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The long-term  m anagem en t o f  a stock  representing  a m etap o p u la tio n  has been sim ulated  In a case study  loosely based upon herring 
to  th e  w est o f  th e  British Isles, w here stocks are currently  assessed and  m anaged  by m anagem en t area, a lthough  there  Is evidence of 
mixing betw een stocks (In term s o f connectivity, m igrations, and  exploitation). The sim ulations evaluate scientific advice (based on 
virtual popu lation  analysis, VPA) an d  th e  sustainability o f fishing under tw o  p o p u la tion -structu re  scenarios, corresponding  e ither to  
d iscrete stocks, which only mix on  th e  feeding grounds, o r w here diffusion betw een stocks takes place. The ability o f stock  assessm ent 
to  m o n ito r stock  sta tu s  and  exploitation levels was evaluated  for defining stocks based on fishing areas an d  for stocks th a t  com bined  
fishing areas. The study  show ed th a t  assessm ent based on VPA o f th e  m etapopu la tion  could  fall to  d e te c t overexploitation o f stocks 
and  fall to  d e te c t and  distinguish betw een th e  effects o f exploitation and  regim e shifts.
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Introduction
A key concept in  fishery science and  m anagem ent is the u n it stock, 
defined as a p opu lation  aggregate that can be m anaged as a discrete 
u n it (Q u in n  and  Deriso, 1999). Such a defin ition  im plies that 
stocks o f  the  sam e species are largely isolated from  each o ther 
and  are self-sustaining, th a t fisheries do  n o t take m ixed catches 
from  different stocks, and th a t m anagem ent regulations can be 
enforced by  stock. However, W aples and  Gaggiotti (2006), in  
their review entitled  “W hat is a population?”, conclude th a t no 
consensus has yet em erged regarding a quantitative  defin ition  o f 
a stock o r a population . Instead, one has to  rely on  qualitative 
descriptions, such as “a group o f  organism s o f  the sam e species 
occupying a particular space a t a particular tim e” (Krebs, 1994). 
If  fisheries catch fish from  aggregations o f  m ixed orig in  and 
these catches are assigned to  a specific stock, the results o f  assess­
m ents using classical m ethods are confounded  for all stocks 
involved. Furtherm ore, m anagem ent advice in  term s o f  to ta l allow­
able catches (TACs) from  a stock that is defined operationally  (e.g. 
by  the  area w ith in  w hich a fishery operates), ra ther th an  in  term s o f 
biological understand ing  o f  p opu lation  structure  (Reiss et al., 
2009), m ay have unforeseen ecological and  evolutionary  im pacts. 
To avoid confusion, the term  “po p u latio n ” will be used here to

refer to  m ore-or-less reproductively isolated spaw ning com ­
ponents w ith in  a m etapopu la tion  (Levins, 1969), and “stock” to 
the  m anagem ent u n it as defined by catches from  the fisheries.

There is an  ever-expanding suite o f  techniques available to 
define populations. W aldm an (1999) therefore suggested that 
any choice o f  stock defin ition  m ust balance costs, sam pling 
needs, the  likelihood o f  detecting m ultip le  populations w ith in  or 
am ong  stocks, and persistence, and  should  fit the  particular m an ­
agem ent context. We address the  consequences for assessm ent o f  
defining stocks on  fisheries, ra ther th an  o n  reproductive isolation 
(i.e. real populations), th rough  a case study  loosely based o n  w hat 
is know n abou t herring  populations to  the  west o f  the  B ritish Isles. 
H erring  in  this area are curren tly  assessed and  m anaged as four 
separate stocks (ICES, 2008; Figure 1): west o f  Scotland (V laN ), 
west o f  Ireland ( VlaS), Irish Sea ( V IIaN ), and Celtic Sea ( VllaS, 
V llg, V llh , V llj, V llk). There are also sm aller spawning 
stocks, such as the  Clyde, w hich are no t regularly assessed, 
a lthough they have supported  im p o rtan t fisheries in  the past.

Based on  historical in form ation , these stocks have been defined 
by geographical areas and  have been assigned a “spawner type” 
(i.e. spaw ning in  au tum n, w inter, o r spring), although, w ith in  
an  area, different populations m ay spawn in  different seasons
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Figure 1. Fisheries and populations to  the west of the British Isles. 
Supplied by C. Zimmermann through the  WESTHER project.

