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Abstract

The ab u n d an ce  of b luefin  tu n a , Thunnus thynnus, in  th e  east A tlan tic  an d  
M ed ite rran ean  has declined  in  recen t decades. The In te rn a tio n a l C om m ission 
for th e  C onservation  of A tlan tic  T unas (ICCAT), th e  reg ional b luefin  tu n a  m a n 
agem en t au th o rity , has developed  a p lan  to  p ro m o te  recovery  by  2022, w hile  
still p e rm itting  fishing to co n tinue  during  th e  period  2008 -2010 . H ere w e  p re 
dict th a t th e  adu lt p o p u la tio n  in  2011 w ill likely be 75%  low er re lative to  
2005 an d  th a t quo tas in  som e in te rv en in g  years w ill a llow  th e  fishery  to  cap
tu re  legally all of th e  ad u lt fish. P opu la tion  dem ographics (p ropo rtion  of older 
fish an d  rep ea t spaw ners in  p opu la tion ) ind icate  th a t buffering  capacity  against 
years of p o o r rep ro d u c tio n  has b een  reduced . This p o p u la tio n  is at risk of col
lapse (90%  decline in  adu lt biom ass w ith in  th ree  genera tions, th e  criterion  
u sed  by  th e  IUCN for defin ing p o p u la tions as Critically Endangered), even  u n 
der th e  cu rren tly  agreed  recovery  p lan , un less n ew  conservation  m easures are 
im p lem en ted  in  th e  n ex t few  years.

Introduction
A key  objective of fisheries m an ag e m en t is to  m a in ta in  
p o p u la tions a t levels w h e re  th e  b iom ass of adu lts does 
n o t lim it th e  p ro d u c tio n  of n e w  yo u n g  fish (M yers & Bar- 
ro w m an  1996; R osenberg  2003; B edd ing ton  et al. 2007). 
This objective has p ro v en  difficult to  achieve in  m an y  of 
th e  w o rld 's  com m ercially  m ost im p o rtan t fisheries: 50%  
a n d  25%  of all exp lo ited  m arin e  fish p o p u la tions in  th e  
w orld  are  considered  to  be fully- or over-explo ited , r e 
spectively (G arcia et al. 2005). B ecause effective m a n 
ag em en t is difficult to  im plem en t, popu la tions o ften  u n 
dergo large declines and , in  som e cases, en tire  fisheries 
h ave  b een  d o sed  to  a llow  p o p u la tions to  recover. E x 
am ples of such  declines of exp lo ited  m arine  popu la tions 
are  w ell d o cu m en ted  (Jackson et al. 2001; H utch ings & 
R eynolds 2004; NRC 2006; R osenberg  etal. 2006). R ecov
ery  follow ing fish ing closures is o ften  slow  an d  som etim es 
im possible if th e  dep le ted  p o p u la tio n  is still cap tu red  inc i
den ta lly  in  fisheries targeting  o th e r species, or if changes 
to  hab ita ts , th e  e n v iro n m en t o r food w eb  occur, w h ich

also affect offspring survival ra tes (H utchings & R eynolds 
2004). The difficulties associated w ith  p rev en tin g  declines 
in  th e  first p lace or rebu ild ing  dep leted  stocks are  p r im a r
ily due  to  th e  difficulty of reducing  fishing p ressu re  in  th e  
face of resistance by  th e  fish ing in d u s try  to  strict m an ag e 
m e n t contro ls (R osenberg 2003; R osenberg  et al. 2006; 
B edd ing ton  etal. 2007).

H ere w e  d em o n stra te  th a t b luefin  tu n a  (Thunnus thyn
nus) in  th e  n o rth ea s t A tlan tic  an d  M ed ite rran ean  (east of 
45° w est long itude) m ay  also be on  th e  w ay  to  collapse 
(90%  decline in  ad u lt b iom ass w ith in  th re e  generations, 
th e  crite rion  u sed  by  th e  W orld  C onservation  U nion  for 
defin ing  p o p u la tions as Critically Endangered). This p o p u 
la tion  has b een  declin ing  for m an y  years (F rom en tin  & 
Pow ers 2005; ICCAT 2007) (Figure 1), an d  th e  biom ass 
of adu lts (spaw ning  stock biom ass) is n o w  (2006) at 
its low est on  reco rd  (approx im ate ly  40%  of late 1950s' 
biom asses; Figure 1), w ith  th e  steepest decline in  last 
5 -1 0  years (ICCAT 2008). A t these  p o p u la tio n  sizes, 
rep roductive  dynam ics becom e increasing ly  u n ce rta in  
a n d  are  likely lim ited  by  spaw ner b iom ass (Figure 1).
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Figure 1 Te m p o ra l  t r e n d s  In s p a w n e r  b io m as s  

a n d  r e c r u i tm e n t  of t h e  bluefin tu n a  popu la t io n  

In t h e  e a s t e r n  Atlant ic  an d  M e d i t e r ra n e a n ,  and  

t h e  re la tionship  b e t w e e n  s p a w n e r  b io m a s s  and 

r ec ru i tm e n t .  (A). S p a w n e r  b io m a s s  and  

r e c r u i tm e n t  (n u m b e rs  of fish b o rn  In a given 

y e a r  a n d  su rv lv ln g to  a g e  1). (B). R e c ru i tm en t  

p r o d u c e d  by d i f fe rent levels of s p a w n e r  

b io m a s s .  S ym bo ls  d e p i c t  y e a r s  c o r r e s p o n d in g  

to  la s t 2 digi ts of birth y e a r s  of recru i ts .  D ash ed  

line: t h e  a s s u m e d  s p a w n e r - r e c r u l t  re la tionship  

u s e d  In p o p u la t io n  d e v e l o p m e n t  s c e n a r io s  1-4 .  

T he  b r e a k p o i n t  w a s  e s t i m a t e d  a s  t h e  lo w es t  

o b s e r v e d  s p a w n e r  b io m a s s  (ICES 2003)

(101,000 t), w hich  o c c u r r e d  In 20 0 6  (panel A); 

r e c r u i tm e n t  for this y e a r  Is u n ce r ta in  (ICCAT 

2008)  a n d  w a s  e s t i m a t e d  a s  t h e  g e o m e t r i c  

m e a n  for  t h e  p rev io u s  5 y ea rs .  S e e  M e th o d s  for 

de ta ils.  Input d a ta  f rom  ICCAT (ICCAT 2008) .
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The spatial d is tribu tion  of large, adu lt (>  ~ 3 0 -3 5  kg 
a n d  4 -5  years) b luefin  tu n a  has also changed  since the  
1950s-1970s. These size-groups w ere  com m on  in  th e  Bay 
of Biscay (Cort & N ottestad  2007), th e  N orth  Sea an d  
N orw egian  Sea (M ather et a I. 1995; F ro m en tin  & Pow ers 
2005; M acK enzie & M yers 2007), b u t n o w  are  ra re  in  
these  areas. B luefin  tu n a  d isappeared  from  th e  Black 
Sea in  1987 (K araku lak  2004) an d  fish ery -in d ep en d en t 
surveys show s th a t th e  species is n o w  ra re  in  parts  of 
th e  Ion ian  Sea (n o rth cen tra l M ed ite rranean ; B earzi et al. 
2006). T heir d isappearance from  these  areas has co in 
cided w ith  o r fo llow ed th e  expansion  of fisheries in  
all these  regions, a n d  genera lly  th ro u g h o u t th e  n o r th 
easte rn  A tlan tic  an d  M ed ite rran ean  (M ather et al. 1995; 
F ro m en tin  & Pow ers 2005; ICCAT 2006b). W hile the  
causes for these  d isappearances req u ire  fu r th e r inves ti
gation , th e y  a re  consisten t w ith  fish ing-induced  declines 
of ab u n d an ce  (FAO 1995, 1996; ICES 2005).

