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Individual quotas, fishing effort allocation, and over-quota  
discarding in m ixed fisheries
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Poos, J. J., Bogaards, J. A., Quirijns, F. J., Gillis, D. M., and Rijnsdorp, A. D. 2010. Individual quotas, fishing effort allocation, and over-quota 
discarding in mixed fisheries. -  ICES Journal of Marine Science, 67: 323-333.

M any fisheries are m anaged by to ta l allowable catches (TACs) and  a substantial p a rt by individual quo tas. Such o u tp u t  m anagem en t 
has n o t been successful in m ixed fisheries w hen fishers co n tin u e  to  fish while discarding m arketable fish. W e analyse th e  effects o f 
individual q u o tas on  spatial and  tem poral effort allocation and  over-quota  discarding in a m ultispecies fishery. Using a spatially explicit 
dynam ic-state  variable m odel, th e  optim al fishing strategy o f fishers constrained  by annual individual quotas, facing uncertain ty  in 
catch  rates, is studied. Individual fishers will m ove away from  areas w ith high catches o f th e  restricted  q u o ta  species and, depending  
on  th e  cost o f fishing, will sto p  fishing in certain  periods o f th e  year. Individual vessels will discard m arketable fish, b u t only after their 
individual q u o ta  for th e  species under consideration  has been reached. These results are in line w ith observations on effort allocation 
and  discarding o f m arketable fish, b o th  over-quo ta  discarding and  highgrading, by th e  D utch beam -trawl fleet. The m odels we p resen t 
can be used to  p red ic t th e  ou tco m es o f m anagem en t and  are therefore  a useful tool for fisheries scientists and  m anagers.
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Introduction
O u tp u t m anagem ent in  m ixed fisheries th rough  to ta l allowable 
catches (TACs) is no t generally successful if  fishers con tinue  to 
fish and  to discard m arketable fish (over-quota discarding; 
D aan, 1997; Pascoe, 1997; R ijnsdorp et al., 2007). Only if  vessels 
operate un d er an  observer program m e w here over-quota  catches 
are recorded and  penalized will fishers be  forced to  redirect 
fishing effort away from  the  concentra tions o f  the  lim iting 
resource entirely  (Branch and H ilborn , 2008).

In  the  EU, m any  fisheries are m anaged by annual TACs w ithout 
a legal restriction  o n  discarding (H olden, 1994). A lthough quali
tative in fo rm ation  on  over-quota  discarding does exist 
(R ijnsdorp et al., 2006), the quantities and age structure  o f  d is
cards rem ain  unknow n for m any  fisheries. However, over-quota 
discarding m ay have severe im plications for estim ates o f  stock 
biom ass and fishing m orta lity  (C otter et al., 2004), in  particular 
w here discarding applies to  certain  age classes (the less valuable 
m arket categories).

B ottom -traw l fleets generally engage in  m ixed fisheries, where a 
m u ltitude  o f  species con tribu te  to the  o u tp u t o f  the  fishery. As 
these species differ in  hab ita t requirem ents and  m ay differ in 
their seasonal m igration  pattern , the species com position  o f  the 
catches will vary in  space and  tim e. A heterogeneity  in  species 
com position  offers fishers the  o p p o rtu n ity  to  influence the 
species com position  o f  their catch, at least to  som e extent, by 
red istribu ting  their fishing effort to  optim ize profits w ith in  the

constrain ts set by  m anagem ent (H u tto n  et al., 2004; Branch and 
H ilborn , 2008; Gillis et al., 2008).

The N o rth  Sea flatfish fishery is a typical exam ple o f  a 
TAC-regulated m ixed fishery, w ith catches including the  flatfish 
species sole (Solea solea), plaice (Pleuronectes platessa), tu rb o t 
(Psetta m axim a), and  brill (Scophthalmus rhombus), each w ith 
different seasonal availability patterns (R ijnsdorp et al., 2006; 
Poos and  R ijnsdorp, 2007a) and  prices. Sole and plaice dom inate  
the  landings and  can be considered to  be the  m ain  target species 
(Gillis et al., 2008). A dult plaice m igrate from  the  so u thern  spaw n
ing grounds to the n o rth e rn  feeding grounds in  spring, w here they 
stay un til the re tu rn  m igration  in  a u tu m n  (R ijnsdorp and 
Pastoors, 1995; H u n te r et a l ,  2004; Bolle et al., 2005). O n  the 
o th er hand, sole follow an  east-to-w est m igration  cycle th a t over
laps w ith the w inter d istribu tion  o f  plaice (de Veen, 1967, 1978). 
Sole is the  m ost valuable species, con tribu ting  m ost to  the  landings 
expressed in  m onetary  value, and plaice is the  second m ost 
valuable (Gillis et a l ,  2008).

The TACs for these stocks are set annually  after political nego
tiations, based o n  stock assessments p roduced  by  ICES (Daan,
1997). The TAC is subsequently  subdivided across EU M em ber 
States using a fixed allocation ru le based o n  historical catches 
and  special provisions for areas heavily dependen t on  fishing 
(H olden, 1994). In  the  N etherlands, the TACs are divided in to  
individually  transferable quotas (ITQs), ow ned by  fishing com p a
nies (Salz, 1996). ITQs potentially  reduce com petition  and excess
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investm ent, while fostering econom ic efficiency (Squires et ah,
1998).

M any studies exist in  w hich the  effects o f  indiv idual quotas o n  
d iscarding are considered (Vestergaard, 1996; Turner, 1997; 
H errera, 2005). However, these studies o ften  ignore the  flexibility 
th a t indiv idual fishers have in  m odifying the  catch com position  by 
changing their fishing p a tte rn  in  space and tim e. In  this study, we 
explore the effects o f  annual individual quotas o n  discarding, 
explicitly accounting  for spatio -tem poral effort allocation, 
adding a basic d im ension  o f  fleet dynam ics to  the understand ing  
o f  discarding behaviour.

