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Introduction 

One of the assessment models for Iberian sardine (Sardina pilchardus) to be considered as part of work package 

7 of the EU-project Sardine Dynamics and Stock Structure in the North-East Atlantic (SARDYN), is that of a 

Bayesian state-space model.  This model, based on the one developed for the North East Atlantic mackerel 

population (Cunningham 2002), explicitly models the migration of the sardine between different areas during 

the year and incorporates, where possible, new data resulting from other SARDYN work packages.  This model 

is used to evaluate an initial set of alternative hypotheses of stock-structure and migration. 

 

This document describes the Bayesian state-space model developed for Iberian Sardine.  The base case 

hypothesis assumes one sardine stock, while an alternative hypothesis assumes two stocks.  The document is 

organised as follows.  The characteristics of the Iberian sardine to be considered in the hypotheses are described, 

followed by a description of the Bayesian state-space model.  The base case hypothesis, with robustness tests, is 

outlined and the alternative hypothesis is then described.  The results at the posterior mode for the two 

hypotheses, together with the robustness tests are then given and the posterior probability density functions for 

the hypotheses are presented.  A short discussion of these results follows. 

 

Materials and Methods 

When fitting time series models to fishery catch and abundance indices, two stochastic components should be 

considered.  These are process error, the natural variability around the underlying population dynamics model, 

and observation error, the uncertainty in the observed abundance indices and harvest values due to measurement 

and sampling error (e.g., Schnute 1994; Meyer and Millar 1999). 

 

State-space models (Carlin et al. 1992; Schnute 1994) have been recommended for the estimation of parameters 

in fisheries time series models for the following reason.  They rigorously incorporate both process and 

observation error by relating time series observations to unobserved states through a stochastic observation 

model for the observations given the unobserved states.  For example, in the context of fisheries population 

dynamics with lognormally distributed error, the unobserved states of biomass in year t , tB , can be calculated 

from a function of the biomass in the previous year, and the process error parameters, tu , i.e., ( ) tu
tt eBfB 1−= , 

and the observed catch per unit effort in year t , tI , can be calculated from a function of the biomass in that 

year, and the observation error parameters, tν , i.e., ( ) teBgI tt
ν= .  Thus state-space models reflect the practical 

reality of most fisheries, in which an unseen population gives rise to collectable data (Schnute 1994). 

 

Bayesian state-space fisheries models have, more recently, also been analysed (e.g., Carlin et al. 1992; Kinas 

1996; Meyer and Millar 1999; Cunningham 2002). 

 

Iberian Sardine 

According to the Vigo Report (ICES 1998) four races for the Atlantic sardine can be identified: saharienne, 

marocaine, iberique or also called meridional atlantic whose distribution area spreads from Gibraltar up to the 

Cantabric coast and the septentrional atlantic from the Cantabric coast up to the British Islands.  There was 

some consistency in the results from the SARDYN project identifying four sardine stocks: Azores, Africa, 

Mediterranean and NE Atlantic. Differences between stocks appear quite stable over the time of the study. 

 

For the purposes of this model, a southern boundary to the Iberian sardine stock is assumed in the Gulf of Cadiz 

(ICES division IXa(south-cadiz)).  Genetic results have indicated a separate sardine stock from the Gulf of 
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Cadiz northwards compared to Moroccan waters (SARDYN 2005).  Environmental results confirm this.  

Although some mixing of Iberian and African coastal surface waters in the Gulf of Cadiz does occur, this 

mixing appears to be at a rather limited scale with the Gulf of Cadiz effectively separating Iberia and Northwest 

Africa into two parts between which continuity of flow is thought to be largely absent (Barton 1998; E. Mason 

pers. comm.).  Studies using regional temperatures have also indicated the area off western Portugal to be 

separate from northern Morocco (SARDYN 2005). 

   

The current assessment carried out by the ICES Working Group for the Assessment of Mackerel, Horse 

Mackerel, Sardine and Anchovy (WGMHSA) assumes a northern boundary in the stock between ICES divisions 

VIIIc(east) and VIIIb (ICES 2004a).  Genetic analyses (using msDNA and allozymes) have suggested genetic 

homogeneity throughout the Atlantic European waters (SARDYN 2005), in agreement with morphometric 

results (Silva 2003).  In addition, spring ichthyoplankton surveys since 1990 indicate a lack of discontinuity in 

the egg distribution at the inner Bay of Biscay between ICES divisions VIIIb and VIIIc (SARDYN 2005).  

French acoustic surveys in the past decade have also indicated a high biomass within France with no evidence of 

major gaps in the distribution at the proposed boundary.  However, this above evidence does not exclude the 

possibility that the degree of mixing across the boundary is sufficient to lead to genetic homogeneity but 

insufficient to warrant a modification of the current boundary or to assume a substantial rate of immigration or 

emigration. 

