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Immigration, settlement, and density-dependent 
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ABSTRACT: M orta lity  factors o p e ra tin g  in  a tem porarily  iso la ted  0 -group  p la ice  p o p u la tio n  in  the  
w este rn  W ad d en  Sea have  b een  ex am in ed  from inform ation  on larva l im m igration , su b seq u e n t 
se ttlem en t and  ch an g es in dem ersa l d en sities. Larvae e n te red  the  w este rn  W ad d en  S ea  every  y ea r from 
the end  of F ebruary  to th e  b e g in n in g  of M ay. In y ears of strong  larv a l ab u n d an c e  the  m ain  p e rio d  of 
arrival seem ed  som ew hat d e lay ed  from M arch  to A pril. As a resu lt, b e tw ee n -y ea rs  m ean  len g th  and  
density  of the  se ttled  p o p u la tio n  show ed  an  inverse  re la tio n  on Ju n e  1. D e n sity -d ep e n d en t m orta lity  
w as o bserved  am ong p la ice  up  to ab o u t 35 mm, w ith  in s tan tan eo u s  m orta lity  ra tes  ra n g in g  up  to 
0.06 d -1 d u rin g  and  shortly  after se ttlin g  of th e  larvae. A rg u m en ts a re  g iven  that, a lth o u g h  in the  
coastal zone p e lag ic  p red ato rs are  p re sen t (several co e len te ra te  species), th e  m ain  d e n s ity -d e p en d e n t 
m orta lity  p rocesses o p era te  in the  d em ersa l phase . T he larval d a ta  fu rth er show ed  th a t leve l of year- 
class stren g th  w as e s tab lish ed  early  in life, du rin g  the  p lan k to n ic  s tag e  in the  o p en  sea. O b serv ed  
d en sity -d e p en d e n t m orta lity  in the  W adden  Sea red u ced  the  b e tw ee n -y ea r v a ria tio n  in  year-c lass  
stren g th  g e n e ra te d  in the  open  sea  eg g  and  larval s tag es  from a coefficient of v a ria tio n  of 62 % du rin g  
larval im m igration  to 30 % after se ttlin g  in June.

INTRODUCTION

From the onset of in tensive  fisheries research  in the 
beg in n in g  of this century, in terest has focussed on 
factors de term in ing  varia tion  in year-c lass strength. 
Hjort (1914) put forward the hypothesis  tha t year-class 
size is controlled dur ing  a crit ical phase  in the  early  
life history of the  fish, w h en  num bers  of ind iv iduals  are 
at a maximum. The m echan ism s involved can be  d is­
t ingu ished  into d en s i ty - independen t  processes re la ted  
to fluctuations in  the  physical environm ent, and  
dens i ty -dependen t  processes caused  ei ther  by p r e d a ­
tion or food competition. Since the  various m echan ism s 
m ay opera te  simultaneously , a thorough analysis  of the 
factors controlling the u ltim ate  size of a year-c lass is 
genera lly  very difficult.

Most m arine  fish species  show large year-to-year  
f luctuations in recru itm ent of juveniles  to the p a ren t  
stock (Daan 1978, H o lden  1978, Jones  & Hislop 1978, 
Sahrhage  & W agner  1978), w hich  implies that in these 
species d en s i ty -d ep e n d en t  mortality  factors are of re la ­

tively m inor im portance. T he  North Sea p la ice  p o p u la ­
tion (P leuronectes p la tessa  L.) is one of the  few e x c e p ­
tions, show ing  rela tive ly  small varia tions in rec ru it­
m en t (Bannister et al. 1974, B annis te r  1978, Rauck & 
Zijlstra 1978). In this species, rec ru itm en t seem s to be  
s tab ilized  by d e n s i ty -d ep e n d en t  morta lity  factors and  
therefore offers exce l len t  opportunit ies  for s tudying 
such factors.

Extensive stud ies  on the  pe lag ic  p h ase  of North  Sea 
p la ice  by Banniste r  et al. (1974) a n d  H ard in g  et al. 
(1978) revea l  h igh  m orta lity  rates  in eg g  and  larval 
stages, bu t  fail to dem onstra te  any  d e n s i ty -d ep e n d en t  
mortality.

Population  control du r ing  the  su b se q u en t  post-larval 
dem ersa l  p h ase  has  b e e n  the  sub ject  of a n u m b e r  of 
s tud ies  in British bays (Riley & Corle tt  1966, M acer  
1967, S teele  & E dw ards 1970, Lockwood 1972, 1980) 
a n d  in  the  continen tal  W a d d en  Sea (Rauck & Zijlstra 
1978, Zijlstra et al. 1982). T hese  s tudies  sugges t  a 
positive re la tion  b e tw e e n  m orta lity  and  density  in 
post-larval plaice, by w hich  the  b e tw e en -y ea r  f luc tua­
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tions in a b u n d a n c e  g e n e ra te d  du r ing  the  early  pe lag ic  
p h ase  can  be  m odera ted .  In British bays this density- 
d e p e n d e n t  m orta lity  opera tes  du r ing  the  w hole  of the 
su m m er  per iod  (Lockwood 1980), w h ile  in the  W a dden  
Sea d en s i ty -d ep e n d en t  morta lity  seem s to b e  restric ted 
to the  per iod  du r ing  an d  just after se t t lem en t of p la ice 
la rvae  (Rauck & Zijlstra 1978, Zijlstra et al. 1982).

The im pact of some p lank ton ic  p reda tors  on larval 
p la ice  du r ing  im m igra tion  of la rvae into the  W adden  
Sea w as  the  sub ject  of a prev ious p a p e r  (van der  Veer 
1985). The p resen t  p a p e r  focusses a t ten t ion  on m orta li­
ty processes  occurring dur ing  an d  shortly after larval 
se ttlem ent.  Information on larval imm igration , se t t le ­
ment, an d  ch an g es  in dem ersa l  dens it ie s  w as collected 
w ith  the  ob ject of es t im ating  m orta lity  rates for differ­
en t size groups separate ly .

MATERIAL AND METHODS

D escrip tion  o f the area. T he  area  se lec ted  for this 
study is par t  of a la rge  tida l flat system in the w estern  
W a d d en  S ea (Fig. 1). The in te r t ida l  a rea  of the  Balg- 
zand  (about 52 k m 2) is iso la ted  from other  tidal flats by 
d ikes  in  the  sou th  and  w est  and  for the  rem a in d e r  by 
t ida l channe ls  ran g in g  in dep th  from 5 to 20 m. A tidal

Fig. 1. L ocation of the  B algzand . P e lag ic  (•) and d em ersa l (O) 
sam p lin g  sta tio n s a re  in d ica ted  to g e th e r w ith  the  p osition  of 

the  tid e  g a u g es  ( t)

w atershed , i.e. an  area  w here  opposite tidal streams 
meet, runs abou t 2 km along the  flats para lle l  to the 
A m ste ld iep  tidal channel (de Boer 1978). The area 
consists of barren  flats w ith  only a few m ussel beds  in 
the  northw est part. M ed ian  g rain  size and  silt content 
respectively  are abou t 150 p.m and  5 % and  the re  is a 
g rad ien t  from coarse sand  in the northerly, more 
exposed  flats to fine sands and  m ud  in the  she lte red  
sou thern  areas (Dapper & van der  Veer 1981). N or­
m ally the flats are  d ra ined  for 2 to 4 h and  subm erged  
for 8 to 10 h of the tidal cycle. At h igh  w ate r  most of the 
area  is covered by 1.0 to 1.5 m  of mostly very turbid  
water,  the actual dep th  dep e n d in g  on w ea th e r  cond i­
tions and  lunar phase. The flats are in te rsec ted  by 
num erous  small gullies. During the  la ter phase  of the 
ebb  the  w ate r  recedes  th rough  these  gullies to the 
m a in  tidal channel.  The food of the plaice, consisting 
of meio- and  m acrobenthos, is p resen t in densities  of 
respectively  abou t 1.5 and  30 g ash free dry w eigh t 
m -2 (Beukema 1974, Witte & Zijlstra 1984).

