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T h e  a d d itio n a l m o rta lity  c a u se d  by d isc a rd in g  m ay  h a m p e r  th e  su s ta in a b le  use o f  m a rin e  resources, especially  if it is n o t  a c c o u n te d  fo r 

in s to c k  a s se ssm e n t a n d  fisheries m a n a g e m e n t. G enerally , long  a n d  p rec ise  tim e-se rie s  o n  a g e -s tru c tu re d  land ings exist, b u t  h isto rical 

d isc a rd  e s tim a te s  a re  o f te n  lacking o r  im precise . T h e  flatfish  fishery  in th e  N o r th  Sea is a  m ixed  fishery  ta rg e tin g  m ain ly  so le  a n d  plaice. 

O w in g  to  th e  g ea r  c h a ra c te r is tic s  a n d  a  m in im u m  land ing  size fo r th e s e  species, co n s id e ra b le  d isc a rd in g  o ccu rs, especially  fo r ju v en ile  

p laice. D iscard  sa m p le s  c o lle c te d  by o n -b o a rd  o b se rv e rs  a re  availab le  sin ce  1999 fro m  a  lim ited  n u m b e r  o f  c o m m erc ia l fish ing  trip s. 

Here, w e d ev e lo p  a  s ta tis tica l c a tc h -a t-a g e  m o d e l w ith  flexible se lec tiv ity  fu n c tio n s  to  r e c o n s tru c t  h isto rica l d isc a rd s  a n d  e s tim a te  s to c k  

a b u n d a n c e . W e d o  n o t  rely o n  sim p le  p re d e f in e d  se lec tiv ity  ogives, b u t  use sp lin e  s m o o th e r s  to  c a p tu re  th e  u n k n o w n  n o n -lin e a r  se lec­

tiv ity  a n d  d isc a rd  p a tte rn s , a n d  a llow  th e s e  to  vary  in tim e . T h e  m o d e l is f itte d  to  th e  a g e -s tru c tu re d  landings, d iscards, a n d  survey  

d a ta , th e  m o s t  a p p ro p ria te  m o d e l is se lec ted , a n d  e s tim a te s  o f  u n c e r ta in ty  a re  o b ta in e d .
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Introduction
D iscarding is the  practice o f  re tu rn in g  an  unw anted section o f  the 
catch back to  the sea during  fishing operations. D iscards n o t only 
include non-com m ercial species, b u t also com m ercial species that 
are below  m in im u m  landing size (MLS) o r less profitable ow ing to 
m arket conditions and  qu o ta  restrictions (C atchpole et al., 2005). 
M ost o f  the  fish th a t are discarded do  n o t survive the  catching and 
sorting  process (van Beek et al., 1990; Kaiser and  Spencer, 1995). 
This add itional m orta lity  m ay ham per the sustainable use o f 
m arine  resources, especially i f  it is n o t accounted for in  fisheries 
m anagem ent (Alverson et al., 1994, Crow der and  M urawski, 
1998, R ijnsdorp et al., 2007).

A ccounting for discards in  the exploitation  o f  fish stocks starts 
w ith their estim ation  and use in  stock assessment. D iscard surveys 
in  recent years reveal that discards m ay correspond to a substantial 
p a rt o f  the  catch, and  for som e stocks, they  m ay even exceed the 
landings (ICES, 2008). However, the existing discard estim ates 
o ften  cover a sm all fraction o f  the  fleet and  m ay therefore be 
imprecise.

P u n t et al. (2006) developed a flexible, statistical catch-at-age 
m odel th a t incorporates discard estim ates in to  stock assessment. 
The m eth o d  also facilitates discard reconstruction  for years 
lacking discard data, assum ing th a t discard selectivity is constant 
in  tim e, b u t w hat if  fishing and  discard selectivity-at-age changed 
over time? H ere, we propose an  alternative m ethod  for estim at­
ing discards and  assessing the  dem ographic state o f  the  p o p u ­
lation. The m eth o d  is based o n  a statistical catch-at-age m odel 
(Fournier and Archibald, 1982; Deriso et al., 1985; 
G udm undsson, 1994; Fryer, 2002; P u n t et al., 2006). Spline

sm oothers are used to  capture  the unknow n non-linear selectiv­
ity  and discard patterns, using only few param eters. Hence, we 
do n o t have to  rely o n  sim ple predefined shapes for this im p o rt­
an t fishing process. By m aking the  param eters in  the  spline 
sm oothers dependent o n  tim e, the  m eth o d  is also able to  deal 
w ith tim e-varian t selectivity and  discard patterns. A n additional 
advantage o f  statistical catch-at-age m odels is th a t b o th  p a r­
am eter estim ates and  standard  errors for these estim ates can be 
provided. Hence, the  uncerta in ty  in  the  stock developm ent esti­
m ate can be show n and  be used in  m anaging the fisheries. 
Finally, the  m axim um  likelihood estim ation  o f  the m odel p a r­
am eters m akes it possible to  use in fo rm ation  criteria  as an  objec­
tive way to com pare m odels.