 

One uncertainty surrounding the Iberian sardine population is the number of potential stocks spawning in the 

area considered by this model.  The Galicia Front, which separates Eastern North Atlantic Central Water off 

western Iberia and cooler, fresher North Atlantic Central Water, may act to produce a barrier between western 

and northern Iberia.  Another physical feature that may act to produce a barrier in the circulation between the 

western and northern Iberian coasts is their sharply differing orientations and the resultant divergence in the 

hydro-dynamic response to the (generally homogeneous) wind forcing that occurs there (E. Mason pers. 

comm.).  Discontinuities in the egg distribution during the late 1990s (Carrera and Porteiro 2003; SARDYN 

2005) and emerging evidence for faster growth and maturation in northern Spain also suggest a boundary 

between ICES divisions IXa(north) and VIIIc(west), together with different N isotope ratios between Cantabria 

and Galicia (albeit for bigger fish), the difference in otolith chemistry between the Bay of Biscay (southern 

France and Cantabria) and northern Portugal (SARDYN 2005), and finally the later (and narrower) spawning 

season in the Cantabrian Sea (SARDYN 2005). 

 

Data that potentially oppose such a boundary include the gradual northerly expansion of the 2000 year class that 

originated in northern Portugal (ICES 2003, 2004a), the lack of clear discontinuities in spawning grounds prior 

to 1992 (G. Stratoudakis pers comm.), the lack of genetic differences (SARDYN 2005) and the lack of 

morpohmetric differences between the Cantabrian Sea and western Iberia (Silva 2003). The most recent results 

from SARDYN suggest that despite the fact that there are consistent morphological differences between 

Cantabria and the South there is a continuous stock along the NE Atlantic and a degree of mixing taking place 

all along. However, fish in the North may have developed local adaptations in a few generations, which may 

explain genetic differences found (REF?) between sardine in the North Sea and in the Southern part of its 

distribution.  

 

Base case hypothesis 

Due to the lack of data (particularly catch-at-age) available for ICES division VIIIb, sardine north of VIIIc(east) 

could not be explicitly modelled.  The base case hypothesis, H0, assumes one self-contained sardine stock 

extending from ICES division IXa(south-cadiz) in the south to VIIIc(east) in the north.  As little information on 

a stock-recruitment relationship can be extracted from available data, a geometric mean is assumed for the base 

case. 

 

Model Characteristics 

The Bayesian state-space model, explicitly accounting for the assumed migratory characteristics of the 

population by allowing stock- and age-dependent movement between model divisions at the beginning of each 

quarter of the year, is detailed in Appendix A.  The distribution of the sardine and the harvest rate is assumed to 

be uniform within each model division, while some model parameters (e.g. catch weights-at-age) differ between 

model divisions.  The sardine are modelled to spawn at the beginning of the first quarter in more southerly 

divisions and at the beginning of the second quarter along the Cantabrian coast, while recruitment to the 

population is modelled to occur at the beginning of the third quarter.  Catch is modelled to be taken at discrete 

times during the year using a harvest rate that is year-, quarter- and model division-dependent.  Thus the rate of 

fishing mortality, F, is not be explicitly modelled.  Rather the catch from each stock is modelled to be 

proportional to the abundance of each stock’s age group in each division, by quarter. 
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Although a 12+ group can be modelled from 1996 onwards, the lack of data for 6+ age groups in earlier years 

requires the plus group, ( )yA  to be year dependent.  Thus we have ( ) 6=yA  for 1990,,1978 K=y , 

( ) 71991 =A , ( ) 81992 =A , ( ) 91993 =A , ( ) 101994 =A , ( ) 111995 =A  and ( ) 12=yA  for 2003,,1996 K=y . 

 

The model divisions (listed in Table B1.9.1) were determined by the availability of spatially-disaggregated data 

(in particular catch-at-age, which required ICES divisions VIIIc(east-east) and VIIIc(east-west) to be modelled 

as one model division) and to try to adequately describe the migration of the sardine (modelled between each 

model division at the beginning of each quarter).  Tagging data (SARDYN, 2005) have indicated movement in 

both directions between the Algarve (ICES division IXa(south-algarve)) and the Gulf of Cadiz (ICES division 

IXa(south-cadiz)).  Thus ICES divisions IXa(south-algarve) and IXa(south-cadiz) are assumed to be one model 

division with random movement therein.     

 

The model is fitted to annual catch-at-age data for earlier years and quarterly catch-at-age data for latter years, to 

DEPM estimates of spawner biomass and to acoustic estimates of relative biomass and numbers-at-age by area 

(see Appendix A for equations and B for data). 

 

Fixed parameter values and prior distributions for estimated parameters are detailed in Appendix B.  Table 

B1.9.B14 summarises the various sources (eg expert opinion, available observed data, assumptions) used for 

these parameter values and prior distributions. 

 

Robustness Tests 

The robustness tests are listed in Table B1.9.2. 