The declines in  b iom ass an d  contrac tions of geographic 
range ind icate  th a t th e  p o p u la tio n  is overexp lo ited  (FAO 
1996; ICES 2005), as has b een  recognized by  ICCAT sci
entists (ICCAT 2008), th e  EU (EU 2007, 2008), an d  the  
conservation  com m u n ity  (W W F 2006). A recovery  p lan  
adop ted  in  Ja n u a ry  2007 by  th e  In te rn a tio n a l C om m is

sion for th e  C onservation  of A tlan tic  T unas (ICCAT) w as 
im p lem en ted  during  2007 (ICCAT 2006a; EU 2007). It 
has b een  developed  a n d  adop ted  because  of concerns 
th a t th e  h igh ly  efficient b luefin  tu n a  fishery  m ay  lead  to 
com m ercial an d  local ex tinc tion  th ro u g h o u t m u ch  of its 
range. The overall goal of th e  recovery  p lan  is to  increase 
spaw ner biom ass to  a  level (BMSY), w h ich  shou ld  su p 
p o rt th e  largest lo n g -te rm  a n n u a l catch  (i.e., m ax im u m  
sustainab le  yield, MSY) w ith  > 50%  probability  by  2022 
(ICCAT 2006a). M anagem en t, w h ich  w ill have  greatest 
im pact on  p o p u la tio n  dynam ics, includ ing  th e  p robab il
ity  th a t biom ass w ill increase to  B MSY, w ill be th a t w h ich  
m ost d irectly  a n d  im m edia te ly  affects fishing m orta lity  
a n d  ab u n d an ce  n o w  an d  in  th e  n ex t few  years. These 
m easures include regu la tions to  restric t catches du ring  
th e  period  20 0 7 -2 0 1 0  (Table 1) an d  to  increase th e  m in 
im u m  size of cap tu red  fish from  10 to  30 kg. This la t
te r  m easu re  is in ten d ed  to  increase survival of juven ile  
tu n a  so th e y  can rep roduce  at least once before capture. 
R ecently  (12 Ju n e  2008), th e  EU im p lem en ted  sh o r t
te rm  (6 m o n th ) em ergency  conservation  regu la tions in  
response  to  n e w  ev idence of dam aging fish ing practices 
by  six EU coun tries du ring  th e  period  2 0 0 7 -2 0 0 8  (EU 
2008).

2 6 Conservation Letters 2 (2009) 2 5 -3 4  Copyright and Photocopying: © 2 0 0 8  W iley Periodicals, Inc.



B. R. M a c K e n z le e ta /. Im pending  collapse  of bluefin tuna

Table 1 Set t in gs  for  p ro jec t ion  s im ula tions  of bluefin tu n a  po p u la t io n  d e v e lo p m e n t  du r ing  t h e  p e r io d  2 0 0 6 - 2 0 2 2  In t h e  n o r t h e a s t  Atlantic and  

M e d i t e r r a n e a n .  =  age-spec if ic  fishing morta li ty  for a g e s  i - j ;  SQ  =  s t a t u s  quo ,  a s  r e p r e s e n t e d  by  a v e r a g e  for la s t 3  y e a r s  of  t h e  m o s t  r e c e n t  

a s s e s s m e n t  (I.e., 2 0 0 4 - 2 0 0 6 )  an d  b a s e d  on officially r e p o r t e d  ca tch  d a t a  (run 13 In ICCAT 2008); TAC =  to tal  a l lo w able  ca tch ,  as  de f ined  In t h e  r ecov e ry  

plan (ICCAT 2006a) , a n d  Is 29 ,500; 28 ,500; 27 ,500; a n d  2 5 , 5 0 0 1 for 2007,  2008 ,  2009, and  2010,  respec t iv e ly .  S S B lo„  ( lo w es t o b s e r v e d  s p a w n e r  biom ass)  

Is t h e S S ß  b e lo w  w hich  re c r u i tm e n t  Is limited b y S S ß  a n d  a b o v e  which  r e c r u i tm e n t  var ies  In d e p e n d e n t ly  of SSB  (ICES 2003); SSßiow w a s  e s t i m a t e d  a s  th e  

l o w e s t  o b s e r v e d  s p a w n e r  b io m a s s  ( 1 0 1 , 0 0 0 1) In t h e  p e r io d  of availab le d a ta  (19 55-2006) . S e e  al so  M e th o d s  a n d  S u p p o r t in g  In format ion  for detail s

Landings  In S p a w n e r  b l o m a s s -

S cen a rio 2 0 0 6  and  2 007 r e c r u l tm e n t  m od e l Fishing mort a li ti e s

1 Officially r e p o r t e d Hockey stick; S S B low = 2 0 0 8 - 2 0 1 0 :  F ^  = 0 . 1 5 *  SC (2004-2006) F 4- 20+ =  TA C -d ep en d e n t

(3 0 , 6 5 0 1 In ea c h  year) 1 0 1 ,000  t 201 1- 2 0 2 2 : F j -3  = 0 . 1 5 *  SC (2004-2006) F 4- 20+ =  0.5  * SC (2 004-2006)
2 ICCAT e s t im a te s Hockey stick; S S B low = 2 0 0 8 - 2 0 1 0 :  F H  = 0 . 1 5 *  SC (2004-2006) F 4- 20+ =  TA C -d ep en d e n t

(50,000; 6 0 ,0 0 0  t) 1 0 1 ,000  t 201 1 -2 0 2 2 :  F H  = 0 . 1 5 *  SC (2004-2006) F 4—204 =  0.5  * SC (2 004-2006)

3 Officially r e p o r t e d Hockey stick; S Sß iow = 2 0 0 8 - 2 0 1 0 :  F i- 3  = 0 . 1 5 *  SC (2004-2006) F 4- 20+ =  TA C -d ep en d e n t
(3 0 , 6 5 0 1 In ea c h  year) 1 01 ,0 0 0  t 201 1 -2 0 2 2 :  F H  = 0 . 1 5 *  SC (2004-2006) F 4—204 =  0 .15  * SC (2 004-2006)

4 ICCAT e s t im a te s Hockey stick; S Sß iow = 2 0 0 8 - 2 0 1 0 :  F i -3  = 0 . 1 5 *  SC (2004-2006) F 4- 20+ =  TA C -d ep en d e n t
(50,000; 6 0 ,0 0 0  t) 1 01 ,0 0 0  t 201 1 -2 0 2 2 :  F H  = 0 . 1 5 *  SC (2004-2006) F 4—204 =  0 .15  * SC (2 004-2006)

5 ICCAT e s t im a te d Ricker 2 0 0 8 - 2 0 1 0 :  F H  = 0 . 1 5 *  SC (2004-2006) F 4- 20+ =  TA C -d ep en d e n t

(50,000; 6 0 ,0 0 0  t) 201 1 -2 0 2 2 :  F i -3  = 0 . 1 5 *  SC (2004-2006) F 4—20+ =  0.5  * SC (2 004-2006)

In  add ition  to  changes in  ab u n d an ce  an d  range occu
p ied, th e  size an d  age s tru c tu re  of exp lo ited  fish p o p u 
lations often  changes system atically  over tim e (A nder
son e t a / .  2008). These changes, w h ich  h ave  n o t y e t b een  
investigated  for b luefin  tu n a  in  th e  n o rth e a s t A tlantic 
a n d  M ed ite rran ean , include changes in  age/size com po
sition  a n d  spaw ning  experience (first-tim e vs. repeat), 
a n d  can  h av e  direct an d  ind irec t effects on  rep ro d u c
tive an d  rec ru itm en t po ten tia l, includ ing  ind iv idual re l
ative fecund ity  an d  offspring viability (L am bert 1990; 
M arshall e t  a l .  2003). These rep roductive  dem ographic 
changes in  tu rn  can  lead  to  h ig h er re c ru itm en t variab il
ity  in  heav ily  explo ited  fish popu la tions com pared  w ith  
po p u la tions experiencing  low er exp lo ita tion  (H sieh e t  a l .  

2006; A nderson  e t  a l .  2008). W e hypo thesize  th a t sim ilar 
changes in  age/size s tru c tu re  have  occurred  for th is p o p 
u la tio n  an d  th a t th e y  m ay  be a n o th e r  ind ica to r th a t th e  
po p u la tio n  is overexploited .

