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A reanalysis of North Sea plaice spawning-stock biomass using the 
annual egg production method
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U ncertain ty  a b o u t th e  quality  o f cu rren t virtual popu lation  analysis-based stock assessm ent for N orth Sea plaice (Pleuronectes 
platessa) has led to  various abundance  Indices. W e co m pared  biom ass estim ates from  th e  annual egg p roduction  (AEP) m eth o d  
w ith cu rren t stock assessm ents based on  catch-at-age to  validate th e  cu rren t and  historical percep tion  o f exploitation. The AEP 
m eth o d  was also used to  Investigate th e  dynam ics o f  th e  spatial co m p o n en ts  o f plaice In th e  N orth  Sea. W e co rrec ted  for fecundity  
dow n-regulatlon and  changes In sex ratio. Estim ates from  bo th  m eth o d s were similar In tren d  and  abso lu te  biomass. O n th e  Dogger 
Bank, th ere  was a d ram atic  decline In biom ass from  1948 and  1950 to  2004, and  In th e  Southern  Bight, th e  stock appeared  to  Increase 
from  1987 an d  1988 to  2004, a lthough  n o t reaching th e  historically high levels o f  1948 o r 1950. The tim ing o f spaw ning o f N orth  Sea 
plaice does n o t ap p ear to  have changed  th ro u g h o u t th e  period o f high exploitation. W e conclude th a t  th e  AEP m eth o d  Is a useful way 
to  h lndcast th e  spatial dynam ics o f  heavily exploited flatfish stocks.
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Introduction
The annual egg p ro d u c tio n  (AEP) m ethod  has been used 
successfully to  estim ate spaw ning-stock biom ass (SSB) in  de te rm i
nan t spaw ning fish (Lasker, 1985; A rm strong et ah, 1988, 2001). It 
is based o n  d ividing the  p o p u latio n ’s AEP by  an  average individual 
p roduction . It has proven useful to  investigate the  trends in  SSB in 
certain  stocks (Lockwood et ah, 1981; Priede and W alsh, 1991), 
p roduce on e-o ff SSB estim ates (Zeldis, 1993; B ulm an et ah, 
1999), com pare  biom ass estim ates derived from  catch-at-age- 
based stock assessments w ith fishery-independent assessments 
(Daan, 1981; H orw ood, 1993; Zenitani et a l ,  2001), and 
exam ine the  spatial d istribu tion  o f  spawning com ponents (Fox 
et a l ,  2000; H effernan et a l ,  2004). A sim ilar technique (the 
larvae p ro d u c tio n  estim ate, LPE) has been used to  investigate 
the  trends in  stocks w ith attached o r ben th ic  eggs (N ichols et a l,  
1987; Fossum , 1996; Briggs et a l ,  2002). It can be argued that 
the  SSB estim ates from  AEP are m ore useful for fish ecology or 
m anagem ent th an  those derived from  aged-based m odels 
because they  are a fisheries-independent m ethod , m easure rep ro 
ductive p ro d u c tio n  directly, have a greater spatial resolution, 
and  are n o t inferred from  m atrices o f  num bers- and 
w eights-at-age derived from  virtual p opu lation  analysis (VPA). 
M oreover, the  assum ptions m ade w hen calculating SSB from  an 
AEP estim ate are o ften  different from  those m ade in  a VPA

(A rm strong et a l ,  2001). As the AEP m eth o d  is fisheries- 
independent, it can be used in  recovery situations where fishing 
effort m ust be reduced to  rebuild  SSB and no  m arket samples 
are available. Further, the  estim ate o f  SSB obtained from  the 
AEP m eth o d  is n o t influenced by the m ovem ents o f  fish o u t o f 
the  m anagem ent area after spawning. It does have som e d isadvan
tages: all spaw ning areas need to  be sam pled th ro u g h o u t the 
spaw ning season, and  forecast possibilities are lim ited.

N o rth  Sea plaice (Pleuronectes platessa) are com m ercially 
im p o rtan t and exploited m ainly  by  beam  trawlers targeting bo th  
sole (Solea solea) and  plaice (Daan, 1997). There is substantial d is
carding o f  plaice by beam  trawlers, and  this has com plicated b o th  
the  stock assessm ent and stock m anagem ent (Casey, 1996; 
R ijnsdorp and  M illner, 1996; Dickey-Collas et a l ,  2007).

Spawning plaice are widely d istribu ted  th ro u g h o u t the 
English C hannel and  the  so u thern  and  central N o rth  Sea 
(Buchanan-W ollaston, 1923; H o u g h to n  and  H arding, 1976; 
H ard ing  and  Nichols, 1987), a lthough rarely beyond the  50-m  
dep th  co n to u r (H ard ing  et a l ,  1978). The nursery  grounds are 
inshore  o n  sandy flats (Zijlstra, 1972; van Beek et a l ,  1989), and 
plaice gradually m ove offshore as they grow  (W im peny, 1953). 
Spawning com m ences in  D ecem ber in  the  eastern English 
C hannel and  is progressively later n o rth  th rough  the  N o rth  Sea 
(Bagenal, 1966). Spawning peaks in  m id-January  in  the
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Southern  Bight and  in  F ebruary /M arch  in  the m ore n o rth e rn  
regions (Sim pson, 1959; H ard ing  et al., 1978).

Plaice are determ inate  batch  spawners (U rban, 1991; 
A rm strong et ah, 2001; M urua  and  Saborido-Rey, 2003). 
Fecundity  is determ ined  from  the standing stock o f  advanced vitel- 
logenic follicles, w hich are clearly separated from  p recursor previ- 
tellogenic follicles well before the  onset o f  spawning. W e use the 
term  follicle here to  refer to  the developing oocyte and  the 
m aternal follicle granulosa and  theca layers (Tyler and  Sum pter, 
1996). At the start o f  m atu ration , fecundity  is high. D uring  the 
m atu ratio n  cycle, fecundity  is dow n-regulated, i.e. the  num ber 
o f  developing oocytes decreases (Kjesbu, 2009) th rough  follicular 
atresia according to  the energy reserves o f  the female (Kennedy 
et al., 2007, 2008). Atresia is n o t th o u g h t to  cause fu rther loss 
after spaw ning com m ences (N ash et ah, 2000). D uring  spawning, 
pelagic eggs are released in  batches (R ijnsdorp, 1989; U rban, 
1991). Indiv idual females spawn over a period o f  4 - 6  weeks 
(R ijnsdorp, 1989). Fecundity  varies betw een spaw ning areas, and 
in  the  N o rth  Sea, fecundity  decreases from  the eastern English 
C hannel to  the  G erm an Bight, though  in terannual varia tion  in  
fecundity  can be considerable (H orw ood et ah, 1986; Rijnsdorp, 
1991).

The spatial d istribu tion  o f  plaice has reported ly  changed in  
recent years (van Keeken et al., 2007), and  there  is anecdotal evi
dence com ing from  the fishery that the  relative d istribu tion  o f 
the adults m ay  also have changed. Plaice in  the so u thern  N orth  
Sea are m anaged partly  th rough  spatial closures designed to 
pro tect juveniles (R ijnsdorp and van Beek, 1991; Pastoors et al., 
2000). There are also predictable patterns in  the seasonal and 
spatial d istribu tion  o f  the population , w hich relate to  the 
m igration  patterns betw een spaw ning and  feeding areas and 
recru itm en t (R ijnsdorp et al., 2005). Plaice in  the  N o rth  Sea and 
the English C hannel are m anaged as different stocks, and  it is 
assum ed th a t there  is no  m ixing (ICES, 2003a) betw een the 
stocks. Recent studies, however, show  considerable m ixing 
(H un ter et al., 2003; Bolle et al., 2005), and it can influence the 
stock assessments (Keli et al., 2004). The spatial com ponents o f 
spaw ning can be investigated by  the AEP m eth o d  (Bannister 
et al., 1974). Therefore, w ith in  this spatial context o f  fish and

fleet behaviour, the  AEP m ethod  can provide evidence for 
changes in  relative im portance o f  plaice spaw ning grounds.