 

Biological data by country 

Proportion mature-at-age and stock weight-at-age data are available by country from 1991-2003.  These data 

were not used in the base case in order to preserve continuity in the SSB estimates between 1978-1990 and 

1991-2003.  In this robustness test, Rdata, the effect of this updated data on the results was tested.  These data are 

listed together with the data for the base case in Appendix B. 

 

Plus group 

In the base case, the maximum possible plus group, up to 12+ was assumed.  However, precision in aging 6+ 

sardine is low.  In this robustness test, R6+, a plus group of age 6+ was assumed for all years, in accordance with 

that currently assumed by the WGMHSA.  Any data available for ages 7 to 12+ were incorporated into the 6+ 

group (see Appendix B). 

 

Natural mortality 

The WGMHSA currently assumes a natural mortality of 0.33 per year for all ages for the Iberian sardine stock.  

This assumption is used in the base case hypothesis.  Alternative estimates of natural mortality were calculated 

using a method based on growth parameters and water temperature (Pauly 1980) (see Table B1.9.3).  Since a 

natural mortality of 0.7 is probably unrealistic, the second robustness test, RM, therefore differs from the base 

case hypothesis in assuming ( ) 6.0=aM , ( )yAa ,...,0= . 

  

Stock recruitment 

The base case hypothesis assumes no stock-recruitment relationship (i.e. recruitment distributed about a 

geometric mean, see Appendix A).  As spawning may be negatively affected by high biomass (Myers et al. 

1995; ICES 2004b), RRicker assumes a Ricker stock-recruitment relationship.  In this case, equation (A.3) is 

replaced by 

( ) ( ){ } ( ){ }yybSSBySSByR Rssss εα expexp)( =  (1) 

where 

sα  - denotes the slope at the origin of the stock-recruitment curve for stock s . 

b  - denotes the second Ricker stock-recruitment parameter 

( ) ( )∑
=

=
D

d

ss dySSBySSB

1

,  - denotes the total SSB for stock s  in year y . 

( )yRε  - denotes the lognormal process error (or recruitment residual) in recruitment. 

In addition, equation (A.12) is replaced by 

{ }ssss SSBbSSBR expα= ,   ( ) ( ) ( )
( )

∑
=

=
yA

a

ss aNaPawSSB
1

,1   (2) 
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where 

( )aw  - denotes the equilibrium stock weights at age a . 

( )aP  - denotes the equilibrium proportion mature at age a . 

For this robustness test, 1979, 1980 and 1983 were fixed as good recruitment year classes (to match that 

estimated for H0) for the purposes of the migration matrices.  An uninformative uniform prior distribution 

between 0 and 50 was assumed for sα , while 0000015.0=b  was fixed externally as there was insufficient 

information to estimate this latter parameter. 

 

Maximum age in Portuguese waters 

Few 7+ sardine have been observed in Portuguese waters.  In this robustness test R7, all sardine in ICES 

divisions IXa(central-north), IXa(central-south), IXa(south-algarve) and IXa(south-cadiz) (i.e., model divisions 

4 to 6) are modelled to die as they reach age 7, so no 7+ sardine are modelled in these model divisions.  In this 

case, equation (A.1) is modified as follows: 

( ) ( ) ( ) ( )[ ] ( )∑
= 







−−−−=

D

d

isisiss

i

aMdaqyCdaqyNddaqyodaqyN

1
4

1
exp,,1,,,1,,,,,,,,   

 4,,2 K=q , ( )yAa ,,1 K= , Dd ,,1 K=  

( ) ( ) ( ) ( )[ ] ( )∑
= 








−−−−−−−=
D

d

isisiss

i

aMdayCdayNddayodayN

1

1
4

1
exp,1,4,1,1,4,1,,,1,,,1,   

  ( ) 1,,1 −= yAa K , 3,,1 K=d  

( ) ( ) ( ) ( )[ ] ( )∑
= 








−−−−−−−=
D

d

isisiss

i

aMdayCdayNddayodayN

1

1
4

1
exp,1,4,1,1,4,1,,,1,,,1,   

  7,,1 K=a , 6,,4 K=d  

( )( ) ( )( ) ( )( ) ( )( )[ ] ( )( )

( )( ) ( )( ) ( )( )[ ] ( )( )∑

∑

=

=









−−−−+









−−−−−−−=

D

d

isisis

D

d

isisiss

i

i

yAMdyAyCdyAyNddyAyo

yAMdyAyCdyAyNddyAyodyAyN

1

1

4

1
exp,,4,1,,4,1,,,1,                    

1
4

1
exp,1,4,1,1,4,1,,,1,,,1,

 3,,1 K=d  

In addition, no movement is allowed for ages 8+ from model division 3 to model division 4 at the beginning of 

the third quarter (i.e. 100% of sardine in division 3 at the beginning of quarter 3 remain in division 3, as opposed 

to the 95% assumed for the base case, see Table B1.9.B1).  Observed catch-at-age 8+ in model divisions 4 to 6 

is added to catch-at-age 7.  Thus, although the model still fits to proportions-at-age 8+ in the catch from 1998 to 

2003 (equation A.13), these older age groups only consist of sardine from model divisions 1 to 3. 

