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In d ica to rs  o f  fish ing  p ressu re  a re  n ecessa ry  to  s u p p o r t  an  ecosystem  a p p ro a c h  to  fisheries m a n a g e m e n t  (EAFM). W e p re se n t a  fram e- 

w o rk  t h a t  d istin g u ish es fo u r  levels o f  p re ssu re  in d ic a to rs  t h a t  m o v e  fro m  bein g  a s im p le  d e s c r ip tio n  o f  a n th ro p o g e n ic  ac tiv ity  to  

m o re  p recisely  d escrib ing  th e  a c tu a l p re ssu re  o n  th e  eco sy stem  a n d  its c o m p o n e n ts , b u t  w h ic h  req u ire  increasing ly  m o re  in fo rm a tio n  

to  be  q u an tif ie d . W e use  th e  ex am p le  o f  th e  D u tc h  b e a m  traw l flee t in th e  N o rth  Sea to  c o m p a re  th e s e  p re ssu re  in d ica to rs , as th e  

level o f  in fo rm a tio n  u se d  is increased . T h e  firs t level is t h a t  o f  flee t cap ac ity  (e.g. n u m b e r  o f  vessels), th e  se c o n d  is fish ing  effort, 

usually  exp ressed  as th e  n u m b e r  o f  h o u rs  fish ing  o r  days a t  sea, th e  th ird  in c o rp o ra te s  f ish in g  p a ra m e te rs  su c h  as th e  p ro p o rtio n  o f 

tim e  ac tu a lly  sp e n t f ish in g  fish ing  sp eed , o r  g e a r ch a rac te ris tic s , e.g. th e  size o f  th e  b e a m  tra w l in o rd e r  to  d e te rm in e  th e  freq u en cy  

w ith  w h ich  an  a re a  is fished , a n d  a t  th e  fo u r th  level, th e  m o s t  in fo rm a tiv e  m e a su re  o f  f ish in g  p ressure , a n n u a l fish ing  m o rta lity , is 

availab le  fo r  a  few  co m m erc ia l sp e c ies  fro m  s to c k  a ssessm en ts . For o th e r  species, it c an  b e  c a lc u la te d  from  th e  low er level p ressu re  

in d ic a to rs  th ro u g h  th e  in c o rp o ra tio n  o f  th e  c h a n c e  o f  ind iv iduals o f  a species c o m in g  in to  c o n ta c t  w ith  th e  fishing g e a r a n d  th e  

e n c o u n te r  m o rta lity , w h ich  is th e  p o r t io n  o f  m o rta lity  ca u se d  by th e  passin g  o f  th e  gear. C o m p a riso n  o f  t r e n d s  a n d  a b s o lu te  values 

sh o w s t h a t  th e  p ressu re  in d ic a to rs  a t  d if fe re n t levels d iffer co n s id e rab ly  in th e ir  d e sc rip tio n  o f  b o th  p re s e n t  a n d  h isto rica l fishing 

im p a c t in th e  N o rth  Sea. T here fo re , fo r an  EAFM, w e adv ise using  th e  h ig h es t level p re ssu re  in d ic a to r  th a t  c a n  be  o b ta in e d  w ith  th e  

d a ta  available.
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Introduction
W h e n  im p le m e n tin g  a n  ecosystem  a p p ro a c h  to  fisheries m a n a g e ­
m e n t (E A F M ), in d ic a to rs  a re  re q u ire d  to  d escrib e  th e  p ressu res 
a ffec ting  th e  ecosystem , th e  s ta te  o f  th e  ecosystem , a n d  th e  
re sp o n se  o f  m anag ers (Jen n in g s , 2005). S u ch  in d ic a to rs  can  be 
u se d  to  s u p p o r t  m a n a g e m e n t d e c is io n -m a k in g , to  tra c k  p ro g ress 
to w a rd s  m e e tin g  m a n a g e m e n t o b jec tives, a n d  to  a id  c o m m u n i­
c a tio n  w ith  n o n -sp ec ia lis t au d ien ces  (G arc ia  e t a l ,  2000; Rice, 
2000; R o c h e t a n d  T renkel, 2003). M a n y  in d ic a to rs  have b e e n  p r o ­
p o se d  (e.g. R ice, 2000; L ink , 2002; L in k  e t a l ,  2002; R o c h e t an d  
T renkel, 2003), b u t  few  ( i f  any ) o f  th o se  th a t  tra c k  ch anges in  th e  
“ s ta te ” o f  th e  m a rin e  e n v iro n m e n t o r  o f  d iffe re n t ecosystem  c o m ­
p o n e n ts  (e.g. fish, b e n th o s , h a b ita t)  c a n  su p p o r t  m a n a g e m e n t 
d irec tly  (R ice, 2000). T h is  is largely  b ecau se  th e  p rec ise  causes o f  
an y  ch anges in  “s ta te ” m a y  b e  p o o r ly  u n d e rs to o d , m a k in g  it  d iffi­
c u lt  to  specify  a p p ro p ria te  m a n a g e m e n t a c tio n . T o  im p le m e n t an  
EA FM  successfully , th e re fo re , it  is n o t  o n ly  n ecessary  to  have a 
su ite  o f  in d ic a to rs  th a t accu ra te ly  a n d  co m p reh en siv e ly  p o r tra y  
th e  “ s ta te ” o f  v a rio u s  eco sy stem  c o m p o n e n ts , b u t  it  is also  c ritica l 
to  have in d ic a to rs  th a t  d esc rib e  ch an g es in  th e  level o f  d iffe ren t 
m an ag eab le  a n th ro p o g e n ic  ac tiv ities, a n d  th a t  in d ica te  th e  im p a c t 
o f  each ac tiv ity  o n  th e  v a r io u s  ecosystem  c o m p o n e n ts . O n ly  by  
a d eq u a te ly  co vering  b o th  aspects w ill th e  m e c h a n is tic  links

b e tw een  “cau se” a n d  “effec t” be  w ell en o u g h  u n d e rs to o d  to 
p ro v id e  th e  adv ice  r e q u ire d  (D aan , 2005).

Several fram ew o rk s  hav e  b e e n  p ro p o se d  fo r  classifying 
en v iro n m e n ta l m a n a g e m e n t in d ic a to rs  o n  th is  basis, e.g. th e  
p re ssu re  s ta te  re sp o n se  (PSR ) system  (G arc ia  a n d  S tap les, 2000). 
T h is  f ra m e w o rk  u ses p re ssu re  in d ic a to rs  (P) to  m ea su re  the 
p re ssu re  im p a c tin g  an  ecosystem  c o m p o n e n t, sta te  in d ic a to rs  (S) 
to  m ea su re  th e  s ta te  o f  th e  ecosystem  c o m p o n e n t, a n d  response  
in d ic a to rs  (R ) to  m ea su re  th e  re sp o n se  o f  m an ag e rs  to  th e  change 
in  s ta te . T h is  is in  lin e  w ith  t ra d itio n a l  fisheries m a n a g e m e n t, in 
w h ic h  a  r e p o r t  is m a d e  fo r each  sto c k  o n  w h a t is co n s id e red  the 
b est s ta te  in d ic a to r  (SSB, sp a w n in g -s to ck  b io m ass)  a n d  best 
p re ssu re  in d ic a to r  (F, fish ing  m o rta lity ) , w h ereas th e  response  
in d ic a to r  is u su a lly  th e  to ta l allow able ca tch  set b y  m an ag ers. As 
p o licy  c o m m itm e n ts  a n d  a sso c ia ted  ob jectives g en era lly  re la te  to  
“s ta te ”, fo r  ex am p le , to  co nserve  b io d iv ersity , refe rence  p o in ts , 
ta rg e ts , o r  in d ic a to r  tren d s n e e d e d  to  m ea su re  p ro g ress  tow ard s 
m e e tin g  m a n a g e m e n t objectives te n d  m o s t f req u e n tly  to  b e  se t for 
“s ta te ” in d ica to rs . H ow ever, th e  “ s ta te ” o f  d iffe ren t c o m p o n e n ts  
o f  m a r in e  ecosystem s can  rare ly , i f  ever, be  m a n a g e d  d irectly . All 
m an ag e rs  c a n  realistically  h o p e  to  ach ieve is to  m a n ip u la te  
“p re ssu re ” su c h  th a t  “sta te” in d ic a to rs  are  k e p t w ith in , o r  m oved  
to w ard s , accep tab le  lim its. “P re ssu re ” a n d  “ re sp o n se ” in d ica to rs
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objective fu n c tio n  [E q u a tio n  (7 ) ]  can  be w r it te n  as
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Appendix 1
Derivation o f optimal observer coverage rates
T h e  o p tim a l sa m p lin g  frac tio n s can  b e  fo u n d  u s in g  th e  C a u c h y -  
S ch w artz  In e q u a lity  o r  L agrange m u ltip lie rs . T h e  se co n d  c o m ­
p o n e n t  o f  E q u a tio n  (2) an d  th e  firs t c o m p o n e n t o f  E q u a tio n  (3) 
a re  n o t  a fu n c tio n  o f  f i ,  so  th e  m in im u m  o f  E q u a tio n  (2 ) w ith  
respec t to  f i  w ill n o t  be affected  by  th o se  c o m p o n e n ts . B y th e  
C a u c h y -S c h w a rtz  In eq u a lity  (C o c h ra n , 1977, p p . 9 6 - 9 8 ;  C asella 
a n d  B erger, 2002, p . 187),

('T - T o V ar = h £ w ) ( £ y

>  J 2  V A ' T M

G iv en  A s a n d  N s fo r  all size classes a n d  th e  co s t p e r  tr ip  (T „), 
eq u a lity  is ach iev ed  w h en

A I £ \
1/2

T nfsN sJ ( H )

fo r  each  s are  eq u a l (i.e. x$ — A)- L e ttin g  fifi d e n o te  th e  sa m p lin g  
f ra c tio n  fo r  th e  s th  size class th a t  m in im iz e s  th e  v a rian ce , w e can 
rew rite  E q u a tio n  (11) as

s j A sT nN s =  x T n N s f ; . ( 12)

S u m m in g  E q u a tio n  (12) over all S  a n d  so lv in g  fo r  x> w e can  
su b s titu te  fo r  x  in  E q u a tio n  ( 11) to  o b ta in

ƒ /  =
T - T q (AS/ N Q 1/2
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R ecognizing

T - T 0 =  T n ¿  fisN s =  T„ ¿  ns =  T„n

w e have th e  sam e fo rm a t a s  E q u a tio n  (2 ), a n d  th e  o p tim a l 
sa m p lin g  frac tio n s  [E q u a tio n  (8 )]  follow .

