
- “ » *  " s r , r u r E  

ICES Journal of Marine Science A dvance A ccess pub lished  January  5, 2007^ 6 y / i

P a g e  1 o f  14

Estimating stock parameters from trawl cpue-at-age series using 
year-class curves
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A year-c lass  cu rv e  is a  p lo t  o f  log  c p u e  (c a tc h  p e r  u n it  e ffo rt)  o v e r age fo r a  s ing le  y ear class o f  a  species (in  c o n tr a s t  to  th e  b e t te r  

k n o w n  c a tc h  curve, f it te d  t o  m u ltip le  y e a r  classes a t  o n e  tim e ). W h e n  linear, th e  in te rc e p t a n d  s lo p e  e s tim a te  t h e  log c p u e  a t  age 0 

a n d  t h e  av erag e  ra te  o f  to ta l  m o rta lity , Z, respectively . H ere , w e  su g g es t m e th o d o lo g ic a l re f in e m e n ts  w ith in  a  lin e a r le a st sq u a re s  

fram ew o rk . C a n d id a te  m o d e ls  m ay  in c lu d e  a  se lec tiv ity  te rm , flee t-specific  p a ra m e te rs , a n d  p o ly n o m ia ls  in y e a r  to  a llow  for g rad u a l 

v a ria tio n s  o f  Z. A n ite ra tiv e  w e ig h tin g  m e th o d  allow s fo r d iffering  p rec isions  a m o n g  th e  d if f e r e n t fleets, a n d  a  fo rw ard  (o n e -s te p  

a h e a d ) v a lid a tio n  p ro c e d u re  te s ts  p re d ic te d  c p u e  a g a in s t o b s e rv ed  values. C h o ice  o f  th e  b e s t a p p ro x im a tin g  m o d e l(s )  is m a d e  by 
ra n k in g  th e  b io logical c red ib ility  o f  e ach  c a n d id a te  m o d e l, th e n  by c o m p a rin g  g ra p h ic  p lo ts , p re c is io n  o f  p re d ic tio n , a n d  th e  A kaike 

In fo rm a tio n  C rite rio n . T w o  ex am p le  analy ses a re  (i) a  c o m p a r is o n  o f  e s tim a te d  a n d  t r u e  re su lts  fo r  five s to c k  s im u la tio n s  ca rried  o u t  

by  th e  US N a tio n a l R esearch  C ouncil, a n d  (¡i) m o d e llin g  th r e e  b e a m  traw l su rveys fo r  p la ice  (P leuronectes p la te s sa ) in th e  N o rth  Sea. 

R esults w e re  c o n s is te n t w ith  k now n , ag e -re la ted , o ffsh o re  m ig ra tio n s  by  p la ice. Y ear-class c u rv e s  a re  c o m m e n d e d  as a  w idely  

ap p lic ab le , s ta tis tica lly  b ased , visual, a n d  ro b u s t  m e th o d .
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In trod u ction
A  m o re  o r  less lin e a r d ec lin e  in  th e  lo g a rith m  o f  ca tch  p e r  u n i t  
effo rt (c p u e )  ind ices  over age is typically  observed  fo r m a n y  c o m ­
m erc ia lly  im p o r ta n t  m a rin e  fish  c au g h t in  traw ls (Jensen , 1939; 
S illim an , 1943; B everton  a n d  H o lt, 1957, s ec tio n  13), a n d  has even  
b e en  re p o r te d  fo r th e  larval stages o f  A tlan tic  m ackerel c au g h t in  
p la n k to n  n e ts  (S ette, 1943). I t  has a lso b e en  seen  fo r several species 
o f  E u ro p e a n  traw l-cau g h t fish , a t least fo r  th e  o lder, fu lly  selec ted  
ages. A  n o te w o rth y  fea tu re , a lso re p o rte d  b y  B everton  a n d  H o lt 
(1957 , p . 182), w as th a t th e  slopes, w h ich  e stim ate  a  tim e-av erag ed  
value o f  Z , th e  coeffic ien t o f  to ta l  m orta lity , show ed  little  v a ria tio n  
e ith e r  across d iffe ren t y ear classes o r  over a  p e r io d  o f  m o re  th a n  a  
decad e  (C o tte r , 2001). I t  sh o u ld  be p o in te d  o u t, becau se  th e re  is 
o f te n  c o n fu s io n , th a t  th e se  year-c lass curves, as th ey  a re  n a m e d  
h e re , a re  n o t  th e  sam e as c a tch  curves (R icker, 1975; Jensen , 1985). 
A  year-class cu rve  is  fitted  to  th e  successive ages o f  o n e  year class, 
b u t  a  c a tch  cu rve  is f it ted  to  successive y ear classes o b serv ed  at 
th e ir  respec tive  ages in  o n e  catch , i.e. w h e n  n o  tim e-se rie s  is 
available. Y ear-class curves a llow  e s tim a tio n  o f  re la tive  a n n u a l 
re c ru itm e n t,  w hereas ca tch  curves allow  e s tim a tio n  o f  average 
re c ru itm e n t only.

A s Z  is  th e  s u m  o f  f ish in g  a n d  n a tu ra l m o rta lity  (Z  =  F  +  M ) ,  
year-class curves, w ith  Z  described  b y  a  c o n s ta n t average value, 
s ta n d  in  c o n tra s t to  m e th o d s  o f  fish  s to ck  assessm ent th a t  e stim ate  
v a ria tio n s  in  F, a n d  p e rh a p s  M  as well, over A  age classes a n d  Y

years. T h e  m o d e ls  u sed  fo r  th ese  m e th o d s  rep lace  th e  single 
p a ra m e te r Z  w ith  u p  to  (A + 7 )  o r  even  (A * Y )  p a ram e te rs  fo r  F, 
a n d  p e rh a p s  m o re  again  fo r  A í (D eriso  e t  al., 1985; G avaris, 1988; 
M egrey, 1989; S h ep h erd  a n d  N ich o lso n , 1991; S hepherd , 1999; 
G ro n n ev ik  a n d  Evensen, 2 0 0 1 ). C o tte r  e t  al. (2004) a rgue  th a t  
assessm ent m o d e ls  re q u irin g  e s tim a tio n  o f  la rge  n u m b e rs  o f  p a r ­
a m eters  c a n  s ignal sp u rio u s  changes  in  F  o r  Z  becau se  o f  w eaknesses 
in  th e  da ta , th e  a ssu m p tio n s , o r  th e  m o d e l itself. I t  is c o n c lu d ed  
th a t, i f  th e re  a re  m a jo r d o u b ts  a b o u t an y  o f  th e se  aspects, a  s im p le r 
m o d e llin g  m e th o d  is  advisable  a n d  year-class cu rves  have m u c h  to  
offer. O th e r  uses fo r year-class curves c o u ld  b e  a s  v isual screen ing  
fo r  c p u e  d a ta  p re p a ra to ry  to  so m e  m o re  e labo ra te  m o d e llin g  
m e th o d , o r  w h en  lim ited  c o m p u tin g  re so u rces  are  available.

Y ear-class cu rves  a re  easily  e s tim a te d  u s in g  o rd in a ry  least 
sq u ares  lin e a r  reg ression . H e re , w e p ro p o s e  th e  fo llow ing  d e v e lo p ­
m e n ts  w ith  th e  a im  o f  im p ro v in g  e s tim a tio n  a n d  p re d ic tio n  
w ith o u t lo ss o f  th e  c o m p u ta tio n a l a n d  s ta tis tica l b en efits  o f  th e  
lin e a r le a st sq u ares  m e th o d :

» u se  o f  a n  ite ra tiv e  w eigh ting  m e th o d  fo r  d a ta  sets f ro m  d iffe ren t 
so u rces  (C o tte r  a n d  B u ck lan d , 2004);

9 a  se t o f  n e s ted , c an d id a te  m o d e ls  fo r  th e  cu rves, a n d  a  general, 
a l th o u g h  s o m ew h a t sub jec tive , p ro to c o l fo r  se lec ting  th e  best;

•  u se  o f  p o ly n o m ia ls  in  year  t o  p e rm it  Z  to  vary  g ra d u a lly  over 
t im e  w ith  th e  m in im u m  n u m b e r  o f  a d d it io n a l p a ram e te rs ;
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® use  o f  a n  analysis  o f  re la tiv e  re s id u a l va rian ce  (C o tte r, 2001) to  
e s tim a te  th e  p re c is io n  o f  d iffe ren t fleets, g iven  th e  ch o sen  
m o d e l; a n d

® a  fo rw a rd  (o n e -s te p  a h ea d ) v a lid a tio n  p ro c e d u re  fo r  te s tin g  th e  
p re d ic tiv e  a b ilitie s  o f  d iffe ren t m odels a n d  fo r e s tim a tin g  p re ­
d ic tio n  e rro rs .

Tw o ex am p les  o f  u s in g  th e  year-c lass curve m e th o d  are  p re sen te d  
briefly. T h e  firs t tests  p re c is io n  o f  e s tim a tio n , u s in g  s im u la ted  
stocks (N a tio n a l R esearch  C o u n c il, 1998) fo r w h ic h  t ru e  re su lts  
w ere  availab le . T h e  seco n d  uses  cp u e  d a ta  fo r p la ice  (Pleuronectes  
platessa) f r o m  D u tc h  b e a m  traw l surveys carried  o u t  b y  th e  
In s titu te  fo r  M arin e  R esources a n d  E cosystem  S tud ies (IM A R ES) 
in  th e  N e th e r la n d s . W e su g g est h o w  a n  analysis o f  year-c lass 
curves m ig h t  b e  ca rried  o u t,  a n d  d e m o n s tra te  o n e  o f  th e  s tren g th s  
o f  th e  y ear-c lass  cu rve  m e th o d , n am ely  th a t  a lte rn a tiv e  m o d e ls  
can  easily  b e  te s ted  a n d  c o m p a re d . Selecting th e  “b est a p p ro x i­
m a tin g  m o d e l” is  a n  im p o r ta n t  c o m p o n e n t o f  s ta tis tica l m o d e l­
lin g  (B u rn h a m  a n d  A n d e rso n , 2002), b u t  few  ex istin g  s to ck  
assessm en t m e th o d s  a llow  m u c h  flexib ility  fo r  th a t  p u rp o se . 
T h e  analyses w ere  carried  o u t  w ith  a  package w rit te n  in  th e  R 
p ro g ra m m in g  lan g u ag e  a n d  re fe rred  to  as Y C C  (Y ear-C lass 
C u rv e ). I t  is  free ly  available fro m  th e  first au th o r , a n d  is be ing  
b u ilt  in to  th e  FL R  so ftw a re  su ite  fo r  fish  s to ck  assessm ents 
(h t tp : / / f l r - p ro je c t .o rg ).

Theory
Derivation o f  the year-class curve model
T h e  fo llo w in g  d e riv a tio n  a im s  to  be  p rag m a tic  a n d  s im p le , ra th e r  
th a n  c o n fo rm a b le  w ith  th e  a d v an c in g  m a th em atic s  o f  ca tch -a t-ag e  
e q u a tio n s  (X iao , 2006). T h e  u su a l m o d e l o f  m o rta lity  o v e r t im e  i, 
a ssu m in g  n o  n e t  m ig ra tio n  to  o r  fro m  th e  stock , is

w here  Z , th e  in s ta n ta n e o u s  ra te  o f  to ta l m o rta lity , is  ex p ec ted  to  
have a  n e g a tiv e  value. [T h e  ab sen ce  o f  a m in u s  s ig n  b e fo re  Z  is 
u n c o n v e n t io n a l in  fisheries w o rk , b u t  it  leads to  E q u a tio n  (2) 
h av in g  a ll te rm s  p o sitiv e , as  is  co n v en tio n a l fo r  reg re ssio n  
m odels .] S o lv in g  th is  gives

N , =  N 0 ex p (Z f). (1)

W e n o w  a ss u m e  th a t  c p u e  (d e n o te d  17) is a  c o n s ta n t p ro p o r t io n  
o f  N , i.e. U  =  q N  fo r all ages in c lu d e d  in  th e  analysis, a n d  th a t  Z  
rep re sen ts  a  c o n s ta n t, average  va lue  over tim e . T h e n , ta k in g  
n a tu ra l lo g a r ith m s  o f E q u a tio n  (1 ), re s tric tin g  a tte n tio n  to  o n e  
year class, c, su b s titu tin g  age  fo r f, a n d  a d d in g  a  ra n d o m  e rro r  
te rm , e, g ives th e  b a sic  m o d e l fo r a  year-c lass curve:

lo g  Ua,c =  lo g  ( I/0,c) + Z a g e  +  ea¡c, (2)

w here  t / 0>c is  th e  cp u e  in d e x  fo r  age zero , a  is  th e  age class, i.e. th e  
age in  y e a rs  as a n  in te g e r in d e x , a n d  age  is  age in  years  a s  a  real 
n u m b e r. T h e  te rm  e is  a ssu m e d  to  b e  n o rm a lly  d is tr ib u te d  a ro u n d  
zero  w ith  re s id u a l v a rian ce , o >

Allowing for non-linearity with age
F req u en tly , th e  o b se rv a tio n s  a p p e a r  to  be  b e tte r  f it ted  b y  a  cu rv e  
o v e r age  th a n  b y  th e  s tra ig h t lin e  rep re sen ted  b y  E q u a tio n  (2).