(M itchell, 1864; Samuel, 1918; Parrish and  Saville, 1965). The 
m ain  sum m er feeding aggregations are on  the  M alin Shelf and 
in  the  Celtic Sea (Parrish and Saville, 1965; Figure 1) and  are 
th o u g h t to com prise fish from  a n u m b er o f  populations. 
Fisheries target these aggregations o f  feeding fish, and the 
catches are apportioned  to  stocks based o n  the  boundaries o f  the 
m anagem ent u n it in  w hich they  are taken, ra ther th an  based on  
the  p opu lation  to  w hich they  belong.

Since the  early 1990s, conflicting trends have been seen n o t only 
in  the catch da ta  for the four stocks, b u t also betw een catch and 
survey data. The problem s have been exacerbated by  apparent 
changes in  their p roductiv ity  (S im m onds and  Keltz, 2007). In  
tu rn , m anagem ent m easures have failed to  prevent overexploita­
tio n  (ICES, 1994, 2008; Molloy, 2006), and the definitions o f 
assessm ent and m anagem ent units (i.e. the stocks) have changed 
repeatedly since rou tine  assessments started  (ICES, 1994; Molloy, 
2006). Recent studies and  the results o f  an  EU -funded project 
(W ESTHER) indicate th a t the  p opu lation  structure  w ith in  the 
w hole area is com plex and  th a t fisheries and  m anagem ent are 
apparen tly  n o t always linked to discrete populations (Mackenzie, 
1985; Brophy et al., 2006; Cam pbell et al., 2007).

S tephenson (1999) no ted  difficult m anagem ent problem s 
caused by the  com plex popu lation  structure  o f  herring  in  the 
w estern Atlantic and  argued th a t persistence o f  the  full diversity 
o f  spaw ning com ponents w ith in  each m anagem ent u n it should 
becom e a principle o f  m anagem ent un d er the “precautionary  
approach”. This w ould represent a default position  (e.g. a reversal

o f  the  b u rd en  o f  p roof) different from  th a t used for m ost stocks to 
date. In  o th er w ords, we should  expect a com plex popu lation  
struc tu re  and  ensure the m anagem ent o f  stocks at appropria te  
scales to  preserve p opu lation  com plexity  (cf. M cPherson et al., 
2001; Ruzzante et al., 2006; Secor et al., 2009). Therefore, the 
developm ent o f  appropria te  assessm ent and  m anagem ent p ro ­
cedures to m ain ta in  separate spaw ning com ponents in  a healthy 
state where fisheries exploit m ultip le com ponents is a m ajor chal­
lenge. The answer to  the co n u n d ru m  o f  lum ping  o r splitting stocks 
depends o n  the  ability o f  assessm ent m ethods to estim ate the 
status of, and  fishing pressure on, each o f  these in  relation  to  the 
target and  lim it reference po in ts required  by  the  p recau tionary  
approach  (FAO, 1996).

W e evaluate o ther practical op tions related to the  assessment 
process, such as survey tim ing  and  identification  o f  catch by 
spaw ning population , in  term s o f  their im pact on  the  estim ates 
o f  spaw ning-stock biom ass (S), explo itation  rate (H ), and ap p ro ­
priate  reference points for m anagem ent. To this end, we develop a 
sim ulation  fram ew ork th a t can be used to  investigate the  conse­
quences o f  taking in to  account (splitting) o r ignoring  (lum ping) 
the  know n underlying p opu lation  dem ography. Specifically, we 
test o u r ability to  provide robust advice o n  S and  H. In  addition , 
we evaluate the  poten tial im pact o f  regim e shifts o n  ou r perception  
o f  the  m etapopu la tion  struc tu re  and  the  consequences o f  differen­
tial levels o f  exploitation  across populations.

Material and methods
Framework
The “Fisheries L ibrary in  R” (FLR) fram ew ork (Keli et al., 2007; 
ww w .flr-project.org) for m anagem ent strategy evaluation was 
used to  bu ild  an  operating  m odel (O M ) th a t can represent a lte rna­
tive hypotheses abou t stock and  fishery dynam ics, allowing a 
h igher level o f  com plexity and  assum ptions th an  used by  standard  
stock-assessm ent m odels. An observation-error m odel is used to 
sam ple pseudo-data  from  the  OM , and  a stock-assessm ent and 
m anagem ent procedure  to  derive estim ates o f  stock status from  
the  pseudo-data  and  to  provide m anagem ent advice.