W e considered a new  estim ate o f  plaice SSB by  AEP necessary in 
light o f  the uncerta in ty  in  the  VPA estim ates. There have been 
large retrospective changes in  the estim ated absolute levels o f  
plaice SSB in  the  N o rth  Sea (Pastoors, 2005). M oreover, the 
stock assessm ent m ethodology for N o rth  Sea plaice has changed 
greatly in  recent years. N ow  the assessm ent incorporates discards 
o f  plaice, in form ation  ob tained  by  raising discard estim ates from  
fleet sam ples in  recent years, and  using an  in terannually  varying 
grow th m odel th a t sim ulates the  poten tial discarding behaviour 
o f  the  fleets back in  tim e (van Keeken et al., 2003; ICES, 2006). 
This new m eth o d  has never been tested for its sensitivity to  the 
assum ptions in  the m odel o r the  different variance associated 
w ith the data sources (STECF, 2005), and  m ore in fo rm ation  is 
required  to  su p p o rt its use (Dickey-Collas et al., 2007).

In  2004, a series o f  ich thyoplank ton  surveys covered the  w hole 
N orth  Sea (Taylor et al., 2007), targeting  cod and  plaice egg p ro 
duc tio n  w ith the  p rim ary  aim  o f  m app ing  the  spawning 
grounds. In  the so u thern  N o rth  Sea, there  were sufficient repeated 
surveys conducted  du rin g  the spawning season to  allow estim ating 
the  plaice SSB by AEP. W ith  this in  m ind , the  fecundity  o f  plaice in 
the  so u thern  N o rth  Sea was also evaluated in  2004. D ata from  pre
vious ichthyoplankton  surveys o f  the so u thern  N o rth  Sea 
(Sim pson, 1959; Heessen and R ijnsdorp, 1989; van der Land, 
1991) were reanalysed using the  sam e m ethod  as for the 2004 
data  to explore the  relative trends in  the  N o rth  Sea plaice stock 
and  the variability  in  the  spatial pa tte rn  o f  spawning.

Methods
Ichthyoplankton surveys
From  D ecem ber 2003 to April 2004, 11 ichthyoplankton  cruises 
were carried o u t (Table 1). D ata from  two cruises were n o t used 
in  this investigation, however, because they  covered the  area 
outside  th a t considered im p o rtan t for plaice spawning 
(< 5 5 .5 °N ) and  are therefore n o t included in  the table. A detailed 
descrip tion  o f  those surveys is given by  Taylor et al. (2007), bu t 
briefly, p lank ton  was collected a t each sta tion  by  deploying the 
sam pler in  a double-oblique m anner dow n to  2 m  from  the

Table 1. Ichthyoplankton survey dates and gears deployed.

Cruise Country/ ship Start date End date Gear
Number of 

hauls
Area

surveyed
1 Netherlands "Tridens II" 15 December 2003 18 December 2003 Gulf III, 20 cm nose-cone diameter, 

270 pm  mesh
77 A and B

2 Netherlands "Tridens II" 12 January 2004 16 January 2004 Gulf VII, 53 cm length, 28 cm
nose-cone diameter, 270 pm  mesh

66 C and D

3 Germany "Alkor" 08 January 2004 19 January 2004 Gulf III, 53 cm length, 20 cm
nose-cone diameter, 270 pm  mesh

108 A and B

4 Netherlands "Tridens II" 19 January 2004 23 January 2004 Gulf III, 20 cm nose-cone diameter, 
270 pm  mesh

92 A and B

5 Netherlands "Tridens I" 11 February 2004 16 February 2004 Gulf VII, 53 cm length, 28 cm
nose-cone diameter, 270 pm  mesh

69 B, C, and D

6 Germany "Heincke" 16 February 2004 23 February 2004 Bongo, 60 cm diameter, 500 pm  mesh 52 B, C, and D
7 England "Corystes" 18 February 2004 08 March 2004 Gulf VII, 76 cm length, 40 cm

nose-cone diameter, 270 pm  mesh
136 C

8 Netherlands "Tridens II" 01 March 2004 04 March 2004 Gulf VII, 53 cm length, 28 cm
nose-cone diameter, 270 pm  mesh

66 B, C, and D

9 Germany "Alkor" 06 April 2004 13 April 2004 Bongo, 60 cm diameter, 500 pm  mesh 54 B, C, and D

The areas surveyed are shown in Figure 2. Note that two of the cruises within this programme were dropped from the analysis and this table because they 
were outside the area of plaice spawning (<55.5°N).
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Figure 1. Positions of recovered plaice egg distribution data, after Simpson (1959), from December 1947 to  March 1950, and the survey area 
and divisions used by Heessen and Rijnsdorp (1989).

seabed. H ydrographic data  were collected a t each station, a lthough 
during  cruise 1, no  tem perature  data  were collected owing to 
failure o f  the  CTD. Based on  data  from  earlier years in  the  ICES 
oceanographic database, 9° C was assum ed to be the  tem peratu re  
for all sam ples from  th a t first cruise.

P lankton  sam ples were fixed and  stored a t sea in  4% 
form aldehyde so lu tion  buffered w ith sod ium  acetate trihydrate 
(Tucker and  Chester, 1984). Eggs were later sorted  from  the 
sam ples and  counted , sam ples con tain ing  large quantities o f  eggs 
being subsam pled using a Folsom  splitter, following agreed 
protocols (ICES, 2003b). The eggs were identified to species level 
using the  criteria  described by Russell (1976). Plaice eggs were 
identified based o n  their size (> 1 .7 5  m m  diam eter) and their 
th ick  chorion, and  their developm ent stage was assigned according 
to  the descrip tion  o f  S im pson (1959).

The raw data  from  the  1948, 1949, and  1950 egg surveys 
reported  on  by Sim pson (1959) and  the  1987 and  1988 egg 
surveys reported  o n  by Heessen and  R ijnsdorp (1989) were used 
to  re-estim ate AEP and SSB for those years using the  sam e 
m ethods, for com parison  w ith  the  2004 data. However, owing to 
incom plete coverage in  1949 (Figure 1), it was n o t possible to 
com pare data  for the  whole o f  the sou thern  N o rth  Sea in  th a t year.

Estimating North Sea plaice fecundity
In  D ecem ber 2003 and  January  2004, female plaice were collected 
from  three areas o f  the  sou thern  N o rth  Sea (Figure 2) by  the  D utch 
beam  traw ler “ARM 44” and the  RV “Tridens II” (Table 2). The 
fish were kep t on  ice before collecting fecundity  samples. Only 
fresh, m ature, and  ripening (W alsh et al., 1990) females were 
used for fecundity  estim ation. The fish were m easured and 
sam pled w ith in  24 h  o f  being  caught. Biological param eters col
lected were to ta l length, to ta l weight, m atu rity  stage, and  ovary

Table 2. Sampling of female plaice for estim ating fecundity from 
December 2003 to  January 2004.