D ynam ic-state variable m odels offer a pow erful too l to  study 
this behavioural flexibility because they  allow m ixing the  tim e- 
scales betw een choices and  constrain ts (C lark and  Mangel, 
2000). Previous studies o n  fleet dynam ics using dynam ic-state  
variable m odels show ed that single-species trip  quo ta  can lead to 
highgrading w hen only the  m ost valuable co m ponen t o f  the 
catch is taken in to  account (Gillis et al., 1995). This single-species 
approach m ade use o f  several m arket categories, differing in  value. 
W ith in  each haul, the  choice m ade by the individual fisher for each 
traw l was to  discard or to  re ta in  the  entire  catch o f  each m arket 
category. A nother study  used a dynam ic-state  variable m odel to 
optim ize targeting decisions m ade by b o tto m  trawlers under 
m anagem ent-im posed  trip  lim its on  landings o f  each target 
species (Babcock and  Pikitch, 2000). The m odel predicted  that 
the vessel w ould fish a single strategy exclusively w ithou t trip  
lim its, b u t w ould sw itch betw een strategies several tim es under 
restrictive trip  lim its. A lthough th a t study  allowed changes in  
effort allocation resulting from  qu o ta  constrain ts, no  discarding 
was perm itted  in  the m odel.

W e develop a dynam ic-state  variable m odel to  study  the effect 
o f  restrictive quotas on  the  spatio -tem poral effort allocation and 
discarding o f  m arketable fish in  the  beam -traw l fishery for sole 
and  plaice. It is assum ed that a fisher will m axim ize the econom ic 
pay-offs (G ordon, 1953, 1954), analogous to  op tim al foraging 
theo ry  in  anim al behaviour (Stephens and  Krebs, 1986; Krebs 
and  Davies, 1984), and  will choose the  strategy th a t maxim izes 
annual net revenue given the  constrain ts set by  the quota. The 
strategy consists o f  a com bination  o f  (i) the choice w hether or 
n o t to  go fishing, (ii) the  choice o f  fishing areas w ith different 
expected catch rates, and  (iii) the  choice w hether o r no t to 
discard the over-quota  p a rt o f  the catch. Choices by m o n th  are cal
culated against annual quo ta  constraints. This study extends the 
dynam ic-state  variable m odels o n  d iscarding (Gillis et al., 1995; 
Babcock and  Pikitch, 2000) by  explicitly taking in to  account the 
flexibility o f  d iscarding and  effort allocation in  space and  tim e.

Methods
Model description
A dynam ic-state  variable m odel (C lark and  M angel, 2000) is used 
to  evaluate the op tim al strategy for a fishing vessel un d er two 
annual landing quotas, m im icking the  m ixed fisheries for sole 
and  plaice in  the  N o rth  Sea. D ynam ic-state variable m odels 
assum e th a t op tim al fishing behaviour can be calculated under 
the assum ption  th a t each individual is a u tility  m axim izer. 
A lthough m any  o ther incentives m ay play a role in  fisher behav
iour, there  is som e em pirical evidence for p rofit as the  m etric  o f 
u tility  (R obinson and  Pascoe, 1998). D ynam ic-state variable 
m odels allow com bining the tim e-scales o f  sho rt-te rm  choices 
and  long-term  constrain ts such as fishers facing an  annual quo ta

system b u t m aking daily, weekly, o r m o n th ly  decisions o n  where 
to  fish and  w hich fish to  keep o n  board  (C lark and Mangel, 
2000). The individual vessels in  the m odel m ay be constrained 
by their qu o ta  for the  indiv idual species and  will respond  by  chan
ging their fishing pa tte rn  in  term s o f  (i) the  n u m b er o f  fishing 
trips, (ii) the  choice o f  fishing areas, and  (iii) the  choice to  
discard the  over-quota  p a rt o f  their catch.

T he prob lem  for the  individual is therefore to optim ize the 
u tility  function  4>, in  this case the  net revenue at the end o f  year 
T. The net revenue is based o n  to ta l landings for the  two species, 
L 1 and  I 2, to ta l fishing effort and  travel tim e, E, and  their respect
ive prices, p 2 and  p 2> and  variable costs, p e, taking in to  account the 
to ta l fine D  for a vessel exceeding its indiv idual quo ta  for either 
species:

4>(Ii, L2,E ) =  L ip i  +  L ip i — D  — Epe. (1)

The to ta l fine is calculated as a function  o f  the fine d 2, d2 per un it 
o f  landings, the quotas q2, q2, and  the  landings:

0 i f  Li < qi and  L2 <  q2
D  _  d i(L i -  q i)  if  Li >  qi and  L2 < q2

d2(L2 — q2) if  L¡ < qi and  L2 >  q2 '
d¡(L¡ — q¡) +  d2(L2 — q2) i f  L¡ >  qi and  L2 >  q2

In  o u r m odel, tim e passes in  m o n th ly  steps (t). The expected 
net revenue a t the  end o f  the year needs to  be linked to  the 
choices in  the  preceding m onths. This is done  using the  value 
function , w hich is the m axim um  expected net revenue betw een 
m o n th  t  and  the  end o f  year T, expressed as F (L1, L2, E, t). At 
the  end o f  the  year, this is by  defin ition  equal to  the  net revenue 
function  [F(Ti, L2, E, T ) =  4>]. In  the m on ths preceding T, the 
function  depends o n  the  expected net revenue consequences 
VjjkiLi, L2, E, t)  o f  visiting an  area i and  discarding an  excess o f  
j tonnes o f  the catch o f  species 1 and  discarding an  excess o f  k 
tonnes o f  the catch o f  species 2:

Vijh{Li,L2,E ,t)

=  y  ' ^ j^¡j{h,t)X¡k{l2,t)F{Li + l i ,L 2 +  l2,E + e ¡ ,t+ l) .  (3)
h h

In  E quation  (3), A,*)^, f) is the p robability  that a vessel du ring  a 
specific tim e-step  (m o n th ) will land l2 tonnes o f  fish o f  species 
1, given a visit to  area i and  a choice to discard everything m ore 
th an  j. Likewise, À¡¡¡(U, t)  is the  p robability  th a t a vessel du rin g  a 
specific tim e-step will land l2 tonnes o f  fish o f  species 2, given a 
visit to  area i and  a choice to  discard everything m ore th an  k. 
The param eter e¡ is the  effort needed to  visit area i.

