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A bstract

A spatially disaggregated, discrete time, age-structured model for the Eastern Baltic cod (Gadus morhua callarias L.) stock was constructed, 
in order to test the implications of the establishment of a marine reserve in the Baltic Sea. Functional relationships for recruitment and predation 
mortality were developed by multiple regression analyses. The resultant model output compares well with observed data from the fishery. The model 
was then applied to simulate stock development over a 50 year time period using different management policies and a variety of environmental 
conditions. The investigated management policies reduce fishing mortality and range from a moratorium on the Eastern Baltic cod fishery via the 
establishment of a permanent or a seasonal marine reserve in ICES subdivision 25 to a fishing as usual scenario. The environmental conditions 
incorporated were based on the size of the reproductive volume (RV) and comprise a best case and a worst case of reproductive conditions, and 
two more realistic scenarios, where we assumed that a historic series of RV-sizes reoccurs over the simulation period. Our results show a strong 
dependence of stock dynamics on the environmental conditions. Under prevailing low RV, our model projects stock extinction by the year 2020, 
if fishing continues as usual. Under the restrictive scenarios, where fishing mortality is reduced either directly or by implementation of a marine 
reserve, the stock benefits from an increase in stock size and an improved age structure. A seasonal closure of subdivision (SD) 25 as opposed to 
a closure of the entire Baltic Sea appears to be sufficient to prevent the Eastern Baltic cod stock from falling below safe biological limits.
Crown Copyright © 2006 Published by Elsevier B.V. All rights reserved.
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1. Introduction

B altic Sea fish stock assessments show a large decline o f  the 
cod biom ass since the mid-1980s (ICES, 2003). Recent esti
m ates of-spawning biom ass-fall below  5 ^  (the precautionary 
biom ass level, below which recruitm ent is im paired), im plying a
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reduced reproductive capacity o f  the stock (ICES, 2 0 0 3 ,2004b). 
Hence, the stock is classified “as being outside safe biological 
lim its”, posing concerns fo r B altic Sea fisheries management 
(IBSFC, 2004).

The principal policy instrum ent for m anaging the B altic Sea 
Fisheries is annual ‘total allowable catches’ (TACs), supple
mented by technical regulatory measures, such as minim um 
landing sizes, m esh size regulations and closed periods for fish
ing (IBSFC, 2002). D ue to the persistently severe situation 
of the stock, the International B altic Sea Fisheries Com m is
sion (IBSFC) adopted in 2002 a  new recovery plan for the 
Eastern and W estern Baltic cod stock, w hich focuses on meet-
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Fig. 1. C hart o fth eB aIticS ea ,sh o w in g IŒ S  subdivisions and im portant spawn
ing grounds of B altic cod. Source: A fter Bagge et al. (1994).

ing clearly  defined stock reference points w ithin several years 
(ICES, 2004b). A lso, in  addition to the catch quotas, a spawning 
closure o f variable length has been established since 1995, p ro 
hibiting the cod fishery every year from  late spring to summer. 
Furtherm ore, the IBSFC im plem ented a seasonal area closure 
on  all fishing in  the B ornholm  D eep (see Fig. 1). This ‘sum m er 
ban ’ w as extended by  several weeks in 2005, then lasting from 
15 M ay till 31 A ugust 2005. A lso in 2005, the IB SFC  estab
lished additional spawning area closures in the G dansk Deep 
and the Gotland Deep. N onetheless, TACs are still in place 
and thus rem ain the m ain policy instrum ent. T heir effective
ness, however, relies heavily on the quality o f  scientific fish 
stock assessm ents, w hich are highly susceptible to the variability 
and uncertainty of a num ber o f input param eters (e.g. catch-at- 
age and w eigth-at-age data, m ortality estim ates for the terminal 
years, environm ental param eters) and the difficulty in integrat
ing com plex processes, such as m ultispecies interactions and 
ecosystem  functions (e.g. Botsford et al., 1997; IC ES, 1998; 
W alters, 2001). Furtherm ore, illegal landings falsify  the em pir
ical data basis o f  the assessments.

Recently, interest has focused on the potential o f  m arine 
reserves or m arine protected areas (M PAs), also term ed spa
tial fishery closures o r “no take” zones, as an alternative fishery 
m anagem ent tool (e.g. Pauly et al., 2002; PROTECT, 2005; 
R oberts et al., 2001, 2005; Walters, 2001). Several field stud
ies have illustrated that closed areas can lead  to  increases in fish 
b iom ass, density, and size, and ecosystem  diversity (reviewed 
by H alpem , 2003). It is, however, im portant to  recognise real
istic lim itations and expectations o f the M PA approach and not 
to p resent reserves as a general panacea (A llison et al., 1998; 
D ayton et al., 2000; Kaiser, 2005). W hether MPAs can enhance 
th e  fisheries outside o f their borders is still in  question, as suc
cess depends on the setting, size and design o f the reserve, on the 
life history and m igratory behaviour o f  the species, on the spe
cific characteristics o f  the ecosystem , and on the fishing activity 
surrounding the MPA. In contrast to the tropics, species variabil
ity is low er in tem perate waters, but environm ental conditions

are much more variable. O n ly  very few  em pirical studies have 
investigated the effects o f  MPAs on m obile tem perate fish and 
their related fisheries. M P A s in such studies either lack  ade
quate size and proper enfo rcem en t (M arteli et al., 2000) o r were 
effectively used to enhance  a fishery fo r sedentary species, e.g. 
sessile scallops instead o f  m igratory A tlantic cod and haddock 
(M urawski et al., 2000). S ince  large reserves have as yet not 
been im plem ented, we c a n  only rely  on m odelling studies to 
evaluate the im plications o f  MPAs fo r m igratory fish stocks and 
their respective fisheries in  tem perate regions.

Here, we present a spatia lly  disaggregated, discrete time, 
age-structured m odel o f  th e  population dynamics o f the East
ern Baltic cod (Gadus m orh u a  callarias  L.) to investigate the 
biological consequences o f  the establishm ent o f a perm anent 
o r a seasonal m arine reserve  in a  biologically  highly produc
tive area in the B altic S ea . Our approach to the assessm ent of 
the im plications o f an M PA -based m anagem ent policy and its 
potential im portance on sto ck  dynam ics follows and extends the 
approach presented in A posto lak i et al. (2002), w ho simulated 
the potential o f partial closures as rebuilding strategy for the 
M editerranean hake fishery. O ur m odel is a single species, but 
is fed with output from an  area-disaggregated M ultispecies Vir
tual Population A nalysis (adM SVPA ). Here, we decided not to 
im plem ent the adM SV PA, but rather a simplified m odel, which 
com pares favourably w ith  the com plex behaviour o f  the cod 
stock and the outputs o f  th e  adMSVPA. T he advantage o f this 
approach relative to the adM SV PA  is its transparent structure and 
the ability to readily co u p le  it to com plex bio-econom ic m od
els and thereby scenario test the im plications o f  m anagem ent 
options and environm ental conditions on stock dynam ics.