Sample Sample area Sample date
Number of 

females
1 Southern Bight (B) 3 December 2003 17
2 Dogger Bank (C) 2 December 2003 19
3 German Bight (D) 11 December 2003 21
4 Dogger Bank (C) 11 December 2003 34
5 Southern Bight (B) 18 December 2003 23
6 Southern Bight (B) 07 January 2004 19
7 Dogger Bank (C) 06 January 2004 26

The sample areas referred to are shown in Figure 2.

weight. From  each fish, duplicate (one o f  each ovary) fecundity  
sam ples w ith  a know n volum e o f  100 p i (corresponding to a 
weight o f  0.105 g) were taken w ith  a solid d isplacem ent pipette  
(Kennedy et al., 2007), then  preserved separately in  2 m l o f  3.6% 
buffered form aldehyde.

The opaque oocytes were coloured using Periodic A cid-Schiff 
reagent staining to aid counting  and  m easurem ent o f  follicle d iam 
eter w ith an  au to  image-analysis system (GFA, PIAS; T horsen  and 
Kjesbu, 2001; van  D am m e et al., 2005). The threshold  to  include 
vitellogenic o r to  exclude sm aller previtellogenic follicles in  the 
fecundity  co un t was set at 450 p m . Before im age analysis, the 
sam ples were exam ined m anually, u nder a dissecting m icroscope, 
to identify  and  reject sam ples con tain ing  spaw ning m arkers 
(hyaline o r post-ovulato ry  follicles; W ittham es et al., 2009). The 
m eans o f  the  follicle co u n t and  the  d iam eter in  the  pa ir o f  
sam ples taken from  each fish were used to  determ ine the  fecundity  
and to correct for dow n-regulation  d u ring  m aturation , 
respectively.

Fecundity  o f  individual plaice was calculated using the  form ula

F =
N ( 0 / s )  

W  ’ (D

where F  is the  relative fecundity, N  the  nu m b er o f  vitellogenic 
follicles in  the p ipette  subsam ple, s the  subsam ple weight, O the 
ovary weight, and  W  the  to ta l weight o f  the  fish.

Fecundity  was estim ated for each o f  the  three areas separately 
and for the  w hole o f  the  so u th e rn  N orth  Sea (Figure 2). For the 
whole N orth  Sea, fecundity  estim ates from  the separate areas 
were pooled. For each area, female size-specific relative fecundity  
was estim ated from  a linear regression o f  relative fecundity  
against to ta l b ody  weight predicted  from  the m ean  area-specific 
female weight (A rm strong et al., 2001). An age-specific fecundity  
was n o t applied.

D ow n-regulation  o f  fecundity  was estim ated for the  Southern  
Bight and Dogger Bank areas. Differences in  fecundity  and dow n- 
regulation betw een areas were estim ated using generalized linear 
m odels in  R (R D evelopm ent Core Team, 2008). Finear regression 
was determ ined  betw een relative fecundity  and  m ean  follicle d iam 
eter. U sing the  relationship betw een oocyte d iam eter and  fecund
ity, dow n-regulation  was estim ated using the  m ean  oocyte 
diam eter in  D ecem ber and  January. Fecundity  was corrected for 
dow n-regulation, b u t to  be able to  com pare the  estim ates w ith 
earlier studies, uncorrected  fecundity  data  for 2004 were used too.
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Figure 2. The southern North Sea, showing the  location of plaice 
sampling for fecundity estim ation (plus symbols) in December 2003 
and January 2004, and the area division for the 2004 egg survey. A, 
Eastern Channel; B, Southern Bight; C, Dogger Bank; D, German 
Bight. Degrees shown on the bottom  and the left axes, ICES rectangle 
descriptors on the  top  and the right axes.

As plaice fecundity  changes over tim e (R ijnsdorp, 1991), 
separate fecundity  values were used for each o f  the  earlier 
periods (Sim pson, 1959; R ijnsdorp, 1991) ra ther th an  using the 
2004 estim ates. To be able to  com pare data  betw een periods, all 
estim ates were also m ade using the  area division o f  H eessen and 
R ijnsdorp (1989; Figure 1).

Estimating AEP
The m eth o d  we used for this was developed from  those described 
by H eessen and R ijnsdorp (1989) and A rm strong eta l. (2001); for 
the assum ptions m ade in  estim ating AEP and  SSB, see Table 3. 
AEP estim ation  requires rates o f  egg developm ent and  m ortality. 
To test the sensitivity o f  the  estim ates o f  AEP to  assum ptions o n  
rates o f  egg developm ent, two m odels o f  developm ent rates at 
various tem peratures were com pared. D evelopm ent rates were cal
culated using the  equations

D  =  [100/(r?T +  b )] +  D q (after Ryland and  Nichols, 1975), (2) 

and

D  =  a +  b X  ln(T ) (after Foxef al., 2003), (3)

where D  is the developm ent tim e u p  to  the end o f  the developm ent 
stage, T  the tem perature  (°C), and  D 0, a, and  b the  constants 
(Table 4).

The rate o f  egg m orta lity  m u st be  assum ed or calculated to 
estim ate the  num bers o f  eggs at the  im m ediate tim e o f  spawning 
(i.e. tim e = 0). To investigate the  sensitivity o f  assum ptions 
abou t egg m ortality, we assum ed rates o f  egg m orta lity  sim ilar 
to  those described previously (e.g. H ard ing  et al., 1978; van der 
Land, 1991; Dickey-Collas et al., 2003). Assum ing th a t in stan 
taneous daily m orta lity  Z  = 0 results in  the  m in im u m  AEP, and

C. /. G. van D am m e  et al.

Table 3. Assumptions used in the AEP and SSB estimates.

Step Assumptions
The plankton samplers provide an unbiased 

estimate of the abundance at a station 
Egg Identification and staging were not biased 
Flowmeter and CTD measurements were calibrated 

and unbiased 
The cllne In abundance between stations Is linear 
The seasonal trend between surveys can be linearly 

Interpolated
The first and last cruise (unless otherwise stated) 

occur at almost zero egg production 
For comparison with previous studies, there Is no 

loss of fecundity through atresia In the North Sea 
population during spawning In assessment years 

Realized fecundity Is fertilized eggs produced on a 
one-to-one basis 

Fecundity samples collected In each area refer to 
the spawning population producing the eggs 

Mortalities were assumed to have similar orders and 
distributions to those described In previous 
studies (e.g. Harding et al., 1978; Heessen and 
Rijnsdorp, 1989; van der Land, 1991; Dickey-Collas 
et al., 2003)

The age of the eggs was the median of an egg stage 
(1A, 1B, 2, 3, 4, and 5)

Mean development duration of stage 1A eggs 
Indicated the half-way point of the 1A stage 
duration

Rates of egg development determined for Irish Sea 
plaice were applicable to plaice In the North Sea 

Estimation of SSB The ratio of female weight to total SSB was
estimated to  be 0.37 In 1987 and 1988, and 0.60 
In 2004; the time-series does not go back as far as 
1948, so 0.54 (the mean of the early 1960s) was 
applied

Table 4. Constants used for the  calculation of developm ent time 
up to  the  end of each stage, using models 2 and 3.

