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D evelopm ent o f th e  Ecological Quality O bjective (EcoQO) for th e  N orth  Sea dem ersal fish com m unity  is described. Size-based m etrics 
were identified as th e  m ost effective indicators o f th e  s ta te  o f  th e  com m unity , b u t such m etrics are also sensitive to  environm ental 
influence. Redefining th e  large fish ind icator (LFI) p roduced  a m etric  m ore sensitive to  fishing-induced change and  therefore  m ore 
useful to  m anagers. Fish stocks were th o u g h t to  be exploited a t  a sustainable ra te  in th e  early 1980s, so in a process echoing th e  
precau tionary  approach  to  fish stock  m anagem ent, th is was considered  th e  reference period for th e  LFI, suggesting a value of 0.3 
as th e  ap p ropria te  EcoQO. The LFI declined from  a ro u n d  0.3 in 1983 to  0.05 in 2001, followed by a recovery to  0.22 in 2008. 
However, analyses o f th e  longer-term  groundfish survey d a ta  suggest that, even were fishing pressure to  be reduced  to  early 20th 
cen tu ry  levels, th e  LFI w ould be unlikely to  rise m uch above a value o f 0.3. The response o f th e  LFI to  variation in fishing pressure 
suggested a m ore  com plex relationship th an  anticipated , underscoring  th e  need  for operational theoretical size-resolved m ultispecies 
fish com m unity  m odels to  su p p o rt m an ag em en t tow ards b roader ecosystem  objectives.
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Introduction
The need to  develop and  im plem ent an  ecosystem  approach to 
m arine  m anagem ent (EAMM ) was form ally recognized at the 
Bergen N o rth  Sea In term ediate  M inisterial M eeting in  1997 
(M isund and Skjoldal, 2005). The organization  w ith com petence 
to  undertake this task, the O slo /Paris C om m ission (OSPAR; 
Johnson, 2008), subsequently  recognized n ine  specific Ecological 
Q uality  Issues (EcoQIs) and set abou t establishing Ecological 
Q uality  Objectives (EcoQOs) for these as the  basis for an 
EAMM in  the  N orth  Sea (Heslenfeld and Enserink, 2008). 
A ppropriate  indicators o f  “state”, illustrating changes in  the 
status o f  each EcoQI over tim e, were requ ired  to  su p p o rt each 
EcoQ O (Johnson, 2008). O ne o f  the n ine EcoQIs identified was 
fish com m unities. M any  univariate  co m m unity  state m etrics 
exist, including m etrics o f  abundance and  biom ass, species rich ­
ness and species evenness, and life history, troph ic  level, and 
bo d y  size com position  (Piet and  Jennings, 2005; Greenstreet and 
Rogers, 2006). In  establishing an  EcoQ O for the N orth  Sea fish 
com m unity , two specific questions need to  be addressed: w hich 
m etric  w ould  be the  best state ind icato r and  how  m ight the  m an ­
agem ent target, the  EcoQO, be set for this indicator?

Here, we review the background  to  the  selection and sub­
sequent developm ent o f  the univariate ind ica to r for the  N orth  
Sea dem ersal fish co m m unity  EcoQ O and describe the  process 
by  w hich the  EcoQ O itself was established. Recent perform ance 
o f  the  ind ica tor is exam ined, and  prospects for successfully

achieving the  EcoQ O are considered. We also review briefly the 
m odelling needed to  u n d erp in  form al scientific advice to  m anage­
m ent. The process described in  this N o rth  Sea case study  should  be 
applicable to  o th er ecosystem com ponents and  regions and hence 
p ro m o te  a m ore  unified approach  to  the  im plem en tation  o f  an 
EAMM.

Development of the North Sea fish community 
state indicator
The In terna tiona l Council for E xploration o f  the  Sea (ICES), asked 
to  advise on  indicators to  su p p o rt the  N o rth  Sea fish co m m unity  
EcoQO, considered th a t the  chosen m etric  w ould have to  perform  
the  state ind icato r role w ith in  an  indicator-based m anagem ent fra­
m ew ork, e.g. the  p re ssu re -s ta te -re sp o n se  (PSR) fram ew ork 
(Garcia and Staples, 2000; Figure 1). ICES established a set o f  c ri­
teria  to select state indicators especially sensitive to  changes in 
fishing pressure and  insensitive to  o ther drivers o f  change 
(Figure 1). These criteria also acknowledged the fact th a t to id en t­
ify the appropria te  m anagem ent response (the reduction  in 
pressure requ ired  to achieve the EcoQ O for state), the  m echanistic 
re lationship betw een the  state and fishing pressure indicators 
w ould  need to  be established clearly.

Because o f  political focus o n  conserving and restoring b iod iver­
sity, species diversity m etrics had frequently  been applied to 
groundfish  survey data  (G reenstreet et al., 1999; Piet and 
Jennings, 2005; Greenstreet and Rogers, 2006). However,
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m ortality

Total allowable 
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State S pecies  d ive rs i ty 

Si/.e com position

C riterion S pecies
d iv e rs ity

S i/c
com position

a. Relatively cas) to understand  by non-scientists and  those « h o  « ill 
decide on the ir use

M oderate Good

b. Sensitive to  a  m anageable hum an activity Poor Good

c. Relatively tightly linked in tim e lo th a t activity Poor Good

d. Easily an d  accurately  m easured, « ith  a lo« e r ro r  ra te Poor Good

e. Responsive prim arily to a hum an activity , w ith lo« responsiveness 
lo  o th e r causes o f change

Poor M oderate

f. M easurable over a  large proportion  of the  a re a  to  « h lch  the EcoQ 
m etric  is to  apply

Good Good

g. Rased on a n  existing body o r tim e-series o f d a ta  to  a llo«  a realistic 
setting o f objectives

(•nod Good

Figure 1. A schematic illustrating the  PSR indicator-based 
m anagem ent framework (after Garcia and Staples, 2000), with 
potential metrics suggested as examples in each role. Two possible 
types of state indicator are suggested; species diversity and 
size-composition metrics. The list of ICES criteria for identifying 
reliable state indicators (ICES, 2001a) and scores a ttributed  to  each 
type of metric (ICES, 2001 b) are given for reference, illustrating the 
selection of size-composition metrics as the  best performing 
indicators of state.

inconsistency in  the m ethods em ployed prevented clear assess­
m en t o f  w hether fishing actually influenced fish species diversity 
(G reenstreet and Piet, 2008), and  the  processes by  w hich fishing 
m ight influence fish species diversity were also far from  clear 
(Greenstreet, 2008). Hence, species diversity m etrics scored 
poorly  against the ICES criteria  and  were discarded as poten tial 
state indicators (ICES, 2001b; Figure 1). L ife-history m etrics, e.g. 
grow th rate, u ltim ate  bo d y  length, and  age and  length at m atu rity  
averaged across the  com m unity , were developed because o f  their 
theoretical re lationship w ith  changes in  fishing m orta lity  
(Jennings et al., 1999; Greenstreet and  Rogers, 2000). These 
m etrics, however, were deem ed to o  com plicated for use w ith in  a 
policy context (ICES, 2001b) and  were likewise discarded (ICES, 
2001a; Greenstreet, 2008).