O ur study  has tw o  objectives re la ted  to  th e  exp lo ita tion  
sta tus an d  sustainab ility  of this p o pu la tion . W e first eval
u a te  th e  likelihood  th a t th e  n e w  recovery  p lan  w ill resu lt 
in  conservation  of th is p o p u la tio n  a n d  a n  increase in  its 
size to  levels w h e re  rec ru itm en t is n o  longer lim ited  by  
spaw ner abundance . W e p red ic t using fo rw ard  p ro jec tion  
po p u la tio n  dynam ics m odels h o w  th e  p o p u la tio n  w ill r e 
spond  to  th e  recovery  p lan , a n d  in  p a rticu la r w h e th e r  th e  
p lan , assum ing  full im p lem en ta tio n  an d  successful com 
pliance by  th e  fishing industry , w ill lead  to  recovery  of 
th is p o p u la tio n  w ith in  th e  expected  tim e  fram e. O ur sec
on d  objective is to q uan tify  changes in  age s truc tu re  an d  
rep roductive  dem ographics over tim e.

Methods
Population modeling

Model description

W e used  a n  ag e-s tru c tu red  stochastic m odeling  app roach  
sim ilar to th a t u sed  in  m an y  fisheries assessm en t w o rk 
ing  groups of th e  In te rn a tio n a l C ouncil for th e  E xplo
ra tio n  of th e  Sea (e.g., ICES Baltic Fisheries A ssessm ent 
W ork ing  G roup (ICES 2006)). The m odel is u sed  for p re 
dicting fu tu re  d ev e lopm en t of fish p o p u la tions (typically 
over 10 -20  years) u n d e r  d ifferen t assum ptions of fishing 
m orta lity  a n d  p o p u la tio n  biology (e.g., g ro w th  rates, m a 
tu rity  schedules, rep ro d u c tio n  ra te). E m pirically  derived 
estim ates of th e  u n ce rta in ty  of in p u t variables is directly  
inc luded  in  th e  m odel so th a t probabilistic o u tp u ts  of p o p 
u la tio n  variables (e.g., biom asses) are  derived. W e used  
biological an d  fishing m orta lity  ra te  in fo rm atio n  from  as
sessm ent ru n  13 of ICCAT (ICCAT 2008) to  param eterize  
th e  m odel.

In  brief, th e  m odeling  fram ew o rk  uses th e  starting  p o p 
u la tio n  size a t 1 Ja n u a ry  of each  y ear an d  applies n a t 
u ra l a n d  fishing m orta lity  ra tes to  estim ate n u m b ers  of 
survivors to  1 Ja n u a ry  of th e  follow ing year. A n n u a l 
estim ates of a d u lt biom ass are  derived  from  num bers  
of m a tu re  indiv iduals m ultip lied  by  th e ir  w eigh ts-a t- 
age. P roduction  ra te  of n e w  b luefin  tu n a  each  year (re
cru itm en t) is estim ated  from  a fu n c tio n a l re la tionsh ip  
to  spaw ner ab undance . Full details of th e  m odeling  a p 
p ro ach  an d  th e  spaw ner b io m ass-rec ru itm en t re la tio n 
ship are  described in  S upporting  In form ation .
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Scenario descriptions

W e sim ula ted  p o p u la tio n  ab u n d an ce  according to  five 
d ifferen t scenarios to  evalua te  h o w  th e  p o p u la tio n  w o u ld  
develop u n d e r  full im p lem en ta tio n  of th e  n e w  m an ag e 
m e n t p lan  (Table 1). The scenarios w e considered  in 
vestigated  th e  u n ce rta in ty  of catches in  2006 an d  2007, 
th e  p a ram eteriza tio n  a n d  u n ce rta in ty  of th e  spaw ner 
b io m ass-rec ru itm en t re la tionsh ip , th e  lim its on  catches 
for 2 008 -2010 , an d  th e  consequences of a re cen t increase 
in  m in im u m  land ing  size from  10-30  kg for m ost, b u t 
n o t all, b luefin  tu n a  fisheries in  th e  n o rth e a s t A tlantic 
an d  M ed ite rran ean . The to ta l a llow able catches (TACs) in  
2007, 2008, 2009, a n d  2010 are  29,500; 28,500; 27,500; 
an d  25,500 t, respectively  (ICCAT 2006a).

All scenarios s ta rted  in  2006 (m ost re cen t y ear for 
w h ich  ab u n d an ce  estim ates w ere  available for all age 
groups) a n d  en d  in  2022, w h e n  th e  cu rren t recovery  
p lan  shou ld  en d  (ICCAT 2007). W e conducted  five sce
narios: tw o  scenarios u sed  th e  officially rep o rted  catches 
for 2006 (30 ,650 t), w h ich  ICCAT scientists (ICCAT 2008) 
also assum ed  applied  for 2007 (the ir assessm ent ru n  13), 
a n d  th ree  scenarios assum ed  th e  rea l catches estim ated  
by  ICCAT for 2006 an d  2007 (50 ,000 a n d  60,000 t, r e 
spectively). A dditional details of th e  scenario  settings are 
g iven in  Table 1.

W e p re sen t a n d  in te rp re t resu lts b o th  for overall trends 
in  o u tp u t variables (spaw ner biom ass, yield, an d  rec ru it
m en t) an d  for o u tp u t values a t th e  end  of th e  in itial 
TAC period  (i.e., 2011) a n d  en d  of th e  recovery  period  
(2022). W e com pared  biom ass declines w ith  those  used  
by  th e  W orld  C onservation  U nion  to define ex tinc tion  
risk. In  particu lar, w e evalua ted  th e  probability  th a t a  d e 
cline in  a d u lt b iom ass of 90%  w o u ld  occur w ith in  th ree  
genera tions, an d  consider th is decline ra te  to  be a  m e a 
sure of p o p u la tio n  collapse. This decline ra te  is u sed  by 
IUCN to  define p o p u la tions as Critically Endangered (IUCN
2006).

Trends in population demographics

W e quan tified  changes in  age/size com position  an d  re 
p roductive  dem ographics th a t have  occurred  for b luefin  
tu n a  in  th e  easte rn  A tlan tic  an d  M ed ite rran ean . W e cal
cu la ted  th e  m e a n  age of spaw ners, an d  th e  p ro p o rtio n  of 
o lder b luefin  tu n a  (i.e., age >  8 years) using  a n n u a l IC
CAT p o p u la tio n  nu m b ers-a t-ag e  data  (ICCAT 2008). W e 
also estim ated  th e  p ro p o rtio n  of th e  p o pu la tion , w h ich  
w as a rep ea t spaw ner: because b luefin  tu n a  m a tu re  a t 
ages 4 -5  years (ICCAT 2008), w e assum ed  th a t half of 
all 5 -year olds w ere  rep ea t spaw ners (i.e., 50%  of the  
5 -year olds w ere  m a tu re  an d  spaw ned  as 4 -y ear olds) an d  
th a t all fish aged >  6 h a d  spaw ned  a t least once.

Results

W e first consider scenarios 1 an d  3, w h ich  assum e offi
cially rep o rted  catches for 2 0 0 6 -2 0 0 7  an d  recovery  p lan  
catch  during  th e  period  2 008 -2010 . In  scenario  1, sp aw n 
ing  stock biom ass is estim ated  to  be 99,000 in  2011 and  
increase to  210 ,000  t in  2022 (Figure 2A). R ecru itm en t in  
2012 an d  2022 is expected  to  be 1.6 an d  1.9 m illion  in 
dividuals, respectively  (Figure S2A). In  com parison, ge
om etric  m e a n  rec ru itm en t for 2001 -2005  w as 2 m illion  
(ICCAT 2008). P rojected  yield in  2022 is approx im ate ly  
30,000 t (Figure S3A). In  scenario  3, spaw ning  stock 
biom ass rises m ore  sharp ly  a fter th e  TAC period  due  to 
th e  low er assum ed  fish ing m orta lity  for ages >  4 years. 
S paw ner biom ass could  reach  335,000 t (Figure 2C), 
w h ich  w o u ld  suppo rt yields of ap p rox im ate ly  18,000 t 
even  a t these  low er F -values (Figure S3C).