W e apply  the statistical catch-at-age m odel using landings, d is­
cards, and scientific survey da ta  for N o rth  Sea plaice (Pleuronectes 
platessa). This species is caught in  the  N orth  Sea dem ersal flatfish 
fishery, w hich is a m ixed fishery targeting a range o f  flatfish species 
(D aan, 1997; Poos and R ijnsdorp, 2007). Changes in  m arket co n ­
ditions, costs o f  fishing, o r m anagem ent m easures such as the 
establishm ent o f  the  “plaice box” (Pastoors et al., 2000; D inm ore 
et al., 2003) have led to  changes in  gear efficiency and  seasonal 
and  spatial dynam ics o f  the  fleets. In  particular, the  D utch  beam  
trawl fishery has seen a d isplacem ent o f  fishing effort from  the 
n o rth e rn  to  the  so u thern  N o rth  Sea (Q uirijns et al., 2008), the 
latter characterized by  h igher concentrations o f  sole (Solea 
solea), b u t also juvenile plaice. The sm all m esh sizes necessary to 
fish for sole com bined w ith  an  MLS for plaice o f  27 cm  leads to 
considerable discarding o f  m ostly  juvenile plaice (van Beek, 
1990; van  Keeken et a l ,  2004).
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An extensive scientific discard sam pling program m e using 
on -b o ard  observers was in itiated  in  1999 (van Keeken et al., 
2004). The program m e estim ates discards from  several fish 
stocks in  the  countries a ro u n d  the  N o rth  Sea. Because o f  the 
high costs o f  these observer program m es, sam pling effort in  the 
individual countries is generally low  com pared  w ith  the  num ber 
o f  fishing trips. For the  years preceding the  observation  p ro ­
gram m e, discards were estim ated following a slight m odification  
o f  the approach  o f  Casey (1996). This approach  is based o n  prere­
cru it grow th rates, selectivity characteristics o f  the  fishery, and XSA 
(Shepherd, 1999) estim ates o f  fishing m orta lity  (van Keeken et al., 
2004; ICES, 2005). N o t on ly  is this m ethod  criticized for its con- 
ceptional complexity, b u t its determ inistic  approach  also ignores 
uncertainty. In  the statistical catch-at-age m odel proposed  here, 
the reconstruction  o f  b o th  historical discards and stock develop­
m en t are estim ated consistently and concurrently.

Methods
Data
Landings, discards, and  survey tun ing  data  for N o rth  Sea plaice 
were available from  ICES (2008). The com bined landings-at-age 
data  from  different countries were available from  1957 on, span ­
ning  ages 1 -1 5 . D iscard estim ates were available for the period 
2000-2007 , con tain ing  sam ples from  the N etherlands, D enm ark, 
and  the  UK. There was a m arked difference betw een the spatial d is­
trib u tio n  o f  the fishing effort o f  those countries’ fleets. This differ­
ence causes different age structures in  the landings and discards, 
because o f  the  spatial d istribu tion  o f  juvenile and adu lt plaice, 
and  because o f  the  different m esh-size regulations th a t apply  in  
different areas o f  the N o rth  Sea. The tu n in g  index data  were avail­
able from  three  surveys: (i) BTS-Isis, (ii) BTS-Tridens, and (iii) 
SNS (Rogers et al., 1997). These surveys take place in  different 
areas o f  the  N o rth  Sea in  the  th ird  quarter o f  the  year. Because 
o f  the large nu m b er o f  zero observations in  the  survey data for 
ages 1 0 + , only data for ages 1 - 9  were used. However, the  discards 
were only estim ated for ages 1 -8 ,  because all data  at age 9 o r older 
were zero. Likewise, because o f  the  lim ited survey d ata  availability 
before 1985 for ages 4 - 9 ,  the estim ation m odel is constructed  
from  1980 on, such th a t at least pa rt o f  the  earliest cohorts was 
covered by the  survey data a t o lder ages.

Model description
The m odel is a trad itiona l d iscrete-tim e age-structured  p opu lation  
dynam ics m odel

K + u+ i = N a,te -Z» ,  ( 1)

where N cl¡t are the num bers at age a a t tim e t, and  Zfljt the to ta l 
m ortality, w hich is com posed o f  the  instan taneous n a tu ra l m o r­
tality  rate M  and  the  fishing m orta lity  rate

N a tu ra l an d  fis h in g  m o rta lity

N atural m orta lity  is assum ed to  be constan t (0.1) in  tim e and 
equal for all ages. Fishing m orta lity  Fa¡t is the  result o f  catchability 
q, annual fishing effort et, and  the selectivity p a tte rn  f a¡t, such that

Fa.t =  qetfa.f (2)