The theoretical relationship between fishing m ortality  and fish 
population  age (and hence size) com position  was well-established 
(Beverton and Holt, 1957). Size-based trophodynam ic theory  also 
related reductions in  large predator abundance, th rough  reduced 
predation  rates, to  the increased abundance o f  small fish (Pope, 
1991; Kerr and Dickie, 2001). The link betw een the observed 
shifts in  the size com position  o f  fish com m unities (Rice and 
Gislason, 1996; D aan et a l,  2005; Shin et a l ,  2005) and increased 
fishing m ortality  was therefore strongly founded in  theory. 
Consequently, size-com position m etrics scored highly against the 
ICES criteria for good state indicators (ICES, 2001b; Figure 1), 
and as a result, “changes in  the p ro portion  o f  large fish and  hence 
the average weight and average m axim um  length o f  the fish com ­
m unity” em erged as the Elem ent o f  Ecological Quality for the fish 
com m unity  EcoQI at the Bergen 2002 N orth  Sea M inisterial 
Conference (ICES, 2001a; Heslenfeld and Enserink, 2008).

G reenstreet and  Rogers (2006) determ ined  th a t ju st 5% (by 
num ber) o f  fish sam pled over the entire  70 years o f  the  Scottish 
A ugust G roundfish Survey (SAGFS) tim e-series exceeded 30 cm 
in  length. The p ro p o rtio n  o f  fish >  30 cm  long was greatest in 
areas where fishing effort was low  and sta tionary  over tim e, 
whereas in  areas o f  greatest fishing activity, because o f  significant 
long-term  declines, the  p ro p o rtio n  o f  fish > 3 0  cm  was least. 
C oncluding th a t a large fish ind icator (LFI), defined as the  “p ro ­
p o rtio n  by  nu m b er o f  fish in  the sam ple greater th an  30 cm  in 
length”, was sensitive to  varia tion  in  fishing pressure, ICES 
(2006a) proposed short- and  m ed ium -term  goals: to  “halt the 
decline in  the  p ro p o rtio n  o f  fish greater th an  30 cm  in  length in 
survey catches im m ediately” and  to  “restore the  p ro p o rtio n  o f 
fish greater th an  30 cm  in  length to  1.4 tim es 1997 survey estim ates 
by  year X” (where year X is the  date by  w hich the  target should  be 
m et). For the second indicator, ICES (2006a) expressed sim ilar 
goals: to “halt the  decline in  the m ean w eight o f  fish in  survey esti­
m ates im m ediately” and  to  “restore the m ean  weight o f  fish to  1.3 
tim es 1997 survey estim ates by  year Y” (where again year Y is the 
date by  w hich the  target shou ld  be m et). The m ed ium -term  goals 
were expressed in  these term s because the  SAGFS on  w hich the two 
state indicators were based ceased in  1997. ICES (2006a) con­
sidered the  early 1980s to  be “the last period  w hen ICES advice 
regarding the  m anagem ent o f  the  exploited species was generally 
for the m ain tenance o f  status quo explo itation  rates, suggesting 
th a t this was the  last period w hen science experts considered 
fishing to  be generally sustainable in  the N o rth  Sea”. D uring  the 
early 1980s, the  values for the LFI and m ean individual weight 
ind icator (M IW I) were approxim ately  1.4 x  and  1.3 x  higher, 
respectively, th an  the values in  1997 (G reenstreet and  Rogers, 
2006). Even in  the  early 1980s, dem ersal stocks in  the  N o rth  Sea 
were heavily exploited (W orm  et a l ,  2009). The 1980s reference 
period  therefore represented a pragm atic com prom ise betw een 
ecosystem and  fisheries objectives.

A lthough the  SAGFS could be used to  define indicators and 
consider targets for them , because the  survey was d iscontinued  
in  1997, it was no  longer available for m o n ito ring  progress 
tow ards the  targets. Such m o n ito ring  requ ired  the  indicators to  
be based on  alternative groundfish  survey data. ICES currently  
coordinates tw o in te rnational b o tto m  trawl surveys (IBTS) 
carried o u t annually  in  the  first (Q l)  and th ird  (Q 3) quarters o f  
the  year. These use standardized  sam pling gears and  protocols, 
cover the entire  N o rth  Sea (ICES Area IV), and aim  to  ob tain  
two ha lf-hour trawl sam ples from  each ICES statistical rectangle 
(0.5° latitude by  1.0° longitude). H aving (m arginally) the 
longest tim e-series, from  1983 o n  (although Scotland continued  
to  fish for 1 h  ra ther th an  30 m in  u n til 1999), the  Q l survey was 
considered the be tte r dataset to  fulfil th is m o n ito ring  role (ICES, 
2007a).

In  keeping w ith  previous studies applying univariate  co m m u ­
nity  m etrics to N o rth  Sea groundfish  survey data (e.g. 
Greenstreet et a l ,  1999; Piet and  Jennings, 2005; Greenstreet and 
Rogers, 2006), the N o rth  Sea fish co m m unity  EcoQ O only con­
siders dem ersal fish (ICES, 2006a). In  part, this is because the 
G rande O uverture Verticale trawl used in  the  IBTS is m ore  selec­
tive for bo ttom -dw elling  th an  pelagic species.

Assessm ent o f  the  perform ance o f  the  two size-com position 
m etrics (ICES, 2007a), repeated here using the  updated  Q l IBTS 
database, revealed potentially  serious flaws. Both m etrics suggested 
recoveries in  dem ersal fish size com position  in  the  early 2000s that 
were sho rt lived (Figure 2). This so-called recovery pulse was
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Figure 2. Variation over time in the  proportion of LFI, defined as the  proportion by num ber of fish > 3 0  cm long, and the MIWI based on 
IBTS Q1 data. Temporal variation in the  abundance (N ) of haddock, whiting, cod, and saithe > 3 0  cm long is also indicated, along with the 
proportion of all fish > 3 0  cm long th a t these four species represent.

driven by exceptionally good recru itm en t o f  haddock  
(M elanogrammus aeglefinus). Four key gadoid species, including 
haddock, accounted  for 7 2 -9 3 %  o f  all fish > 3 0  cm  sam pled 
over the full tim e-series. The 1999 haddock  coh o rt was 2 - 1 0 x  
m ore th an  any o ther cohort betw een 1983 and 2006 (ICES, 
2007b). In  2002 and  2003, once these fish had  grow n to 
>  30 cm , this coh o rt caused a m arked increase in  b o th  size- 
com position  m etrics (Figure 2), b u t the  recovery was no t sustained 
beyond 2004 w hen the  cohort becam e fully exploited. The two

m etrics therefore perform ed poorly  against c riterion  (e), “respon­
sive p rim arily  to a h u m an  activity, w ith low  responsiveness to 
o th er causes o f  change” (ICES, 2001a); a lthough clearly responsive 
to  fishing, they  were also strongly affected by  environm entally  
driven recru itm en t variation.