P lankton  sam pling . P lankton sampling, a im ed  at 
es tim ating  the  num bers  of larvae tha t  en te red  the  area 
th rough  the tidal channels  just before settling, was 
carried  out at w eek ly  intervals  from February  until 
M ay-June  in 1980, 1981, and  1982. Usually 2 to 4 tidal 
per iods  w ere  sam pled  every w eek, during  bo th  the  day 
and  night, at fixed stations in  1 of the 4 m ain  tidal 
channels  (Fig. 1) tha t supply  the Balgzand  w ith  w ater  
(de Boer 1978). During each  ebb  and  flood tide  at least 
5 sam ples  were  collected.

Double ob lique hauls  w ere  m ade  using  nets with  a 
mouth  area  of 0.7 m2 and  a leng th  of 5 m. The nets 
w ere  constructed of polyam id p lank ton  g au ze  (Mono- 
dur  2000) with  a m esh size of 2 X 2 mm. The duration 
of the  hau ls  varied  be tw e en  10 and  45 m in  d epend ing  
on the  s trength  of the current and  the  ab u n d a n c e  of the 
a lga  P haeocystis p o u ch e tti and  the  c tenophore  
Pleurobrachia p ileus. The total m esh  area  of the  net 
(12 m 2) was sufficiently large to preven t serious over­
flow, even dur ing  blooms of these  species (van der 
Veer & S adée 1984). The am ount of w ater  filtered, 
m e asu red  by a flow m eter  m oun ted  in the m outh  of the 
net, var ied  be tw e en  300 and  2000 m 3 per haul. Further 
deta ils  of the  m ethod  are  g iven in van d e r  V eer  (1985).

All sam pled  m ateria l was prese rved  in a 4 % neutra l 
fo rm a ldehyde-seaw a te r  solution. The fish larvae were 
sorted  into morphological s tages  as descr ibed  by 
Ryland (1966) and  m easured  to the neares t  mm  total 
leng th  w ith in  3 mo. No correction w as m ade  for sh r ink­
age, since both Lockwood (1973) and  D appe r  (1978) 
found that, for plaice, sh r inkage  in 4 % form aldehyde 
was neglig ib le .

No correction was m ade  for net  efficiency, since a 
com parison of day and  n igh t catches did not suggest  an 
inc reas ing  net avoidance with length  (van der  Veer
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1985). For each  hau l num bers  w ere  converted  into 
densities  per  1000 m 3 (ind 1000m -3), and  the  a r i thm e­
tic m e an  w as used  as index  of abundance .

Consistently  during  both  the ebb  and  flood tide, the 
var iance surpassed  the  arithm etic  m ean, po in ting  to an 
un ev e n  dis tribution of the larvae in the  w a te r  mass. 
Confidence limits for such distributions can be com ­
pu ted  by using  the factors derived  from a logarithmic 
(x+1)  transformation and  app ly ing  them  to the a r i th ­
metic  m ean  of the sam ples  (Elliott 1977). For the 95 % 
confidence limits these  factors of the  S tuden t 's  t-dis- 
tr ibution  range  b e tw e en  2.09 and  2.02, d e p e n d in g  on 
the  num bers  of hau ls  m ade  (20 to 40). Therefore, the 
95 % confidence limits w ould  lie b e tw e en  47 and 
209 % of the mean.

D em ersal sam pling . Dem ersal fishing w as carried 
out at 2 w k  intervals  dur ing  the per iod  of larval se tt le ­
m en t from February  until Ju n e -Ju ly  in 1980, 1981, and  
1982 on a grid  of 36 stations d is tribu ted  over the  area 
(Fig. 1).
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Fig. 2. P leuronectes p la tessa . M ean  a b u n d an c e  of p e lag ic  
p la ice  larvae (ind 1000m -3 ) in the  g u llie s  n e a r the  B algzand  

a rea  d u rin g  flood (— ) an d  eb b  (— ) tide

H auls  w ere  m a d e  w ith  a 1.90 m b e a m  trawl with  
1 tickler  cha in  and  a m esh  size of 5 x  5 mm, tow ed  by 
a ru b b er  d inghy  w ith  an  ou tboard  motor (25 HP) at a 
s p e ed  of approx im ate ly  35 m m in- \  following Riley & 
Corle tt  (1966). All sam pling  w as carried  out du r ing  
day t im e and  w as restric ted  to a per iod  of 3 h a round  
h igh  water: du r ing  this t idal phase  the d is t ribu t ion  of 
juven ile  p la ice  ap p e a re d  to b e  more or less random  on 
the tidal flats (Kuipers 1977). The exact le n g th  of a h au l 
w as assessed  with a m e te r -w hee l  fitted ou ts ide  the 
trawl. Each h au l  rep re se n ted  a surface a re a  of a t least 
200 m 2.

C atches  w ere  p rese rved  in  a 4 % fo rm aldehyde  so lu ­
tion. 0-group p la ice  w ere  sorted  into m orphological 
s tages  as descr ibed  by Ryland (1966) and  m e a su re d  in 
m m  size classes. The nu m b e rs  ca u g h t  w ere  corrected  
for m esh  selection, s ince cons iderab le  losses in  the  
low er  size ranges  m ay occur (Dapper 1978). Losses 
o ther  than  those d ue  to m esh  selection  w ere  expec ted  
to be  neg l ig ib le  (Kuipers 1975). The correc ted  num bers  
w ere  converted  into dens it ie s  per  1000 m 2 (ind 
1000m -2) and  the  ar ithm etic  m ean  of all sta tions sa m ­
p led  dur ing  a survey w as  ca lcu la ted  as an  in d ex  of 
ab u n d a n c e  for the  random ly  d is tr ibu ted  p o pu la t ion  on 
the  w hole  a rea  at h ig h  water.

D uring the per iod  J u n e  to Septem ber,  w h e n  the 
popu la tion  had  s tabilized, the  95 % confidence limits 
of the  a r ithm etic  m e an  w ere  on the  order of 35 % of the 
m e a n  (Zijlstra et al. 1982). At least the  sam e order  of 
m a g n itu d e  w as expec ted  for the period prior to June .

