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Willemm Dekker [2004] Slipping through our hands - Population dynamics of the European eel 

Whatt caused the decline of the Lake 

IJsselmeerr eel stock after I960? 

ICESICES Journal of Marine Science 61:394-404 (2004) 

Thee European eel Anguilla anguilla (L.) is in severe decline: landings from and recruitment to the stock have fall-
enn off since the mid 1960s and the early 1980s, respectively. Several hypotheses on the causes of the decline in 
recruitmentt have been advanced, some predicting an earlier decline of the adult stock than actually transpired. 
Inn order to narrow the range of potential hypotheses, this paper contrasts current ones with trends in abundance 
andd length distribution of the local stock in Lake IJsselmeer (the Netherlands) over the period of the decline. The 
dataa set consists of research surveys, market sampling, gear development experiments, etc., since 1904, and is 
uninterruptedd since 1950. A statistical analysis is designed in which sampling characteristics (length selectivity 
off  gears and of mesh sizes, and sample selection procedures) are separated out of trends in the local stock over 
thee years (abundance, length composition). The decline of the stock started in 1960, affected exploited and under-
sizedd eels, and was steeper for larger eels. The abundance of the smallest size class in the lake matches the inde-
pendentlyy recorded recruitment strength, which did not decline before 1980. Excessive exploitation, habitat loss, 
barrierss to migration, introduced parasites, and changes in ocean climate cannot explain the observed trends 
whenn taken individually. Therefore, the cause of the decline of the local stock in Lake IJsselmeer is still a mys-
teryy and, because the historical information is limited and cannot be added to, is likely to remain so. 

Duringg the second half of the 20th century, the yield of 
Europeann eel (Anguilla anguilla (L.)) has declined severely 
(Figuree la), and that decline preceded a sharp drop in 
recruitmentt (Figure lb). There are several hypotheses for 
thee decline (e.g. Castonguay et al. 1994; Moriarty and 
Dekkerr 1997; ICES 2002; Robinet and Feunteun 2002), but 
withoutt evidence of the state of the population during the 
periodd of decline, speculation is all there is. It is assumed 
thatt the decline in fishing yield since about 1965 represents 
aa decrease in spawning stock biomass (Dekker 2003c). 
Ultimately,, the small spawning stock may well have been 
thee cause for recruitment failure, possibly in combination 
withh incidental adverse environmental conditions, but 
whyy the yield declined over several decades despite con-
sistentlyy good recruitment in the 1960s and 1970s is still 
unclear.. Data series on eel fisheries are scarce, and only 
rarelyy cover more than a few years (Moriarty and Dekker 
1997).. For Lake IJsselmeer (the Netherlands), data were 
collectedd in isolated years before 1950 (Redeke 1907; 
Havingaa 1945), and more or less consistently since 1950. 
Althoughh spawner production of Lake IJsselmeer is almost 
absentt as a consequence of excessive exploitation (Dekker 
2000c),, the data set does provide an unique opportunity to 
analysee the decline of the local stock in detail. 

Thee gradual decline of the eel stock in inland waters 
wass hardly noticed (Dekker 2003b), whereas the later 

declinee in recruitment was noted almost immediately 
(EIFACC 1985). It contributed to several explanatory 
hypothesess (Castonguay et al. 1994; Moriarty and Dekker 
1997),, including pollution, habitat loss as a result of bar-
ragess and dams, climate change in the ocean, overexploita-
tion,tion, and man-made transfers of parasites and diseases. 
Somee of these would indeed result in earlier decline of the 
adultt stock while recruitment was still good, but others 
wouldd not. This work focuses on statistical analysis of the 
trendss in the IJsselmeer stock, and contrasts the results 
withh other proposed hypotheses. 

Thee analysis presented covers half a century of uninterrupt-
edd sampling, and spans a full century in total. Characteristics of 
thee estuary/lake changed considerably over the 20th century, as 
hass the eel stock, the fishery, the aim of the sampling, the sam-
plingg gears, the selection and recording procedures, etc. Hardly 
anyy single experimental set-up has been preserved for more 
thann 10 years, while the trends in recruitment and yield typical-
lyy run for several decades. In order to assess trends in the local 
stockk over the whole time span, a composite statistical model is 
developedd in which sampling characteristics and trends in the 
stockk are disentangled. Through all sampling set-ups, the 
lengthh composition of the catch has been recorded almost con-
sistently;; though other biological measurements are recorded 
lesss frequently. Consequently, the analysis focuses on abun-
dancee and length composition of the local stock. 
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Figuree 1 (a) Estimated landings and (b) indices of recruitment of glasseel, for the total population (broken line), and for 
thee study area (solid line), during the 20th century. In 1932, the estuarine study area was transformed into a freshwater 
lake.. Data from Dekker (2002, 2003c) and original. 