Appendix 2
Derivation o f the unbiasedness of
T h e  e s tim a to r  S©>v h as  a  r a n d o m  co m p o n e n t:
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T h e  ex p ec ta tio n s w e re q u ire  a re
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w h ich  rely  o n  th e  facts t h a t  V ar(x ) =  E {x2) - E ( x ) 2, a n d  th e  
e s tim a to rs  0 ,  a re  in d e p e n d e n t  ac ro ss e lem en ts  in  th e  s tra tu m . W e 
also  rely  o n  th e  firs t a n d  se c o n d -o rd e r  in c lu s io n  p ro b ab ilitie s  in  
SRS, n v/ N v a n d  ^ ( « v  — l ) / N v (N v — 1), respectively , w h ich  are 
p ro v en  elsew here (S ä rn d a l e t a l ,  1992, p p . 3 1 - 3 2 ) .  N ow ,

< > = ¿ r r £ £ ( ê ' - ©

N v N ,

w £  ®U ñtattt) £ £  010“+ñ £  Var(ê'My f=1 I) t=1 U=1 f=1
t* u

= s L + ^ - £ Var(®>)-

y ie ld s th e  re su lt  in  E q u a tio n  (4 ).
T h e  sam e a p p ro a c h  is u sed  to  o b ta in  th e  o p tim a l sa m p lin g  

frac tio n s  w ith  m u ltip le  e s tim a tio n  ob jectives. N o tin g  th a t  th e

w h ich  gives u n b ia se d n e ss  o fA v (i.e. £ (A V) =  N vE(S@tV) =  Av).
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a re  clearly  essen tia l in  th is p rocess. Such  in d ic a to rs  also  o ften  have 
th e  des irab le  p ro p e rtie s  o f  ease o f  m e a su re m e n t a n d  rap id  
re sp o n se  tim es. C o n seq u en tly , g u id an ce  fo r y e a r-o n -y e a r  m a n a g e ­
m e n t  d e c is io n -m a k in g  is o f te n  b e tte r  b a se d  o n  p re ssu re  an d  
re sp o n se  in d ic a to rs , w ith  ch anges in  s ta te  assessed  less f req u e n tly  
to  c o n f irm  th a t  p re ssu re  a n d  re sp o n se  are affecting  s ta te  as p re ­
d ic te d  (N ic h o lso n  a n d  Jenn ings, 2004).

T h e  d e v e lo p m e n t o f  p ressu re  in d ic a to rs  fo r  fisheries h a s  in  th e  
p a s t te n d e d  to  b e  h a m p e re d  b y  c o n fu s io n  o v e r th e  d ifference  
b e tw een  th e  a c tu a l eco log ica l im p a c t o f  fish ing  (m o rta lity  an d  
h a b ita t  ch an g e ) a n d  th e  c o m m u n ity  level ch anges th a t  are la ter 
se en  as a  c o n se q u e n c e  o f  th is  im p a c t (e.g. a  ch an g e  in  th e  size 
s tru c tu re  o f  th e  c o m m u n ity ) . T h e  ecosystem  c o m p o n e n ts  for 
w h ic h  m o s t  in fo rm a tio n  is availab le  o n  th e  d ire c t effects o f  fish ing  
a re  fish a n d  b e n th ic  in v erteb ra tes  (D a y to n  e t a l ,  1995; Je nn ings 
a n d  K aiser, 1998; H aii, 1999; C ollie e t a l ,  2000; K aiser a n d  de 
G ro o t, 2000). M a n y  in d ic a to rs  have been  p ro p o se d  th a t  describ e  
th e  s ta te  o f  th ese  c o m p o n e n ts  a t  d iffe ren t h ie ra rc h ic a l levels (e.g. 
p o p u la tio n  a n d  c o m m u n ity  levels, see F rid  et a l ,  2005; P ie t an d  
Je n n in g s , 2005). H ow ever, th e  s ta te  o f  th e  in d iv id u a l c o m p o n e n ts  
is n o t  o n ly  d e te rm in e d  b y  th e  effects o f  a p a r tic u la r  a n th ro p o g e n ic  
ac tiv ity  su c h  as fish ing , b u t  b y  a c o m b in a tio n  o f  all in tr in s ic  an d  
ex tr in s ic  fa c to rs  th a t  c o m b in e  to  s tru c tu re  p o p u la t io n s  a n d  c o m ­
m u n itie s . T h ese  in c lu d e  a  c o m b in a tio n  o f  b io tic  (e.g. c o m p e titio n , 
p re d a tio n , a n d  larval d isp e rsa l)  a n d  ab io tic  fac to rs  (e.g. c lim a ti­
ca lly  d r iv e n  ch anges in  te m p e ra tu re  a n d  p ro d u c tiv ity ; M u raw sk i, 
1993; C la rk  a n d  F rid , 2001; K rö n ck e , 2001). I n  th eo re tica l eco logy  
te rm s , im p a c t o r  d is tu rb a n c e  is th e  m o r ta lity  cau sed  b y  p e r tu r ­
b a tio n s  to  th e  ecosystem , a n d  fisheries im p a c t is a n  a n th ro p o g e n ic

A ctiv ity

F ish ing  param e ters 
G ea r ch aracte ris tics

C h an ce  o f e nco un te r and 
E nco u n te r m orta lity

F ish ing e ffo rt 
(e.g. days a t sea)

C apacity  
(e .g. num ber o f vesse ls)

A nn u a l f ish ing  m orta lity  
(%  y 1)

F requency  traw led

Figure 1. Schem atic  rep resen ta tio n  o f  fishing pressure ind icato rs a t 
d ifferen t levels o f inform ation  c o n te n t. A ctivity ind icates th e  
n u m b er o f  fishing hou rs o r  days a t  sea per vessel. T he fishing 
p aram e te rs  and  gear characteristics d e te rm in e  how  m u ch  area is 
covered  by a u n it o f  fishing effort, w hich transla tes in to  th e  
frequency  w ith  w hich a specific area  is traw led. T he chance  of 
e n c o u n te r  d e te rm in ed  by th e  spatial d istribu tion  o f  th e  population  
relative to  th a t  o f  th e  fishery gear and  th e  e n c o u n te r  m ortality, 
expressed  as th e  p roportional m orta lity  o f individuals in th e  pa th  o f 
th e  gear, d e te rm in e  th e  e x te n t to  w hich a popu la tio n  is actually 
affected  by th e  fishery (i.e. th e  an n u a l fishing m orta lity  rate).

so u rce  o f  m orta lity . C learly, to  b e  able to  p re d ic t rea listica lly  th e  
resp o n se  o f  ecosystem  c o m p o n e n ts  to  fisheries im p a c t, o n e  m u s t  
f irs t e s tab lish  th e  level o f  m o r ta l i ty  ex p erien ced  b y  th ese  c o m ­
p o n e n ts  befo re  in p u tt in g  th is  t o  a n  overall m o d e l o f  th e  fac to rs  
th a t  s tru c tu re  th em .

In  te rm s  o f  in d ic a to rs  r e q u i r e d  to  im p le m e n t a n  EA FM , 
p re ssu re  in d ica to rs  sh o u ld  id e a lly  a c c o u n t fo r  m o r ta li ty  to  a n  eco ­
system  c o m p o n e n t th a t  re su lts  d ire c tly  f ro m  fish ing , s ta te  in d i­
ca to rs  fo r  th e  overall s ta te  o f  t h a t  c o m p o n e n t, a n d  re sp o n se  
in d ic a to rs  fo r th e  re sp o n se  o f  m a n a g e r s  re q u ire d  to  a lte r  th e  level 
o f  p re ssu re  w h ere  th e re  have b e e n  u n acce p ta b le  ch anges in  sta te . 
In  case m a n a g e m e n t ob jectives a r e  se t fo r  p o p u la t io n s  o f  ecosys­
te m  c o m p o n e n ts  o th e r  th a n  th e  ta rg e t  fish  species (e.g. th re a te n e d  
a n d  d ec lin in g  species, sensitive  b e n th ic  species) o r  a t th e  c o m m u ­
n ity  level (e.g. m e a n  w eig h t o f  t h e  fish  c o m m u n ity ) , th e  k n o w n  
m o r ta lity  es tim ates o f  a  few  ta r g e t  fish  species th a t  c o m e  fro m  
s to c k  assessm en ts m a y  n o t  b e  a d e q u a te  to  l in k  p re ssu re  w ith  su ch  
s ta te  in d ica to rs . F o r  th o se  cases, th e  m o r ta lity  o f  all ecosystem  
c o m p o n e n ts  can  b e  ca lcu la ted  fo llo w in g  th e  sw ep t-a rea  m e th o d  
in tro d u c e d  sim u ltan eo u s ly  by  P o p e  e t a l  (2000) fo r fish a n d  P ie t 
e ta l .  (2000) fo r  b en th o s .

S ta r tin g  f ro m  th e  p rem ise  t h a t  fish in g  m o rta lity  is th e  m o s t 
accu ra te  m ea su re  to  describ e  f ish in g  im p a c t b u t  ack n o w led g in g  
th a t  d a ta  lim ita tio n s  o ften  fo rce  u s  to  use  le s s- in fo rm a tiv e  p ro x ies, 
w e in tro d u c e  a f ram ew o rk  (F ig u re  1) th a t  en co m p asses th e  m o s t  
c o m m o n  p ressu re  in d ic a to rs . T h e  m a in  o b jec tive  o f  th is  p a p e r  is 
to  d escrib e  th is  f ram ew o rk  a n d  h o w  th e  d iffe ren t ex is tin g  p re ssu re  
in d ic a to rs  co m p a re  w ith  o n e  a n o th e r , b y  in c rem en ta lly  ad d in g  
in fo rm a tio n  to  th e  m o s t b as ic  p re ssu re  in d ic a to r , u ltim a te ly  
lead in g  to  in d ic a to rs  th a t  d esc rib e  th e  a c tu a l eco log ica l im p a c t o f  
fish ing , i.e. th e  level o f  m o r ta lity  in f lic te d  o n  a  p a r t ic u la r  ecosys­
te m  c o m p o n e n t. T h is  a p p ro a c h  m a k e s  exp lic it th e  a s su m p tio n s  
th a t  a re  m a d e  a t lo w er levels o f  in fo rm a tio n  c o n te n t  a n d  h o w  
th ese  in flu e n ce  th e  p ressu re  in d ic a to r .

W e chose  th e  D u tc h  b e a m  traw l fish ery  in  th e  s o u th e rn  N o r th  
Sea as a case study . B eam  traw lin g  a c c o u n ts  fo r  a h ig h  p r o p o r t io n  
o f  a ll fish ing  activity , p a r tic u la r ly  in  th e  so u th e rn  N o r th  Sea 
(Jen n in g s e t a l ,  1999), a n d  th e  D u tc h  b e a m  traw l flee t is  r e sp o n ­
sib le  fo r  > 7 0 %  o f  to ta l  b e a m  traw l effo rt in  th e  N o r th  Sea. 
M o reo v e r, th e  fishery  a n d  fleet h av e  b e e n  in ten siv e ly  s tu d ie d  in 
re c e n t years, re su ltin g  in  a  h ig h  level o f  kn o w led g e  re g a rd in g  its 
p rec ise  o p e ra tio n  (R ijn sd o rp  et a l ,  1998, 2000a, 2000b; P ie t  e t a l ,  
200 0 ). M o rta lity  is o n ly  e s tim a ted  fo r  th e  tw o  ta rg e t species o f  th e  
b e a m  traw l fishery, p la ice  (Pleuronectes pla tessa)  a n d  so le  (Solea  
vu lgaris), d e sp ite  th e  fish ery ’s p o te n tia l  to  cause co lla te ra l d am ag e  
to  o th e r  c o m p o n e n ts  o f  th e  m a r in e  ecosystem . F o r e s tim a te s  o f  
f ish in g  p re ssu re  o n  these  o th e r  c o m p o n e n ts , on ly  o n e  o f  th e  least 
in fo rm a tiv e  m easu res o f  effo rt (i.e. days a t sea) a t a sp a tia l scale  o f  
IC E S rec tang les ( ~ 3 0  x  30 n au tica l m iles) is available. In  o rd e r  to 
ex em plify  h o w  th is  can  b e  im p ro v e d , w e u sed  th e  sw ep t-a rea  
m e th o d  to  e s tim a te  th e  m o rta lity  o f  a  “v ir tu a l p o p u la t io n ”, w ith  
specific  ch arac te ris tics  th a t  d e te rm in e  th e  im p a c t th e  f ish e ry  has 
o n  it.

T h e  co n seq u en ces  o f  these  fin d in g s fo r  th e  c o lle c tio n  o f  d a ta  
n e e d e d  to  su p p o r t  an  EAFM  are d iscussed .