T he probabilities Aÿ(Z1; t)  and  A¡¡¡(U, t) can be seen as resulting 
from  a two-stage process. First, the  probability  o f  a catch is calcu
lated using discretized n o rm al d istribu tions w ith m eans p.2it> 
and  standard  deviations oy, cr2, respectively, for the two species. 
The reason for choosing a n o rm al d istribu tion  is th a t although 
the  statistical d istribu tion  o f  catches per haul m ay n o t be norm al 
(e.g. lognorm al), the sum  o f  the  large nu m b er o f  catches per 
m o n th  will approxim ate a n o rm al d istribu tion . Then, the  p ro b 
ability for the  actual landings is adjusted by assum ing th a t the 
catches m ore th an  j, k, are discarded. The probability  o f  landings 
m ore th an  these discarding choices j and  k are set to zero.
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Hence Ä f i f ,  t) has the  following cum ulative d istribu tion  function:

k f i h  < + + ) = ƒ ( + ;  v u  j)

I O for X  <  0
_ 3 ^  ƒ̂  ^  for 0 <  *  <  j  (4)

1 for X  — Á

and  XkjiL, t) is calculated in  a sim ilar m anner. Finally, the stochas
tic dynam ic program m ing  equation  that provides the  op tim al 
choice for the areas to  visit and the discarding o f  m arketable fish is

F (L u L i ,E ,  t) =  m a x {V ljk(L u  L ,, E, f)}, (5)
ijk

and  calculated in  a backw ard ite ra tion  because o f  the  recursive 
na tu re  o f  F(Li, I 2, E, t), w hich depends o n  Vy* (L1, I 2, E, t), in 
tu rn  depending  o n  i jL j  +  ij, L2+ l2, E + e, t+ 1 ).  The op tim al 
fishing strategy is an  array H (L i, L2, E, t) defining the op tim al 
fishing strategy w ith  respect to  i, j, and  k in  each tim e-step, 
given the state variables L1; I 2, E. After the backw ard iteration, 
the  expected d istribu tion  o f  observed decisions can be determ ined 
by  the  forw ard iteration. This sim ulates a nu m b er o f  individuals 
w ho choose the op tim al path , defined by  the op tim al strategy, 
given the  stochastic na tu re  o f  the catches.

The m odel is w ritten  in  C +  +  , used in  a library that is pa rt o f 
the  FLR suite (Keli et al., 2007) o f  R (R D evelopm ent Core Team,
2007). The O penM P paradigm  is used in  the C + +  part o f  the 
m odel to allow parallel com p u ta tio n  o f  the backw ard iteration  
o n  com puters w ith  m ultip le  processors (C hapm an et al., 2007). 
T he probability  d istribu tions o f  the catches for the  two species 
are discretized in to  27 bins for each tim e-step, resulting in  324 d is
crete states in  to ta l for each o f  the  two species. For each o f  the  three 
areas i, the  a m o u n t o f  d iscarding op tions j, k is equal to  the 
n u m b er o f  bins per m o n th ly  tim e-step used to  discretize the 
catches. Hence, the  d iscarded fraction o f  the  catch in  a single tim e- 
step can take a range o f  values betw een [0, 1], Staying in  p o rt is 
defined as an  add itional area, w ith a zero catch for the two 
species and no effort. The m odel was ru n  o n  an  eight-core 
desktop PC, and  a single ru n  (backward and forw ard calculations 
for a single set o f  quo ta) took  < 1 0  m in.

Model parameterization
The D utch  large beam -traw l fleet th a t is used to  param eterize the 
m odel described above has been  described in  detail by  Q uirijns 
et al. (2008). The spatial d istribu tion  o f  the two resources in  the 
m odel m im ics the  N orth  Sea situation . Three different areas are 
assum ed: (i) a n o rth e rn  area (central N orth  Sea), w hich is part 
o f  the  sum m er feeding grounds o f  plaice w ith high average 
catches o f  plaice ( 3 0 1 m o n th - 1 ) and  low  sole catches 
(1 t m o n th - 1 ); (ii) a central area w ith  in term ediate catches for 
b o th  species (20 t m o n th -1  o f  plaice and  4 t m o n th -1  o f  sole); 
(iii) a sou thern  area (sou thern  N orth  Sea) w ith low  catches o f 
plaice and  high catches o f  sole ( 8 1 m o n th -1  o f  plaice, 
6 t m o n th -1  o f  sole; Figure 1). The m arket prices used in  the 
m odel are assum ed independen t o f  the  to ta l landings and  are an 
approx im ation  o f  the values observed in  the field. Prices differ 
betw een species, w ith the  typical first sale price for sole and 
plaice being € 8  per kg and  € 2  per kg, respectively.

To address the  effects o f  m igration  o f  plaice on  effort allocation 
and  discarding choices, two different resource d istribu tion
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Figure 1. Average m onthly catch rate of sole (black dots) and plaice 
in three areas assuming constant spatial distribution (open squares) 
and seasonal migration between spawning and feeding grounds 
(open circles).

scenarios are used. The first assum es a constan t m ean  and  variance 
o f  the  catch rates in  the areas over tim e. The second assum es sea
sonally varying catch rates for plaice in  the  n o rth e rn  and the 
so u thern  area (Figure 1, Table 1), reflecting plaice m igration  
betw een so u thern  spawning grounds in  w in ter and n o rth ern  
feeding grounds in  sum m er. Sole m igrate along a latitudinal 
axis, and  therefore w ith in  areas, ra ther th an  betw een areas. The 
standard  deviations o f  the catch rates used in  the m odel are 
taken from  a generalized linear m odel o f  the m o n th ly  catch rates 
in  the three  areas betw een 2001 and 2005. The m odel assum es n o r
m ally d istribu ted  catch rates w ith hom ogenous variance am ong 
the  areas. The standard  deviation for plaice and  sole is estim ated 
to  be 5.6 and 2.7 t, respectively.