 

Immigration/emigration between ICES divisions VIIIc(east) and VIIIb 

Robustness test Rimmigration represented a first attempt at modelling any potential immigration from ICES division 

VIIIb into the Iberian sardine stock in VIIIc(east) or emigration from VIIIc(east) to VIIIb.  In this case an error 

term accounting for immigration/emigration between model division 1 and ICES division VIIIb was included at 

the beginning of each year: 

( ) ( ) ( ) ( )[ ] ( ) { }imm

D

d

isisiss

i

MdyCdyNdyodayN εexp0
4

1
exp,0,4,1,0,4,11,,1,1,1,1,1,

1

∑
= 








−−−−===   

( ) ( ) ( ) ( )[ ] ( ) { }em

D

d

isisiss

i

aMdayCdayNdayoayN εexp1
4

1
exp,1,4,1,1,4,11,,,1,1,,1,

1

∑
= 








−−−−−−−=  

 ( ) 1,,2 −= yAa K  

( )( ) ( )( ) ( )( ) ( )( )[ ] ( )( ) { }

( )( ) ( )( ) ( )( )[ ] ( )( ) { }∑

∑

=

=









−−−−+









−−−−−−−=

D

d

emisisis

D

d

emisisiss

i

i

yAMdyAyCdyAyNdyAyo

yAMdyAyCdyAyNdyAyoyAyN

1

1

exp
4

1
exp,,4,1,,4,11,,,1,                    

exp1
4

1
exp,1,4,1,1,4,11,,,1,1,,1,

ε

ε

 The same error term was used for all years, with a separate error for age 1 and ages 2+.  Prior information 

suggested a net immigration into the Iberian sardine stock for age 1 and a net emigration for age 2+, therefore 

the prior distributions ( )2,1.0~ Rimm N σε  and ( )2,05.0~ Rem N σε −  were used. 
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Split of SSB at Equilibrium 

As there was little prior information to determine the split of SSB between ICES divisions VIIIc(east) to 

IXa(north) and ICES divisions IXa(central-north) to IXa(south-cadiz) at equilibrium, two robustness tests were 

conducted to test the base case assumption of a ratio of 85% biomass in the Portuguese area compared to 15% in 

the Spanish area at equilibrium (cf pg 44).  R50:50 assumed a 50% split in the SSB at equilibrium, while R70:30 

assumed 70% of the biomass was distributed in ICES divisions IXa(central-north) to IXa(south-cadiz), while 

30% was distributed in VIIIc(east) to IXa(north). 

 

No Alternative Migration Matrices for Good Year Classes 

In order to test the assumption in H0 of alternative migration patterns for year classes of good recruitment, 

RMigration assumed that the same migration matrices of Table B.7.3.B1a applied to all year classes.  Thus no 

distinction was made between normal/weak and good recruitment year classes in terms of their migration 

patterns. 

 

Alternative Hypothesis 

As mentioned above, the number of stocks occupying the area considered by this model is uncertain.  Sardine 

from ICES division VIIIc(east), and in particular from VIIIc(east-east) have a different age-distribution to 

sardine from the rest of the Iberian coast, suggesting that sardine from this area may be of a different stock 

(ICES 1998, 2003, 2004a).  Further, the observed age distribution in ICES division VIIIc(west) and IXa(north) 

are similar, suggesting sardine from these two divisions may be from the same stock (ICES 1998, 2003, 2004a).  

The alternative two-stock hypothesis, H2Stock, considers a boundary assumed between ICES divisions 

VIIIc(west) and VIIIc(east).  Thus the one stock is assumed to extend from ICES division IXa(south-cadiz) 

northwards to VIIIc(west) and the other stock is distributed throughout VIIIc(east).   

 

An extra parameter, 2maxR  is estimated in H2Stock for the second stock (distributed throughout ICES division 

VIIIc(east).  The equilibrium catch was split between stocks assuming that the historic catch in ICES divisions 

VIIIc(east) and VIIIc(west) was, on average, equal.  This gave 1230001 =B  and 190002 =B .  The split of 

adult sardine between areas at equilibrium and the percentage split of recruits by division were adjusted pro-rata, 

taking into account the fact that stock 1 (extending from IXa(south) to VIIIc(west)) is not assumed to be 

distributed in model division 1 (ICES division VIIIc(east)).  Thus  ( ) 01 =SplitEq , ( ) 1.02 =SplitEq , 