Four populations were constructed , corresponding  to  the west 
o f  Scotland (p o p u latio n  1), west o f  Ireland (p o p u latio n  2), Irish 
Sea (p o p u latio n  3), and Celtic Sea (p o p u latio n  4) stocks (i.e. 
based on  where and  w hen they spawn), and four fisheries, based 
o n  their feeding m igrations, were d istinguished by  sharp geo­
graphical boundaries (Figure 2). These fisheries define the fish as 
belonging to  four stocks, w hich are m anaged by  individual 
TACs, and only in  one case— popu lation  4— does the  stock corre­
spond  exactly to a population . This generic schem e roughly 
m im ics the  p opu lation  structure  seen in  Figure 1; this is no t 
m eant to add  com plete realism  to  o u r sim ulation, b u t ra ther to 
facilitate realistic in p u t param eters for herring  stocks in  a 
general way. A lthough the  biological param eters and  historical 
estim ates o f  stock status were taken from  the ICES assessments 
for the herring  stocks west o f  the B ritish Isles, these have all 
been  biased abou t the  “biological” populations in  o u r schem e 
because the  estim ates assum ed no  m ixing am ong stocks. Also, 
the  availability o f  each spaw ning popu lation  to  the  fishery in 
each area is unknow n. Nevertheless, this configuration  allows us 
to  contrast, w ith in  a stock-assessm ent context, an  isolated p o p u ­
lation  w ith o thers th a t have varying degrees o f  connectivity.

The four fisheries, operating  in  the  four areas du ring  the 
feeding season, determ ine the  availability o f  each p opu lation  to
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Figure 2. Diagrammatic representation of the mixing hypotheses 
(dark grey circles, spawning aggregations of the  four "populations"; 
do tted  circles, their distribution area during the  feeding season; 
straight lines, the borders of the  assessm ent/m anagem ent units or 
"stocks").

Table 1. Percentage availability of all age groups in each population 
(1 -4 )  to  each fishery (1 -4 ).

Fishery

Population (%)

1 2 3 4
1 75 25 25 0
2 25 75 25 0
3 0 0 50 0
4 0 0 0 100

Table 2. Fidelity of populations under the  diffusion hypothesis.

Diffusion between populations
(%)

Population Age of fish 1 2 3 4
1 1 95 2.5 2.5 0

2 95 2.5 2.5 0
3+ 95 2.5 2.5 0

2 1 2.5 95 2.5 0
2 2.5 95 2.5 0
3+ 2.5 95 2.5 0

3 1 2.5 2.5 75 20
2 2.5 2.5 85 10
3+ 2.5 2.5 95 0

4 1 0 0 20 80
2 0 0 10 90
3+ 0 0 0 100

each fishery (Table 1). P opulation  fidelity is assum ed to  be 100%, 
so the  only in teraction  is th rough  m ixing in  the  feeding areas. An 
alternative hypothesis, o f  lim ited diffusion, has been  im plem ented  
(in  add itio n  to  m ixing) by  allowing a fixed p ro p o rtio n  by  age 
group and  p opu lation  to m ove annually  to o ther populations 
(Table 2). However, detailed results are only presented  for the 
o p tio n  based on  100% fidelity because the effects o f  diffusion 
were subord inate  to  those o f  m ixing.

T im e-series o f  catch, stock num bers, and  fishing 
m ortality-at-age (Fa) for populations 1 - 4  are taken from  the 
cu rren t assessments for herring  in  areas west o f  Scotland, west o f  
Ireland, Irish Sea, and  Celtic Sea, respectively (ICES, 2008). 
L ife-history traits are only loosely based o n  the  available in fo r­
m ation  for the  four stocks:

•  annual spaw ning (one cohort per year), w ith populations 1 and 
3 spaw ning in  au tu m n , and  populations 2 and  4 spawning in 
w in ter/sp ring ;

•  m aturity-at-age schemes for ages 1, 2, 3, and  > 4  were 0.1, 0.5, 
0.8, and  1.0, respectively, for populations 1 and  2; and 0.2, 0.7, 
0.8, and  1.0, respectively, for populations 3 and  4;

•  fecundity, assum ed to  be p ro p o rtio n a l to weight;

•  w eight-at-age, as used in  the assessments (ICES, 2008);

•  7-year lifespan;

•  tim e-invarian t b u t age-specific natu ral m ortality: M  =  1.0, 0.3, 
0.2, and  0.1 for ages 1, 2, 3, and  > 4 ,  respectively (ICES, 2008).