The n e x t tw o  scenarios (2 an d  4) em ploy  th e  m ore  re 
alistic an d  h ig h er estim ates of catches in  2006 an d  2007 
(ICCAT 2008) th a n  those  officially rep o rted  to  ICCAT; 
o therw ise  settings are  th e  sam e as for scenarios 1 an d  3, 
respectively. Scenario 2 p redicts a  red u c tio n  of spaw ning  
stock b iom ass to  25 ,000  t in  2010 an d  28 ,000  t in  2011 
(Figure 2B). In  2010 (final y ear of existing recovery  p lan  
w h e n  TAC =  25,500 t), th e  fishery  is legally able to  cap
tu re  all spaw ners, an d  th e re  is a  5 % chance th a t sp aw n 
ing  stock biom ass w ill fall to 2 ,000 t (Figure 2B). R ecru it
m e n t w ill fall as spaw ning  stock b iom ass declines in  th e  
early  2010s (Figure S2B). Low  fishing m orta lity  starting  
in  2011 allow s spaw ning  stock biom ass to  increase nearly  
four-fo ld  to  approx im ate ly  100,000 t in  2022 (Figure 2B).

Scenario 4 settings w ere  sim ilar to  scenario  2 except 
th a t fishing m orta lity  of age groups >  4 du ring  2 0 1 1 - 
2022 w as red u ced  from  50%  of sta tus quo (2004-2006) 
to  15%  of sta tus quo. A sim ilar decline in  spaw ning  stock 
b iom ass u n til end  of 2010 is th ere fo re  seen  in  b o th  sce
narios 2 an d  4, b u t as expected, it increases m ore  in  th e  
reduced  fishing scenario  (4) to  app rox im ate ly  177,000 t 
by  2022 (Figure 2D).

U nder scenario  2, th e re  is on ly  approx im ate ly  50%  
probability  th a t th e  p o p u la tio n  w ill recover to  its size b e 
fore im p lem en ta tio n  of th e  recovery  p lan , a n d  th a t th e  
p o p u la tio n  w ill exceed  th e  th resh o ld  th a t n o  longer lim 
its rep ro d u c tio n  (defined as SABiow; Figure 3). M oreover, 
th e re  is <  5 % probability  th a t spaw ning  stock b iom ass in  
2022 w ill exceed th e  lo n g -te rm  m ean  b iom ass (Figure 3). 
In  contrast, u n d e r  scenario  4, assum ing  low  fishing m o r
ta lity  for all age groups starting  in  2008, th e re  is ap p ro x i
m ate ly  80%  chance  th a t spaw ning  stock b iom ass in  2022 
w ill exceed SSBiow, an d  approx im ate ly  40%  chance th a t 
it w ill exceed th e  lo n g -te rm  m ean  (Figure 3).

Scenarios 2 an d  5 com pare p ro jec ted  stock develop
m e n t assum ing  d ifferen t spaw ner b io m ass-rec ru itm en t
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Figure 2 Pro jec t ions  of bluefin tu n a  s p a w n e r  b io m a s s  u n d e r  var ious  

fishing an d  product iv ity  sc e n a r io s  in t h e  co m in g  years , inc luding  t h o s e  a s 

so c ia te d  with to tal  a l lo w able  c a t c h e s  (TACs) du r in g  t h e  p e r io d  2 0 0 8 - 2 0 1 0 .  

Pane ls  A-E c o r r e s p o n d  to  s c e n a r io s  1 - 5  as  s u m m a r iz e d  in Tab le  1. Solid 

line with  circles: m e d ian  p robabi li ty  of s p a w n e r  b io m ass ;  d a s h e d  lines: 5 th  

an d  9 5 th  p e rce n t i l e s  of s p a w n e r  b io m as s .  S im ula tions  w e r e  c o n d u c te d  

us in g  realis tic biological inp u ts  and  levels of u n ce r t a in ty  in initial n u m b e r s  

an d  annua l r e c r u i tm e n t  in an a g e - s t ru c tu r e d  s to c h a s t i c  p o pu la t ion  m ode l.  

P ro jec t ions  s t a r t  in 2 00 6  (final y e a r  for w hich  officially r e p o r t e d  ca tch  d a ta  

w e r e  availab le for  b io m a s s  es timat io ns)  a n d  c o n t in u e  until 20 2 2  w h en
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t h e  r ec o v e r y  plan ob jec t ives  shou ld  b e  m e t  (ICCAT 2006a ; ICCAT 2007) . 

Also s h o w n  for  historical c o m p a r i s o n  (solid b lack  line with sq uares )  is t h e  

e s t i m a t e d  s p a w n e r  b io m a s s  du r in g  th e  pe r iod  1 9 5 5 - 2 0 0 6 ,  as  e s t i m a t e d  

by virtual p o p u la t io n  analysis  (ICCAT 2008) (VPA), and  th e  q u o ta  (TAC) 

levels  a s s o c i a t e d  with  t h e  r eco v e ry  p lan (solid r ed  line with r ed  t r i an g le s ) . 

For p an e l s  A-D,  t h e  b r e a k p o i n t  s p a w n e r  b io m a s s - r e c r u i t m e n t  re la t ion

ship w a s  u s e d  to  e s t i m a t e  fu tu r e  r e c r u i tm e n t  (b reakp o in t  =  101 ,00 0  t); 

for  pane l E, a Ricker r e la tionsh ip  w a s  u s e d  (see  F igure  S1 a n d  Table  S 1 for 

p a r a m e te r s ) .

m odels (Figure S I); all o th e r m odel settings w ere  id en ti
cal. M ean  ±  95%  confidence lim its for spaw ner b iom ass 
in  2011 w ere  28 ,000  t (1 ,000 -62 ,000  t) a n d  48,000  
t (16 ,000 -85 ,000  t) for th e  tw o  scenarios, respectively  
(Figures 2B a n d  2E). B ased o n  b o th  m odels, it is

likely th a t rec ru itm en t in  n ex t few  years w ill be 
substan tia lly  red u ced  due  to  low  spaw ner ab u ndance  
(Figure S2B an d  E). In  2022, p ro jec ted  spaw ner biom ass 
w as 100,000 a n d  254,000  t, respectively  (Figures 2B 
an d  2E).

1954 1964 1974 1984 1994 2004 2014 2024
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Figure 3 Probab il ity  d is tr ibu tions  [N =  2 00  es t im a te s )  f rom  s to c h a s t ic  

m o d e l in g  s c e n a r io s  t h a t  bluefin tu n a  s p a w n in g  s to ck  b io m a s s  (SSB) In 

t h e  NE Atlant ic  an d  M e d i t e r r a n e a n  by 2 0 2 2  will e x c e e d  t h e  level of SSB  

b e lo w  w hich  re c r u i tm e n t  Is e x p e c t e d  to  fall sharp ly  (SS6iow =  101 ,0 00  

t, this  level al so  c o r r e s p o n d s  t o  t h e  last s p a w n e r  b io m a s s  e s t i m a t e  pr ior  

to  r eco v e ry  p lan Im p lem en ta t io n ;  ver tical d a s h e d  line on panel),  a n d  th e  

lo n g - te rm  g e o m e t r i c  m e a n  SSB  d u r ing  t h e  p er io d  1 9 5 5 - 2 0 0 6  (209,000;  

vert ical solid line on panel).  The red  (left) a r e a  (scenario  2; Table  1) a s s u m e s  

t h e  ICCAT rec o v e r y  plan Is fully a n d  success fu lly  I m p le m e n te d  du r in g  th e  

p e r io d  2 0 0 8 - 2 0 1 0  and  t h a t  fishing morta li ty  In t h e  rem a in in g  y e a rs  of 

t h e  r eco v e ry  plan p e r io d  (201 1-2022)  Is a s s u m e d  to  b e  r e d u c e d  by  85% 

a n d  50% on  a g e  g r o u p s  1 -3  a n d  4 + ,  respect iv e ly , re lat ive to  t h e  fishing 

morta li ti e s  e s t i m a t e d  for 2 0 0 4 - 2 0 0 6  us in g  officially r e p o r t e d  ca tch  da ta .  