Q ualitative descriptions indicate that B altic cod exhibit exten
sive feeding m igration in  w inter and spawning m igration in 
sum m er (Aro, 1989, 2000 , 2002), but quantitative descriptions 
o f the migration process a re  not available at present. Therefore, 
w e decided to  investigate the situation as if  there w ere three 
independent substocks o f  the Eastern Baltic cod in three par
ticular subdivisions, instead  o f  adding another uncertainty into 
the model. Our sim plified investigation serves as first basis for 
bio-econom ic m odelling. In the future, either an analysis o f  field 
data on migration or a thorough analysis o f  different migration 
assum ptions are required, for including migration is vital to the 
second step, the econom ic component. Prelim inary m odel runs, 
w here we assum e that m igration betw een spawning basins is 
a density dependent p rocess and depends on the reproductive 
conditions in the basins, confirmed that m igration reduces the 
biological benefits o f  a m arine reserve. This should be kept in 
m ind when looking at th e  results of our study, which assumes 
zero migration.

We apply our m odel to sim ulate stock developm ent of 
the Eastern B altic cod over 50 years under various environ
m ental conditions using different m anagem ent policies. Our 
m anagem ent scenarios investigate the biological effects o f the 
establishm ent o f  an M PA in subdivision (SD) 25 (Fig. 1), which 
encom passes the B ornholm  Basin, as opposed to policies based 
on the overall reduction o f  fishing m ortality in the Eastern Baltic 
Sea. M arine biologists and conservationists have already recom 
m ended the establishm ent o f  an MPA in SD 25 (M acKenzie et
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a l ,  1996), as the B ornholm  Basin has been the m ost im por
tant spaw ning ground of B altic cod during the last decades due 
to favourable hydrographic conditions (N issling and Westlin, 
1991; N issling et al., 1994; Plikshs et al., 1993).

B altic cod eggs, w hich are neutrally buoyant, need a m in
im um  salinity (S  >  11 psu) and a minim um  concentration of 
dissolved oxygen (c[C>2] > 2  ml/1) to develop (e.g. N issling et 
al., 1994). T he volum e o f w ater having these characteristics has 
been termed the “reproductive volum e” (RV) for this species 
(e.g. M acK enzie et al., 2000; Plikshs et al., 1993) and been 
em ployed in the developm ent o f stock and recruitm ent m od
els o f  Eastern B altic cod (e.g. Köster et al., 2001b, 2003). In the 
Eastern part o f  the Baltic Sea, a reproductive volum e usually 
only occurs below  50 m depth in the deep basins o f the Baltic 
Sea, namely the B ornholm  Basin, the Gdansk D eep and the G ot
land Deep, located in  SD 25, 26 and 28, respectively (Fig. 1) 
(Bagge et al., 1994). The bottom  w ater in the deep basins regu
larly becom es anoxic due to the bacterial breakdown o f organic 
m aterial below  the halocline combined w ith reduced replenish
m ent due to bottom  topography resulting in restricted horizontal 
and vertical circulation in the Baltic deep w ater (M atthäus and 
Lass, 1995).

T he reproductive volum e is replenished w hen inflows from  
the N orth Sea transport saline and oxygen rich w ater into 
the B altic basins, term ed “m ajor Baltic inflows” (M BI) (e.g. 
M atthäus and Frank, 1992; Schinke and M atthäus, 1998). Its 
size m ainly depends on the frequency and strength o f such North 
Sea inflow events as opposed to the length o f  stagnation periods 
(e.g. M acK enzie et al., 2000; Oeberst and Bleil, 2000). A large 
reproductive volum e, w ith hydrographic conditions favourable 
fo r successful cod egg developm ent, occurs less frequently in 
the Gotland D eep and the G dansk Basin than in the B ornholm  
Basin. Their location farther East/Northeast and hence m ore d is
tant from the N orth Sea leads to stagnation periods which are 
m uch more pronounced and prevail much longer than farther 
W est in the B altic Sea (K öster et al., 2001a; Plikshs et al., 1993; 
Plikshs, 1996). Therefore, the Gotland D eep in SD 28 and the 
G dansk Basin in SD 26 have becom e less im portant for cod 
spawning since 1986 (Bagge et al., 1994; Plikshs et al., 1993). 
These facts support our hypothesis that a closure o f ICES SD 
25 can result in a significant biological benefit to the Baltic cod 
stock recovery.

W e focus on a com parison o f a perm anent versus a seasonal 
m arine reserve, as tem porary openings o f an MPA to fishing 
m ight be the only opportunity fo r fishermen to accrue catches of 
the protected part o f the fish stock, in particular in cases w here 
the fish do no t frequently m igrate out o f  the protected area.

2. Methods

2.1. M odel construction

T he Eastern B altic cod stock is distributed over ICES sub
divisions 2 5 -3 2  (Aro, 1989), however, the majority o f cod are 
found in the three ICES subdivisions 25, 26 and 28 (Fig. 1), 
w hich our study is confined to  (Sparholt et al., 1991). The cod in 
SD 2 5 ,2 6  and 28 are assum ed to be a stock unit composed o f age

Table 1
Variables, parameters and indices used in our model

Variables and parameters Indices

Naj,q,y : Eastern Baltic cod stock n  region (i.e., subdivision:
size in number o f fish SD 25, SD  26, SD 28)
[million]

RI¡y: recruitm ent [million] a: age group (ag0-ag8)
M : natural mortality q: quarter (qu l-qu4 )
Pas.q,y‘- predation mortality y: year (y l976-y2050)
Faj.n.y' fishing mortality
ssNr,qiy: spawning stock size in

num ber o f fish
RVjy : reproductive volum e

groups 0 -8  with the oldest age group no t handled as p lus group. 
Based on m aturity estim ates from  m aturity ogives, we assume 
that cod o f age 2 and older are m ature and thus able to spawn 
(ICES, 2002). T he age o f  entry into the exploitable fishery is 
also assum ed to be  age 2.

We use quarterly data on stock size, natural, predation and 
fishing m ortality o f  cod fo r the ICES SD 25, 26 and 28 from 
adMSVPA, covering the tim e period 1974 to 1999 (ICES, 1999, 
2001a; K öster et al., 2001 a,b). Basin-specific data on reproduc
tive volume for the tim e period 1976-1996 are specified based 
on estim ates from  M acKenzie et al. (2000) and K öster et al. 
(2001b), w ith estim ates fo r the m ost recent years taken from 
ICES (2004a).

A discrete tim e, age-structured model is applied to  calcu
late cod stock size (N) fo r each age group (a) and fo r each 
subdivision (r), accounting for recruitm ent (R ) and m ortality 
due to fishing (F ), predation (P) and natural m ortality (M), 
using an extension o f the standard equation o f population 
dynamics (Beverton and H olt, 1954). There are three sepa
rate equations needed to incorporate recruitm ent, changes in 
age and year (y), and changes from  one tim e step (quarter q) 
to the next (Eq. ( la ) - ( lc ) ) .  For definition o f  symbols, refer to 
Table 1.

N a+ i , r ,q = q l ,y + l  — ^ a ,x “q  4” ,y e  

8

and SsNj- q y =  ^  ^Na,r,q,y

- M - P  (ssNj q y) F  «  »a,i, q4 ,y  a,r ,  q 4  ,y

(la )
a= 2

N flir,q=q2vq4,y

=  N a,i, q lv q 3  ,y e~M_'Pa.r,“qlvq3”,y(SSNr'<i.y)-Ftz.r,“qlvq3”,y (lb)

N u ,r,q= q3,y  =  ^ a ,r,“ q2” ,ye  M  P<M\“ q2” ,y ^SNr,q’y  ̂ Fa,r,“ q2” ,y

+  -Rr,y(ssNri“ql” y) |a=«fl0» (le )

The endogenous variables in our m odel are stock size (AO, 
recruitm ent (R) and cannibalism  (P). For param eterisation of 
the tw o subm odels calculating recruitm ent and cannibalism , we 
perform ed m ultiple linear regression analyses.