( ) 02.03 =SplitEq , ( ) 35.04 =SplitEq , ( ) 18.05 =SplitEq  and ( ) 35.06 =SplitEq  for stock 1 and ( ) 11 =SplitEq  

and ( ) 0=dSplitEq , 6,,2 K=d  for stock 2.  Similarly ( ) 01,Re
1 =yo

cruit , ( ) 04.02,Re
1 =yo

cruit , 

( ) 11.03,
Re
1 =yo

cruit , ( ) 59.04,
Re
1 =yo

cruit , ( ) 08.05,
Re
1 =yo

cruit  and ( ) 18.06,
Re
1 =yo

cruit  for stock 1 for normal 

year classes, while ( ) 68.04,Re
1 =yo cruit  and ( ) 09.06,Re

1 =yo cruit  for good year classes.  ( ) 11,Re
2 =yo cruit  and 

( ) 0,
Re
2 =dyo

cruit , 6,,2 K=d  for stock 2 for all year classes. 

 

Bayesian Integration 

The posterior probability density functions (pdfs) were generated using the Sampling Importance Resampling 
(SIR) algorithm (e.g., Rubin 1988, Geweke 1989, West 1993), with a multivariate t-distribution importance 

function with 15 degrees of freedom.  One million samples were run using this importance function with mean 

estimated by the joint posterior mode.  As convergence to the posterior was initially slow, an adaptive step was 

taken (Kinas 1996).  A sample was taken from this initial run to calculate a new mean and covariance matrix for 

an updated importance function.  20 million draws were then sampled to achieve acceptable convergence 

diagnostics (Table B1.9.4).  The results presented in this document were calculated from 10 000 draws from the 
posterior probability density function using resampling without replacement  

 

The marginal posterior probability for the two hypotheses were calculated using the method for importance 

sampling outlined in McAllister and Kirchner (2002), with both hypotheses assumed to have equal prior 

probabilities. 

 

Results  

Results at the Posterior Mode 

Base case hypothesis 

The base case hypothesis fits the observed DEPM estimates of SSB for Portuguese waters ( 6,...,4=d ) well, but 

overestimates the observations for Spanish waters ( 3,...,1=d ) (Figure B1.9.1).  Immigration/emigration 
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between ICES divisions VIIIc(east) and VIIIb has been hypothesised.  Such a hypothesis would seem to fit with 

these results, especially if movement was in a south-westerly direction in the late 1980s and in a north-easterly 

direction in the mid to late 1990s.  However, immigration/emigration was not modelled as part of the base case 

hypothesis (see discussion for further explanation).  A further reason for the over-estimation of Spanish SSB 
could be that migration patterns changed between the 1980s and the 1990s, or that the proportion of recruitment 

in Spanish waters, compared to Portuguese waters, has changed.  There is currently insufficient information to 

further investigate such hypotheses. 

 

The model is not able to fit the few observed proportions of SSB by division well, instead predicting proportions 

of SSB by division to remain relatively constant over the years (Figure B1.9.2).  The SSB consists of a number 

of year classes.  Although alternative movement matrices are assumed for good year classes, these matrices are 

only applied to three year classes in the base case (see below).  Thus the same movement matrices are assumed 

for most adults, and especially so in the latter half of the time-series for which observed proportions of SSB by 

division are available.  It is possible that the movement of the sardine differed from the ‘norm’ in some years, 

resulting in the observed distribution pattern.  However, such information was not available for inclusion in this 
model. 

 

The model fit to the annual and quarterly catch numbers (over all ages and model divisions) is good (Figure 

B1.9.3).  The model fit to the annual and quarterly proportions-at-age in the catch is also good (see selected 

results in Figure B1.9.4).  The only exception to this is between 1994-1996, when the model predicts a higher 

proportion-at-age 1 and 2 and a lower proportion-at-age 3 and 4.  A single commercial selectivity curve is used 

for all years and quarters (equation A.4, Table B1.9.5, Figure B1.9.5), which appears sufficient for pre-1994 and 

post-1996.  There may have been other external forces operating in these years such that a different selectivity 

was effectively applied by commercial fleets. 

 

The model fit to the observed proportions-at-age in the Portuguese first and fourth quarter acoustic surveys are 

generally good (see selected results in Figures B1.9.6 and B1.9.7), as is the fit to the Spanish first quarter 
acoustic survey (see selected results in Figure B1.9.8).  There appears to be a greater tendency to under- rather 

than over-estimate the proportion of 0-group in the fourth quarter and the proportion of 1-year-olds in the first 

quarter Portuguese surveys, while the model has a greater tendency to predict a higher proportion of 1-year-olds 

in the first quarter Spanish acoustic survey in division 3 than that observed, especially prior to 1992. 