RESULTS 

Plankton data

Fig. 2 shows the  m e a n  a b u n d a n c e  of larval p la ice  in 
the  p la n k to n  dur ing  ebb  an d  flood. Larvae w ere  caugh t 
in low n u m bers  at the end  of February  an d  rem a in ed  
p resen t  in  the  p la n k to n  un til  the  b e g in n in g  of May. In 
1980 larval dens it ie s  at flood tide s tayed on a m ore or 
less constan t level b e tw e e n  F ebruary  and  May, w hile  
in  1981 2 p eak s  occurred. In 1982 there  w as 1 per iod  of 
h ig h  abundance .

In the  flood ca tches la rvae  w ere  all in m orphological 
S tages 4 an d  5, bu t  the proportions differed b e tw e e n  
the  3 yr (Fig. 3A). In all years  the re  w as a g rad u a l  shift 
tow ards the h ig h e r  d ev e lopm en ta l  s tages d u r in g  the 
p e r iod  of im m igration ,  w hich  co rresponded  to some 
ex ten t  to an  inc rease  in  the  m e an  leng th  tow ards  the 
en d  (Fig. 3B).

Flood tide catches w ere  consistently  h ig h e r  th a n  ebb  
ca tches (Fig. 2), ind ica t ing  a re ten tion  of the  la rvae  in 
the  tida l a rea  dur ing  ebb  tide. In 1980 the re  w as a 
n eg a t iv e  re la tion  b e tw e e n  flood density  an d  retention .
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Fig. 3. P leuronectes p la tessa . (A) S tage com pos­
ition of p e lag ic  p la ice  larvae  (%) du rin g  flood 
tide . (B) M ean  len g th  of p e la g ic  p la ice  larvae 

(mm) d u rin g  flood (— ) and  eb b  (---) tide

H ow ever,  re ten tion  var ied  only b e tw e en  70 and  100 %. 
As a ru le  the  rate  of re ten tion  seem ed  to be  in d e p e n ­
d en t  of the  flood a b u n d a n c e  (Table 1). From the  stage 
com positions (Table 2) and  the  re ten tion  of each  s tage  
(Table 3) it could be  conc luded  tha t abou t eq u a l  frac­
tions of all s tages w ere  w ash e d  back  du r ing  ebb  tide. 
This ag re e d  with  the  fact tha t  m e an  leng th  of the  p la ice

T ab le  2. P leuronectes p la tessa . M ean  m orpholog ical stage 
com position  of p la ice  larvae du rin g  flood and  ebb  tide  (%)

S tage Flood tide  
1980 1981 1982 1980

Ebb tide 
1981 1982

4A 2.2 2.7 2.1 3.6 3.0 9.4
4B 38.9 15.3 69.9 47.5 12.8 57.1
4B' 41.6 47.6 24.9 40.1 65.3 33.7
5 17.2 34.3 3.0 8.9 19.0 0.0

la rvae did not show systematic differences be tw e en  
flood and  ebb  (Fig. 3B). M e an  re ten tion  over the whole 
per iod  of larval im m igration  w as h igher  in 1981 (88 %) 
than  in 1980 and  1982 (66 %) (Table 3). No clear  differ­
ence  was observed in re ten tion  dur ing  day or night 
time. At the end  of larval im m igration  m ean  length  of 
the  larvae increased som ew hat due to the shift in stage 
composition.

T ab le  1. P leu ro n ec tes  p la tessa . S p e a rm a n ’s ra n k  corre lation  
b e tw ee n  m ean  w eek ly  flood a b u n d an c e  an d  re te n tio n  of 

p la ice  larvae

Y ear No. of 
o b se rv atio n s

S p ea rm an  s rank  
co rre la tion

S ig n i­
ficance

1980 10 0.04 ns
1981 11 - 0 .6 0 p <  0.05
1982 6 0.16 ns

Total 27 - 0 .3 0 ns
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T ab le  3. P leuronectes p la tessa . M ean  re ten tio n  of p la ice  la r­
v ae  w ith  ebb  tid e  ex p ressed  as p e rce n ta g e  of flood den sitie s

( % )

Dem ersal surveys

Fig. 4A shows the m e a n  a b u n d a n ce  of dem ersa l  0- 
group pla ice on the tidal flats. After the a p p e a ran c e  of 
the first specim ens in F ebruary-M arch  the  popula tion  
inc reased  rapidly  to a m ax im um  density  of about 150 
ind  1 0 0 0 m '2 in 1980, 350 in 1981, and  300 in 1982. 
From May onwards num bers  dec lined  to a density  of 
abou t 100 ind 1000m -2 by the end  of July.

In all years the size f requencies  of the p la ice p o p u la ­

t ion w ere  d is tr ibu ted  fairly normally. This has  b e e n  
show n also for prev ious years by  de  Vlas (1979). T h e re ­
fore, for all surveys m e a n  leng th  has b e e n  es tim ated .  In 
all years  this m ean  leng th  of the popu la tion  rem a in ed  
approx im ate ly  cons tan t  until the  end  of April, w hich  
can be exp la ined  by the continuous arrival of new  
settling  larvae. From M ay onw ards  m e an  length  
inc reased  rapidly  up  to 5 to 6 cm in Ju ly  (Fig. 4B).

T he  observed  inc rease  in m e an  leng th  has  b ee n
com pared  with  s im u la ted  values us ing  a s im ple
descrip tive  growth m ode l o b ta ined  u n d e r  excess fee d ­
ing conditions (cropped fresh m usselm eat)  for e s ­
pec ia l ly  small 0 -group p la ice  up to 5 cm, k ep t  in a e r ­
a ted  pails  an d  crates w ith  a layer  of sand  on the  bottom 
(G lazenburg  1983):

AL =  1.3 X T +  1.7 (mm m o -1) (1)

w h ere  AL =  leng th  inc rease  in  mm  mo-1; T =  m ean
te m pera tu re  in °C. Results of la ter, m ore deta i led  
exper im en ts  suppo rted  the  valid ity  of the  model 
(Fonds, pers. comm.). M e a n  daily  te m p era tu re s  could 
not be  m easured .  Instead  h igh  w ate r  te m pera tu re s  on 
the tidal flats during  day t im e  w ere  used  (Fig. 5). T hese

Stage 1980 1981 1982

4 A 50 89 57
4B 65 90 68
4B' 67 84 51
5 68 94 100
Total 66 88 65

m ean  length 
(cm)

a b u n d a n ce  
( n - I O O O m - 2) 

3 0 0  -i
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3 0 0  -

200
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6
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Fig, 4. P leuronectes p la tessa . (A) M ean 
ab u n d an c e  of all 0-group  p la ice  (— ) and 
of on ly  new ly  se ttled  p la ice  15 mm] 
(— ) (ind 1000 m -2 ) in  1980, 1981, and 
1982. (B) M ean  len g th  (mm) of 0-group 
p la ice  on the  B algzand  in  1980, 1981, 
an d  1982. (— ) observed  leng th , (— ) e s ti­
m ated  after g row th m odel of G lazen b u rg  

(1983)

4 0 0
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3 0 0 -i

200
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M JM A J F M A M J  J
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(°C)
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Fig. 5. W ater te m p e ra tu re  on  th e  tid a l flats of th e  B algzand  at 
h ig h  w a te r  d u rin g  day tim e  in 1980 (•), 1981 (x), a n d  1982 (□)

va lues  a re  a slight overestim ation  of the  m ean  daily  
te m p era tu re s  and  will therefore  result  in  a som ew hat 
too h ig h  s im ula ted  growth. From the  b e g in n in g  of M ay 
on w ard s  the re  w as  a h ig h  similarity b e tw e e n  the  
obse rved  and  s im u la ted  va lues  (Fig. 4B), w h ich  w ould  
im ply  tha t  feed ing  conditions w ere  not lim iting 
growth. The d iscrepancy  tha t  deve loped  b e tw e e n  the 
2 curves in  the  course of the  per iod  from M ay to Ju ly  is 
c a used  by the  te m p era tu re  effect and  p robab ly  by the 
dec reas in g  valid ity  of the  ex pe r im en ta l  g row th  m odel 
for p la ice  la rger  th a n  5 cm.