2.1.1. C annibalism  (predation m ortality P )
Predation m ortality refers to cannibalism  by  mature cod on 

the early and juvenile life stages o f  cod (ages 0, 1 and 2).
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In accordance w ith K öster et al. (2001b), predation m ortal
ity as output o f  the adM SVPA is linearly related to the cod 
spaw ning stock size (ssN), i.e., the sum  of mature popula
tion num bers a t ages 2 -8 , in the corresponding subdivision: 
Pa,i,y -  ifairSsNr “qi”iy + eaJ. C annibalism  is the density depen
dent m echanism  in  our m odel. Table A Í shows the param eters 
and statistical outputs o f  our regression analyses, perform ed 
to describe predation m ortality o f the early life-stages o f 
cod (age groups 0, 1 and 2) in the three subdivisions as a 
function o f  the size o f the spaw ning stock. In this exercise, 
the independent variable (ssN) explains 70-88%  of the vari
ance o f  predation mortality, depending on the age group and 
subdivision.

2.1.2. R ecruitm ent (R)
In our approach, recruitm ent refers to  0 group cod. Here, 

young o f  the year enter the m odel in the third quarter every year, 
if  a spawning stock exists, w hereafter these early life stages 
are subject to cannibalism  and to natural mortality. K öster et 
al. (2001b) have show n that cod recruitm ent in the Baltic Sea 
cannot suitably be  described by a simple stock-recruit relation
ship such as the R icker (1958) or Beverton and H olt (1954) 
curves, because environm ental conditions in the deep basins 
p lay a crucial ro le  fo r the recruitm ent success o f B altic cod 
(cf. Introduction). H ere, w e calculate recruitm ent in each o f the 
three subdivisions as a function o f  the basin-specific spawning 
stock size (ssN) and the size o f  the basin-specific reproductive 
volume. In Tables A 2 and A3, we show functional forms and 
statistics of eight d ifferent possibilities (cf. Eqs. # l-# 8 )  o f com 
bining the tw o explanatory variables ssN  and RV. The tested 
functional form s explain 35 -64%  of the variance o f recruitm ent 
in SD 25 and 0 -8 5 %  in SD  26 and 28. In  SD 25, the inclusion o f 
RV as second explanatory  variable increases the explained vari
ance o f functional form s #  2, #3 and #4 as opposed to #1, as well 
as for the R icker type functional form s #6  and #7 as opposed 
to #5.

Eq. #2  has th e  h ighest predictive pow er in SD 28, explaining 
85% o f the variance o f  recruitm ent, w hereas Eq. #6 explains 
64 and 85% in  SD 25 and 26, respectively. Eq. #6, however, is 
not sensitive to the size o f  the spaw ning stock in SD 25 and SD 
26 (p(i-s ta tistics))> 0 .6 ; cf. Tables A 2 and A3); hence, it is not 
used in this study. Since Eq. #2  explains 57, 83 and 85%  o f the 
variance o f recruitm ent in  SD 25, 26 and 28, respectively, here 
we chose this linear com bination o f ssN  and RV for calculating 
recruitm ent in our scenario analysis. T he regression param eters 
o f the selected m odel #2, are significant at the 1% level o f  sig
nificance in SD 25 and 26  (cf. Tables A 2 and A3). In SD 28, the 
level of significance o f  the explanatory variable RV is 24% . As 
a m atter o f simplicity, w e decided to apply the sam e functional 
form  to calculate recruitm ent in all three subdivisions (instead 
o f applying Eq. #1 in SD 28), and hence, w e also chose Eq. # 2  in 
SD 28.

RTiy =  a rssNr_“ql”  y +  è rRVr,y +  cr (2)

The lack o f density  dependence in this linear m odel does not 
pose a problem  in  the case of the E astern B altic cod, as the stock 
is currently at a  very  low stock level. A t such low level, the stock

is lim ited neither by com petition  for food nor by cannibalism  and 
predation. A ccording to h is to ric  stock assessm ent records B altic 
cod spaw ning stock has n o t  exceeded a quantity o f 1.6 billion 
(cf. Fig. 2). We point ou t th a t the first part o f  the R icker curve, 
w ith spaw ning stock n u m b er betw een 0 and 1.3 billion, can be 
approxim ated by a linear function .

2.1.3. Fishing m ortality (F )
A s o u r prim e aim is a n  analysis o f  selected m anagem ent 

policies, w hich constrain fishing m ortality (F), here, F  is an 
external forcing param eter, treated as exogenous variable. F  
differs betw een the investigated  m anagem ent scenarios, bu t is 
held constant during a m angem ent scenario. For the period 
1976-1999 we apply th e  quarterly  fishing m ortalities derived 
by adM SVPA. D uring th e  sim ulation period, 2000-2050, the 
average fishing m ortalities are modified according to the m an
agem ent policies, as described  below.

2.1.4. N atural m ortality (M )
N atural m ortality was assum ed to be 0.2 year- 1 , equally dis

tributed over quarters, corresponding to standard M SVPA runs 
in the B altic Sea (Sparholt, 1991).

2.2. Statistics and m odel validation

W e tested the data fo r autocorrelation (D urbin-W atson test), 
checked the significance o f  variables (t-test) and the quality of 
the m ultiple regression betw een  m odelled and observed stock 
sizes. W e om itted years 1976, 1979 and 1996 in our regression 
analyses due to data inconsistencies and large residuals in  stock 
recruitm ent relationships fitted to the adM SVPA data; tuning 
problem s w ere encountered w ith the 1996 data (K öster e t al., 
200 la ,b ).

To assess the overall accuracy o f  our m odel, com bined over 
subdivisions 25, 26 and 28, the projected stock sizes were 
sum m ed over all ages and all three subdivisions, and the result
ing total stock size w as com pared to corresponding estimates 
from  the standard ICES stock  assessm ent for the Central Baltic 
for the tim e series 1976-1999 (ICES, 2002).

2.3. Scenario analysis

2.3.1. M anagem ent scenarios
O ur analyses focus on the establishm ent o f a m arine reserve 

in  SD 25. Here, we com pare the developm ent o f the stock 
size o f  Eastern B altic cod under five selected m anagem ent 
policies:

(1) FasU  Fishing m ortality ‘as usual’, applying the average fishing
m ortality o f 1990-1995 over the 50  year simulation period

(2) R oF70 Overall reduction o f fishing m ortality by 70%  in all three
subdivisions (corresponds to  ACFM advice fo r 2003)

(3) C 2 5 q lq 2  Seasonal closure o f  SD 25 in quarters 1 and 2; quarters 3
and 4  are open to  reduced fishing (fishing m ortality in 
quarters 3 and 4  is  reduced by 50%)

(4) C25 Perm anent c losure of SD 25
(5) T C  Total closure, i.e., fishing mortality is zero in all three

subdivisions (corresponds to ACFM advice fo r 2005)
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Table 2
Coefficient a r>q, defining m anagem ent scenarios 1-5