The u n it o f  effort used  in  the  m odel is a day a t sea, consisting o f 
b o th  fishing tim e and travel tim e. Independen t o f  the  chosen area, 
fishing tim e is fixed at 14 d. Travel tim e, however, differs betw een 
areas and  is 0, 2, and  4 d  for the southern , central, and  n o rth ern  
areas, respectively. Hence, fishing in  the  so u thern  area requires 
14 d  a t sea per m on th , in  the  central area requires 16 d  at sea 
per m on th , and in  the  n o rth e rn  area requires 18 d  at sea per 
m on th . These values can be in te rp reted  as the  sum  o f  the  effort 
from  three  trips w ith in  a m o n th  because the average trip  length 
in  the  beam -traw l fishery is 5 d, w ith  trips in  the  n o rth  being 
longer. In  the  m odel, it is n o t possible for a vessel to  switch 
betw een areas w ith in  a single tim e-step. Hence, only one area
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Table 1. Resource distribution in the  model as characterized by /ulit (sole) and /u2;t (plaice) for the  three areas in the different m onths t.

Area

Spatial variation Spatial and seasonal variation

Sole Plaice Sole Plaice
North P u t ~  1 p2it ~  30 P u t ~  1 p 21t =  30 +  3sin(2ir(t -  5 )/l2 )
Central Pl2t ~  4 p22t “  20 Pl2t ~  4 p22t “  20
South Pl3t =  6 p23t — 8 Pl3t =  6 p 23t — 8 +  3sin(2ir(t +  1 )/12)

For only spatial variation in the resource distribution, all /t1il( and ¡i,¡< are independent oft. For both spatial and seasonal variation, / t2u and ¡i}„ are a 
sinusoid function of t, reflecting the north-south migration of adult plaice in the North Sea.

can be selected w ith in  a m on th . In  the  beam -traw l fleet, a con
siderable p o rtio n  o f  the variable costs o f  fishing relate to fuel. As 
an  exam ple, in  2006, the  average fuel price was €0 .4 1  per litre, 
and  the  average fuel costs per day were ~ € 3 5 0 0  (Taal et al.,
2007). Fuel costs m ake up as m uch  as 55% o f  gross revenue 
(Taal et al., 2007). To analyse the  effects o f  the  variable costs o f  
effort o n  the dynam ics o f  the system, we analyse scenarios w ith 
low  variable costs o f  fishing (€ 3 0 0 0  per day) and  high variable 
costs o f  fishing (€ 3 5 0 0  per day). The cost o f  discarding m arketable 
fish is assum ed to be negligible com pared w ith  the  fishing oper
a tion. D iscarding, w hen it happens, w ould be incorporated  in to  
the regular so rting  procedure.

In  the  m odel, catches and  landings o f  the  two species com prise 
ju st one m arket category, b u t in  reality, the fishery lands different 
size categories, w hich differ in  price. Hence, the  discarded m arke t
able fish is likely to  constitu te  the least valuable m arket category 
(Gillis et al., 1995). In  o u r m odel, we d id  no t explore the effect 
o f  price differences on  the discarding o f  m arketable fish 
(highgrading).

The m odel is used to  analyse the  effects o f  restrictive quotas o n  
spatio -tem poral effort allocation and  the  discarding o f  m arketable 
fish. W e consider the effects o f  differences in  costs o f  fishing and 
the m igration  o f  the resources in  com bination  w ith restrictive 
plaice quotas on ly  because N o rth  Sea flatfish fisheries have been 
m ore constrained by  plaice quotas th an  by  sole quotas since 
1990 (Q uirijns et ah, 2008). The m odel is ru n  for 11 levels o f  
plaice quo ta  ranging betw een 25 and 4 0 0 1. For each run , 
forw ard iterations are m ade for a fleet o f  180 vessels (the average 
fleet size in  the period  1990-2004; Q uirijns et ah, 2008). W ith in  
a run , all vessels have equal indiv idual landing quotas. Each sole 
quo ta  is set a t 130 t, w hich canno t be exceeded by  any vessel 
given the  m ax im um  sole catches in  the  sim ulations. The fine for 
exceeding the  qu o ta  is set at twice the  price o f  the  two species, suf
ficiently high to  prevent landings from  exceeding the quota. Lower 
fines could  result in  an  incentive for fishers to exceed their quota, 
b u t this is n o t explored in  this study.

Data analysis
The outcom es o f  the m odel in  term s o f  spatial d istribu tion  and 
discarding can be contrasted  against field observations from  two 
different sources.

The first source is the dataset o f  m an d a to ry  logbooks th a t each 
fishing vessel m u st han d  in to  the  authorities a t the  end o f  each 
fishing trip . These logbooks have in fo rm ation  o n  the fishing 
effort d istribu tion  o f  the  en tire  D utch  beam -traw l fleet w ith  a 
spatial reso lu tion  o f  ICES rectangles (0.5° latitude and  I o longi
tude) and a tem poral reso lu tion  o f  1 week. A lthough the logbooks 
are p rim arily  used for m anagem ent purposes, data  are m ade avail
able for research. The data  consist of: vessel code, engine pow er o f  
the vessel, type o f  fishing gear, ICES rectangles visited, date, tim e,

and  h a rb o u r o f  departure, and  date, tim e, and  h a rb o u r o f  arrival. 
The entire  dataset spans the  period 1990-2007.

F rom  the  m andato ry  logbooks, the  centre o f  gravity (m ean) o f  
the  fishing effort on  the  latitudinal axis was calculated by  m o n th  
(Y ).  The m o n th ly  estim ates are used as observations in  a general 
linear m odel:

Yi — ß§ ttli -\- ß \M i -\- ß 2 H- Si' (6 )

w here for the rth observation (Y¡), m¡ is the m o n th  o f  the  year (as a 
factor), Aí,- the  tim e elapsed since January  1990, and  e¡ is a n o r
m ally d istribu ted  erro r term . In  this way, the seasonal effect and 
long-term  trends in  the  centre o f  gravity o f  the  fleet can be 
disentangled.