Stage

Ryland and Nichols (1975) Fox et al. (2003)

a b D„ a b
1A 0.6203 8.9372 -  5.5639 5.186 -1.612
1B 2.3629 4.6528 -1.2662 8.002 -2.540
2 2.1274 0.9166 -0.2867 12.819 -4.098
3 1.0642 1.5260 -1.7543 25.398 -8.078
4 0.7299 1.3619 -2.7171 29.880 -9.313
5 0.3150 1.3153 -10.4479 43.853 -14.427

Z  = 0.29 (approxim ately the  m axim um  estim ated for plaice eggs; 
Dickey-Collas et al., 2003) results in  the likely m axim um  estim ate 
o f  AEP. In  ad d itio n  to fixed m ortalities, Z  was also calculated based 
o n  tem perature  using the equation

ln(Z ) =  0.40T  — 4.79(after Dickey-Collas et al., 2003), (4)

w here Z  is the  instan taneous daily m orta lity  and  T  the  tem perature  
(°C) for each haul.

It is also possible to  use the  decline by  stage in  an  em pirically 
estim ated egg p ro d u c tio n  (Fox et al., 2003). However, this

Egg sampling

Fecundity
estimation

Egg mortality

Estimation of 
AEP
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w ould  lead to  great variability in  the  estim ates o f Z  (Dickey-Collas 
et al., 2003) b u t no  great change in  the  likely m axim um  or 
m in im u m  estim ates o f  Z, so we d id  n o t use the  m ethod  in  calcu
lating daily m ortality.

For each haul, the  abundance (num bers m - 2 ) o f  eggs was 
calculated and  converted to  the  daily p ro d u c tio n  o f  plaice eggs 
by  stage (num bers m -2  d _1), using the  in tegrated w ater-colum n 
tem pera ture  (°C) and  egg developm ent tim e. The daily p ro d u c tio n  
was back-calculated to the  daily p ro d u c tio n  at the tim e o f  spaw n
ing (developm ent stage 1A):

P,„ =  Pt, (5)

w here P  is the  egg production , t  the tim e betw een t0 (spawning) 
and  f1A (m edian  tim e o f  egg developm ent stage 1A), and  Z  the 
coefficient o f  daily m ortality. A lthough sam pled num bers o f 
stage 1A eggs reflected the m ean  abundance for th a t stage, their 
age was assum ed to be the  m edian  age o f  stage 1A eggs.

For each survey (Figure 2), the  egg p ro d u c tio n  per cruise was 
calculated by  taking the  m ean  p ro d u c tio n  o f  all ICES rectangle 
productions w eighted by area. Variance in  the  egg p ro d u c tio n  
was calculated by  ICES rectangle, and these were raised to  the 
areas. The raised variance was used to  estim ate the C V  for all 
egg p roductions. A nnual p ro d u c tio n  curves by  area were estim ated 
following A rm strong et al. (2001). The p ro d u c tio n  curves by  area 
were th en  integrated  using the equation

AEP =  S ( tcl ; e h (6 )

w here P  is the  egg p ro d u c tio n  per cruise and t  the du ra tio n  (in  d) 
o f  this p roduction , equal to  h a lf the  nu m b er o f  days betw een the 
m id p o in t o f  the  cruise and  the  m id p o in t o f  the  previous one, 
plus ha lf the  nu m b er o f  days betw een this cruise and  the m idpo in t 
o f  the following one. For the  first and  last cruises, the  d u ra tio n  was 
assum ed to be equal to  the  n u m b er o f  days betw een the m idpo in t 
o f  the first o r last cruise and  the  m id p o in t o f  the  adjacent cruise. 
The variance in  the  egg productions was sum m ed as described 
for the  AEP in  E quation  (6), and  this variance was used to  estim ate 
the  C V  for the  AEP.

Estimating SSB
Female SSB was calculated for the  various areas using the  area- 
specific po p u latio n  fecundity  estim ates and the estim ated AEP 
and  the equation

SSBf =  ;
AEP

(7)

w here SSBf is female SSB and  F  the  relative p o p u latio n  fecundity. 
The standard  stock assessm ent to ta l SSB includes b o th  m ales and 
females, so a sex ratio  R  was applied to  raise SSBf to  to ta l SSB. For 
this, the fem ale-only stock assessment (A. D. R ijnsdorp, IMARES, 
unpublished) was used to  estim ate the sex ratio  by  weight betw een 
m ature  m ales and females. The m atu rity  ogive for males was taken 
from  R ijnsdorp (1989). The ratio  o f  female weight to  to ta l SSB was 
estim ated for the  years 1982-1985 and  2004. The tim e-series does 
n o t go back as far as 1948, so 0.54 (the m ean  o f  the early 1960s; 
ICES, 2006) was applied. As no dow n-regulation  estim ates are 
available for the earlier periods, it was assum ed to  be zero then. 
However, for 2004, an  SSB estim ate was also calculated w ith a co r
rected fecundity  to  show  the  im pact o f  dow n-regulation . Sum m ing

all areas yielded a to ta l SSB. To investigate the  sensitivity o f 
applying area-specific fecundity  estim ates, the to ta l SSB was also 
estim ated by  sum m ing  the  annual p roductions by  area and 
d ividing this by  the  m ean fecundity  for the  w hole region. The 
variance in  SSB was estim ated by  scaling the AEP variance, b u t 
n o t accounting  for the  variance in  F.

Age-based SSB from stock assessments
To com pare  the  SSB estim ates derived from  the AEP m eth o d  w ith 
stock assessm ent SSB estim ates, cu rren t estim ates derived from  
extended survivor analysis (XSA) were taken from  the ICES 
W orking G roup o n  the Assessm ent o f  D em ersal Stocks in  the 
N o rth  Sea and Skagerrak (ICES, 2007). These included estim ates 
o f  discard m orta lity  (see the  In tro d u ctio n ). The ICES stock assess
m en t assum es a constan t m atu rity  ogive and  is n o t sex-specific. 
The tim e-series from  1957 to  2006 is for the N o rth  Sea only (i.e. 
n o t the  eastern English C hannel). There are no  reliable absolute 
SSB estim ates available for plaice in  the  eastern English C hannel 
a t present (area A, Figure 2; ICES Area V lld ; see ICES, 2007), 
b u t an  assessment indicative o f  trends is available.

A nother tim e-series o f  the  popu lation  dynam ics o f  N orth  
Sea plaice was available to  the  curren t study. This was a newly 
developed fem ale-only XSA stock assessm ent (A. D. Rijnsdorp, 
IMARES, and  L. T. Keli, Cefas, pers. com m .). This used sex- 
specific catch m atrices adjusted  for sexual d im orph ism  in 
grow th and  m atu ratio n  (R ijnsdorp and Ibelings, 1991). 
A lthough this m eth o d  d id  no t use discard data, the estim ation 
o f  SSB w ithou t discards is relatively robust (Dickey-Collas et al., 
2007) because m ost discarded fish are n o t m ature.

Results
Spatial and temporal coverage of surveys
Areas B and  C (Figure 2) had sufficient surveys to  carry  o u t full 
AEP estim ates for plaice, providing seven and  six daily egg p ro 
du c tio n  estim ates, respectively. The surveys had good tem poral 
coverage, so the onset and decline o f  spaw ning were covered. 
There were fewer surveys o f  areas A and D, and  ju st three  daily 
egg p ro d u c tio n  estim ates were possible in  area A and  five in  area 
D. The end o f  spaw ning was m issed in  area A (last estim ate 21 
January  2004) and the  beginning was m issed in  area D (first esti
m ate 15 January  2004). If  spaw ning is assum ed to  be sim ilar to 
previous years, as described in  earlier studies, then  the dates for 
zero p ro d u c tio n  can be assum ed, allowing AEP estim ates to  be 
derived.