T h is  c o u ld  o ften , b u t  n o t  exclu sive ly , be  e x p la in ed  b y  th e  in c lu s io n  
o f  y o u n g  age g ro u p s  th a t  a r e  n o t  fiflly se lec ted  b y  th e  traw l. T h ey  
c an  e ith e r  be  re m o v e d  f r o m  th e  analy sis , o r  a  te rm  c a n  b e  ad d ed  
to  E q u a tio n  (2 ) to  a llow  fo r  t h e  c u rv a tu re ,  a  co n v en ien t p o ssib ility  
b e in g  th e  te rm  lo g  (age +  1 ) .  I t  inc rea se s  g ra d u a lly  fro m  zero  w ith  
age in  a  cu rv e  th a t  seem s t o  s im u la te  tra w l c p u e  d a ta  w ell w h en  
y o u n g  fish  a re  less w ell c a u g h t  th a n  o ld e r  fish, w h e re as  a  negative  
coeffic ien t s im u la te s  th e  o p p o s i te  effect. F o r  lack  o f  a  b e t te r  n am e , 
i t  is h e re  re fe rred  to  as t h e  selectiv ity  te rm , b u t  th e re  is n o  c lear 
re la tio n sh ip  w ith  th e  w e ll-k n o w n  lo g is tic  selec tiv ity  fu n c tio n  c o m ­
m o n ly  u sed  fo r  traw ls. T h a t  fu n c tio n  is  av o id ed  h e re  b eca u se  its  
p a ra m e te rs  c a n n o t  b e  e s t im a te d  w ith in  a  l in e a r  least sq u a re s  fra ­
m ew o rk . T h e  re g ressio n  co e ff ic ie n t fo r  selectiv ity  is  d e n o te d  S. 
E q u a tio n  (2) th u s  b eco m es

lo g  I / fl,c =  lo g  (I/o,c)  +  Z 'a g e  +  S  lo g  (age  +  1) +  ea¡c. (3)

N o te  th a t  e stim ates  o f  Z ' a n d  S w ill te n d  to  b e  h ig h ly  co rre la ted  
becau se  b o th  re la te  to  age a n d ,  fo r  th is  re a so n , 71 e s tim a te d  from  
fit tin g  E q u a tio n  (3 ) is  like ly  to  be  a  b ia sed  e s tim a te  o f  to ta l  fish ing  
m o rta lity , Z. Z  c an  b e  e s tim a te d  n u m e ric a lly  as th e  s lo p e  o f  th e  
fitted  lo g  Ua¡c fo r th e  age a t w h ic h  fu ll selectiv ity  is th o u g h t  to  
o c cu r, o ften  th e  o ld e st ag e  fo r  traw l fisheries. T h e  e s tim a tio n  is 
o v e r a  sm all in te rv a l o f  age, i.e . as A In U /A a g e .  T h e  v a lid ity  o f  th e  
e stim ate  d e p e n d s  o n  h a v in g  a n  a d e q u a te  ran g e  o f  ages in  th e  d a ta  
to  f in d  th e  age o f  fu ll se lec tiv ity , a n d  o n  th e  n u m b e r  o f  fish 
o b se rv ed  a ro u n d  th a t  age.

Alternative models for different fleets
T h e  te rm  flee t is u sed  h e re  t o  re fe r e ith e r  to  a  s ing le  vessel (su c h  as 
a re sea rch  vesse l c a r ry in g  o u t  a  su rv ey ) o r  to  a  flee t o f  m a n y  
vessels (su c h  as a  c o m m e rc ia l fish in g  flee t). D iffe ren t fleets are  
likely to  e x h ib it d iffe ren t c p u e s  fo r g iven  s to c k  d en sities  b ecau se  o f 
d iffe ren t fish in g  pow ers. T h i s  c an  b e  a llow ed  fo r  b y  a d d in g  a  flee t 
fac to r, Vp  to  E q u a tio n  (3 ):

lo g  Ua,cJ =  lo g ( l /0,c) +  Z 'a g e  -F S  lo g  (age  +  1) +  V f

+  < W >  (4 )

w h e re  ƒ  =  1 , . . . ,  N p - 1 a n d  N p  is th e  n u m b e r  o f  fleets. V^-brings all 
f it ted  lo g  t / a>c>f to  th e  leve l o f  o n e  fleet tre a te d  as th e  s ta n d a rd  
(C o tte r , 2001 ).

E q u a tio n  (4) im plies th a t  Z  an d  S  are  c o m m o n  to  all fleets. This 
m ay  b e  a p p ro p ria te  i f  all fleets fish  th e  sam e su b se t o f  th e  s to ck  w ith  
gears h av in g  s im ila r selectivity  fu n c tio n s  a t age. O n  th e  o th e r  han d , 
nesting  o f  o n e  o r  m o re  o f  th e se  param eters  w ith in  fle e t  m ay  b e  m o re  
ap p ro p ria te . T h is  is d e n o te d  by  su b sc rip tin g  w ith  ƒ  T herefore, i f  each 
fleet fishes th e  sam e  su b se t o f  th e  stock, b u t w ith  a  d ifferen t selectiv­
ity  func tion , w e w o u ld  e stim ate  N p  p aram eters  Sf, o r  if, say, catches 
o f  so m e  fleets a re  affected b y  ag e-dependen t m ig ra tio n s  in to  o r  o u t 
o f  th e  su rvey  area, w e w o u ld  estim ate  N p  p aram eters  Zj. T h e  m odel 
w ith  all te rm s  n ested  w ith in  fleets, inc lud ing  th e  lo g  cp u e  in d ex  a t 
age 0, is re fe rred  to  he re  as th e  global m odel:

lo g  U a p j =  lo g  ( l / 0,c / ) +  Z f age +  Sf  log  (age +  1) +  Vf

+  ea,cJ- (5)

It is equ iva len t to  fitting  E q u a tio n  (3) separately to  each fleet, except 
th a t only  o n e  c o m m o n  residual variance is estim ated .
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Allowing for changing slopes over time
Z  m ay  v a ry  o v e r t im e  b eca u se  o f  c h a n g in g  fish in g  prac tices, ra tes 
o f  n a tu ra l m o rta lity , o r  m ig ra tio n s . T h e  Z  o r  Z  slope o f  a  s e t o f  
year-c lass cu rves  c an  be  m a d e  lin ea rly  va riab le  over tim e  b y  
a d d in g  a n  age*year v a riab le  to  o n e  o f  th e  m o d e ls  a fo rem en tio n ed . 
C u rv a tu re  c a n  b e  ad d ed  w ith  th e  p o ly n o m ia l te rm s  age*year2 a n d  
age*year3. T h is  is  m o re  p a rs im o n io u s  w ith  p a ra m e te rs  th a n  u s ing  
Z a y fo r e ac h  y ear class a n d  age class, a n d  leaves m o re  degrees o f  
freed o m  fo r  e s tim a tin g  p rec is io n . P o ly n o m ia ls  a lso have th e  
adv an tag e  th a t  th e y  a re  easily  e s tim a te d  w ith in  a  lin ea r least 
sq u ares  fram ew o rk . R a n d o m  w alks o r  a u to c o rre la ted  processes 
m ig h t b e  u sed  in s te ad , b u t  th e y  w o u ld  re q u ire  a  m o re  e labo ra te  
e s tim a tio n  p ro c e d u re .

P o ly n o m ia ls  c an  re su lt in  h u g e  n u m b e rs  (e.g. year3) in  th e  p re ­
d ic to r  m a tr ix  th a t  c an  c au se  se r io u s  ro u n d in g  e rro rs  d u r in g  least 
squares m a tr ix  in ve rs ion . T o  re d u c e  th e  p ro b le m , th e  year  v a ri­
ables s h o u ld  b e  t ra n s fo rm e d  to  y , =  y ea r¡ — m ea n (y e a r) , w h e re  i 
indexes ro w s  in  th e  p re d ic to r  m a trix . N e x t, th e  p o ly n o m ia ls  
sh o u ld  b e  o rth o g o n a liz e d  to  re d u c e  ch an g e s  in  Z  fro m  values p re ­
v iously  e s tim a te d  w ith o u t p o ly n o m ia l te rm s . T h is  is ach ieved  w ith  
y- =  (y¡ — m ean(y ,-)), y f  =  ( y f  -  m e a n (y 2)) , etc. (T h is  tra n s ­
fo rm  m a y  n o t  b e  im p o r ta n t  fo r  th e  o d d  p o w e rs  because  th e  m e a n  
is th e n  ex p ec ted  to  be  ze ro  fo r  b a la n ced  d a ta .)  T h e  tra n s fo rm e d  
variab les a re  o r th o g o n a l b e cau se , i f  th e  sam e  ages a re  p re sen t in  
every year, X  y  ƒ (0  +  1 +  • ■ - +  A ) =  0, as re q u ire d , a n d  th e  sam e 
fo r th e  o th e r  p o w ers  o f  y / .  T h e re fo re , in s te a d  o f  Z  age  in  m o d e ls  
( 2 ) - ( 5 ) ,  w e  can  u se  Z 0 age +  Z , age y '  +  Z 2 age y ' 2 +  Z3 age y ' 3, 
or a  su b se t o f  th e se  te rm s.

Weighting different fleets
D ifferen t series o f  cp u e  d a ta  a re  like ly  to  e s tim a te  s to ck  p a ra m e te rs  
an d  year-c lass  cu rves  w ith  d iffe re n t p re c is io n  d ep e n d in g  o n  th e  
season  a n d  a rea  covered  b y  th e  fleet, o n  th e  p re c is io n  o f  age d e te r­
m in a tio n  a n d  o th e r  p ra c tic a l asp ec ts , a n d  o n  h o w  w ell th e  ch o sen  
m o d e l fits  th e  d a ta . W eig h tin g  o f  d iffe ren t d a ta  sets to  re flec t th e ir  
p rec isio n  w ith  re sp ec t to  th e  c h o se n  m o d e l is  th e re fo re  desirab le. 
C o tte r a n d  B u ck lan d  (2004) su g g est th a t  th e  w eigh ting  estim ated  
fo r each  fle e t’s  d a ta  set s h o u ld  b e  b a la n c e d  w ith  th e  rec ip ro ca l o f  
th e  e s tim a te d  re s id u a l v a ria n c e  spec ific  to  th a t  fleet, c o m p u te d  
a fte r th e  m o d e l is  fitted , i.e . iîy  oc CrJ2. T h e y  describe  h o w  th e  
m e th o d  c a n  b e  im p le m e n te d  u s in g  ite ra tiv e ly  w eigh ted  least 
sq u ares  (IW L S ), ta k in g  in to  a c c o u n t th e  deg rees  o f  freed o m  c o n ­
tr ib u te d  b y  each  flee t to  th e  e s tim a te s  o f  e ach  p a ram e te r . U sually , 
tw o o r  th re e  ite ra tio n s  p ro d u c e  s tab le  va lues. A dditiona lly , u s in g  
th e  flee t-specific  re s id u a l v a ria n ces , th e  re la tiv e  p rec ision  o f  th e  
d iffe ren t fleets c an  b e  c o m p a re d  w ith  F -tes ts  (C o tte r, 2001). N o te  
th a t  b ia se d  cp u e  series  w ill p ro d u c e  b ia se d  w eigh ts  (Q u in n  a n d  
D eriso , 1999, p. 3 53 ). F lee ts  th a t  a p p e a r  excep tiona lly  p recise  
sh o u ld  b e  sc ru tin iz ed  to  see  w h e th e r  b ia sed  sam p lin g  m ay  b e  th e  
cause, e.g. a t tr ib u ta b le  to  c lu s te r in g  o f  o b serv a tio n s  in  re s tric ted  
tim es  o r  p laces (C o tte r  a n d  B u ck lan d , 2004).