Th e  g r e e n  (right) a rea  (scenario  4) u s e d  similar s e t t in g s  a s  scen a r io  2, 

e x c e p t  t h a t  fishing mor ta li ty  w a s  r e d u c e d  by  85% on all a g e  g r o u p s  dur in g  

t h e  p er io d  2 0 1 1 - 2 0 2 2 .  Both  s c e n a r io s  a s s u m e  th a t  c a t c h e s  In 20 0 6  and  

2007  w e r e  5 0 ,0 0 0  a n d  60 ,00 0  t, r e spec t ive ly  (ICCAT 2008). S e e  Ta ble  1, 

M e th o d s ,  a n d  S u p p o r t in g  In format ion  for s cen a r io  se t t in g s  a n d  m od e l ing  

detail s.

Several po p u la tion -leve l indicators of age struc tu re  an d  
rep roductive  dem ographics h ave  declined since th e  start 
of available datasets in  1955. The m ean  age of m a tu re  
b luefin  tu n a  has declined  since th e  m id-1980s a n d  the  
p ro p o rtio n  of age >  8 years has declined, especially since 
th e  la te  1970s (Figure 4A). The share  of repea t spaw ners 
in  th e  p o p u la tio n  has declined  an d  rem ain ed  generally  
low  since th e  m id- to  late 1980s (Figure 4B).

Discussion
The recen t decline of this b luefin  tu n a  po p u la tio n  is p r i
m arily  a resu lt of h igh  exp lo ita tion  for too  m an y  years 
(ICCAT 2008). Scientific advice by  ICCAT scientists an d  
som e conservation  organ izations has n o t b een  fully im 
p lem en ted  by  na tio n s th a t exploit this popu la tion ; in  
cases w h e re  th e  advice has b een  p artly  follow ed (e.g., 
quo tas o r fishing capacity  reduced  b u t n o t sufficiently  to 
p rev en t decline), it has n o t b een  effectively enforced. E v
idence of w eak  im p lem en ta tio n  a n d  en fo rcem en t of reg 
u la tions a re  reports  of illegal fishing (e.g., cap tu re of u n 

dersized specim ens, failure to  rep o rt catches, fish ing o u t
side closed seasons or areas) sum m arized  by  ICCAT sci
entists an d  o thers (ICCAT 2008; W W F 2006), even  d u r
ing  th e  recovery  p lan  period  itself (EU 2008). G iven th e  
h is to ry  of fish po p u la tio n  collapses e lsew here, an d  th e ir 
ecological an d  socio-econom ic consequences (H utchings 
& R eynolds 2004; B edd ing ton  et al. 2007), it is perhaps 
surprising  th a t au th o ritie s  responsib le for m anag ing  this 
p o p u la tio n  h ave  n o t b een  m ore  rigorous in  supporting  
effective conservation  m easures. W e hypo thesize  th a t 
au th o rities  h ave  b een  un ab le  o r unw illing  to  resist p o 
litical p ressu re  by  th e  b luefin  tu n a  fishing in d u s try  to  im 
p lem en t reco m m en d ed  m easures, as has b een  th e  case 
in  m an y  o th e r ju risd ic tions for o th e r species (R osenberg 
2003; R osenberg  et al. 2006; B edd ing ton  et al. 2007). 
These difficulties are  particu larly  acu te  for econom ically  
valuab le  species such  as b luefin  tu n a  w h o se  long-d istance 
a n d  h igh-seas m ig ra to ry  b ehav io r exposes th e  species to 
fish ing fleets of a  large n u m b e r of n a tions inside an d  b e 
yo n d  th e  te rrito ria l w aters of single nations. H ence, e n 
fo rcem en t of regu la tions is difficult a n d  com pliance is 
incom plete  (ICCAT 2008).

The expected  b iom ass trajectory , to g e th e r w ith  th e  d e 
clines in  indicators of stock sta tus (discussed below ), is 
a larm ing: a m an ag em en t p lan , w h ich  has b een  devel
oped  to  p ro m o te  recovery  of a  p o pu la tion , w ill cause it 
to  fall to  record  low s an d  could  resu lt in  b o th  fish p o p 
u la tio n  an d  fisheries collapse. The cu rren t ICCAT and  
EU recovery  p lan  as p resen tly  im p lem en ted  (sim ilar to 
scenario  2) is p red ic ted  to reduce  th e  adu lt po p u la tio n  
close to  sm all sizes (i.e., 50%  a n d  5%  probabilities th a t 
spaw ning  stock b iom ass =  25 ,000  an d  2000 t in  2010) 
w ith in  one  g en era tio n  of th e  stock, g iven realistic fish 
ing  m orta lity  ra tes an d  biological unce rta in ty , includ ing  
th a t re la ted  to  recru itm en t. E ven  if a  n ear-com ple te  b an  
on  all b luefin  tu n a  fishing in  th e  n o rth ea s t A tlan tic  and  
M ed ite rran ean  w ere  im p lem en ted  im m edia te ly  in  2008 
a n d  enforced  u n til 2022 (scenario 4), th e  p o p u la tio n  w ill 
p robab ly  fall to  reco rd  low s in  th e  n ex t few  years, unless 
en v iro n m en ta l conditions p ro m o te  excep tionally  h igh  re 
c ru itm en t. In  th e  com ing years, th e  existing q u o ta  w ou ld  
a llow  cap tu re  of m ost, o r all, adults; th is s itua tion  m akes 
p o p u la tio n  sustainab ility  sensitive to  th e  success of in d i
v idual year classes an d  reduces buffering  capacity  against 
a series of years w h e n  en v iro n m en ta l conditions reduce 
offspring survival.

A t th e  p ro jec ted  low  biom asses, re c ru itm en t w ill b e 
com e severely  im paired  due  to  (1) low  n u m b ers  of 
spaw ners (M yers & B arro w m an  1996; ICCAT 2007), (2) 
p o ten tia l A llee effects o n  rep roductive  success (F rank  & 
B rickm an 2000), a n d  (3) increased  risk of rec ru itm en t 
failures due to  adverse en v iro n m en ta l conditions (B ran
der 2005). In  particu lar, th e re  is a 25%  chance th a t th e
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Figure 4  (A). M ean  a g e  of m a tu r e  bluefin tu na  

(left axis a n d  circles) a n d  p ro p o r t i o n  of  bluefin 

tu n a  a g e d  8 an d  o ld e r  a m o n g  all bluefin In th e  

po p u la t io n  o ld e r  t h a n  a g e  1 (right axis and  

sq u a re s ) .  (B). P ro po r t ion  of m a t u r e  bluefin tun a  

w hich  h a v e  s p a w n e d  a t  le a s t  o n c e  In the ir  

lifetimes. Data f rom  ICCAT (ICCAT 2008) . 1954 1 962 1970 1 978 1986 1 994 2002 2010

expected  decline (scenario 2) in  b iom ass b e tw een  1999 
(spaw ning  stock b iom ass =  142,000 t) an d  2010 (25 th  
percen tile  =  14,000 t) w ill be 90%  u n d e r  th e  agreed  re 
covery  p lan  m an ag e m en t m easures. G iven th a t a  decline 
> 90%  w ith in  th re e  genera tions (=  12-15 years for this 
p opu la tion ) is one of th e  criteria  for a p o p u la tio n  to  be 
listed as Critically Endangered on  th e  W orld  C onservation  
U nion 's  R ed List (IUCN 2006), th e  cu rren t recovery  p lan  
(w hich  allow s h igh  catches du ring  th e  period  2008-2010) 
ironically  could  ju stify  a species-at-risk  listing, ra th e r  th a n  
a susta inab ly  m anaged  p o p u la tion . F u rth e rm o re , o u r cal
culations d em o n stra te  th a t rep ro d u c tio n  w ill be  lim ited  
by  spaw ner ab u n d an ce  (i.e., SSB < SSBlow =  101,000 t) 
for m an y  years to  com e. The sta tus of th e  easte rn  b luefin  
tu n a  p o p u la tio n  m ay  th ere fo re  reach  th a t of th e  p o p 
u la tio n  in  th e  W est A tlantic, w h ich  is n o w  ex trem ely  
low  an d  also in  danger of collapse (Safina & K linger 
2008).