M anagement scenario SD 25 SD 26 SD 28

(1) FasU 1 1 1
(2) RoF70 0.3 0.3 0.3

(3) C 25qlq2
q l ,q 2 0 1 1
q3 ,q4 0.5 1 1

(4) C25 0 1 1
(5) TC 0 0 0

M odel rans are perform ed covering the years 1976-2050 
w ith the different m anagem ent scenarios initiated in year 2000. 
Q uarterly estim ates o f fishing m ortalities are available from 
adMSVPA until 1999 (K oster e t al., 2001a; ICES, 2001a). The 
m anagem ent scenarios we have chosen can be im plem ented in 
our model by the following equation:

=  a T .q ^ 2 ,r,q ,y  +  ß ^ a j ,  ‘SD 25’ ,y

Fishing m ortality in  the individual subdivisions after marine 
reserve im plem entation (F ^TRq y) is derived from  the pre-reserve 
fishing m ortality (Fa^ q<y), w hich defines the FasU  scenario, and 
the degree o f fishing effort redistribution from  SD 25 into SD 
26 o r 28. A s pre-reserve fishing mortality, w e take the average 
fishing mortality o f the years 1990-1995 and apply it to the sim
ulation period 2000-2050. We tested the effect o f using other 
constant fishing m ortalities for the sim ulation period, e.g. aver
ages o f the years 1986-1995 and 1974-1999. However, results 
o f  these simulations showed little  variation from  those using the 
average fishing m ortality from  1990 to 1995.

Here, w e assum e that fisherm en will only redistribute their 
effort if  there are spillover fish from  the reserve to  follow. Since 
w e neglect fish m igration, we therefore do not study effects 
o f effort redistribution here, i.e., ß  = 0. Values for the coeffi
cient a  according to the corresponding scenarios are given in 
Table 2.

2.3.2. Environmental scenarios
D ata on reproductive volum e w as readily available until 1999. 

To perform  simulations o f the B altic cod population dynamics, 
w e need to specify future environm ental conditions. The size of 
the reproductive volum e in the three spawning basins depends 
on the frequency and strength o f  m ajor Baltic inflows from  the 
N orth Sea, which are triggered by  large scale and local atmo
spheric forcing conditions, such as the North A tlantic Oscillation 
(H inrichseh et al., 2002; Schiñke and M atthäus, 1998). There 
are, however, no clim ate m odels as yet available that project 
future atm ospheric conditions. In the present study, we do not 
attem pt to predict reproductive volum e; instead, w e look at 
trends o f cod stock developm ent based on the reoccurrence 
o f  historic environm ental conditions. Thus, for the simulation 
period (2000-2050) w e base our environm ental scenarios on 
the observed reproductive volum e as it was estim ated for the 
years 1974-1999. Under environm ental conditions 1, we apply 
the historic data set starting in 1974, when reproductive vol

um e was high in all three subdivisions. U nder environmental 
conditions 2, we assum e that unfavourable conditions prevail in 
the first years o f the simulation period; therefore, w e start the 
sim ulation with the reproductive volum e data o f year 1981 and 
then repeat the historic data sequence from  1981 to 1999 fol
low ed by 1974 to 1980. We also investigate two extreme cases 
o f having very large or very sm all reproductive volumes for a 
cycle o f several years. The four environm ental conditions can 
be  characterised as follows:

- Environm ental conditions 1 (“H ighLow ”): varying reproduc
tive volume; the data sequence from 1974 to 1999 is applied 
repeatedly for the sim ulation period 2000 to 2050.

- Environm ental conditions 2 (“LowH igh”): varying reproduc
tive volum e; the data sequence from  1981 to 1999 followed 
by 1974 to 1980 is applied repeatedly.

- Environm ental conditions 3 (“H ighH igh”): constantly high 
reproductive volum e; data from  year 1977.

- Environm ental conditions 4 (“LowLow”): 6 year cycle o f  low 
reproductive volum e; the data sequence from  1985 to 1990 is 
repeatedly applied.

3. Results

3.1. M odel validation

O ur m odel is based on adM SVPA data and reproduces the 
adM SVPA estim ates quite w ell. The explanatory pow er o f our 
m odel w ith respect to the adMSVPA is 0.8.

A com parison o f the developm ent o f the cod spawning stock 
size derived by our model #2 in contrast to the spawning stock 
size derived by extended survivor analysis (XS A ), i.e., the ICES 
standard stock assessm ent technique, reveals that our model 
underestim ates the spawning stock size in  the first part of the 
validation period 1976-1999 whereas it  overestim ates values 
towards the end o f  the validation period. This problem  can be 
attributed to flaws in the recruitm ent equation in SD 25, which 
does not accurately reproduce the observed recruitm ent, show
ing the sam e trends o f  underestim ation and overestim ation in 
the late 1970s/early 1980s, and in the early 1990s, respectively. 
Nevertheless, our combined m odel, applying recruitm ent Eq. #2, 
explains 72% o f the variance o f  ICES standard stock assessment 
estim ates ICES (2002) (Fig. 2).

This correlation is based on the num ber o f fish in millions. 
If  w e base the correlation on fish biom ass instead o f  stock size 
in num bers by  m ultiplying the num ber o f fish in each age group 
w ith the average w eight-at-age o f each age group (ICES, 2003), 
the quality o f  the correlations dim inishes (r2 = 66%): errors with 
age-readings in B altic cod, regional differences in the quality 
and thus the w eight at age o f  the individual fish, as well as 
the standardised ICES procedure of determ ining m ean weight- 
at-age data at the beginning o f a  year, derived from  the 12 
m onths average (thus neglecting continual fish growth) cause 
additional uncertainty, and hence a loss in precision (ICES, 
2001b; Reeves, 2001). For tha t reason, in the follow ing we 
present results o f  the spawning stock in num bers instead o f in 
biom ass.
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Fig. 2. L inear regression o f  the  spawning stock size, derived by  our model 
(applying functional form  #2 fo r calculating recruitm ent) w ith spawning stock 
estimates derived by ICES standard stock assessm ent; tim e series, 1976-1999.

3.2. Scenario analysis

The 50 year simulations are initiated in the year 2000, when 
the size o f  the Eastern B altic cod stock was very low and the 
fishery considered to be  overexploited. T he curves in Figs. 3 -6

depict the trend of the developm ent o f  the cod spawning stock in 
m illions o f fish, sum m ed o v er SD 25, 26  and 28, for alternative 
environm ental conditions th a t w e w ill p resen t separately.

3.3. Environm ental cond itions 1 ("H ig h L o w ”)

T he simulation period  under environm ental conditions 1 
starts w ith several years o f  large reproductive volum e in the 
three subdivisions (large b lack , w hite and grey bars in  Fig. 3). 
This leads to  an erratic increase  in  the  spaw ning stock size in 
2004 under all five m anagem ent scenarios (Fig. 3). T he repro
ductive volum e decreases w ithin 4  years after the m ajor Baltic 
inflow event in  2002 and rem ains low  fo r about 10 years from 
2007 onwards. W ith a lag  period  o f 2  years, the spawning stock 
size decreases gradually under all five m anagem ent scenarios 
w hile reproductive vo lum e rem ains low. T he decrease in stock 
size is m ost evident fo r m anagem ent scenario 1 (FasU) with 
fluctuations in stock size around a h igher stock size dam pened 
in scenario 5 (TC). U n d er m anagem ent scenarios 2, 3 and 4, 
the spaw ning stock size increases by 80, 100 and 120%, respec
tively, during the first 7 yea rs  o f  the sim ulation period. Scenario
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Fig. 3. Sim ulations based on environm ental conditions 1 (“H ighLow”): data sequence from  1974 to  1999 is  applied repeatedly fo r the sim ulation period 2000 to 
2050. M anagem ent scenarios: (FasU) fishing “as usual” ; (C 25qlq2) closure o f SD 25 in quarters 1 and 2, quarters 3 and 4 are open to fishing reduced by  50%; 
(RoF70) 70%  reduction o f fishing m ortality; (C25) 100% closure o f SD 25; (TC) total closure = zero fishing. (Bars) Reproductive volume [km3] in SD 25 (black), 
in  SD 26 (white) and in SD 28 (grey).
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Fig. 4. Sim ulations based on environmental conditions 2  (“LowHigh”): data sequence from  1981 to  1999 followed by  1974 to 1980 is applied repeatedly. See Fig. 3 
legend fo r explanation o f the graphs.
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Fig. 5. Sim ulations based on  environmental conditions 3 (“HighH igh”): constantly high reproductive volume; data from  year 1977. See Fig. 3 legend for explanation 
o f the graphs.
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Fig. 6. Sim ulations based on environmental conditions 4  (“LowLow”): 6 year cycle o f low reproductive volume; the  data sequence from  1985 to  1990 is repeatedly 
applied. See Fig. 4  legend for explanation o f the graphs.