The m ean  indiv idual fish weight in  the  co m m unity  was a fixed 
definition, b u t two aspects o f  the  p ro p o rtio n  o f  LFI could  be 
altered to  im prove its com pliance w ith c riterion  (e). First, the 
large-size th resho ld  could  be increased, increasing the  tim e
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required  to  exceed the th resho ld  and  giving fishing m orta lity  m ore 
op p o rtu n ity  to  reduce exceptionally large cohorts, and  hence 
weakening the  influence o f  environm entally  driven recru itm ent 
events on  the  m etric ’s perform ance. Second, the p ro p o rtio n  
could  be calculated based o n  weight ra ther th an  num bers, i.e. 
dow nw eighting the co n trib u tio n  o f  sm all fish to m etric  p erfo rm ­
ance com pared w ith th a t o f  large fish. The LFI was therefore rede­
fined as the  “p ro p o rtio n  by  weight o f  fish greater th an  40 cm  in 
length” (ICES, 2007c), i.e. ILF =  B >40cln/B Totí¡1, where ß>40cm ÍS
the com bined biom ass in  the sam ple o f  all fish larger th an  
40 cm , Biotai the  to ta l biom ass o f  all fish in  the  sam ple, and i t  
the LFI. This redefined m etric  was m uch  less affected by  the 
1999 haddock  recru itm en t event (Figure 3). ICES (2007c) rec­
o m m ended  th a t the M IW I was still required, b u t th a t it should 
only be used in  a surveillance role, such th a t varia tion  in  the 
M IW I could  aid  in te rp reta tion  o f  changes in  the  LFI. C ontrary  
to  expectation, correlation  betw een the  LFI and  the  M IW I was 
weak (r2 =  0.114, n =  26, p  =  0.09).

Setting an EcoQO for the new LFI
In  1983, the redefined LFI was ~ 0 .3  (Figure 3), leading ICES 
(2007c) to propose this value as the EcoQ O for the  N o rth  Sea 
dem ersal fish com m unity . To assess the validity  o f  the  early 
1980s reference period, ICES (2007a) exam ined trends in  
spaw ning-stock biom ass (B) and  fishing m orta lity  (F) for seven 
assessed N o rth  Sea dem ersal stocks, relative to  their lim it (lim) 
and  precau tionary  (pa) reference poin ts (Table 1). Biim is the 
spaw ning-stock biom ass at w hich recru itm ent po ten tial is likely 
to  be com prom ised, and Fiim is the level o f  fishing m orta lity  
likely to  drive a stock dow n to  Biim. The p recau tionary  reference 
points (Bpa and  Fpa) take account o f  uncertain ty  in  estim ating 
actual levels o f  spaw ning-stock biom ass and  fishing m orta lity  
and  provide a buffer to ensure th a t fishing m orta lity  does n o t actu­
ally exceed Flim and  stock biom ass is n o t actually below  Blim. ICES 
(2007a) derived the  biom ass-w eighted values o f  average dem ersal 
fishing m orta lity  and  spaw ning-stock biom ass for each year and 
constructed  dem ersal co m m u n ity  p recau tionary  plots equivalent 
to  those provided for indiv idual species (ICES, 2006b). W e here 
repeat this analysis using the m ost recent estim ates o f  spawning- 
stock biom ass and  fishing m orta lity  for each individual species

  Q1 IBTS
•  •  » S A G F S

co EcoQO target (0.3)
tor "Proportion of Large Fish"

sz
Ui

2008 LFI = 0.22o

Reference period from 
the early 1980s (1982)

CO
Co
CLo

CL
20201920 1960 1980 2000

Table 1. Limit (lim) and precautionary (pa) reference points for 
spawning-stock biomass (B) and fishing m ortality (F) for the  seven 
main demersal fish stocks in the North Sea assessed using standard 
single-species stock assessments (ICES, 2009a).

Species £GQ

B p a  (t) F | i m F p a

Cod 70 000 150 000 0.86 0.65
Fladdock 100 000 140 000 1 0.7
Saithe 106 000 200 000 0.6 0.4
Whiting 225 000 315 000 0.9 0.65
Plaice 160 000 230 000 0.74 0.6
Sole 25 000 35 000 0.55 0.4
Norway pout 90 000 150 000 0.95 0.68

Year

Figure 3. Variation in the  redefined proportion of LFI calculated for 
both the  Q1 IBTS and the  SAGFS datasets. The current LFI value is 
indicated, as is the EcoQO level for the  indicator of 0.3 for the North 
Sea demersal fish community.

Em boldened values indicate reference points th a t are currently undefined, 
and italicized values are those assum ed for th e  purposes of this analysis.
Sole F|im was estim ated by multiplying Fpa by 1.374, th e  average difference 
for th e  five species with bo th  values defined, giving a value o f 0.55. Norway 
p o u t F varied in a similar m anner to  th a t of whiting and haddock over 
m uch o f th e  single-species stock assessm ent time-series, so Norway pou t 
was arbitrarily assigned F|im and  Fpa values o f 0.95 and  0.68, respectively, the  
average reference po in t values for th e  o th e r tw o species (ICES, 2007a).

(s; ICES, 2009a), b u t instead standardize the data  by  expressing 
them  relative to  each species’ p recau tionary  reference po in ts 
(Table 1), before calculating the  co m m unity  average biom ass 
(BCOm,y) and  the m orta lity  rate (Fcomy) values across all seven (S) 
com m ercial species in  any 1 year (y), i.e.

and  Fcomv —
Z L lF s .y /F s .

Full F  and  B  tim e-series from  1963 to  2008 were p rovided for cod 
(Gadus m orhua), haddock, plaice (Pleuronectes platessa) and  sole 
(Solea solea). For w hiting (Merlangius merlangus), saithe 
(Pollachius virens), and  N orw ay p o u t (Trisopterus esmarkii), data 
were provided from  1990, 1967, and 1983, respectively, to 2008. 
However, the  m ultispecies v irtual p opu lation  analysis (MSVPA) 
provided estim ates for all seven species for the period  19 6 3 - 
2003 (ICES, 2006c), so for the three  species w here data  for the 
earlier parts o f  the  tim e-series were m issing, linear regression o f 
single-species stock assessment and  MSVPA data  over the 
periods for w hich b o th  sets o f  da ta  were available was used to  
fill in  the  gaps.

