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Abstract
Smelt Osmerus eperlanus has tw o different life history strategies In the Netherlands. The migrating population Inhabits the 
Wadden Sea and spawns In freshwater areas. After the closure o f the Afsluitd ijk In 1932, part o f the smelt population 
became landlocked. The fresh water smelt population has been In severe decline since 1990, and has strongly negatively 
Impacted the numbers o f piscivorous water birds relying on smelt as the ir main prey. The lakes that were formed after the 
dike closure, Ijsselmeer and Markermeer have been assigned as Natura 2000 sites, based on the ir Importance for (among 
others) piscivorous water birds. Because o f the declining fresh water smelt population, the question arose whether this 
population Is still supported by the diadromous population. Opportunities for exchange between fresh water and the sea 
are however lim ited to discharge sluices. The relationship between the diadromous and landlocked smelt population was 
analysed by means o f o to lith  mlcrochemlstry. Our Interpretation o f o to lith  strontium  (88Sr) patterns from smelt specimens 
collected In the fresh water area o f Lake Ijsselmeer and Markermeer, compared to those collected In the nearby marine 
environment, Is that there Is currently no evidence for a substantial contribution from the diadromous population to  the 
spawning stock o f the landlocked population.
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Introduction

Sm elt Osmerus eperlanus occurs a long  the  coast o f  E urope 
from  N o rth  W est R ussia in the n o rth , includ ing  the W hite  
Sea an d  Baltic Sea, to the  Bay o f Biscay in the  south [1], 
A nadrom ous sm elt resides in estuaries originally, b u t several 
popu lations have becom e land locked  due to geological 
processes o r h ab ita t a lte ra tions by  m an  [2]. M an y  fish species 
a re  know n for th e ir large phenotyp ic  plasticity  in life history 
traits in re la tion  to env ironm en ta l characteristics. Sim ilarly 
sm elt has show n the  ability  to ad ap t to new  circum stances in 
m any  locations. Sm elt can  show diverse life history  traits 
am o n g  populations, ran g in g  from  m igra to ry  (diadrom ous) to 
residen t in  freshw ater [3].

Sm elt was ab u n d an t in the form er Zuiderzee estuary (The 
N etherlands) before its closure with a  large dan i (Afsluitdijk) in 
1932 (Fig. 1). After the Afsluitdijk was built, the Zuiderzee estuary 
was closed off from  the sea resulting in the freshwater Lake 
Ijsselm eer, in w hich a  landlocked population  o f smelt developed. 
M igrating opportunities becam e severely reduced to instants when 
dan i sluices are opened an d  w ater curren t is low enough to allow

passage. D iadrom ous smelt still inhabit coastal waters and  the 
W adden  Sea and  can grow up to 25 cm  an d  eight years old, and  
becom e m ature  a t 3 -4  years [2]. T he landlocked smelt m orphs 
becom e m ature  after only one year and  stay smaller (10-12 cm) 
th an  anadrom ous smelt m orphs [4]. Sm elt spawn in early spring in 
freshwater, preferably in runn ing  w ater in tributaries o f lakes or 
along shallow shores o f lakes an d  rivers, on firm  surfaces such as 
sand, gravel and  stones [3]. T he m ajority  o f landlocked smelt 
spawn only once and  individuals bigger th an  12 cm  (and 
presum ably older th an  2 years) m ake up a round  1 % o f the entire 
landlocked population  (Drost & de W itte unpubl.).

T h e  smelt populations o f  Ijsselm eer and  M arkerm eer have been 
declining strongly since 1990 [5]. In  w inter, the Lake Ijsselm eer 
area  is hom e to the largest population  o f waterfowl in W estern 
E urope [6], Based on  the num ber o f (am ong o ther groups) fish 
eating birds bo th  lakes a re  pro tected  as wetlands o f international 
im portance for w ater birds in the R am sar C onvention and  have 
been  assigned as N a tu ra  2000 areas. Smelt fisheries used to be an 
im portan t activity locally and  are  carried  out during  the spawning 
season, from  m id-February  till m id-M arch, w hen large num bers 
aggregate near h a rd  substrate areas, such as dykes [7]. Because o f
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Figure 1. Map of the study area showing the locations where samples were taken.
doi:10 .1371/jo u rn a l.pone.0069796 .g001

low biomass, smelt fishery was closed during  five years in the last 
decade (unpubl. data).