Given the selection pa tte rn  (s) o f  a fishery and  the  catchability (q) 
o f  a po p u latio n  for a given effort (E), the fishing m orta lity  rate 
( F a ,y ,i ,j )  for age a, year y, fishery i, and  p opu lation  j is given by

A .y . i y  —  l'Jy . ¡(¡y. /C .  i. / '%  i. : - ( f i )

w here represents the  availability to a fishery (Table 1).
T he p opu lation  abundance (N )  at age a +  1, at the  start o f  year 

y  +  1, in  p o p u latio n  j is given by

An+l.y+ly =  ^  K ¡i y  i e I ) t i j  . ;

kj=j

+  N a,yJe - z ^  j l  Y .  .. J , 12)

w here k  is the  source p opu lation  o f  im m igrants, Z  =  F +  M ,
A?, k~-¡ corresponds to  the  diffusion p ro p o rtio n  o f  popu lation  
k  in to  p opu lation  j at age a, and  is the  equivalent from
popu lation  j in to  p opu lation  k. W e assum e that diffusion takes 
place ju st after the  start o f  the  year, followed by m ortality.

W e assum e a B everton and H o lt (1957) s to ck -rec ru itm en t 
re lationship (S, spaw ning-stock biom ass; R, recru itm ent), bu t 
use the fo rm ula tion  o f  Francis (1992) to  reparam eterize the 
re lationship (for given Aí-, weight-, and  m aturity-at-age) in 
term s o f  steepness ( t )  and  virgin biom ass ( y ) . Steepness is the frac­
tio n  o f  the  virgin recru itm en t (R0) expected w hen the  S has been 
reduced to 20%  o f  its m axim um  (i.e. R =  tR 0 w hen S =  y /5 )  and  
represents the  resilience o f  the  stock to  exploitation. D efining the 
spaw ning-stock b iom ass-per-recru it (S /R ) at zero fishing m o r­
tality  as T/’j?=0, the B ev erto n -H o lt param eters a  and  ß  m ay be
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(a)
Û0

o
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Table 3. Reference points by population (steepness param eter =  
0.75).

(b)

d

0.00 0.05 0.10 0.15

(c)

o

•Vo
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(d) o  _
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Figure 3. S to c k -recruitm ent data for the four populations (a -d ) , 
with B everton-H olt functional forms for steepness values of 0.75 
(thick line) and 0.9 (thin line).

derived from :

4 y r

ß  =

TU=o(5 t -  1) 

-  1)

Population Tmsy MSY Bmsy TCrash
1 0.15 0.05 0.27 0.49
2 0.21 0.03 0.16 1.23
3 0.16 0.02 0.08 0.65
4 0.22 0.02 0.11 1.46

( 3 )

(4 )

Param eters were estim ated from  the S and  R  data for each p o p u ­
lation  (Figure 3). U nconstrained fits o f  b o th  B ev erto n -H o lt and 
Ricker functional form s were sim ilar b u t im plausible, because 
recruits kep t increasing w ith stock biom ass. Therefore, a 
B ev erto n -H o lt relationship was fitted assum ing a fixed b u t p laus­
ible value o f  steepness (0.75). Sensitivity analyses assum ing an  
alternative value o f  0.9 indicated th a t sim ulation  results were 
qualitatively the  same, the  only difference being in  the  absolute 
Fs a t w hich the  m axim um  sustainable yield (MSY) was achieved 
( F m s y )  an d at w hich the  stock was driven to  extinction  (FCrash).

Therefore, only results corresponding to  a steepness o f  0.75 are 
presented. The target reference po in ts (MSY; the  corresponding 
to ta l-stock  biom ass, BMSY; and  F m s y )  and  lim it reference points 
(Tcrash) f° r the four populations and  a steepness value o f  0.75 
are presented in  Table 3.

In  the  p resen ta tion  o f  the  results, we use the exploitation  rate 
(H ), w hich we define as the ra tio  betw een yield and  stock 
biom ass, ra ther th an  fishing m ortality, because the populations 
were m odelled assum ing different d istribu tions du rin g  two 
seasons, whereas the stocks are m odelled yearly. Therefore, 
fishing m ortalities are n o t equivalent.