Material and m ethods
T h e  D u tc h  b e a m  traw l fleet opera tes  m a in ly  in  th e  s o u th e a s te rn  
N o r th  Sea a n d  ta rg e ts  th e  flatfish species p la ice  a n d  so le . T w o 
p r in c ip a l  fish ing  m é tie rs  are  usually  d is tin g u ish ed : “la rg e  vessels” 
w ith  a n  en g in e  p o w er o f  221 kW  o r  m o re , a n d  “e u ro c u tte rs ”, w ith
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a n  en g in e  p o w e r  < 2 2 1  kW . T h e  tw o  m é tie rs  d iffer m a rk e d ly  in  
fish ing  p ra c tic e  a n d  gear ch aracteristics . Typically , th e  large  vessels 
d e p lo y  2 x  1 2 -m  b eam  traw ls an d  a re  n o t  allow ed to  fish in s id e  
th e  12 m ile  co asta l zo n e  o r  th e  “plaice b o x ”, w h ereas th e  e u ro c u t-  
te rs  d e p lo y  2 x  4 -m  b e a m  traw ls a n d  a re  a llow ed  to  fish in sid e  
th o se  areas.

B ecause b e a m  traw lin g  has su ch  a  h ig h  p o te n tia l  to  cau se  co l­
la te ra l d am ag e  to  o th e r  c o m p o n e n ts  o f  m a r in e  ecosystem s, in c lu d ­
ing  fish a n d  b e n th ic  in v e rte b ra te  c o m m u n itie s  a n d  seabed  h a b ita t, 
i t  h a s  lo n g  b e e n  th e  focus o f  consid erab le  sc ien tific  a tte n tio n . T h is  
h as  led  to  th e  co llec tio n  o f  a w ide ran g e  o f  d a ta , in c lu d in g  in fo r ­
m a tio n  o n  th e  capac ity , sp a tia l coverage, a n d  b e h a v io u r  o f  d iffer­
e n t  ty p es  o f  vessels w ith in  th e  fleet, a n d  te m p o ra l  a n d  sp a tia l 
v a r ia tio n  in  th ese  a t d iffe re n t scales (R ijn sd o rp  e t a l ,  1998; P ie t 
e t a l ,  200 0 ). T w o d a tab ases th a t  d iffer in  th e ir  sp a tia l re so lu tio n  
w ere  an a ly sed  in  th is  study.

(1 ) L o w  sp a tia l resolution. T h e  V IRIS d a tab ase  c o n ta in s  in fo r­
m a tio n  o n  f ish in g  activ ities o f  th e  e n tire  D u tc h  flee t a t  a 
sp a tia l re so lu tio n  o f  ICES rectang les s to re d  in  in d iv id u a l 
fish ers’ E C  lo g b o o k s. D a ta  w ere ex trac ted  fo r  th e  y ears 1 9 9 4 -  
2004. T h e  d a ta b a se  d istin g u ish es d iffe ren t se g m en ts  o f  th e  
flee t b a se d  o n  th e ir  en g in e  pow er, a n d  c o n ta in s  in fo rm a tio n  
o n  th e  t im e  a n d  d a te  o f  th e  s ta rt a n d  en d  o f  th e  fish in g  tr ip , 
th e  g ear u se d , th e  ICES rectangles fished , a n d  th e  la n d in g s  b y  
fish  species. I t  is  d es ig n ed  fo r  q u o ta  m a n a g e m e n t, b u t  is avail­
ab le  fo r  re sea rch  p u rp o se s , a n d  s im ila r  d a tab ases a re  availab le  
fo r  o th e r  E C  co u n tr ie s .

(2) H igh spatia l resolution. T h e  A P R /V M S  database  consists o f  
a u to m a te d  p o s itio n  reg istra tion  (A PR ) a n d  vessel m o n ito r in g  
th ro u g h  sa tellite  (V M S) d a ta  a t a re so lu tio n  o f  1 m in  
la titu d e  x  2  m in  lo n g itu d e  ( ~ l x  1 n a u tic a l m ile) sp a tia l u n its , 
w h ich  a re  refe rred  to  subseq u en tly  in  tex t as squares. A P R  d a ta  
are b a se d  o n  a  sam p le  o f  a b o u t 10%  o f  th e  D u tc h  b e a m  traw l 
fleet th a t  w as e q u ip p e d  w ith  A PR  e q u ip m e n t fo r th e  p e rio d  
1 9 9 3 -2 0 0 0 , d u r in g  w h ich  th e  p o s itio n  o f  th e  vessels w as 
re co rd ed  every  6 m in  (R ijn sdo rp  et a l ,  1998). T h e  V M S d a ta  
b ecam e available f ro m  2000, w h e n  p o sitio n s  o f  all EU  vessels 
> 2 4  m  w ere reco rd ed  fo r  e n fo rc em en t p u rp o ses . F ro m  
S ep tem b er 2003, th is  w as ex tended  to  vessels >  18 m , a n d  su b ­
seq u en tly  fro m  th e  1 Ja n u a ry  2005 to  vessels >  15 m . P ositions 
are re c o rd e d  ap p ro x im ate ly  every 2 h . A lth o u g h  th e  d a ta  are 
co llec ted  b y  all EC c o u n tr ie s  fo r e n fo rc em en t p u rp o ses , n o t  all 
c o u n tr ie s  hav e  access to  V M S d a ta  fo r  research  p u rp o ses . F or 
th e  D u tc h  b e a m  traw l fleet, V M S d a ta  f ro m  o n ly  a  su b se t o f  
~ 4 0 %  o f  th e  vessels th a t allow ed th e  u se  o f  th e ir  V M S regis­
tra tio n s  a re  available fo r  research  p u rp o ses . In  a d d itio n  to  
deta iled  d a ta  o n  tra c k  p ositio n s , so m e  vessels p ro v id ed  d a ta  o n  
a h a u l-b y -h a u l (H B H ) basis o f  th e  ca tch  o f  th e  ta rg e t species, 
traw ling  speed , a n d  tim es o f  sh o o tin g  a n d  h a u lin g  o f  th e  gear.

T h e  eco log ica l im p a c t o f  fish in g  b y  th e  D u tc h  b e a m  traw l fleet can  
b e  d esc rib ed  b y  p re ssu re  in d ica to rs  a t fo u r  levels o f  in creasin g  
in fo rm a tio n  c o n te n t  (F ig u re  1). Level 1 q u a n tif ie s  fleet capac ity , 
i.e. th e  n u m b e r  o f  vessels in  a fishery , w h e re  d if fe re n t fish ing  
m é tie rs  (d e fin ed  b y  ta rg e t species, f ish in g  gear u se d , a n d  area  
v isited ; L au ree  e t a l ,  1991) m ay  b e  d e fin ed  as necessary . Level 2 is 
th e  m ea su re  m o s t  c o m m o n ly  re fe rred  to  as f ish in g  effo rt, ca lcu ­
la te d  as f lee t cap ac ity  (u su a lly  in  n u m b e r  o f  vessels, b u t  it  m ay  
also  tak e  a c c o u n t o f  vessel to n n ag e  o r  en g in e  p o w e r)  m u ltip lie d  
b y  th e ir  a c tiv ity  (e.g. n u m b e r  o f  h o u rs  fish in g  o r  days a t sea).

A t Level 3, p ressu re  is d e sc r ib e d  b y  th e  traw lin g  freq u e n cy  and  
in c lu d es in fo rm a tio n  o n  f ish in g  p ra c tic e  a n d  gear characteristics , 
a llow ing , fo r  exam ple , t h e  to ta l  area  o f  se abed  sw ep t b y  th e  gear, 
o r  th e  v o lu m e  o f  w a te r  f i lte re d , in  a  g iv en  p e r io d  o f  tim e  to  b e  cal­
cu la ted . A t th is  level, it  b e c o m e s  re le v a n t i f  in fo rm a tio n  o n  the 
sp a tia l d is tr ib u tio n  o f  e f fo r t  exists a n d  w h e n  th is  in fo rm a tio n  is 
availab le , a t w h a t sp a tia l re so lu tio n . W e e v a lu a ted  th is  b y  d is­
t in g u ish in g  betw een: (i) n o  sp a tia l in fo rm a tio n  available; (ii) low  
sp a tia l re so lu tio n ; o r  (iii) h ig h  sp a tia l re so lu tio n . F inally , a t Level 
4, w e have th e  u ltim a te  m e a s u re  o f  f ish in g  im p ac t: a n n u a l  fish ing  
m o rta lity . For th e  ta rg e t sp e c ie s  o f  th e  b e a m  traw l fishery , plaice 
a n d  sole, th is  is availab le  f ro m  s to c k  a ssessm en ts . A lternative ly , it 
can  b e  ca lcu la ted  fo llo w in g  th e  sw ep t a rea  m e th o d  (P ie t e t a l ,  
2000; P o p e  e t a l ,  2000) f o r  all ecosystem  c o m p o n e n ts , f ro m  th e  
lo w er level p re ssu re  in d ic a to r s  th ro u g h  th e  in c o rp o ra tio n  o f  in fo r­
m a tio n  o n  th e  sp ec ies-sp ec ific  m o r ta li ty  ra te  p e r  in d iv id u a l 
c o n ta c t w ith  th e  gear, c o m b in e d  w ith  in fo rm a tio n  o n  th e  overlap  
in  sp a tia l d is tr ib u tio n  o f  p o p u la t io n s  o f  d iffe re n t o rg a n ism s  o f  
co n c e rn  w ith  fish ing  ac tiv ity .

Level 1: Fleet capacity
T h e  n u m b e r  o f  reg iste red  D u tc h  b e a m  traw l vessels b e lo n g in g  to 
each  o f  th e  tw o  m é tie rs  b a s e d  o n  e n g in e -p o w e r  w as d e te rm in e d  
fo r  each  y ear f ro m  th e  V IR IS  database .

Level 2: Fishing effort
T o ta l a n n u a l fish ing  e f fo r t, in  te rm s  o f  th e  n u m b e r  o f  days a t sea, 
w as d e te rm in e d  fo r  each  m é tie r  w ith in  th e  D u tc h  b e a m  traw l fleet 
b a se d  o n  th e  V IRIS d a ta b a se .