4 (C25) results in an initial increase in  the cod spaw ning stock 
size to  >1 billion, a level sim ilar to the spaw ning stock size 
at the end o f the 1970s, beginning o f  the 1980s. U nder m an
agem ent scenario 5 (TC), the spawning stock size increases by 
160% to unprecedented h igh  values. Under m anagem ent sce
nario 1 (FasU), the spaw ning stock size initially increases by 
50%  to approxim ately 700 million cod within 4 years. W hile 
reproductive volum e is low, spaw ning stock size then decreases 
to less than 200 m illion spawners. This situation resem bles the 
extrem ely low  level o f the spawning stock in 1992 (ICES, 2003,
2004b). The stock does not go  extinct under environm ental con
ditions 1, because the reoccurrence o f inflows after about 15 
years leads to the replenishm ent o f reproductive volum es and 
thus to stock recovery.

Fig. 7 show s the age structure o f  the stock in 2050 under 
environm ental conditions 1 for the five selected m anagem ent 
scenarios. U nder the FasU  scenario, hardly any cod grows older 
than 4 years. In contrast, under the total closure and the perm a
nent MPA scenario, the stock’s age structure im proves greatly, 
supporting around 30% o f 5 -8  year old cod. U nder the seasonal 
MPA scenario, this fraction o f  older fish contributes around 20%

to the stock size. I f  overall fishing m ortality is reduced by 70%, 
the stock is composed o f  approxim ately 10% o f fish o f age 5 
and older. A sim ilar trend in the stock’s age structure also holds 
for environmental conditions 2, 3 and 4.

Fig. 3 illustrates that, in general, the spaw ning stock size 
under the five m anagem ent policies differs by a greater extent 
during periods o f  stagnation (low RVs) than during and shortly

M anagem ent scenario

Fig. 7. Age structure o f the cod stock in year 2050 for the five different m an
agem ent scenarios under environmental conditions 1 (“H ighLow”).
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after m ajor B altic inflows (high RVs). The lines in Fig. 3, rep 
resenting the five m anagem ent policies, lie  closer together in 
years directly after m ajor inflow events. Moreover, the C 25q lq2  
line is low er than the R oF70 line during years of high RV, but 
after a  stagnation period of approxim ately 10 years, the two 
lines intersect, and spaw ning stock size under C 25q lq2  exceeds 
the spaw ning stock under RoF70. Considering the developm ent 
o f the spaw ning stock size towards the end o f such a stagna
tion period, the ranking o f m anagem ent policies from  highest to 
low est spaw ning stock size is as follows:

1. TC,
2. C25,
3. C 25q lq2 ,
4. R oF70,
5. FasU.

3.4. E nvironm ental conditions 2 ("L ow H igh”)

The sim ulation period under environm ental conditions 2 
starts w ith 12 years of low  reproductive volume. This leads to a 
decrease in the spaw ning stock size under m anagem ent scenario
1 (FasU) until 2011 (Fig. 4). Spaw ning stock size under scenarios
2 (Rof70) and 3 (C 25q lq2 ) fluctuates around 400 million. Again, 
the C 2 5 q lq 2  line and the RoF70 line intersect: after several 
years o f low  RV, spaw ning stock size under C 2 5q lq2  exceeds 
the spaw ning stock under RoF70, w hereas after the replenish
m ent o f RVs, spaw ning stock size under RoF70 exceeds ssN 
under C 25q lq2 .

U nder scenarios 4 (C25) and 5 (TC), spawning stock size 
increases by 100% during the first 12 years o f low  RV. A fter
wards, w hen RV is replenished by inflow events in  2013, 2016, 
2021 and 2022, stock size increases even further.

In  this “Low H igh” scenario, the spawning stock reaches lev
els sim ilar to those reached under environm ental conditions 1 
(“FlighLow”), however, it takes about two decades longer to 
achieve these levels. Likewise, the spaw ning stock shows sim 
ilar dynam ics to  those under environm ental conditions 1, i.e., 
the slope o f the decrease in stock size is steepest for m an
agem ent scenario 1 (FasU) and w eakest fo r scenario 5 (TC). 
Also, the ranking o f  m anagem ent policies from  highest to  low 
est spaw ning stock size is the sam e as stated above. Sim ilar 
to environm ental conditions 1, the stock does no t go extinct 
under environm ental conditions 2, because the reoccurrence of 
inflows after about 12-15 years leads to the replenishm ent o f 
reproductive volum es and thus to stock recovery.

3.5. Environm ental conditions 3 ( “H ighH igh”)

A lbeit unrealistic, stock developm ent under environm ental 
conditions 3 (constant high reproductive volum es) is useful as 
a potential upper boundary of stock development. The spaw n
ing stock size increases under all five m anagem ent scenarios 
(Fig. 5). Equilibrium  is reached after about 10 years under all 
five m anagem ent scenarios.

U nder scenario 1 (FasU), the spawning stock size increases 
by m ore than 100% to approxim ately 1 billion cod, w hich is

lower than historic stock s iz e s  at the end o f the 1970s. T he stock 
benefits m uch m ore under m anagem ent scenarios 2, 3 and 4, 
w here spaw ning stock s izes  increase by 140, 160 and 180%, 
respectively. U nder m anagem ent scenario 5 (TC), the spawn
ing stock increases by 2 6 0 %  to an unprecedented high level 
of >1.7 billion spawners. T h e  ranking o f m anagem ent policies 
from  highest to lowest spaw n ing  stock size under these perm a
nently favourable environm ental conditions o f  high RV is as 
follows:

1. TC,
2. C25,
3. R oF70,
4. C 25q lq2 ,
5. FasU.

In com parison to the rank ing  under environm ental conditions 
1 and 2, positions 3 and 4  a re  interchanged.