The stock-assessment procedure
The stock-assessm ent p rocedure  com bined a particu lar sam pling 
regim e and  stock-assessm ent technique. The sam pling regim e is 
sim ulated by  the  observation-error m odel, w hich generates a 
to ta l catch-at-age array  and indices o f  abundance from  the fish­
eries and  populations. The indices o f  abundance were derived 
either du ring  the  spawning season or du ring  the  fishing season. 
The fo rm er index represents an  unbiased  estim ate o f  the  spawning 
population , whereas the latter represents an  index o f  abundance o f 
all stocks caught in  each o f  the  fishing areas com bined (i.e. at the 
tim e o f  m ixing). In  b o th  cases, a single series that covered the age 
range in  the  p o p u latio n  was constructed  assum ing a lognorm al 
observation  e rro r w ith a C V  o f  30%, corresponding to the 
typical erro r seen in  herring  assessments. Detailed results are 
only presented for the  assessm ent based on  indices obtained 
du ring  the  feeding season.

U sing the  indices o f  abundance for calibration, a single 
extended survivor analysis (XSA; Shepherd, 1999) is perform ed 
at the  end o f  the  p rojection  period  to  estim ate F-at-age and 
N -at-age in  the population , conditional o n  the assum ed values 
o f  M  and reported  catch-at-age. In  estim ating the  term inal Fs, 
the  re lationship betw een num ber-at-age and  the  index o f  ab u n ­
dance is assum ed to include m easurem ent and process error, 
whereas the  catch-at-age is assum ed to  be exact. This m eans that 
the  estim ation  errors are largest for the  o lder age groups and sm al­
lest for the recruiting  age class. Estim ates o f  spaw ning-stock 
b iom ass are dom inated  by  ages 2 - 4  because o f  the  selection 
pattern , w hich results in  a h igher F  for the  o lder ages, and  by 
the  weight-at-age.

Scenarios
A set o f  five scenarios was ru n  to  com pare the  XSA estim ates by  
stock, as defined by the  fisheries, w ith the  “tru e” values for the 
spaw ning populations in  these areas. M oreover, we evaluate 
w hether lum ping  data  for two or three  o f  the  stocks/popu la tions 
lead to  closer agreem ent betw een estim ated stocks and  tru e  p o p u ­
lations. The scenarios reflected different developm ents in  the fish­
eries and changes in  the  p roductiv ity  for one o f  the  populations, 
thereby testing the  ability to  m o n ito r stocks and fisheries.

D
ow

nloaded 
from 

icesjm
s.oxfordjournals.org 

by 
guest on 

D
ecem

ber 14, 2010



1780 L. T. Keli et al.

Scenario I: constan t effort in  all the  fisheries, equivalent to  the 
Fmsy in  areas 2, 3, and  4, and  to  twice this value in  area 1;

Scenario II: a doubling  o f  effort in  fishery 1 after 20 years;

Scenario III: a doubling  o f  catchability  in  the fishery for
p opu lation  1 after 20 years;

Scenario IV: a 60% decrease in  p roductiv ity  (MSY) o f
p opu lation  1 after 20 years, caused by  a change in  FMSY;

Scenario V: a 60%  decrease in  p roductiv ity  (MSY) o f
p opu lation  1 after 20 years, caused by  a change in  BMSY.

All scenarios are based o n  constan t effort in  all the fisheries 
(equivalent to FMsy)> unless otherw ise indicated.

Results
The results presented are m eant to  illustrate factors th a t influence 
o u r ability to  estim ate p opu lation  status and  fishing pressure, 
ra ther th an  to  provide an  exhaustive in te rp reta tion  or to  m ake 
m anagem ent recom m endations. The m ean  spaw ning-stock 
biom ass (S; Figure 4a) and the  exploitation  rate (Fi; Figure 4b), 
as estim ated for each stock (or com bination  o f  stocks), are con­
trasted w ith the  true  values for each p opu lation  (o r com bination  
o f  populations). These m eans (and  the  in terquartiles o f  the  d istri­
bu tions) are p lo tted  relative to  the  values o f  BMSY and  FMSY, 
respectively, by  scenario (rows). C olum ns represent either single 
stocks/popu la tions (1 -4 )  o r com binations o f  different stocks/ 
populations (as indicated), w here stock estim ates are based o n  
catches taken w ith in  the  boundaries o f  the m anagem ent units.

All results refer to  assessments calibrated w ith a survey index 
ob tained  du ring  the  fishing season. A lthough the  estim ates are 
m ainly  driven by  the  catch-at-age d istribu tion , survey tim ing  did 
affect the  assessment. The survey index ob tained  du ring  the 
fishing season added  a slight negative bias to  the estim ates o f 
spaw ning-stock biom ass un d er som e scenarios. D iffusion had  a 
lim ited  im pact com pared w ith m ixing, so only results from  the 
m ixing o p tio n  are presented.