Level 3: Frequency traw led
T h e  to ta l  area  o f  se ab ed  sw e p t b y  th e  D u tc h  b e a m  traw l fleet in 
an y  g iven  year (sw ep t a re a , SA, in  m 2 y ~ 1 ) w as e s tim a ted  fro m

SA =  £ * H F * S *  1 8 5 2 * 2  W  ( l )

w h e re  E  is  th e  m easu re  o f  e ffo rt, i.e. th e  n u m b e r  o f  days reco rd ed  
a t sea by  th e  en tire  fleet (d  y — x), H F  th e  m e a n  n u m b e r  o f  h o u rs  
fished  in  a day  (h  d ~ ') ,  S  th e  m e a n  traw lin g  sp e e d  (k n o ts , c o n ­
v e r te d  to  m  h -1  b y  m u lt ip ly in g  b y  1852), a n d  W  is th e  w id th  o f 
each  b e a m  (m ) w ith  tw o  b e a m  traw ls to w e d  by  each  vessel. T hese 
p a ra m e te r  values, d e te rm in e d  u s in g  in fo rm a tio n  h e ld  in  b o th  
da tabases, varies b e tw e e n  th e  d iffe re n t m é tie rs  in  th e  flee t, so  SA 
n e e d s  to  be  ca lcu la ted  f o r  each  m é tie r  in d ep en d en tly . S u m m in g  
th e  e s tim ates o f  SA fo r  e a c h  m é tie r  p ro d u c e d  th e  e s tim a te  o f  SA 
fo r  th e  e n tire  D u tc h  b e a m  traw l fleet. I n  a d d itio n  to  th e  EC 
lo g b o o k  d a ta , traw ling  s p e e d  w as re c o rd e d  by  a sa m p le  o f  fish ing  
vessels in  th e  H B H  d a ta , a llo w in g  th e  d e te rm in a tio n  o f  th e  range 
o f  po ss ib le  fish ing  speed s. Vessel sp e ed  co u ld  also  b e  ca lcu la ted  
f ro m  th e  A PR  d a ta  b y  c a lc u la tin g  th e  d istan ce  b e tw een  su b se q u e n t 
p o s itio n s  a n d  d iv id in g  b y  0.1 h  (i.e. 6 -m in  tim e  in te rv a ls) . T he 
V M S da tab ase  p ro v id e d  th e  m e a su re d  sp e ed  a t each  p o s it io n  fo r 
m o s t  reco rds. T h e  n u m b e r  o f  h o u rs  sp e n t fish ing  in  each  day 
(H F ) re q u ire d  fish ing  a c tiv ity  to  b e  d is tin g u ish e d  f ro m  o th e r  
vessel activ ity , i.e. s te a m in g , sh o o tin g , o r  h a u lin g  th e  gear, o r  d r if t­
ing . T h is  d is tin c tio n  w as m a d e  o n  th e  basis o f  vessel sp e ed  w here, 
fo r  each  m é tie r  in  th e  f lee t, th e  m e a n  p ro p o r t io n  o f  re c o rd s  per 
24  h  p e r io d  th a t  lay  w ith in  th e  fish ing  sp e ed  ran g e  w as in te rp re te d  
as th e  p ro p o r t io n  o f  th e  t im e  sp e n t fishing. T h e  m e a n  tim e  per 
d ay  sp e n t fish ing  w as c a lc u la te d  fro m  th e  H B H  d a ta  th a t  c o n ­
ta in e d  th e  tim es o f  s h o o tin g  a n d  h a u lin g  o f  th e  gear.
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T h e  A P R /V M S  d a tab ase  h o ld s  reg istra tio n  d a ta  re co rd ed  at 
d iffe ren t tim e  in te rv a ls . In  o rd e r  to  c o m b in e  these  d a ta  sets, th e  
to ta l  n u m b e r  o f  h o u rs  fish ing  p e r  year w as ca lcu la ted  fo r  each  set 
as follows:

E * H F  =
F R * T I

PD (2)

w h e re  FR is th e  n u m b e r  o f  f ish in g  reg istra tio n s, tim e  in terval (T I) 
is eq u a l to  0.1 h  (6  m in )  fo r  A PR  a n d  ~ 2  h  fo r  V M S, a n d  P D  is 
th e  p ro p o r t io n  o f  th e  fleet in  th e  A PR  o r  V M S sa m p le  (i.e. fo r 
w h ic h  d a ta  a re  re c o rd e d  in  th e  d a tab ase). N o te  th a t  th e  r ig h t side 
o f  th is  e q u a tio n  can  be  su b s titu te d  d irec tly  in to  E q u a tio n  (1 ). T h e  
m e a n  traw lin g  freq u e n cy  (T F ) w ith in  th e  area  o f  D u tc h  b eam  
traw lin g  o p e ra tio n s  w as ca lcu la ted  as

E Ï Ï t S A y / A , )
T F  =

SU
(3)

w h e re  SA,- is th e  area  o f  se ab ed  sw ep t by  th e  D u tc h  b eam  traw l 
flee t in  sp a tia l u n i t  i w ith  to ta l  a rea  A,-. T h e  area  A , w as ca lcu la ted  
u s in g  GIS (p ro je c tio n  U T M -1 9 8 4 , zo n e  31 N ). W h e th e r  o r  n o t  
sp a tia l in fo rm a tio n  o n  fish ing  ac tiv ities w as available, a n d  i f  so  at 
w h a t  re so lu tio n , d e te rm in e d  th e  n u m b e r  o f  sp a tia l u n its  (SU ). I f  
b ased  o n  th e  V IR IS  d a tab ase  o r  A P R /V M S  datab ase , SU  equalled , 
respectively , th e  n u m b e r  o f  ICES sta tis tica l rectang les o r  
1 x  2 m in  sq u a re s  in  w h ich  D u tc h  b e a m  traw l ac tiv ity  h a d  b een  
re c o rd e d  fo r  th a t  year. T h e  N o r th  Sea w as d e fin ed  as ICES a rea  IV, 
m in u s  th e  a rea  d e e p e r  th a n  200  m , an d  if  n o  sp a tia l in fo rm a tio n  
w as available, S U =  1 a n d  A x eq u a lled  th e  area  o f  th e  N o r th  Sea as 
defined .

Level 4: A nnual fish ing m ortality  (%)
Ideally , th e  effect o f  a  fishery  o n  an y  ecosystem  c o m p o n e n t sh o u ld  
b e  exp ressed  as a n  a n n u a l  f ish in g  m o r ta lity  (i.e. th e  p ercen tag e  
f ish in g -in d u c ed  n u m b e r  o f  d e a th s  p e r  y ear in  re la tio n  to  p o p u ­
la tio n  a b u n d a n c e ). I n  t ra d itio n a l  fisheries sc ience, th e  in s ta n ­
ta n e o u s  fish ing  m o r ta lity  ra te  F  is u su a lly  ca lcu la ted  as p a r t  o f  th e  
s to c k  a ssessm en t p rocess , a n d  i t  can  b e  c o n v e r te d  easily  to  th e  
m o re  read ily  u n d e rs to o d  c o n c e p t o f  a n n u a l  f ish in g  m o rta lity  
th ro u g h

A F M  =  100 * (1 -  ex p “ (4)

F  c an  b e  ex p ressed  as c a tc h a b ility  x  effo rt, w h ere  ca tch ab ility  
refers to  th e  c h an ce  th a t  a n  in d iv id u a l in  th e  p o p u la tio n  is killed  
b y  th e  g ear (B ev e rto n  a n d  H o lt, 1957). T h is  d e p e n d s  o n  (i) th e  
chan ces o f  in d iv id u a ls  o f  a species c o m in g  in to  c o n ta c t w ith  th e  
fish ing  gear, w h ic h  is d e te rm in e d  b y  th e  d is tr ib u tio n  o f  th e  species 
in  re la tio n  to  th e  d is tr ib u tio n  o f  th e  fleet, a n d  (ii) gear efficiency, 
w h ic h  is th e  p r o p o r t io n  o f  th e  p o p u la t io n  in  th e  p a th  o f  th e  gear 
th a t  is re ta in e d  b y  th e  g ear (R icker, 1975). C a tc h ab ility  th e re fo re  
in teg ra te s  all a spects o f  th e  d is t r ib u t io n  o f  th e  p o p u la tio n  in 
re la tio n  to  th a t  o f  th e  fish ing  fleet, c rew  skills, vessel c h a rac te r­
istics, a n d  g ear effic iency  (R ijn sd o rp  e t a l ,  2006).

F ish ing  m o r ta li ty  es tim a tes  o f  p la ice  a n d  so le  w ere availab le 
f ro m  th e  ICES s to c k  assessm en ts . F o r  p laice, F  e s tim ates are  based  
o n  b o th  la n d in g s  a n d  d isc a rd s , fo r  so le  o n  la n d in g s  only. As th e  
s to c k  assessm en ts  fo r  th ese  species a re  k n o w n  to  have u n d e re s ti­
m a te d  m o r ta lity  in  th e  p a s t few  y ears, th e  values fo r  th e  final year 
w ere  n o t  p re sen ted .

F o r all n o n - ta rg e t  species f o r  w h ic h  m o r ta lity  e s tim ates c a n n o t 
b e  o b ta in e d  fro m  th e  s to c k  a s se ssm e n ts , w e use  th e  sw ep t-a rea  
m e th o d  (P ie t e t a l ,  2000; P o p e  e t  a l ,  2000) a n d  ca lcu la ted  A FM  
(% ) su m m e d  over all sp a tia l u n i t s  as

A FM  =_  io p *  E f = i  N <U -  (1 -  E M )TF'}
(5)

w here  N¡ is th e  p o p u la tio n  a b u n d a n c e  an d  TF, th e  traw ling  fre ­
q u en cy  in  sp a tia l u n i t  i, a n d  E M  is  th e  e n c o u n te r  m orta lity , w h ich  
d iffers fro m  gear efficiency b ec a u se  i t  encapsu lates all fo rm s o f  m o r ­
ta lity  caused  b y  th e  fishing gear, in c lu d in g  th o se  th a t d o  n o t  resu lt 
in  re te n tio n  o f  th e  an im al (B e rg m a n  an d  v an  S an tb rin k , 2000). 
E n c o u n te r  m o rta lity  depends o n  characteristics o f  th e  species (e.g. 
size, p o s itio n  in  th e  w ate r c o lu m n  o r  sed im en t, fragility, a n d  sw im ­
m in g  speed ) in  re la tio n  to  g e a r characteristics (e.g. ty p e  o f  gear, 
m esh  size; W ard le , 1988; Casey, 1996; Collie e t a l ,  2000). S im ila r to  
Level 3, th e  re so lu tio n  a t w in ch  sp a tia l in fo rm a tio n  is available is 
re levan t, b u t  a t Level 4 th is a p p lie s  b o th  to  th e  fishery  a n d  th e  
species co n cern ed . M oreover, th e  re so lu tio n  o f  th e  fishery  in fo r­
m a tio n  d e te rm in es th e  re q u ire d  re so lu tio n  o f  th e  species in fo r­
m a tio n  fo r o p tim a l es tim a tio n  o f  th e  a n n u a l fish ing  m orta lity . 
T herefo re , th e re  is n o  p o in t  in  ac q u ir in g  spa tia l in fo rm a tio n  o f  th e  
species at a re so lu tio n  b e y o n d  th a t  availab le fo r  th e  fishery.

In  o rd e r  to  illu stra te  h o w  e n c o u n te r  m o r ta lity  an d  overlap  in  
d is tr ib u tio n  o f  th e  species w ith  th e  fishery  d e te rm in e  th e  v a lu e  o f  
th e  in d ic a to r , w e d is tin g u ish  v ir tu a l  p o p u la tio n s  th a t  d iffe r  in 
th ese  tw o  ch arac te ris tics . P u b lish e d  gear efficiency ra tes  o f  b e n th ic  
in v e rteb ra te s  lie w ith in  th e  ra n g e  0 - 9 0 %  (B erg m an  a n d  v an  
S a n tb r in k , 2000; C ollie  e t a l ,  20 0 0 ). In  o u r  exam ple , th e re fo re , w e 
u se d  e n c o u n te r  m o rta lity  rates o f  20  a n d  80% . F o r th e  overlap  in  
d is tr ib u tio n , w e d is tin g u ish ed  a species w ith  “h ig h  o v e rla p ” (H O ), 
w h ic h  is agg reg a ted  in  areas w h e re  fish ing  ac tiv ity  is h ig h est (i.e. 
in  sp a tia l u n its  w h ere  T F ; is g re a te r  th a n  th e  m e a n  T F  across all 
sp a tia l u n its ) , a n d  a species w ith  “ low  o v e rlap ” (L O ), w h ic h  is 
agg reg a ted  in  areas w h ere  fish in g  ac tiv ity  is leas t (TF,- <  m ean  
T F). In  all cases, th e  p o p u la tio n  w ith  a  fixed n u m b e r  o f  o rg an ism s 
w as u n ifo rm ly  d is tr ib u te d  over th e  sp a tia l u n its  th a t  m a tc h e d  th e  
c rite ria . M o re  sp a tia l u n its  re su lt in  less o rg an ism s p e r  u n it.