A lternative  scenarios could be construc ted  to  evalua te  
various fish ing m ortalities an d  com pliance levels on  re 
covery, b u t o u r overall resu lts an d  conclusions regard ing  
th e  decline of th e  p o p u la tio n  w o u ld  n o t change; in  g en 
eral, h ig h e r fishing m orta lity  o r im p lem en ta tio n  failure 
w ill p ro long  p o p u la tio n  decline an d  su bsequen t reco v 
ery. In  particu lar, th e  tra jec to ry  after 2010 is u n ce rta in  
because  th e re  p resen tly  are  n o  recovery-specific TAC reg 
u la tions in  place follow ing th e  exp ira tion  of th e  cu rren t 
TAC schedule.

O ur p ro jections of b iom ass deve lopm en t depend , as 
do all fish p o p u la tio n  projections, on  th e  re c ru itm e n t-  
spaw ner b iom ass relationsh ip . W e used  tw o  such  m o d 
els; b o th  d em o n stra te  th a t th e  p o p u la tio n  w ill decline to 
reco rd  low s in  th e  n ex t few  years u n d e r  th e  recovery  
p lan . O ur analyses ind icate  th a t th e  hockey -s tick  m odel 
follow s th e  recen t re c ru itm en t p a tte rn  m ore  closely th a n  
th e  R icker m odel (see Supporting  In fo rm ation ). In  ad d i
tion , th e  hockey  stick m odel has superio r m an ag em en t 
im plications: in  particu lar, m eta-analyses based  on  100s 
of fish p o p u la tions show  th a t it genera lly  does n o t o v e r
estim ate  m ax im u m  rep roductive  ra tes a t low  p o p u la 
tio n  sizes, as do a lte rna tive  m odels (B arrow m an  & M yers 
2000), a n d  th e re fo re  does n o t overestim ate  th e  resilience 
of th e  p o p u la tio n  to  declin ing b iom ass. These charac te r
istics a re  p articu la rly  im p o rtan t for th e  specific case of 
b luefin  tu n a  because th e  p o p u la tio n  is in  rap id  decline, 
th e  spaw ner b io m ass-rec ru itm en t re la tionsh ip  is u n c e r
ta in , a  recovery  p lan  is in  place, yet im p lem en ta tio n  of 
th e  m an ag e m en t m easures a n d  com pliance by  th e  fishing 
in d u s try  is difficult (ICCAT 2006b; EU 2007, 2008). Using 
th e  hockey  stick m odel for m an ag em en t decisions u n d e r  
these  circum stances is th ere fo re  m ore  consisten t w ith  th e  
p recau tio n a ry  app roach  to  fisheries m an ag em en t (FAO 
1995, 1996; ICES 2003).

O ther indicators of p o p u la tio n  status have  changed. 
Age stru c tu re  an d  rep roductive  dem ographics for th e  
p o p u la tio n  h ave  shifted to  configurations th a t likely
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reduce  rep roductive  p o ten tia l an d  increase vu lnerab ility  
of th e  rem ain ing  po p u la tio n  to  add itiona l stressors, such 
as ecosystem  variability. A lthough  th e  co n trib u tio n  of dif
fe ren t ages to  recru it p roduction , paren t-o ffsp rin g  re la 
tionsh ips an d  frequency  of skipped (n o n an n u a l) sp aw n 
ing for b luefin  tu n a  rem a in  to  be fully investigated, 
changes in  rep roductive  dem ographics like those  d o cu 
m en ted  h e re  can lead  to a red u c tio n  in  rep roductive  an d  
rec ru itm en t p o ten tia l an d  increased  rec ru itm en t v a ri
ability  in  m an y  o th e r fish species (M arshall et al. 2003; 
A nderson  et al. 2008). The n a rro w in g  an d  disp lacem ent 
of age s truc tu re  to w ard  y o unger ind iv iduals w ith  less 
spaw ning  experience is a  com m on  fea tu re  in  exploited  
fish p o p u la tions (A nderson  et al. 2008). W h en  th e  p o p u 
la tion  is ev en tua lly  allow ed to  recover, rec ru it p ro d u c tio n  
p e r  spaw ner w ill likely be low er, an d  p o p u la tio n  recov
ery  w ill p robab ly  take  longer, th a n  for a po p u la tio n  of 
th e  sam e biom ass com posed of older, m ore  experienced  
spaw ners.

The declines in  ab u n d an ce  a n d  age s truc tu re  m ay 
also be factors responsib le for th e  d isappearance of 
b luefin  tu n a  from  fo rm erly  occupied areas in  th e  n o r th 
east A tlan tic  an d  M ed ite rran ean . For exam ple, m an y  
o th e r fish species ex pand  (or contract) th e ir  geographic 
ranges w h e n  a b u n d a n t (or rare) (M acCall 1990; G arrison 
2001; B akun  2005), p robably  as a response to  density- 
d ep en d en t feedbacks as local carry ing  capacity  is reached  
(M atsukaw a 2006). A rebu ild ing  po p u la tio n  could  reoc- 
cupy fo rm er areas of th e  d is tribu tional range.

The existing recovery  p lan , w h o se  progress is sched
u led  to  be assessed in  2008 by  ICCAT (ICCAT 2006a), 
th ere fo re  needs rap id  ad ju s tm en t to  m in im ize th e  ra te  
of fu r th e r decline especially in  2 008 -2010 . Som e o th e r 
evalua tions of th e  recovery  p lan  using  d ifferen t fishing 
a n d  biological assum ptions also show  th a t th e  recovery  
p lan  objective m ay  n o t be m e t (BFT species g roup  2007) 
a n d  th a t im p lem en ta tio n  success of th e  n ew  fishery  reg 
u la tions w ill be critical for achieving th e  p lan  objective 
(F rom en tin  2007). E xperience w ith  collapses of o th e r fish 
p o p u la tions an d  th e ir  recoveries show s th a t ( 1 ) cessation 
of fishing is th e  single m ost effective m easu re  available 
for p rom o ting  th e  rebu ild ing  of m ost collapsed fish p o p 
u la tions (R osenberg 2003; B edd ing ton  et al. 2007), (2) 
recovery  som etim es requ ires m an y  decades even  w h e n  
exp lo ita tion  has b een  greatly  reduced , an d  (3) recovery  
tends to  occur fastest w h e n  conservation  p lans are  im 
p lem en ted  soon  a fter declines becom e ev iden t an d  over 
sh o rt periods (H utchings & R eynolds 2004; Shertzer & 
P rager 2007).

A m odified  recovery  p lan  (i.e., no  or little b luefin  tu n a  
fish ing  of an y  k ind  for several years) in  th e  n o rth ea s t 
A tlan tic  an d  M ed ite rran ean  u rg en tly  needs to  be im p le
m en ted  to  reduce  th e  risk of p o p u la tio n  collapse. Im p le

m en tin g  m ajo r reduc tions in  fishing m orta lity  for this 
p o p u la tio n  is difficult (EU 2008); how ever, past ex p e
rience w ith  recovery  successes show s th a t fish ing  m o r
talities n eed  to  be very  low  in  o rder to  p ro m o te  recov
ery  (H utchings & R eynolds 2004; R osenberg  et al. 2006; 
B edd ing ton  et al. 2007). A re trospective analysis by  IC
CAT show ed  th a t fishing m orta lity  since 2 0 0 3 -2 0 0 4  w as 
th ree-fo ld  h ig h e r th a n  th a t w h ich  w o u ld  lead  to  MSY 
(ICCAT 2007, 2008), a n d  sim ilar difficulties w ith  im p le
m e n ta tio n  of fishing restric tions for species (cod Gadus 
morhua, h e rrin g  Clupea harengus, etc.) in  o th e r ju risd ic 
tions are  com m on  (R osenberg 2003; B edd ing ton  et al.
2007). N evertheless, delaying im p lem en ta tio n  for b luefin  
tu n a  w ill m ean  th a t th is species in  th e  NE A tlan tic  and  
M ed ite rran ean  w ill take longer to  recover a n d  becom e 
m ore  susceptible to  collapse, possibly w ith in  one  g en e ra 
tion . Such a  fish ing-induced  collapse w o u ld  be a n  ecolog
ical d isaster for th e  p o p u la tion , a fisheries m an ag em en t 
failu re  by  an d  for th e  fish ing industry , m anagers an d  reg 
u la to ry  agencies, an d  socio-econom ic hard sh ip  for those 
depend ing  on  th e  p o p u la tio n  for livelihoods. G iven th e  
slow  recovery  ra te  of o th e r collapsed fish popu la tions, 
m an y  years o r even  decades m ay  be necessary  before 
a sustainab ly  exploitable p o p u la tio n  could  be rees tab 
lished  (H utchings & R eynolds 2004). M oreover, a  fishing- 
induced  collapse w o u ld  con trad ict th e  in ten tio n s  of 
in te rn a tio n a l ag reem en ts such  as th e  FAO Code Of C on
duc t for R esponsible F isheries Inc lud ing  th e  P recau tio n 
a ry  A pproach  (FAO 1995, 1996) an d  th e  C onventions 
on  B iodiversity  (UN 1992), a n d  Sustainable D evelopm ent 
(UN 2002), w h ich  m an y  signatories of ICCAT an d  th e  EU 
h ave  o therw ise  adopted .
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Impending collapse of bluefin tuna in the northeast Atlantic and 