Catchability q is the  extent to  w hich a stock is susceptible to  fishing. 
The fishing effort et is the to ta l am o u n t o f  fishing in  a year, and 
varies each year (hence the  subscript t). W ith  the  available data, it

is only possible to  estim ate the p roduct o f  these two. The selectivity 
p a t te rn /Jjt defines the  relative likelihood th a t an  individual o f  age a 
in  the  popu lation  is caught and  is constrained to have a m axim um  
o f  1. This age-dependent selectivity is the  result o f  several processes. 
First, younger fish are generally smaller, and  m ore likely to  escape 
th rough  the  m eshes o f  the  net. In  contrast, o lder fish m ay be able 
to  avoid being caught, e.g. by  outsw im m ing the gear. Finally, age- 
specific differences in  the  spatial and tem poral overlap betw een 
the  fish and  fishery influence the p robability  o f  individuals 
com ing in to  contact w ith the  fishing gear, affecting the  selectivity 
pattern . The above processes m ake the  fishing selectivity a 
com plex function  o f  age, and  specifying an  a priori shape m ay  no t 
fully address the  m u ltitude  o f  processes that take place in  shaping 
its functional form . Therefore, we used a sm oo th  function  o f  age, 
constructed  using four b-spline basis functions hk(a) (de Boor, 
2001). These functions can be viewed as four transform ations o f  
the  explanatory variable a. Each b-spline basis function  is a cubic 
polynom ial o f  the  explanatory  variable, b u t it is on ly  non-zero  
w ith in  a certain  range (defined by  so-called knots) o f  the explana­
to ry  variable. Next, each basis function  hk(a) is w eighted by  a co n ­
stant bk  t. Sum m ing these w eighted functions results in  the com plex 
sm oo th  function  o f  age:

f i . t  =  l o g i r 1 bk t hk( a ^ j . (3)

In  this function, logit-1  is exp(-)/(T +  exp(-)) and ensures that f ht 
takes values between 0 and 1. O ne could also use a polynom ial func­
tion  o f  age. However, because o f  the local nature o f  the basis function, 
the fit o f  the sm ooth  function  in  one range o f  the data (e.g. at low 
ages) is independent o f  its fit at the o ther extreme (e.g. at high 
ages). Similar to  m any other assessment techniques, we assume that 
the fishing m ortality  o f  the last age class is equal to  the fishing m o r­
tality o f  the preceding age. Tem poral changes in  the spatial overlap 
between fishing effort and the different age classes o f  the fish p o p u ­
lation can result in  changes in  the selectivity pattern. This is captured 
by m odelling the weighting constants as a function  o f  time, hence the 
subscript t  in  bk t. To prevent overparam eterization, only a linear 
function for the tem poral changes in  selectivity was inspected, i.e.

bk,t =  ßo.k +  ß l.ß -  (4.)

Discards and  landings

The expected catch Ca¡ t for age a and  year t  is calculated from

Ca.t =  | ^ N fl,f( l  -  e~z,v). (5)
Ai.t

The catch consist o f  discards D a t and  landings We assum e that 
an  age-dependent fraction d a t  o f  the  catch is discarded, such that

D a,! =  d (L! C„ i . (6a)

Fa.t =  (1  -  d a.t )C a. f  ( 6 b )

A lthough landings data  are generally available, discard data  are 
often  lacking or, as in  o u r study, only available for the m ost 
recent years.
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Several m odel form ulations for the  discard fraction  da¡t are 
fitted and  com pared: (i) a linear function  o f  age o n  the  logit 
scale assum ing a tim e-invarian t discard pattern:

da,t =  logit-1 (ß 0 +  / V ) ,  (7)

(ii) a tim e-invarian t sm ooth  function  o f  age [sim ilar to  E quation  
(3)], (iii) a sm oo th  func tion  o f  age that varies linearly in  tim e 
[sim ilar to E quations (3) and (4)], and  (iv) a sm oo th  function  
o f  age w here each sm oo th  param eter [see E quation  (4)] is m o d ­
elled as a second-order o rthogonal polynom ial func tion  o f  tim e. 
T he m athem atical form  o f  the  o rthogonal polynom ial can be 
found  in  Ism ail (2005), and  its im plem entation  in  R is described 
in  C ham bers and  Hastie (1992).

Survey tu n in g  series

The tu n in g  series data  for plaice are collected over a sho rt period 
(A ugust-S ep tem ber) o f  each year. Because the survey vessel 
catches are a very sm all p a rt o f  the  population , it is assum ed 
th a t these catches do n o t affect the  m orta lity  o f  the p opu lation  
as a whole. The popu lation  size N a¡t represents the p opu lation  
size o n  1 January  o f  year t. W hen  the  scientific survey takes 
place later in  the  year, the po p u latio n  size m ay be reduced con­
siderably by  fishing and  n a tu ra l m ortality. To correct for this, 
the  m ean p opu lation  size during  the tim e o f  the survey N]¡t is 
estim ated as

fx—KZa,t ̂tTT ,  T c  ’ c  • , .

w here k  and  X are the  start and end, respectively, o f  each survey 
expressed as a fraction o f  a year.

Consequently, the  catch o f  survey Ua¿ o f  age a in  year t  can 
easily be calculated as

Ua,t =  s„,aN ^ tq„, (9)

w here qu is the  efficiency, w hich is survey vessel ¡(-specific, and  s„jfl 
the  age-specific selectivity o f  the  survey vessel u. Again, we m odel 
s„jfl as a sm oo th  function  o f  age [sim ilar to  E quation  (3)].

Survey selectivity s„jfl is assum ed to  rem ain  constan t in  tim e, 
based on  the observation th a t the  gear, the tim ing, and the 
spatial d istribu tion  o f  the  scientific surveys have n o t changed.