M ortality

O n the assum ption  th a t  the  exc h an g e  b e tw e e n  the 
B a lgzand  area  and  the  d e e p e r  su rround ing  channels  
w as  neg l ig ib le ,  the  a b u n d a n c e  of 0 -group  pla ice 
w ou ld  be  controlled by se t t lem en t  and  mortality  d u ­
r ing  spring and  early  sum m er.

T he  observed  re ten tion  of p la n k to n ic  p la ice  larvae 
p e r  1000 m 3 (Fig. 2) has  b e e n  conver ted  into an  as sess­
m e n t  of the se t t lem en t of la rvae  per  1000 m 2 on the 
bas is  of the  es t im a ted  vo lum e of w a te r  covering the 
a re a  at h igh  water.  Since this vo lum e varied  as a 
conseq u e n ce  of luna r  p h ase  and  w ind  conditions, a 
n u m b e r  of se lf-reg is ter ing  tide g au g e s  w ere  p laced  
a round  the  tidal flats from February  to M ay  in all years 
(Fig. 1). The resu ltan t  inform ation on w ate r  level in 
com binat ion  with  a recen t sound ing  chart (courtesy of 
Rijkswaterstaat)  y ie lded  es t im ates  of the  daily  volume 
of w a te r  covering the  B a lgzand  at h ig h  tide w ith  a 
accuracy  of abou t 95 %. This vo lum e var ied  be tw e en  
5 an d  50 X IO6 m 3, d ep e n d in g  on luna r  phase  and 
w in d  stress (van d e r  V eer  1983).

Fig. 6. shows w ee k ly  es t im ates  of m e an  se tt lem en t in 
n u m bers  per  1000 m 2 per  t ide in the  course of the

se ttling  la rv ae

1980

5 0
1981

4 0 -

3 0 -

2 0 -

0 J

198240-1

3 0 -

2 0 -

10-

F M MA

Fig. 6. P leuronectes p la tessa . W eekly  m ean  se ttlem en t of 
larva l p la ice  (ind 1000m -2) p e r tid e  on the  B algzand , e s ti­
m ated  after the  re ten tio n  of larvae an d  th e  daily  am oun t of 

w ater covering  the  tida l flats a t h ig h  w ater

season. T hese  la rvae varied  in size b e tw e e n  10 and 
15 mm, as is ind ica ted  by the total leng th  compositions 
(Fig. 7).

With these  num bers  of settlers dur ing  a period from 
0 to t (S(CM|), es t im ated  according to: m ean  se ttlem ent 
per  t ide  x  num ber  of tides during  the period 0 to t, the 
size of the dem ersa l  popula tion  at the  start (N0) and  the 
size at the end  (Nt) of the period  considered, the  m ean  
daily  mortality Z (d-1) am ong the  w hole  0-group po p u ­
lation could be  ca lcu la ted  according to:

Z(0.„ =  —  In (No +  V t ) )  (d->) (2)
t N t

w h ere  t =  n u m b e r  of days b e tw e en  0 and  t.
T he  Z-values ob ta ined  over the per iod  February  to 

M ay var ied  be tw e en  approxim ate ly  0 and  0.11 d -1,
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Fig. 7. Pleuronectes platessa. M ean  len g th  com position  (mm) 
of se ttlin g  larvae  in 1980, 1981, an d  1982

with a m ean  of about 0.04 d _1. Part of the  varia tion  in Z 
could be  exp la ined  by differences in  density  as su g ­
ges ted  by the s ignificant rela tion  in Fig. 8 be tw e en  
density  and  mortality (Spearm an 's  rank  correlation 
rs =  0.49; p <  0.05).

In order to detect the  stage in w hich this density- 
d e p e n d e n t  mortality m igh t occur, separa te  size groups 
w ere  ana lysed  by the m ethod  descr ibed  by Zijlstra et 
al. (1982). The ap p a ren t  optim al growth from M ay on, 
according to Fig. 4B, justified the use of the  growth 
model for the  p reced ing  period, to com pute  the  transfer 
of p la ice th rough the size classes by growth. For the 
smallest size group, =£ 15 mm, corresponding  to newly- 
se ttled  plaice, an  expected  density  at time t (Nte) could 
be  ca lcu la ted  on the bas is  of es t im ated  se tt lem ent 
(S(o-t)) a n d the  num bers  d isappea r ing  by growth (Ng) 
into the  next size class b e tw e en  successive surveys 
(according to Eg. [1]), from:

By com paring  this expec ted  density  with  the  observed  
ab u n d a n c e  in the nex t survey (Nt), m ean  dai ly  m or ta l­
ity rates Z (d_I) for the  size group =£ 15 m m  w ere  
ca lcu la ted  by:

Z(0-t) =  A h Æ ( d - > )  
t N,

(4)

Similarly, w ith  the aid  of the  growth m odel (Eq. [1]), 
mortality  rates for the  la rge r  size groups w ere  com ­
p u te d  assum ing  tha t w ith  a growth of y m m  b e tw e e n  
2 successive surveys, all fish >  x rnm at t0 will corres­
pond  with  all fish >  (x + y) mm  at tt. The difference 
b e tw e e n  expected  and  observed  density  should  be  
c aused  by mortality. Fig. 9 shows the  rela tions 
b e tw e e n  density  and  m orta lity  for the  4 d ifferent size 
groups considered.

For p la ice  =£ 15 mm, m orta lity  w as significantly  cor­
re la ted  with  density  (rs = 0.82; p <0.01).  Also signifi-

plaice >  15 mm

mortality (Z)

ploice <  15mm

+  0 .0 4 -

0 0 4 -

plaice> 2 5  mm plaice>  3 5  mm

0 .0 4 -

3 0 0  4 0 0

Nte =  N 0 +  S (0.t)- N  (ind 1000m ~2) (3)

10 0  ZOO 3 0 0  4 0 0
abundance (n-IOOOm-2)

Fig. 9. Pleuronectes platessa. R elation  b e tw ee n  m ean  daily  
m orta lity  Z (d-1 ) b e tw ee n  2 successive  d em ersa l su rveys and  
m ean  a b u n d an c e  of 0 -group  p la ice  for d ifferen t size c lasses 
d u rin g  Feb to Ju n . C o m b in ed  d a ta  of 1980 (•), 1981 (x), and  

1982 (□)

mortality (Z) 
(d -' )

+  0 . 12-
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Fig. 8. Pleuronectes platessa. R elation  b e tw ee n  
m ean  da ily  m orta lity  Z (d ~ 'j b e tw ee n  2 su cces­
sive d em ersa l su rveys an d  m ean  a b u n d an c e  of 
0 -g roup  p la ice  co rrec ted  for larva l se ttle m e n t 
d u rin g  Feb to Ju n . C o m b in ed  d a ta  of 1980 (•), 

1981 (x), a n d  1982 (□)
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cant correla tions of mortality  with  dens ity  w ere  found 
for all p la ice  >15  m m  and  >25  mm  (rs = 0.60, p <  0.01; 
rs =  0.70, p <  0.01 respectively). For all p la ice 
> 3 5  mm, how ever, the  correla tion w as no longer  s ig n i­
ficant (rs =  0.30, n.s.).