W e ex p lo red  th e  sa m e  sc en a rio s  as fo r  th e  Level 3 in d ic a to r: n o  
sp a tia l in fo rm a tio n , sp a tia l in fo rm a tio n  a t  low  re so lu tio n  (ICES 
rec tan g le s) , a n d  sp a tia l in fo rm a tio n  a t h ig h  re so lu tio n  ( 1 x 2  m in  
sq u a re s ). F o r c o m p a r iso n  o f  in d ic a to rs  across levels, w e fitted  
lin e a r  reg re ssio n s to  th e  c e n tre d  tim e-series  (c e n tre d  a t  y ear 2000), 
a n d  u se d  th e  slopes a n d  in te rcep ts  to  ca lcu late  th e  e s tim a te d  value  
in  y e a r  2000 ( in te rc e p t) , an d  th e  re lative ch an g e  (% ) over tim e  
(s lo p e  X 1 0 0 /in te rc e p t) .

Results
Level 1: F leet capacity
A cco rd in g  to  th e  V IR IS  database , th e  to ta l  n u m b e r  o f  reg istered  
b e a m  traw lers  d ec lin ed  fro m  378 in  1995 to  224 in  2004 
(F ig u re  2). T h e  re d u c tio n  in  th e  n u m b e r  o f  large vessels w as m u c h  
sm a lle r in  re lative te rm s  th a n  th e  r e d u c tio n  in  th e  n u m b e r  o f  
e u ro c u tte rs , so  th e  p ro p o r t io n  o f  la rg e  vessels w ith in  th e  fleet 
in c rease d  f ro m  55%  in  1995 to  63%  in  2004 (F igu re  2).

Level 2: Fishing effort
O n  th e  basis o f  th e  V IR IS  database, th e  ac tiv ity  p e r  vessel (days a t 
sea p e r  year) v a ried  co n siderab ly  w ith in  an d  b e tw een  m étie rs
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Figure 2. T im e-series o f  th e  pressure ind icato r a t  Level 1 (fleet 
capacity, o p e n  sym bols) a n d  Level 2 (fishing effort, sh ad ed  sym bols) 
for tw o  m étiers w ithin th e  D utch  beam  traw l fleet. (Large 1 and  
Large 2 are, respectively, th e  Levels 1 and  2 indicators for "Large 
vessels"; Euro 1 a n d  Euro 2 are, respectively, th e  Levels 1 a n d  2 
indicators for "Eurocutters").

(F igu re  3). O vera ll, 87%  o f  th e  large  vessels sp e n t 1 5 0 -2 5 0  d  at 
sea p e r  year, w ith  a n  average o f  170 d  a t sea p e r  year. F o r e u ro c u t­
ters, m e a n  a c tiv ity  w as m u c h  less, w ith  a n  average o f  ju s t  67  d  a t 
sea p e r  year, b u t  th e  d is tr ib u tio n  w as skew ed because  25%  o f  e u ro ­
cu tte rs  reg iste red  few er th a n  10 d  a t sea p e r  year, m a n y  reg istering  
on ly  1 d  a t sea  p e r  year. F o r  b o th  m étie rs , ac tiv ity  p e r  vessel 
decreased  b y  a b o u t  1.5 d  a t  sea p e r  year. T o ta l D u tc h  b e a m  traw l 
effo rt decreased  f ro m  49 765 d  a t  sea in  1995 to  26  034 d  a t sea in  
2004. O v er th e  sa m e  p e r io d , th e  p ro p o r t io n  o f  to ta l D u tc h  b eam  
traw l fish in g  e ffo rt u n d e r ta k e n  b y  large vessels increased  fro m  76 
to  82%  (F ig u re  2 ).
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Figure 4. Estim ates o f  traw ling  speed derived from  each o f  th e  
th re e  database  sources fo r "eu ro cu tte r"  (u p p e r panel) and "Large 
vessel" (low er panel) m étie rs  w ithin th e  D utch  beam  trawl fleet.

Level 3: Frequency traw led
F o r each o f  th e  tw o  fish ing  m etie rs , frequency  d is tr ib u tio n s  o f  th e  
es tim ated  vessel sp e ed  fo r  all A P R  a n d  V M S reg istra tions w ere 
c o m p ared  w ith  freq u en cy  d is tr ib u tio n s  o f  reco rd ed  traw l speeds in  
th e  H B H  d a ta  (F ig u re  4 ). F ish ing  speeds in  th e  H B H  d a ta  ranged  
fro m  3 to  6 k n o ts  fo r  e u ro c u tte rs , a n d  f ro m  5 to  8 k n o ts  fo r  large 
vessels. A PR  a n d  V M S  reco rd s  g iving speed  estim ates w ith in  these  
ranges w ere co n s id e re d  to  b e  “ fish ing” reco rds, an d  th e  p ro p o rt io n
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Figure 3. Vessel activity  frequency  d istribu tions d e te rm in ed  over 
th e  period 1 9 9 5 -2 0 0 4  for each  m étier o f fishing vessel w ith in  th e  
D utch  beam  traw l fleet.

o f  reco rd s falling in to  th is  category  p ro v id ed  a n  estim ate  o f  the 
p ro p o r t io n  o f  tim e  sp e n t fish ing , a llow ing  th e  n u m b e r  o f  h o u rs  
sp e n t f ish in g  b y  each m é tie r  in  a n  average 24  h  p e r io d  to  be  ca lcu ­
la ted  (T ab le 1). T h ere  w as little  d ifference betw een  th e  es tim ated  
fish ing  sp eed s o r  th e  p ro p o r t io n  o f  tim e  sp e n t fish ing  deriv ed  from  
e ith e r  th e  A P R  o r  th e  V M S  databases (T ab le 1), so  th e  values 
deriv ed  f ro m  th e  V M S d a tab ase  w ere u sed  in  E q u a tio n  ( 1 ) to  esti­
m a te  th e  a rea  o f  seabed  sw ep t p e r  d ay  b y  a fish ing  vessel b e long ing  
to  each m étier. E u ro c u tte rs  sw ept a n  area  o f  1.2 k m 2 o n  average 
each  day, a n d  large  vessels sw ept a n  area o f  5.3 k m 2.

T h e  V IR IS  d a tab ase  p ro v id e d  in fo rm a tio n  th a t  id en tified  all 
th e  ICES rec tang les in  w h ic h  D u tc h  b e a m  traw lers w ere  reco rd ed  
f ish in g  in  each  year. L ikew ise, th e  A P R /V M S  d a tab ase  id en tified  
th e  fished  rectang les. K n o w in g  th e  a rea  o f  each  rec tang le  o r  
sq u a re , a n d  su m m in g  o v e r all rectang les o r  squ a res in  w h ich  
fish in g  o c c u rre d , allow ed th e  p ro p o r t io n  o f  th e  to ta l  a rea  fished 
a n n u a lly  b y  D u tc h  b e a m  traw lin g  o p e ra tio n s  to  b e  e s tim ated , 
d e p e n d in g  o n  th e  sp a tia l re so lu tio n  o f  th e  d a ta  (F igu re  5a). T he 
lo w -re so lu tio n  d a ta  in d ic a te d  th a t  ju s t over 100 ICES rectang les, 
a m o u n tin g  to  a b o u t 58%  o f  th e  N o r th  Sea, w as fished  a n n u a lly  at 
th e  s ta r t  o f  th e  tim e-se rie s , d ec lin in g  to  a b o u t 50%  a n n u a lly  a t th e  
en d . In  c o n tra s t, th e  h ig h  re so lu tio n  d a ta  in d ic a te d  th a t  c o n s id e r­
ab ly  less o f  th e  N o r th  Sea w as fished  an n u a lly , respec tive ly  20%  
(a b o u t 26 000 rectang les) an d  14% . F igure 5b  show s th e  tim e - 
series o f  th e  Level 3 in d ic a to r , th e  freq u en cy  fished  (T F ). T h e  
d ifference  in  freq u en cy  d is tr ib u tio n  betw een  th e  V IRIS a n d  A P R / 
V M S d a ta  se ts is reflec ted  in  F igu re  6, w h ich  show s th e  o ccu rren ce
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Table 1. Fishing p aram eters o f tw o  m étiers o f  th e  D utch  beam  traw l fleet in th e  N o rth  Sea based on d ifferen t d a ta  sources.

Métier Data source Speed (knots) Hours fishing 
per 24  h

Proportion of the  
day spent fishing (%)

Area (km2) 
sw ept per day

E u ro c u tte r s HBH 4.7 19.4 80.9 1.3

A PR 4.4 17.1 71.1 1.1

VM S 4.2 19.3 80.4 1.2

L arge vessels HBH 6.1 20.4 85.1 5.5

A PR 6.1 16.3 67.8 4.4

VM S 6.7 17.7 73.9 5.3

o f  spa tia l u n its  w ith  specific traw lin g  freq u e n c ies (p e r  year). 
F req u en c ies above 20 p e r  y ea r  w ere o n ly  o b se rv ed  fo r  th e  h igh - 
re so lu tio n  A P R /V M S  d a ta . T h e  tw o  m é tie rs  a re  s tro n g ly  segre­
g a ted  spatia lly , b ecau se  th e  e u ro c u tte rs , w h ic h  a re  a llow ed  to  fish 
anyw here , a p p e a r  to  av o id  th e  areas w h ere  th e  large vessels fish 
a n d  co n c e n tra te  in  th e  1 2 -m ile  zo n e  a n d  th e  p la ice  b o x , w h ere  th e  
large  vessels are  n o t  p e rm itte d  (F igu re  7).

T h e  deg ree  to  w h ic h  th e  su b se t o f  th e  D u tc h  b o t to m  traw ling  
fleet fo r  w h ich  A P R /V M S  d a ta  w ere  availab le  is rep re sen ta tiv e  o f  
th e  e n tire  fleet d iffers co n s id e rab ly  b e tw een  th e  p e r io d  w h e n  A PR  
d a ta  w ere  u sed  an d  th a t  w h e n  V M S d a ta  b ecam e available 
(F ig u re  8). In  th e  firs t p e r io d  (b e fo re  2000), m a in ly  large  b e a m  
traw le rs  ( 1 5 -2 4 )  a n d  a few  e u ro c u tte rs  ( 1 - 6 )  p e r  y ear w ere
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Figure 5. Tim e-series o f  th e  pressure in d ica to r a t  Level 3. The 
figures show  (a) th e  variation  in th e  p ro p o rtio n  o f th e  to ta l area of 
D u tch  beam  traw l o p era tio n s fished in each  year an d  (b) th e  m ean 
frequency  th a t  th e  "fishable" area  w as traw led each year, depending  
on  w h e th e r o r  n o t in form ation  on  th e  spatia l d istribu tion  is 
available and  a t  w h a t resolu tion: high (ICES statistical rectangles) o r 
low ( 1 x 2  min squares). If no  spatial in fo rm ation  w as available, th e  
p ro p o rtio n  o f  th e  area  fished is by defin ition  100%.

in c lu d e d  in  th e  sa m p le . F ro m  2000 o n , th is  inc reased  to  6 6 - 1 4 3  
large vessels a n d  1 7 - 3 7  e u ro c u tte rs  p e r  year.