3.6. Environm ental conditions 4 ( “L ow L ow ”)

Fig. 6 depicts spaw ning stock developm ent under the worst 
case o f  environmental conditions 4, i.e., no inflows fo r all five 
m anagem ent scenarios. E x cep t for a w eak inflow event which 
reoccurs every 6 years to replenish  a sm all reproductive volume 
in SD 25 and 26, only a sm all volum e in SD 25 can perm anently 
provide appropriate spaw ning conditions fo r successful cod egg 
developm ent. Such unfavourable hydrological conditions com
bined w ith h igh fishing p ressure (FasU) lead to the extinction 
o f the cod stock after 18—2 0  years. If  overall fishing pressure is 
reduced by 70%  (RoF70), the spawning stock size falls below 
300 m illion. T he cod spaw ning stock can slightly  recover and 
stabilise around a  level o f  approxim ately 400 million spaw ners 
w hen tem porarily  closing SD  25 for fishing during the first and 
second quarter o f the year (C 25qlq2). M anagem ent scenarios 4 
(C25) and 5 (TC) show th a t a slight stock recovery is possible 
despite unfavourable environm ental conditions. T he spawning 
stock increases by 50% w ith in  20 years to 600 m illion. These two 
scenarios differ during the first 13 years, w ith stock size under a 
total closure exceeding stock size under the C25 scenario. After
wards, both  m anagem ent scenarios result in the sam e spawning 
stock size.

4. Discussion

4.1. M odel validation

As can be  interpreted from  Fig. 2, our m odel is able to  repro
duce the historic stock assessm ent estimates relatively well. The 
correlations o f  our m odel results with the ICES standard stock 
assessm ent estim ates (ICES, 2002) yield an explanatory pow er 
o f 72% . Nevertheless, there is the problem  o f underestim ating 
the size o f the spaw ning stock in the first part o f  the historic 
tim e series and overestim ating in the m ost recent part o f the tim e 
series. O ne explanation fo r this is the com paratively poor coef
ficient o f  determ ination (R2 = 0.57) for calculating recruitm ent 
in SD 25 as opposed to an R 2 > 0.8 in SD 26 and 28. T he repro-
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ductive volum e is probably not the only environmental factor, 
w hich influences spaw ning behaviour and recruitm ent, particu
larly in SD 25. O ther processes have been im plicated including 
predation o f cod eggs by clupeids, transport to or retention in 
optim al habits and larval feeding environm ent (Hinrichsen and 
M öllm ann, 2002; H inrichsen et al., 2003). These factors have 
the potential to be  included in extensions o f our model. Further
more, the inherent uncertainty o f  standard fish stock assessm ent 
is equally present at the basis o f our m odel exercises, since the 
underlying area-disaggregated data fo r recruitm ent, spawning 
stock size and m ortalities can be  afflicted w ith an error o f  ± 50%  
(Chen, 2003; W alters, 2001).

4.2. Scenario analysis

O ur m anagem ent scenarios 2 -5  essentially represent po li
cies that reduce fishing mortality, pursuing different approaches. 
The results of our sim ulations clearly  show that the reduction 
o f  fishing m ortality v ia  the establishm ent o f  a m arine reserve 
in SD  25 is beneficial for the cod stock under both favourable 
and unfavourable environm ental conditions (Figs. 3-6). Even 
in the case o f prevailing unfavourable environmental conditions 
(“LowLow”), the stock stabilises around 400 million under the 
seasonal m arine reserve scenario (C 25q lq2 ) and recovers under 
the perm anent m arine reserve scenario (C25) and the total clo 
sure (TC) scenario (Fig. 6). T hese results com plem ent other 
theoretical and applied m odelling studies showing that m arine 
reserves can decrease a fish stock’s sensitivity to  environmen
tal variability (e.g. M angel, 2000; S ladek N owlis and Roberts, 
1999). M angel’s (2000) “theoretical applied ecology” approach, 
for instance, shows tha t im plem enting a reserve in a case, where 
environmental variability is high, w ill decrease variability in 
catch, and consequently, w ill be advantageous in avoiding boom- 
and-bust cycles. Additionally, also according to Sladek Nowlis 
and Roberts (1999) m odel results, reserves increase the persis
tence o f fisheries vulnerable to overfishing.

From  our sim ulations, it also becom es obvious, that the cod 
stock can go virtually  extinct, if  unfavourable environmental 
conditions in the future prevail for a longer period of tim e while 
fishing continues as usual (Fig. 6). Total stock size under m an
agem ent scenario 5 (TC) converges tow ards the total stock size 
under scenario 4  (C25) w ithin 15 years (Fig. 6). W hat is hap
pening? The subpopulations in  SD 26 and 28 quickly go extinct 
under prevailing unfavourable environm ental conditions. Since 
this has not occurred in  the past, this resu lt gives additional sup
port to our conclusion that m igration o f cod in the Baltic Sea 
is o f  very high im portance and needs to be incorporated into 
future models o f  the B altic cod fishery. W ithout migration (as 
was assumed here), there would no t be  any cod left in the areas 
E ast Northeast o f SD 25.

M anagem ent scenario 5 (TC) is probably the m ost unrealistic 
scenario from a m anagem ent point o f  view ; it corresponds, how
ever, to the recent m anagem ent advice given to the IBSFC by 
the ICES advisory com m ittee for fisheries m anagem ent (ICES, 
2004b). Due to the h igh uncertainties in  the Baltic fish stock 
assessm ents, the ICES A dvisory C om m ittee on Fishery M anage
m ent was reluctant to p resent a catch forecast in any form, and

its m anagem ent advice was “no catch in 2005” (ICES, 2004b). 
M oreover, the total closure scenario (TC) can be  interpreted as 
representing the environm ental carrying capacity o f cod in the 
Eastern B altic Sea. According to our results, the carrying capac
ity ranges from approxim ately 600 million under unfavourable 
reproductive conditions (“LowLow”) to 1.7 billion under the 
best case o f  reproductive conditions (“HighH igh”). Supposing 
that historic environm ental conditions reoccur in the future, the 
carrying capacity varies betw een 1 and 1.4 billion, depending 
on the actual fu ture reproductive conditions.

W hen com paring stock dynamics under m anagem ent scenar
ios 3 and 4, the intersecting lines under environmental conditions 
1 and 2 lead to the conclusion that a seasonal m arine reserve 
policy (C 25qlq2) is more effective in protecting the spawning 
stock under unfavourable hydrographic conditions than an over
all reduction o f  fishing m ortality by  70% (RoF70). T he different 
ranking o f m anagem ent policies 3 and 4 of the “H ighH igh” and 
the “Low Low ” environm ental scenarios further supports this 
conclusion. A gain, this result supports our initial hypothesis that 
a protection o f the spawning stock in SD 25 can be  sufficient to 
rebuild the Eastern Baltic cod stock. This is due to the fact that a 
reproductive volum e will generally be present in the Bornholm  
Basin, despite unfavourable conditions, i.e., despite that lack 
o f  very strong inflow events from  the North Sea, which could 
replenish the deep basins in SD 26 and 28.

O ur sim ulations support the hypothesis that MPAs, both per
m anent and seasonal, can im prove the age structure o f initially 
overexploited fish stocks (e.g. Apostolaki et al., 2002; Roberts 
e t al., 2001), serving as positive feedback, in particular in the 
case o f the E astern Baltic cod (Fig. 7). Here, the advantage of 
having m ore older fish in the stock results from  the following. 
O lder fem ales lay many more eggs and they spawn over a longer 
tim e period than young fem ales (N issling et al., 1994; Vallin and 
N issling, 2000). Moreover, the tim e period, when the eggs are 
at m axim um  quality, is longer for eggs o f older fem ales than for 
those o f younger fem ales. N ote that the model in this paper does 
not account fo r greater reproduction with age (cf. Eq. (2)).