Materiall and methods 

Studyy site, eel stock, and fisheries 

Lakee Ilsselmeer (52°40'N 5°25'E) is a shallow, eutrophic 
freshwaterr lake, which was reclaimed from the Wadden 
Seaa (53°N 5°E) in 1932 by a dike (Afsluitdijk , Figure 2), 
substitutingg the estuarine area known as the Zuiderzee. 
Thee surface of the lake was stepwise reduced by land 
reclamation,, from an original 3470 km2 in 1932, to just 
18200 km2 since 1967. In preparation for further land recla-
mation,, a dam was built in 1976, dividing the lake into 

twoo compartments of 1200 and 620 km2, respectively, but 
noo further reclamation has actually taken place. In manag-
ingg the fisheries, the two lake compartments have been 
treatedd as a single management unit. The discharge of the 
riverr IJssel into the larger compartment (at 52°35'N 5°50'E, 
averagee 7 km3 per annum, coming from the River Rhine) 
iss sluiced through the Afsluitdijk into the Wadden Sea at 
loww tide, by passive fall. 

Freshwaterr fisheries developed since the closure have 
beenn and are still dominated by eel. Glasseels recruit 
throughh the sluices in the dike towards the Wadden Sea, 
att Den Oever (52°56'N 5°03'E), and Kornwerderzand 
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Waddensea a 

Figuree 2 Map of the study area. Major polders and dikes are indicated, with name, year of construction, and surface 
area.. Before 1932, the area constituted an estuary, known as Zuiderzee. Confusingly, since 1976 the name IJsselmeer 
appliess to the northern portion and to the lake as a whole. Data points indicate the position of individual samples. Those 
locatedd inside polders were taken prior to reclamation. 

(53°05'NN 5°20'E). The abundance of glasseels in front of 
thee sluices in Den Oever has been monitored since 1938, 
usingg a lif t net (Dekker 1998, 2002). Recruitment was low 
inn the late 1950s, remained high until 1980, but then 
declinedd to an all-time low in 2001 (Figure lb). 
Immigrationn of glasseels is facilitated by slightly opening 
thee sluices during the season. Silver eels migrate through 

thee sluices towards the Wadden Sea. There has been no 
artificiall  re-stocking of the lake with glasseels or young 
yelloww eels. 

Trawls,, fykenets, eel boxes, and longlines have been 
usedd to exploit the local stock (Van Densen et al. 1990). 
Landingss of eel were <1000 t before the construction of the 
Afsluitdijk ,, rose to a peak of 4750 t in 1948, then declined 
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inn several steps to <10001 from 1970. Since the recruitment 
failuree in the late 1980s, the yield has never exceeded 
4000 t (Figure la). Commercial trawling was the dominant 
fishingg technique until trawling was banned in 1970. 
Commerciall  fykenets have been used along the 
Afsluitdijk ,, for silver eels mainly. Since the mid 1970s the 
numberr of fykenets fishing for both glass and yellow eels 
hass risen sharply (Dekker 1991), 90% being smaller 
fykenetss set in trains, and the balance larger fykenets set 
onn poles near the shore. Eel boxes were developed follow-
ingg the ban on trawling. A minimum legal size limit of 
255 cm was established in the 1920s, but on 15 November 
1937,, it was raised to 28 cm. 

Data a 

Dataa from various sources have been combined: 
 Samples from the commercial fishery, consisting of 

landingss from trawls, fykenets, boxes, and longlines. 
Often,, information on the few eels below the mini-
mumm legal size in the catch is completely lost. In most 
cases,, sample size was fixed, and the associated effort 
dataa are not available. Before 1989, samples were col-
lectedd irregularly and did not cover all gear types. 
Subsequently,, all gear types have been sampled con-
sistentlyy and regularly, several times a year. Silver eels 
aree usually distinguished from yellow eels in the 
catches.. Although a large number of samples from the 
silverr eel landings are available, all silver eel samples 
havee been excluded from the current analysis, for the 
followingg reasons. First, silver eels may have been 
caughtt higher up the River Rhine. Second, the silver-
ingg process in itself is highly length-selective, masking 
informationn on the stock contained in the samples. 

 Samples from the commercial fishery before under-
sizedd eels were discarded. In such cases, the associat-
edd effort is mostly known. The objective of taking the 
sampless varied, including for stock monitoring for 
fisheriess management, and for collecting information 
onn discards. 

 Research vessel survey samples. Until 1980, most 
researchh surveys for eels deployed an 8-m beam trawl 
withh 2-mm mesh net, whereas in later years a 3-m 
beamm electrified trawl has been used (Deelder 1974) 
hass been deployed with the same mesh size. In a gear 
comparisonn experiment, both nets were fished in par-
allell  during the late 1980s. An 8-m beam trawl with 18-
mmm mesh used for coarse fish surveys yielded addi-
tionall  information on eels, and research vessels have 
oftenn collected incidental data. Most data are complete 
andd well documented, but for many samples from the 
1950ss and 1960s, information is restricted to length 
classess below the minimal legal size of 28 cm. 

 In the 1950s, a series of experiments was made testing 
differentt mesh sizes, to adapt the herring and anchovy 
trawll  used in the former Zuiderzee estuary to fresh-
waterr eel fisheries. 