Mediterranean (Supporting information)

Brian R. MacKenzie, Henrik Mosegaard, Andrew A. Rosenberg

Supporting information

Modelling approach

We used an age-structured stochastic modelling approach similar to that used in many fisheries 

assessment working groups of the International Council for the Exploration of the Sea (e. g., ICES 

Baltic Fisheries Assessment Working Group (ICES 2006)). The model is used for evaluating 

development of fish populations in future time periods (typically 10-20 years) under different 

assumptions of fishing mortality and population biology (e. g., growth rates, maturity schedules, 

reproduction rate, natural mortality rates). Empirically-derived estimates of the uncertainty of key 

input variables is directly included in the model so that probabilistic outputs of population variables 

(e. g., biomasses) are derived. In the case of bluefin tuna in the northeast Atlantic and 

Mediterranean, we used biological and fishing mortality rate information from assessment run 13 of 

ICCAT (ICCAT 2008).

The modelling framework uses the starting population size at January 1 of each year and applies 

natural and fishing mortality rates to estimate numbers of survivors to January 1 of the following 

year. Estimates of adult biomass at January 1 are derived from numbers of mature individuals 

multiplied by their weights-at-age.
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Natural mortality rates, weights, and probability of maturity data are available on age-specific basis 

(ICCAT 2006b) (see Table SI); the age range we used was 1-20+ (Fromentin & Keli 2007). We 

assumed, as does ICCAT (ICCAT 2006b), that these traits are constant over time, partly because 

there is presently no evidence of temporal trending.

The starting population size in numbers by age (except for age 1) in our model was that estimated 

by ICCAT for the final year (2005) of run 13 of its 2006 assessment (ICCAT 2008). The numbers 

of age 1 in the last year of virtual population analyses (VPA) are typically more uncertain than 

previous years (Shepherd 1999); we therefore used the geometric mean of the last 5 available 

yearclasses (i.e., 1999-2003) as an estimate of recruitment for 2004. Annual age-specific fishing 

mortality rates are also available from ICCAT (ICCAT 2008). We used an average of the three most 

recent assessment years (i.e., 2004-2006) as default fishing mortality rate in model simulations.

The production of new young bluefin tuna (recruitment) can theoretically be estimated using 

historical functional relationships between annual recruitment and spawner biomass. However for 

bluefin tuna in the northeast Atlantic and Mediterranean, this relationship is uncertain (ICCAT 

2008). Much of the uncertainty in the spawner-recruit relationship is due to the spawner and recruit 

data, which are based on commercial catch data whose quality has deteriorated in the past 5-10 

years (ICCAT 2008). Additional uncertainty is due to the influence of undetermined ecosystem 

conditions (e. g., predation) which have affected recruitment over the past range of spawner 

biomass. Uncertainty in the spawner-recruit relationship for eastern Atlantic-Mediterranean bluefin 

tuna could perhaps be reduced in future if catch data quality were improved (ICCAT 2008) and new 

research clarified recruitment processes for this population (Garcia et al. 2006; Mariani et al. 2008).
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Nevertheless the population is believed to have declined (EU 2007; EU 2008; ICCAT 2008), and, 

when spawner biomass is sufficiently reduced, recruitment clearly must decline such that the 

underlying curve either passes through the origin, or intercepts the x-axis (e. g., if Allee effects 

become important (Frank & Brickman 2000)). In addition, there is empirical evidence that low 

levels of fish spawner biomass generally, and specifically for bluefin tuna (western Atlantic 

population (Brown etal. 2002)), produce fewer recruits (Myers & Barrowman 1996; ICES 2003).

Attempts to fit three of the most common models (Ricker, Beverton-Holt, hockey-stick regression) 

to the data showed that only the Ricker model explained a low amount of variation (Table S2; 

Figure SI). The parameter estimates and model predictions are uncertain (Figure SI). In addition, 

the residual variation displayed important temporal variations: for example, the model 

overestimates recruitment every year after 1999 (Figure SI). Moreover we conducted a 

retrospective analysis of the ability of the Ricker model to forecast future recruitment by fitting the 

model to only the data for 1955-1999, and then comparing its predictions with the subsequent 7 

year classes (2000-2006). This analysis also showed that the model overestimated recruitment in 

each subsequent year. Using this model therefore overestimates the recent productivity dynamics of 

the stock and therefore underestimates the probability of stock decline as spawner biomass is 

reduced.

Given the uncertainty of the precise form of the spawner-recruit relationship for eastern Atlantic- 

Mediterranean bluefin tuna, we assumed a simpler relationship in which recruitment is similar to 

the long-term average (1955-2006) when spawner biomass exceeds the lowest observed SSB (= 

101,000 t, hereafter referred to SSBi0W), but declines linearly to the origin when SSB < SSBi0W 

(Figure 1). This model has the advantage that its predictions pass through the cluster of recruitments
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since 1999 (i.e., both positive and negative residuals). Although the model does not explain much 

variation over the entire time series, we use it in simulations because of its superior ability to 

explain recent (post-1999) data (which are characterized by low spawner biomasses, where it is 

more critical to have proper representation of population dynamics). The hockey-stick approach 

involving use of SSBi0W as a breakpoint spawner biomass level is widely accepted among fisheries 

scientists and managers when stock-recruitment data are uncertain, yet management advice is 

needed for conservation of populations: the approach has been applied to many other fish 

populations worldwide and is consistent with major international fishery agreements such as the 

Precautionary Approach for management of fish stocks (FAO 1995; FAO 1996; ICES 2003). For 

comparison purposes, we also implemented the Ricker model (Table 1) in one of our simulations.

The applied age-specific fishing mortalities (F) for all years is the mean age-specific F for the last 3 

years in the ICCAT VPA assessment. This fishing pattern was expected to change in 2007, when 

the legal minimum landing size increased to 30 kg from 10 kg for most but not all bluefin tuna 

fisheries in the northeast Atlantic and Mediterranean. Thirty-kg tuna are approximately 3-4 years 

old (ICCAT 2008), so from 2008 onwards the fishing mortality for ages 1-3 was set to 15% of the 

level during 2004-2006 to represent catches allowed by some fleets under the recovery plan, 

potential noncompliance by the fishing industry with the new regulations and bycatch during 

fisheries for other species.

ii) Incorporation of biological uncertainty:

The inputs to our population development model are approximations of real values and therefore 

uncertain to varying degrees. We included past observed estimates of variability of the most 

important inputs when conducting model simulations. For initial numbers-at-ages 1-20+ (i.e., in



96

97

98

99

100

101

102

103

104

105

106

107

108

109

110

111

112

113

114

115

116

117

118

ms version 151008: Impending collapse of bluefin tuna
MacKenzie et al.

5

2006), we assumed a coefficient of variation (CV) of 0.30 (Restrepo 2007). Numbers-at-age were 

then estimated from a random lognormal distribution based on observed numbers-at-age and their 

variability. Numbers-at-ages 2-20+ in subsequent years were estimated based on annual estimates 

of natural and fishing mortality. Numbers of age 1 in each year were estimated based on the 

hockey-stick stock-recruitment relationship described above (Scenarios 1-4) or the Ricker model 

(Scenario 5).