In addition, ou r simulations support claims raised by sev
eral fisheries scientists that the size and location o f  the marine 
reserve is a  crucial factor for evaluating its im pacts (Beattie et 
al., 2002; M arteli et al., 2000; Sum aila, 2002; Walters, 2000). 
In  the B altic Sea environmental conditions strongly drive the 
population dynam ics of Baltic cod. Therefore, closing an area 
is useless, i f  unfavourable hydrographic conditions do not allow 
for successful cod egg developm ent and, in turn, do not increase 
potential recruitm ent. Closures, not based on a  sound biological 
basis, can even be  counterproductive, as each negative example 
o f m arine reserve establishment can cause fishermen to become 
m ore reluctant to this type o f  m anagem ent tool in the future. 
Furtherm ore, as cod is a m igratory species w ith pronounced 
feeding and spaw ning migration, a  small reserve size, such as 
the spaw ning ground closure, established by the IBSFC since 
1995, may very w ell dissipate any beneficial result for mobile 
species because o f  dispersal losses or effort concentration around 
the borders o f MPAs (Walters, 2000; ICES, 2004a). In  con
trast to the investigated seasonal m arine reserve scenario, the 
IB SFC ’s seasonal spawning ground closure in the Bornholm



10 C. Röckmann et a l . /F isheries  Research 85 (2007) 1 -1 3

B asin is probably spatially too sm all and tem porally too short 
to  effectively reduce fishing m ortality on  the spawning stock. 
Furtherm ore, the additional closures in the G dansk Deep and 
the Gotland Basin may only be effective sporadically, in the rare 
case o f strong M BIs. D uring stagnation periods, these closures 
cannot lead to enhanced recruitm ent from  SD 26 and 28 (ICES, 
2004a).

As has already been stressed, our results have to be interpreted 
w ith caution due to our assumptions, w hich w ere described in the 
m ethod section. For example, although com m only applied, the 
concept o f constant natural m ortality is very unrealistic. This 
m ay be im proved by incorporating m ore environm ental vari
ables, which im pact on natural m ortality rates, in particular of 
the early life stages (e.g. K öster e t al., 2001b; M acK enzie et al., 
1996).

Furtherm ore, the m anagem ent scenarios are derived from the 
assum ption of a constant fishing mortality, the average o f the 
years 1990-1995. For m ore realistic sim ulations, fishing m or
tality should be transform ed into an endogenous variable that can 
reflect reactions to m anagem ent m easures. Including dynamic 
variation in fishing m ortality requires an understanding o f  fish
erm en’s behaviour and a com plete analysis o f the dynamics of 
the B altic cod fishery (K ronbak, 2004). In the future, our bio
logical model should be coupled to an econom ic model o f the 
B altic Sea cod fishery. T he com bined bio-econom ic m odel can 
then be used to evaluate the potential im pacts o f an area clo
sure on the biology o f the fish stocks on the one side and on the 
B altic cod fishery on the other side. It needs to be em phasized 
tha t adding m ovem ent dynam ics and exploring the m odel sen
sitivity to movem ent rates is vital to a bio-econom ic approach. 
Including migration o f cod betw een subdivisions m ight reduce 
the biological benefits o f  closing SD 25 w hile a t the sam e time 
sustain econom ic benefits. However, depending on the timing 
and direction o f m igration, it could also lead to  increased bio
logical effects in SD 25, but no spillover to th e  adjacent areas 
and thus no econom ic benefits.

S im ilar to the results drawn by B rander and M ohn (2004), 
our simulations reveal that stock developm ent depends strongly 
on future environmental conditions, in particu lar hydrological 
conditions, w hich are triggered by inter-annual clim ate variabil
ity. There is a  clear need to im prove clim ate, m eteorological, and 
hydrographic models which w ill allow  to m ake better fish stock 
projections and provide scientifically sound advice to fishery 
m anagers and decision m akers.

A  m ajor future goal in  research has to be the integration of 
larval dispersal, adult cod m igration and m ovem ent rates. Quan
tifying larval dispersal requires larval fish surveys during and

after the spaw ning periods as w ell as analytical techniques such 
as genetic o r otolith analyses. L ast but not least, historic tagging 
data as w ell as upcom ing fie ld  data o f  ongoing tagging experi
ments in the B altic Sea n eed  to be statistically  analysed to get 
quantitative inform ation a b o u t adult cod  migration.

5. Conclusion

In sum m ary, our results suggest th a t the Eastern B altic cod 
stock can significantly benefit from the im plem entation o f  an 
MPA that focuses on the protection  o f  the spawning stock in 
SD 25. U nder unfavourable environm ental conditions, hydro- 
graphic conditions in the basins E ast/N ortheast o f SD 25 do  not 
allow for successful cod egg  developm ent anymore, and hence, 
it is particularly  im portant to  protect the viable com ponent o f  the 
spaw ning stock in SD 25. T hen , the stock benefits m ore from  a 
seasonal m arine reserve policy, focussing on the protection o f  the 
spawning stock in SD 25, than  from  an overall reduction o f  fish
ing m ortality in the E astern B altic Sea. It can be concluded that 
the additional seasonal spaw ning ground closures im plem ented 
by the IB SFC  in the G dansk D eep and the G otland B asin may 
only be effective sporadically, in the rare case o f  strong M BIs. 
These closures cannot lead  to  enhanced recruitm ent from  SD 26 
and 28 during stagnation periods.

A ccording to our findings, a total m oratorium  on fishing in 
the entire B altic  Sea cou ld  be avoided by an MPA approach 
focussing on SD 25 to rebuild  the Eastern Baltic cod stock. We 
conclude tha t MPAs as a po licy  instrum ent can and should be 
applied in areas, w here the  location o f the stock’s spawning 
concentration is known.
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Appendix A

See Tables A 1-A 3  fo r results and statistics o f  regression 
analyses.
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Table Al
R esults and statistics o f  regression analyses o f age-specific predation m ortality for cod ages 0, 1 and 2 in SD 25, 26 and 28 (Pa,r,y =daj$sNr “qi”,y + eaJ): parameter 
estimate, standard error, significance level of /-statistics, D urbin-W atson statistics, indicating serial correlation in  residuals if  DW  <  2 (especially for age 2, since this 
age group enters the predator stock size, as well) and r2  values (indicating the proportion o f the total variance accounted fo r by the linear influence of the explanatory 
variable ssN)

Subdivision Prey age Parameter Standard error p>(r-Statistics) DW ?