T h e  life history  o f an ad ro m o u s fish depends on  b o th  the 
quality  o f th e ir h ab ita t an d  the  connectiv ity  betw een hab ita ts 
A fter the  c rea tion  o f b o th  lakes two possible developm ents m ay 
have occurred : 1) sm elt becam e sep ara ted  in a  land locked  and  
a  d iad rom ous p o pu lation , w ith the  land locked  p opu lation  
closing its life cycle w ith in  the  lakes an d  the d iad rom ous 
p o p u la tio n  using spaw ning sites elsew here in a reas ad jo in ing  
the  W ad d en  Sea; 2) the  two popu lations a re  m ixed a n d  the 
d iad rom ous p o p u latio n  consists o f  the  individuals w ashed  ou t 
th ro u g h  the  sluices; re tu rn in g  from  the  W ad d en  Sea to Lake 
Ijsse lm eer is lim ited  to events w hen  sluices in the  dyke are 
opened .

G iven the decline in the landlocked smelt an d  the potential for 
recovery o f the population, the question we aim  to answer is: do 
anadrom ous smelt still contribute to the total spawning biom ass o f 
smelt in Lake Ijsselm eer an d  M arkerm eer? C ould the landlocked 
smelt stock be resupplied with W adden  Sea smelt? Insight in the 
im portance o f the m arine stock for the landlocked stock w ould 
contribute to the understanding o f the population  dynam ics o f 
smelt, and  consequently o f  those b ird  species that rely on  smelt as a 
food source.

A m ethod  com m only used to distinguish freshwater from 
m arine origin in fish is com paring  the S trontium  ( Sr) profiles 
along sagittal otoliths [8,9,10,11,12]. T h e  utility o f this m ethod 
stems from  the fact th a t otoliths a re  largely m etabolically inert, 
deposit a  th in  layer calcium  carbonate  continuously with age and  
reflect am bient chem istry [13]. T h e  origin o f smelt collected at 
different locations in Lake Ijsselm eer and  M arkerm eer during  the 
peak spawning period was investigated, by  com paring  the 
Strontium  (88Sr) signature o f their sagittal otoliths with those o f 
specimens collected in the D utch  W adden  Sea (Fig. 1). If  the 
d iadrom ous population  still contributes to the landlocked pop u 
lation, we expected to find individuals w ith a  m arine signal in their 
88Sr otolith profiles in the spawning period. T h e  88Sr concentra
tions in the edge o f the otoliths (the p a rt m ost recently deposited) o f 
W adden  Sea individuals was used as a  m arine  reference. These 
concentrations were com pared to 88Sr concentrations in specimens 
collected in bo th  lakes at spawning time.

Methods

Study Area
T h e  estuary Zuiderzee was closed off from  the D utch  W adden 

Sea sea in 1932 by a  dan i resulting in the form ation o f the
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freshwater lake Ijsselm eer (Fig. 1). T his was pa rt o f a  larger plan  
with a  threefold aim: protecting  central N etherlands from  the 
effects o f the N o rth  Sea, increasing the D utch  food supply with 
new  agricultural lan d  and  im proving w ater m anagem ent by 
creating a  lake from  the form er uncontrolled salt w ater inlet. T his "Sj
lake is nowadays the largest freshwater body in the N etherlands. It g
is a  shallow lake w ith a  m ean dep th  of 4 m  and  w ith up  to 8 m  Ü
deep channels. T h e  lake was further divided by three land  §
reclam ation  projects, reducing its surface w ith 40%  to about g
1900 km~ [5]. T he lake M arkerm eer with a  surface area  o f 
700 km~, was created  after the construction o f a  dan i in 1975, with 
the objective o f reclaim ing Lake M arkerm eer, a  p lan  that was later 
abandoned.