T he second data  source is indiv idual electronic logbooks on  
fishing effort and  catches o n  a haul-by-hau l basis, collected in  a 
collaborative research program m e w ith the fishing industry  
during  2003 and  2004. Those logbooks allowed for com m ents by 
the  skippers o n  their decisions on  a haul-by-hau l basis. In  all, 20 
fishers added qualitative in fo rm ation  to  their haul-by-hau l log
books abou t factors influencing their fishing decisions, a to ta l o f  
1029 fishing trips, o f  w hich 222 contained com m ents on  fishing 
tactics and  strategy.

T he com m ents were categorized and  scored according to 
several categories, one o f  w hich was the  m en tion ing  o f  “discarding 
o f  m arketable fish”. O ther categories included m en tion ing  o f  gear 
problem s, searching behaviour, w eather conditions, restrictive 
quota, and  fish prices. Therefore, from  this dataset, spatial and 
tem poral patterns in  the  occurrence o f  discarding m arketable 
fish can be quantified  from  a sam ple o f  the  fleet. In  addition , 
the  reason for d iscarding m arketable fish (restrictive quota, low 
prices) could  be quantified.

Results
W e discuss the  m odel outcom es for four scenarios regarding (i) 
differences in  availability o f  the tw o species as a consequence o f 
fish m igration, and  (ii) the  costs o f  fishing. First, we present 
m odel results for fixed spatial then  for seasonally varying resource 
d istributions. W ith in  these scenarios, we describe the  effects o f  the 
different levels o f  variable (fuel) costs.

Spatial variation in species availability
In  the  absence o f  m igration, the  expected net revenue w ould  be 
independen t o f  season. The location  choice clearly changes w ith 
changing plaice quotas (Figure 2); high quotas lead to  fishing 
in  the  central area, for b o th  high and low  costs. All catches o f  m ar
ketable fish can be landed and  net revenue is largest. A reduction  in 
plaice qu o ta  < 2 5 0  t results in  relocation  o f  effort tow ards the 
so u thern  area. This is because the  so u thern  area becom es m ore 
profitable th an  the central area because o f  the  larger catches o f
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Figure 2. Modelled spatial allocation of fishing effort (percentage of tim e spent fishing in the  different areas, or staying in port) for different 
levels of plaice quota assuming constant distribution of fish and low fishing costs (top left panel) and high fishing costs (top  right panel), or 
assuming seasonally varying distribution of fish and low fishing costs (bottom  left panel) and high fishing costs (bottom  right panel).

sole and  the  lower costs. W ith  very low  quotas o f  plaice, the results 
differ for the  two cost scenarios: in  the  low  cost scenario, fishing in 
the  so u thern  area continues, b u t in  the high-cost scenario, vessels 
spend less tim e a t sea. In  scenarios w ith low  plaice quotas and  high 
costs, fishing effort is allocated at the  beginning o f  the  year only 
(Figure 3).

The annual catch com position  o f  the  two species changes 
according to  the  reallocation o f  fishing effort (Figure 4). At 
levels o f  indiv idual plaice quo ta  > 2 5 0  t, the  quotas do  n o t affect 
the  catches o r landings o f  either sole o r plaice. Below 2 5 0 1 
plaice quota, the average annual catch o f  plaice decreases, follow
ing the  level o f  the  quotas, coinciding w ith  a decrease in  effort. As 
fishing effort is reallocated to  the so u thern  area w ith less travel 
tim e, sole catches increase. In  this m ultispecies fishery, therefore, 
a decrease in  plaice qu o ta  results in  an  increase in  the apparent 
catchability o f  sole because the ratio  o f  to ta l sole catch over to ta l 
fishing effort increases, at equal stock biom ass.

At very low quotas o f  plaice, the  effects o f  quo ta  reductions 
differ betw een the  two cost scenarios: at low costs, plaice catches 
becom e independen t o f  the plaice quota, and  all catches o f  m arket
able plaice th a t exceed the  qu o ta  are discarded at the  end o f  the 
year (Figure 5). The op tim al strategy is to  land all plaice caught

u n til the vessel’s qu o ta  is reached. Despite the  vessel’s low quo ta  
o f  plaice, fishing can con tinue  on  sole and  still be profitable. 
C ontinued  fishing also ensures h igh catches o f  sole. 
Alternatively, at high cost, very low quotas o f  plaice will result in 
a reduction  in  fishing effort at the  end o f  the  year, and  hence 
very little discarding (Figure 5).

O w ing to  the stochasticity in  the  m odel, the  tim e o f  year w hen 
the  quotas are reached differs am ong  fishers. This is caused by 
differences in  cum ulative fishing success resulting from  the  s to 
chastic m on th ly  catches.

Seasonal and spatial variations in resource availability
A seasonally changing d istribu tion  o f  fish has a clear effect o n  the 
d istribu tion  o f  fishing effort. W ith  high quotas o f  plaice, fishing 
effort is allocated over all three areas (Figure 2). Effort allocation 
in  the n o rth e rn  area is concentrated  a round  m o n th  8, w hen 
plaice availability peaks and  catches are sufficiently high to  offset 
the  h igher travel costs o f  visiting the  area. The to ta l a m o u n t o f 
effort in  the  n o rth  depends o n  the  cost per u n it o f  effort, w ith 
the  low  cost scenario resulting  in  m ore effort being allocated in 
the  area th an  un d er a h igh-cost scenario. Also, the so u thern  area 
is visited at the  beginning o f  the  year w hen plaice availability
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peaks there. I f  the  plaice qu o ta  decreases, to ta l effort in  the n o rth 
ern  area decreases and  effort allocation patterns increasingly 
resem ble those found  in  the  absence o f  m igration, w ith fishing 
effort concentra ted  in  the south.