Recordedd information includes gear type, number of nets, 
durationn of fishing operation, mesh size (hook size for 
longlines),, place and date of operation, and the number of 
eelss per length class of either 1 cm or 1 mm. 
Measurementss have been rounded down to 1-cm length 
classes,, but lengths >40 cm have been lumped. Gear types 
weree classified as: 8-m beam trawl (using dan lenoes); 3-m 
beamm trawl (using sledges); electrified 3-m beam trawl 
(sledges);; fykenets of any type; pots and boxes; longlines. 
Sampless were classified in respect of selection procedures 
as:: unrestrained; undersized (after legal-size eels were 
removed);; legal-size eels only; presumably unrestrained; 
presumablyy legal-size eels only. The last two categories 
applyy when explicit information is absent, but the length 
distributionn definitely suggests so. Missing information 
onn mesh size or selection procedure could often be 
restored,, based on written notes, background knowledge 
off  the personnel involved in the original sampling, or cir-
cumstantiall  evidence. For instance, while the smallest eels 
(<155 cm) are only caught in gear with mesh sizes « 10 
mm,, and trawl mesh sizes are known to equal 2 mm or 
>100 mm, the presence of many small eels indicates use of 
aa 2-mm mesh. 

Thee abundance of glasseels in front of the sluices in the 
Afsluitdijkk has been monitored annually since 1938 using 
aa small lift-net (Dekker 2002). The (logarithmic) index of 
suchh recruitment (Dekker 1998) has been used in the 
analysis. . 

Alll  data were computerized and stored in a database. 
Sincee 1989, data entry has been completed within a few 
dayss following the field trip; older data were computer-
izedd recently, from stored paper recordings. An overview 
off  the number, size, and characteristics of the samples is 
givenn in Figure 3. In all, 5878 samples have been analysed, 
aa total of 606,210 eels weighing 15.5 t, 0.1 %o of the com-
merciall  landings. 

Priorr to 1950, data are only available for a few short 
rangess of years (Figure 3); from 1950 onwards, an uninter-
ruptedd data series exists, with initially an approximately 
exponentiallyy rising number of samples per year. 
Followingg a brief period in the 1970s and 1980s when 
largee numbers of eels were sampled annually, the total 
hass stabilized at some 10,000 per year. In later years, most 
dataa are from research surveys, using an 8-m beam trawl 
priorr to 1980, and an electrified trawl after 1980, both with 
2-mmm mesh. Market samples (no effort information) 
involvedd an approximately constant number of eels since 
1950,, but recently, many small samples have been collect-
edd rather than a few very big ones. Before 1970, it is often 
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nott certain whether or not samples were restricted to 
legal-sizee eels. 

Analyticall  model 

Thee composite model used reads: 

^~year,sample,Iengthh — ^yea^sample 

^gear,selection,lengthh ^year, length 

wheree C is the catch in numbers per sample and length 
class,, E the effort applied in obtaining the sample (number 
off  units times the number of hours deployed, S the selec-
tivit yy of gear type and selection procedure by length class, 
andd N the relative abundance (numbers) by year and 
lengthh class. The subscripts represent the year of sam-
pling,, a trivial sample number (implying gear type and 
selectionn procedure), length class, gear type, and selection 
procedure. . 

Forr each factor E, S and N, a separate submodel is 
developed,, selecting from the class of generalized linear 
modelss (McCullagh and Nelder 1989). Starting from an 
initiall  best guess for all parameters, each submodel is esti-
matedd in turn, iterating until the model fit (deviance) 

8-mm trawl 
II  3-m trawl 
II  electrified trawl 
II  fyke nets 
lonelines s 

II  eel boxes 
eell  spear 

1900 0 19400 1960 
Year r 

1980 0 2000 0 

Figuree 3 (a) Number of samples, and (b) number of eels 
analysedd by year and gear type. 

changess by <l%o. Depending on initial parameters, this 
requiredd 5-10 iterations. Because true abundance is 
unknown,, S and N are expressed in relative terms. For S, 
thiss relates to the total catch of legal-size eels, for N to the 
catchh of a 2-mm mesh 8-m beam trawl per hour fishing. 

AA generalized linear model was used to model the 
lengthh class, using a cumulative logit link, and a multino-
miall  error distribution. Observations are weighted by the 
numberr observed divided by the relative abundance (see 
below),, i.e. 

W e i g ntt — L y e a r s a mp r e i e ng t [ 1 / JVyear,length 

Explanatoryy class variables are gear type and selection 
procedure,, whereas square root of mesh size serves as a 
continuouss covariate, assumed proportional to the length 
off  the fish being selected. 

Relativee selectivity is calculated as 

cc = 

gear,selection,length h 
Prob(lengthh < i < length + 1) / Pröb(i' > 28) 

wheree Pröb estimated probability. For samples retaining 
undersizedd fish only, relative selection is carried out using 
ann estimate of Pr6b(z' > 28) under the proviso that all 
lengthh classes had been retained, i.e. the relative selectivi-
tyy of undersized eels is assumed to have been unaffected 
byy the posterior discarding of information on legal-size 
eels. . 

AA generalized linear model of the number per length 
classs in each sample was used to model abundance, using 
aa log link and a Poisson error distribution. An offset is 
includedd in the model equal to 

O f f s ett = l o g ( Ey e ar / S a mple) + l0g(Sgear,selection,length) 

wheree E is known or estimated effort (see below). 
Explanatoryy variables include: 

 Gear type as a class variate, carries the relative catcha-
bilit yy (ratio of catch rates between gears). 