S ince a b u n d a n c e  an d  mortality  are not in d e p e n d e n t  
variab les ,  it canno t be  exc luded  tha t  par t  of the  corre­
la tion  o r ig ina tes  from statistical effects. H owever, the 
d iffe rences b e tw e en  the  correlations for the  various 
size groups  in Fig. 9 sugges t  th a t  at  least partly  real 
d en s i ty -d e p e n d e n t  processes  are  opera ting .

DISCUSSION  

Im m igration and settlem ent of larvae

Plaice la rvae  im m ig ra ting  into the  w es te rn  W a dden  
Sea orig ina te  from sp aw n in g  grounds  in the  Southern  
Bight and  the  Eastern  English  C h a n n e l  (Simpson 1959, 
H ough ton  & H ard ing  1976, Talbo t 1976, 1978). After 
spaw ning ,  w hich  p e a k s  in Ja n u ary -F eb ru ary  (Harding 
et al. 1978), the deve lop ing  eggs  and  la rvae  are t ran s­
por ted  by  res idua l currents  tow ards the  coastal nursery  
areas  (Houghton & H ard ing  1976, Zijlstra 1972).

The first la rvae a p p e a r  in the w es te rn  W a d d en  Sea at 
the  b e g in n in g  of M arch (Creu tzberg  et al. 1978), w h ich  
is early  com pared  to the  arrival in the  G erm an  W a dden  
Sea (Rauck 1974, B erghahn  1983) and  some British 
bays (Macer 1967, E dw ards & S tee le  1968, Lockwood 
1972). T here  the  first dem ersa l  spec im ens  are not 
obse rved  before April or May. During the  per iod  of 
im m igration ,  larval ab u n d a n ce  f luctuates  considerab ly  
bo th  w ith in  and  b e tw e e n  years. Also the  per iod  of and 
the  n u m bers  dur ing  m ax im um  a b u n d a n c e  vary. Such 
fluctuations m ay  be  caused  e i ther  by different rates of 
d ev e lo p m e n t  and  survival at sea, or by in terrup tions in 
transport  by  the  res idua l currents. After arrival in the 
W a d d e n  Sea the  la rvae accum ula te  in the area  by 
se ttl ing  from the  p la n k to n  onto the tidal flats, a process 
w hich  is p robab ly  s t im ula ted  by the favourable food 
conditions on the  flats (Creutzberg  et al. 1978).

The process of se t t lem en t is ind ica ted  by the  con ­
sis tently  h ig h e r  a b u n d a n c e  du r ing  flood t ide com pared  
to ebb  tide  and  also by the continuous inc rease  in 
nu m b e rs  of small dem ersa l  p la ice  on the tidal flats 
from F eb ruary  until May. C reu tzbe rg  et al. (1978) m e n ­
tioned  a tim e de lay  of abou t 40 d b e tw e e n  the  en trance  
of la rvae into the  W a d d en  Sea and  su b se q u en t  settling 
on the  Balgzand. However, the  data  of the  p resen t 
study  sugges t  tha t  re ten tion  of la rvae and  settl ing  on 
the  tida l flat are fea tures  of the  sam e p h en o m en a  
(Fig. 10).

Retention varies substan tia l ly  in the  course of the 
im m igra tion  per iod  and  b e tw e en  years. In the  tidal

s e tt le d  p la ice  i l 5 m m  
(n-IO O O m -2 )

2 5 0
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se ttlin g  la rv a e  ( n - I O O O m 2 )

Fig. 10. P leuronectes p la tessa . W eekly  n u m b er of se ttlin g  
p la ice  larvae  (ind 1000m -2 ) pe r tide  estim a ted  from p lan k to n  
d a ta  ag a in st s im u ltan eo u s o bserved  ab u n d an c es  of d em ersa l 

se ttled  p la ice  15 mm. (•) 1980; (x) 1981, (□) 1982

inlets  retention  ra te  increased  with  the deve lopm en t of 
the  larvae (Creutzberg  et al. 1978, Rijnsdorp & van 
S tra ten  1982). This re la tion  is less clear for the  sm aller  
t ida l gullies of this study. In 1981 however, w h en  larval 
deve lopm ent was on the average  most advanced , the 
h ighes t  re ten tion  ra te  w as ob ta ined  (Tables 2 & 3).

Dem ersal abundance and growth

The seasonal a b u n d a n ce  of dem ersa l  p la ice on the  
Balgzand  show ed  a consistent pattern : increasing  
n u m bers  up  to the  first part  of M ay followed by a sharp  
reduction.

P eak  densities var ied  considerab ly  from year  to year, 
from 200 up  to 350 ind  1000m -2 in the p resen t study 
and  even  up to 500 ind 1000m -2 in  1978 (Zijlstra et al. 
1982). During the  sum m er period from Ju n e  1 onwards, 
the re  are no indications that growth is food limited 
(Kuipers 1977, Zijlstra et al. 1982). Also in this study 
s im ula ted  growth, ca lcu la ted  according to an  em pir i­
cal growth model de te rm ined  u n d e r  excess feeding 
conditions, corresponds w ell  w ith  the  observed  values 
in all 3 yr, desp ite  varia tions in abundance .  O ur data 
for 1980 to 1982 fit well  in the  inverse re la tion  found by 
Zijlstra et al. (1982) be tw e en  the  index  of year-class 
strength, ca lcu la ted  as the  m e an  of the 2 h ighest 
a b u n d a n ce s  of p la ice b e tw e en  20 and  35 mm, and  the 
m ean  leng th  on Ju n e  1, w hich  seem s to suggest 
d en s i ty -d ep e n d en t  growth in early life (Fig. 11). The 
strong relation b e tw e en  m e an  larval flood t ide  a b u n ­
d ance  over the w hole  period of im m igration  and  the 
index  of year-class s trength  over this per iod  (rs =  0.83, 
p <  0.05, Fig. 12A) m eans  that a h igh  larval abun d a n ce  
results  in a low m ean  leng th  at J u n e  1. Nevertheless,  
over the  w hole  larval period both  m ean  length  and  
re ten tion  fraction in the  larval s tage just prior to sett-
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Fig. 11. P leuronectes p la tessa . R ela tion  b e tw ee n  index  of 
y ear-c lass stren g th  of the  B algzand  (ind 1000m -2 ) and  m ean  
len g th  (mm) on Ju n e  1 afte r Z ijlstra  et al. 1982 and  th is study

ling ap p e ar  to be  in d e p e n d e n t  of density  (Fig. 12B, C). 
Therefore, the suggestion  g iven  by Zijlstra & Witte 
(1982), tha t a d ifference in  tim ing of larval imm igration  
is responsible for the appa ren t  dens i ty -dependen t  
growth, appears  to be  the most likely explanation . A 
shift in m ain  im m igration  from M arch to April during 
years of h igh  a b u n d a n ce  will result in rela tively  large 
num bers  of new ly-se tt led  p la ice at the  start of the 
growth season in M ay and  thus lead  to a relatively 
low er m ean  length  on Ju n e  1. This exp lana tion  finds 
support in the fact tha t in the 2 most ab u n d a n t  years 
(1981 and  1982) larval densities  are relatively h igher  
dur ing  April, w hereas  in the  w ea k er  larval year  of 1980 
the densities are almost com parab le  dur ing  M arch and 
April.