The spatio -tem poral d istribu tion  o f  fishing effort reflects the 
choice o f  indiv idual vessels to  visit d ifferent areas th ro ughou t 
the  year (Figure 3). W ith  high quotas o f  plaice, m on th ly  totals 
o f  fishing effort increase in  late sum m er, w hen vessels tend  to 
visit the  n o rth e rn  area. The du ra tio n  o f  th a t period  depends on  
the  costs o f  fishing effort. If  costs are low, the n o rth e rn  area is 
visited for 3 m onths, b u t if  costs are high, the  period  lasts ju st 1 
m on th . A t the  beginning and  the  end o f  the  year, fishing effort 
is low because the  so u thern  area is m ore  profitable, requiring  
less travel tim e. W ith  decreasing levels o f  plaice quota, fishing 
effort shifts to  the  so u thern  area, sim ilar to the  m odels in  w hich 
no  m igration  was assum ed. However, a decrease in  fishing effort 
associated w ith high costs o f  fishing takes place a t the  end o f 
sum m er, after w hich effort increases again in  w inter. This tem 
poral p a tte rn  in  effort allocation is caused by the  seasonal 
density  o f  plaice in  the  so u thern  area.

In  general term s, the  effect o f  plaice qu o ta  o n  catch and effort in 
the  presence o f  plaice m igration  are sim ilar to  the  situation  
w ithou t plaice m igration. Decreasing plaice quotas leads to  a 
decrease in  plaice catches and  an  increase in  sole catches, caused 
by  the changes in  catchability a ttribu tab le  to  the red is tribu tion  
o f  effort (Figure 4). At very low  plaice quotas, catches o f  the  two 
species m ay decline o r  level off, depending  o n  the costs o f 
fishing. However, in  con trast to the  situation  w ith no m igration, 
the  average catch rates for plaice w hen plaice quotas are high

depend  o n  the  costs o f  fishing: i f  costs are low, m ore fishing 
effort is allocated in  the  n o rth e rn  area, w ith its h igher catch rate 
o f  plaice.

In  the presence o f  m igration, the  tem poral d istribu tion  o f  total 
discards o f  m arketable plaice w ith very low quotas o f  plaice is 
b im odal. The tw o periods w ith high discarding concur w ith the 
high catches o f  plaice in  the so u thern  area (Figure 5). At the 
level o f  the  individual fisher, the op tim al strategy again is to 
re ta in  all m arketable plaice un til the vessel’s plaice qu o ta  is 
reached.

Observations
D ata from  the  m andato ry  logbooks provide insight on  the centre 
o f  gravity o f  fishing effort o f  the  entire  fleet betw een 1990 and 
2007. The m ean  latitude varies seasonally and ranges betw een 
52.5 and 54.5° (Figure 6). The sim ple linear m odel disentangling 
the  seasonal and  long-term  trends in  all 216 observations explains 
som e 71% o f  the variance, using 13 degrees o f  freedom . Each term  
in  the  m odel has a p-value o f  < 0 .0 1 . The seasonal p a tte rn  esti
m ated by  the  m odel indicates th a t the fleet starts fishing in  the 
so u thern  areas in  the  first few m onths o f  the  year and that as the 
year progresses, the  spatial d istribu tion  o f  fishing effort shifts 
n o rth , th en  is followed by a southw ard m ovem ent tow ards the 
end o f  the  year. Since 1990, fishing effort has shifted gradually 
sou th  by m ore th an  a ha lf degree o f  latitude, a tren d  that was 
especially strong in  the  1990s.

In  the  vo lun tary  electronic logbook data, 8 o f  the 20 fishers 
reported  discarding o f  m arketable plaice o r sole in  21 trips (sole 
7; plaice 14) o u t o f  the  to ta l o f  222 trips th a t had  com m ents
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Figure 6. Time-series of the monthly centre of gravity of the  Dutch beam-trawl fleet latitudinally. Each do t represents the centre of gravity in 
a single m onth, calculated from the  m andatory logbook data. The grey line represents m onthly predictions of the  centre of gravity, using a 
simple generalized linear model, as described in the text.
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Figure 7. Time-series of the  num ber fishing trips indicating discarding of marketable plaice and sole. Each bar represents the  fraction of 
com m ents th a t m ention discarding in the  voluntary logbooks in a given m onth (left y-axis). The drawn line indicates the total num ber of trips 
for which a com m ent exists per m onth (right y-axis), and the  vertical d o tted  lines the  start of the  year.

added  to hau l data  (Figure 7). The p robability  o f  a com m ent in  the 
logbook m en tion ing  discarding o f  m arketable fish increased 
tow ards the end o f  the  year, indicating  th a t m arketable fish are dis
carded m ainly  then. In  D ecem ber 2004, 80% o f  the  com m ents 
indicated discarding o f  m arketable plaice in  the trips reported  
(n =  10). In  all five cases where the reason for discarding m arket
able plaice was reported , fishers stated th a t they discarded because 
o f  their lack o f  sufficiently large quota. In  two cases, along w ith  the 
lack o f  sufficiently large quota, low fish price was given as a reason. 
For sole, no  reason for discarding m arketable fish was given.

Discussion
This study has characterized spatio -tem poral effort allocation and 
discarding in  a m ultispecies fishery m anaged by single-species 
individual quotas using a dynam ic-state  variable m odel. The 
results o f  the  m odel clearly show  th a t individual quotas on  one 
species (plaice) influence effort allocation and  discarding by in d i
vidual fishers and as a consequence m ay affect the  catchability o f 
ano ther species (sole). C onstrain ing the  quo ta  o f  one species will 
result in  a shift o f  fishing effort away from  areas w ith high 
catches o f  that species tow ards areas w ith profitable catches o f 
o th er species th a t are n o t constrained by quota. Hence, in  a

m ultispecies fishery, increasing the  qu o ta  restrictions for one 
species m ay reduce the catchability for th a t species and increase 
the  catchability for o th er target species. In  the N o rth  Sea beam - 
trawl fishery, decreasing individual quotas for plaice result in  real
location  o f  fishing effort to  the  so u thern  areas, w here plaice 
catches are sm aller and  sole catches bigger. The m odel predictions 
o f  seasonality in  spatial effort allocation, and the sou thw ard  shift 
o f  effort allocation in  the 1990s w hen the indiv idual plaice 
quotas becam e increasingly constrain ing  (Q uirijns et al., 2008), 
are confirm ed by observations o f  the  fleet. The findings are con
sistent w ith the n o tio n  that targeting by  the beam -traw l fleet 
betw een 1990 and 2005 varied in  relation  to  qu o ta  restrictions 
(Q uirijns et al., 2008).