In  try ing  to  understand  the  behaviour o f  the sim ulations, the 
relatively sim ple b u t im plausible constant-effort scenario (scenario 
I) raises several po in ts o f  interest. The in terquartile  ranges o f  the 
estim ates o f  S are narrow er th an  the  corresponding  p opu lation  
values. The explanation  is th a t XSA estim ates are partly  based o n  
w eighted averages, w hich reduce the  variance a t the  expense o f 
bias. Estim ates based o n  split stocks are biased positively for p o p u ­
lation  1 and  negatively for populations 2 and  3; this is because 
p opu lation  1 suffers a lower m orta lity  th an  suggested by  the age 
com position  o f  the  catches, because no t all individuals are avail­
able to  the fishery; the reverse is tru e  for populations 2 and 
3. L um ping two o r three stocks results in  a m arkedly reduced 
bias in  the estim ates. For the exploitation rate, the  precision in  
the stock estim ates (as reflected in  the  in terquartile  range) is 
sim ilar to the  p opu lation  values, whereas the m eans are unbiased 
(except for a positive bias in  the m ost recent year), irrespective o f  
splitting o f  lum ping.

In  scenario II, the  effort in  fishery 1 doubles after 20 years. Bias 
and  precision are com parable w ith scenario 1, a lthough the  esti­
m ated  Fi for stock 2 incorrectly  suggests an  increase in  m orta lity  
even before it occurred. This is due to  the sam e bias no ted  
above. Estim ates after lum ping  are sim ilar to  those ob tained  for 
p opu lation  1, again because this stock con tribu tes m ost o f  the 
biomass.

In  scenario III, it is the catchability  in  the  fishery for p opu lation  
1 th a t is doubled  ra ther th an  the  effort (e.g. because the  p o p u ­
lations are no t evenly m ixed w ith in  the fishery). However, m ore 
im portan t, the  fishing m orta lity  for p opu lation  1 becom es 
greater th an  FCrash, and  consequently  po p u latio n  1 collapses. 
The reason a high exploitation  rate can appear to  be  m ain tained  
after the p opu lation  has collapsed is because the i s  are no t 
partial i s .  For exam ple, if  in  each year, ha lf o f  the  popu lation  
goes to  fishery 1 (w ith an  infinite fishing m ortality) and  ha lf 
goes to  fishery 2 (w ith a sustainable fishing m ortality), there will 
always be som e survivors to  spawn. However, because catches 
from  p o p u latio n  2 con tinue  w ith in  the geographical area exploited 
by  fishery 1, p opu lation  1 appears to  persist, and  the  to ta l collapse 
o f  the local p opu lation  is n o t detected. In  this case, Fi responds 
quite  differently from  S. For exam ple, a lthough  FI for popu lation  
1 is constan t after the  increase, the  XSA indicates a decline to  the 
FFmsy level. In  p opu lation  2, and  to  a lesser extent in  the lum ped 
assessm ent for populations 1 and  2, there is an  ap paren t decline 
in  b o th  spaw ning-stock biom ass and  Fi. The assessm ent after 
lum ping  populations 1 and 2 (and  also 1, 2, and  3) m atches the 
tren d  in  the com bined stocks. However, im portantly , the  extirpa­
tio n  o f  po p u latio n  1 is n o t detected by  the assessm ent w hen stocks 
are lum ped. There appears to be a long-term  drop  in  to ta l S after a 
sho rt-te rm  increase in  Fi. M oreover, the tren d  in  FI suggests that 
the  stocks are u ltim ately being exploited sustainably. A possible 
explanation o f  these trends, based on  stock assessment, is th a t a 
regim e shift has occurred, ra ther th an  the  overexploitation o f 
one population .

Scenarios IV and  V address the  po ten tial for correctly estim at­
ing the changes in  p roductiv ity  for p opu lation  1, caused by  a 
decrease in  survival o f  recruits (i.e. Fmsy) and  by  a change in  car­
rying capacity (i.e. BMSY), respectively. As these two scenarios lead 
to  indistinguishable results, the process that caused a change in 
p roductiv ity  is unlikely to  be deduced from  stock assessment 
alone. As any m anagem ent advice should  depend  on  changes in 
specific reference points, this m eans th a t w ithou t add itional in fo r­
m ation, it will be difficult to provide advice o n  appropria te  actions 
in  term s o f  harvest con tro l rules based o n  reference points.