Level 4: A nnual fish ing m ortality
T h e  f ish in g  m o r ta li ty  (F )  o f  p la ice  a n d  sole is e s tim a te d  as p a r t  o f  
th e  s to c k  a ssessm en t p ro cess  (IC ES, 2005) a n d  tra n sla te d  in to  th e  
a n n u a l f ish in g  m o r ta lity  u sin g  E q u a tio n  (4) (F ig u re  9 ). T h e  tim e - 
series o f  th is  in d ic a to r  reveals th a t  c o n tra ry  to  w h a t w as observed  
fo r  th e  lo w er level in d ic a to rs , th e re  w as n o  decrease in  a n n u a l 
fish in g  m o r ta lity  over th e  10 y  1 9 9 5 -2 0 0 4 , b u t  ra th e r  a slig h t 
(b u t  n o t  s ig n ifican t) in c rease  o f  0 .04%  fo r  so le  a n d  0 .5 5 %  for 
p la ice  (T ab le  2 ).

F o r  n o n - ta rg e t  species, th e re  a re  n o  s to c k  assessm en ts , so 
a n n u a l f ish in g  m o rta lit ie s  w ere e s tim a ted  fo llow ing  th e  sw ep t-a rea  
m e th o d . T h is  re su lte d  in  tim e-series  o f  a n n u a l  fish in g  m o r ta lity  
fo r  d iffe re n t v ir tu a l p o p u la tio n s , w ith  v a rio u s  scenarios d e p e n d in g  
o n  th e  sp a tia l re so lu tio n  o f  th e  fish ing  d a ta  an d  h o w  th e  sp a tia l 
re so lu tio n  o f  th e  v ir tu a l p o p u la tio n  b e in g  im p a c te d  re la te d  to  th a t 
o f  th e  fish ery  (F ig u re  10). T h e  tim e-series  o f  an n u a l f ish in g  m o r ­
ta lity  d iffe red  co n s id e rab ly  betw een  scen ario s , b o th  in  te rm s  o f  
a b so lu te  v a lu e  a n d  th e  re la tive  change (F ig u re  10, T able 2 ).

O verall, an n u a l fish ing  m o rta lity  increased  w ith  increasing  
overlap  o f  th e  p o p u la tio n  w ith  th e  fishery, e n c o u n te r  m o rta lity , and  
spa tia l reso lu tio n , a n d  in  th e  exam ple varies b e tw een  0.7 a n d  80.1% . 
T h e  relative change in  a n n u a l fishing m o rta lity  o ver tim e  also  varied  
betw een  scenarios, f ro m  a  1.8%  decrease to  a 1.8%  increase.
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Figure 6. T he d istribu tion  o f  fishing frequencies o f  th e  individual 
fished spatia l u n its across th e  whole area  o f  D utch  beam  traw l 
o p era tio n s a t  tw o  spatial resolutions: low (ICES rectangles based  on 
VIRIS) an d  high ( 1 x 2  m in squares based on  APR/VM S).
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Table 2. Sum m ary of abso lu te  values an d  relative tren d s o f th e  pressure ind icato rs a t  different levels o f  in form ation  co n ten t, and  for 
popula tions th a t  differ in vulnerability  to  th a t  fishery.

Level Distribution population Encounter mortality (%) Spatial resolution Value in 2000 Relative change (%)

1 276 -6 .5

2 34 829 -6 .8

3 NS 0.3 -5 .7

Low 0.4 -4 .1

High 1.8 - 1 .6

4 Plaice 50.9 0.5

Sole 43.9 0.0

Low overlap 20 NS 0.7 - 0 .2

Low 5.1 -0 .2

High 14.2 0.5

80 NS 2.8 -0 .6

Low 15.4 - 0 .4

High 47.2 1.8

Even distribution 20 NS 0.7 - 0 .2

Low 5.5 -0 .4

High 26.1 0.2

80 NS 2.8 - 0 .6

Low 18.4 -1 .1
High 64.2 1.4

High overlap 20 NS 0.7 - 0 .2

Low 5.9 - 0 .5
High 37.2 - 0 .8

80 NS 2.8 - 0 .6

Low 20.7 - 1 .8

High 80.1 0.1

Level 1 is th e  f le e t capacity . Level 2  th e  e ffo rt in days a t  sea, Level 3 th e  freq u en cy  tra w led  (p e r  year), a n d  Level 4  th e  ann u a l fish ing  m o rta li ty  (%). For th e  
spatial d is tr ib u tio n  o f  th e  fleet, th e  d is tin c tio n  is b ased  on  th e  in fo rm ation  c o n te n t  o f  th e  in p u t, e.g. no  in fo rm ation , o r  spatial in fo rm atio n  a t  h igh  o r  low 
reso lu tion . For th e  spatial d is tr ib u tio n  o f  th e  p o p u la tio n , th e  d is tin c tio n  is based  o n  th e  d is tr ib u tio n  in re la tio n  to  th a t  o f  th e  fleet.

ca lcu la ted  sp e ed  a c c o rd in g  to  th e  A PR  d a ta  is u n d e re s tim a te d  
because  (i) th e  vessel d o es n o t  fo llow  a s tra ig h t lin e  b e tw een  tw o  
su b se q u e n t reg istra tio n s, a n d  (ii) i f  th e  vessel s ta rts  h a u lin g  
betw een  tw o reg is tra tio n s , th e  ca lcu la ted  m e a n  sp e ed  w ill 
decrease. T h ese  p o in ts  w ill b eco m e  in c reasin g ly  im p o rta n t  an d  
resu lt in  a n  u n d e re s tim a tio n  o f  th e  sp e ed  as th e  tim e  in te rv a l 
be tw een  reg is tra tio n s  is  in c rease d  (as in  th e  V M S  d a ta ) . T herefo re , 
in  o rd e r  to  u se  speed  to  d is tin g u ish  f ish in g  reg istra tio n s fro m  
o th e r  ac tiv ities th a t  do  n o t  im p a c t th e  ecosystem , it is n ecessa ry  to  
o b ta in  in fo rm a tio n  o n  th e  a c tiv ity  o f  a vessel (e.g. H B H ), a n d  to  
co m b in e  th is  w ith  rea l sp e e d  m e a s u re m e n ts  (i.e. n o t  ca lcu la ted  
fro m  in te rv a ls  b e tw een  re g is tra tio n s) . I f  th is  n eed s to  b e  b a se d  o n  
ca lcu la ted  sp e e d  values, th e  in te rv a l n eed s to  be  se t as sh o r t  as 
possib le. T h is  a p p ro a c h  to  use  sp e ed  to  d is tin g u ish  fish ing  f ro m  
o th e r  ac tiv ities w ill n e v e r  b e  ab so lu te ly  p erfec t, becau se  vessels 
m ay  engage in  activ ities o th e r  th a n  f ish in g  a t speeds w ith in  th e  
fish ing  sp e ed  range, re su lt in g  in  sp u r io u s  fish ing  p o s itio n  regis­
tra tio n s  a n d  a n  o v e re s tim a tio n  o f  im p ac t.

I f  availab le , in fo rm a tio n  o n  th e  sp a tia l d is tr ib u tio n  o f  th e  
fishery  a t  th e  h ig h es t p o ss ib le  re so lu tio n  n e e d s  to  be in c o rp o ra te d  
w h en  assessing  th e  p re ssu re  o n  th e  ecosystem . W e u se d  tw o  
sou rces o f  d a ta  t h a t  d iffe red  in  th e ir  sp a tia l re so lu tio n : V IRIS d a ta  
a re  a t  a  re la tive ly  lo w  re so lu tio n  o f  ICES rec tan g le  ( ~ 3 0  x  30 n a u ­
tica l m iles), w hereas th e  A P R /V M S  d a ta  w ere  ag g reg a ted  a t a  re la ­
tively  h ig h  re so lu tio n  o f  1 x  2  m in  sq u a re s  ( ~ 1  x  1 n a u tic a l m ile).

C o m p a r iso n  o f  th e  freq u e n cy  d is tr ib u tio n s  o f  these d a ta  sets 
sh o w s th a t  th e  re so lu tio n  u sed  m akes a  b ig  d ifference. A cco rd in g  
to  low  re so lu tio n  d a ta , > 5 0 %  o f  th e  N o r th  Sea is fished , o f  w h ich  
o n e - th ird  o f  th e  ICES rec tan g les are  fished  m o re  th a n  o n c e  a year 
a n d  m a x im u m  freq u e n cy  is a b o u t five tim e s  p e r  year. A cco rd in g  
to  th e  h ig h  re so lu tio n  d a ta , o n ly  so m e  20%  o f  th e  N o r th  Sea is 
f ish ed , o f  w h ic h  tw o - th ird s  are  fished  m o re  th a n  once a y ear a n d  
th e  m a x im u m  freq u e n cy  is u p  to  100 tim e s  p e r  year. In  th is  
ex am p le , th e  p ro p o r t io n  o f  th e  a rea  f ish ed  a c co rd in g  to  th e  h igh  
re so lu tio n  d a ta  m a y  b e  slig h tly  u n d e re s tim a te d , becau se  n o t  all 
b e a m  traw lers  a re  p a r t  o f  th e  A P R /V M S  d a tab ase  availab le  fo r 
sc ien tific  p u rp o se s . T h e  ca lcu la ted  freq u e n cy  w as n o t  a ffec ted  by  
th is , th o u g h , b ecau se  i t  w as w eigh ted  b y  a  fa c to r  th a t  ra ise d  th e  
fre q u e n c y  o f  th e  sa m p le  to  th a t  o f  th e  e n tire  fleet. T h e  im p o r ta n t  
ta k e -h o m e  m essage h e re  is th a t  as th e  sp a tia l re so lu tio n  o f  f ish ing  
a c tiv ity  d a ta  increases, th e  p ro p o r t io n  o f  th e  a rea  fished  declines, 
w h ereas th e  traw lin g  freq u e n cy  w ith in  th e  f ish ed  a rea  in creases 
o n  average.

Level 4: A nnual fish ing m ortality
T h e  a n n u a l fish ing  m o rta lity  differs f ro m  th e  low er level in d i­
ca to rs , b ecau se  it  exp lic itly  in c o rp o ra te s  b o th  th e  ch an ce  o f  in d i­
v id u a ls  o f  a  species c o m in g  in to  c o n ta c t w ith  th e  fish ing  g ear a n d  
th e  e n c o u n te r  m o rta lity , a n d  also  b ecau se  it  is th e  o n ly  in d ic a to r  
th a t  d esc rib es  th e  p re ssu re  relative to  th e  a b u n d a n c e  o f  th e
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Figure 10. Tim e-series o f th e  pressure in d ica to r a t  Level 4 expressed as annual fishing m orta lity  (%) d epend ing  on th e  e n co u n te r  m ortality , 
i.e. 20 (left) vs. 80% (right), an d  th e  d istrib u tio n  o f  th e  popu la tio n  in relation to  th e  fishery, i.e. low overlap (top ), even d istribu tion  (m iddle), 
and  high overlap (b o tto m ). In each plot, th e  tim e-series w ere calculated  w ith o u t spatial in form ation  on  th e  fishery (N one), o r  a spatial 
reso lu tion  o f  ICES squares (Low SR), o r  a spatial reso lu tion  o f 1 x  2 min squares (High SR).

species. A s su ch , it  sh o u ld  fo rm a lly  b e  c o n s id e re d  a n  im p a c t in d i­
c a to r , b u t  th e  d is tin c tio n  betw een  p re ssu re  a n d  im p a c t in d ica to rs  
is n o t  m a d e  in  th e  PSR fram ew ork .