Finding the best model: AIC and forward validation
T he p o ssib le  m o d e ls  fo r  y ear-c lass  cu rves  have w idely  d iffe ren t 
n u m b e rs  o f  p a ra m e te rs , a n d  to o  few  o r  to o  m a n y  in  a  m o d e l c an  
b o th  lead  to  b ia se d  e s tim a tio n . B u rn h a m  a n d  A n d e rso n  (2002) 
m ake  a g o o d  case  fo r u s in g  th e  A kaike  In fo rm a tio n  C rite r io n  
(A IC ) to  select th e  b e s t a p p ro x im a tin g  m o d e l o r  m o d e ls , ra th e r  
th a n  a  seq u en ce  o f  F - a n d  t- te s ts  fo r th e  s ta tis tica l sign ificance  o f  
p a ram e te rs . A  s u m m a ry  o f  th e i r  a p p ro a c h  is g iven  below .

1. C rea te  a l is t  o f  c a n d id a te  m o d e ls  b ased  o n  “th o u g h tfu l, science- 
ba sed , a p r io r i” re a so n in g . O n e  o f  th e se  m o d e ls  s h o u ld  b e  th e  
g lo b a l m o d e l  th a t  in c lu d e s  a ll feasib le a n d  im p o r ta n t  p a r ­
am e te rs  so  fa r  as  is  c o n s is te n t  w ith  th e  p rin c ip le  o f  p a rs im o n y . 
B io log ically  in feasib le  m o d e ls  sh o u ld  be  exc lu d ed  fro m  th e  list.

2. F it all th e  c an d id a te  m o d e ls  a n d  e s tim a te  th e  A IC  u s in g  exactly  
th e  sam e  s e t  o f  d a ta  f o r  all cases. T h e  sm all sam p le  A IC , 
d e n o te d  A IC c, sh o u ld  b e  u s e d  w h e n  th e  n u m b e r ,  n, o f  in d e p e n ­
d e n t  o b se rv a tio n s  is le ss  th a n  ap p ro x im a te ly  40  tim es th e  
n u m b e r ,  K , o f  e stim a te d  p a ra m e te rs , d:

A IC c =  - 2 lo g ( L ik e l ih o o d ( 0 ) )  +  2K { n / { n  -  K  — 1)).

3. C o m p u te  th e  A IC  d iffe ren ces  fo r each  m o d e l re la tive  to  th e  
b e s t (m in im u m  A IC ), i.e . A,- — A IQ  — A IC min, a n d  u se  these  
to  c o m p u te  th e  o d d s  a g a in s t e ach  o f  th e  m o d e ls  re la tiv e  to  th e  
b est, i.e. l / e x p  ( —0.5A,).

4. Select th e  b e s t m o d e l i f  i t  is  c learly  m o re  likely th a n  a n y  o th e r, 
o r  a lte rn a tiv e ly , select th e  se t o f  R  best s u p p o r te d  m o d e ls  a n d  
u se  th e  m e th o d s  o f  m u lti-m o d e l in fe ren ce  (M M I) b ased  o n  
A kaike  w e igh ts .

W h e n  m o d e llin g  fish  s tocks , th e  a priori re a so n in g  re fe rred  to  
c o n ce rn s  th e  b io lo g y  a n d  fish e ry  fo r  th e  species. F o r exam ple: are  
th e re  g o o d  rea so n s  to  e xpec t th a t  selectivity , a p p a re n t m o rta lity  
over t im e  ta k in g  in to  a c c o u n t p o ssib le  m ig ra tio n s , a n d  a p p a re n t 
re c ru itm e n ts  b y  year class w ill b e  s im ila r  o r  d iffe ren t a m o n g  
d iffe ren t fleets? E q u a tio n  (4 ) , w ith  o r  w ith o u t  n e s ted  p a ra m e te rs  
a n d  p o ly n o m ia ls  in  year, is in te n d e d  to  p ro v id e  c an d id a te  m o d e ls  
fo r  c p u e  d a ta ,  w ith  E q u a tio n  (5 ) b e in g  th e  g loba l m odel. 
H ow ever, i t  m a y  be possib le  to  e lim in a te  s o m e  o f  th ese  m o d e ls  o n  
p r io r  sc ie n tif ic  g ro u n d s  an d , i f  so , th is  s h o u ld  b e  do n e . A  clearly  
b e s t m o d e l m a y  n o t  a p p e a r  a t s tep  (4 ) w h ich , as B u rn h a m  a n d  
A n d e rso n  (2002) p o in t  o u t, is  p e rfec tly  reaso n ab le  b ecau se  o f  th e  
c o m p lex ity  o f  b io lo g ic a l system s.

H e re , w e p a r tia lly  a d o p t B u rn h a m  a n d  A n d e rso n ’s (2002) 
a p p ro a c h  to  m o d e l se lec tion  a n d  e s tim a tio n , a n d  w e have n o t 
a t te m p te d  M M I. O n e  re se rv a tio n  is  th a t  a m o d e l th a t  fits a ll avail­
ab le  d a ta  w ell is  n o t  necessarily  g o o d  fo r  p re d ic tin g  n e x t y e a r’s 
stock , th e  p r im a r y  ta sk  o f  a  s to c k  assessm en t. A sec o n d  is th a t  th e  
A IC  s ta tis tic  fo r  year-c lass  cu rves  m a y  b e  in v a lid a ted  b ecau se  o f  
d e p en d e n c e  a m o n g  o b serv a tio n s  o f  c p u e  across d iffe ren t ages 
w ith in  a  y e a r  a n d  w ith in  a  fleet. E s tim a tio n  o f  r a n d o m  year  effects 
w o u ld  re m o v e  s o m e  w ith in -y ea r d ep e n d e n c e , e.g. d u e  to  w ea th e r 
o r  c ru is e - le a d e r  effects, b u t it  a p p e a rs  to  b e  a  c o m p lic a te d  ta sk  fo r 
th e  ran g e  o f  n e s te d  m o d e ls  suggested  h e re , a n d  m a y  n o t  im p ro v e  
th e  p re d ic tiv e  a b ility  o f  fitted  m o d e ls  (as a  ra n d o m  effect is n o t  
p re d ic ta b le ) . F o r  th e se  reasons, w e d id  n o t  a t te m p t  it.

T h e  m e th o d  o f  forw ard  va lid a tio n  w as d e v e lo p ed  to  s u p ­
p le m e n t th e  A IC  m e th o d  becau se  o f  th e se  re se rv a tio n s . S ta rtin g  
fro m  a n  ea rly  y e a r  a n d  p ro c eed in g  fo rw a rd  in  th e  tim e -sc rie s , it  
fin d s  th e  d iffe ren ce s  betw een  th e  p re d ic te d  lo g  cp u e  a n d  th e  
o b se rv ed  lo g  c p u e  fo r  o n e  year a f te r  th e  t im e  d o m a in  o f  th e  d a ta  
u sed  to  fit th e  m o d e l. T he  p re fe rre d  m o d e l is th a t  w h o se  m e a n  
d iffe ren ce  is  c lo sest to  zero, a n d  fo r  w h ic h  th e  m e a n  sq u a re  o f  th e  
d ifferences  is  low est. T h is  is m e re ly  a  s im u la tio n  o f  a  fish  s to ck  
asse ssm en t w o rk in g  g ro u p  m a k in g  p re d ic tio n s  each  y ear fo r th e  
c o m in g  y ear, th e n  checking  th e m  w h en  th e  o u tc o m e  is k n o w n ,
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an d , fo r  th is  re a so n , w e a re  p ro p o s in g  fo rw a rd -v a lid a tio n  in  p re ­
fe rence  to  th e  m o re  w idely  u s e d  c ro ss-v a lid a tio n .

F o rw ard  v a lid a tio n  s ta r ts  w ith  se lec tio n  o f  a s ta r tin g  year, v, 
n e a r  th e  b eg in n in g  o f  th e  d a ta  series a n d  fo r  w h ich  th e re  a re  suffi­
c ien t ob serv a tio n s  to  e s tim a te  all p a ra m e te rs  o f  th e  selected  
m o d e l. AH available d a ta  u p  to  a n d  in c lu d in g  year v  a re  fitted , an d  
p re d ic tio n s  fo rm ed  fo r y e a r  v  +  1. F o r  l in e a r  m odels , th e  fitted  
m o d e l m ay  be u sed  d ire c tly  fo r  p re d ic tio n , b u t fo r p o ly n o m ia l 
m odels , e x tra p o la tio n  b e y o n d  v  m a y  p ro d u c e  e rra tic  resu lts. A 
T ay lo r series p re d ic tio n  m e th o d  b a se d  o n  d iffe ren tia l coefficients 
e stim a ted  close to , b u t  b e h in d  th e  v th  o b se rv a tio n  is  th e n  p re fe r­
able. T h is  is d esc rib ed  in  th e  A p p e n d ix . T h e  p re d ic te d  lo g  cpues 
a re  c o m p a re d  w ith  o b serv ed  lo g  cp u es  fo r  each  fleet a n d  each  age 
in  year v + 1  to  fo rm  p re d ic tio n  e rro rs , 8 V+1 lo g  U. N ex t, th e  sam e 
m o d e l is f itted  in  th e  sam e  w ay  to  v + 1 o b serv a tio n s, a n d  p re d ic ­
t io n s  a n d  e rro rs  a re  p re p a re d  fo r y e a r  v  +  2 , an d  so on , u n ti l  th e  
p e n u ltim a te  d a ta  year is re a ch ed  a n d  p re d ic tio n  e rro rs  are  fo n n e d  
w ith  th e  final d a ta  year. N o te  th a t  successive  p re d ic tio n  e rro rs  
f ro m  fo rw ard  v a lid a tio n  a re  n o t  in d e p e n d e n t. A n  o u tlie r  a t th e  
b e g in n in g  o f  a  series c o u ld  cau se  seria l co rre la tio n  o f  p re d ic tio n  
e rro rs  fo r  th a t  flee t fo r severa l years  a fte rw ards .

A w e igh ted  e s tim a to r  o f  th e  m e a n  sq u a re  p re d ic tio n  e r ro r  fo r 
n e x t y ear’s  log  cp u e  fo r  age-class a  a n d  f l e e t / i s

M SPE fly  =  ]  « ¡ (5>+1 *°g u a f Ÿ / Y l  > (6)

w h e re  n, is th e  n u m b e r  o f  y ears  o f  o b se rv a tio n s  f it ted  fo r th e  ¿th 
fo rw ard  v a lid a tio n  step . T h is  e s tim a to r  a ssu m es a  lin e a r re la tio n ­
sh ip  b e tw een  th e  n u m b e r  o f  y ears  o f  o b serv a tio n s  an d  th e  
re liab ility  o f  th e  m o d e l f it te d  to  th e m , w h ile  a lso g iv ing  m o re  
w e ig h t to  re cen t o b serv a tio n s. T h e  M S P E  w o u ld  o ften  be g rea ter 
th a n  th e  re s id u a l v a rian ce , a 2. S im ilarly , a  m e an  p re d ic tio n  bias 
fa c to r c an  be e stim a ted  fro m

M PB ay  =  e x p ( J ^  n¡(8 i+i lo g  Uaj ) /  « ,) . (7)

T h is  e s tim a to r  is  a n ti-lo g g ed , so h a s  v a lu e  1 w h en  p re d ic tio n  is 
perfect.