Lake Ijsselm eer gets nu trien t inpu t from  the R iver IJssel, a 
tribu tary  of the R iver R hine. Prim ary  production  and  fish 
p roduction  in Lake M arkerm eer is lower th an  in Lake Ijsselm eer 
[14,15]. Both lakes have m ultiple functions, fisheries, recreation, 
drinking w ater supply, transport an d  as a  rest an d  forage a rea  for 
birds [16], N utrien t reductions in the early 1980s lead  to a  drop  in 
phosphate levels. In  Lake Ijsselm eer retention  tim e o f w ater is 
a round  6 m onths, w hereas in Lake M arkerm eer it is a round  12 
m onths [5].

M ig ra to ry  possibilities for sm elt to pass the  different dam s are 
lim ited. In  the  Afsluitdijk, two sluice groups (one in the  W est 
an d  one in  the  East) con tro l the  outflow  o f  fresh w ater an d  there  
a re  two shipping locks. T hese  a re  the  only d irect connections 
betw een  lake Ijsse lm eer w ith  the  IJssel a n d  R h in e  river basin.
T h e  w esterly sluice com plex has th ree  groups o f discharge 
sluices w ith five tubes in each  group. T h e  easterly  sluice 
com plex has two groups w ith  five tubes each. E ach  tube  is 12 m 
wide. In stead  o f  the  fo rm er o pen ing  o f 35 km , now adays only 25 
sluices m easu ring  12 m  form  the connec tion  betw een  the 
W ad d en  Sea to Ijsse lm eer, a  red u ctio n  o f 99% . T h e  discharge 
is governed  by  ra in  fall, so in  spring  discharge is generally  high 
an d  chances for in land  m igration , especially for w eak swim m ers, 
a re  lim ited  to periods a t the  en d  o f discharge periods w hen  the 
w ater level outside an d  inside the  dike a re  a t a  sim ilar level. 
M ig ra tion  possibilities have no t changed  greatly  since the 
closure in 1932. T h e  nearest possibility for sm elt to en te r an  
uno b stru c ted  freshw ater a rea  a n d  spaw n is the  E m s-D ollard  
estuary, w hich  is ca 150 km  East from  the  Afsluitdijk. M igration  
possibilities betw een  Lake Ijsse lm eer to Lake M ark erm eer an d  
reverse a re  lim ited  to two com plexes, a t the  N o rth  side th ere  are 
two shipping locks an d  a discharge sluice (two tubes o f 20 m 
wide) an d  a t the  Sou th  side th ere  is a  sh ipping lock an d  a 
discharge sluice (six tubes o f 16 m  wide).

M ean  m onthly background 88Sr values vary betw een Ijsselm eer 
and  M arkerm eer, w ith lower levels during  sum m er th an  winter 
and  a  generally lower level in M arkerm eer than  in Ijsselm eer 
(Fig. 2, da ta  standard  m onitoring  R ijkswaterstaat, concentration 
m easured in surface water). Sim ilar da ta  for the W adden  Sea are 
not available.

Sample Collection
In  M arch  2010 smelt were sam pled w ith a  2,5 m  beam  trawl 

(rigged with fine-m eshed cod-end; 0.5 cm) in Lake Ijsse lm eer/ 
M arkerm eer. All know n spawning aggregations were sam pled 
(Fig. 1). Adult fish were collected from  the W adden  Sea with a  3 m  
beam  trawl (rigged with a  fine-m eshed cod-end; 20 nini) betw een 
April an d  O ctober 2009 to serve as a  m arine reference. After 
capture  fish were kept frozen and  taken to the laboratory  for later 
dissection. All fish were m easured to the nearest nun . In  total 110 
smelt, 56 from  Ijsselm eer (collected in 4 hauls/locations) an d  54 
from  M arkerm eer (4 hauls/locations, length 5 -7  cm, two speci-
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Figure 2. Seasonal variation of Strontium concentrations in 
M arkerm eer and Ijsselmeer in 2009 (data Rijkswaterstaat).
doi:10.1371 /jo u rn a l.p o n e .0 0 6 9 7 9 6 .g 0 0 2

m ens of 11 and  16 cm), and  9 smelt (length 13-23 cm) from  the 
W adden  Sea (2 hauls/locations) were collected. T h e  perm ission to 
collect fish in the areas under study was issued by the M inistry o f 
Econom ic Affairs in the N etherlands, departm ent im plem entation 
fisheries regulation (nr 60898). In  T h e  N etherlands there is no 
need for special approval to catch or kill fish by  an  ethics 
com m ittee (the experim ents on  anim als act, BW BR0003081). 
Smelt is a  fragile fish and  m ost o f  them  w ere already dead  when 
taken on board . For the few fish still alive, suffering was 
am eliorated  by im m ediate freezing.