Estimating North Sea plaice fecundity
Fecundity  in  the Southern  Bight and  Dogger Bank was the same, 
b u t fecundity  in  the  G erm an Bight was lower, though  no t signifi
cantly  so (ANOVA, for b o th  slopes and  intercepts, p  = 0.7; 
Figure 3). Relative fecundity  was h igher in  2004 th an  in  the 
years 1947-1949 (Sim pson, 1959) and  1982-1985 (R ijnsdorp, 
1991; Table 5). For the  Southern  Bight and Dogger B ank areas, 
tem poral varia tion  in  sam pling was large enough to  allow esti
m ation  o f  dow n-regulation  o f  fecundity. M ean oocyte d iam eter 
in  D ecem ber was 1.0 m m  and  in  January  1.1 m m . The dow n- 
regulation  in  fecundity  betw een D ecem ber and  January is there
fore 10% in  b o th  areas. The data  show  th a t before the  onset o f 
spawning, there  is still a clear dow n-regulation  o f  fecundity  in 
N o rth  Sea plaice (Figure 4), b u t dow n-regulation  was different
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Figure 3. Plaice total fecundity for the  three different areas sampled: 
Southern Bight (filled diam onds and grey line), Dogger Bank (open 
squares and do tted  line), and German Bight (filled triangles and grey 
do tted  line). The areas are shown in Figure 2.

Table 5. Plaice relative fecundity estim ates (oocytes g-1 female) 
for the three different areas sampled and the  total southern North 
Sea, for comparison with Simpson (1959) and Rijnsdorp (1991).

Area Year
Relative

fecundity
Standard
deviation

Southern Bight (B) 2004 255 63
Dogger Bank (C) 2004 235 51
German Bight (D) 2004 185 43
Total southern North 2004 238 58

Sea
Southern Bight 1947-1949 163

(Simpson, 1959)
Total southern North 1982-1985 171a

Sea (Rijnsdorp, 1991)

To be able to compare between the periods, the 2004 estimates are not 
corrected for down-regulation.
Population fecundity was recalculated from the 1989 data using the 
method described.
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Figure 4. Down-regulation of fecundity in plaice for the  different 
areas, December 2003 and January 2004: Southern Bight (filled 
diam onds and grey line), Dogger Bank (open squares and do tted  
line). The areas are shown in Figure 2.

in  the  two areas. A lthough the slopes d id  no t differ significantly 
(ANOVA, p  = 0.4), there  is a significant difference betw een the 
two areas in  the intercepts (ANOVA, p <  0.01).

Table 6. Mean difference in the estimation of stage 1A egg daily 
production a t median age using the Fox et al. (2003) and Ryland 
and Nichols (1975) m ethods by survey area.

Area

Mean difference in estimate of daily 
egg production dependent on model 

choice
Mean sea 

temperature (°C)
A 0.72 9.57
B 0.89 7.38
C 0.97 6.90
D 0.98 6.37

Estimates were not weighted by egg abundance, but were based on the 
unweighted mean of cruises in each area.

Table 7. Assumed daily rate of egg m ortality (based on 
Dickey-Collas et al., 2003) and its impact on the  estim ate of egg 
production a t spawning from back-calculations of production at 
median developmental stage 1A.

Area

Mean sea 
temperature

(°C)

Mean 
assumed daily 

Z

Mean difference between 
median age stage 1A 

production and production 
at spawning (%)

A 9.57 0.38 37
B 7.38 0.16 21
C 6.90 0.13 14
D 6.37 0.11 13

Estimates were not weighted by egg abundance, but were based on the 
unweighted mean of cruises in each area.

Effect of temperature on development rate
The study  o f  Fox et al. (2003) was on  the eggs o f  Irish Sea plaice, 
b u t it d id  use m any  m ore fish and  different m ethods to  investigate 
m aternal effects th an  the study o f  Ryland and N ichols (1975), 
w hose results were based o n  a single batch  o f  eggs from  a single 
female. It is clear th a t a lthough  the new  relationships from  Fox 
et al. (2003) do  affect the  estim ation  o f  p roduction , it is small. 
For exam ple, in  area B, the Southern  Bight, using the  Fox et al. 
(2003) relationship, p ro d u c tio n  o f  stage 1A at m edian  age is esti
m ated to  be 89% o f  that using the Ryland and N ichols (1975) 
re lationship (Table 6). O w ing to  the  different sea tem peratures 
at the tim e o f  sam pling in  area A, this area shows the  biggest differ
ence. As the  Fox et al. (2003) relationship was based o n  a larger 
sam ple size and  takes m aternal effects in to  account, however, it 
was decided to  use th a t m eth o d  for estim ating AEP.

Effect of assumptions about egg mortality (Z)
To investigate the  difference in  the estim ates o f  daily p ro d u c tio n  at 
m edian  age o f  stage 1A and at spaw ning (i.e. tim e = 0), a range o f 
m orta lity  rates was assum ed and  applied (see above). The esti
m ated egg p ro d u c tio n  at spaw ning increased by  16% in  area A, 
by  21%  in  area B, and  by 24%  in  areas C and D i f  the  assum ed 
Z  was increased from  0 to  0.29. W hen  Z  was assum ed to  be 
related to  sea tem perature, following Dickey-Collas et al. (2003), 
the  differences betw een the  areas were greater (Table 7). The 
h igher tem peratures in  area A resulted in  a 37% increase in  p ro 
duc tio n  w hen back-calculated from  stage 1A to  spawning. The 
back-calculated increase in  p roduction , and  hence the  im pact o f  
assum ing Z  to  be related to  tem perature, ra ther th an  Z  = 0, was 
less in  the  o th er areas (Figure 5). The variations in  estim ated egg 
p ro d u c tio n  a t spaw ning caused by different assum ptions o f  Z
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Figure 5. Comparison of the seasonality in daily egg production in num bers m -2  d -1 of North Sea plaice in 2004 in survey areas A -D  
(Figure 2). Day of year = 0 is 1 January 2004, and egg developm ent is based on Fox et al. (2003). Daily production is estim ated from daily 
mortality (filled diamonds) Z = T, the tem perature to  egg mortality relationship of Dickey-Collas et al. (2003), and (open squares) a t the  time 
of capture (i.e. Z = 0, median developmental stage 1 A). Error bars denote 1 s.d., grey for Z = 0, and black for Z being tem perature-dependent.

are well w ith in  the  overall variability o f  the  p ro d u c tio n  estim ates, 
as reflected by  the  standard  deviations in  Figure 5. For the  calcu
lation  o f  EAP and  SSB, Z  = 0 was used for a m in im u m  estim ate, 
th en  com pared w ith Z  dependen t on  sea tem perature.

Egg production
The seasonal tren d  in  egg p ro d u c tio n  varied by area (Figure 5). 
The sm aller area A (Figure 2) had  equivalent m axim um  egg p ro 
du c tio n  per square m etre  to  th a t o f  area B. Areas C and  D had 
lower p ro d u c tio n  per square m etre. The coverage o f  area A 
ended at day 20, w hen egg p ro d u c tio n  was still high (Figure 5). 
From  the  results for the  o th er areas, however, it is clear th a t egg 
p ro d u c tio n  declines gradually. A nother survey in  area A around  
day 40 w ould have been useful in  allowing a be tte r estim ate o f 
the  end o f  egg p ro d u c tio n  there. Likewise, a survey in  early 
January  in  areas C and D w ould  also have provided useful data 
to  allow a bette r estim ate o f  the  start o f  the egg production . The 
peak in  p ro d u c tio n  appeared  earlier in  areas A and B th an  in  C 
and  D (Figure 5), and  A and B appeared to  have a m ore m arked 
peak th an  C and D. The dip in  egg p ro d u c tio n  in  area D 
(Figure 5) is p robably  a consequence o f  sam pling constraints. 
D uring  cruises 5 and  8, just four stations were sam pled there.