Discussion
The original question  posed was w hether to  lum p o r split. Splitting 
is o f  course conditional o n  o u r ability to assess and m anage p o p u ­
lations that are defined o n  biological grounds, whereas lum ping 
m igh t be appropria te  w hen populations canno t be assessed separ­
ately because fisheries exploit m ixed populations and the  catches 
canno t be  split in to  different com ponents. O ur sim ulation  
(although adm itted ly  sim pler th an  the  reality) raises som e im p o r­
tan t issues related to  the  m aintenance o f  p opu lation  structure  
w ith in  a stock that is currently  considered to  represent a single 
population , even if  it is know n to com prise several spaw ning com ­
ponents (e.g. N o rth  Sea herring), as well as to the  quality  o f  the 
advice for stocks th a t are know n to cross the  m anagem ent areas 
(such as the  herring  stocks west o f  the B ritish Isles).

Clearly, lum ping  catches from  m ixed populations m ay provide 
biased estim ates o f  stock status and  exploitation o f  the individual 
com ponents. For a stock m ade up o f  tw o populations w ith the 
sam e productivity , catches will be greater from  the  stock fished 
closest to  FMsy- Because F  is estim ated from  the overall 
catch-at-age ratios, estim ates o f  F  from  virtual p opu lation  analysis 
(VPA) will be  biased dow nw ards. I f  one p opu lation  is being  fished 
unsustainably  and  collapses, F  will appear to  decline (as the catch
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(a ) 1 2  3 4 1 & 2 1,2 *  3

Years

Figure 4. Plots of (a) spawning-stock biomass (S) and (b) exploitation rate (H) relative to  the target reference points BMSY and FMSY, 
respectively (solid horizontal lines; dashed lines, 0.5 and 1.5 times the MSY reference level), by scenarios (l-V ; rows) and by the levels of 
aggregation of stocks/populations (1 - 4  separately and in two combinations, 1 and 2, and 1, 2, and 3; columns). The XSA "stock" estimates 
(red lines), based on total catches from the  fisheries, are contrasted with the  "true" populations (black lines), with thinner lines indicating the 
respective interquartile and median values.

data  will be based increasingly o n  the  po p u latio n  fished at 
the  lower F ). A lthough the  F  m ay be perceived as sustainable, 
recovery m ay be im paired  because there  is now  only one p o p u ­
lation  where previously there  were two. Therefore, lum ping  will 
underestim ate the risk o f  stock collapse and  overestim ate the p ro b ­
ability o f  recovery, a lthough lum ping  o f  stocks generally provides a

less biased estim ate o f  overall abundance th an  the individual 
assessments.

W hile m ixing betw een m anagem ent un its  is often  recognized as 
a problem  affecting the accuracy o f  an  assessment, ignoring th a t a 
stock may, in  fact, represent a m etapopu la tion  w ith  several spaw n­
ing com ponents m ay be an  even m ore serious problem . Preserving
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the spatial popu lation  struc tu re  can be im p o rtan t for a m etapopu- 
lation  in  term s o f  m ain tain ing  its ability to sustain  variable 
environm ental conditions (H ilborn , 2003) because a b road  spec­
tru m  o f  spaw ning behaviour and conditions for early survival is 
at least as im p o rtan t as spawning biom ass in  ensuring  long-term  
sustainability  o f  the fisheries (Berkeley et al., 2004). Failure to 
recognize and  account for com plexity  in  po p u latio n  structure  
m ay lead to  erosion o f  spaw ning com ponents and  have unexpected 
ecological consequences, a lthough  m anagem ent at appropria te  
scales to  preserve this com plexity rem ains a m ajor challenge 
(Stephenson, 1999). W ith in  an  ecosystem -based approach  to fish­
eries m anagem ent, m ain tenance o f  the  full diversity o f  spawning 
locations and  tim es is an  im p o rtan t aspect o f  topical discussions 
on  M arine Protected  Areas, and  greater em phasis on  p opu lation  
struc tu re  will be required.

