	248
	7.38%
	244
	0.00%
	333
	2.14%
	280
	0.56%
	536
	0.00%
	481
	0.00%
	51

 
	2010
	0.34%
	297
	4.15%
	241
	0.48%
	417
	0.95%
	317
	0.00%
	343
	0.63%
	474
	0.00%
	50

 
	2011
	0.33%
	303
	4.25%
	259
	0.00%
	395
	0.00%
	326
	0.41%
	493
	0.22%
	461
	0.00%
	43

 
	2012
	0.00%
	281
	1.05%
	191
	0.30%
	331
	0.00%
	318
	0.19%
	524
	0.00%
	545
	0.00%
	49

 
	2013
	0.00%
	304
	2.27%
	220
	0.77%
	388
	0.32%
	313
	0.00%
	525
	0.85%
	589
	0.00%
	51

 
	2014
	0.38%
	261
	0.85%
	235
	0.59%
	337
	0.00%
	325
	0.00%
	182
	0.00%
	549
	0.00%
	51

 
	2015
	0.00%
	272
	0.44%
	228
	0.00%
	375
	0.00%
	347
	0.00%
	472
	0.00%
	599
	0.00%
	51

 
	2016
	0.00%
	292
	1.43%
	279
	0.00%
	356
	0.26%
	378
	0.00%
	473
	0.00%
	589
	0.00%
	51

 
	2017
	0.00%
	314
	1.02%
	295
	0.27%
	374
	0.89%
	337
	0.22%
	454
	0.00%
	599
	0.00%
	48

 
	2018
	0.00%
	318
	0.35%
	283
	0.28%
	362
	0.00%
	349
	0.22%
	464
	0.35%
	568
	0.00%
	45

 
	2019
	0.00%
	294
	0.36%
	276
	0.00%
	349
	0.36%
	275
	0.00%
	457
	0.43%
	466
	0.00%
	44

 
	2020
	0.00%
	302
	0.00%
	294
	0.89%
	338
	0.00%
	351
	0.00%
	379
	0.73%
	550
	0.00%
	46

 
	2021
	0.00%
	336
	1.31%
	305
	0.27%
	369
	0.00%
	268
	0.00%
	441
	0.39%
	518
	0.00%
	41

 
	2022
	0.31%
	322
	1.31%
	306
	0.42%
	236
	0.29%
	349
	0.00%
	312
	0.00%
	567
	0.00%
	41

 
	2023
	0.63%
	318
	2.37%
	295
	0.32%
	313
	0.00%
	335
	0.00%
	346
	0.21%
	484
	0.00%
	41

 
	2024
	0.00%
	319
	
	
	0.00%
	339
	0.29%
	343
	0.00%
	46
	
	
	
	





BITS, Baltic International Trawl Survey; IBTS, International Bottom Trawl Survey; BTS, Beam Trawl Survey; DYFS, International Demersal Young Fish Survey; SNS, Sole Net Survey.




TABLE 3 Results of generalized linear zero-inflated negative binominal mixed effects models (using glmm.zinb function) for seven trawl surveys treated separately (BITSQ1, BITSQ4, NS-IBTSQ1, NS-IBTSQ3, BTS, DYFS, and SNS): CPUE= (Year + Longitude, random = ~ 1|Depth), where all eel catches regardless of body length was the dependent variable (CPUE; no*h−1), and Year and Longitude were fixed effects and Depth was treated as random effects. Then all surveys were combined, the model included the fixed effects of the categorical variable Mesh size, that is, “small” and “large” mesh size in the cod end according to the model CPUE= (Year + Longitude + Mesh size, random = ~ 1|Depth).


	All eel catches
	Variables
	Estimate
	Std. Error
	2.5% CI
	97.5% CI
	DF
	t-value
	p-value





	BITSQ1
	Year
	−0.07592
	0.00634
	−0.0883464
	−0.0634936
	9,696
	−11.974008
	0


 
	Longitude
	−0.23233
	0.032001
	−0.295052
	−0.169608
	9,696
	−7.259951
	0

 
	BITSQ4
	Year
	−0.12185
	0.006409
	−0.1344116
	−0.1092884
	6,484
	−19.01153
	0


 
	Longitude
	−0.51065
	0.029223
	−0.5679271
	−0.4533729
	6,484
	−17.47411
	0

 
	BTS
	Year
	−0.15002
	0.006628
	−0.1630109
	−0.1370291
	13,165
	−22.63581
	0


 
	Longitude
	0.19697
	0.016216
	0.16518664
	0.22875336
	13,165
	12.14636
	0

 
	DYFS
	Year
	−0.08294
	0.00629
	−0.0952684
	−0.0706116
	14,686
	−13.185509
	0


 
	Longitude
	−0.18673
	0.039076
	−0.263319
	−0.110141
	14,686
	−4.778608
	0

 
	IBTSQ1
	Year
	0.000995
	0.006518
	−0.0117803
	0.01377028
	12,159
	0.152632
	0.8787