The curves in  daily egg p ro d u c tio n  were sum m ed and raised by 
area to determ ine the AEP (Table 8). The Southern  Bight and 
G erm an Bight (areas B and D) appeared  to  have been the  m ost 
im p o rtan t for the p ro d u c tio n  o f  plaice spaw ning p roducts in  the 
so u thern  N o rth  Sea.

As the  cu rren t study  (2004) had greater spatial coverage th an  
th a t o f  Sim pson (1959) and  Heessen and R ijnsdorp (1989), the

estim ates from  1948, 1950, and  2004 were rew orked in to  the 
survey areas o f  Heessen and  R ijnsdorp to  allow direct com parison  
(Figure 1). The Fox et al. (2003) relationships for tem peratu re  to 
egg developm ent were also applied to  all 20th cen tu ry  data  to 
o b ta in  com parable daily p ro d u c tio n  estim ates at m edian  develop
m ental stage 1A (Figure 6). U nfortunately, the  raw  data  from  van 
der Land (1991) have been lost, so for the  results o f  th a t study no 
th o ro u g h  com parisons w ith  sim ilar m ethods could  be m ade, o ther 
th an  com paring the m aps o f  p roduction .

It is rem arkably clear th a t in  som e o f  the  sam pling areas, the 
p ro d u c tio n  o f  plaice eggs appears no t to  have changed greatly 
betw een 1987, 1988, and 2004 (Figure 6). Areas 0 and  1 o f 
Heessen and  R ijnsdorp (1989) show  no  m arked changes in  m agni
tude  o r tim ing  o f  spawning, the  areas corresponding  to  the eastern 
C hannel and  Southern  Bight. In  the  Dogger B ank and  G erm an 
Bight areas (Heessen and  R ijnsdorp’s areas II and III), the 
p ictu re  is less clear, however. The data  appear m ore variable, 
and  the  lack o f  an  earlier survey in  area II in  2004 apparently  
prevent m ore  robust com parisons o n  m agnitude and tim ing  o f 
spaw ning in  the Dogger Bank area, b u t the estim ates o f  declining 
p ro d u c tio n  in  February  appear sim ilar. M ore obvious differences 
are seen w hen the  2004 data and  the  1980s data  are com pared 
w ith those from  a ro u n d  1950. Egg p ro d u c tio n  in  Heessen and 
R ijnsdorp’s area I (the Southern  Bight) was m uch  higher a round  
1950, and the  peak was later in  1948, though  in  1950 the  peak 
m ay have been slightly earlier th an  in  2004. It also appears that 
spaw ning o n  o r sou th  o f  the  Dogger Bank was earlier and m ore 
intense a ro u n d  1950. There was no  sam pling by  Sim pson (1959) 
in  the eastern C hannel o r the  G erm an Bight.
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Table 8. AEP (CV in parenthesis) and SSB estimates for North Sea plaice in 2004.

Parameter A B C D Total
AEP estimate Z = 0 ( x  IO12)
AEP estimate Z = T ( x IO12) 
Fecundity (eggs g_1 female) 
Female-only SSB estimate Z = 0 (t) 
Female-only SSB estimate Z = T (t)

1.82 (0.85) 
2.58 (0.60) 
255a
7 126 (0.85) 
10 103 (0.87)

6.08 (0.53) 
7.50 (0.43) 
255
23 832 (0.53) 
29 395 (0.54)

3.27 (0.63) 
3.76 (0.58) 
235
13 917 (0.67) 
16 006 (0.67)

5.11 (0.23) 
5.78 (0.27) 
185
27 615 (0.31) 
31 268 (0.31)

72 489 (0.29) 
86 771 (030)

The relationship between egg development and temperature is from Fox et al. (2003). Atresia during spawning was assumed to be 0, although 
down-regulation was found in areas B and C. 
aTaken from area B.
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Figure 6. Seasonality in the  daily egg production of North Sea plaice in 1948,1950,1987,1988, and 2004 in four Heessen and Rijnsdorp (1989) 
areas. Estimates are based on median stage 1A egg production and Fox et al. (2003) egg development. The areas are shown in Figure 1. Only a 
maximum of three series per graph show error bars (denoting the standard deviation), for ease of viewing.

The fem ale-only SSB associated w ith these AEP estim ates shows 
a m arked change over tim e (Table 9). D ifferent estim ates o f  
fecundity  were used for 1948 and  1950, 1987 and  1988, and 
2004. These estim ates o f  SSB are m in im u m  estim ates, because 
the p ro d u c tio n  at m edian developm ent stage 1A was used. As 
apparen t in  the  com parison  o f  the seasonal p ro d u c tio n  curves 
(Figure 6), spaw ning in  the  Southern  Bight declined from  1948 
to  2004, b u t rem ained at the  sam e level betw een 1987/1988 
and  2004. In  the  eastern C hannel, though, the lower SSB estim ate 
by the  AEP in  2004 (45%  lower) could  be a ttribu tab le  to  the 
failure to  survey th ro u g h o u t the  spaw ning season, and the large 
variability in  the  estim ates for that area in  2004 (Table 9). W hen  
the Southern  Bight is com bined w ith the Dogger B ank estim ates 
(Figure 7), a substantial decline in  female spaw ning biom ass is 
apparent, from  ~ 4 8  000 to 17 000 t, a decline to  35% o f  the 
post-w ar spaw ning stock. In  the  G erm an Bight, the 2004 survey 
d id  n o t find the  peak spaw ning recorded by  Heessen and 
R ijnsdorp (1989), and this is reflected in  an  apparen t decline in

female SSB from  ~ 1 6  0 0 0 t  in  1987/1988 to 5 0 0 0 1 in  2004 
(Table 9).

Comparing AEP estimates of SSB with aged-based stock 
assessments of North Sea plaice
C om bining the  AEP estim ates w ith  fecundity  estim ates resulted in 
a m in im u m  female spaw ning biom ass o f  N o rth  Sea plaice in  2004 
o f  72 500 t (C V  = 0.29), based on  the  p ro d u c tio n  o f  stage 1A eggs, 
and  a m axim um  o f  86 800 t (C V  = 0.30) w hen accounting  for egg 
m ortality. W hen  taking dow n-regulation  o f  fecundity  in to  
account, this resulted in  a m in im u m  female SSB estim ate o f  
80 600 t. I f  a sex ratio  o f  1:1 is assum ed, this results in  a SSB o f 
145 0 0 0 -1 7 4  000 t.

T he AEP-derived estim ates o f  SSB for plaice in  the sou thern  
N orth  Sea in  1987 and 1988 were sim ilar to b o th  the fem ale-only 
assessm ent and the  SSB from  the ICES stock assessment. It is clear 
th a t the large p ro p o rtio n  o f  males in  the stock in  1987 and 1988 led 
to  the  to ta l SSB appearing  m ore productive in  term s o f  eggs th an  it
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Table 9. Comparison of AEP estimates of female SSB from 1948 to 2004 by Heessen and Rijnsdorp (1989) area (Figure 1).