A com m unity-averaged p recau tionary  p lo t was th en  con­
structed  by  p lo tting  Bcomy against Fcomy (Figure 4). As a conse­
quence o f  the  standardization , the  com m unity-averaged BCom,pa 
and  Fcom.pa reference po in ts b o th  equal one (Figure 4). To com ­
plete the  plot, app ropria te  com m unity-averaged Biim and  Fiim 
reference po in ts needed to  be determ ined. This was done by 
expressing each indiv idual species BSii¡m and FSiiim reference 
po in ts relative to  their Bs pa and Fs pa reference poin ts, th en  calcu­
lating the  average o f  these relative values:

L, lim — '
E . L l  fcclim /fypa

a n d  f  com, lim —
E L - f W - F s.p

D uring  the  early 1980s, the dem ersal co m m unity  average 
b iom ass exceeded the  com m unity-averaged Bpa reference po in t, 
b u t fishing pressure o n  the  dem ersal fish co m m unity  was too  
high, Fcom,y >  Fcom,pa (Figure 4), so Bcom,y was already o n  a
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Figure 4. Demersal fish comm unity "precautionary plot" based on 
community-averaged relative spawning-stock biomass (Bcom,y) anc* 
fishing m ortality data (Fcom,y) for seven commercially im portant 
demersal species in th e  North Sea (cod, haddock, saithe, whiting,

'com,pa> ' com,pa> ^ co m jin v and F,plaice, sole, and Norway pout), 
are the  community-averaged precautionary and limit spawning-stock 
biomass and fishing mortality reference points, respectively. All data 
shown are plotted relative to  the com m unity average precautionary 
(pa) reference points (see text for detail). Green zone, no 
precautionary points breached; yellow zone, one precautionary point 
breached; orange zone, both precautionary points breached; red 
zone, one limit point breached; purple zone, both limit points 
breached.

dow nw ard trajectory; explaining the rap id  decline in  the  LFI from  
the  1983 start o f  the tim e-series (Figure 3).

In  add ition , ICES (2007c) com pared the SAGFS and Q l IBTS 
LFI trends over the period  o f  survey overlap. The correlation  was 
strong (r2=  0.767), suggesting th a t b o th  LFIs were responding 
sim ilarly to  the  changes in  the dem ersal fish com m unity  
(Figure 3). Between 1920 and 1982, there  was no  evidence o f 
any tren d  in  the  SAGFS LFI, w ith values varying a ro u n d  0.29 
(Figure 3). Taken together, these two results suggest little reason 
to  expect the  Q l IBTS LFI to  increase m uch  above 0.3, even if  
fishing pressure o n  the N o rth  Sea’s dem ersal fish com m unity  
were to  be reduced to  levels prevalent near the start o f  the  20th 
century. Therefore, the  EcoQ O for the  N o rth  Sea dem ersal fish 
assemblage is “the p ro p o rtio n  (by weight) o f  fish greater th an  
40 cm  in  length should  be greater th an  0.3” (Heslenfeld and 
Enserink, 2008), w ith the LFI calculated using the  Q l IBTS 
dataset. Even un d er lower levels o f  exploitation, the  LFI m ay on  
occasion fall below  the  EcoQO level o f  0.3 owing to natu ral varia­
b ility  in  the  com m unity , as seen in  the  SAGFS data.

Recovery of the LFI
Since 2000, the  TACs o f  m ost N o rth  Sea stocks have becom e 
increasingly restrictive to  facilitate stock recoveries (ICES, 
2008b). M easures such as vessel decom m issioning and restrictions 
o n  days at sea have also reduced fishing activity levels by  up  to 40% 
(G reenstreet et al., 2009), w hich is likely to  have reduced fishing 
m orta lity  across the  entire  dem ersal fish com m unity , including 
th a t on  non-assessed species (Piet et al., 2009). It is therefore

reassuring to  see the considerable recovery in  the  LFI since 2001 
(Figure 3).

This recovery was prim arily  in itiated  by  a cohort o f  saithe 
growing above the threshold  o f  40 cm  and subsequently  m ain ­
tained by  a cod coh o rt also exceeding the  threshold. Trends in 
the  biom ass o f  11 o f  the  m ost ab u n d an t species in  the  co m m unity  
suggest little change in  the  extent to  w hich large fish were d o m i­
nated  by any particu lar species (Figure 5). Species richness o f 
the  large fish co m ponen t o f  the  co m m u n ity  increased slightly 
over the  w hole period , whereas species evenness increased 
du ring  the LFI decline phase and  decreased during  the  subsequent 
recovery phase. In  b o th  cases, however, 2008 values still exceeded 
those at the start o f  the tim e-series (Figure 6). There was therefore 
no evidence o f  a recent reduction  in  d iversity o f  the large fish com ­
p o n en t o f  the  N o rth  Sea dem ersal fish com m unity; a situation  that 
m igh t have prevailed if  a single species was principally  responsible 
for the  recovery in  the LFI, ra ther th an  a broad-scale recovery 
across the  w hole com m unity.

Being a ratio  m etric, the  LFI is influenced by  changes in  the 
biom ass o f  fish b o th  > 4 0  and  < 4 0  cm  long. W e were interested 
to  determ ine w hether the  ind icato r was m ore sensitive to  variation  
in  the biom ass o f  one o r o th er o f  these size categories. To do  this, 
we used a Taylor series expansion to  derive the  approxim ate var­
iance o f  Ft t=:
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Figure 5. Trends in the  biomass of key species making up the > 4 0  
and < 4 0  cm length com ponents of the  North Sea fish community.
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ôr
A
CO(/)
9
Eo
m

700000 - i

600000

500000 -

400000 -

3 0 0 0 0 0 -

200000

100000 

1000000

I
0.4

0.35

0.3
0.25

0.2

0.15

0.1

0.05

0

2000000 3 000000

B io m ass <40 cm  (t)
4000000

Figure 7. Contoured surface showing variation in the  proportion of 
LFI for varying biomass of fish > 4 0  and < 40  cm long. The EcoQO 
value of 0.3 is indicated as the  contour between green and red 
shades. The actual trajectory of the indicator is shown during three 
phases, the decline phase (black, 1983-1992), the unhealthy phase 
(grey, 1992-2001), and the  recovery phase (blue, 2001-2008).

var(JLF) R3 f LF(l  -  1l f )2((C V(B  >40cm  ))~ +  ( C V ( ß < 4 0 c m ) ) -  

2 C V (ß > 4 0 c m  ) C V ( B  Kk m )C O rr( / l  |0 , in . B  hk m ) ) ,

where l Fp is the  m ean  across years o f  the  LFI, C V (B >40 cm) and 
CV(B< 4 o cm) the  in te rannual coefficients o f  varia tion  in  the 
biom ass o f  fish > 4 0  and  < 4 0  cm, respectively, and  corr(B >4o

cm ) -^< 4 0  cm .) the  correlation  betw een B > and  JQ As
CV(B> 4 o cm) and CV(B<40 cm) were estim ated to be  29 and 
26%, respectively, varia tion  in  the  LFI has been  driven by  variation  
in  the  biom asses o f  fish > 4 0  and  < 4 0  cm  long in  roughly  equal 
m easure. O ne m anagem ent im plication  o f  this is that sudden  fluc­
tuations in  the  ind icator value m ay be caused by environm entally  
d riven influxes o f  small fish, and  no t necessarily by  a fishing 
im pact on  the larger fish in  the  com m unity . Such signals should, 
however, be picked up  by  the  M IW I.