T h e  total length o f all specimens were m easured ( ±  1 nun) and  
otoliths were collected in the laboratory. O ne otolith from  each 
specim en was cleaned and  em bedded in  resin. T h e  otoliths were 
placed on a  first layer o f  nearly cured  resin, after w hich the otoliths 
were fixed evenly w ith a  second layer o f  resin. E m bedded  otoliths 
were sectioned th rough  the nucleus. T h e  thickness o f  the slides 
ranged  betw een 0.5 and  0.6 nini. T hree  resin strips, containing 10 
sectioned otoliths each, were glued to a  glass slide with clear resin. 
N o coverslip was used. T h e  slides w ere stored in covered 
containers until analysed by laser ablation (LA) inductively 
coupled mass spectrom etry (ICPMS).

Laser Ablation-ICP-MS Analyses
A n IC P-M S (Therm o Scientific X-serie2) coupled to a  laser (ESI 

New W ave LTP-193 Fast Excim er ArF) was used to determ ine the 
concentration  of 88Sr along sagittal otoliths. T h e  N IST612 
reference m aterial was used for the optim ization o f following 
instrum ental param eters: the m ovem ent rate, the dwell time, the 
flow of Ar, the flow o f H e, the ou tpu t an d  the repetition rate. T he 
choices w ere m ade according to the intensities and  stabilities 
m easured. Logically, w ith a  longer dwell tim e, the stability 
increases. T h e  configuration set allowed a resolution of 3.7 pm , 
an  ablation d iam eter o f 25 pm  (35 pm  a t the p re-ablation  point) 
and  a  scan speed o f 25 pins ).

In  o rder to bette r answer our questions, a  quantitative analytical 
m ethod  was developed instead of working w ith 88S r / 44C a ratios. 
T o  do this, calibration standards N IS T  612 and  610 (lines o f 
600 pm) were chosen. Finally, to correct the drift and  differences 
in efficiency, the Cia was used as the in ternal standard. G iven the 
size o f smelt otoliths (ca 1 nun), the analysis is fast enough and  the 
extent o f standards was estim ated every 10 samples. T o  calculate 
concentrations, norm ally the standards enclosing the samples were 
chosen. Given the stability o f the m easures (r~ = 0.99), all the 
concentrations were calculated based on a  line with all standards 
m easured during  one day. In  prelim inary  tests, the resin itself was
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Figure 3. Strontium concentration profiles (in ppm) for smelt caught in the W adden Sea, going from the nucleus (left) to  the outer 
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m easured an d  it showed a  very special signature, completely 
different from  the otoliths. Such signatures w ere not observed in 
the otolith m easurem ents. In  addition, to avoid the risk o f 
contam ination  by  the resin o r by  dust, the line o f  m easurem ent 
was situated in the m iddle o f  the sample and  avoided the extrem e 
edges. M oreover a  pre-ablation  was carried  out. Tests indicated 
that a  th ird  ablation did no t differ from  the second one. H ence, all 
results refer to the second ablation m easurem ent th a t was always 
preceded by a pre-ablation  step. All the m easures are in T R A  
m ode (time resolved analyses). T h e  laser was led through the core 
o f  the otolith.

Data Analyses
O f each profile cross-cutting the otolith from  the rostrum , 

th rough  the nucleus, to the post-rostrum , the pa rt from  the nucleus 
to the rostrum  was used for analyses. 88Sr at the cores show the 
conditions the fish encountered  lived w hen they began  to grow. 
O nly the outer 50 m easurem ents (roughly representing 185 pm) of 
W adden  Sea individuals were used to define the threshold for the 
m arine signal, to ascertain th a t the 88Sr concentration  truly 
represented  the m arine environm ent an d  to avoid potential 
ontogenetic effects in 88Sr deposition. Similarly the last 50 
m easurem ents (outer edge) o f the otoliths o f fish caught in the
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lakes were chosen to represent the conditions a t tim e an d  shortly 
before tim e o f capture.