Also, constrain ing  quotas for one species m ay result in  m ore 
discarding o f  m arketable fish. In  the  situation  explored here, the 
fleet was to  som e extent capable o f  reducing over-quota  discarding 
by reallocating fishing effort and increasingly targeting the species 
for w hich the qu o ta  lim its were n o t restrictive. Also, over-quota 
discarding depends o n  the  net revenue th a t can be generated by 
fishing while only landing those species for w hich the  quotas 
have n o t been depleted. In  general, over-quota  discarding will 
occur tow ards the end o f  the  year, as ou r m odel results indicate.
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However, a t very low  levels o f  quota, m any  fishers will have 
exhausted their quotas early in  the  year. In  the  specific case 
studied  here, the discarding is in  the  so u thern  area, used by  the 
fishery because o f  the high catches o f  “alternative species”. The 
m odel results are in  line w ith the observations o f  d iscarding o f 
m arketable plaice in  the  D utch  beam -traw l fishery in  2004, w hen 
discarding o f  m arketable plaice in  the  second h a lf o f  the year 
peaked in  Decem ber. This discarding practice coincided w ith the 
period  w hen plaice quotas were highly restrictive (Q uirijns et al.,
2008). The com m ents m ade by fishers revealed that their reasons 
for discarding were m ainly  insufficient qu o ta  and perhaps low 
fish price.

It should  be no ted  th a t the discards m odelled in  this study  are 
pa rt o f  the  m arketable catch. This form  o f  d iscarding differs from  
m in im u m  landing size (MLS) discarding th a t consists o f  the non- 
m arketable pa rt o f  the  catch. MLS discarding m ay in  itself already 
constitu te  a large p a rt o f  the catch (R ijnsdorp and M illner, 1996; 
van  Beek, 1998). The m arketable fish in  the m odel are represented 
as one hom ogeneous group  and  are discarded as such. In  the real 
fishery, the m arketable catch consists o f  several classes th a t differ in 
value, and  the  fish w ith the lowest value will p robably  be discarded 
first. This type o f  discarding, based o n  m arket value, is know n as 
highgrading (A nderson, 1994; Gillis et al., 1995; Kingsley, 2002). 
In  the fishery o n  w hich this study is based, there can be such high- 
grading, because differences in  price betw een m arket categories 
m ay be as m uch  as 100% (Taal et al., 2005). In  au tu m n , the  fish 
o f  low  value are the sm allest size classes, whereas in  w inter and 
early spring such fish m ay  be the largest fish, including spent 
females o f  low co nd ition  and w atery flesh. Such differentiation 
in  classes o f  different value m ay influence the  tem poral d istri
b u tio n  o f  discarding. Low-value fish at the  beginning o f  the  year 
will be discarded to  save qu o ta  for high-value fish at the  end o f 
the  year, so giving results different from  those obtained by our 
m odel, w hich assum es a single value for all m arketable fish. In  
the  electronic logbooks, fishers reported  discarding specific size 
classes o f  m arketable fish, consistent w ith the  n o tio n  o f  h ighgrad
ing. M oreover, fishers reporting  highgrading o f  m arketable plaice 
con tinued  to land plaice in  subsequent weeks, im plying th a t they 
optim ized according to  price differences w ith in  the  species. O ur 
m odel was unable to evaluate h ighgrading w ith in  a species 
because each species was m odelled as a single hom ogeneous group.

The effort reallocation found  un d er decreasing plaice quotas 
depends o n  the param eters defining the difference in  profitability  
betw een the various areas. For exam ple, i f  the  difference in  prices 
betw een species was larger, fishing in  the  so u thern  region w ould  be 
m ore profitable w hen plaice harvest is unconstrained. In  that case, 
fishing effort w ould  be allocated in  the  so u thern  area independent 
o f  qu o ta  size. The m axim um  plaice catches w ould be lower, b u t the 
tem poral discarding p a tte rn  w ould be sim ilar to  th a t found  in  this 
study. If  the spatial d istribu tion  o f  species were to  differ, discarding 
o f  plaice m ight be greater because the reallocation o f  fishing effort 
to  areas w ith lower catches o f  plaice, h igher catches o f  sole, and 
lower fishing effort requirem ents depends o n  the spatial d istri
b u tio n  used in  the  m odel.

The assum ption  o f  m axim izing econom ic perform ance has 
been evaluated before. The response o f  fishing vessels to catch 
rate has been  show n in, for exam ple, British C olum bia salm on 
seining (H ilbo rn  and  Ledbetter, 1979) and shrim p traw ling 
(Eales and  W ilen, 1986). The response has been used to  form ulate 
m odels p redicting  the d istribu tion  o f  fishing vessels (Gillis et al., 
1993). O ur m odel uses a sim ilar assum ption , b u t takes in to

account a b roader behavioural context by  incorporating  d iscard
ing behaviour and the  requ irem ent to respect the  rules set b y  fish
eries m anagem ent. It is clear th a t restrictive quotas influence the 
spatial d istribu tion  o f  fishing effort and discarding behaviour. 
The latter allows fishers to  con tinue  fishing in  a m ultispecies 
fishery if  one o f  the  quotas is exhausted, depending  o n  the costs 
o f  fishing effort.

O u r m odel assum es th a t fishers have perfect in fo rm ation  about 
the  d istribu tion  o f  catch rates in  m any  areas. The knowledge o f 
individual fishers on  the  d istribu tion  patterns o f  target species 
depends o n  the predictability  o f  the  resource d istribu tions (van 
Densen, 2001), as well as the level o f  in fo rm ation  sharing w ith in  
the  fleet. The predictive value o f  observations in  the beam -traw l 
fleet appears to  be  relatively high (Poos and R ijnsdorp, 2007a), 
in  particu lar w ith regard to  the  seasonal m igration  o f  adu lt fish 
(de Veen, 1976; H u n te r et al., 2003; Bolle et al., 2005) and the 
recru itm en t o f  the  incom ing  year class (Beverton and  Holt, 
1957). To increase knowledge o f  the  spatial d istribu tion  o f  catch 
rates, fishers m ay exchange inform ation . The role o f  in fo rm ation  
exchange in  acquiring  knowledge o f  the  d istribu tion  o f  the 
target species has been discussed by  C urtis and M cC onnell (2004).