Likelihood function
The available datasets for param eter estim ation  are (i) 
landings-at-age, (ii) discards-at-age, and  (iii) tu n in g  series from  
three  surveys. C onform ing w ith  m ost o th er statistical catch-at-age 
assessm ent m ethods (Fournier and Archibald, 1982; D eriso et a t,  
1985; G udm undsson, 1994; Fryer, 2002, P u n t et al., 2006), the  data 
are assum ed to  be lognorm ally d istributed , w ith  m eans and 
age-specific standard  deviations predicted  by  the  m odel. Visual 
inspection  o f  the  residuals indicated that they  were approxim ately 
norm ally  d istributed . There were five zero values in  a to ta l o f  715 
observations in  the three  datasets. These zero values were replaced 
by  h a lf o f  the  lowest value observed in  the  dataset where each 
occurred. This approach  guards against zeros in  the  likelihood 
function  by  taking account o f  the  scale o f  the data. The to ta l

log-likelihood £ is th en

£ =  £d +  4  +  ft/- 

w here l D =  ^  n(log(D„,f ); log(Dn,f ), <Pa ),
a,t

4 =  n ( lo g (4 ,t ); log( î„ ,f ), o£ ), (10)
a,t

£ v  =  E n ( l o g ( l / fl,f ); log(Ûax), o f  ).
a,t

Here, n (log(D fljt);log(Dfljt),crJ>) is the  n o rm al p robability  density  o f 
the  log o f  the observed values D fl t, w ith  m ean log(Dfljt) and  stan ­
dard  deviation <j ° .  Residual plots for the initial m odel runs 
suggested th a t the  variability in  the residuals differed w ith  age. 
To capture this effect, the  values o f  crfl are m odelled as the  expo­
n en t o f  an  orthogonal polynom ial function  o f  age, w ith 2 d.f. 
(C ham bers and Hastie, 1992). The standard  deviations are co n ­
strained to  be at least 0.05, to  facilitate convergence o f  the m in im i- 
zer used to  find the m axim um  likelihood.

Parameter estim ation and model selection
All m odel fitting was done  in  R (R D evelopm ent Core Team, 
2008), using the  FLR package (Keli et al., 2007). The negative o f 
the  likelihood func tion  in  E quation  (10) was m inim ized using 
the  B ro y d e n -F le tch e r-G o ld fa rb -S h an n o  (BFGS) quasi-N ew ton 
o r variable m etric  algorithm . Several starting  values were selected 
random ly  from  a un ifo rm  d istrib u tio n  w ith in  appropria te  b o u n d ­
aries, leading to  different param eter estim ates. This suggests that 
the  likelihood func tion  had  several local m axim a. We therefore 
selected the  param eter estim ates corresponding to  the highest 
m axim um  likelihood am ong m ultip le  ru n s ( > 5 0  tim es). The 
m odel often  converged to  these param eter estim ates, and  we 
assum ed th a t these correspond  to  the global m axim um . Also, all 
eigenvalues o f  the  num erically  differentiated Hessian m atrix  at 
the  param eter values presented here were positive, indicating 
th a t the  param eter values indeed represented a m axim um  o f  the 
log-likelihood function.

M odels w ith different fishing and  discard selectivity functions 
described above were fitted to  the  data. The Akaike In form ation  
Criteria  (AICs) o f  the  m odel fits were com pared, and  the  m odel 
w ith the  lowest AIC was retained for fu rther analysis and inference 
o f  the po p u latio n  dynam ics and  abundance. However, different 
functional form s o f  the different m odel assum ptions w ith 
respect to selectivity and discarding patterns are presented  too, 
to  explore the  effect o f  different m odel assum ptions o n  these 
patterns.

Quantifying uncertainty
M inim izing the  negative o f  E quation  ( 10) results in  m axim um  
likelihood param eter estim ates and  the variance-covariance  
m atrix  that is derived from  the inverse o f  the  Hessian. For estim at­
ing param eter uncertainty, we selected ran d o m  values (10 000) 
from  a m ultivariate  n o rm al d istribu tion  w ith those param eter 
m eans and variance-covariances. The resulting ran d o m  realiz­
ations are then  used to estim ate 95% confidence intervals for 
p opu lation  and fisheries characteristics o f  interest, using the  pe r­
centile m ethod.
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Results
Selectivity functions
As a reference, the full m odel contain ing b o th  a tim e-variant 
fishing and discard selectivity function  was fitted first. The AIC 
o f  this m odel (862; see Table 1) was com pared w ith a m odel 
w ith tim e-invarian t fishing a n d /o r  different discard selectivity 
functions. Based on  the AIC, the  full m odel (w ith tim e-variant 
fishing and  discard selectivity described by  a polynom ial tim e- 
varian t spline) ou tperfo rm ed  the sim pler m odels. This m odel 
will be used for fu rther com parison  and  inference.