 
	Longitude
	0.27741
	0.016998
	0.24409392
	0.31072608
	12,159
	16.320131
	0

 
	IBTSQ3
	Year
	−0.06941
	0.003292
	−0.0758623
	−0.0629577
	10,702
	−21.080429
	0


 
	Longitude
	0.0406
	0.007863
	0.02518852
	0.05601148
	10,702
	5.163288
	0

 
	SNS
	Year
	−0.3335
	0.01687
	−0.3665652
	−0.3004348
	1,857
	−19.77
	0


 
	Longitude
	−0.6403
	0.05494
	−0.7479824
	−0.5326176
	1,857
	−11.65359
	0

 
	All surveys
	Year
	−0.10371
	0.004859
	−0.1132336
	−0.0941864
	69,473
	−21.342498
	0


 
	Longitude
	0.09101
	0.009227
	0.07292508
	0.10909492
	69,473
	9.863843
	0


 
	Mesh size: small
	1.89185
	0.16501
	1.5684304
	2.2152696
	69,473
	11.465101
	0





BITS, Baltic International Trawl Survey; IBTS, International Bottom Trawl Survey; BTS, Beam Trawl Survey; DYFS, International Demersal Young Fish Survey; SNS, Sole Net Survey.




TABLE 4 Results of generalized linear zero-inflated negative binominal mixed effects models (using glmm.zinb function) for seven trawl surveys treated separately (BITSQ1, BITSQ4, NS-IBTSQ1, NS-IBTSQ3, BTS, DYFS, and SNS): CPUE= (Year + Longitude, random = ~ 1|Depth), where eel catches only included larger eels (≥50 cm) was the dependent variable (CPUE; no*h−1), and Year and Longitude were fixed effects and Depth was treated as random effects. Then all surveys were combined, the model included the fixed effects of the categorical variable Mesh size, that is, “small” and “large” mesh size in the cod end according to the model CPUE = (Year + Longitude + Mesh size, random = ~ 1|Depth).


	Eel ≥50 cm
	Variables
	Estimate
	Std. Error
	2.5% CI
	97.5% CI
	DF
	t-value
	p-value





	BITSQ1 Large
	Year
	−0.06904
	0.006738
	−0.0822465
	−0.0558335
	9,696
	−10.24572
	0


 
	Longitude
	−0.25358
	0.031747
	−0.3158041
	−0.1913559
	9,696
	−7.987586
	0

 
	BITSQ4 Large
	Year
	−0.12032
	0.00661
	−0.1332756
	−0.1073644
	6,484
	−18.20274
	0


 
	Longitude
	−0.46703
	0.029238
	−0.5243365
	−0.4097235
	6,484
	−15.97345
	0

 
	BTS Large
	Year
	−0.09619
	0.011653
	−0.0822465
	−0.0558335
	13,165
	−8.254341
	0e+00


 
	Longitude
	0.10823
	0.028312
	−0.3158041
	−0.1913559
	13,165
	3.822866
	1e-04

 
	DYFS Large
	Year
	−0.0935
	0.008438
	−0.1100385
	−0.0769615
	14,934
	−11.080616
	0


 
	Longitude
	−0.10051
	0.034141
	−0.1674264
	−0.0335936
	14,934
	−2.944002
	0.32

 
	IBTSQ1 Large
	Year
	0.000927
	0.008234
	−0.0152116
	0.01706564
	12,159
	0.112544
	0.9104


 
	Longitude
	0.149203
	0.02068
	0.1086702
	0.1897358
	12,159
	7.214819
	0

 
	IBTSQ3 Large
	Year
	−0.08094
	0.002981
	−0.0867828
	−0.0750972
	10,702
	−27.15037
	0