A con toured  surface was generated show ing varia tion  in  the  LFI 
across all biom ass com binations o f  fish > 4 0  and  < 4 0  cm  long. 
The LFI trajectory  p lo tted  o n  the to p  o f  this revealed three clear

phases (Figure 7). D uring  the decline phase from  1983 to  1992, 
ind icator values were driven dow n by b o th  decreasing biom ass 
o f  large fish and increasing biom ass o f  sm all fish. Between 1992 
and  2000, large fish biom ass altered little, and  varia tion  in  the  in d i­
cator was influenced prim arily  by frequent changes in  the  biom ass 
o f  sm all fish. A further decline in  the  biom ass o f  large fish com ­
b ined  w ith a substantial increase in  sm all fish biom ass drove the 
ind icator dow n to  its lowest p o in t in  2001. The recovery phase 
from  2001 to  cu rren t was characterized by  a declining biom ass 
o f  sm all fish com bined since 2006 w ith  an  increase in  the  a b u n ­
dance o f  large fish. V ariation in  the biom ass o f  sm all fish was 
heavily influenced by  changes in  the biom ass o f  som e species, 
e.g. w hiting, that rarely grow to  a length w here they influence 
the  varia tion  in  the  biom ass o f  large fish (Figure 5).

The relationship between pressure and state
The curren t defin ition  o f  the  LFI was chosen to  increase its sensi­
tivity  to  fishing pressure, so it is p e rtinen t to explore its re la tion­
ship w ith Fcom.y (Figure 8a). Large piscivorous fish m ust be 
rem oved by  fisheries before predation-pressure  release causes the 
abundance o f  sm all fish to increase. Figure 7 suggests th a t the 
direct and  indirect effects o f  fishing were indeed non-synchronous, 
i.e. th a t periods o f  declining biom ass o f  large fish were followed by 
periods o f  increasing biom ass o f  sm all fish, and  vice versa. This 
im plies a lagged relationship, I LF.y =  ƒ  ( fic o m .y —i ) .  and the  lags 
(L) involved m ay last a decade or longer (D aan et al., 2005). A 
1-year tim e-lag was considered the baseline because the LFI, 
derived from  the  Q l IBTS carried ou t a t the start o f  any year, 
w ould  have been influenced by fishing pressure in  earlier years. 
Significant negative correlations betw een the  two tim e-series 
were found  at lags o f  1 2 -2 0  years (Figure 8b).

To determ ine w hether shorte r-te rm  changes in  fishing pressure 
had any im m ediate effect o n  the  LFI, b o th  tim e-series were 
detrended  by fitting loess sm oothers (degree 2 w ith  a 20-year 
neighbourhood; Figure 8a), and  correlations betw een the residuals 
were explored. W e were on ly  in terested  in  negative correlations 
w ith short tim e-lags, reflecting the  effect of, for exam ple, a rapid 
reduction  in  fishing m orta lity  o n  the  increased survival o f  large 
fish and  increased “recru itm en t” o f  fish < 4 0  cm  long in to  the 
larger fish category. A 1-year lag was again the  baseline. There 
was a significant, though  weak, negative correlation  betw een the 
residuals at a lag o f  2 years. All o th er correlations were n o t signifi­
cant (Figure 8c).
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Figure 8. (a) Community-averaged fishing m ortality (Fcom,y) and the 
LFI with fitted loess smoothers, (b) Cross-correlations, expressed as 
r1, between LFI and Fcom y a t various time-lags (shading indicates 
significance levels: light grey, 0.05 >  p >  0.01; interm ediate shade, 
0.01 >  p >  0.001; dark grey, p <  0.001). (c) Cross-correlations, 
expressed as r2, between the  detrended LFI and Fcom y time-series at 
various time-lags (shading indicates significance levels: light grey, 
0.05 >  p >  0.01; interm ediate shade, p <  0.01).

Looking into the future: advice to  management
Providing sound  scientific advice for m anagem ent requires 
sound  understand ing  o f  the relationship betw een fishing 
pressure and  the LFI, b u t this relationship is clearly m ore 
com plex th an  initially though t. Ideally, the  processes involved 
should  be represented in  theoretical m echanistic m odels, 
w hich can be used to  provide ecosystem  advice in  m uch  the 
sam e way th a t stock assessm ent m odels curren tly  u n d erp in  fish­
eries m anagem ent advice. An im p o rtan t question  for such 
m odels w ould be that if  fisheries m anagem ent were to  achieve 
indiv idual stock objectives (stocks exploited w ith F <  Fpa and 
spaw ning-stock biom ass m ain tained  at B >  Bpa), w ould this 
also be sufficient to achieve the LFI EcoQO? I f  the  answer is 
yes, th en  the  curren t single-species fisheries m anagem ent plans 
alone are adequate to m eet cu rren t b roader ecosystem goals 
for the  w hole N o rth  Sea dem ersal fish com m unity . M odelling 
sim ulations could th en  address how  long it m ight take for the 
EcoQ O to be  achieved. I f  the  answer is no, then  w hat fu rther 
reductions in  fishing m orta lity  below  Fpa w ould  be required  to 
a tta in  the  EcoQ O for the  LFI, and  over w hat tim e-scale m ight 
d ifferent fishing scenarios achieve the  target (ICES, 2009b)? To 
initiate  this process, ICES (2008a, 2009b) posed a series o f 
F -reduction  scenarios th a t size-resolved, m ultispecies m odels 
needed to  address. Theoretical m odels addressing these require 
several a ttributes. Fishing m orta lity  m u st be represented realisti­
cally to  m odel the consequences o f  different fishing-pressure 
scenarios. They m ust be dynam ic to  predict the  tim e-scale o f

change in  the  LFI, they need to  represent the key ecosystem  p ro ­
cesses driving co m m unity  size structure, and they  m ust be 
ecosystem-specific.

Discussion
Analysis o f  the  initial LFI and  M IW I defined by ICES (2006a) 
suggested th a t they could be  strongly influenced by  recru itm ent 
events, w hich are p rim arily  environm entally  driven (D ippner, 
1997; K em pf et a í ,  2009). Environm ental and density-dependent 
effects o n  grow th and  recru itm en t can influence m etrics o f  fish 
size regardless o f  the level o f  fishing activity (B adalam enti et a í, 
2002; Lekve et ah, 2002; W ilderbuer et al., 2002), and  a recent 
review by  Shin et al. (2005) concludes that size-based m etrics 
m ay indeed be m ore sensitive to  o th er drivers o f  change in  fish 
com m unities th an  was initially though t. Size-based m etrics m ay 
also be p o o r indicators o f  overexploitation in  fish com m unities 
dom inated  by  species characterized by sm all u ltim ate  bo d y  size, 
high grow th rate, and  early age and sm all size at m atu ration  
(S tobberup et al., 2005). H igh fishing m orta lity  has caused the 
N o rth  Sea dem ersal fish co m m unity  to  becom e increasingly d o m i­
nated  by species characterized by  such r-type life-history traits 
(Jennings et al., 1999; Greenstreet and  Rogers, 2000), perhaps 
im plying th a t the  m ore the fish co m m unity  is affected and 
altered by  overexploitation, the less effective size-based m etrics 
becom e at m o n ito ring  the  im pacts o f  fishing.