The best fitting m odel for the  fishery o n  N orth  Sea plaice has a 
slightly dom e-shaped selection curve, w ith fishing m ortality  
highest o n  ages 3 and 4. This is sim ilar for the m odels w ith a tim e- 
variant and a tim e-invariant fishing selectivity pa tte rn  (Figure 1). 
Clearly, there has been a trend  to  exploit the  older ages less in  
recent years, and the selection patte rn  is lower for ages 6 +  . These 
m odel estim ates corroborate the  southw ard shift in  the spatial distri­
b u tio n  o f  the  fishery, increasing its overlap w ith the younger ages o f 
plaice. The tim e-variant discarding m odel indicates an  increase in  
selectivity for the young ages (ages 1 and  2) in  the m ost recent years.

The discard fraction is a decreasing func tion  o f  age in  all 
m odels (Figure 2). The discard fractions o f  the catch for each 
age changed little in  tim e, b u t nevertheless significantly (based 
o n  AIC, see Table 1). The younger ages (ages 1 and  2) were dis­
carded substantially  (> 8 0 % ). O u r results suggest that a relative 
larger p ro p o rtio n  o f  ages 4 - 7  was discarded in  the early years 
(1985). A lthough the discard fraction a t age m ay have been rela­
tively stable in  tim e, the absolute levels o f  discards have not, 
because the am o u n t o f  discarding also depends on  the  age-specific

selectivity pattern , fishing effort, and  p opu lation  size. Changes in 
a n y o n e  o f  these, such as the  observed changes in  fishing selectivity, 
will directly  influence the  observed discards.

T he selectivity curves for the  surveys are key in  estim ating 
fishing m orta lity  and discarding in  the  period  where only 
landing da ta  were available. Both BTS-Isis and  SNS surveys 
show ed declining catchability w ith age, b u t for BTS-Tridens, it 
was increasing (Figure 3). The BTS-Isis and  BTS-Tridens surveys 
use a sim ilar gear and take place at the  sam e tim e o f  year. 
Hence, the estim ated large difference in  catchability a t age was 
m ost likely caused b y  the survey location. The BTS-Isis survey is 
closer to  shore, whereas the BTS-Tridens is m ore offshore. The 
SNS survey is a coastal survey, sam pling m ainly  1- and 
2-year-old fish. For older ages (6 +  years), the BTS-Tridens, 
show ed different patterns in  catchability depending o n  w hether 
a tim e-varian t o r  tim e-invarian t discard selectivity m odel was 
fitted. This indicates th a t there  was either strong cross-correlation 
w ith o th er stock o r fishery characteristics, o r  th a t there  were insuf­
ficient data  to  su p p o rt the  functional form  o f  the tu n in g  catchabil­
ity  curves for these older ages.

Model residuals
The residuals for landings, discards, and  the  tu n in g  series in d i­
cated how  well the  assum ed p opu lation  dynam ics, m odel fitted 
the  data.

T he residuals for the  estim ated landings are larger in  the very 
young anim als (Figure 4). Also, for age 1, there are large negative 
residuals for 1987 and 1988 in  the  landing estim ates, co rrespond­
ing to  the years where the  original data con ta in  zero values. All

Table 1. M odel selection; m odel num ber, descrip tion  o f fishing an d  discards selectivity curves, an d  log-likelihood (LogL).

Model Selectivity Discarding -LogL P Obs AIC
1 T im e -v a r ia n t sp lin e P o ly n o m ia l t im e -v a r ia n t  sp lin e 318.8 112 715 862
2 T im e -v a r ia n t sp lin e T im e -v a r ia n t sp lin e 333.6 108 715 883
3 T im e -v a r ia n t sp lin e T im e -In v a r ia n t sp lin e 346.5 104 715 901
4 T im e -v a r ia n t sp lin e T im e -In v a r ia n t lin e a r  f u n c t io n 375.2 102 715 9 54

5 T im e -In v a r ia n t sp lin e P o ly n o m ia l t im e -v a r ia n t  sp lin e 325.0 108 715 866
6 T im e -In v a r ia n t sp lin e T im e -v a r ia n t sp lin e 346.1 104 715 900

7 T im e -In v a r ia n t sp lin e T im e - in v a r ia n t sp lin e 371.2 100 715 942
8 T im e -In v a r ia n t sp lin e T im e - in v a r ia n t lin e a r  f u n c t io n 402.8 98 715 1 002

T he n u m b e r  o f  m ode l p a ra m e te rs  (P), th e  to ta l n u m b e r  o f  o b se rv a tio n s  (O bs), a n d  th e  AIC a re  also given. T h e  low est AIC value is em b o ld en ed .
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Figure 1. Selectivity o f  th e  ca tch  for th ree  d ifferent years (1985, 1995, an d  2005) based on  (a) th e  tim e-varian t (M odel 1 in Table 1), an d  (b) 
tim e-invarian t (M odel 5 in Table 1) fishing selectivity m odels.
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Figure 2. Fitted discard selectivity functions based on  (a) a polynom ial tim e-varian t spline m odel (M odel 1 in Table 1), (b) a linear 
tim e-varian t spline m odel (M odel 2 in Table 1), (c) a tim e-invarian t spline m odel (M odel 3 in Table 1), an d  (d) a tim e-invarian t m odel w here 
th e  discarding is a linear function  o f  age on  th e  logit scale (M odel 4 in Table 1).
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Figure 3. Estim ated catchabilities o f  th e  th ree  surveys (SNS, 
BTS-Tridens, an d  BTS-Isis) based on  th e  full tim e-varian t discard and  
fishing selectivity m odel (M odel 1).