The effects o f  the size o f  individual quotas o n  catchability o f  all 
target species and  over-quota  discarding have serious im plications 
for fisheries m anagem ent. First, increased catchability  for species 
n o t restricted by  quotas m ay be the  undesired  result o f  setting 
individual quotas in  a m ultispecies fishery. Second, if  a pa rt o f 
the  catch is n o t landed, a bias m ay be in troduced  in  the analytical 
stock assessments supporting  the m anagem ent o f  m any  fisheries 
(R ijnsdorp et al., 2007). Because the discarding o f  m arketable 
fish is concentrated  a t the end o f  the  year and is m ainly  associated 
w ith vessels w ith relatively sm all indiv idual quotas, it is difficult to 
estim ate the  level o f  this form  o f  discarding from  the  curren t 
N o rth  Sea discard sam pling program m es th a t com bine low 
sam pling levels (< 1 %  o f  the  trips) w ith regularly spaced 
sam ples th ro u g h o u t the year (van Keeken et al., 2004; STECF,
2008).

The h igh fines for exceeding the  quo ta  resulted in  vessels 
rem aining in  p o rt w hen quotas were low  because over-quota  fish 
d id  n o t con tribu te  to  their econom ic revenue. However, in 
reality fishers m ay assess the  po ten tial benefit o f  the  econom ic 
re tu rn  o f  over-quota  landings against the  cost o f  ru n n in g  a risk 
o f  being penalized for m isreporting. N on-com pliance could lead 
to  a h igher over-quota  catch o f  plaice. O ur results assum e high 
fines in  com bination  w ith strong enforcem ent. H igh fines can 
also be in terpreted  as fisher desire to  respect a quota. A dditional 
analysis could  give insight in to  the  relation  betw een the  level o f 
the  fines and the com pliance w ith the  quota. If  over-quota  d iscard
ing is to  be reduced, high fines on  over-quota  discarding could  be 
im plem ented , as in  a d iscard ban. However, such a m easure is co n 
siderably m ore difficult to enforce th an  indiv idual landing quotas. 
A ssum ing th a t strong enforcem ent is possible, the effects o f  a 
discard b an  can be  analysed in  the  present m odel by  rem oving 
the  discard op tions to  the vessel.

The indiv idual op tim iza tion  m odels presented here ignore the 
possibility th a t the  behaviour o f  o th er m em bers in  the  fisher p o p u 
lation  affect the  choices o f  the  focal individual (C lark and Mangel, 
2000). This has two im p o rtan t im plications for the  results p re 
sented in  this study. First, the  m odel ignores exploitation  or 
interference com petition  affecting the  catch rates as a result o f 
high vessel density. Such com petition  m ay decrease the  catch 
rate as a func tion  o f  the  nu m b er o f  com peting  vessels in  an  area
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(Fretwell and Lucas, 1970; van der M eer and Ens, 1997). 
Interference com petition  m ay  play a role in  fisheries worldw ide 
(Gillis, 2003), including the  D utch  flatfish fishery (Rijnsdorp 
et ah, 2000; Poos and  R ijnsdorp, 2007b).

Second, the  m odel does n o t allow for transferability  o f  quotas 
betw een fishers: quotas canno t be  leased from  one vessel to 
ano ther during  a year, a lthough this is one o f  the  key po in ts o f  
ITQ  systems. C onditions m ay exist where the transfer o f  a quo ta  
is beneficial for tw o individuals: given the  stochastic n a tu re  o f 
catches, one fisher m ay have reached his quo ta  before the end o f 
the year, because o f  a sequence o f  good catches, whereas ano ther 
m ay realize he will n o t reach his quota, because o f  a sequence o f 
po o r catches. A transfer in  ITQ  will increase the  net revenue o f 
b o th  vessels. I f  all vessels are equal, this effect could  be  especially 
strong at qu o ta  levels close to m axim um  catch levels. At a higher 
quota, no  vessel will be  restricted by  it, and  there  will be no  incen
tive to transfer quota. At a lower quota, all vessels will be  restricted 
by its level, and no vessel will have excess qu o ta  to  transfer. Such a 
hypothesis needs careful testing using robust m odels. The exten
sion  o f  dynam ic-state  variable m odels w ith frequency dependence 
has been described (C lark and M angel, 2000), and  the m ethod  
should  be considered in  fu ture to  analyse the effects o f  transferabil
ity  o f  qu o ta  o n  discarding behaviour.

The d iscarding o f  m arketable fish un d er conditions im posed by 
m anagem ent, m itigated  by  the spatio -tem poral d istribu tion  o f 
resources, has im p o rtan t im plications for fisheries m anagem ent. 
O ver-quota d iscarding will d isrup t the link  betw een catches and 
landings in  m ixed fisheries and  m ay co rru p t the basis o f  scientific 
advice and  increase the  risk o f  stock collapse (R ijnsdorp et ah, 
2007). This can be  tested by  using the m odel described here in  
studies evaluating fisheries m anagem ent, em ploying the  fram e
w ork developed in  the  In terna tiona l W haling C om m ission 
(Kirkwood, 1997; McAllister et ah, 1999). In  such a fram ework, 
the p opu lation  dynam ics o f  fish stocks and  the dynam ics o f  
fishing fleets are m odelled (B utterw orth  and P un t, 1999; P un t 
et ah, 2002). The biological detail is often  very high (Keli and 
Bromley, 2004), b u t the  response o f  the  fleet to the constraints 
applied has generally been captured  in  sim plistic assum ptions, 
such as fixed catchabilities for the  species being m odelled, w ith 
all excess catch being discarded (Pastoors et al., 2007). The 
m odel presented  here allows calculation o f  the  econom ic 
o p tim u m  strategy for fishing fleets un d er in p u t o r o u tp u t con
straints. Hence, it has the  po ten tial to add  detailed fleet response 
to  m anagem ent rules, predicting  effort, catch, and  discard levels 
in  evaluation fram eworks.
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