M arine ecosystems are directly  and  indirectly  im pacted  by  
fishing (Jennings and Kaiser, 1998). D irect effects are those 
changes caused by fishing, i.e. the  m orta lity  o f  large piscivorous 
fish caught in  the trawl. Indirect effects are the  changes that 
follow as a consequence o f  these direct effects, e.g. the proliferation 
o f  sm all fish resulting from  reduction  in  their na tura l rates o f  p re ­
d a tion  m orta lity  (Pope, 1991; D aan et al., 2005). Following exploi­
tation , increases in  the  biom ass o f  sm all fish generally exceed 
reductions in  the  biom ass o f  large fish (G reenstreet et al., 1999; 
B lanchard et al., 2005; D aan et al., 2005). I f  large fish have diets 
consisting o f  small fish (Greenstreet, 1996) and assum ing 
troph ic  level transfer efficiency o f  10% (B aum ann, 1995; Kerr 
and  Dickie, 2001; Jennings et al., 2002) and  th a t sm all fish specific 
grow th p roductiv ity  is double  th a t o f  large fish (Banse and 
M osher, 1980), then  sim ple trophodynam ic theo ry  suggests that 
the  increase in  the biom ass o f  sm all fish following release from  p re ­
d a tion  m ay be 5 x  the  decrease in  the  biom ass o f  large p redatory  
fish. Figure 7 confirm s th a t this was approxim ately  the  case for the 
dem ersal fish co m m unity  in  the N o rth  Sea; the  biom ass o f  large 
fish (> 4 0  cm ) varied by  ~  440 000 t, b u t that o f  sm all fish 
( < 4 0  cm ) by 2 300 000 t.

The choice o f  size range over w hich size-based m etrics are 
de term ined  affects their capacity to detect changes in  trend  
(Jennings and  Dulvy, 2005). Redefining large fish as fish 
> 4 0  cm  and  calculating the  LFI by weight ra ther th an  num ber 
reduced the ind ica to r’s responsiveness to  varia tion  in  the  ab u n ­
dance o f  sm all fish, in  effect increasing its sensitivity to  the 
direct effects o f  fishing and  reducing its sensitivity to indirect 
effects. Even so, analysis o f  the  sensitivity o f  the  LFI to  changes 
in  the  abundance o f  b o th  small and  large fish suggests th a t the 
LFI rem ained abou t equally responsive to  b o th  direct and indirect 
effects o f  fishing on  the dem ersal fish com m unity . However, the 
LFI signal-to-noise ratio  was m arkedly im proved, increasing its 
pow er to  detect tren d  d irection  changes over tim e-spans suffi­
ciently sho rt (e.g. 5 -1 0  years) to  satisfy m anagem ent needs 
(N icholson and  Jennings, 2004; Maxwell and  Jennings, 2005).
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The values o f  LFI and  com m unity-averaged fishing m orta lity  
were significantly correlated only at tim e-lags > 1 2  years. 
C onsidering such lags as im plausible im plies th a t the  LFI is no t 
responsive to  fishing pressure on  the  fish com m unity , b u t the  evi­
dence to  the  con trary  is sim ply too  overw helm ing to  be ignored. 
T heory  linking the change in  individual stock age (and  hence 
size) structu re  to  varia tion  in  m orta lity  is well established 
(Beverton and  H olt, 1957). Theoretical m odels o f  fish co m m u ­
nities have universally dem onstra ted  an  inverse relationship 
betw een fishing m orta lity  and average fish size (H all et al., 2006; 
Pope et al., 2006; B lanchard et al., 2009), and  m any  em pirical 
studies have dem onstra ted  fishing-induced shifts tow ards smaller 
size in  fish com m unities (D aan et al., 2005; Shin et al., 2005; 
Greenstreet and  Rogers, 2006). Increased m ean size o f  fish inside 
m arine  reserves is one o f  the  m ost frequently  observed responses 
following the  cessation o f  fishing (M olloy et al., 2009). Finally, a 
m ore im m ediate inverse response was observed w hen b o th  tim e- 
series were detrended. T hat this significant relationship occurred 
w ith a lag o f  2 years suggests perhaps that the grow th o f  smaller 
fish to  exceed 40 cm  was responsible for the  relationship, rather 
th an  increased survival am ong  fish > 4 0  cm  long; the extra year 
(beyond the baseline lag o f  1 year) being required  to allow tim e 
for this growth.

Instead o f  a lagged linear relationship, a sim ple step function  
could  link  the LFI and Fcom¡y trends. Fishing pressure exceeding 
bcom.iim betw een 1983 and 1987 could  have caused the LFI to 
decline sharply, and  fishing pressure below  Fcom>iim b u t above 
bcom.pa (1988-2000) resulted in  a gradual decline in  LFI; only 
w hen fishing pressure o n  the fish co m m unity  was reduced to 
below  -Fcomjpa from  2001 d id  the LFI start to increase.

Alternatively, the  relationship  betw een the pressure and  state 
indicators is generally linear and  the > 1 2  year lag in  the  LFI 
response is real (D aan et al., 2005). A lthough the  rem oval o f 
large fish from  the co m m unity  is im m ediate, depending on  the 
p opu lation  dynam ics o f  the  species involved, 5 o r m ore years 
m ay be required  following an  increase in  the  m orta lity  rate 
before a new  equilib rium  popu lation  age struc tu re  is reached 
(Beverton and  H olt, 1957). The increase in  the  abundance o f 
sm all fish following a release from  predation  pressure m ay con­
tinue for several years after the  abundance o f  large fish has declined 
(D aan et al., 2005). Increased fishing m orta lity  also alters the life- 
h isto ry  com position  o f  the fish com m unity , increasing represen­
ta tio n  o f  sm all species (Jennings et al., 1999; Greenstreet and 
Rogers, 2000), and this m ay allow the  abundance o f  sm all fish to 
increase long after the  initial increase associated w ith p redation- 
pressure release.