o th er ages seem  to  have ran d o m  residual patterns. The residuals o f 
the  discard estim ates are generally larger th an  those o f  the land­
ings, especially for o lder ages. O nly for very young ages are the 
discard residuals sm aller th an  the  landings residuals. The large 
difference in  the  residuals by  age m ay be caused by  the  low 
discard estim ates for the o lder ages. The m odel also shows a 
tendency to  have positive residuals in  discard estim ates for age 2 
th a t m ay be caused by insufficient flexibility to  m odel the
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Figure 4. Log-residuals o f  landings an d  discard for th e  full 
tim e-varian t fishing an d  d iscard  selectivity m odel (M odel 1).

discard pa tte rn  over ages. This results in  an  underestim ation  o f 
discards at age 2 while fitting the m odel according to  o th er ages.

A striking p a tte rn  in  the survey residuals (Figure 5) is the 
ab ru p t change in  the  SNS residuals in  2000, w hich were
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Figure 5. Log-residuals o f  th e  survey indices for th e  full tim e-varian t 
fishing an d  discard selectivity m odel (M odel 1).

consistently lower th an  m odel expectations, resulting in  negative 
residuals for all ages. In  the sam e period, BTS-Tridens indices 
observed for ages 1 -3  were consistently h igher th an  the expected 
juvenile population . This resulted in  positive residuals for those 
ages since 2000.

Population and fishery summaries
The sum m ary  plots o f  the historical p opu lation  dynam ics 
(Figure 6) show  th a t the  estim ated landings increased up to 
1988, after w hich a steep decline to o k  place. A nother striking 
aspect is that the  m odel closely fits the data, w hich is also sup ­
p orted  by  the uncerta in ty  estim ates being very small, especially 
for the  m ost recent years. The estim ated discards in  the m ost 
recent years m atch those o f  the actual observations reasonably 
well, b u t there  seems to  be som e underestim ation . Except the 
discard peak th a t coincides w ith the high recru itm en t in  1986, 
the m odel estim ated h igher discards in  the  historical pa rt o f  the 
tim e-series th an  the  reconstruction  used by the  ICES W orking 
G roup. Notably, the  lows in  the reconstructed  discards a round  
1994 were n o t supported  by  o u r stock assessm ent m odel estim ates. 
The uncertain ty  o f  the  to ta l discarding estim ate was several tim es 
larger at the  beginning o f  the tim e-series th an  the  m ost recent esti­
m ates. R ecruitm ent show ed very sim ilar patterns betw een the 
d ifferent m odels, w ith strong recru itm en t in  1986, 1997, and 
2002. Except for those peaks, there  was a clear overall decline 
from  the  1980s on. The m ean  fishing m orta lity  o f  ages 2 - 6  
increased up  to 1997, after w hich there was a steep decline.

S p aw n ing-stock  biom ass (SSB) estim ates were high in  the 
1980s and declined in  the  1990s. This resulted from  the  higher 
recru itm en t in  the  1980s, com bined w ith a fishery that targeted 
older individuals. After a low in  1997, SSB appeared to  be  slightly 
increasing again, and  it is curren tly  fluctuating  a ro u n d  220 000 t.

As a result o f  the  uncertain  discard estim ates at the  beginning o f 
the  tim e-series, the  uncertain ty  o f  the  SSB estim ates a t the same 
tim e was larger th an  the  uncerta in ty  tow ards the  end o f  the 
tim e-series.

Overall, the results correspond to the  results o f  the  XSA assess­
m en t done  b y  the  ICES W orking G roup, except the  fishing m o r­
tality  in  m ost recent years. The m odel presented here indicates a 
strong decline in  fishing m orta lity  to ~ 0 .3  in  2007, whereas the 
latest ICES estim ate (for 2007) is 0.39. It shou ld  be no ted  that 
the  uncertain ties presented here are conditional on  m odel fo rm u ­
lation  and  do  n o t incorporate  m odel uncertainty.

Discussion
The results o f  this study  provide estim ates o f  historical discarding 
and  stock developm ent o f  N o rth  Sea plaice. The estim ates are 
based o n  fitting a sim ple age-structured  p opu lation  dynam ics 
m odel to landings, discards, and  survey indices. The estim ation  
o f  m issing discard values was in tegrated w ith the assessment o f  
the  dem ographic state o f  the population . U sing an  in form ation  
criterion  (AIC), different assum ptions on  trends in  selectivity 
p a tte rn  were tested, preventing the fo rm ula tion  o f  an  overly 
com plex m odel that was no t supported  by  the da ta  (C otter 
et al., 2004).