A  c o m p lic a tio n  w ith  fo rw a rd  v a lid a tio n  arises w h en  Z  is 
allow ed  to  v a ry  o v e r tim e . H e re , w e  u se  lo w  degree p o ly n o m ia ls  in  
year  fo r th is  p u rp o se . I t  c a n  b e  e x p ec ted  th a t ,  w h e n  th e  in d e x  i  is 
sm all, th e  p o ly n o m ia l te rm s  w ill f it  s h o r t  p e r io d  f lu c tu a tio n s  o f  Z  
over tim e , b u t  w h en  i  a p p ro a c h e s  th e  p e n u lt im a te  d a ta  year, th e  
sam e p o ly n o m ia l te rm s  w ill f it  lo n g e r  p e r io d  tre n d s  in  Z  leaving 
th e  s h o r t  p e rio d  flu c tu a tio n s  to  a p p e a r  as no ise . F o r th is  reason  it  
is  suggested  th a t  M SPE  fo r  p o ly n o m ia l fu n c tio n s  s h o u ld  b e  e s ti­
m a te d  u s in g  o n ly  th e  la s t h a l f  o f  th e  d a ta  series, d ep en d in g  o n  th e  
le n g th  o f  th e  series availab le  a n d  th e  a m o u n t  o f  s h o r t  p e rio d  no ise  
th a t  is th o u g h t  to  ex ist in  th e  da ta .

A  fu r th e r  cho ice  to  be  m a d e  is w h e th e r  to  e stim ate  p re d ic tio n  
e rro rs  sep a ra te ly  o r  jo in tly  f o r  each  age a n d / o r  fleet. In itia l sc reen ­
in g  o f  c a n d id a te  m o d e ls  is m u c h  s im p le r  i f  in te re s t is  re s tric te d  to  
o n e  m e a su re  fo r  each  f le e t. F o r th is  p u rp o s e ,  th e  average M SPE 
p e r  age class c an  b e  c a lcu la te d :

A!
J ^ M S P E „ ¿ /A y ,  (8)
a = l

w here  Ay is  th e  n u m b e r  o f  ag e  classes in  flee t ƒ  fo r  w h ich  p red ic tio n  
e rro rs  a re  available. A n o th e r  ap p ro ach  th a t  m ig h t b e  m o re  su itable 
fo r skew ed p re d ic tio n  e r ro rs  w o u ld  b e  to  exam ine  quan tiles  o f  th e  
p re d ic tio n  e rro rs  fo r each  flee t p o o le d  across all ages. L ater evalu­
a tio n  o f  th e  sh o rtlis t o f  p re fe rred  m o d e ls  co u ld  involve exam ination  
o f  M SPE  a n d  M P B  fo r  age classes indiv idually , pa rticu la rly  th o se  o f  
m o s t im p o r tan c e  fo r p re d ic tin g  th e  fu tu re  size o f  th e  stock.

E xam ples
NRC simulated stocks
T h e  C o m m itte e  o n  F ish  S to c k  A ssessm en t M e th o d s  o f  th e  US 
N a tio n a l R esearch  C o u n c il  (N R C ) p u b lish e d  d e ta ils  o f  
c a tch -a t-ag e  s im u la tio n s  o f  five s to ck s  th a t  w ere  u sed  as p a r t  o f  a 
rev iew  o f  v a rio u s  a sse ssm e n t m e th o d s  (N a tio n a l R esearch  
C o u n cil, 1998). S u m m a r ie s  o f  th e  p r in c ip a l v a ry in g  fe a tu re s  o f  th e  
N R C  d a ta  se ts  a re  g iven  in  T ab le  1. H e re , w e  u se  th e  30 -yea r series 
o f  s im u la ted  su rvey  a b u n d a n c e  in d ice s  o f  n u m b e rs -a t-a g e s  2 - 1 4 ,  
a n d  w e ig h t-a t-a g e  m a tr ic e s . C a n d id a te  m o d e ls  w ere  f it ted  w ith  th e  
Y CC p ack ag e  to  e ach  se t o f  d a ta  a n d  c o m p a re d , th e n  th e  p re fe rred  
m o d e l w as u sed  to  e s tim a te  n u m b e rs -a t-a g e  a n d  re c ru itm e n t 
an n u a lly  w ith o u t  k n o w le d g e  (a t th e  t im e )  o f  th e  t ru e  values 
u n d e rly in g  th e  s im u la tio n s . As b o th  b io m a ss  a n d  re c ru itm e n t 
w ere  e s tim a te d  o n  a  p e r  u n i t  e ffo rt b a s is  b y  Y CC  w h ile  th e  N R C  
values w ere  a b so lu te , i t  w as necessa ry  to  s tan d a rd ize  b o th  th e  
N R C  tm e  v a lu e s  a n d  th e  Y C C  estim ates  to  u n its  o f  s ta n d a rd  dev i­
a tio n s  fro m  th e ir  re sp ec tiv e  m e a n  va lu es  in  o rd e r  to  c o m p a re  th e  
tw o  t im e -se rie s  o n  th e  s a m e  scales. (N o te  th a t  th is  a lso  s ta n d a r ­
d iz ed  th e  v a rian ces  o f  th e  series.)

D etails  o f  th e  p re fe rred  m odels , th e ir  estim ated  M PB factor, and, 
very  briefly , th e  reaso n s  fo r  p referring  th e m  over o th e r  cand idate  
m o d e ls  p lu s  an y  re serv a tio n s  a b o u t th e m  are  given in  Table  2. Som e 
o f  th e  c o m m e n ts  re la te  to  v o lu m in o u s , u n re p o rte d  d iagnostic  
results. T ru e  a n d  es tim ated  tra jectories o f  b io m ass  a n d  rec ru itm en t 
o b ta in e d  w ith  th e  p re fe rred  m o d e l fo r each  d a ta  set are  show n  in  
F igures l a  a n d  lb ,  respectively. F o r b iom ass, th e  tra jec to ries  o f  the  
sim u la ted  survey observations  a re  also show n  in  F igure la , because 
th e y  fo n n e d  th e  in p u t  to  Y C C a n d  th e ir  variance  a ro u n d  th e  tru th  
co u ld  have caused  so m e  o f  th e  im p rec is io n  o f  th e  Y C C  estim ates. 
In sp e c tio n  o f  F igure  l a  a n d  b  ind ica tes  th a t  b iom ass  a n d  re c ru it­
m e n t w ere  estim ated  w ith  reasonab le  p rec ision  fo r  m o s t o f  th e  five

Table 1. Sum m ary o f th e  p rincipal varying features o f five stock sim ulations used  to  te s t  th e  YCC m ethod .

NRC set Population trend Age at 50% selectivity Survey catchability (q) Mean yield/b iom ass

1 Depletion Lower later Constant 0.19

2 Depletion Lower later C onstant 0.12

3 Depletion Lower later Higher from year 16 0.12

4 Depletion Constant C onstant 0.21

5 Recovery Constant C onstant 0.07

Based on Table 5.1 of National Research Council (1998).
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Table 2 . Brief details o f YCC m odels  preferred  for fitting  th e  five stock sim ulations p rep a red  by NRC (1998).

NRC set Model term s and 
ages used in fit

Number of 
parameters

MPB/age
class

Trend in Z Reasons for preference and reservations

1 selectivity +  yclass +  age 
+  age*year +  age'year2 

Ages: 2 -1 0

43 0.982 Z5-10 
y1: 0.48 
y30: 0.95

® S eco n d  lowest MSPE/age class, lowest AICc 
® FPE p lo ts  show fewest trends and shapes

2 yclass +  age +  age'year 
Ages: 3 -1 4

46 0.932 Z é -14
yl: 0.27 
y30: 0.66

® Lowest M SPE/age class; parsimonious;
AICc second lowest 

® T rends seen in residuals and  FPE on age 
b u t n o t  worse than  for o th e r models

3 yclass + fleet/selectivity +  age 
+  age'year +  age'year2 

Ages: 1 -1 4

49 0.972 Zé -14
yl; 0.31 
yl 1:0.23 
y30: 0.69

© Low MSPE, low AICc 
® FPE a n d  residuals evenly banded 
e Vf estim ated  m ore precisely than  from 

m odels with m ore param eters nested 
w ith in  fleet

4 selectivity +  yclass +  age 
+  age'year 

Ages: 1 -1 4

46 1.084 Z é -14
y1: 0.37 
y30: 0.77

0  MSPE lowest, AICc low but 
n o t lowest; parsimonious;

© FPE convex upwards on age 
b u t n o t  worse than  for o ther models; 

© Residuals evenly banded

5 selectivity +  yclass +  age 
Ages: 1 -1 4

43 1.123 Zé- 14 
y l: 0.28 
y30: 0.31

© Lowest MSPE; low b u t n o t 
lowest AIC¿ parsimonious;

© Residuals evenly banded 
b u t FPE tren d  down on yclass

Ten years of forward validation were used for all sets except set 3, which used 25 years. FPE, forward prediction errors; Z, estimated total mortality for age 
range in subscripts and for years (y) shown; ' / ’ in model terms means 'having nested within it'. Parameters corresponding to  model terms; fleet =  Vj for all/; 
yclass =  log U0x for all c; age =  Z or Z'; selectivity =  S-, fleet/age =  Zy for all ƒ; fleet/yclass =  log U0xj for all c, f ;  fleet/ selectivity =  Sy for a ll/; age'year =  1st 
degree polynomial in year etc.

s im u la tions, especially con sid e rin g  th a t  on ly  th e  su rvey  d a ta  were 
used. Set 3 gave m o s t difficulties, as expected  because o f  th e  step 
change  in  survey catchability  after y ear 15 (T able 1). T h a t was 
han d led  b y  sp litting  the  survey in to  tw o  fleets. F o rw ard  va lidation  
w as ex ten d ed  b ack  to  25 years (in stead  o f  to  10 years fo r th e  o th e r  
sets), so th a t  th e  M S P E /A ge  class in c lu d e d  results fo r th e  first 
survey. C atchab ility  o f  th e  su rvey  over years 1 6 -3 0  was estim ated  to  
be  2.4 X th a t  d u rin g  years 1 -1 5 .  T h e  tru e  va lue  w as 2.0. F igure  la  
show s a  large overshoo t o f  estim ated  b io m ass  in  year 15 ap p aren tly  
th ro u g h  overestim ation  o f  6 - 9  year-o lds in  th a t  year, w h ich  in  tu rn  
w as lin k ed  to  overestim ation  o f  rec ru its  in  years 6 - 9  (F igure  lb ) . 
B earing in  m in d  th e  irregu larities  in  set 3, th e  analysis w ith  Y C C  was 
consid e red  acceptable.

Plaice in the North Sea
T h is  ex am p le  uses su rvey  c p u e  ( tu n in g )  d a ta  fo r N o r th  Sea p la ice  
ta k e n  f ro m  a n  ICES s to ck  asse ssm en t re p o r t  (IC E S, 2005). 
I t  i llu s tra te s  h o w  a n  analysis o f  year-c lass  cu rv e s  m ig h t b e  ap p lied  
in  a  s to ck  assessm ent, suggests  u ses  fo r  so m e  o f  th e  o u tp u ts  
o ffered  b y  Y CC, a n d  g ives re su lts  c o n s is te n t w ith  k n o w n  
m ig ra tio n s  o f  p la ice . D a ta  w e re  fo r  th re e  b e am  tra w l surveys 
c a r r ie d  o u t  b y  IM A RE S fo r  th e  s to ck  a ssessm en ts  o f  p la ic e  an d  
sole. T h e  s h o r t  n am e s  fo r  th e  su rveys a n d  d e ta ils  o f  th e  d a ta  they  
p ro v id e d  are:

°  B T S Isis, fo r  fish  aged  1 - 9  years, fo r  1 9 8 5 -2 0 0 3 ;

© BTS T r id e n s  fo r fish aged  2 - 9  years, fo r  1 9 9 6 -2 0 0 3 ; an d  

o SN S fo r  fish  aged  1 - 3  years, fo r  1 9 8 2 -2 0 0 2 .