 A series expansion of length and year covers overall 
trendss in abundance. In principle, higher orders in a 
seriess expansion can model details in trends, but these 
aree not likely to be easily estimable, and are therefore 
excluded.. The first order of length is not included, 
becausee that would alias the selectivity submodel. 

 Using a categorical time-series approach (Fahrmeir 
andd Tutz 1994), the abundance in year y-1 is included 
ass an autoregressive variable in year y. The previous 
year'ss length class / is matched to the current year's 
lengthh class Z+g, to allow for g cm of growth. For the 
parameterr g, a fixed value of 4 cm per year was 
assumedd (Berg 1990). For each y and I, abundance is 
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Tablee 1 Analysis of variance (Type 1) tables for the selectivity and abundance submodels 
source e deviance e 

SelectivitySelectivity submodel: multinomial model oftht 

gearr type 

selection n 

Vmesh h 

residual l 

total l 

AbundanceAbundance submodel. 

gearr type 

autoregression n 

recruitmentt index 

year r 

year2 2 

year3 3 

yearr * length 

year22 * length 

yearr * length2 

residual l 

total l 

14,141 1 

4140 0 

3342 2 

41,029 9 

62,652 2 

log-linearlog-linear model of the 

4,716,922 2 

150,657 7 

7401 1 

8893 3 

43,088 8 

Noo fit 

99,726 6 

1939 9 

2878 8 

979,944 4 

6,011,449 9 

df f meann square 
11 length frequency distribution 

6 6 

4 4 

1 1 

187,495 5 

187,506 6 

abundanceabundance per length class 

6 6 

1 1 

1 1 

1 1 

1 1 

0 0 

1 1 

1 1 

1 1 

191,844 4 

191,857 7 

2357 7 

1035 5 

3342 2 

0.218 8 

0.334 4 

andand year 

786,154 4 

150,657 7 

7401 1 

8893 3 

43,088 8 

99,726 6 

1939 9 

2878 8 

5.11 1 

31.33 3 

F F 

10,810 0 

4748 8 

15,328 8 

153,906 6 

29,494 4 

1449 9 

1741 1 

8435 5 

19,523 3 

380 380 

564 4 

P P 

<0.000l l 

<0.000l l 

<0.000l l 

<0.000l l 

<0.000l l 

<0.000l l 

<0.000l l 

<0.000l l 

<0.000l l 

<0.000l l 

<0.000l l 

calculatedd as the relative abundance (see below) 
enlargedd by the mean of the residuals observed for y 
andd I in the previous model fit. This in itself requires 
ann iterative fitting procedure, which is integrated in 
thee overall iteration. In contrast to the series expansion 
off  length and year, this autoregression easily models 
trendss observed in few length classes, for a small 
rangee of consecutive years, if they match the 
(assumed)) growth rate. 

 For the smallest length class (7 cm), no autoregressive 
observationss are available, and the recruitment index 
developedd in Dekker (1998, 2002) is substituted. For 
largerr size classes, this explanatory variable is always 
sett to zero. 

Relativee abundance N is calculated as the estimated catch 
inn a standardized gear, a 2-mm mesh 8-m beam trawl per 
hourr fishing: 

™™ year,length "" L year,standard gear,no selection,length 

Effortt is modelled by a generalized linear model of the 
numberr per length class in each sample, using a log link 
andd a Poisson error distribution. 

Ann offset is included in the model equal to 

Offsett = log(Sgearselection/tength) + log(Nyear/length) 

Explanatoryy variables include only year x sample, repre-
sentingg the effort per sample. In principle, this analysis 
doess not differ from the abundance model above, and 
couldd therefore have been integrated there. However, the 

numberr of effort parameters to be estimated exceeds 1000. 
Solvingg the combined model would require computing 
timess proportional to the square of the number of sam-
ples.. Because each parameter estimate is determined by 
thee specified offset and the data of one sample only, each 
parameterr is estimated in turn, requiring computing-
timess proportional to the number of samples. For each 
sample,, estimated effort is calculated, but known effort is 
nott replaced by an estimated value. Each of the submod-
elss was implemented in SAS (SAS Institute Inc. 1999), 
usingg 'proc genmod'; macro-code controlled the overall 
iterationn of the model. 

Results s 

Owingg to the large number of observations (191,892), even 
tinyy correlations are statistically significant and all model 
termss contribute significantly to the overall model (Table 
1).. For the selectivity submodel, major contributions relate 
too gear type, mesh size, and selection procedure. For the 
abundancee submodel, the prime explanatory variables are 
gearr type, the autoregression, year2 and year x length. 
Inclusionn of the recruitment index improves the model 
onlyy marginally, but the regression coefficient is 0.76, 
indicatingg a rather strong relationship between the 
recruitmentt index and the few length classes directly 
affectedd by recruitment. The first and second terms of the 
seriess expansion in year are significant, but the third term 
iss not estimable. Year2 x length and year x length2 con-
tributee littl e to the model. Overall, the selectivity submod-
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ell  explains 25% of the variance, whereas the abundance 
submodell  explains 84%. However, the gear effect in the 
abundancee submodel is related to the units of effort cho-
senn for each gear type. Subtracting the gear effect, only 
24%% of the remaining variation is explained. 