O u r m odel differs from  alternative approaches in  the  literature. 
Casey (1996) used a m echanistic approach to  estim ate discards 
using landings-at-age data from  the  fishery, together w ith species- 
specific m esh selectivity param eters, assum ing th a t the  size d istri­
b u tio n  in  the  p opu lation  was know n or could  be inferred. Those 
discard estim ates were subsequently  used in  a VPA stock assess­
m ent. The m ethod  was developed for a situation  in  w hich absol­
u tely no  discard data  were available, and in  the  absence o f  any 
in fo rm ation  on  discarding practices, it is assum ed that the 
p rim ary  reason for discarding fish is to  com ply  w ith MLS regu­
lations. A second approach  (P u n t et al., 2006) used a statistical 
catch-at-age m odel, sim ilar to  the approach  presented here. 
A lthough m ore biological detail was incorporated  in  the p o p u ­
lation  dynam ics p a rt o f  the  m odel, gear selectivity was estim ated 
using a logistic and a dom e-shaped  function  (o f length) and  was 
assum ed constan t in  tim e. This m ay suffice for m any  fisheries 
where selectivity patterns are constant, b u t in  the N orth  Sea 
dem ersal fleet, the  selectivity p a tte rn  has changed owing to 
changes in  the spatial d istribu tion  o f  the fleet, e.g. w ith the  estab­
lishm ent o f  the  “plaice box” (Pastoors et al., 2000).

T he statistical catch-at-age m odel used here considers four 
types o f  discard selectivity pattern . D iscard selectivity was m o d ­
elled as a linear function  o f  age, o r as a m ore  flexible function  o f 
age, w ith two functions allowing discard fractions to  change 
over tim e. O ur results indicated a sharp decline o f  discarding 
w ith age. This is due to the  MLS for plaice resulting in  discarding 
individuals < 2 7  cm  (Daan, 1997), w hich in  general will be the 
younger fish. The discard-at-age curve for the  tim e-variant 
discard m odels suggested that, historically, adults in  the m id-range 
o f  the  age d istribu tion  were discarded m ore frequently. Indeed, 
discarding patterns m ay have been different in  the past because 
o f  different MLS values, different growth, different spatial d istri­
b u tions o f  fish (van Keeken et al., 2007), o r  m arket conditions 
(Rochet and  Trenkel, 2005). A lthough highgrading was m ost 
likely h igher from  the  1960s un til the  early 1970s, it is no t a 
likely explanation for o u r bigger discard estim ates o f  subadults 
in  the 1980s (R ijnsdorp et al., 2008).
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Figure 6. M odel estim ates (95% confidence intervals): (a) landings, (b) discards, (c) SSB, (d) m ean fishing m orta lities a t  ages 2 - 6 ,  and  
(e) rec ru itm en t for th e  full tim e-varian t fishing an d  d iscard  selectivity m odel (M odel 1). The d ashed  lines in panels (a) an d  (b) rep resen t th e  
landings an d  d iscard  observations. The d o tte d  line in panel (b) rep resen ts th e  cu rre n t d iscard  reconstruction  used by th e  ICES W orking C roup  
on  th e  A ssessm ent o f  Dem ersal Stocks in th e  N orth  Sea an d  Skagerrak.

The extent o f  discarding in  a fishery does n o t only depend on  
the  discard levels a t age, b u t also on  gear selectivity. Therefore, 
quantifying changes in  gear selectivity over tim e is crucial to h is­
torical d iscard reconstruction . O u r results show  th a t the gear selec­
tivity  pa tte rn  changed over tim e. In  m ore recent years, o lder fish 
were less likely to be caught th an  in  the earlier period . Such 
changes in  selectivity are in  line w ith the red is tribu tion  o f 
fishing effort. In  recent years, fishing vessels cam e closer to  shore 
to  target sole (Q uirijns et al., 2008). These coastal regions are 
characterized by relatively larger num bers o f  juvenile plaice

(W im penny, 1953; R ijnsdorp and  van Beek, 1991). Indeed, the 
selectivity o f  1-year-old fish has increased from  a few per cent in 
1980 to  0.4 o f  the  m axim um  selectivity in  2000, and  alm ost all 
will be discarded.

The discard estim ates ob tained  from  the tim e-varian t discard 
m odel resem ble the  actual observations in  the past 7 years. In  co n ­
trast, the  tim e-invarian t discard selectivity m odel suggests 
low er-than-observed discarding in  those years. This m ay suggest 
th a t discards-at-age were lower historically, depressing estim ates 
for the m ost recent years, b u t this p a tte rn  is no t reflected by  the
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tim e-varian t discard selectivity curve. C om pared w ith  the curren t 
reconstructed  discards (van Keeken et al., 2004), o u r estim ates 
show ed sim ilar highs and  lows (reflecting the  level o f  recru itm ent 
in  the preceding year), b u t the extrem es levelled o u t and, overall, 
o u r historical discard estim ates were higher. These differences 
m ay result from  the fact that o u r approach  d id  n o t take account 
explicitly o f  the observed changes in  m ean bod y  grow th o f  the 
cohorts, in  con trast to  the determ inistic  reconstruction . 
H ighgrading alone will n o t account for this difference in  discard 
levels, because the absolute discard levels are m ostly  driven by  2- 
and  3-year-old fish.