M ortality

For an  accurate  calculat ion  of mortality rates, precise 
es tim ates  of pe lag ic  and  dem ersa l  densities are 
required . Larval densities  are de te rm ined  by date of 
sampling, location, tide, depth, and  diel period 
(Rijnsdorp et al. 1985) and  all these  factors have b een  
incorporated  in the fram ework of the sam pling  p rog­
ram. Interference m ay also occur by problem s of net 
efficiency; however, net  avoidance by the pe lag ic  la r­
vae does not seem  likely (van der  Veer 1985). The 
m ethod  used  to es tim ate  se tt lem en t per  un it  surface

from larval re ten tion  and  the  vo lum e of w a te r  on the 
t idal flats m ight also have b iassed  the results. The 
good correspondence b e tw e e n  the  size d is tribution  of 
the pe lag ic  settling 4A, 4B and  4B' larvae with  tha t of 
the  se ttled  dem ersa l  la rvae support the  valid ity  of the 
m ethod  at least qual i ta t ive ly  (Table 4). A quant i ta t ive

T ab le  4. P leuronectes p la tessa . S ize d is trib u tio n  (%) of S tage  
4A, 4B and  4B' larvae: se ttlin g  p e la g ic  la rv ae  (ca lcu la ted  from 
flood-ebb  d ifferences) an d  o bserved  sim u ltan eo u s dem ersa l 
se ttled  la rv ae  on th e  B algzand . M ean  p e rce n ta g e s  of 1980 to 

1982

Larval size 
(mm)

P e lag ic  se ttlin g  
larvae  {%)

D em ersal se ttled  
la rv ae  (%)

8 1 2
9 9 11

10 24 28
11 30 30
12 24 22
13 9 5
14 3 2

justification is found in the  l inear  re la t ion  (rs =  0.74, 
p <  0.01) be tw e en  the  es t im ated  n u m b e r  of pelag ic  
la rvae re ta ined  and  se ttled  on the flats and  the  s im ul­
taneous  ab u n d a n ce  of dem ersa l  p la ice  =£ 15 m m  (Fig. 
10). With respect to dem ersa l  sam pling,  previous 
studies clearly dem ons tra ted  the  valid ity  of the  m ethod  
(Kuipers 1975, Zijlstra et al. 1982).

The observed  ch anges  in density  of dem ersa l  p la ice 
until the end  of larval im m igration  in M ay reflect the 
in teg ra ted  effect of settlem ent,  possib le  migration , and  
mortality. With the accurate  es t im ate  of se ttlem ent, 
mortality  can be  assessed  if the  p la ice  popu la tion  on 
the  Balgzand  does not m igra te  to or from the  d ee p e r  
parts  of the su rround ing  tidal channels .  M igrations 
w ith in  the area  would  be  com pensa ted  for in the  over­
all es t im ate  of mortality. Investigations by both  C reu tz ­
berg  & Fonds (1971) an d  Zijlstra et al. (1982) ind icate  
low densities  of 0-group p la ice  in the  d e e p e r  channels ,  
at least prior to June-Ju ly ,  w hich  suggests  tha t  major 
m igra tions do not occur to or from the  area  du r ing  this 
phase.  Similar observations have  b e e n  m a d e  in  British 
w ate rs  (Macer 1967, Lockwood 1972).

Fig. 12. P leuronectes p la tessa . R elation  
b e tw een  index  of y ear-c lass stren g th  on 
the  B algzand  (ind 1000 m -2 ) and  (A) 
m ean  larval flood a b u n d an ce ; (B) m ean  
re ten tio n  p e rcen tag e ; (C) m ean  flood 
len g th  (after C reu tzb erg  e t al. 1978 and  

this study)
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Earlie r  a t tem pts  to es t im ate  mortality  rates  in post- 
larval p la ice  ind ica te  for various areas, such as Red 
W harf Bay (Macer 1967), Loch Ewe (Edwards & Steele 
1968), Filey Bay (Lockwood 1972) an d  the  G erm an 
W a d d e n  Sea (Rauck & Zijlstra 1978), a dec line  of 
m orta lity  with  age, as rev iew ed  by Zijlstra et al. (1982). 
C u sh in g  (1974) sugges ts  tha t  p reda t ion  will be the 
m a in  cause  of m orta lity  dur ing  the  early  life of fish, 
an d  tha t  the inverse  re la t ion  b e tw e en  m orta lity  and  
ag e  is the  result  of a r ed u c ed  n u m b e r  of potentia l 
p reda to rs  w ith  inc reas ing  size. In a p revious study on 
the  Balgzand, m orta lity  w as  es t im ated  at about 
0.023 d -1 dur ing  A pri l -June  and  at abou t 0.005 d" 1 
du r in g  July-A ugust,  w ith  the  suggestion  tha t  mortality 
in  the  first per iod  was p robab ly  und e re s t im a te d  d u e  to 
the  ab sen ce  of da ta  on n u m bers  of se ttl ing  larvae 
(Zijlstra et al. 1982). The p rese n t  study la rge ly  confirms 
the  ea r l ie r  observa tions on m orta lity  rates  dur ing  the 
s tage  of se ttlem ent,  w h ich  are in the  order  of 0.04 d _ l , 
ab o u t  2 tim es h ig h e r  th a n  the  va lues  g iven  by Zijlstra 
et al. (1982) and  abou t as h ig h  as those found during 
the  eg g  an d  larval p h ases  (Harding et al. 1978).