 
	Longitude
	0.07656
	0.006812
	0.06320848
	0.08991152
	10,702
	11.23797
	0

 
	SNS Large
	Year
	−0.2181
	0.005047
	−0.2279921
	−0.2082079
	1,857
	−43.21922
	0


 
	Longitude
	−0.3155
	0.022097
	−0.3588101
	−0.2721899
	1,857
	−14.27771
	0

 
	All surveys
	Year
	−0.09117
	0.003946
	−0.0989042
	−0.0834358
	66,226
	−23.103806
	0


 
	Longitude
	0.04979
	0.007105
	0.0358642
	0.0637158
	66,226
	7.008255
	0


 
	Mesh size: small
	1.05112
	0.228297
	0.60365788
	1.49858212
	66,226
	4.604188
	0





BITS, Baltic International Trawl Survey; IBTS, International Bottom Trawl Survey; BTS, Beam Trawl Survey; DYFS, International Demersal Young Fish Survey; SNS, Sole Net Survey.






NS-IBTSQ1 and NS-IBTSQ3 trawl hauls

The number and distribution of trawl hauls in NS-IBTSQ1 and NS-IBTSQ3 in the North Sea, including the Kattegat and the Skagerrak, with or without eel catches, are shown in Table 2 and Figures 3a–d. The abundance of eels in the surveys was also higher in the Kattegat and the Skagerrak, while eel catches were almost absent in the rest of the North Sea except along the southern North Sea coast. CPUE was higher in NS-IBTSQ3 than in NS-IBTSQ1 (Figure 5c; Wilcoxon rank-sum test with continuity correction, W = 311, p < 0.0017). The fixed effects of the variables Year and Longitude on CPUE (no*h−1), while treating Depth as a random variable, were highly significant in both cases, when all eel catches were included and for catches of eels ≥50 cm in NS-IBTSQ3, while no Year effect was indicated in NS-IBTSQ1 (GLMM-ZINB: Tables 3a, b). There was no sign of either recovery or stabilization of the CPUE level after 2010.



BTS in Q3 and Q4 combined

The combined number and distribution BTS trawl hauls in Q3 and Q4, with and without eel catches, in the North Sea, the English Channel, and the Irish Sea are shown in Table 2 and Figures 4a, b. Eel catches in the BTS survey were mostly found in the coastal waters of the southern North Sea. Over time, eel catches declined to almost nil around the turn of the century (Table 2, Figure 5d). The fixed effects of the variables Year and Longitude on CPUE, while treating Depth as a random variable, were strongly significant for all eels included and eels ≥50 cm (GLMM-ZINB: Tables 3a, b). No recovery of the CPUE level could be evidenced after 2010, as eel catches had already declined 25 years ago to almost nil.



DYFS in Q3 and Q4 combined

The combined number and distribution DYFS trawl hauls in Q3 and Q4, with and without eel catches, along the southern North Sea coast are shown in Table 2, Figures 4c, d. The eel catches in the survey were found close to the coast of the southern North Sea. The fixed effects of Year on CPUE, treating Depth as random variable, were strongly significant in both cases, when all eel catches were included and for catches of eels ≥50 cm, while the Longitude effect was only significant in the case when all eel catches were included (Figure 5e; GLMM-ZINB: Tables 3a, b). There is no sign of a recovery in the CPUE level, which has remained low since 2010.



SNS in Q3 and Q4 combined

The combined number and distribution SNS trawl hauls in Q3 and Q4, with and without eel catches, along the southern North Sea coast are shown in Table 2 and Figures 4e, f. Eel catches are closer to the coast compared to the overall distribution of hauls. The fixed effects of Year and Longitude on CPUE, while treating Depth as a random variable, were highly significant for in both cases, when all eel catches were included and for catches of eels ≥50 cm (Figure 5f; GLMM-ZINB: Tables 3a, b). There was no evidence of CPUE-level recovery after 2010, as eel catches had already declined ~25 years ago to almost zero.



All surveys combined

The fixed effects of all three variables, Year, Longitude, and Mesh size, on CPUE when all surveys were combined, while treating Depth as a random variable, were highly significant in both cases, when all eel catches were included and for catches of eels ≥50 cm (GLMM: Tables 3a, b). The GAM modeling for catches of eels ≥50 cm in the trawl surveys using a small mesh size (20 mm in the cod end) shows the effects of Year, Longitude, and Depth graphically, with all variables being highly significant (Figure 6, Supplementary Table S2).