2007

Parameter 0 1 II III Total
AEP estimate 1948 (x 1 0 12) - 9.29 (0.32) 3.73 (0.05) - -

AEP estimate 1950 (x 1 0 12) - 4.18 (0.40) 6.79 (0.17) - -
AEP estimate 1987 (x 1 0 12) 1.60 (0.68) 2.68 (0.58) 3.11 (0.34) 3.18 (0.27) -
AEP estimate 1988 (x 1 0 12) - 1.93 (0.50) 3.13 (0.44) 2.83 (0.30) -
AEP estimate 2004 (x  IO12) 0.88 (0.55) 3.10 (0.41) 1.24 (0.51) 0.99 (0.15) -
Female-only SSB 1948 (t) - 36 413 15 886 - 52 299
Female-only SSB 1950 (t) - 16 382 28 879 - 45 261
Female-only SSB 1987 (t) 6 274 10 519 13 241 17 173 59 202
Female-only SSB 1988 (t) - 7 565 13 306 15 299 54 352
Female-only SSB 2004 (t) 3 450 12 159 5 276 5 354 26 736

Production of median developmental stage 1A eggs was estimated using the egg development to temperature relationship of Fox et al. (2003). Rijnsdorp 
(1991) estimates of fecundity were applied to 1987 and 1988. Area I fecundity was applied to area 0 in 2004 (CV in parenthesis).
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Figure 7. Estimated spawning biomass of female plaice in two areas 
of the  North Sea over 5 years. The areas are shown in Figure 1, and 
the  fecundities applied are described in Table 9. Filled histograms, 
Heessen and Rijnsdorp area I, Southern Bight; Open histograms, 
Heessen and Rijnsdorp area II, Dogger Bank. Error bars denote the 
standard deviation.

actually was (Figure 8). The confidence interval o f  the AEP 
estim ate o f  females (Table 9) in  2004 covers the  fem ale-only 
assessment, b u t the  difference from  the to ta l stock assessment 
m ade by ICES is ra ther larger (Figure 8). The Sim pson (1959) 
data  were from  one region only, and w hen com paring  them  w ith 
the  later survey data  covering the  w hole area, their inclusion 
shows the  relative decline in  the  plaice SSB in  the  latter ha lf o f 
the  20th century. Here, though, we no te  th a t tem poral coverage 
was m uch  less in  1950 th an  in  1948. This is the first tim e th a t an  
XSA-derived estim ate o f  SSB for plaice has the  sam e m agnitude 
as an  AEP (A rm strong et al., 2001; Kennedy, 2006). It should  be 
rem em bered, however, th a t b o th  assessm ent tim e-series are for 
the  N o rth  Sea only, whereas the AEP m ethods ( > 1987) include 
the  eastern English Channel.

Discussion
O ur study  shows the u tility  o f  using the  AEP m ethod  for estim at
ing SSB and  th a t the AEP m ethod  is a useful way to  hindcast the 
spatial dynam ics o f  heavily exploited flatfish stocks. In  2004, egg 
p ro d u c tio n  was highest in  the  Southern  Bight and  p ro d u c tio n  
peaked earlier in  the  eastern C hannel and  Southern  Bight. The 
lower fecundity  in  the  G erm an Bight resulted in  the highest SSB 
estim ate for that area. The egg p ro d u c tio n  in  2004 was sim ilar

f i

to  the  egg p ro d u c tio n  in  1987 and  1988. However, in  1948 and 
1950, egg p ro d u c tio n  was h igher in  the Southern  Bight and 
a ro u n d  the Dogger Bank. There appears to  have been no  m ajor 
change in  the tim ing  o f  spaw ning since 1948. The to ta l female 
SSB seems to  have declined over tim e, b u t the SSB estim ates 
from  AEP show  the sam e m agnitude as the VPA estim ates.

The AEP m ethod  depends on  the  spatial and tem poral coverage 
o f  sam pling, b u t despite the  intensive sam pling du ring  all surveys 
reported , here it was n o t possible to  cover all spawning areas 
(Sim pson, 1959; Bagenal, 1966) and  the w hole spaw ning season 
o f  plaice in  the  N orth  Sea. Hence, we w ould expect som e u n d e r
estim ation  o f  N o rth  Sea plaice AEP and  SSB. M oreover, it was 
n o t possible to  standardize the  gear for the  collection o f  eggs 
(Table 1). The differences betw een G ulf III and G ulf VII sam plers 
are sm all and tested (Nash et al., 1998), b u t w ith  the  bongo net the 
differences are larger. The use o f  the different nets m ay have 
resulted in  fu rther bias o f  the  estimates.

It is clear th a t there are still m any  assum ptions in  curren t 
m ethods o f  AEP th a t still need to  be adequately evaluated 
(H u n te r and Lo, 1993; A rm strong et al., 2001). The curren t 
w ork  d id  n o t investigate the  em pirical evidence for Z, o r errors 
in troduced  by  m istakes in  staging the eggs. The “pseudo-synoptic” 
n a tu re  o f  the surveys was no t accounted  for, and  no geostatistical 
o r GAM m eth o d  was used (Fox et al., 2000). However, because the 
m ethods b roadly  followed those o f  earlier sim ilar studies (Daan, 
1981; H orw ood, 1993; A rm strong et al., 2001), the  estim ates are 
considered to  be robust for com parison  w ith  the results o f  p re 
vious studies. The 2004 ichthyoplankton  survey o f  the N o rth  Sea 
provided excellent coverage o f  the Southern  Bight and allowed 
acceptable com parisons w ith  previous studies. As m entioned  
above, the  tem poral coverage was p o o r in  the  eastern  English 
C hannel and  G erm an Bight, b u t still allowed com parisons w ith 
earlier studies.

The sensitivity analysis o f  using the  Fox et al. (2003) rates o f  egg 
developm ent com pared w ith those o f  Ryland and N ichols (1975) 
show  that, as expected, w hen tem peratures were higher, there 
was a greater influence in  the choice o f  m odel, particularly  in 
the  eastern Channel. Therefore, the  choice o f  m odel is im po rtan t 
for fu ture  testing o f  clim ate-change scenarios. A lthough Fox et al. 
(2003) argue that there  m ay be stock differences in  developm ent 
rate, com parison  w ith the  Ryland and N ichols (1975) developm ent 
rates here results in  ju st m in o r differences. As the  Fox et al. (2003) 
study  was based o n  m ore experim ents and on  m any  m ore crosses 
o f  parents, it is therefore considered to  give the  better relationship, 
a lthough  it is based on  Irish Sea m aterial.
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Figure 8. Comparison of AEP SSB with (solid line) the  ICES stock assessment using XSA (ICES, 2007), and (dotted  line) a "females-only" 
assessment of SSB (after A. D. Rijnsdorp, IMARES, pers. comm.). Circles denote the  AEP estim ate of SSB using egg production a t the median 
age of egg stage 1A, and the  top  of the vertical bars denotes the  AEP estim ate of SSB using the  egg production a t spawning (derived by varying 
mortalities with tem perature; Dickey-Collas et a!., 2003). Filled circles denote "females-only" estimates, open circles total SSB using a sex ratio of 
females to  males by weight, and the diam ond the "females-only" estim ate with down-regulation of fecundity.

The fecundity  o f  N o rth  Sea plaice has gradually increased since 
1948. In  flatfish species in  the N orthw est A tlantic, fecundity  either 
increased or decreased over tim e (R ideout and  M organ, 2007). 
V ariation in  fecundity  depends o n  the  co nd ition  o f  the fish. As 
plaice are capital spawners, their co n d ition  in  w inter depends o n  
feeding conditions du rin g  sum m er. D ata are no t available o n  
feeding conditions in  the  years over the period  studied  here, bu t 
a large increase in  prey and hence co nd ition  w ould  be required 
to  explain the increase in  fecundity  we found. N o rth  Sea plaice 
now  m atu re  earlier and  sm aller (R ijnsdorp, 1993) b u t this 
change w ould n o t necessarily result in  increased fecundity, in  
fact should  result in  reduced fecundity  per gram m e o f  SSB.