 
This may be a result of the estimated selectivity curve not allowing sufficient selectivity of 0-group sardine.  As 

expected, the fitted acoustic selectivity curves are flatter than the commercial selectivity curves, with a greater 

selectivity of younger sardine prior to 1993 (Figure B1.9.5).  Alternatively the model assumptions may not 

allocate sufficient recruits to the Portuguese areas (compared to the Spanish areas) together with a potential 

mismatch in the migration matrices for model division 3.  As mentioned above, migration may also have 

changed over the years, for which there is no current information available to include in such a model.  A final 
reason for the mismatch between observed and predicted proportions at younger ages could be differences in the 

acoustic selectivity between Spanish and Portuguese surveys. 

 

Although the model is unable to fit the observed area-specific relative acoustic estimates of biomass closely in 

each year, the model predicted relative biomass by division averages through the observed data points (Figure 

B1.9.9).  The observed absolute estimates of SSB from the DEPM surveys (Figure B1.9.1) are used to estimate 
the multiplicative bias factors for the acoustic survey estimates.  Multiplicative bias for the Portuguese acoustic 

survey biomass is estimated at 1.9, i.e. observed indices almost double true biomass.  In contrast, the model 

predicts that the observed Spanish acoustic survey biomass underestimates true biomass, with 77.0, =AcSpq  

(Table B1.9.5). 

 

The geometric mean of recruitment, sR max , is estimated to be 8.0 billion (Table B1.9.5, Figure B1.9.10).  For 

migration matrix purposes, a “good” recruitment year class was classified as one for which ( ) 2.0>yRε  (cf 

pages 42-43).  The model estimated 1979, 1980, 1981 and 1983 to be good recruitment year classes, while 

( )1991Rε  and ( )2000Rε  were estimated just below 0.2.  These latter two years have generally been recognised 

as “good” recruitment year classes.  The model’s preference for estimating these two year classes to be just 

below the cut-off for a “good” recruitment year class may indicate that the movement matrices assumed for 

normal and weak year classes better reflects the movement of these two year classes than that assumed for 

“good” recruitment year classes.  
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Biological data by country 

The model predicted SSB in model divisions 1 to 3 for Rdata differs from that for H0 (Figure B1.9.1).  This is 

primarily due to the higher stock weights for the Spanish area from 1991-1993 and 1996-2003, resulting in the 

sudden increase in the trajectory in 1991.  The lack of data for the Spanish area in 1994 and 1995 result in a 
decrease in the SSB due to the lower stock weights for the full area.  Rmax is estimated to be lower at the 

posterior mode than that estimated for H0 (Table B1.9.5).  There is no noticeable difference in the model fit to 

the catch-at-age or total catch data, nor to the proportions-at-age in the acoustic surveys when compared to H0.  

The model fit to the acoustic relative biomass in ICES division IXa(north) differs from H0, again reflecting a 

higher biomass from 1991, with a dip in 1994 due to the stock weights for the Spanish area being higher than 

those for the total area (Figure B1.9.9). 

 

Plus group 

There are fewer data points for this robustness test, since the proportions-at-age for ages 6 to 12+ are now 

combined into 6+.  There is little difference in the model fit to the data for R6+ compared to H0 (Table B1.9.5). 

 
Natural mortality 

As expected, a much higher Rmax was estimated under RM compared to H0 (Table B1.9.5), since a higher 

recruitment is required, given the higher natural mortality, in order for the same SSB to be predicted by the 

model.  In addition, 1981 and 1991 were also estimated as good recruitment years, with ( )1987Rε , ( )1992Rε  

and ( )2000Rε  estimated just below 0.2 (Table B1.9.5).  The model fit to the DEPM estimates of SSB was 

slightly poorer than that for H0 (Table B1.9.5, Figure B1.9.1). 

 

The model fit to the annual and quarter catch numbers was improved from H0 and there was an improvement in 

the overall fit to the proportions-at-age in the catch (although the fit in some individual years is poorer) (Table 

B1.9.5, Figure B1.9.4).  The model predicted proportions-at-age in the quarterly catch for RM are very similar to 

that for H0, with a slightly poorer fit for some of the younger ages (Figure B1.9.4).  There is no improvement on 

the mismatch between model predicted and observed proportions-at-age in the catch from 1994 to 1996. 

  

The estimated commercial selectivity curve is different for RM compared to H0, with less selectivity on lower 
(more abundant) ages (Figure B1.9.5).  Even though there is a change in the parameters estimated for acoustic 

selectivity (Table B1.9.5), the resultant curves for RM are very similar to those for H0 (Figure B1.9.5). 

 

In general, a better fit to the proportions-at-age 0 and 1 in the Portuguese acoustic surveys was obtained under 

RM compared to H0, but overall the fit to the proportions-at-age in the acoustic surveys was worse than that for 
H0 (Table B1.9.5, Figures B1.9.6-8).  The overall fit to the total relative biomass from acoustic surveys is not as 

good for RM compared to H0 (Table B1.9.5, Figure B1.9.9). 