Specim ens originated from  different hauls, bu t a  varying 
num ber o f individuals w ere collected from  each haul. Therefore, 
the overall differences betw een the concentrations o f 88Sr 
concentration  in the section n ear the edge o f the otoliths from 
specimens collected in the W adden  Sea and  bo th  lakes were tested 
with a  m ixed effect m odel w ith individual nested w ithin haul as 
random  effect and  location as fixed effect [17]. T he random  
intercept allow for correlations betw een observations from  the 
same site and  individual. Because of heterogeneity in the data, Sr 
concentrations w ere log-transform ed prio r to analyses.

All da ta  analyses w ere carried  out in R  2.15.1.

Results

88Sr profiles o f  individuals caught in the W adden  Sea showed 
strong variations w ith 88Sr levels at the ou ter edge generally 
varying betw een 2000 and  6000 ppm , bu t not in the core (Fig. 3). 
T h e  core values were all below 2000 ppm . T h e  level at the outer 
edge, the p a rt o f  the otolith that was m ost recently deposited, was 
used as a  reference for the m arine environm ent. Eight out o f the 
nine individuals showed m ean values g reater th an  2000 in the final 
50 m easurem ents (m ean o f the final 50 m easurem ents o f the 9: 
2260 ppm  (range 1600-3100 ppm). Individual 5 from  the 
W adden  Sea has a  different profile from  the o ther eight, showing

values below 2000 ppm  at the edge. T h e  overall pa tte rn  o f this 
individual is how ever different from  Ijsselm eer individuals, that 
never show va lues> 2000  ppm . T h e  individual profiles o f all 
specimens collected in fresh w ater showed 88Sr levels ranging 
betw een 500 an d  2000 ppm . Profiles o f specimens in Lake 
Ijsselm eer were m ore variable th an  those from  Lake M arkerm eer. 
In  Lake Ijsselm eer m ore th an  ha lf o f the individuals showed lowest 
values at the core and  an  increase in 88Sr concentra tion  going 
from  the core to the edge, bu t never as high as the level identified 
as m arine (2260 ppm ) (Fig. 4). Individuals from  the 3ld haul 
(brown, 40-54) h ad  lower values at the core (500-1000) th an  most 
specimens from  o ther hauls. Levels varied betw een 5 0 0 - 
2000 ppm . T h e  two largest anim als (Fig. 4, individuals 20 and  
21) h ad  a  distinct pattern : after constant flat profiles b o th  showed a 
strong dip in  88Sr concentrations to va lues< 1000  ppm . Profiles 
from  Lake M arkerm eer specim en’s otoliths were generally flat, 
w ith no clear tren d  going from  the core to the edge and  no obvious 
differences betw een individuals originating from  different hauls 
(Fig. 5). 88Sr concentrations varied betw een 500-1200  ppm .

M ean  88Sr concentrations at the otolith edge w ere significantly 
higher in the W adden  Sea than  in bo th  lakes, bu t also differed 
betw een the two lakes, w ith lowest values found in Lake 
M arkerm eer (Table 1, Fig. 6). At the core 88Srconcentrations 
did not differ significantly betw een any o f the areas (Table 1, 
Fig. 6). A lthough m ean  core values were generally lower at lake 
M arkerm eer the difference was no t statistically significant (Fig. 6).
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Figure 5. Strontium concentration profiles (in ppm ) for smelt caught in Lake Markerm eer, going from the nucleus (left) to  the outer 
edge (right). The co lou rs  in d ica te  th e  d iffe ren t hau ls, all profiles in o n e  co lo u r o rig in a te  from  th e  sam e  haul. 
do i:10 .1371/jo u rn a l.p o n e .0069796 .g005