Figuree 4 shows the effect of differences in gear type, 
meshh size, and selection procedure for the selectivity sub-
model.. The three trawl types (3-m beam trawl, 8-m beam 
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Figuree 4 Length frequency distributions estimated by the 
modell for 1980. (a) Unrestrained catch of different gear 
types.. Nets and eel boxes with a mesh size of 20 mm, 
longliness with hooks of 10-mm gape width, (b) 
Unrestrainedd catch of an 8-m beam trawl, with different 
meshh sizes (mm), (c) Selections of the catch of an 8-m 
beamm trawl with 10-mm mesh. 

trawl,, electrified trawl) result in comparable length distri
butions;; fykenets and eel boxes select larger sizes, and 
longliness select the largest eels. The difference in modal 
lengthh among gears is never more than 1 cm. Comparison 
off mesh sizes of 2,10 and 20 mm (Figure 4b) reveals larg
err discrepancies. Over the range 28-40 cm, the length dis
tributionss are identical. For a 20-mm mesh size, the distri
butionn falls below 28 cm, and for 10-mm mesh size below 
244 cm. The distribution of the different selection proce
duress reveals a close match between known and pre
sumedd procedures. Samples selected for legal-size eels 
(>28(>28 cm) do contain some undersized eels, even as small 
ass 20 cm, and the selection for undersized eels contains a 
feww legal-size eels, up to the top of the size range. 

Duringg the 20 th century, the abundance and the length 
compositionn of Lake IJsselmeer eels have changed consid
erably.. Until the 1950s (Figure 5), the abundance 
increased,, initially most obviously at lengths >10 cm, but 
followingg the closure from the Wadden Sea in 1932 also in 
thee smaller length classes. Although there is great varia
tionn in the estimated densities in adjacent years, the over
alll trend indicates a rise in abundance of the smallest 
lengthh classes (<10 cm) from 1900 to 1950, followed by a 
stablee period up to 1980, but then a drastic decline in the 
1980ss and 1990s. Individual years track exceptionally 
strongg (1952 and 1958) and weak (1956, years after 1980) 
yearr classes (Figure la); i.e. the trend in the smallest 
lengthh classes largely matches the trend in recruitment. 
Thee next length class up (10-15 cm) follows the same 
trends,, often one or two years later. Densities were high 
fromm 1950 to the early 1980s. For the 15-20 cm length class, 
however,, densities peaked in 1960, then declined gradual
lyy until 1980, when the decline was faster. The 20-25 and 
25-300 cm length classes followed similar trends, but the 
rapidd decline in the 1980s was somewhat later for the 25-
300 cm length class. For that length class, an isolated peak 
inn abundance is estimated for 1958. The abundance of the 
30-355 cm length class increased until 1940, varied at a high 
levell until the mid 1960s, and then declined gradually. 
Finally,, length classes 35+ cm have never been abundant, 
thoughh they were relatively good through the 1940s and 
1950s,, before declining gradually and consistently. The 
lowestt value in the record is for 2000. 

Discussion n 

Thee European eel population is clearly in severe decline. 
Currentt results suggest that the Lake IJsselmeer stock 
begann to decline in about 1960, affecting legal-size (>28 
cm)) and undersized eels, but also that the smallest size 
classess remained unaffected until the recruitment failure 
inn the 1980s (Figure 5). 

81 1 



OtapterOtapter 7 

3 3 
O O 

3 3 

Year r 

Figuree 5 Trends in abundance over the 20th century: estimated catch of an 8-mm beam trawl with 2-mm mesh operat-
edd for 1 h, summed over 5-cm length intervals. In 1932, the estuarine area was transformed into a freshwater lake. Since 
1937,, the minimum legal landing size has been 28 cm. 
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Too my knowledge, no previous studies on long-term 
trendss in yellow eel stocks have been published. For the 
Baltic,, Svardson (1976) reported a consistent decline in 
catchess of young eels in traps at river mouths after the 
1960s,, but interpreted this as a drop in recruitment from 
thee open ocean into the Baltic. 

Thee analytical model has largely been driven by the 
amountt of detail available in the historical data. Details of 
thee gear, the time of the day, the exact location being 
fished,, and the speed of towing are simply not available 
forr most samples. However, because eels were the target 
speciess for almost all sampling, optimal fishing conditions 
wil ll  have been aimed for consistently throughout the cen-
tury.. As the main fishing trawls have remained virtually 
unmodifiedd over the decades, modern motor vessels still 
trawll  at speeds comparable with that of old-time sailing 
ships.. Consequently, the observed trends in catch per unit 
effortt likely reflect variation in abundance rather than 
changingg fishing practice. Indeed, the estimated trend for 
thee 25-30 cm length class (Figure 5) is well correlated with 
thee yield (Figure la) of the commercial fisheries (r2=0.68 
forr the period since the last polder construction in 1968; 
n=33).. There are major irregularities in the results for the 
1950ss and early 1960s, during a period of low sampling 
intensity.. Although uncertainties in the interpretation of 
historicall  records might have caused some of the variation 
inn the results (Figure 5), it seems more likely that the num-
berr of samples was insufficient for averaging out stochas-
ticc variation. High stochastic variation is a recurring 
themee in the analysis of trends in eel abundance, and 
explainedd variance is typically less than 25% of the total 
variationn (Dekker 1998, 2000a, 2003a,c). 