Fishing pressure on  the  N o rth  Sea dem ersal fish com m unity  
has declined steadily since 1986. The LFI tim e-series, w hich only 
started  in  1983, therefore generally reflects changes in  the  dem ersal 
fish co m m unity  associated w ith reducing fishing m ortality. 
A lthough fishing m igh t im m ediately rem ove large piscivorous 
fish, there  is no  equivalent im m ediate replacem ent o f  these fish 
w hen fishing m orta lity  is reduced. Few species have ultim ate 
body  lengths > 4 0  cm  (Jennings et a í ,  1999). M ost fish > 4 0  cm  
will therefore already be close to  their u ltim ate  bo d y  length and 
hence grow  relatively slowly. R educing fishing m orta lity  am ong 
such fish therefore serves m ore to  m ain tain  the cu rren t LFI 
values th an  to  stim ulate its recovery. It is the  increased survival 
o f  sm all individuals o f  large-bodied species, and their grow th to 
exceed the 40 cm  threshold , th a t provides m ost im petus to  an  
upw ard  LFI trend. The tim e requ ired  for this depends on  the

grow th rates and  p opu lation  dynam ics o f  the species involved. 
However, across the  w hole dem ersal fish com m unity , once 
in itiated  by  a reduction  in  fishing m ortality, this process m ay 
well con tinue  for 10 or m ore  years before a new  equilibrium  is 
reached.

M oreover, w hen to p -dow n  contro l o n  a troph ic  level is 
reduced, b o tto m -u p  processes take over; com petition  w ith in  the 
troph ic  level increases as abundance rises (C arpen ter et al., 1987; 
Shurin  and  Seabloom , 2005). Following release from  predation , 
the  increasing abundance o f  small fish m ay raise the  level o f  com ­
pe titio n  am ong fish in  sm aller size classes, possibly im pairing  the 
grow th rates o f  juveniles o f  larger-bodied species growing th rough  
these size classes (Lekve et al., 2002), and  fu rther delaying the 
recovery o f  the  LFI following reduced fishing m ortality. Such an  
explanation has been posited  for the  slow recovery o f  the dem ersal 
fish co m m unity  o n  Georges B ank following rem edial m anagem ent 
to  un d o  decades o f  overexploitation (Fogarty and  M urawski, 
1998). Tim e-lags in  recovery situations m ay be longer th an  those 
associated w ith increasing disturbance. In  a recent m eta-analysis, 
the  greatest increase in  the abundance o f  large fish species was 
observed in  m arine  reserves th a t had  been in  place for > 1 5  
years (M olloy et al., 2009).

Advising m anagers how  best to  achieve the  N o rth  Sea dem er­
sal fish co m m unity  EcoQ O requires the  relationship betw een 
fishing pressure and  the LFI to be  p roperly  understood . To 
underscore this po in t, for illustrative purposes let us assum e 
th a t the  relationship is linear and  tim e-lagged; the curren t 
state o f  the  fish co m m unity  is a consequence o f  the fishing m o r­
tality  regim e prevailing 12 or m ore years ago. The 
com m unity-averaged fishing m orta lity  tim e-series can therefore 
be used to  look a t least 12 years in to  the  future. Seven linear 
regression m odels relating the LFI to  Fcom,;, lagged by 1 2 -  
18 years, respectively (the lags giving significant correlations at 
p  <  0.01), were used to predict the  LFI forw ard from  1983 to  
2020. The averaged prediction , well fitted to the observed 
data, suggested th a t the  LFI should  con tinue to  increase 
th rough  to  2020 (Figure 9). R ather th an  being a response to  
steps taken to  reduce fishing m orta lity  since 2000, im provem ent 
in  the  LFI since 2001 m ay be a consequence o f  the steady 
decline in  fishing m orta lity  since the m id-1980s. Further, stee­
pening o f  the  LFI trajectory  from  2013 o n  m ay reflect the 
b roader ecosystem benefits o f  increasingly stringen t fisheries 
m anagem ent policy since 2000 (G reenstreet et al., 2009) that 
have still to  be reaped. From  an advisory perspective, Figure 9 
suggests th a t the  m anagem ent action  already taken to  conserve 
the  p rincipal com m ercial species m ay be sufficient to  achieve 
the  EcoQ O for the N orth  Sea’s dem ersal fish co m m u n ity  by 
2020. However, w ithou t better understand ing  o f  the actual p ro ­
cesses that link  changes in  the LFI to changes in  fishing pressure, 
such advice w ould  be risky.

W e rem ain  convinced th a t the LFI is sensitive to  changes in 
fishing pressure and  useful w ith in  a m anagem ent context. 
However, we are forced to  conclude th a t the  relationship 
betw een these pressure and  state indicators is m ore com plicated, 
and  o u r understand ing  o f  it less advanced, th an  was believed to 
be the case at the start o f  the process w hen application  o f  the 
ICES criteria  first selected size-based m etrics to  su p p o rt the fish 
co m m unity  EcoQO. We have posited  two possible relationships 
to  explain o u r results. At present b o th  explanations are hypotheti­
cal; neither has been n o r can be tested empirically. The so lu tion  to  
this dilem m a lies in  the developm ent o f  appropria te
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Figure 9. The average predicted LFI from seven linear models th a t 
regressed the  observed LFI on the  community-averaged fishing 
mortality lagged by 1 2 -1 8  years, respectively. Observed Q1 IBTS LFI 
values are shown for comparison.

size-structured  and species-resolved theoretical fish com m unity  
m odels. The experim ents needed to test o u r hypotheses can then  
be m ade as sim ulations.

Currently, candidate m odels fall in to  tw o general categories: 
size-resolved life-history m odels (e.g. Shin and  Cury, 2004; Haii 
et al., 2006; Pope et al., 2006), and  co m m unity  size-spectra 
m odels (e.g. Benoit and  Rochet, 2004; M aury  et al., 2007; 
B lanchard et al., 2009). N either fulfils all the  requirem ents, bu t 
b o th  have key attributes and  indicate how  suitable m odels m ight 
be developed. The form er explicitly represents size-structured  
populations, param etrizes ecosystem  processes using a com bi­
n a tio n  o f  size-based functions and em pirically tractable 
life-history traits, and  includes length and  species-based fishing 
m ortality. However, such m odels are steady state, fish grow th is 
prescribed, and  s to c k -rec ru it relationships are constant, com p ro ­
m ising their ability to  pred ic t the  dynam ic consequences o f 
changes in  fishing pressure on  fish co m m unity  structure. In  the 
second group, species are n o t explicitly represented; instead fish 
in  the  co m m unity  are represented  sim ply as num bers o f  all in d i­
viduals belonging to given size classes. All processes (food 
intake, grow th, m ortality) are param etrized based on  size alone. 
Size-based p redation  and  an  underlying bioenergetics m odel gov­
erning the  flow o f  energy th rough  the system provide the  m ajor 
driving processes and  are generally dynam ic. These m odels can 
incorporate  a size-based fishing m ortality, b u t no t fishing m o r­
tality  affecting different size classes o f  different species. C urren t 
w ork  focuses o n  com bining the  two m odelling approaches bu t 
this presents b o th  technical and  conceptual difficulties. However, 
in  a prelim inary  analysis, one such derivative m odel (A ndersen 
and  Beyer, 2006; A ndersen et al., 2009) was used to explore the 
response o f  the  LFI to  reduced fishing m ortality. Following a 
50% reduction  in  fishing m orta lity  (the m axim um  tried  in  the

experim ent), the  LFI equilibrated  at a new  stable value after 
10 years, and lag-tim e increased the  m ore fishing m orta lity  was 
reduced (ICES, 2008a). Since 1986, com m unity-average fishing 
m orta lity  has declined by 58%. These early results again suggest 
th a t recovery o f  the LFI m ay be a lengthy process, b u t if  so, it is 
one th a t has been ongoing since 1987.