Ideally, for stock assessment, catches should  be split by  p o p u ­
lation, and  the survey index should  provide an  unbiased estim ate 
o f  the abundance o f  the  spaw ning populations. I f  fisheries exploit 
m ixed aggregations du ring  the feeding season, resulting in  the 
lum ping  o f  catches from  different populations, the sim ulations 
show  that XSA does n o t accurately detect high exploitation rates 
and  dep le tion  o f  individual populations. In  this case, add itional 
d ata  are required, either to separate catches o r to  estim ate 
m ixing rates (Porch, 1997). However, Powers and  Porch (2004) 
show ed th a t the  bias caused by  incorrect assum ptions about 
m ixing rates can be greater th an  th a t caused by ignoring  m ixing 
entirely. To deserve the  ep ithet “p recau tionary” and  ensure that 
the associated risks are acceptable [h ttp ://w w w .ip cc .c h /p d f/ 
supporting-m aterial/uncertain ty-guidance-note.pdf], m anagem ent 
o f  p opu lation  mixes will have to  be based o n  m odels that in co r­
porate structural uncerta in ty  (i.e. accept th a t im p o rtan t processes 
m ay be specified incorrectly  o r no t considered and  th a t there  m ay 
even be disagreem ent abou t w hich m odel is correct). As a conse­
quence, for a given level o f  risk, the  level o f  exploitation  o f  a 
stock representing a p o p u latio n  m ix  should  always be lower th an  
a stock  representing an  isolated population .

In terna tional agreem ent o n  the  p recau tionary  approach (FAO, 
1996) requires the setting o f  reference po in ts based o n  bo th  
biom ass and  fishing m ortality. By definition, a reference p o in t 
im plies a tim e-invariable, fixed value. However, several reviews 
on  pelagic as well as dem ersal fish (C ushing and D ickson, 1976; 
Schwartzlose et al., 1999; Lehodey et al., 2006) have concluded 
th a t p opu lation  processes are non-stationary , and therefore the 
conditions o f  sustainability  (for w hich the  reference poin ts are 
proxies) m ay vary over tim e. A lthough several sim ulation  studies 
(Keli and F rom entin , 2007; Keli et al., 2007) have suggested that 
F-based reference po in ts are m ore robust th an  biom ass-based 
ones, o u r sim ulations show  th a t it is n o t necessarily possible, 
based o n  stock assessm ent alone, to  distinguish betw een the 
causes o f  changes in  p roductiv ity  and  hence to identify w hich 
reference p o in t should  be m odified.

An alternative to  try ing  to  im prove assessments is to  im prove 
m anagem ent directly  by  setting constrain ts on  w here o r w hen to 
fish to  m inim ize unpredic table  effects. For instance, the  revised 
m anagem ent procedure  developed for baleen whales by  the 
In terna tiona l W haling C om m ission  (P u n t and D onovan, 2007) 
only allows fisheries to  operate in  an  area w here the p ro p o rtio n  
o f  different species in  the catch equals the  p ro p o rtio n  in  the  aggre­
gate “stock” o f  baleen whales. This w ould ensure th a t all individual 
stocks were fished at the  sam e F, w hich to  be p recau tionary  w ould 
have to  be set to  the lowest stock-specific sustainable F. I f  stock-

specific surveys are available, ano ther o p tio n  is to  abandon  
VPA-based m ethods and  to develop a m anagem ent p rocedure 
based solely on  surveys (De Oliveira and  B utterw orth , 2004). A 
benefit o f  the  m anagem ent-procedure  approach  is that data, 
assessm ent m ethods, reference points, and decision rules are co n ­
sidered explicitly as being interrelated. The approach  emphasizes 
th a t a range o f  po ten tial m anagem ent procedures should  be eval­
uated  across a range o f  hypotheses abou t stock and  fleet dynam ics 
and  should  span  a variety o f  plausible operating  conditions and 
assessments, before the  m ost appropria te  procedure  is selected.

A lthough o u r sim ulations have been based only loosely on  
w estern herring  stocks, they  raise a nu m b er o f  issues th a t are rel­
evant for im proving their m anagem ent. Specifically, the different 
op tions for reducing uncerta in ty  ab o u t m ixing o f  stocks need to 
be evaluated: (I) im proving biological knowledge by scientific 
study  and hypothesis testing; (ii) im proving data  collection by 
conducting  surveys and  disaggregating catches on  appropria te  
tem poral and spatial scales; and  (iii) developing robust m anage­
m en t procedures th a t are less dependent o n  precise knowledge. 
The last o p tio n  is a particularly  im p o rtan t b u t difficult challenge. 
The fram ew ork used here m ay help in  evaluating the robustness o f  
cu rren t and alternative m anagem ent m easures designed to prevent 
overexploitation o f  stock com ponents and to  ensure th a t fisheries 
are m anaged in  a m anner th a t is consistent w ith com m itm ents 
un d er agreem ents (e.g. the W orld Sum m it on  Sustainable 
D evelopm ent) to  recover stocks to a level that can su p p o rt MSY 
by 2015.
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