BTS Isis  covered  th e  s o u th e a s te rn  N o r th  Sea w ith  tw in  8 -m  
b e a m  traw ls  w ith  e igh t tic k le r  ch a in s. BTS T r id e n s  w as a n

ex p an s io n  in to  th e  c en tra l a n d  n o r th e rn  p a r t  o f  th e  N o r th  Sea. 
T h e  sam e  g ear w as u sed , b u t  w ith  th e  a d d it io n  o f  a  flip -u p  
ro p e  to  c o p e  w ith  ro u g h  g ro u n d . SN S co v ered  tran sec ts  w ith in  
co asta l w a ters  o f  th e  s o u th e a s te rn  N o r th  Sea u s in g  tw in  6 -m  
b e a m  traw ls  a n d  a im in g  a t y o u n g e r  age g ro u p s  th a n  th e  tw o 
BTS surveys. F igu re  2  show s th e  coverage  o f  th e  th re e  surveys. 
M o re  in fo rm a tio n  a b o u t th e m  is availab le  in  tw o  p ro jec t 
re p o r ts  (B eare  e t a l ,  2002; P ie t, 2004). In  all, 291 o b serv a tio n s  
o f  cp u e  a t  a ll ages w ere  a n a ly sed . F o rw ard  v a lid a tio n  was 
s ta r te d  10 years  b e h in d  th e  fin a l d a ta  y e a r  u s in g  th e  T ay lor 
series  m e th o d . N o te  th a t  o n ly  s ix  o r  seven fo rw a rd  p re d ic tio n s  
w ere  availab le  fo r BTS T rid en s , a n d  o n ly  tw o  age classes fo r 
SNS, su g g es tin g  th a t  M SPE  fo r  th o s e  su rveys w as estim a ted  
p o o r ly  re la tiv e  to  th o se  fo r BTS Isis.

T ab le  3 c o n ta in s  th e  s h o rtlis t  o f  six c a n d id a te  m o d e ls  c o n ­
s id ered , n o te s  o n  th e  assu m ed  b io lo g ica l m e a n in g  o f  each  m o d e l, 
an d  in  each  case, c o m m e n ts  o n  i ts  sc ien tif ic  im p lic a tio n s , p lu s  a  
th ree -lev e l su b jec tiv e  ra n k in g  o f  i ts  overa ll c re d ib ility  p r io r  to  any  
s ta tistica l analysis . M o d els  in c lu d in g  p o ly n o m ia ls  in  yea r  w ere 
o m itte d  a t  th is  stage  because th e  b io lo g ic a l c red ib ility  o f  th e  
v a rio u s  te rm s  is little  affected b y  w h e th e r  o r  n o t  Z  is a llow ed  to  
v a ry  g rad u a lly  o v e r tim e .

A fte r f it tin g  th e  d iffe ren t m o d e ls  in  T ab le  3, m o d e ls  (4 ) an d  
(10) w ere  p re fe rred . T ab le  4  sh o w s selec ted  d iag n o stic  re su lts , p lu s  
rea so n s  fo r  p re fe r r in g  th e m  over o th e r  c a n d id a te  m o d e ls , to g e th e r  
w ith  an y  rese rv a tio n s . M odels (4 ) a n d  (10) sh o w ed  th e  low est 
A IC c, g o o d  M S P E /a g e  class, a n d  s im ila r  levels o f  M PB  fa c to r /a g e  
class. T h ese  m o d e ls  w ere  th e re fo re  re -f itte d  w ith  th e  a d d it io n  o f  
p o ly n o m ia l te rm s  in  year  to  see w h e th e r  b e tte r  fits o r  p red ic tiv e  
ab ilities  c o u ld  b e  fo u n d . For m o d e l (4 ), A IC c w as im p ro v e d  by  
p o ly n o m ia l te rm s , b u t  M S P E /ag e  class w as e ith e r  u n c h a n g e d  o r  
b ecam e  w o rse , a n d  th e  u n s tead y  b e h a v io u r  o f  re s id u a ls  o n  age
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Figure 1. C om parison  b e tw een  NRC sim ulations fo r s to ck s  1 - 5  (N ational Research Council, 1998) a n d  blind  estim ates  m ade w ith  preferred  
m odels o f  year-class curves. O rd ina tes  are  norm alized  to  s tan d a rd  dev ia tions from  th e  m ean  for e ach  series. For se t 3, d a ta  w ere analysed  as 
tw o  surveys changing a t  y ear 16. (a) Total biom ass e s tim ated  for ages 2 - 1 4 ;  (b) recruits aged 1.

o b se rv ed  w ith  th e  U near m o d e ls  was n o t  im p ro v ed . G iv in g  p r i ­
o r ity  to  M S P E /ag e  class a n d  th e  p rin c ip le  o f  p a rs im o n y , th e  p re ­
fe rred  m o d e l w as th e  U near m o d e l (4 ). F o r m o d e l (1 0 ) , first a n d  
s e c o n d  deg ree  p o ly n o m ia ls  im p ro v ed  n e ith e r  A IC c n o r  p red ic tiv e  
abiU ties. T h e  th ird  d eg ree  p o ly n o m ia l d id  im p ro v e  A IC c b u t  n o t 
M S P E /a g e  class, n o r  th e  u n s te a d y  b e h a v io u r  o f  re s id u a ls . F o r  th e  
sam e  reaso n s  as fo r  m o d e l (4 ) , th e  p re fe rred  m o d e l w as th e  lin e a r 
m o d e l, (10 ).

M o d e l (10) m ig h t b e  p re fe rred  to  m o d e l (4 ) a t th is  stage 
becau se  o f  its  g rea te r p r io r  c red ib ility  (T ab le  3 ), its  lo w er A IC c, 
a n d  its  c o m p a ra b le  M S P E /a g e  class fo r e ac h  o f  th e  th re e  fleets 
(T ab le  4 ). T ak ing  m o d e l (1 0 ) a s  A IC min> A„ =  555 .699  -  554.848,

a n d  th e  o d d s  again st m o d e l  (4 ) a re  1 /e x p  ( — 0.426) =  1.53 to  1, 
m a k in g  m o d e l (10) o n ly  s lig h tly  p re fe rab le  to  m o d e l (4).

T h e  values o f  Z  e s tim a te d  num erica lly  fro m  m o d e ls  (4 ) a n d  (10) 
a t th e  m a x im u m  ob serv ed  ages fo r  each  survey a re  co m p a re d  in  
Table  5. BTS T ridens  sh o w e d  th e  shallow est s lopes (least negative 
va lues). T h is  is co n sis te n t w ith  BTS T ridens  covering  th e  largest 
area  o f  sea consisting  o f  m a in ly  o ffshore  s ta tio n s, because  estim ated  
Z  is, in  th a t  case, likely  to  b e  less affected b y  ag e-d ep en d en t 
m ig ra tio n s  o f  p la ice  o u t  o f  th e  survey a re a  SN S show ed  th e  steepest 
Z  (m o s t negative va lues), even th o u g h  th e  m a x im u m  ob serv ed  age 
w as o n ly  3. M o del (4) e stim a ted  Z — - 1 .8 4  y ear- 1 , su bstan tia lly  
d iffe ren t f ro m  th e  estim ates  fo r th e  o th e r  fleets. T h is  w o u ld  im ply
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Figure 2. Coverage o f th ree  beam  traw l surveys carried  o u t by 
1MARES ( th e  N etherlands) as used  for th e  YCC analysis o f cpue 
abun d an ce  indices-at-age fo r plaice.

very  h ig h  losses o f  o ld e r  fish  fro m  th e  SN S transec ts  to  o ffshore 
w aters. M o d e l (10) e stim a te d  Z  fo r SN S as - 1 .3 4  y ear- 1 , also q u ite  
d is tin c t f ro m  th e  values fo r  th e  o th e r  tw o  fleets. A s SNS was 
d esigned  as a  su rvey  o f  y o u n g  fish, d e tec tio n  o f  offshore m ig ra tio n s  
is n o t su rp ris in g  a n d  le n d s  s u p p o r t  fo r  u se  o f  th e  Y CC  m e th o d . 
B everton  a n d  H o lt (1957, p p . 1 8 2 -1 8 3 )  fo u n d  average Z  fo r  N o r th  
Sea p la ice  ag ed  5 - 1 0  b e tw een  1929 a n d  1938 to  be  —0.83 y ear- 1 , a 
low  value th a t  th ey  a ttr ib u te d  to  im m ig ra tio n  to  th e  fish ing  area  o ff  
L ow estoft, U K , a n d  to  d isca rd in g . C o n ce rn in g  estim ates o f  lo g  cp u e  
ind ices fo r  p la ice  aged  0, m o d e ls  (4 ) a n d  (10) gave series w ith  
d ifferen t e levations b u t  id en tic a l p a tte rn s  (n o t illu stra ted ), im p ly ing  
th a t th e  ch o ice  o f  m o d e l w as u n im p o r ta n t  fo r e stim ation  o f  relative 
re c ru itm e n t to  year classes in  th is  case.

F igu re  3 show s grey-scale re p re s e n ta t io n s  o f  th e  c o rre la tio n s  o f  
lo g  re s id u a ls  acro ss  ages o b ta in e d  w ith  m o d e l (1 0 ) fo r e ach  survey. 
T h e  p a tte rn s  fo r  m o d e ls  (4) a n d  (1 ) , n o t  illu s tra te d , w ere  n early  
id en tic a l, im p ly in g  th a t  th e  o b s e r v e d  c o rre la tio n  s tru c tu re  w as a 
p ro p e r ty  o f  th e  d a ta  ra th e r  t h a n  a  c o n se q u en ce  o f  th e  m o d e l  
P a tte rn s  w ere  d iffe ren t fo r  e a c h  survey . C o rre la tio n s  w ere  p o sitiv e  
a n d  h ig h  fo r  SN S, w hereas  B T S  Isis  sh o w ed  m o re  in d e p e n d en c e , 
i.e . m o re  m e d iu m  grey  in  F ig u r e  3, a n d  BTS T r id e n s  w as in te r ­
m ed ia te . H ig h  c o rre la tio n s  im p ly  th a t  p a ra m e te rs  e s tim a te d  b y  a 
su rvey  s h o u ld  h av e  la rg e r s ta n d a r d  e rro rs  th a n  th o s e  o b ta in e d  by 
least sq u a re s  reg ressio n , b a se d  o n  th e  a s s u m p tio n  o f  in d e p e n d e n t 
re s id u a ls . T ab le  6 , h e re  called  t h e  D -ta b le , show s th e  re la tive  q u a n ­
titie s  o f  in fo rm a tio n  c o n tr ib u te d  b y  each  fleet to  th e  e s tim a te  o f  
eac h  p a ra m e te r  in  m o d e l (1 0 ) ,  b a sed  o n  th e  n u m b e r  o f  o b s e r­
v a tio n s  a n d  th e  flee t w e ig h tin g s , i.e. D  in  E q u a tio n  (4 ) o f  C o tte r  
a n d  B u ck lan d  (2004). A lso s h o w n  in  T ab le  6 a re  th e  p a ra m e te rs  
a n d  s ta n d a rd  e rro rs  o n  th e  lo g  sca le  e stim a ted  a f te r  th re e  ite ra tive  
re -w e ig h tin g s , th e  ab so lu te  f le e t  w e ig h ts  (i.e. n o t  c o n s tra in e d  to 
ad d  to  1, as th e y  a re  in  Table  4 ) ,  a n d  th e  n u m b e rs  o f  o b serv a tio n s. 
T ab le  6 m a y  b e  u sed  to  in d ic a te  h o w  m u c h  co n fid en ce  to  p lace o n  
th e  s ta n d a rd  e r ro rs  o f  e stim ate s . A s exam ples, th e  1 9 7 6 -1 9 7 8  a n d  
2002  y e a r  classes a n d  a  se lec tiv ity  fa c to r w ere  all e s tim a te d  solely 
b y  BTS Isis  a n d , b ecau se  re s id u a ls  ap p ea re d  to  b e  rea so n ab ly  in d e ­
p e n d e n t  fo r  th is  su rvey  (F ig u re  3 ) ,  th e  s ta n d a rd  e rro rs  co u ld  be 
c o n s id e re d  reaso n a b le . T h e  c o e ffic ien t o f  age (i.e . lo g  Z / in  
T ab le  6 ) w as e s tim a te d  w ith  s u b s ta n tia l  c o n tr ib u tio n s  o f  in fo r ­
m a tio n  f ro m  BTS T rid en s  a n d  S N S , b o th  o f  w h ic h  sh o w ed  c o rre ­
la ted  re s id u a ls  (F ig u re  3); th e  s ta n d a rd  e r ro r  o f  + 0 .0 9 0  is 
th e re fo re  lik e ly  to  be  u n d e re s tim a te d . T h e  s ta n d a rd  e rro rs  fo r th e  
f le e t  a n d  selec tiv ity  fac to rs  e s tim a te d  solely b y  a n d  fo r  SN S are 
likely  to  b e  su b s ta n tia lly  u n d e re s tim a te d  b ecau se  o f  th e  co rre la ted  
re s id u a ls  fo r  th a t  fleet (F igu re  3 ) .  U n fo rtu n a te ly , a  lin k  b e tw een  
th e  deg ree  o f  u n d e re s tim a tio n  o f  th e  s ta n d a rd  e r ro r  a n d  th e  
deg ree  o f  c o rre la tio n  a m o n g  th e  re s id u a ls-a t-ag e  is  n o t  availab le