Discussion

Connectivity and Dispersal between Freshwater and 
Marine Environment

T h e  88Sr concentrations in otoliths o f individuals collected in 
the freshwater lakes w ere notas high as recorded in the otolith 
edges o f  specimens caught in the W adden  Sea. Therefore, based 
on  our study we argue that there is no evidence o f a  substantial 
contribution  from  diadrom ous individuals to the landlocked smelt 
population. H ow ever, the possibility for a  contribution  can no t be 
com pletely excluded. O bservations n ear the discharge sluices,have 
shown th a t W adden  Sea smelt occasionally enters Lake Ijsselm eer 
(K ruitwagen unpubl. data). Spaw ning generally takes place within 
a  few weeks [18], D ue to ship tim e lim itations the specimens were 
collected in a  short period  in M arch  only, bu t covered all known 
spawning locations in Lake IJsselm eer/M arkerm eer. T h e  sam 
pling gear used is p robably  suboptim al for catching larger size 
classes o f smelt if  they had  occurred. Large smelt were caught in 
fyke nets o r gillnets in Lake IJsselm eer/M arkerm eer in the late 
20th century. C urrently , these size classes are never encountered

on  the m arket o r auction anym ore (unpubl.data). A scenario in 
w hich the larger diadrom ous smelt en ter Lake Ijsselm eer and  
possibly even M arkerm eer for a  very short period  and  in low 
num bers is possibly. O riadrom ous smelt m ay quickly pass Lake 
Ijsselm eer an d  head  to historically know n spawning sites, such as 
R iver IJssel [19]. In  such scenario the recruits still contribute to the 
population  in Lake Ijsselm eer. G iven the fact that older an d  larger 
individuals in m ost fish species (and also shown in smelt) contribute 
disproportionally to the recruitm ent [20,21], a  contribution  from 
the d iadrom ous to the landlocked m orphs is possible, even if only a 
few larger sized individuals spawn in Lake Ijsselm eer or 
M arkerm eer.Since landlocked smelt populations are generally less 
fecund than  estuarine (migrant) smelt populations, a  dispropor
tional contribution  from  estuarine populations could even be 
expected [22].

T h e  fact that smelt older than  two years are  rarely observed in 
Lake Ijsselm eer can be explained if  they pass the sluices an d  stay 
in the W adden  Sea w ithout re tu rn ing  to Lake Ijsselm eer. A nnually 
(with a  peak in O ctober) large num bers 0 group smelt are passing 
the sluices to the W adden  Sea (195 tonnes, 65.000.000 individuals,
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Table 1. Estimates, estimated degrees o f freedom and significance for parameters testing area effects for log88Sr concentrations at 
the core and the edge o f the oto liths in mixed models w ith individual fish nested w ith in  sample as random effects.

response variab le param eter estimate standard error df t-value P value

88Sr at edge intercept 3.1207 0.03942 6142 79.164 0.0000

area: Markermeer -0.1715 0.05524 9 -3 .105 0.0126

area: W adden Sea 0.1866 0.05688 9 3.281 0.0095

88Sr at core intercept 3.0323 0.04071 6172 74.477 0.0000

area: Markermeer -0.0831 0.05672 9 -1 .465 0.1767

area: W adden Sea 0.0171 0.05995 9 0.285 0.7815

doi:10.1371 /journal.pone.0069796.t001

w hich roughly equals one th ird  o f the total Ijsselm eer population 
(Drost & de W itte unpubl.).

88Sr levels for the W adden  Sea fish were highly variable. T he 
W adden Sea is a  very dynam ic habitat with strong variations in 
salinity (24—32 PSU  [23]) caused by  the tide and the outflow of 
freshwater through the sluices in the Afsluitdijk. Although 88Sr values 
from the W adden Sea are not available, they are likely to vary greatly 
and  given the strong positive correlation betw een Sr and salinity, to 
follow similar seasonal and  daily fluctuations as salinity (h ttp ://  
w w w o ld .n io z .n l/n io z_ n l/ccb a2 4 6 4 b a7 9 8 5 d leb l9 0 6 b 9 5 1 b lc7 f6 . 
php). T his h igh variability  in salinity is likely causing the  strong 
fluctuations in  Sr profiles from  W ad d en  Sea individuals and  a 
small overlap in 88Sr values betw een  W ad d en  Sea an d  Lake 
Ijsselm eer m easured  in the o u ter 50 o f the otoliths. Because 
W ad d en  Sea sam ples consisted o f  specim ens th a t m ust have been  
2 -4  years old [18,22], we expected  to find dips in the  Sr profile 
(other th an  the core a rea  th a t was probab ly  deposited  in their 
early  life in fresh water), po tentially  ind icating  a spaw ning event in 
freshw ater. T h e  absence o f such dips could m ean  th a t e ither these 
individuals did no t go to a  freshw ater a rea  for spawning, did not 
spawn yet o r d id  no t grow (and feed) while being  in  their spaw ning 
areas. It is know n th a t females leave the spaw ning areas earlier 
th an  m ales, b u t it is no t know n w hether tim e spent in rivers differs 
betw een the  sexes [24], In  all spaw ning does no t take m ore th an  
1 -4  weeks [21]. T h e  very high concentra tions o f  > 3 0 0 0  ppm  
(Fig. 3) m ay indicate the influence o f N orth  Sea w ater inflow of 
h igher salinity.