O ther results have em erged from  o u r analyses th a t are difficult 
to  explain w ithou t insight from  these m odels. For instance, 
a lthough  recovery in  the LFI has been considerable since 2001 
(Figure 3), w hen fishing m orta lity  averaged across the  seven 
assessed dem ersal species finally d ropped  below  Fpa, no  sim ilar 
recovery in  com m unity-averaged spaw ning-stock biom ass 
(Scom,;-) was observed. This m etric  has sim ply fluctuated  a round  
the  com m unity-averaged precau tionary  reference p o in t 
(Figure 4). A lthough the  size com position  o f  the  dem ersal fish 
co m m unity  is recovering, spaw ning-stock biom asses o f  the  m ain  
com m ercial stocks in  general are no t. Perhaps reducing fishing 
m orta lity  to  m ore sustainable levels has p roduced  a situation  
w here the biom ass rem oved by  fisheries is com pensated  for by  
grow th o f  the survivors, so the  spaw ning co m ponen t o f  each 
stock consists o f  an  ever-dw indling n u m b er o f  increasingly large 
fish, w ith little o r no  change in  spaw ning-stock biom ass. In  such 
circum stances, recovery o f  spaw ning-stock biom ass m igh t be 
reliant on  the  recru itm en t o f  strong juvenile cohorts, a situation  
th a t has been rare in  recent years (ICES, 2009a). Resolving such 
issues is clearly an  im p o rtan t aspect o f  a successful EAMM, in 
w hich im proving the  curren t situation  for fisheries is a m ajor
concern.

The ICES criteria for a good state ind icator identify  m etrics that 
best reflect the  effects o f  h u m an  activities o n  ecosystem  com ­
ponents, b u t o th er criteria also exist (Rice and  Rochet, 2005; 
Piet et al., 2008). Rice and  R ochet (2005) stress the  need to  identify 
user requirem ents before developing a list o f  candidate indicators, 
th en  to  apply criteria  to  select the best. M ost treaties and  conven­
tions driving developm ent o f  an  EAMM, including the M arine 
Strategy Fram ew ork Directive, focus o n  ecosystem health  and  b io ­
diversity. R estoring fish size com position  should  generally benefit 
the  health  o f  the N o rth  Sea dem ersal fish com m unity , b u t it 
rem ains to  be seen w hether achieving the  EcoQ O will sim ul­
taneously  reverse the long-term  declines in  species diversity a ttr ib ­
u ted  to fishing (G reenstreet et ah, 1999; G reenstreet and Rogers, 
2006). P oor understand ing  o f  the relationship betw een fishing d is­
tu rbance and  species diversity, in  part, led ICES (2001b) to d isre­
gard species diversity indicators (Greenstreet, 2008). Insight 
gained th rough  the  developm ent o f  these theoretical size- and 
species-resolved m odels could  address this shortcom ing, perhaps 
allowing a process sim ilar to the one described here to  set realistic 
m anagem ent goals for species diversity state indicators.

Rice (2009) describes a conceptual three-stage m odel u n d e r­
lying the  developm ent and  im plem en tation  o f  a p recau tionary  
approach  to  N o rth  Sea fisheries m anagem ent. D evelopm ent o f 
the  N orth  Sea dem ersal fish co m m unity  EcoQ O has followed a 
sim ilar process, supporting  Rice’s (2009) co n ten tion  th a t this 
three-stage m odel is b road ly  applicable and, in  generalized form , 
suitable as a basis for establishing m anagem ent fram eworks that 
address w ider m arine  ecosystem  conservation  issues. This is 
im p o rtan t because the  m ajor stakeholders, fishers and  fisheries 
m anagers, have b o th  accepted the p recau tionary  approach  to  fish­
eries m anagem ent and are m ore likely therefore to accept a process 
for im plem enting  an  EAMM th a t is conceptually  sim ilar. For 
exam ple, the EcoQ O states th a t the p ro p o rtio n  (by weight) o f
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fish > 4 0  cm  long should  be > 0 .3  (Heslenfeld and  Enserink, 
2008). W hen  the LFI is below  0.3, m anagem en t’s sho rt-te rm  objec­
tive should  be to restore it to  > 0 .3 . However, once past this 
threshold, it should  n o t be m anagem ent’s in ten t to exploit dem er­
sal fish so that the  LFI is held a t o r close to  a value o f  0.3. In  this 
sense, the EcoQ O has a sim ilar role to  Bpa, w hich is n o t a m anage­
m en t target, b u t is ra ther considered the  perm itted  lower b o u n d  
to  spaw ning-stock biom ass. However, if  B <  Bpa, th en  de facto  
Bpa becom es a sho rt-te rm  target to  stim ulate recovery. However, 
if  B >  Bpa, it should  never be m anagem ent’s goal to  exploit the 
stock dow n to this p recau tionary  lim it (Piet and Rice, 2004). 
O nce the size com position  o f  the N o rth  Sea’s dem ersal fish com ­
m u n ity  has been restored, size-resolved m ultispecies theoretical 
m odels can be used to identify sustainable levels o f  exploitation 
th a t m ain ta in  the LFI above 0.3.

The three-stage p recau tionary  approach  to fisheries m anage­
m en t differs from  the fish co m m unity  EcoQO in  one im po rtan t 
aspect. The latter has ju st the  single reference value, whereas the 
form er uses b o th  a p recau tionary  reference p o in t (Bpa) and  a 
lim it reference p o in t (Bi¡m). D epending on  where B  lies w ith 
respect to  these tw o reference po in ts dictates the  m anagem ent 
response. Rice (2009) posits a variety  o f  different op tions for 
dealing w ith situations where biom ass lies betw een Bpa and  Blim, 
all o f  w hich involve increasingly stringent con tro l o f  the exploita­
tio n  rate as biom ass declines fu rther below  Bpa and  approaches 
B iim . At present, we have no equivalent m anagem ent procedures 
for use w hen the LFI d rops below  0.3. Perhaps in  the  future, th eo r­
etical size-resolved m ultispecies m odels m igh t be used to  deter­
m ine an  LFI equivalent to  Biim for the  dem ersal fish com m unity, 
enabling a sim ilar set o f  m anagem ent procedures to  be 
im plem ented . Alternatively, there  m ay be no  need for a m anage­
m en t p rocedure as com plex as this. It m ay be sufficient to  know  
th a t the LFI is below  the  acceptable lim it, and  the  theoretical 
m odels th en  sim ply used to  identify the  rem edial action  necessary 
to  resolve the  issue w ith in  a specified tim e-scale.
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