Uncertainty in recruitment was simulated by sampling randomly from a log-Gaussian distribution 

fitted to historical time series of recruitment.

For the hockey stick model, if simulated SSB, > SSB|0W. then

R, ~ L N (ln R ,a tR) 

where

7?, = expected recruitment in projected year i,

In R = mean of ln R,

<jfnR is the variance of In R (= 0.242).

If SSB,< SSBi0W,then

 l̂ * R 1 ~ LN(\nR,crlR)
SSBi 1 V lnRj
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For the Ricker model (R = 69.2*S*e'0 0000089*s; Table S2), predicted recruitment was calculated 

from a log-gaussian distribution with variance of In residuals, crfnres, (= 0.152).

All calculations were conducted in a spreadsheet. Simulations of stock development for each set of 

inputs (see below and Table 1 for specification) were repeated 200 times to generate distributions of 

spawner biomass, recruitment and fishing yield. These distributions used the random variations 

associated with the initial population sizes and the spawner biomass -  recruitment relationships. 

Based on these distributions we estimated percentiles (5, 10, 25, 50, 75, 90, 95) to quantify the 

uncertainty of our population projections, and the risk that population size would remain low, given 

realistic levels of variability in key biological inputs.

We also consider how catch uncertainty (i.e., uncertainty in the total landings) affect population 

projections. This topic is addressed under “Scenario descriptions”.

iii) Scenario descriptions

We simulated population abundance according to five different scenarios to evaluate how the 

population would develop under full implementation of the new management plan (Table 1). The 

scenarios we considered investigated the uncertainty of catches in 2006 and 2007, the 

parameterisation of the spawner biomass-recruitment relationship, the limits on catches for 2008- 

2010 due to the recovery plan, and the consequences of a recent increase in minimum landing size 

from 10 to 30 kg for most but not all bluefin tuna fisheries in the northeast Atlantic and 

Mediterranean. The Total Allowable Catches (TACs) in 2007-2010 are 29,500, 28,500, 27,500 and 

25,500 t, respectively (ICCAT 2006a).
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All scenarios started in 2006 (most recent year for which abundance estimates were available for all 

age-groups) and end in 2022. The choice of end year was defined based on the final year in the 

current recovery plan for this population (ICCAT 2007): we wished to estimate the trajectory of 

population development during the whole recovery plan period. We conducted 5 scenarios: 2 

scenarios used the officially reported catches for 2006 (30,6501), which ICCAT scientists also 

assumed applied for 2007 (their assessment run 13), and 3 scenarios assumed the real catches 

estimated by ICCAT for 2006 and 2007 (50,000 and 60,000 t respectively).

Scenarios 1 and 3 assume that landings in 2006 and 2007 equalled those officially reported to 

ICCAT for 2006; several EU countries had not reported their catch for 2007 in time for the June 

2008 assessment meeting, so ICCAT scientists assumed official catches in 2007 were similar to 

those in 2006 (ICCAT 2008). In 2008-2010, we assumed that catches would follow the agreed TAC 

and allowed the age-specific fishing mortalities to reflect those catch levels. However, because 

fishing mortality rates differ among age-groups, we restrict the relative age-specific pattern of 

fishing mortalities (known as “selection pattern” in fisheries science) to represent the average 

during 2004-2006 (last three years of assessment based on official catch data). In 2008-2010, 

however, we assumed that relative fishing mortality on ages 1-3 would be 85% lower than during 

2004-2006 (based on officially reported catch data) because of the implementation of new 

minimum size restrictions during 2007; this size restriction, in combination with the agreed TAC in 

2008 (28,500 t), essentially shifts fishing pressure to older age groups for 2008-2010. Starting in 

2011, we assumed that fishing mortality of ages 1-3 would continue to be 15% of the levels during 

2004-2006. For scenarios 1 and 3 we assumed that fishing mortality of ages >_4 would be 50 and 

15%, respectively of that during 2004-2006.
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Scenarios 2 and 4 had identical settings as scenarios 1 and 3 except that we assumed that catch in 

2006 and 2007 were those estimated by ICCAT scientists (ICCAT 2008) (50,000 and 60,000 t, 

respectively). These scenarios consider therefore how catch uncertainty in the recent two years 

could affect perception of population development in coming years.

Scenarios 1-4 all used the hockey stick spawner-recruitment relationship with breakpoint at 

101,0001. Scenario 5 used the Ricker model; other settings for scenario 5 are identical to those for 

scenario 2. Hence the sensitivity of population projections using the two stock-recruitment models 

are directly comparable for scenarios 2 and 5.

We present and interpret results both for overall time trends in output variables (spawner biomass, 

yield and recruitment) and for output values at the end of the initial TAC period (i.e., 2011) and end 

of the recovery period (2022).
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180 Supporting tables

181 Table SI. Input biological values used for population modelling of bluefin tuna in the northeast

182 Atlantic and Mediterranean. Numbers data are for 2006 for ages 2-20+ or geometric mean from

183 years 2002-2006 (yearclasses 2001-2005) for age 1. The coefficient of variation of the numbers-at-

184 age was 0.3 and was used in population simulations. Fishing mortalities are averages for 2004-2006

185 based on officially reported catch data. Data sources: ICCAT (ICCAT 2008) for numbers, maturity

186 and mortalities (assessment run 13; V. Restrepo (NOAA, USA, pers. comm.) for weights.

Age Numbers Weight (kg) Prob, mature Natural mortality Fishing mortality

1 1964315 5.4 0 0.49 0.275

2 1116760 12.8 0 0.24 0.446

3 790262 23.4 0 0.24 0.508

4 309505 37.2 0.5 0.24 0.156

5 245404 53.5 1 0.24 0.143

6 271083 71.9 1 0.20 0.158

7 208771 92.0 1 0.175 0.228

8 170280 113.2 1 0.15 0.280

9 121435 135.0 1 0.125 0.370

10 20081 157.2 1 0.10 0.370

11 21819 179.4 1 0.10 0.370

12 16982 201.4 1 0.10 0.370

13 17337 222.8 1 0.10 0.370

14 12478 243.6 1 0.10 0.370

15 11242 263.6 1 0.10 0.370

16 10768 282.8 1 0.10 0.370
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17 4095 301.0 1 0.10 0.370

18 4610 318.3 1 0.10 0.370

19 1793 334.6 1 0.10 0.370

20+ 7310 349.9 1 0.10 0.370

187
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188 Table S2. Statistical results of attempts to fit spawner biomass-recruit models for bluefin tuna in the

189 eastern Atlantic and Mediterranean. R2adj. = explained variation, adjusted for number of fitted

190 parameters in model; P = probability of making a Type I error; N = 34 year classes (1955-2006

191 (ICCAT 2008)). Parameter estimates for the Ricker model are shown with standard error.

Model Equation R adj. P

Ricker _ gç 2+12 4 § -̂0.0000089+0.0000009-s 0.34 <0.0001

Beverton-Holt R = S / (a + b S) Could not be fit —

Hockey-stick

regression

R = a S if S < Sbreakj 

R — ä'Sbreak if S ^ Sbreak

Could not be fit
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Supporting figure captions:

Figure SI. Relationship between spawner biomass and recruitment for bluefin tuna in the eastern 

Atlantic and Mediterranean during 1955-2006 (symbols denote yearclasses according to last 2 digits 

of birthyears). The thick solid line shows the hockey stick model with a breakpoint at the lowest 

observed spawner biomass (101,000 t). This model was used in scenarios 1-4. The thin solid line is 

the fitted curve from the Ricker model (R = 69*s*e'°'0000089*s); dashed lines show the model fit 

given the uncertainty (+ 2 standard errors) of the steepness parameter, a (= 69), from this model.

The Ricker model was used in scenario 5.

Figure S2. Historical and simulated future recruitment and 95% confidence limits for the five 

scenarios corresponding to those described in Table 1 and Figure 2. Recruitment data for 1955-2006 

from ICCAT (ICCAT 2008).

Figure S3. Historical and simulated future fishery landings and 95% confidence limits for the five 

scenarios corresponding to those described in Table 1 and Figure 2. Data sources from ICCAT 

(ICCAT 2008).
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