Table 3. Plaice in th e  N o rth  Sea. Preliminary, subjective assessm ent o f can d id a te  m odels for fitting  year-class curves to  cp u e  d a ta  from  
th ree  beam  traw l surveys carried  o u t  by  1MARES.

Model Model term s Biological m eaning (BM) 
o f  model

Comments Credibility 
o f  model

1 f e e t  +  yclass +  age •  Z is the  same for all fleets 
o Catchability is th e  sam e for all 

years and ages 
°  No age-related migrations

° Ignores variation of trawl 
selectivity with age; 

o Ignores possible offshore migrations

LOW

2 yclass +  f e e t  ¡  age o BM as for 1 except:
•  Z varies am ong fleets

e C om m ents as for 1 except:
6 Varying Z by fleet allows for age-related 

migrations

MED

3 fe e t/(y c la ss  +  age) ® BM as for 2 plus:
•  Year-class signal varies by fleet

° C om m ents as for 2 and: 
o Year-class signal unlikely to  differ am ong 

fleets

LOW

4 yclass +  f e e t /  (age +  selectivity) ° BM as for 2 plus:
° Selectivity varies by fleet

° Slope varies with fleet an d  age; 
a Estimates of Z j  and Sf  likely to  be highly 

correlated, implying too  m any param eters

MED

10 yclass +  age +  fee t/se lec tiv ity o BM as for 1 plus:
•  Selectivity varies by fleet

« Slope varies with fleet; young fish probably 
m ost affected;

® Fleets likely to  show different selectivities

HIGH

14 fe e t/(y c la ss  +  age +  selectivity) o All param eters vary by fleet ® Global model;
a Difficult to  see why overlapping surveys 

should have no stock param eters in 
com m on

LOW

STS Trsten* 
8TS Bom

See Table 2 for explanation of model terms.
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Table 4. Plaice in th e  N orth  Sea. Selected  results from  fitting  th e  preferred  pair o f m odels, (4) an d  (IO ), see  Table 3, to  cp u e  d a ta  from  
th re e  beam  trawl surveys (BTS Isis, BTS Tridens, SNS) carried o u t by IMARES (T he N etherlands). S o m e  c o m m e n ts  re fer to  results n o t 
p resented .

Model Model term s Num ber o f Small Fleet log M PB/age Fleet R easons for preference and reservations
parameters sample

AICc
MSPE/ 

age class
class weights

4 yclass +  f le e t/ 36 556 Isis: 0.571 1.184 0.247 e  G ood  A IQ  good MSPE/age class, b u t
(age +  selectivity) Tridens: 0.330 0.824 0.490 •  All fleet residuals show  trends on year,

SNS: 0.870 1.497 0.263 a n d  waves on age;
•  SNS year-class curves fit poorly

10 yclass +  age 
+ fleet /selectivity

34 555 Isis:

Tridens:

0.588

0.286

1.187

0.806

0.249

0.497
® Best AICc am ong  non-polynomial 

models; good M SPE/age class, but

SNS: 0.794 1.386 0.254 •  Tridens residuals slope on year,
® Isis and  Tridens residuals wavy on age

See Table 2 for explanation of abbreviations and model terms.

ow ing  to  th e  lack  o f  s ta tis tic a l th eo ry . T h e  D  values fo r  m o d e l (4 ), 
n o t sh o w n , d id  n o t  d iffer su b s ta n tia lly  fro m  th o se  fo r  m o d e l (10) 
in  T ab le  6, excep t fo r  lo g  Z ',  fo r  w h ic h  each  flee t c o n tr ib u te d  a 
sepa ra te  estim ate .

F igu re  4  is a g ra p h ic  p re s e n ta tio n  o f  th e  c o rre la tio n s  b e tw een  
e s tim a te d  p a ra m e te rs  fo r m o d e l (4 ) . T h a t  fo r m o d e l (10) w as 
sim ilar. I n  b o th  cases, e s tim a te d  y ear-c lass  p a ra m e te rs  w ere  h ig h ly  
c o rre la te d  positively . T h is  is  c o n s is te n t w ith  th e  tw o  m o d e ls  esti­
m a tin g  s im ila r re la tiv e  re c ru itm e n ts , b u t  w ith  d iffe ren t e levations, 
because  i f  o n e  e s tim a te  is  h ig h , all a re  h ig h  w h en  p ositive ly  c o rre ­
la ted . W ith  m o d e l (4) (F ig u re  4 ), all year-c lass  e stim ates  w ere 
p o s itiv e ly  co rre la ted  w ith  th e  co effic ien t o f  age e s tim ate d  fo r BTS 
Isis. T h is  is  co n sis te n t w ith  BTS Isis c o n tr ib u tin g  th e  lo n g est data  
series a n d  th e  m o s t age g ro u p s  to  th e  analysis. W ith  m o d e l (10) 
(n o t illu s tra ted ), year-c lass  e s tim a te s  w ere  m o s t p ositive ly  c o rre ­
la ted  w ith  th e  coeffic ien t o f  age th a t  w as c o m m o n  to  all fleets. T he  
year-c lass e stim ates  in  F igu re  4  w ere  negatively  co rre la ted  w ith  th e  
co effic ien t o f  selectiv ity  e s tim a te d  fo r  BTS Isis b eca u se  a  large 
value dep resses th e  e s tim a te d  n u m b e rs  o f  y o u n g  fish  in  each  y ear 
class. I t m a y  be h e lp fu l to  n o te  th a t  th e  c o rre la tio n s  a m o n g  p a r ­
am eters , 9 , are  c o m p u te d  f ro m  cov  (0 )  =  (X 'X )- 1 , w h e re  X  is
th e  p re d ic to r  m a tr ix  o f  th e  m o d e l. T h e  p a tte rn s  in  F igu re  4  th e re ­
fo re  d e p e n d  o n  th e  cho ice  o f  p a ra m e te rs  in  th e  m o d e l, a n d  o f  
years, ages, a n d  fleets over w h ic h  cp u e  w ere  observed , a n d  n o t  o n  
th e  o b se rv ed  va lues th em selv es . O th e r  s tro n g  re la tio n sh ip s , b o th  
p o sitiv e  a n d  n egative , a m o n g  e s tim a te d  p a ra m e te rs  a re  also 
e v id en t in  F igure  4 , a n d  a l th o u g h  th e y  m a y  be  w o rth y  o f  fu r th e r  
in v estigations, w ill n o t  b e  c o m m e n te d  u p o n  here .

Table 5. Plaice in th e  N orth  Sea. Coefficients o f  to ta l m ortality , Z, 
as e stim a te d  num erically  a t  th e  ages show n for m odels (4) a n d  (10) 
fitted  to  cpue d a ta  from  th re e  beam  traw l surveys (BTS Isis, BTS 
Tridens, SNS) carried  o u t by IMARES (T he N etherlands).

Model M odel term s Fleet Z (year ’ ) At age

4 yclass + fleet/(age  +  selectivity) Isis: -0 .8 8  

Tridens: -0 .6 2

9

9

SNS: -1 .8 4 3

10 yclass +  age +  fleet/selectivity Isis: -0 .91 9

Tridens: -0 .5 7 9

SNS: -1 .3 4 3

See also Tables 3 and 4, and Table 2 for an explanation of model terms.

Y ear-class cu rves  o b ta in e d  b y  f it tin g  m o d e l (10) a re  s h o w n  in  
F igure  5 a - c .  T h o se  fo r  B T S  Isis a re  c o n cav e  u p w ard s , w hereas 
th o se  fo r  B T S T r id en s  s h o w  th e  o p p o s ite  effect, re flec tin g  th e  
d iffe ren t s ig n s  o f  S  (T ab le  6 ). T h e  neg ativ e  va lue  fo r  BTS Isis 
im p lie s  th a t  o ld  p la ice  w e re  less w ell c a u g h t th a n  y o u n g e r  fish, 
c o n s is te n t w ith  m ig ra tio n s  b y  o ld e r  fish  o u t  o f  th e  su rvey  area. 
T h e  SN S c u rv e s  sh o w ed  a  te n d e n c y  to  o v e re s tim a te  o ld e r  fish  in  
th e  m o re  re c e n t y ears  b u t ,  c o n s id e rin g  th e  sh o rtn e ss  o f  th e  age 
series, th is  is  n o t  su rp ris in g . P lo ts  o f  re s id u a ls  over year, year-class, 
a n d  age w e re  a lso e x a m in ed  fo r all su rveys (n o t  sh o w n ). P a tte rn s  
over yea r  w e re  e v id en t, b u t  w e re  n o t  c u re d  b y  a d d in g  p o ly n o m ia l 
te rm s . BTS Isis  a n d , to  a le s s e r  ex ten t, BTS T rid en s  sh o w ed  w aves 
in  re s id u a ls  o v e r age. T h e  p re sen c e  o f  p a tte rn s  w as n o t  id ea l, b u t  
th e  s i tu a t io n  w as n o t  g en era lly  im p ro v ed  b y  o th e r  c an d id a te  
m odels . T h e  p a tte rn s  w e re  a cce p ted  b ecau se  o f  o th e r  fav o u rab le  
p ro p e r tie s  o f  m o d e l (1 0 ) , a n d  a  re lu c tan ce  to  fu r th e r  co m p lic a te  
th e  set o f  c a n d id a te  m o d e ls  o n  a n  a d  hoc  basis.

A n a nalysis  o f  re la tive  re s id u a l v a rian ce  (C o tte r, 2001) w as also 
carried  o u t  to  see  w h e th e r  th e  re s id u a l v a rian c e  ex h ib ited  b y  any  
o n e  fleet w as s ign ifican tly  h ig h e r  th a n  th e  re s id u a l v a ria n ce  o f  all 
th e  o th e rs , a s  ju d g e d  by a n  F -te s t. BTS T rid e n s  show ed  th e  h ig h est 
fleet w e ig h tin g s  w ith  e ith e r  m o d e l (4 ) o r  (10) (T able 4 ), a n d  c o rre ­
s p o n d in g ly  th e  low est flee t-specific  re s id u a l variances  (T ab le  7 ). 
T h e  c o m p a r is o n  o f  re s id u a l v a rian ces  is so m ew h a t d iffe ren t f ro m  
th a t  fo reseen  w h e n  th is  m e th o d  w as p re sen te d  (C o tte r, 2001), 
becau se  th e  in te re s t n o w  is  in  w h e th e r  o n e  su rvey  is sign ifican tly  
b e tte r, n o t  w o rse , th a n  tw o  o th e rs . H ere , w e te sted  ra tio s  o f  fleet- 
specific  re s id u a l v a rian ces  as  F  fo r Is is /T rid en s  a n d  S N S /T rid en s . 
T h e  d a ta  a n d  ca lcu la tio n s  fo r  m o d e l (10) are  sh o w n  in  T ab le  7. 
T h e  re s id u a l v a rian ces  o f  BTS Isis a n d  SN S w ere sign ifican tly  
h ig h e r  th a n  fo r  BTS T r id en s  ( p  <  0 .05), suggesting  th a t  BTS 
T rid en s  w as ach iev in g  b e t te r  p rec isio n . T h is  re su lt is expec ted  
g iven  th a t  B TS T r id en s  covers  a m u c h  la rg e r su rvey  a rea  (F igu re  2) 
b u t,  b e a r in g  in  m in d  d e p en d e n c e  a m o n g  s o m e  o f  th e  residuals  an d  
th e  s h o r t  tim e -se rie s  fo r BTS T rid en s, th e  re su lt s h o u ld  be tre a ted  
w ith  c a u t io n . R esu lts  fo r m o d e l (4 ) (d a ta  n o t  sh o w n ) w ere  sim ila r.