T h e  suggestion  of Zijlstra et al. (1982) tha t  mortality 
m ay d e p e n d  on the  a b u n d a n c e  of the  p la ice  -  being  
h ig h e r  at h ighe r  dens it ie s  -  also finds confirmation in 
this n e w  and  m ore d e ta i led  m ateria l.  This d e p e n d e n c e  
is sign ifican t for all size groups be low  35 mm, if data  
for the  3 yr of sa m p ling  are  com bined. T he  data  of the 
se p a ra te  years  show m ore variability, b u t  at  least for 
the  size g roup  =£ 15 m m  the  data  are  consis tent in this 
respec t  for each  of the  3 yr. A p rob lem atic  fea ture  is 
th a t  at low dens it ie s  zero or even  slightly  nega tive  
m orta lit ies  are found. This m ay be due  to a slight 
overest im ation  of the  growth rate  by the  m odel used, 
w h ich  in fluences the  transfer  of one size group to 
ano ther  and  affects m orta lit ies at  various densities  to 
the sam e extent.  A lternatively, m igra tion  behav iour  
m ay  be  different at d ifferent densities,  or the  'noise' in 
the  es tim ation  p rocesses  m ay  be h ig h e r  at low 
densities.  For these  sm allest dem ersa l  p la ice  up  to 
35 mm, a t rend  of d ec reas ing  m orta lity  w ith  increasing  
size is not clearly  visible. However, the  varia tion  in Z 
ap p e a rs  to inc rease  in the  la rge r  size classes ( -  0.01 to 
+  0.07 for p la ice  15 m m  to —0.05 to + 0 .0 9  for p la ice 
>  35 mm), w hich  m ay ind ica te  tha t  Z-values w ere  less 
accura te ly  estim ated, partly  b ecause  of sm alle r  sam ­
ples. A lthough  the  pe r iod  of d en s i ty -d ep e n d en t  m or­
tality  is ra the r  short, it will have  m e asu rab le  effects on 
survival. For instance  a m orta lity  of 0.01 d~ 1 reduces 
the  popu la tion  in 14 d by 13 %, com pared  with  a 57 % 
reduc tion  at a mortality  ra te  of 0.06 d -1 .

For the new ly-se tt led  p la ice  the  re la tion  be tw e en  
m orta lity  an d  density  m ay not be  linear, bu t  seems to 
follow some 'S-shaped ' curve as desc r ibed  for p r e d a ­
tion of small m am m als  on insects by H olling  (1959). A

sim ilar suggestion  for an  S-shaped  m orta lity-density  
response  in 0-group p la ice  has been  found by Lock­
wood (1980) in British waters. Such a re la tion  indicates  
e i ther  a num erical response -  w h ereby  the num ber  of 
p redators  increases -  or a functional response  -  
w h ereby  each  ind iv idual p reda to r  at tacks more prey  -  
by one or more predators  (Solomon 1949). The rapid  
ch anges  in p la ice dens ities  and  the im m ed ia te  effect 
on mortality suggest  a functional response of the  p re ­
dator popula tion  th rough  conditioning. However, it is 
not clear w hy this should  be restricted to new ly-se ttled  
plaice.

The possibility tha t den s i ty -d ep en d en t  mortality  
also acts in the p lank ton ic  p re-set tl ing  p h ase  in the 
W a dden  Sea cannot be  excluded. In the  coastal zone 
im portan t predators  are p resen t such as the  c tenophore 
Pleurobrachia p ile u s  and  the scyphom edusa  Aurelia  
aurita  (van der  Veer 1985). Each year  they show an 
enorm ous num erical  increase  at the  end  of larval 
im m igration  in early  May. Their  mass ap p e a ran c e  is 
p robab ly  responsib le  for the sharp  drop in the  n um bers  
of p la ice  larvae at tha t period. However, it seems 
unlike ly  tha t  these  coe len tera tes  can be  the cause of a 
den s i ty -d ep e n d en t  mortality  dur ing  the w hole  period 
of immigration.

C onsidering  possib le predators  in the  dem ersal 
phase,  Bergm an et al. (1976) prov ided  ev idence  that 
the  brow n shrimp Crangon crangon  is an  important 
p reda to r  on small 0-group p la ice  on the  Balgzand. 
P redation  by shrimps has also b ee n  reported  for Loch 
Ewe (Edwards & S tee le  1968) and  Red Wharf Bay 
(Macer 1967), a l though  C. crangon  is not the m ain  
p reda to r  in these  la tter  areas. O ther  p redators  on 0- 
group pla ice such as dabs  (Macer 1967), cod and  lesser 
w ee v e r  (Edwards & Steele 1968) are virtually  absen t in 
our area. C ann iba lism  by la rger  p la ice  has b ee n  m e n ­
tioned (Riley & Corlett 1966, M acer  1967), but no 
ev idence  for serious preda tion  of this type has been  
repor ted  by other authors  for British w aters  (Edwards & 
S tee le  1968), or the W adden  Sea (Kuipers 1977, de Vlas 
1979).

The observed decrease  in mortality rates from spring 
to sum m er can be  exp la ined  by a decreas ing  predation  
by Crangon crangon, because  the la rger  p la ice  are less 
v u lnerab le  to shrim p preda tion  (Bergman et al. 1976). 
O ther  predators on la rger  0-group pla ice in the W ad­
den  Sea inc lude crabs (Bergman et al. 1976), bass 
(Zijlstra pers. comm.) and  birds (Mes pers. comm.), but 
the ir  num bers  are low er than  those of the  shrimps.

Impact of mortality on year-class strength

From extensive information ava ilab le  on the egg  and 
larval stages of North Sea p la ice  (Harding et al. 1978),
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it appears  tha t year-c lass f luctuations m ight be  g e n e r ­
a ted  as early  as in  the egg  s tage (Brander & H oughton 
1982). Betw een-year  f luctuations in late egg  stage 
a b u n d a n ce  and  u ltim ate  rec ru itm en t seem s to be 
associa ted  with  tem pera tu re  conditions in the sp a w n ­
ing area; low tem pera tu res  seem  to induce  reduced  
mortalities and  a slow rate  of deve lopm en t (Harding et 
al. 1978, Zijlstra & Witte 1982). However, such corre la­
tions b e tw e e n  an  environm enta l  factor and  recruitm ent 
m ay be deceptive  and  do not necessarily  give insight 
into the under ly ing  causa l relations. G u lland  (1965) 
concludes, on  the  bas is  of various pu b l ish ed  corre la­
tions, tha t m any  of these  m ay be fortuitous and  that 
they should  at least be  confirmed by an  in d e p en d e n t  
new  set of data.

The observations on larval and  early  post-larval 
ab u n d a n ce  nea r  the en trance  of the  W a d d en  Sea by 
C reu tzberg  et al. (1978) and  by this study m ight offer 
an  opportunity  for such an  in d e p e n d e n t  check  over a 
period of 6 yr. It appears  tha t the  an n u a l  index  of 
ab u n d a n ce  of new ly-se tt led  p la ice  as w ell as the  m ean  
flood ab u n d a n ce  of larvae show significant inverse 
rela tions with  the February  tem pera tu re  n ea r  the 
sp aw n in g  grounds in  the  Southern  Bight of the North 
Sea [station: N oordh inder  l igh t vessel, position: 
5 1°39 'N ;  2°34' E] (rs =  - 0 .9 0 ;  p <  0.01 and  rs =  
— 0.71; p <  0.05 respectively) (Fig. 13A,B). Low te m ­
p era tu re s  during  the  egg  and  larval stage will u n d o u b ­
tedly  slow dow n the  rate  of developm ent.  In years with 
a low tem pera tu re  in February, one m ay therefore 
e i ther  expect an  im m igration  of la rvae in  an  earlier 
m orphological stage, sm alle r  la rvae or a de layed  
im m igration. In 1981 and  1982, w h en  tem pera tu res  
w ere  relatively low (see Fig. 13) there  w as no m arked  
effect on  the  s tage  of the  la rvae (Table 2) or on  their 
size (Fig. 12C). The m a in  difference b e tw e en  year- 
classes sp a w n e d  u n d e r  different tem pera tu re  cond i­
tions appears  to b e  tha t  at h ighe r  tem pera tu res  larval 
n um bers  are more or less constan t th roughou t March 
and  April, w hereas  at low er tem pera tu re s  larval 
ab u n d a n c e  is h ighe r  in April th a n  in M arch (Fig. 13C).