[image: Three graphs labeled a, b, and c. Graph a shows a curve of 's(effect)' versus 'long', peaking around 15. Graph b plots 's(effect)' against 'depth', descending from 0 to 400. Graph c displays 's(effect)' over 'Year' from 1980 to 2020, with a general downward trend.]
FIGURE 6
 GAM modeling results of surveys combined with small mesh size in the cod end, that is, 20 mm, and where catches of eel ≥50 cm: (a) depth effects; (b) longitude effects; (c) year effects.





Correlation between survey indices for eels ≥50 cm and Swedish eel coast landings

Correlation matrix (Spearman rho, p-value, and number of observations) between years, total annual Swedish Baltic eel landings, average annual CPUE (number per trawling hour; no*h−1) are shown in Table 4 for large eels (≥50 cm) in surveys BITSQ1 and BITSQ4, NS-IBTSQ1 and NS IBTSQ3, BTS, DYFS, and SNS. All indices, except BITSQ1 and NS-IBTSQ1, were negatively correlated to year. Swedish Baltic eel landings were well correlated with all other indices except the NS-IBTSQ1. The surveys BITSQ4, NS-IBTSQ3, and DYFS were well correlated to each other. While the BTS, DYFS, and SNS were rather well correlated to each other, however between the BTS and the DYFS only at p < 0.10, indicating a partially differentiated development in annual CPUE over time between indices from the Baltic/Kattegat and the southern North Sea (see also Figures 5a–f).

TABLE 5 Correlation matrix (Spearman rho: p-value below diagonal; rho correlation coefficient above, number of observations within parenthesis) between year of monitoring, total annual landings of eels on the Swedish Baltic coast (SD23–25, SD27–31, see Figure 1), mean annual CPUE (no*h−1) of large eels (≥50 cm) in the surveys BITSQ1, BITSQ4, NS-IBTSQ1, NS-IBTSQ3, BTS, DYFS, and SNS.


	p-value \rho (n)
	Year
	Baltic landings
	BITSQ1 large
	BITSQ4 large
	NS-IBTSQ1 large
	NS-IBTSQ3 large
	BTS large
	DYFS large
	SNS large





	Year
	1
	−0.9 (38)
	−0.34 (34)
	−0.74 (33)
	−0.09 (34)
	−0.68 (33)
	−0.49 (40)
	−0.78 (39)
	−0.7 (38)

 
	Baltic landings
	< 0.0001
	1
	0.44 (32)
	0.72 (32)
	0.14 (32)
	0.6 (31)
	0.58 (38)
	0.66 (38)
	0.61 (37)

 
	BITS Q1 large
	0.0472
	0.0082
	1
	0.29 (33)
	0.19 (34)
	0.22 (33)
	0.25 (34)
	0.18 (33)
	0.23 (32)

 
	BITS Q4 large
	0.00001
	< 0.0001
	0.1033
	1
	0.06 (33)
	0.71 (32)
	0.2 (33)
	0.53 (33)
	0.05 (32)

 
	IBTS Q1 large
	0.6248
	0.4082
	0.2808
	0.761
	1
	−0.05 (33)
	−0.19 (34)
	0.29 (33)
	−0.05 (32)

 
	IBTS Q3 large
	< 0.0001
	0.0008
	0.2247
	< 0.0001
	0.7816
	1
	0.3 (33)
	0.51 (32)
	0.27 (31)

 
	BTS large
	0.0014
	0.0031
	0.151
	0.2537
	0.2695
	0.088
	1
	0.27 (39)
	0.48 (38)

 
	DYFS large
	< 0.0001
	< 0.0001
	0.314
	0.0014
	0.106
	0.0032
	0.0971
	1
	0.47 (38)

 
	SNS
 large
	< 0.0001
	0.0001
	0.2083
	0.7888
	0.7682
	0.1367
	0.0024
	0.0027
	1





Significant correlations coefficient at p < 0.05 are shown in bold.

BITS, Baltic International Trawl Survey; IBTS, International Bottom Trawl Survey; BTS, Beam Trawl Survey; DYFS, International Demersal Young Fish Survey; SNS, Sole Net Survey.




All surveys have similar patterns regardless of whether all size groups were included or only fish ≥50 cm were selected (Figures 5a–f). However, the BTS and SNS surveys showed the largest differences between the two size groups (Figures 5d, f), with relatively lower representation of fish ≥50 cm compared to smaller size groups. Because the mesh size in the cod end was larger in the BTS and SNS surveys compared to the other surveys (40 mm vs. 20 mm), the presence of smaller eels may have been even higher than depicted by the surveys.