Can we accurately reconstruct h istorical discards? O ne o f  the 
m ajor lim itations w ith m any  stock assessm ent m odels is th a t differ­
en t sources o f  m orta lity  canno t be separated from  each other. In  the 
case presented here, na tura l m orta lity  was set at a fixed value for all 
years and  age classes, consistent w ith the  ICES procedure  th a t is 
used to  estim ate stock size. A lthough this m ay be a reasonable 
assum ption  for o lder ages th a t are susceptible to  considerable 
fishing pressure, it is questionable w hether the  fixed na tura l m o r­
tality  assum ption  will ho ld  for the younger fish th a t constitu te  
the discards. V ariation in  natural m orta lity  can be caused by 
changes in  p redation  pressure, because plaice can be preyed o n  by 
birds, fish, and seals (Leopold et al., 1998). Also, unobserved 
add itional fishing m orta lity  m ay exist, in  the form  o f  u n reported  
landings o r fish escaping from  the net (Sangster et al., 1996). If  
no  historical discard data  are available, increases o r decreases in  
these m orta lity  rates will be ascribed to the reconstructed  discards. 
W hen  discussing the absolute levels o f  discards in  tim e, this will be a 
problem , b u t for stock assessm ent purposes it m ay no t. The u lti­
m ate objective is to  quan tify  accurately the  p o p u latio n  processes 
such as m orta lity  rate. As long as changes are quantified  correctly 
and  consistently, it m ay n o t m atte r w hether discards are labelled 
inappropriately. Some historical discarding data  exist, b u t these 
data  cover on ly  the  D utch  beam  trawl fleet, and  have n o t been 
raised to  the  popu lation  level (van Beek, 1990).

This and  o th er studies have show n th a t statistical catch-at-age 
m odels can m ake use o f  a wide variety o f  da ta  sources (Fournier 
and  Archibald, 1982; Deriso et al., 1985; G udm undsson, 1994; 
Fryer, 2002; P u n t et al., 2006). Incorporating  add itional m odel 
com ponents is straightforw ard i f  they  can be  linked to  data, and 
providing their effects are separable from  o th er m odel com ­
ponents. For example, h igh fishing pressure has led to  rapid  
changes in  age at m atu ratio n  and individual grow th. A lthough 
m ost fishery processes (e.g. m esh size, selectivity ogives, MLS) 
operate o n  length, m ost stock assessments are only age-structured. 
P u n t et al., (2006) show ed how  length-related processes (e.g. the 
Bertalanffy grow th equation) can easily be incorporated  in to  sta t­
istical catch-at-age m odels. A lthough increasing m odel com plexity 
can easily lead to  loss in  m odel parsim ony (C otter et al., 2004), 
selecting a particular type o f  m odel does n o t need to  be based 
o n  speculative theories, b u t it can be based o n  objective in fo r­
m ation  criteria. An ability to include m ore biological and 
fishery-related processes and  objectively test for their significance 
m akes statistical catch-at-age m odels a useful too l to  test biological 
hypotheses and  further understand  fish dem ography. Finally, the 
m odels do  n o t on ly  provide estim ates o f  stock size, b u t they also 
estim ate uncertainties, valid for the m odel and  the  da ta  used. 
For fisheries w ith substantial discarding, the catch data  from  
o n -b o ard  sam pling are p rone  to  substantial uncertain ty  because 
o f  sm all sam ple sizes (Heales et al., 2003). M odel m is-specification 
and  noisy data  often  lead to  biased estim ates o f  p o p u latio n  size

and  fisheries characteristics, b u t their effect on  uncertain ties are 
still poorly  understood  (Dickey-Collas et al., 2007). We noticed 
th a t the  SSB estim ates and  their uncertain ties varied considerably 
for different m odel specifications. Consequently, we believe that 
use and in terp reta tion  should  go together w ith  testing a large 
variety  o f  different m odels, before they  can be used for m anage­
m en t purposes.

Statistical catch-at-age m odels have a large nu m b er o f  advan­
tages, and one m ay  w onder w hy they have n o t been  used to  
their full advantage. T raditional statistical catch-at-age m odels 
often  estim ate an  age-specific selectivity and  im plicitly  assum e 
th a t selectivity does n o t change over tim e. W hen  this assum ption  
is violated, one can estim ate a selectivity p a tte rn  for different 
periods independently . W hen  the biological and  fishery processes 
are com plex and  poorly  understood , we suggest using spline 
sm oothers instead. They do  no t rely o n  a priori sim ple selectivity 
patterns, b u t allow for flexible fishing and  discard selectivity that 
can change over tim e, using only a sm all nu m b er o f  param eters. 
O ther stock assessm ent m odels, such as those described by 
G udm undsson  (1994), Lewy and  N ielsen (2003), and  Schnute 
and  R ichards (1995) have been successfully applied to  the  same 
problem . However, the  cu rren t m odel was designed specifically 
for reconstruction  o f  b o th  historical discards and  stock dynam ics 
o f  plaice in  the N orth  Sea. It provides a basis for extension w ith 
add itional biological processes, b u t it can also easily be adapted  
to  estim ate the  developm ent for o th er fish stocks where discarding 
plays a considerable role.
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