A lthough  the m a in  per iod  of im m igra tion  ap p e a rs  to be  
shifted in low te m p era tu re  years, first se t t lem en t does 
not seem  to be d e lay ed  in such years. It is not yet clear 
how te m pera tu re  affects mortality  in the egg  and  larval 
stages.

In T able  5 es t im ates  are g iven of m e an  a b u n d a n c e  at 
various stages du r ing  the  early  life of the  North  Sea 
p laice, toge ther  w ith  an  index of variability: the  coeffi­
c ient of variation. This coefficient,  defined  as m e an  
d iv ided  by s tandard  deviation, is a m e asu rem en t  for 
the  rela tive dispersion, in d e p e n d e n t  of the  units  in 
w hich  the  results  are  expressed  du r ing  the  various life 
stages. T here  is a major  inc rease  in  the  coefficient from 
the egg  s tage to S tage  I larvae (from 40 to 90 %), bu t  
the va lue  for S tage  I la rvae  is b ased  on only 4 obse rva­
tions and  therefore not very reliable . At the  en trance  to 
the  W a d d en  Sea the  coefficient of varia tion  du r ing  the 
la te  larval stages  is som ew hat low er  bu t  is still abou t 
62 %. After se t t lem en t  a sharp  drop follows to 30 % in 
July, a va lue  sim ilar  to tha t obse rved  dur ing  rec ru it­
m en t at abou t 2 yr of age. The sharp  reduction  of the  
varia tion  b e tw e en  years in the ear ly  dem ersa l  phase  
points to som e regula tion ,  w h ich  supports  the  su g g e s ­
tion of a d en s i ty -d ep e n d en t  m orta lity  du r ing  and  
shortly after se ttl ing  as es t im ated  in  Fig. 8 and  9. The 
fact tha t the coefficient of varia tion  rem ains  more or 
less stable up to the  age  of rec ru itm en t ind ica tes  the 
absence  of further regu la t ing  m echan ism s  du r ing  this 
per iod  in  the  nursery.

This p ic ture  confirms the  hypothesis  fo rm ulated  by 
Rauck & Zijlstra (1978) and  Zijlstra et al. (1982), tha t if 
a regu la t ing  m echan ism  is opera t ing  in  the  nursery  at 
all, it m ust b e  confined to the per iod  du r in g  or shortly 
after se ttlem ent.  A lthough  the  order  of m a g n itu d e  of a 
year-c lass is d e te rm in e d  roughly  at the  t im e the  
pe lag ic  la rvae arrive at the  en trance  of the  W adden  
Sea, a further read ju s tm en t  occurs by the  density- 
d e p e n d e n t  mortality  m echanism , w hich  results  in  a 
reduc tion  in  year-c lass  s treng th  variations. This con­
clusion is in accordance  w ith  the  id e a  p u t  forward by 
G u lland  (1965), w ho su g g e s ted  2 im portan t  periods

Fig. 13. P leuronectes p la tessa . R elation  
be tw een  w a ter tem p era tu re  in Feb on the 
sp aw n in g  g rounds (from N oo rd h in d er 
ligh t vessel) w ith: (A) in d ex  of y ear-c lass 
stren g th  of the  B algzand; (B) m ean  larva l 
flood ab u n d an ce ; (C) m ean  larva l flood 
ab u n d an c e  se p e ra ted  for M ar an d  A pr 
(according to C reu tzb erg  e t al. 1978 and  

this study)
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T ab le  5. P leuronectes p la te ssa . M ean  a b u n d an c e  and  coefficient of va ria tio n  of 0-group  p la ice  du rin g  egg  and  larval s tages in the
N orth  Sea an d  su b seq u e n t ju v en ile  s tag es in the W adden Sea

Unit M ean C oefficient of 
va ria tio n  (%)

No. of 
years

Source

P elag ic  stage (North Sea)
F ertilized  eggs ind  X IO12 4.33 40 10 H ard in g  et al. (1978)
S tag e  V eggs ind  X IO12 0.88 41 10 H ard in g  et al. (1978)
S tag e  1 larvae ind  X IO12 0.17 95 4 H ard in g  et al. (1978)
L arval a b u n d an c e  n ear ind  1000 m-3 7.5 62 6 C reu tzberg  et al. (1978),
th e  W ad d en  Sea th is study

D em ersal stage (W adden Sea)
Y ear-c lass in d ex  on the ind  1000m -2 114.6 62 9 Z ijlstra  et al. (1982),
B a lg zan d  in M ay th is study
Y ear-c lass in d ex  on the ind  1000m -2 89.3 30 9 Z ijlstra  e t al. (1982),
B a lg zan d  in Ju ly this study
R ecru itm en t of 2yr old p la ic e ind X IO6 298 35 9 In tern a tio n a l W adden
to th e  p a re n t stock in th e  N orth  Sea Sea pro ject (Anon. 1985)

with  rega rd  to the  fixation of year-c lass strength: a fast 
coarse control du r ing  the  pe r iod  of eg g  or larval drift, 
followed by a second  per iod  of finer regu la tion  la ter  on 
in the  ear ly  life of the  fish.

The p resen t  study only considers popu la tion  
dynam ic  processes of 0 -group p la ice  in a very 
restr ic ted  area  of the  cont inen tal  nursery  and  it m ight 
be  ques t ionab le  if ex trapolat ion  to total N orth  Sea 
rec ru itm en t is a l low able .  Such processes can  of course 
only be  s tud ied  in sufficient detail  in a reas  of in  size of 
the  w es te rn  W a d d e n  Sea or smaller.  However, the  fact 
tha t  the p la ice  index  of a b u n d a n c e  in the  Balgzand  is 
s ignificantly  co rre la ted  w ith  the  ar i thm etic  m ean  
index  for the w ho le  con tinen ta l  Delta an d  W a d d en  Sea

area  ob ta ined  from the  In ternational W adden  Sea p ro ­
ject (Anon. 1985), gives some credibility to such an 
approach  (Fig. 14; rs =  0.88; p <  0.05).

A ck n o w led g e m e n ts .  A n u m b er of p eo p le  p a rtic ip a ted  in this 
study. T h an k s are  e sp ecia lly  due  to M. J. N. B ergm an and 
J. 1J. W itte for th e ir con tinuous support, to J. J. Z ijlstra  for his 
g u id an c e  an d  to G. P. B aerends, F. C reu tzberg , N. Daan, B. R. 
K uipers and  Mrs G. van  de r Wolf for critical read in g  of the  
m anuscrip t.

T hese  in v estiga tions w ere  su p p o rted  by the  F o undation  for 
F u n d am en ta l B iological R esearch  (BION), w hich  is su b ­
sid ized  by the  N e th erlan d s  O rg an iza tion  for the  A d v an ce­
m en t of Pure R esearch (ZWO).
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