Discussion

Here, the evolution in eel abundance is described and followed over extensive areas of Northern European coastal waters at a critical time for the future of European eel. All surveys in this study, except the IBTSQ1, despite large annual fluctuations at the beginning of some of the time series, showed significant negative trends in CPUE, that is, number of eels caught per trawling hour (no*h−1), regardless of whether they included all size groups (the yearly decline in CPUE varied between −0.069 and −0.333) or solely contained fish ≥50 cm (the yearly decline in CPUE varied between −0.069 and −0.218; Table 3, Figure 5). The pooled surveys indicated an annual decline of ~-0.10 in CPUE. The effects of longitude, although significant for all surveys except one (DYFS Large), showed both positive and negative trends in the surveys. The GAM modeling for surveys with small mesh sizes indicated a unimodal gradient in the eel catches (Figure 6).

The variation in CPUE between years (Figure 5) is likely related to annual effects in the surveys; that is, the catchability of the trawls shows large annual variation. In addition, all surveys except NS-IBTSQ1 were negatively correlated to Swedish Baltic eel landings (Table 4). Commercial landings and the surveys thus have similar trends, suggesting that the decline in eel landings is not an indication of a lower impact of the fishery (29, 30) but of lower eel abundance. Furthermore, fishery-independent and fishery-dependent data can be combined to model the spatiotemporal distribution of diadromous and threatened fishes at sea [e.g., (31, 32)]. Such modeling work can shed light on rare species' habitats and migratory behaviors.

Eels were caught in greater quantity and frequency during Q3 and Q4 than during Q1. The differential occurrence of eels across the year was expected, as eels are more likely to be caught during the second part of the year (i.e., Q3 and Q4) than during the winter period (Q1). European eel tends to migrate during the second part of the year when most eels in northern waters hibernate during the winter (20, and references therein) and are also more active and thus easier to catch at higher than at lower water temperatures (33).

The strong effect of longitude in all surveys was expected, as higher eel catches were observed in the western Baltic Sea, including the Kattegat, and areas along the southern North Sea coast than in areas elsewhere covered by the surveys. Eel catches were also limited to shallow areas but not exclusively to the coast or inshore, as indicated by the surveys in the Baltic Sea and the Kattegat. As migrating eels in deeper areas can swim in the open water mass continuously during the day (22), eel catches in demersal gears can be expected to be lower in deep-sea areas, compared to shallower areas where the eel may rest on the seabed during daytime (34). Furthermore, shallow marine or brackish water is a major habitat for “freshwater eels” also during growth phase [cf. (20), and references therein]. Eel fishing has also been dominated by coastal fishing rather than inland fishing for a very long time (18).

The uncorrelated trends in CPUE between the two groups of surveys, that is, BITS and NS-IBTS at the outlet of the Baltic, on one hand, and BTS, DYFS, and SNS in the southern North Sea, on the other, may indicate differentiation in population dynamics between the two areas. A severe decline in eel abundance may have occurred earlier in, for instance, Dutch coastal waters (35, 36) than in the Kattegat and the Baltic (18, 37). This differentiation between the Baltic Sea region and the southern North Sea could reflect differences in recruitment level and/or exploitation rates. When further evaluating the suitability of the trawl surveys presented here and how these could be combined with landing statistics, Bayesian modeling, for example, may be an alternative (38, 39). Such approaches open up the possibility of spatiotemporal modeling of population dynamics [e.g., (40)].

The reported international trawl surveys can thus provide an alternative method for estimating changes in eel abundance at a regional scale. As such, it can also confront previous ways of measuring the degree of exploitation. For example, the main method for assessing the amount of southbound silver eel migrating along the Swedish east coast toward the entrance of the Baltic Sea [cf. (41, 42)], relies on the proportion of externally attached tag returns (43). Due to a low tag return rate, fishing mortality was estimated at 0.003 year–1 for the 2020 decade (30). It must be emphasized that such figures for fishery mortality close to zero, if correct, would have no demonstrable significance for eels (escapement) migrating out of the Baltic Sea. In other words, the Swedish coastal eel fishery would no longer have any significance for the development of the eel population. However, because the eel landings along the Swedish east coast are not even recently completely insignificant—the average annual landings over the 2013–2022 decade are equal to 144 tons (16)—estimates of the total size of the stock give extremely high records, ~10,000 tons in just one Swedish east coast county due to the purported low fishing mortality rate (16).