T o  s u m m a riz e , m o d e ls  (4 ) a n d  (10) w ere  selected  o n  p r io r  b io ­
lo g ica l g ro u n d s , c o m p e titiv e  p red ic tiv e  ab ilities , a n d  low  A IC c. 
E x c lu s io n  o f  p o ly n o m ia ls  in  yea r  was p re fe rred  fo r b o th  m o d e ls  
b e cau se  th e  e x tra  te rm s  d id  n o t  n o ta b ly  im p ro v e  p re d ic tio n  v a r­
iance, m e a n  b ia s , o r  h o m o g e n e ity  o f  re s iduals . T h is  exclu sion  
im p lie s  th a t  Z  d id  n o t  ch an g e  d e tec tab ly  o v e r th e  su rvey  p e rio d , 
f ro m  1982 to  2003. A  fin a l cho ice  b e tw een  th e  tw o  m o d e ls  w as n o t  
p o ssib le , b u t  it  m a y  n o t  be  p a rtic u la r ly  im p o r ta n t  fo r an
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Figure 3 . Plaice in th e  N orth  Sea. Grey scale rep resen ta tions  o f 
co rre la tions o f log residual e rro rs  across ages w ith  m odel (10) for 
th ree  beam  traw l surveys carried  o u t by IMARES (th e  N etherlands), 
(a) BTS Isis; (b ) BTS Tridens; (c ) SNS.

r

assessm en t o f  th e  s to c k  b e ca u se  b o th  gave co m p a ra b le  estim ates 
o f  re la tive  re c ru itm e n ts , a n d  th e  t r e n d  in  - Z  w as clearly  
SN S <  BTS Isis  <  B TS T r id e n s  w ith  b o th  m o d e ls  (T ab le  5 ). This 
is co n sis te n t w ith  th e  in c re a s in g  g eo g ra p h ic  sp read s  o f  th e  th ree  
surveys a n d  th e  loss o f  p la ic e  o ffsh o re  w ith  age. H e in ck e  (1905, 
p. 17) n o te s  th a t  fo r th e  N o r th  Sea: “ th e  o c c u rre n c e  o f  th e  y o u n g  
pla ice, f ro m  th e  co as t to  th e  o p e n  sea , is  a rra n g e d  like th e  steps  o f  
a  la d d e r  . . .  th e  sm alles t a n d  y o u n g e st q u ite  c lo se  to  la n d , th e  
la rgest a n d  o ld e st th e  fu r th e s t  o u t”. T h e  re a d e r  is  a lso  re fe rred  to  
M etcalfe  e ta l .  (2006 ) a n d  R ijn s d o rp  e ta l .  (2006).

D iscussion
Y ear-class cu rves  hav e  severa l d es irab le  fe a tu re s  n o t  all o f  w hich  
a re  availab le  w ith  o th e r ,  m o re  e la b o ra te  m e th o d s  o f  s to ck  
assessm ent.

« T h ey  are  b a sed  o n  s ta tis tic a l th e o ry  fo r least sq u ares  a n d  AIC.

•  T h ey  a re  eq u ally  a p p lic ab le  to  c p u e  resu lts  f ro m  surveys o r 
co m m erc ia l fish ing .

a  T h e y  u se  c o n t in u o u s  ra th e r  th a n  c a teg o rica l va riab les  fo r all 
variab les ex cep t year-class a n d  f le e t , so re d u c in g  th e  n u m b e rs  o f  
p a ra m e te rs  to  b e  e s tim a te d  a n d  a llo w in g  b e s t p re c is io n  w ith  th e  
availab le  o b se rv a tio n s .

® T h ey  g en era te  illu s tra te d  o u tp u t  th a t  c a n  b e  d iscu ssed  w ith  
fishers a n d  o th e r , n o n -m a th e m a tic a l  s tak e h o ld e rs , e.g. w h en  
selecting  th e  b e s t a p p ro x im a tin g  m o d e l.

® T h ey  a llow  fleets to  b e  ra n k e d  fo r  p re c is io n  u s in g  th e ir  fitted  
w eigh ts  a n d  re la tiv e  re s id u a l va riances . R esu lts  a re  m o d e l- 
d e p e n d e n t b u t  m ay , n o n e th e less , b e  u sefu l fo r  a ss ig n in g  p r io r i­
ties  to  d iffe ren t so u rc e s  o f  da ta .

•  T h ey  are  f it ted  qu ick ly .

o T h ey  a re  c o m p a tib le  w ith  a ra n g e  o f  c a n d id a te  m o d e ls  from  
w h ich  o n e  m a y  b e  selected  so  a s  b e s t to  c a p tu re  th e  b io log ical 
a n d  f ish e ry -re la ted  fac to rs  a ffec ting  cpue.

In  a d d it io n , th e  in c lu s io n  o f  p o ly n o m ia ls  in  y ea r  a llow s year- 
class curves to  v a ry  g radually  o v e r tim e , a  fe a tu re  t h a t  w as n o t 
suggested  w h e n  th e y  w ere  p re v io u s ly  desc rib ed  as a  m e th o d  fo r 
in te rc a lib ra tin g  g ro u n d f ish  surveys (C o tte r , 2001 ). A llow ing  on ly  
a  co n se rv a tiv e  e s tim a te  o f  v a riab ility  in  Z  gives few er o p p o r tu ­
n itie s  fo r e r ro n e o u s ly  in te rp re tin g  sam p lin g  v a rian ce  o r  ra n d o m  
y ear effects as tre n d s  in  tim e. T h e  p o ss ib il ity  o f  m o d e l-re la te d  b ias 
a r is in g  fro m  in c lu d in g  o r  ex clud ing  p o ly n o m ia ls  c an  b e  checked  
b y  see ing  w h e th e r  p red ic tiv e  ab ilitie s  a re  im p ro v e d  as  seen  by  
fo rw a rd  v a lid a tio n . A  w eakness o f  year-c lass  cu rves  is th a t  th ey  are  
to ta lly  d e p e n d e n t o n  ca tchab ilities  re m a in in g  c o n s ta n t o v e r tim e . 
H ow ever, few , i f  any , c p u e-b ase d  s to ck  assessm en t m e th o d s  are 
im m u n e  to  th is  p ro b le m .

T h e  la rg e  ra n g e  o f  can d id a te  m o d e ls  availab le  fo r  year-c lass 
cu rves  o p e n s  u p  th e  p ro b le m  o f  h o w  to  select th e  “b e s t a p p ro x i­
m a tin g ” m o d e l. S o m e  o th e r  m e th o d s  fo r  e s tim a tin g  s to ck  p a r ­
am e te rs  o ffer a  m o re  lim ited  ra n g e  o f  c a n d id a te  m o d e ls . F o r 
exam ple, th e  XSA m e th o d  offers o n ly  tw o , c o n c e rn in g  w h e th e r  o r 
n o t  a b u n d an c e s  o f  th e  youngest age classes a re  p ro p o r t io n a l  to  
ev en tu a l y ear-c la ss  s tre n g th  (D a rb y  a n d  F la tm a n , 1994; S h ep h erd , 
1999). T h e  sm all n u m b e r  o f  o p t io n s  s im p lifies  th e  an a ly st’s task , 
b u t  m a y  m e a n  th a t  m o d e l-re la te d  b ia s  is  ov e rlo o k ed . T h e  several 
can d id a te  m o d e ls  to g e th e r  w ith  th e  v isu a l m e an s  o f  ex am in in g
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Table 6. Plaice in th e  N orth  Sea. D-table for m odel (10), i.e. relative co n trib u tio n s  o f inform ation  o n  a  scale o f  0 to  1 by each o f  th ree  
IMARES survey fleets to  estim ates o f  each  p a ra m e te r based  on  th e  n um bers  o f observations (n) a n d  th e  e s tim a te d  flee t w eightings (iv). 
T hree  itera tive  reweightings. First colum n: '1976 Yclass1 =  log (L/0 , 976) etc. Right 2  colum ns, lo g -tran sfo rm ed  p a ra m e te r  estim ates  and  
co rrespond ing  s tan d ard  errors (s.e.).

Parameter Survey fleet Degrees o f  
freedom

Log estim ate s.e.

Isis n =  167 
w  =  2.49

Tridens n =  63 
w  =  5.0

SNS n =  61 
W =  2.52

1976 Yclass 1.00 0.00 0.00 1 10.078 0.783
1977 Yclass 1.00 0.00 0.00 1 9.411 0.653
1978 Yclass 1.00 0.00 0.00 1 9.573 0.608
1979 Yclass 0.73 0.00 0.27 1 9.501 0.569
1980 Yclass 0.73 0.00 0.27 1 9.040 0.553
1981 Yclass 0.73 0.00 0.27 1 10.164 0.543
1982 Yclass 0.73 0.00 0.27 1 9.719 0.539
1983 Yclass 0.73 0.00 0.27 1 9.633 0.532
1984 Yclass 0.73 0.00 0.27 1 9.626 0.520
1985 Yclass 0.73 0.00 0.27 1 11.012 0.520
1986 Yclass 0.73 0.00 0.27 1 10.215 0.520
1987 Yclass 0.73 0.35 0.18 1 9.970 0.511
1988 Yclass 0.73 0.35 0.18 1 9.362 0.511
1989 Yclass 0.47 0.35 0.18 1 9.329 0.507
1990 Yclass 0.47 0.35 0.18 1 9.251 0.508
1991 Yclass 0.47 0.35 0.18 1 9.160 0.510
1992 Yclass 0.47 0.35 0.18 1 8.905 0.510
1993 Yclass 0.47 0.35 0.18 1 8.941 0.511
1994 Yclass 0.47 0.35 0.18 1 9.258 0.505
1995 Yclass 0.47 0.35 0.18 1 9.091 0.519
1996 Yclass 0.47 0.35 0.18 1 10.543 0.522
1997 Yclass 0.47 0.35 0.18 1 9.516 0.516
1998 Yclass 0.47 0.35 0.18 1 9.203 0.516
1999 Yclass 0.47 0.35 0.18 1 9.076 0.514
2000 Yclass 0.47 0.35 0.18 1 8.941 0.515
2001 Yclass 0.47 0.35 0.18 1 10.005 0.529
2002 Yclass 1.00 0.00 0.00 1 8.426 0.738
Fleet factors, V¡ 0.00 1.00 1.00 2 Tridens: -6 .411 0.445

SNS: 5.230 0.574
2 ' 0.47 0.35 0.18 1 -0 .6 8 0 0.090
Selectivity, Sf 1.00 1.00 1.00 3 Isis: -2 .4 4 5 0.534

Tridens: 1.162 0.623

SNS: 5.230 0.482

Totals 18.36 7.67 6.97 33

th e m  o ffered  b y  year-c lass curves e n co u rag e  th o ro u g h  c o n s id e r­
a tio n  o f  th e  b io lo g ica l re levance  o f  each  m o d e l  to  th e  spec ies a n d  
lo c a tio n s  o f  in te re s t, as in  Table  3 . T h is  w o u ld  su re ly  re p re se n t 
v a lu a b le  u se  o f  a  s to ck  w o rk in g  g ro u p ’s t im e , p a rtic u la r ly  i f  c o m ­
m erc ia l fishers  w ere  in v ite d  to  ta k e  p a r t  in  th e  d iscu ss io n s  a n d  
p e rh a p s  h e lp  to  select th e  b e s t m o d e l. S m ith  a n d  P u n t  (1998) 
re p o r t  in v o lv in g  fishers  in  a  (B ayesian) a sse ssm en t o f  gem fish  
(R exea so landri) in  eas te rn  A u stra lia , le a d in g  to  b e tte r  a ccep tan ce  
b y  th e  fish in g  in d u s try  o f  th e  science  a n d  m a n a g e m e n t p rocess.