Productionn in continental waters is the net result of 
recruitmentt from the ocean, individual growth, fishing 
mortality,, and other causes of death. Each of these 
processess might have changed over the decades, and 
couldd have caused the observed decline in production. 
Recruitmentt of glasseels to Lake IJsselmeer has been stud-
iedd extensively (Deelder 1958; Dekker 1998, 2002), reveal-
ingg a major drop in recruitment from 1980 onwards only. 
Growthh of eel in Lake IJsselmeer has been analysed 
(Deelderr 1957) through the conventional reading of the 
agee from whole otoliths, but this time-series has been dis-
continuedd (Deelder 1976) in favour of an incorrect 
(Dekkerr 1986) technique, and has not yet been restarted. 
Finally,, fishing mortality has been estimated for only a 
feww years (Deelder and De Veen 1958; Dekker 2000c). 
Consequently,, the processes determining the production 
aree poorly known, and the current analysis therefore 
focusess on the state of the local stock, which is assumed to 
reflectt changes in the production processes. In other 
words,, state variables are analysed to derive insight into 
changess in rate variables. Admittedly this is an indirect 

approach,, but presumably it is the only achievable one 
coveringg such a long time span. 

Whatt process might have caused the observed decline 
inn recruitment and abundance, reduced growth, or 
increasedd mortality? Over the period 1960-1985, the abun-
dancee of the eel length class 20-25 cm was reduced by c. 
50%.. Natural mortality from the glasseel stage to the 20-25 
cmm length class is unknown, but could be of the order of 
50%% (Moriarty and Dekker 1997; Dekker 2000b). If a 
changee in growth rate caused the observed decline in 
abundance,, it should have increased to about double the 
formerr value and would have led to an increase instead of 
aa decrease in commercial yield. Estimates of the annual 
growthh rate of Lake IJsselmeer eels were 4.5 cm in the 
1940ss (Havinga 1945), and 4.2 cm in the 1950s (Deelder 
andd De Veen 1958). The rate at which the recruitment fail-
uree since 1980 showed up in consecutive 5-cm length 
classess broadly corresponds to an annual growth rate of 4 
cmm (Figure 5), so there has been no obvious change. 
Therefore,, although growth variation may not be ruled 
outt completely, it is unlikely to have been the main cause 
off  the decline, and by exclusion, increased mortality 
seemss a more plausible explanation. An increase in annu-
all  (non-fisheries) mortality from 10 to 20% could have 
achievedd the observed effect, and both these levels are 
withinn the range of confidence limits of most estimates of 
naturall  mortality of eels in inland waters (Moriarty and 
Dekkerr 1997; Dekker 2000b). 

Duringg the study period, nearly half the surface of the 
originall  lake was reclaimed (Figure 2), reducing the pro-
ductivee area for the local stock (in 1930,1942, 1957 and 
1968,, respectively). According to (retired) fishers, eels 
insidee a polder under construction are easily trapped 
whilee moving into open water. Consequently, one would 
expectt a temporary rise in landings (if legally recorded), 
followedd by a period of higher density in the remaining 
openn water, where the escapees and the newly recruiting 
glasseelss are confined to a smaller area. Landings did 
peakk following the 1957 polder construction, but they 
declinedd following the 1968 one. However, in neither case 
wass there a corresponding rise in stock density in the 
remainingg area. Density-dependent mechanisms might 
havee limited the abundance in the remaining area, but 
thatt density steadily declined either indicates that the car-
ryingg capacity was not reached, or that it dropped steadi-
lyy over the years for some unknown reason. The recruit-
mentt failure in the 1980s resulted immediately in a decline 
inn the local stock, which would be highly improbable if 
thee stock was regulated by density-dependent mecha-
nisms.. Without density-dependent regulation, habitat loss 
wouldd have had minor consequences for the dynamics of 
thee stock. 
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Beforee the closure of the Zuiderzee from the Wadden 
Seaa in 1932, smaller eels (<15 cm) were relatively scarce. 
Glasseelss arriving at the continental coasts use selective 
tidall  transport to migrate into estuaries and rivers 
(Creutzbergg 1961; McCleave and Wippelhauser 1987; 
Dekkerr and Van Willigen 2000). Before the closure of the 
Zuiderzee,, tidal currents could have transported glasseels 
intoo the River IJssel, presumably as far up as Deventer 
(52°15'NN 6°10'E), more than 50 km upstream of the river 
mouth.. Most of the few glasseels caught in the Zuiderzee 
weree taken near the mouth of the River IJssel (Plate 29 of 
Redekee 1907), at a time of year (March, April) indicative of 
subsequentt further migration upriver. The yellow eel 
stockk in the Zuiderzee presumably consisted largely of re-
migrantss from freshwater, immigration and re-migration 
beingg frequent phenomena at the brackish/ freshwater 
interfacee (Limburg et al. 2002). Closing of the Afsluitdijk 
wil ll  have changed the opportunity for upriver migration 
completely,, the dike and sluices now being the effective 
tidall  limi t (Dekker and Van Willigen 2000). Lake 
IJsselmeer,, a large freshwater lake just upstream of the 
tidall  limit , would therefore operate as a trap for incoming 
recruits,, presumably bereaving upstream areas of any 
substantiall  recruitment. It is consequently most likely that 
thee sharp rise in eel fisheries in 1932 is a direct result of 
man-madee changes to the habitat and fisheries, not a 
reflectionn of changes in the local stock dynamics. The 
graduall  increase before 1932, from 450 to 900 t per year, 
wass attributed to an increase in the market price for eel 
(Redekee 1907; Havinga 1945). 