 

In summary, the assumptions for this robustness test appear to be in conflict with the data.  By assuming 

6.0=M , the model predicts fewer older sardine.  These fewer older sardine result in a worse fit to the 

proportions-at-age in the catch and acoustic surveys.  In order for the model to fit these data, the fit to the DEPM 
estimates of SSB is worse. 

 

Stock recruitment 

The model fit to the DEPM estimates of SSB is poorer for RRicker compared to H0 (Table B1.9.5, Figure B1.9.1).  

In particular, the model predicted SSB is higher than that predicted under H0 in the latter years.  The overall fit 

to proportions-at-age in the catch and to the total catch is better than that for H0 (Table B1.9.5, Figure B1.9.4). 
 

The model fit to the proportions-at-age in the acoustic surveys is improved over that for H0 (Table B1.9.5), 

although there is no single age or area of noticeable improvement in the fit (Figures B1.9.6-8).  The acoustic 

selectivity curve for 1994 to 2003 differs from that estimated for H0, with a lower selectivity on older age 

groups (Figure B1.9.5).  The fit to the relative acoustic biomass by division is also improved over that for H0 
(Table B1.9.5), particularly for ICES division IXa(north) (Figure B1.9.9). 

 

The estimated stock-recruitment curve is shown in Figure B1.9.10, which doesn’t show a large decrease in 

recruitment as SSB increases.  The range of recruitment residuals is larger than that for H0, with the majority of 

( )yRε  parameters estimated to be higher under RRicker than H0.  This needs to be viewed in the light of the fact 

that the “good” recruitment year classes were fixed for RRicker, while they were estimated under H0 and, as 

mentioned above, some ( )yRε  parameters were estimated just under 0.2 for H0. 
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Maximum age in Portuguese waters 

The model predicted SSB trajectory for Portuguese waters under R7 was slightly lower prior to 1995 compared 

to H0, but there was little difference in the fit to the observed data (Figure B1.9.1).  Rmax was estimated to be 

higher under R7 compared to H0, due to the assumed shorter average life span of adults in Portuguese waters. 
 

The model fit to proportions-at-age in the catch is improved from H0, especially for age 6+ from 1978 to 1997 

(Figure B1.9.4) and the fit to the total catch is good (Table B1.9.5). 

 

As expected, there is no noticeable difference in the model fit to the proportions-at-age in the Spanish acoustic 

surveys, nor in the model fit to the proportions-at-ages less than the plus group in the Portuguese acoustic 

surveys.  The model fit to the observed proportions-at-age 6+ or 7+ are, however, improved under R7 compared 

to H0 (Figures B1.9.6 and B1.9.7), suggesting that either the sardine older than age 7 do disappear from 

Portuguese waters, or there is a tendency to underestimate the age of older year-classes.  The model predicted 

acoustic relative biomass trajectory is slightly lower under R7 than H0 (Table B1.9.5). 

 
Immigration/emigration between ICES divisions VIIIc(east) and VIIIb 

The overall fit to the data for Rimmigration is better than that for H0 (Table B1.9.5), mostly due to an improvement 

in the fit to the proportion-at-age in the catch (not plotted since difference is not noticeable) and the relative 

acoustic biomass from the Spanish surveys (Table B1.9.5 and Figure B1.9.9).  sR max  is estimated to be 7.7 

million at the joint posterior mode, lower than that for H0, but immε  is estimated to be 0.31, i.e. an immigration 

of age 1 sardine into the stock from the north-east.  These two parameters effectively balance each other such 

that the total SSB predicted by Rimmigration is similar to (slightly lower for the Portuguese area) that predicted by 

H0. emε  was estimated to be 0.009 at the joint posterior mode, i.e. a very slight net immigration (as opposed to 

the prior assumption of a net emigration) of age 2+ sardine into the stock.  

 
Split of SSB at equilibrium 

There was little difference in the overall fit to the data for R70:30 compared to H0, with the improved fit to the 

proportions-at-age in the acoustic surveys balanced by the worse fit to the proportions-at-age in the catch (Table 

B1.9.5).  The fit to the proportions-at-age in the acoustic surveys for R50:50 was an improvement over H0 (Table 

B1.9.5), even though this is not noticeable in the plots (not shown). 

 

There was little difference between the estimated parameter values for these two robustness tests compared to 

H0 (Table B1.9.5), but the predicted SSB trajectories in early years differ due to change in the assumption of the 

split of SSB at equilibrium (Figure B1.9.1c,d).  This difference affects the perception of the depletion of the 

stock.  The greater the assumed proportion of SSB in Spanish waters at equilibrium, the greater the depletion 

(from exploited equilibrium in 1978 to 2003) in Spanish waters.  However, the predicted total SSB (all model 
divisions) is unchanged between H0, R70:30 and R50:50 (Figure B1.9.11). 