belong to a  very local population. Sr profiles were very similar 
w ithin and  betw een hauls. Sim ilar profiles w ithin individuals o f 
one haul bu t different from  ano ther haul can be expected if  fish 
stay together in one school for m ost o f their life and  encounter 
similar circum stances as they move around. Alternatively the 
similar patterns are caused by the Sr signature o f the specific 
region, w hich w ould indicate that smelt do not m ove a round  a  lot, 
a  finding w hich shows agreem ent w ith a  closely related  species the 
rainbow  smelt Osmerus mordax [25,26,27]
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Exchange between Freshwater Areas
T h e  two individuals with a  dip in their profile later in life (Fig. 4, 

20 and  21) suggest that they m oved towards w ater with a  lower 
88Sr profile th an  Lake Ijsselm eer. T h e  88Sr level is similar to that 
found in smelt in Lake M arkerm eer. A nother possibility is that 
they swani up the river IJssel, an  im portan t spawning location in 
form er days w hen the lakes w ere not closed off from  the sea yet 
[19]. T h ere  are records o f smelt (ca 20 cm) sw arm ing a t the River 
IJssel m outh  and  m igrating upstream  for several tens o f kilom etres 
dating  back to 1840s [19], A dedicated search for smelt during the 
spawning period in the R iver IJssel m outh , and  analyses o f their 
otoliths 88Sr profiles could clarify if this scenario currently  still 
happens. These two individuals an d  the Lake Ijsselm eer individ
uals 38 and  40 -5 5  that show core values closer to the range of 
M arkerm eer individuals, could be an  indication o f exchange 
betw een Lake Ijsselm eer and  Lake M arkerm eer. T h e  only group 
that has ra th e r low 88Sr values (around 1000 ppm ) are the ones 
caught in the east o f Lake Ijsselm eer (3ld sam ple in Fig. 4); they 
cannot be distinguished from  M arkerm eer individuals. T h e  flat 
88Sr profiles found in M arkerm eer p robably  indicates these fish
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Figure 6. Mean Sr (in ppm ) concentrations in otoliths of the  
inner 50 measurements (core) and the outer 50 measurements 
of smelt (edge) caught in the W adden Sea, Lake Ijsselmeer and 
Lake Markerm eer.
doi:10.137 1 /jo u rn a l.p o n e .0 0 6 9 7 9 6 .g 0 0 6
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Implications for Management o f Landlocked Population
O u r results show th a t under the curren t m anagem ent there  is 

no indication o f a  strong contribution  o f the W adden  Sea smelt to 
the populations o f bo th  lakes. C urrently  the possibilities for smelt 
to re-enter Lake Ijsselm eer th rough  the sluices at either 
K ornw erderzand  or D en O ever are lim ited to periods when 
sluices are opened. Passage o f the discharge sluices towards the 
W adden  Sea is only possible shortly after opening an d  towards 
Lake Ijsselm eer shortly before closure. D iadrom ous smelt tends to 
aggregate in front o f the sluices in M arch , w here in 2009 ca 
50 tonnes o f adult fish were caught in the com m ercial smelt 
fisheries (Drost & de W itte unpubl.). G iven the lim ited entrance 
possibilities, m anagem ent to enhance the contribution  o f d iadro
m ous smelt to the Lake Ijsselm eer population  should concentrate 
on  im proving the opportunity  to enter by adjusting the discharge
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