Followingg the closure of the Afsluitdijk, the abun-
dancee of small eels (<10 cm) in the lake tracks the abun-
dancee of glasseels in front of the sluices reasonably well 
(Figuress l b and 5). Apparently, immigration through the 
sluicess is not a major obstacle. 

Thee bottom line is therefore that the current analysis 
doess not reveal the causes of the decline of the population, 
butt it does narrow the range of hypotheses. The decline in 
Lakee IJsselmeer pre-dates the recruitment failure, is not 
predorninantlyy caused by loss of habitat, is not a conse-
quencee of (altered) barriers in the route of immigrating 
glasseel,, did not phase with eutrophication, peaking in 
thee 1970s, is not related to the excessive but constant 
exploitationn of the local stock, has no relation to apparent 
changess in ocean climate in the 1980s, began long before 
thee introduction of Anguillkola in the mid 1980s (Haenen 
etet al. 1994), and bears no relationship to the effects of pol-
lutantss on spawner fecundity. None of the individual 
hypothesess being an obvious explanation, a parallel, suc-
cessive,, or synergistic effect of multiple causes is plausible 
(Dekkerr 2003b), but without quantitative analysis of the 
contributionss by the individual causes, the multiple-cause 
hypothesiss is just a replacement for unsolved mysteries. 

Forr the crucial decades of the decline, the historical infor-
mationn is limited, so for Lake IJsselmeer and perhaps even 
moree relevantly elsewhere, it is unlikely that we will ever 
solvee the mystery of the decline of the European eel pop-
ulation. . 

Acknowledgements s 

II  thank Niels Daan for his critical review of my analyses, 
andd Hakan Westerberg for the valuable comments on the 
submittedd manuscript. 

References s 

Bergg R. 1990. The growth of eels: a critical assessment of 
dataa from open waters. Internationale Revue der 
gesamtenn Hydrobiologie, Berlin 75: 755-762. 

Castonguayy M., Hodson P.V. Couillard CM., Eckersley 
M.J.,, Dutil J.D. and Verreault G. 1994. Why is recruit-
mentt of the American eel, Anguilla rostrata, declining 
inn the St Lawrence River and Gulf? Canadian Journal 
off  Fisheries and Aquatic Sciences 51: 479-488. 

Creutzbergg F. 1961. On the orientation of migrating elvers 
(Anguilla(Anguilla vulgaris Turt.) in a tidal area. Netherlands 
Journall  of Sea Research 1: 257-338. 

Deelderr C.L. 1957. On the growth of eels in the IJsselmeer. 
Journall  du Conseil Permanent International pour 
1'Explorationn de la Mer 23: 83-88. 

Deelderr C.L. 1958. On the behaviour of elvers (Anguilla 
vulgarisvulgaris Turt.) migrating from the sea into fresh water. 
Journall  du Conseil Permanent International pour 
1'Explorationn de la Mer 24:136-146. 

Deelderr C.L. 1974. A new method for eel sampling, with 
usee of electronically controlled electricity. EIFAC 
Symposiumm on Methodology for the Survey, 
Monitoringg and Appraisal of Fishery Resources in 
Lakess and Large Rivers, Aviemore, Scotland, May 
1974.. Symposium Paper 69. 

Deelderr C.L. 1976. Remarks on the age-determination of 
eels,, with length-back-calculation. ICES/ EIFAC 
Symposiumm on Eel Research and Management, 
Helsinki.. Symposium Paper 18,13 pp. 

Deelderr C.L. and De Veen J.F. 1958. A calculation on the 
fishing-intensityy of the eel trawl on the IJsselmeer. 
Archivess Néerlandais de Zoölogie 13: 461-471. 

Dekkerr W. 1986. Age reading of European eels using 
tetracyclinee labeled otoliths. ICES Document, CM. 
1986/M:: 16,14 pp. 

Dekkerr W. 1991. Assessment of the historical downfall of 
thee IJsselmeer fisheries using anonymous inquiries for 
effortt data. In: Cowx G. (ed.), Catch Effort Sampling 
Strategies,, their Application in Freshwater Manage-

84 4 



WhatWhat caused the decline of the Lake IJsselmeer eel stock after 1960? 

ment.. Fishing News Books, Oxford, pp. 233-240. 
Dekkerr W. 1998. Long-term trends in the glass eels immi-

gratingg at Den Oever, the Netherlands. Bulletin 
Frangaiss de la Pêche et de Pisciculture, Conseil 
Superieurr de la Pêche, Paris, 349:199-214. 