O ur study  has also revealed dow n-regulation  in  N o rth  Sea 
plaice fecundity  before spawning. The sam pling for fecundity  
could  have been  m ore extensive, and  we do n o t know  how  repre
sentative the G erm an Bight sam ple was o f  the  w hole po p u latio n  in  
th a t area, because a replicate sam ple was n o t collected. However, if  
the fecundity  was h igher in  the G erm an Bight, th en  the  estim ates 
o f  SSB w ould  be even lower th an  the  cu rren t approach suggests. 
A lthough fecundity  sam ples were only taken in  D ecem ber and 
January, ju st before spawning, the results d id  show  a dow n- 
regulation  o f  fecundity. In  A tlantic herring  (Clupea harengus), 
dow n-regulation  o f  fecundity  increases tow ards the  end o f  the 
m atu ratio n  period  (K urita et al., 2003). The dow n-regulation  is 
com parable w ith th a t found  in  Irish Sea plaice (K ennedy et al. 
2007). W hen  accounting  for dow n-regulation , the  SSB estim ates 
increased by 11%. This shows the  im portance o f  sam pling for 
fecundity  ju st before the  onset o f  spawning, o r taking the  stage 
o f  m atu ra tio n  and subsequent dow n-regulation  in to  account.

This study  shows no apparen t change in  the tim ing  o f  spawning 
o fN o r th  Sea plaice betw een the  years 1948-1950, 1987-1988, and 
2004. In  the Irish Sea, the spaw ning peak changes considerably 
betw een years, depending  on  w ater tem peratu re  (N ash and 
Gefien, 1999). The variation  in  w ater tem peratu re  betw een years 
in  the N o rth  Sea was sm all (1948, 4 -1 0 °C ; 1950, 5 -1 0 °C ; 1987, 
2 - l l ° C ;  1988, 4 -9 °C ; 2004, 3 - l l ° C ) ,  suggesting th a t if  tem pera
tu re  was the  causative m echanism , we w ould  no t be able to detect a 
change in  the  tim ing  o f  peak spawning.

For back-calculating to  egg p ro d u c tio n  a t spawning, it was co n 
sidered th a t because sam pling was con tinuous th ro u g h o u t day and 
night, the  m ean  developm ent d u ra tio n  o f  stage 1A eggs indicated 
the  m edian  o f  the  1A stage duration . This assum ption  is actually 
incorrect because o f  the exponential decline in  fish egg num bers 
after spawning, w hich w ould  result in  an  overestim ate o f  egg p ro 
duction , depending on  Z  (Dickey-Collas et al., 2003). However, 
the  m edian  stage d u ra tio n  was used for simplicity.

T he plaice SSB tim e-series from  1957 to 2006 is for the N orth  
Sea only (i.e. n o t the  eastern English C hannel). There are no  
reliable absolute SSB estim ates available for plaice in  the eastern 
English C hannel at present (area A, Figure 2; ICES Area V lld; 
see ICES, 2007), b u t an  assessm ent indicative o f  trends is available. 
This shows broadly  the sam e trends as for plaice in  the N o rth  Sea. 
Therefore, it is likely that any AEP estim ate th a t includes the 
English C hannel should  have a positive bias w hen com pared 
w ith the  assessm ent o f  the  N o rth  Sea p o p u latio n  only.

T he results o f  o u r study were com pared w ith a newly developed 
fem ale-only XSA stock assessm ent (A. D. R ijnsdorp, IMARES, 
and  L. T. Keli, Cefas, pers. com m .). This used sex-specific 
catch m atrices adjusted  for sexual d im orph ism  in  grow th and 
m atu ra tio n  (R ijnsdorp and Ibelings, 1991). A lthough that assess
m en t d id  n o t use discard data, the  estim ation  o f  SSB w ithou t 
discards is relatively robust (Dickey-Collas et al., 2007) if  the 
m ajority  o f  discarded fish are n o t m ature.

T he curren t AEP estim ate o f  N o rth  Sea plaice SSB broadly 
agrees w ith  the curren t ICES standard  XSA stock assessment. 
W hen  the  AEP m eth o d  was used in  o th er areas, SSBs from  em piri
cal ich thyoplankton  data  were found  to  be  higher th an  the stan
dard  XSA results. In  the Irish Sea, this has consistently been by a 
factor o f  3 (A rm strong et al., 2001) and  a ttribu ted  to a range o f 
possible factors, including the  selection p a tte rn  a t age assum ed 
in  the  assessment, the lack o f  discard estim ates in  the  catch-at-age 
m atrix  o f  the  assessment, changes in  na tu ra l m ortality , and  the 
spatial m ism atch  o f  the  fishery and the spawning o f  plaice. N one 
o f  these has been proved thus far to  be the  cause o f  the  discrepancy.

In  the  N o rth  Sea, the  estim ates from  AEP and XSA appear to  be 
sim ilar. The decline in  SSB from  1988 to  2004 was ~ 6 0 %  w hen
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estim ated by  XSA and 50% w hen estim ated by  AEP. The AEP 
m eth o d  supports the  cu rren t ICES XSA stock assessm ent b o th  in 
term s o f  the  relative tren d  in  SSB and  the cu rren t absolute 
biom ass. The AEP also suggests th a t m ost o f  the decline was in 
the  Dogger Bank and G erm an Bight areas. There appears to 
have been no  m ajor shift in  the tim ing  o f  spaw ning o f  N orth  
Sea plaice th ro u g h o u t the  period  o f  heavy exploitation. In  the 
Southern  Bight, SSB appears to  have increased betw een the  years 
1982-1985 and  2004, b u t it is still lower th an  the  biom ass calcu
lated for 1948 and  1950. However, the decline in  SSB on  the 
Dogger Bank seems to suggest a sw itch in  the  location  o f  spawning 
areas from  the Dogger Bank to  the  Southern  Bight. D uring  the  past 
century, there  were changes in  the N orth  Sea p lank ton  com m unity  
a ttribu tab le  to  clim ate change (F rom entin  and  Planque, 1996; 
Beaugrand, 2003; Reid et al., 2003), as well as changes in  the 
ben th ic  and fish co m m unity  show n to be caused by  fishing 
effects (Jennings et al., 1999; Frid and  Clark, 2000; D aan et al., 
2005). These factors p robably  also affected the  N o rth  Sea plaice 
stock and  its spawning, b u t it is difficult to disentangle the  specific 
m echanism s.

C onducting  an  AEP is expensive in  term s o f  ship and staff tim e. 
This m ay reflect the paucity  o f  o ther studies th a t use AEP on  flat
fish. The AEP m ethod  can provide a useful validation  o f  the trends 
in  the  o u tp u ts  from  age-based m ethods. In  add ition , it can provide 
the  im proved spatial reso lu tion  th a t tends to be lost w hen 
catch-and-effort data  are am algam ated across large m anagem ent 
areas. Because o f  the high cost o f  egg-based m ethods, they  are 
p robably  m ost useful w hen applied periodically to validate 
trends in  age-based stock assessments o r in  cases, such as N orth  
Sea or Irish Sea plaice, where there  are particular uncertainties, 
such as the  level o f  un recorded  discarding.
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