SD 25 Age 0 ¿= 0 .0 0 0 8 2 0.00011 0.000 2.28 0.75
e =  0.00293 0.04261 0.946

SD 25 Age 1 ¿= 0 .00051 0.00006 0.000 1.79 0.80
e =  -0 .0 0 5 7 5 0.02308 0.806

SD 25 Age 2 ¿= 0 .0 0 0 0 5 0.00001 0.000 1.64 0.70
e =  -0 .0 0 0 2 6 0.00299 0.933

SD 26 Age 0 ¿= 0 .00133 0.00015 0.000 2.66 0.83
e =  0.02484 0.05253 0.642

SD 26 Age 1 ¿= 0 .0 0 0 8 9 0.00008 0.000 1.22 0.87
e =  —0.00048 0.03023 0.988

SD 26 Age 2 ¿ = 0 .0 0 0 1 2 0.00002 0.000 1.08 0.70
e =  0.00472 0.00698 0.508

SD 28 A ge 0 ¿  =  0.00285 0.00034 0.000 1.70 0.80
e = -0 .0 1 4 6 6 0.05657 0.799

SD 28 Age 1 ¿= 0 .00205 0.00018 0.000 1.12 0.88
e =  -0 .0 1 1 5 9 0.02975 0.702

SD 28 A ge 2 ¿= 0 .00023 0.00003 0.000 1.34 0.81
e =  -0 .0 0 0 0 3 0.00448 0.995

Table A2
Results of regression analyses o f stock-recruit relationships in  SD 25: functional form  o f  recruitm ent equation, param eter estimate, standard error, significance level 
o f r-statistics, Durbin-W atson statistics and r2 values

Recruitm ent equation [linearised from  in brackets] Param eter value S.E. p(r-Statistics) DW r 2«

SD25
#1 R  = a  X ssN  + c û  = 0.69481 0.23906 0.01 0.90 0.35

c  = 56.9188 86.7356 0.52

#2 R  = a  X ssN  + fc x R V  + c 0 = 0.77217 0.20207 0.00 1.03
b=  1.44479 0.51662 0.01
c  = -1 6 6 .7 4 0 108.030 0.14

#2 , corrected for autoregression; R  = a x  ssN  + b x  RV + c + a r l  + ar2 a  = 0.769131 0.237 0.01 1.97 0.57
¿= 1 .372792 0.325873 0.00
c = -163 .2885 98.777 0.13
a rl 0.762269 0.241 0.01
ar2 -0 .629696 0.263 0.04

#3 R  = a  X ssN x  RV + c a  =  0.00493 0.00108 0.00 1.16 0.57
c= 68 .9399 55.5463 0.23

# 4 R  = R V (a x s s N  + c); [R/RV = a  x  ssN + c] £2 =  0.00736 0.00213 0.00 2.08 0.49
c = —0.11076 0.77430 0.89

#5 R = ssN  x  exp (a x  ssN + c); [ln(.R/ssN) = a  x  ssN  + c] £2 =  -0 .0 0 0 5 2 0.00072 0.48 1.00 0.37
-  - • -  -  ........................................................ ... c  =  -0 .0 3 2 2 4 0.26038 0.90 -

#6 R  = ssN  x  exp(a x  ssN  + b  x  RV +  c); [ln[R/ssN] = a  x  ssN  + ¿  x  RV + c] £2 = -0 .0 0 0 2 7 8 0.000592 0.65 1.46 0.64
¿  = 0.004525 0.001515 0.01
c =  -0 .7 3 2 7 6 0.316729 0.04

#7 R  =  ssN  x  RV x  exp (a  x  ssN +  c); [ln(i?/(ssN x  RV)) =  a x  ssN  + c] £2 = -0 .0 0 0 0 6 0.00065 0.93 1.73 0.57
c =  -5 .0 2 1 7 4 0.23634 0.00

#8 R  = ssN a x  RV* x  exp(c); [ln(/?) =  a  x  ln(ssN) +  ¿  x  In(RV) +  c] a  =  0.92336 0.20127 0.00 1.34 0.57
¿  =  0.59092 0.21329 0.01
c =  -2 .6 2 5 1 6 1.67092 0.14

aW hen referring to the linear recruitm ent Eqs. (#1—#3), the  square o f  the  Pearson correlation coefficient (r) is equal to the coefficient o f multiple determination R2.
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Table A3
Results o f regression analyses o f  stock-recruit relationships in  SD  26 and 28

R ecruitm ent equation [linearised from  in  brackets] Param eter value S.E. p(t-Statistics) DW r23

SD26
#1 R  =  a  x  ssN  +  c a  =  1.295053 0.21899 0.00 1.32 0.69

c = -73 .88097 73.79343 0.33

#2 R  =  a  x  ssN  + b x  RV + c ,2 = 0.974694 0.192394 0.00 1.67 0.83
¿> = 2.119031 0.612369 0.00
c  = -72 .00417 56.83591 0.22

#3 R  =  a x  ssNRV +  c a  =  0.008195 0.001.1 0.00 1.16 0.69
c  =151.6722 46.7975 0.01

#4 R = R V (a  x  s sN + c); [R/RV = a x  ssN + c] a  =  3.346399 2.00575 0.11 1.61 0.15
c  = -1 0 4 .0 1 0 2 675.8954 0.88

#5 R  =  ssN  x  exp(a x  ssN + c); [ln(R/ssN) =  a x  ssN + c] a  =  0.000746 0.000809 0.37 0.94 0.71
c  =  -0 .4 1 6 5 2 7 0.272634 0.15

#6 R =  ssN  x  exp(a  x  ssN +  ¿R V  + c); [ln[R/ssN] = a  x  s s N + ¿ R V + c ] a  =  —9.98E-05 0.000838 0.91 0.96 0.85
b  =  0.005591 0.002668 0.05
c = -0 .4 1 1 5 7 5 0.247667 0.12

#7 R = ssNRV x  exp(a  x  s sN + c); [Ln(R/(ssNRV)) =  a  x  ssN  + c] <2 =  —5.93E-03 0.003775 0.14 1.25 0.15
c = 0.57968 1.271986 0.65

#8 R  =  ssNa x  RV* x  exp(c); [ln(R) =  a  x  ln(ssN) + b x  ln(RV) + c] û = 0.868428 0.211268 0.00 0.67 0.76
¿  = 0.103038 0.047658 0.05
c =  0.411377 1.128871 0.72

SD28
#1 R  =  a x  ssN  + c a  =  1.388394 0.15375 0.00 1.74 0.84

c = -3 4 .8 7 4 7 5 23.71123 0.16

#2 R  = a  x  ssN  +  b  RV + c a - 1.396162 0.151571 0.00 1.73 0.85
¿> =  0.718526 0.588287 0.24
c  =  -4 2 .4 2 4 3 9 24.15914 0.10

#3 R = a  x  ssNRV +  c a  =  0.009536 0.009861 0.35 0.30 0.06
c  =120.2287 37.7014 0.01

# 4 R  =  RV(a x  ssN  +  c); [R/RV =  a  x  ssN  +  c] a  =  128.7795 20.40592 0.00 1.04 0.07
c  =  -4 5 2 6 .8 9 6 3147.047 0.17

#5 R = ssN x  exp(a x  ssN +  c); [ln(R/ssN )= a  x  ssN + c] a  =  0.006479 0.001469 0.00 1.76 0.78
c = —1.368814 0.226543 0.00

#6 R = ssN  x  exp(a x  ssN +  b RV + c); [ln[R/ssN] = a  x  ssN + b  RV +  c] a  = 6.59E-03 0.001346 0.00 1.33 0.82
¿  = 0.010576 0.005223 0.06
c =  -1 .4 7 9 9 3 7 0.21448 0.00

#7 R  =  ssNRV x  exp(a  x  ssN  +  c); [ln(R/(ssNRV)) =  a  x  s sN + c] a  =  8.10E-03 0.00717 0.28 1.69 0.06
c =  1.693038 1.105708 0.15

#8 R  =  ssN° x  RV* x  exp(c); [ln(R) = a  x  In(ssN )+ b  x  ln(RV) + c] a  =  1.458096 0.121747 0.00 0.88 0.82
¿  =  0.083543 0.050107 0.12
c  =  -2 .2 4 3 1 4 4 0.552074 0.00

For further explanations refer to  Table A2.
aW hen referring to the  linear recruitm ent Eqs. (#1—#3), the square o f the Pearson correlation coefficient (r) is equal to  the  coefficient o f m ultiple determ ination R 2.
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