Dekkerr W. 2000a. The fractal geometry of the European 
eell  stock. ICES Journal of Marine Science 57:109-121. 

Dekkerr W. 2000b. A Procrustean assessment of the 
Europeann eel stock. ICES Journal of Marine Science 57: 
938-947. . 

Dekkerr W. 2000c. Impact of yellow eel exploitation on 
spawnerr production in Lake IJsselmeer, the Nether-
lands.. Dana 12:17-32. 

Dekkerr W. (ed.) 2002. Monitoring of glass eel recruitment. 
Reportt C007/02-WD, Netherlands Institute of Fishe-
riess Research, Ijmuiden, 256 pp. 

Dekkerr W. 2003a. On the distribution of the European eel 
andd its fisheries. Canadian Journal of Fisheries and 
Aquaticc Sciences 60: 787-799. 

Dekkerr W. 2003b. Status of the European eel stock and fis-
heries.. In: Aida K., Tsukamoto K. and Yamauchi K. 
(eds.),, Advances in Eel Biology. Springer, Tokyo, pp. 
237-254. . 

Dekkerr W. 2003c. Did lack of spawners cause the collapse 
off  the European eel, Anguilla anguilla? Fisheries 
Managementt and Ecology 10: 365-376. 

Dekkerr W. and Van Willigen J.A. 2000. De glasaal heeft 
hett tij niet meer mee! [The glass eel no longer has a 
favouritee tide] Report C055/00-WD, Netherlands 
Institutee of Fisheries Research, Ijmuiden. 34 pp. (in 
Dutch) ) 

EIFACC 1985. Report of the 1985 meeting of the working 
partyy on eel and of the workshop on eel aquaculture, 
Perpignan,, September 1985. European Inland Fishe-
riess Advisory Commission of the Food and Agricul-
turee Organization of the United Nations, Rome, 
EIFAC/XIV/86/3,, 23 pp. 

Fahrmeirr L. and Tutz G. 1994. Multivariate Statistical 
Modelingg Based on Generalized Linear Models. 
Springer,, New York, 425 pp. 

Haenenn O.L.M. Van Banning P. and Dekker W. 1994. 
Infectionn of eel Anguilla anguilla (L.) and smelt 
OsmerusOsmerus eperlanus (L.) with Anguillicola crassus 
(Nematoda,, Dracunculoidea) in the Netherlands from 
1986-1992.. Aquaculture 126: 219-229. 

Havingaa B. 1945. De Visscherij en den Vischstand op het 
IJsselmeerr en de maatregelen ter verbetering van de 
productiviteit.. Generale Commissie Zuiderzeesteun-
wet,, 's Gravenhage, the Netherlands, 137 pp. 

ICESS 2002. Report of the ICES/ EIFAC working group on 
eels.. ICES Document, CM. 2002/ ACFM: 03. 

Limburgg K., Wickström H., Svedang H„  Westin L., 
Elfmann M. and Kristianson P. 2003. Do stocked fresh-
waterr eels migrate? Evidence from the Baltic suggests 
'yes'.. In: Dixon D.A. and Richkus W. (eds.), Biology, 
Managementt and Protection of Catadromous Eels. 
Americann Fisheries Society Symposium Series, 
Volumee 33, American Fisheries Society, Bethesda, 
Maryland,, USA, pp. 275-284. 

McCleavee J.D. and Wippelhauser G.S. 1987. Behavioral 
aspectss of selective tidal stream transport in juvenile 
Americann eels. American Fisheries Society Sympo-
siumm 1:138-150. 

McCullaghh P. and Nelder J.A. 1989. Generalized Linear 
Models.. Chapman & Hall, New York. 

Moriartyy C. and Dekker W. (eds.) 1997. Management of 
thee European eel. Fisheries Bulletin (Dublin) 15:1-110. 

Redekee H.C. 1907. Rapport over Onderzoekingen betref-
fendee de Visscherij in de Zuiderzee ingesteld in de 
jarenn 1905 en 1906. Ministerie van Landbouw, Nijver-
heidd en Handel, 's-Gravenhage, the Netherlands, 259 
pp. . 

Robinett T. and Feunteun E. 2002. Sublethal effects of expo-
suree to chemical compounds: a cause for the decline in 
Atlanticc eels? Ecotoxicology 11: 265-277 

SASS Institute Inc. 1999. SAS/STAT User's Guide, Version 
8,, Cary, North Carolina. 

Svardsonn G. 1976. The decline of the Baltic eel population. 
Reportt of the Institute for Freshwater Research, 
Drottningholmm (Sweden) 143:136-143. 

Vann Densen W.L.T., Cazemier W.G., Dekker W. and 
Oudelaarr H.G.J. 1990. Management of the fish stocks 
inn Lake IJssel, the Netherlands. In: Van Densen W.L.T., 
Steinmetzz B. and Hughes R.H (eds.), Management of 
Freshwaterr Fisheries. Proceedings of a symposium 
organizedd by the European Inland Fisheries Advisory 
Commission,, Göteborg, Sweden, 31 May-3 June 1988. 
Pudoc,, Wageningen, pp. 313-327. 

85 5 