S e lec ting  th e  b e s t m o d e l is, how ever, n o t  easy. T h e  re su lts  o f  
th e  analysis o f  p la ice  in  th e  N o r th  Sea sh o w e d  th a t  th e  v a rio u s  
in d ic a to rs  o f  fit m a y  fa v o u r d iffe ren t m o d e ls . F o r ex am ple, th e  
A IC c im p lie d  th a t  p o ly n o m ia ls  in  yea r  w o u ld  b e  b en efic ia l in  
so m e  o f  th e  m o d e ls  even th o u g h  th e  M S P E  w as n o t  im p ro v ed , o r

o n ly  slightly , a n d  n o n e  o f  th e  m o d e ls  lis te d  in  T ab le  3 p ro v id e d  
n e a t h o r iz o n ta l  b a n d s  o f  re s id u a ls  over year , year-class, a n d  age, as 
is u su a lly  c o n sid e re d  im p o r ta n t  fo r  a  g o o d  fit. P r io r i ty  w as given 
to  th e  M S P E  c rite r io n  h e re  becau se  o f  th e  im p o r ta n c e  o f  p re d ic ­
t io n  fo r s to c k  a ssessm en ts, a n d  becau se  fo rw a rd  v a lid a tio n  is 
b ased  o n  re p e a ted  u se  o f  th e  m o d e l w ith  successively  le n g th e n in g  
d a ta  series, as i t  w o u ld  b e  a p p lie d  in  re a lity  f ro m  y ear to  year. T he  
AICc, o n  th e  o th e r  h a n d , re la te s  o n ly  to  th e  m o d e l fit ted  o n c e  to  
th e  c o m p le te  se t o f  da ta . I t  is a lso c o m p ro m is e d  b y  d e p e n d e n c e  o f  
d a ta  across ages w ith in  y ears  a n d  fleets, as  w ell as b y  possib le  
in a d e q u ac y  o f  th e  c o n s ta n t v a ria n ce , n o rm a l d is tr ib u tio n  m o d e l 
o f  re s id u a l e rro rs . T h e  c o n flic t a m o n g  in d ic a to rs  o f  fit u n d e rlin e s  
th e  im p o r ta n c e  o f  b io lo g ica l co n sid e ra tio n s  a n d  th e  p r in c ip le  o f 
p a rs im o n y  o f  p a ra m e te rs  w h e n  ch o o sin g  th e  m o d e l w ith  w h ic h  to
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Figure 4 . Plaice in th e  N orth  Sea. Grey scale rep resen ta tions o f  co rre la tions o f p a ram eters  estim ated  w ith  m odel (4) from  d a ta  for th ree  
beam  traw l surveys carried o u t  by IMARES (th e  N etherlands). Refer to  Table  2 for p a ram eters  co rrespond ing  to  m odel te rm s. Year classes 
are labelled by b irth  year.

go  fo rw a rd . E la b o ra tio n  o f  th e  c an d id a te  m o d e ls  w ith  ex tra  te rm s  
o r d iffe ren t fu n c tio n s  d e s ig n e d  to  d ea l w ith  p a tte rn e d  re s id u als  is 
always a n  o p tio n , b u t  it  c o u ld  a m o u n t  to  little  m o re  th a n  a n  ad  
hoc  exercise  w ith  n o  la s tin g  e x p la n a to ry  p o w e r un less th e re  are  
c lear p r io r  ju s tif ic a tio n s  b a se d  o n  “ th o u g h tfu l” science.

Y ear-class cu rves  d o  n o t  a llow  ab so lu te  s to ck  n u m b e rs  o r  
fish in g  m o rta lity , F, to  b e  e s tim a te d  b u t,  as has b een  p o in te d  o u t 
(R ivard , 1989; C o tte r  e t a l., 2 0 0 4 ), o th e r  m e th o d s  can  o n ly  d o  th is  
i f  th e  co effic ien t o f  n a tu ra l  m o rta lity , M , is accu ra te ly  k n o w n , 
w h ic h  is  n o t  u su a lly  th e  case  (V ette r, 1988; H ew itt a n d  H o e n ig , 
2005). S ta tis tica l in fe rences  f ro m  year-class  curves a re  c o m p ro ­
m ised  s o m ew h a t b y  d e p e n d e n c e  a m o n g  observed  da ta , b u t  s o  to o  
are  o th e r  a sse ssm en t m e th o d s  u n le ss  a  co v arian ce  m a tr ix  o f  e rro rs  
is an  e s tim a te d  c o m p o n e n t o f  th e  m e th o d . T h e  p ra c tic a l re levance 
o f  d e p e n d e n c e  is  th a t  p re c is io n  is generally  o v e restim ated . 
A nalysts a re  c o n se q u e n tly  e n c o u ra g e d  to  a d d  to o  m a n y  te rm s  to

m o d e ls , a n d  to  h a v e  false co n fid en ce  in  th e  e s tim a te d  p a ra m e te rs . 
T h is  le n d s  fu r th e r  s u p p o r t  to  th e  u se  o f  p a rs im o n io u s  m o d e ls .

Y ear-class cu rv e  m o d e ls  c o u ld  b e  au g m e n ted  b y  in c lu s io n  o f  
co m m e rc ia l fish in g  e ffo rt, E, fo r a  s to ck  (B ev erto n  a n d  H o lt ,  1957, 
sec tio n  14 .3). T h is  co u ld  be ach iev ed  b y  d isag g reg a tin g  th e  Z  age 
te rm  in  th e  m o d e l equations:

Z  age =  (F  +  M ) age =  q 'E  age +  M  age,

w h e re  F  a n d  M  a re  th e  coeffic ients o f  fish in g  a n d  n a tu ra l  m o r ­
ta lity , respectively , a n d  q ' is a c a tch ab ility  coeffic ient. E  is to ta l 
c o m m e rc ia l f ish in g  e ffo rt, o r a n  in d e x  o f  it. A d d in g  a n  a n n u a l esti­
m a te  (m u ltip lie d  b y  age) to  th e  p re d ic to r  m a tr ix  fo r  each  
cp u e -a t-a g e  c o u ld  rem o v e  the  n e ed  to  u se  p o ly n o m ia ls  in  ye a r  to  
a llow  Z  to  v a ry  o v e r tim e . A lternatively , i f  p o ly n o m ia ls  w e re  still 
fo u n d  n e ce ssa ry  in  th e  m odel, th e y  w o u ld  in d ic a te  ch an g es  in  M
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Figure 5. Plaice in th e  N o rth  Sea. Year-class curves fitted  w ith  th e  YCC package to  log c p u e  o b ta in ed  from  th ree  beam  traw l surveys using 
m odel (10); see  Tables 3 a n d  4. (a) BTS Isis, 1 9 85 -2003 ; (b ) BTS Tridens, 1 9 9 6 -2 0 0 3 ; (c) SNS, 1 9 8 2 -2 0 0 2 . Panel labels sh o w  year classes. 
Surveys carried  o u t  by IMARES (th e  N etherlands).
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Figure 5. Continued

Table 7. Plaice in th e  N orth  Sea. F -tests o f  w hich o f  th re e  IMARES beam  traw l survey was m o s t precise w ith  o n e  m odel.

Model Model term s Fleet-specific 
residual variances

Fleet-specific 
degrees o f  freedom

F-statistic p-value

10 y class + age +  ßeet/selectivity Isis: 0.402 148 Isis/Tridens: 2.01 0.012

Tridens: 0.200 54 SNS.Tridens: 1.99 0.032

SNS: 0.397 53

See Table 2 for an explanation of model terms.

over tim e . H ow ever, i f  e ffo r t d o e s  n o t  v a ry  m u c h  fro m  y e a r  to  
year (as  in  th e  N o r th  Sea, fo r  ex am p le ; Jen n in g s  e t a l ,  1999), th e  
tw o fac to rs E  age a n d  age  w o u ld  b e  n e a r ly  co llin ear, m e a n in g  th a t  
estim ates  o f  q' a n d  M  w o u ld  b e  h ig h ly  co rre la ted . A n o th e r  
p ro b le m  is  th a t  a re liab le  in d e x  o f  to ta l  fish in g  effo rt is o ften  n o t 
read ily  o b ta in ab le , p a rtic u la r ly  w h e n  d iffe ren t fish ing  gears a re  in  
u se  co m m erc ia lly  a n d  th e ir  e ffo r t m easu re s  c a n n o t b e  read ily  
ad d ed . F o r  these  reasons, w e d id  n o t  a t te m p t  to  in c lu d e  e ffo rt in  
o u r  analyses.

A ck n o w led g em en ts
T his p a p e r  a n d  th e  Y C C so ftw a re  w ere  d ev e lo p ed  as a  c o n tr i ­
b u tio n  to  th e  FISBOAT p ro je c t, n u m b e r  502572, h t tp : / /w w w . 
i f r e m e r .f r /d rv e c o h a l/f is b o a t/ ,  fu n d e d  b y  th e  E u ro p ea n  
C o m m iss io n . W e are  g ra te fu l to  all re fe rees fo r  benefic ial

co m m e n ts . T h e  N R C  s im u la tio n  d a ta  w ere  k in d ly  p ro v id e d  by  
T e rry  Q u in n . A JR C  is g ra te fu l to  L a u rie  K eli fo r  e n co u rag in g  
d e v e lo p m en t o f  Y C C  u s in g  R. N o  s ta te m e n t in  th is  p a p e r  sh o u ld  
b e  in te rp re te d  a s  official p o licy  o f  th e  E C  o r  o f  th e  a u th o rs ’ 
em p loyers.
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A p p en d ix
Prediction using a Taylor series
T aylor’s th e o re m  sta tes  th a t  a  fu n c tio n  o f  x  m a y  b e  p re d ic te d  a t a  
p o in t  (x  +  h )  w ith

f ( x + h ) = f ( x )  +  h f ( x )  +  +  E / ' "  (* )

T h e  p r im e s  in d ic a te  su ccess iv e  d iffe ren tia l coeffic ien ts. D e n o te  th e  
d a te  o f  th e  fin a l o b s e rv a tio n  o f  a n y  fo rw a rd  v a lid a tio n  s tep  as Y0> 
a n d  le t a  sm a ll f ra c tio n  o f  a  y ear b e  S. Let Y\  =  Y0 —
Y 2  — Y0 — 2S , e tc . B ac k w ard  d ifferences a re  u sed  to  keep 
e s tim a tio n  w ith in  th e  f i t te d  d o m a in , so th a t  th e  d ifferen tia l 
coeffic ients a re  e s tim a te d  as c lo se  as p o ssib le  to  th e  va lue  to  be  
p re d ic te d  fo r  fo rw a rd  v a lid a tio n . T h e n  th e  coeffic ien ts  are  
a p p ro x im a te d  b y

etc.

/" '(Y o )  -  / '" ( Y , )

8

8  is  se t to  a  v a lu e , say  0 .01 , w h ic h  is n o t  to o  la rg e  fo r  e s tim a tin g  
th e  d iffe ren tia ls  accu ra te ly , a n d  n o t  so  sm all as to  cau se  s ig n ifican t 
ro u n d in g  e rro rs  in  th e  c a lcu la tio n s . Finally, th e  T ay lo r series  is 
eva lu a ted  w ith  x  =  Y0 a n d  h — 1 year.
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