For the 1981–2013 period, Westerberg and Wickström (44), based on a theoretical recruitment level and low natural mortality during the early juvenile phase, proposed similar stock levels in the Baltic Sea of ~50,000 tons and escapement corresponding to 20,000 tons per year(45). Fishing mortality was estimated to be low (0.05–0.10) but not as low as proposed by van Gemert et al. (16), as the landings were higher compared to 2013–2022.

Furthermore, such stock levels, as suggested by Westerberg and Wickström (44) and van Gemert et al. (16), would effectively invalidate the alleged threatened status of European eel. The fact that the BITSQ1, BITSQ4, and NS-IBTSQ4 indices have decreased drastically over the last 15 years, and that the decreasing trend in eel landings along the Swedish east coast is in line with such a decrease in eel abundance, contradicts the existence of such high stock levels as suggested by van Gemert et al. (16) and Westerberg and Wickström (44). Svedäng and Cardinale (45) argued in response to Westerberg and Wickström (44) that the reported stable landings per unit effort (LPUE) in the Swedish eel coastal fishery over the past 50 years, while the fishing effort has significantly decreased (29), was due to hyperstability and that it also reflected stability in F [e.g., (46)]. The catchability of the pond nets thus increases as the number decreases, partly due to different fishing opportunities between fishing sites as better locations will be maintained while others are abandoned. While effort has decreased due to fewer nets (29), F has remained stable (or increased) due to increased catchability of remaining nets. In other words, if the eel stock had remained stable, decreased effort should have resulted in increased LPUE.

According to Council regulation (EC) no 1100/2007 on measures for the recovery of the stock of European eel, national recovery plans shall be developed to meet the targets set by the European Commission. These obligations have not been met in the Baltic Sea basin or countries in the southern North Sea. On the contrary, this serious and continuing decline in the European eel stock, as here indicated, puts the very survival of this iconic and ecologically important fish species at high risk, suggesting that ICES (47) recommendation in 2024 should be followed, for instance, by introducing a fishing ban on all exploitable life stages in all habitats.

If conservation measures had been effective, higher survival rates of eels in coastal and inland waters would probably have resulted in higher abundances of larger yellow eels, which can be observed in some parts of the Swedish west coast inshore, where a total ban on yellow eel fishing was introduced in 2012 (16). The disappearance of large, or near-maturing, eels in the surveys thus reflects the prolonged period of reduced recruitment since at least the beginning of the 1980s (4, 9), and ineffective measures to bring down fishing mortality and other factors affecting survival. In fact, a comparative study on yellow eel abundance along the German Baltic coast between 2009–2014 and 2015–2020 supports the view that increased mortality may be the driving factor behind the decline as depicted in BITSQ4 (48). Despite the increased abundance of younger eels of ages 3–4, there was a pronounced decrease in age groups ≥6 between the first and the second study period.

This study underlines the unsatisfactory status of governance in the EMP, according to the European Parliament resolution of 21 November 2023 on the implementation of Council Regulation EC No 1100/2007 (55), which specified that “there is no feedback mechanism ensuring follow-up action and regular policy updates by the member states in the Eel Regulation; highlights the fact that the ICES advice of 2012, 2018, and 2021, post-evaluating the national implementation of the Eel Regulation, has not been put into practice sufficiently”. Contrary to any suggestion that the EMP is on the way to success, the decline in the abundance of adult eel likely indicates a continued reduction in spawning stock biomass (SSB). As the European eel belongs to a marine fish species that is easily overexploited due to its high age at sexual maturity (49), further declines in SSB may result in even lower recruitment, endangering the species.



Conclusion

ICES bottom trawl surveys confirm the deteriorating status of European eel. Surveys conducted during the second half of the year have a better representation of eels than in Q1, suggesting that these surveys may be useful for assessing the eel stock status also in the future. The study could not confirm that implemented regulations have resulted in a recovery of the eel stock in the areas studied. The prolonged period of low eel recruitment to European waters is now reflected in declining densities of eels in all sizes. Fishing and other factors, such as pollutants and parasites, may not have been restricted to an extent that allows the eel stock to recover. For future assessment of the status of the European eel stock, rely more on fishery-independent sources, such as bottom trawl surveys, and coastal monitoring with passive gears such as fyke nets, as information from commercial fisheries can easily be misinterpreted.
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