T h e  tim e-se rie s  o f  a n n u a l fish in g  m o r ta li ty  b a se d  o n  s to c k  
assessm en ts o f  p la ice  a n d  sole  sh o w  th a t  p re ssu re  o n  th ese  stocks 
in  th e  10 y  1 9 9 5 -2 0 0 4  p ro b a b ly  in c rease d . T h is  b e c o m e s  even

m o re  likely  w h e n  c o n s id e rin g  th e  sy s tem a tic  u n d e re s tim a tio n  o f  
m o r ta lity  in  th e  p a s t few  years b y  th e  s to c k  assessm en t process 
(P ie t a n d  R ice, 2004). T h e  p a ram e te rs  th a t  d esc rib e  th e  an n u a l 
p o p u la tio n  m o rta lit ie s  o f  p laice a n d  so le  b ased  o n  th e  s to c k  assess­
m e n ts  fall w ith in  th e  ran g e  observed  fo r  th e  d iffe ren t p o p u la tio n s  
a t h ig h  sp a tia l re so lu tio n  based  o n  th e  m o d e lle d  p ressu re
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in d ic a to rs , suggestin g  th a t  a h ig h e r sp a tia l re so lu tio n  p rov ides 
m o re  accu ra te  estim ates.

A lth o u g h  th e  increase in  p o p u la t io n  m o r ta lity  o f  p la ice  an d  
so le  is system atically  u n d e re s tim a te d  in  th e ir  s to c k  assessm ents , 
th e  increase  in  p o p u la tio n  m o r ta lity  b ased  o n  th e  sw ep t-a rea  
m e th o d  is p ro b a b ly  also  u n d e re s tim a te d , b ecau se  w e assu m ed  
e n c o u n te r  m o r ta lity  to  b e  stab le  over tim e , fa iling  to  ta k e  acco u n t 
o f  tech n ica l c reep  a n d  increases in  sk ip p e r  skills w h ich , acco rd in g  
to  R ijn sd o rp  e t al. (2006), increase  th e  p a r tia l fish ing  m o rta lity  
ra te  in  th e  b e a m  traw l fishery  ( > 2 2 1  k W ) by  2 .8 %  p e r  year fo r  
so le  a n d  1.6%  fo r  p laice. To w hat ex te n t th ese  v a lues ap p ly  to  n o n ­
ta rg e t species, how ever, re m a in s  to  b e  assessed.

'W hen u sin g  th e  sw ep t-area  m e th o d  to  ca lcu late  th e  an n u a l 
fish ing  m o rta lity , it  m ay  th eo re tica lly  vary  betw een  0 a n d  100% 
d ep e n d in g  o n  e n c o u n te r  m o rta lity  o f  th a t  p a r tic u la r  species-  
m é tie r  c o m b in a tio n , th e  spa tia l d is tr ib u tio n  o f  th e  p o p u la t io n  rela­
tive to  th a t  o f  th e  fleet, an d  th e  re so lu tio n  o f  th e  sp a tia l d is tr ib u tio n  
data . In  th is  s tudy , th e  an n u a l f ish in g  m o r ta lity  increases w ith  
increasing  e n c o u n te r  m o rta lity  (i.e. 20 —» 80% ), in creasin g  overlap  
(i.e. low  —» even  —» h ig h ), an d  increasin g  spa tia l re so lu tio n  (i.e. 
ns —> low  —» h ig h ). T h e  increase o f  m o r ta lity  w ith  sp a tia l reso l­
u tio n  is because , in  th e  calcu lations, th e  p o p u la t io n  is d is tr ib u te d  
relative to  th e  m e a n  traw ling  frequency  (T F ) w h ich , as F igure 5 
show s, d ep en d s o n  th e  spa tia l re so lu tio n . T h e  cho ice  o f  a fixed TF, 
in d e p e n d e n t o f  th e  spa tia l reso lu tio n , w o u ld  p ro b a b ly  resu lt in  an 
inverse re la tio n sh ip  w ith  spa tia l re so lu tio n , becau se  a t a  h ig h er res­
o lu tio n , less o f  th e  area  is fished, a lth o u g h  w ith  a  h ig h e r frequency. 
In  general, a t low er spa tia l reso lu tio n , effo rt is evenly  d is tr ib u te d  
over a large spa tia l u n it. W ith in  th a t  u n it , th e re  w ill b e  h ig h  resol­
u tio n  sp a tia l u n its  w ith  m u c h  h ig h e r  frequencies, w hereas o th e r  
h ig h  re so lu tio n  spa tia l u n its  have low er freq u e n c ies o r  are  n o t 
fished  a t all. B ecause o f  th is an d  th e  fact th a t  every  h a u l in  a heavily 
fished  area  causes less m o rta lity  th a n  a s im ila r  h a u l in  a n  area  th a t 
w as h a rd ly  fished  o r  p ris tin e , th e  n e t effect o f  in c reasin g  sp a tia l res­
o lu tio n  sh o u ld  be  a decrease in  p o p u la t io n  m o rta lity .

T h e  slope  o f  th e  tre n d  over t im e  in  p o p u la t io n  m o rta lity  
decreases w ith  in creasin g  overlap : fo r  a n  e n c o u n te r  m o r ta lity  o f  
80%  a n d  low  sp a tia l re so lu tio n , th is  is - 0 . 4 %  a t  lo w  overlap  
to  - 1 .8 %  at h ig h  overlap ; a t h ig h  sp a tia l re so lu tio n  it  is + 1 .8 %  at 
low  overlap  to  + 0 .1 %  at h ig h  overlap  (T ab le  2 ). T h ese  large d iffe r­
ences sh o w  th a t  w ith in  an  EA FM , ta rg e t levels fo r  m o rta lity  can  
o n ly  be  se t rea listica lly  a t th e  h ig h es t level o f  in fo rm a tio n  c o n te n t, 
a n d  th a t  w h e n  m o rta lity  n eeds to  b e  ca lcu la ted  (e.g. fo r  n o n - ta rg e t  
sp ecies), th e  sp a tia l re so lu tio n  is im p o r ta n t .  I t  is th e re fo re  p r o ­
p o se d  th a t  a  s ta n d a rd  sp a tia l re so lu tio n  b e  u se d  a n d , as lo n g  as 
th is  is n o t  ach ieved , th e  sp a tia l re so lu tio n  s h o u ld  a t least be  
r e p o rte d  w h en ev e r frequencies (Level 3 ) o r  c a lcu la ted  m o rta lity  
values (Level 4 ) a re  used .

D e te rm in in g  th e  e n c o u n te r  m o r ta lity  o f  a species in  th e  gear 
u sed  by  a  specific  m é tie r  m ay  b e  d ifficu lt, b ec a u se  a lm o s t every  
vessel w ill fish w ith  gear w ith  slig h tly  d iffe re n t ch a rac te ris tic s  a n d  
r igg ing  (e.g. fo r  a  b eam  traw l, th e  m e sh  size, th e  n u m b e r  o f  tick ler 
ch a in s , th e  use  o f  a ch a in  m a t o r  f l ip -u p  ro p e ), w h ic h  co u ld  affect 
e n c o u n te r  m o rta lity . I t  m ig h t seem  a p p ro p ria te  th e re fo re  to  d is­
t in g u ish  each  o f  these  gear types, b u t  th e  a m o u n t  o f  w o rk  req u ired  
to  e s tim a te  e n c o u n te r  m o rta lity  w o u ld  th e n  be  p ro h ib itiv e . W e 
suggest th a t  a  l im ite d  n u m b e r  o f  m é tie rs  b e  d is tin g u ish e d  w ith  
s ta n d a rd  gear ty p es  assu m ed  fo r  w h ic h  e n c o u n te r  m o r ta lity  can  
b e  d e te rm in e d .

T h e  co n seq u en ces o f  th e  ab ove fo r  th e  u se  o f  p ressu re  
in d ic a to rs  as p a r t  o f  a n  EA FM  is th a t  th e  b es t p re ssu re  in d ic a to r

(i.e. a n n u a l fish in g  m o r ta l i ty )  w ill d iffe r  b e tw e e n  species, b o th  in 
te rm s  o f  its a b so lu te  v a lu e  a n d  its t r e n d  over tim e , a n d  th a t th is  in 
tu rn  m ay  re sp o n d  d if fe re n tly  to  m a n a g e m e n t m e a su re s  th a n  the 
low er level p re ssu re  in d ic a to rs . C o n s id e r in g  th is  d ifference 
betw een  species, th e  p r e s s u re  exp ressed  as a n n u a l fish ing  m o rta lity  
o f  o n e  o r  tw o  c o m m e rc ia l  species w ill n o t  be  rep re sen ta tiv e  fo r  the 
w ho le  c o m m u n ity . T h e re fo re , i f  m a n a g e m e n t ob jectives a re  se t for 
c o m m u n ity  level in d ic a to r s  su ch  as m e a n  w eig h t, m e a n  m a x im u m  
len g th , o r  b io d iv e rs ity  ( P ie t  a n d  Je n n in g s, 20 0 5 ), th e  c o m m u n ity  
m o rta lity  will n eed  to  b e  d e te rm in e d  as an  in teg ra l o f  all th e  p o p u ­
la tio n  m o rta litie s  th a t  m a k e  u p  th e  c o m m u n ity .

H ere  w e hav e  i l lu s tr a te d  th e  p ro cess  fo r  a  n u m b e r  o f  “v ir tu a l 
p o p u la tio n s” o f  m a r in e  sp e c ies , o n e  th a t  su ffers 20%  m o rta lity  in 
a b e a m  traw l gear a n d  th e  o th e r  80% . U ltim ate ly , it  sh o u ld  be 
possib le  to  ca lcu la te  L evel 4  in d ic a to rs  fo r  real p o p u la tio n s  and  
c o m m u n itie s  u s in g  d is t r ib u t io n  m a p s  o f  b e n th o s  a n d  dem ersa l 
fish ( fo r  ex am p le , see  w w w .m afco n s .o rg ) a n d  in c o rp o ra tin g  
charac te ris tic  species o r  ta x o n -le v e l in fo rm a tio n  o n  th e  e n c o u n te r  
m o rta lity  o f  th e  sp e c ies  m a k in g  u p  th e  c o m m u n ity  in  a g iven 
fished area . T h is  is lik e ly  to  be m o re  ach iev ab le  in  th e  n ea r fu tu re  
fo r  b e n th ic  in v e r te b ra te s , b ecau se  d is tr ib u tio n  m a p s  o ften  exist 
fo r  b o th  fish a n d  b e n th o s ,  b u t  e n c o u n te r  m o r ta lity  h as  on ly  been 
d e te rm in e d  fo r  so m e  o f  th e  c o m m o n  b e n th ic  species ( fo r  review  
a n d  m e ta -an a ly sis , see C o llie , 2000, a n d  K aiser e t a l ,  20 0 5 ), using  
sa m p lin g  te c h n iq u e s  t h a t  a llo w  th e  d e te rm in a tio n  o f  ab so lu te  p re -  
a n d  p o s t-h a u l a b u n d a n c e s  (see ex am p le  fo r  a lim ite d  n u m b e r  o f  
b e n th ic  species in  P ie t e t  a l ,  2000). F o r fish , th e re  a re  as yet no  
es tim ates o f  th e  e n c o u n te r  m o r ta lity  caused  b y  th e  p ass in g  o f  the 
gear desp ite  th e  fact t h a t  in  fishery  sc ience, ca tch ab ility  a n d  gear 
efficiency a re  k n o w n  c o n c e p ts  (e.g. D ick so n , 1993). To fu rth e r  
co m p lica te  th e  m a tte r , e n c o u n te r  m o rta lity  co n s ists  n o t  o n ly  o f  
m o rta lity  o f  a n im a ls  c a u g h t  in  th e  n e t (i.e. ca tch ab ility ), b u t  also 
m o rta lity  th ro u g h  c o n ta c t  w ith  th e  gear (e.g. a f te r  passage 
th ro u g h  th e  n e t) . T h is  is  m o re  re lev an t fo r  b e n th o s  th a n  it is fo r 
fish (B ergm an  a n d  v an  S a n tb r in k , 2000).

General discussion
T h e  usefu lness in  a n  E A FM  o f  th is  fram ew o rk  o f  p re ssu re  in d i­
ca to rs  b eco m es a p p a re n t  w h e n  th e  m in im u m  level o f  in fo rm a tio n  
c o n te n t  re q u ire d  to  e v a lu a te  a p a r tic u la r  ty p e  o f  m a n a g e m e n t 
m easu res can  b e  id e n tif ie d . E ffo rt c o n tro l th ro u g h  d e c o m m iss io n ­
in g  is a lread y  reflec ted  a t  th e  low est level, w h ile  it  w ill sh o w  a t th e  
se co n d  level if  it  is im p le m e n te d  th ro u g h  a r e d u c tio n  in  days at 
sea. T echn ica l m e a su re s  m ay  sh o w  u p  a t th e  th ird  level if  it 
involves ch an g es in  th e  g ea r  ch arac te ris tics  th a t  d e te rm in e  th e  area 
fished  in  re la tio n  to  e ffo r t (e.g. i f  th e  w id th  o f  a b e a m  traw l is 
re d u c e d ) , b u t  u su a lly  o n ly  affect th e  e n c o u n te r  m o rta lity , a n d  will 
th e re fo re  o n ly  sh o w  u p  a t  Level 4. S patia l m easu res  su c h  as m arin e  
p ro te c te d  areas can  o n ly  b e  ev a lu a ted  a t Level 4.

T h is  case s tu d y  d e m o n s tra te s  th a t it is po ss ib le  to  develop 
p ressu re  in d ic a to rs  th a t  d escrib e  th e  im p a c t in d u c e d  b y  fishing 
ac tiv ities o n  a p a r t ic u la r  ecosystem  c o m p o n e n t o r  system  (e.g. th e  
d em ersa l sy stem  h e re ) , a n d  w h ich  are  a p p ro p r ia te  fo r  u se  as p a r t 
o f  a n  EAFM . H ow ever, th e  b est p re ssu re  in d ic a to rs  also  co m e  w ith  
extensive d a ta  re q u ire m e n ts  th a t  a t p re sen t a re  o n ly  m arg in a lly  
available even in  o n e  o f  th e  m o s t  d a ta -r ic h  m a r in e  e n v iro n m e n ts  
in  th e  w o rld . A n EA FM  c a n  o n ly  b e  successfu lly  im p le m e n te d  a n d  
m o n ito re d  if  th e  f ish in g  p re ssu re  can  b e  d esc rib ed  a t  a level o f  
in fo rm a tio n  c o n te n t  th a t  is ad eq u a te  to  g u id e  m an ag em en t 
d ec is io n -m ak in g .
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The physiological status and mortality associated with 
otter-trawl capture, transport, and captivity o f an 
exploited elasmobranch, Squalus acanthias

John  W. M a n d e lm a n  a n d  M a r ia n n e  A. F arr ing ton

M andelm an , J. M., and  Farrington, M. A. 2007. The physiological s ta tu s and  m orta lity  associated  w ith  o tte r-traw l cap tu re , transport, and  
captiv ity  o f  an  exploited  elasm obranch, Squalus acanthias. ICES Journal o f M arine Science, 64: 1 2 2 -1 3 0 .

T o  assess th e  physio logical resp o n ses a n d  a s so c ia te d  m o rta lity  in sp in y  dogfish  (Squalus a c a n th ia s ) fo llow ing  c a p tu r e  in a n  o t t e r  traw l 

a n d  e x p o su re  t o  a d d itio n a l co n d itio n s , b lo o d  sa m p le s  w ere  o b ta in e d  s u b s e q u e n t to  th re e  s a m p lin g  in tervals: c a p tu re  (T1), t r a n s p o r t  

(T2), a n d  c ap tiv ity  (T3). T h e  re su lts  in d ic a te  th a t  m a rk e d  d iffe ren ces ex isted  in b lo o d  c h e m is try  a t  each  sa m p lin g  in terval. A c id - b a s e  

p a ra m e te rs  (v ascu la r pH , p 0 2, p C 0 2), se ru m  C a2+ a n d  C F ,  a n d  h a e m a to c r i t  w ere  m a x im a lly  d is ru p te d  a t  T l ,  b u t  progressively 

reso lved  t o  p re su m e d  basal values by T3. C o n c e n tra t io n s  o f  w h o le -b lo o d  lac ta te , p lasm a t o t a l  p ro te in , a d d itio n a l se ra  e le c tro ly te s  

(N a+ , K+, M g2 ' ), a n d  BUN (u rea ) w ere  m ax im ally  c o m p ro m is e d  a t  T2, b u t  also  reco v ered  b y  T3. In c o n tra s t , s e ru m  g lucose  levels 

w ere  sim ilar a t  T l  a n d  T2 b u t  ro se  to  p eak  levels by T3. A lth o u g h  b lo o d  p a ra m e te rs  w ere  su b s ta n tia l ly  a lte red , dogfish  m o rta lity  w as 

low  (2 o u t  o f  34; 5.9%), suggesting  a  s tro n g  deg ree  o f  resilien ce  to  c o m p o u n d e d  stresso rs  a s so c ia te d  w ith  c a p tu re , tra n sp o r t , a n d  

cap tiv ity .

Keywords: b lood  chem istry, captivity, m ortality , spiny dogfish, stress, tran sp o rt, trawl.
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Introduction
T h e  sp in y  d o g fish  (Squalus acanthias) is a coasta l sq u a lo id  w ith  a 
ran g e  e x te n d in g  fro m  L ab rad o r to  F lo rida  in  th e  w es te rn  A tlan tic  
(Sosebee, 2000) a n d  a  c ircu m b o rea l g lobal d is tr ib u tio n  
(N a m m a c k  e t a l ,  1985). L ike m o s t e la sm o b ran ch s , dog fish  e x h ib it 
K -se lec ted  life h is to ry  ch arac te ris tic s , w h ich  in c lu d e  slow  g ro w th , 
la te  m a tu r ity , a n d  low  fecu n d ity  (N a m m a c k  e t al., 1985; A SM FC ,
2002). F em ale  dog fish  also  d isp lay  a p ro lo n g e d  ( 1 8 - 2 2  m o n th )  
p e r io d  o f  g es ta tio n  a n d  w h e n  a  d irec ted  fishery  ex ists fo r  th e  
species, a re  se lec ted  over m ales as a fu n c tio n  o f  th e ir  la rg er 
m a x im u m  b o d y  sizes a t m a tu r ity  (Sosebee, 2000). P rim a rily  
becau se  o f  th ese  fac to rs , h e ig h te n e d  fish in g  p ressu re  in  th e  
w este rn  N o r th  A tlan tic  d u r in g  recen t decad es led  to  a  r e p o r te d  
7 5 %  d ec lin e  in  m a tu re  fem ale stocks b e tw een  1998 a n d  2003 , a n d  
a  c o n c o m ita n t  sca rc ity  in  re c ru itm e n t (A SM FC , 2002; N E FSC ,
2003). In c id e n ta l c a p tu re  o f  dog fish  is a lso  ex tensive. L ow  tr ip  
lim its  a n d  lim ite d  c o m m e rc ia l va lue  have led  to  th e  d isc a rd in g  o f  
co n s is ten tly  large  q u a n titie s  o f  dogfish  in  w e s te rn  N o r th  A tlan tic  
c o m m e rc ia l fisheries. T h e re fo re , p o s t-c a p tu re  c o n d it io n  a n d  
d isc ard  su rv iv ab ility  o f  d og fish  h o ld  m a jo r  im p lic a tio n s  re g a rd in g  
s to c k  h e a lth  a n d  a s so c ia ted  m a n ag em en t. A u g m e n tin g  th e  assess­
m e n t o f  c a p tu re  stress w ith  a n  inv estig a tio n  o f  t r a n s p o r t  a n d  c a p ­
tiv ity  can  p ro v id e  in sig h t re g a rd in g  a species’ cap ab ility  to  recover 
fo llow ing  a p a r tic u la r  fo rm  o f  c a p tu re  a n d  a v a rie ty  o f  a d d itio n a l 
stresso rs , a n  im p o r ta n t  fac to r  w h en  assessing  h o w  re s ilien t p o p u ­
la tio n s  a re  w h e n  c a p tu re d  a n d  d isc a rd ed  as b y ca tch .

A lth o u g h  m a n y  s tu d ie s  have in v estig a ted  th e  p h y sio lo g ica l 
resp o n ses to  c a p tu re , h an d lin g , t r a n s p o r t  a n d  c o n f in e m e n t

stresso rs  e ith e r  in d iv id u a lly  o r  collectively  in  te leo sts  (e.g. B a rto n  
e t a l ,  2003; Sulikow ski a n d  H ow ell, 20 0 3 ), few er have d o n e  so  in 
e la sm o b ra n c h s  (C liff  a n d  T h u rm a n , 1984; T o rres et a l ,  1986; 
S m ith , 1992). M oreo v er, n o  in v es tig a tio n  to  d a te  has ad d ressed  
th e  p hysio log ica l th r e s h o ld  o f  dog fish  re la ted  to  th e  r ig o u rs  o f  
c a tc h  a n d  release, a n d  to  o u r  k now ledge, n o  s tu d y  has d o c u m e n ­
te d  th e  p o s t-c a p tu re  p h y sio lo g ica l im p lic a tio n s  o f  m o b ile -f ish in g  
ca p tu re  in  a n  e la sm o b ra n c h . In  o rd e r  to  g a in  g rea te r  u n d e rs ta n d ­
ing  o f  p hysio log ica l stress  re sp o n se s  a n d  th e  resilience  o f  d ogfish , 
a sam p le  o f  tra w l-c a p tu re d  dog fish  w as tra n sp o r te d , h e ld  cap tive  
fo r  30 d , a n d  assessed f o r  p hysio log ica l s ta tu s  a n d  m o r ta lity  
fo llow ing  th e  c o m p le tio n  o f  each  s tu d y  p hase .

Material and m ethods
A nim al collection , transp ort, and hold ing in tanks
D ogfish  w ere  c a u g h t in  s ix , 45 m in , m o d e ra te ly  p ack ed  ( ~ 2 7 0 -  
300 kg) o t te r  traw ls d u r in g  tw o  consecu tiv e  days (2  a n d  3 
S ep tem b er 2004) so u th e a s t  o f  C h a th a m  In le t (4 1 °3 8 'N  69 °4 8 'W ) 
a b o a rd  th e  co m m erc ia l f ish in g  vessel “Jo a n n e  A  I II” (C h a th a m , 
M A , U SA ). A 350 h p , se m i-h ig h -ris e  D an ish  o t te r  traw l c o n ta in ­
ing  302 m eshes in  th e  f ish in g  circle a n d  a 15.2 c m  m esh  w as used . 
T h e  n e t also  possessed  15 .0  fa th o m  to p  a n d  b o t to m  legs a n d  20.0 
fa th o m s o f  g ro u n d  cable. T h e  traw l d o o rs  w e ig h ed  454 kg. A  h ard -  
b o t to m  sw eep o n  th e  b o so m  sec tio n  w as u tilized  to  avoid 
b o u ld e rs . T h e  d e p th  o f  tra w lin g  ran g ed  b e tw een  50 an d  65 m  o n  a 
co b b le  a n d  sa n d  seabed , w ith  1 3 .0 -1 4 .0 °C  b o tto m -w a te r  te m p ­
era tu re . T h e  to ta l le n g th  (T L ) o f  dogfish  u tiliz e d  in  th e  s tu d y
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