 

No alternative migration matrices for good year classes 

There is no difference in the migration matrices for year classes for which ( ) 2.0≤yRε  and ( ) 2.0>yRε  in 

RMigration.  The recruitment residuals estimated for RMigration differed from those for H0, resulting in an improved 

fit to the proportions-at-age in the catch (Figure B1.9.4) and acoustic surveys (Table B1.9.5).  The fit to the SSB 

is worse, especially in recent years (Figure B1.9.1), and to the overall fit to the relative biomass from acoustic 
surveys (Table B1.9.5, Figure B1.9.9).  However, the improvement in the fit to the proportions-at-age outweigh 

the fit of the model to these latter data resulting in a better fit overall (Table B1.9.5).   

 

Maximum recruitment is estimated to be much lower under RMigration compared to H0, with greater variation in 

the recruitment residuals (Table B1.9.5).  This indicates that creating a knife-edge ‘cut-off’ ( ) 2.0>yRε  to 

define a good recruitment year class under H0 may create some conflict with year classes that did not display a 

different migration pattern, but were above average recruitment.  Alternative methods of testing this assumption 
could include increasing the cut-off value from 0.2 or fixing the year classes of good recruitment externally. 

 

Alternative hypothesis 

The overall log-likelihood value at the posterior mode for H2Stock is lower (i.e. worse fit) than for H0, however 

the joint prior distribution for H2stock includes an extra prior distribution for the additional parameter 2maxR  

(Table B1.9.5).  The model overestimated the total Spanish SSB, while the model predicted trajectory for SSB 

in Portuguese waters was lower than that for H0 (Figure B1.9.12).  The size of stock 2 (distributed in model 
division 1) needed to be sufficiently high to permit the observed historic catch.  The proportion of SSB by 

model division was, however, a better fit in H2Stock compared to H0 (Figure B1.9.13 compared to Figure B1.9.2, 

Table B1.9.5). 
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The overall model fit to the proportion-at-age in the commercial catch and the acoustic surveys and to the catch 

numbers was better for H2Stock, compared to H0 (Figure B1.9.14-17, Table B1.9.5).  The geometric mean 

recruitment for both stocks was 7.6 billion for H2Stock compared to 8.0 billion for H0.  The recruitment residuals 
estimated at the posterior mode also differed between hypotheses (having an impact on the fit to the observed 

proportions-at-age in the catch and acoustic surveys).  However ( ) 52.1

2003

1978

−=∑
=y

R yε  for H2stock, compared with 

( ) 07.5

2003

1978

−=∑
=y

R yε  for H0.  This indicates that 21 maxmax RR +  in H2Stock is much closer to a geometric mean 

than maxR  for H0.  The recruitment residuals for “good” recruitment year classes are generally estimated to be 

much higher in H2Stock compared to H0 (the exception being in 1981), with 1991 and 2000 being estimated as 

“good” recruitment year classes (i.e. ( ) 2.0>yRε ) under H2Stock, while not under H0 (Table B1.9.5).  The 

selectivity curves for H2Stock are very similar to those for H0 (Table B1.9.5, figures not shown). 

 

The fit to the relative biomass by division from the acoustic surveys was not as good as for H0 (Figure B1.9.18), 

with the bias factors being estimated to be further away from unity (Table B1.9.5).   

 

Bayesian Results 

The six selectivity parameters were fixed at their estimated values at the posterior mode for all Bayesian 

integration (see Table B1.9.5 for values).  These parameters, especially the acoustic selectivity parameters, were 
highly correlated (high correlation can hinder convergence on the posterior distribution).  Thus the number of 

parameters estimated using SIR were 29 for H0 and 30 for H2Stock.  Marginal posterior distributions were 

calculated from 10 000 draws sampled randomly without replacement from the 20 million draws. 

 

Base case hypothesis 

The geometric mean of annual recruitment, sR max , is estimated to range between 7 and 10 billion (Figure 

B1.9.19), with a mean of 8.1 billion (Table B1.9.6), which is close to the joint posterior mode (Table B1.9.5).  

The marginal posterior pdfs for the recruitment residuals are shown in Figure B1.9.20, with the marginal 

posterior pdf for some years of good recruitment and the year of poorest recruitment (2003) shown in Figure 

B1.9.22.  1979, 1980, 1981 and 1983 were estimated to be good recruitment year classes at the posterior mode, 

and this holds for the marginal posterior distribution.  Above average recruitment was also estimated for 1978, 

1987, 1991, 1992 and 2000, with posterior means below 0.2 (Table B1.9.6, Figure B1.9.20).  As mentioned 

above, these latter three years have generally been recognised as “good” recruitment years. 

 

The mean multiplicative bias for the Portuguese acoustic survey biomass was estimated at 2.0, compared to 0.8 

for the Spanish acoustic survey biomass (Table B1.9.6).  The range of the marginal posterior pdf for AcPortq ,  is 

very high (with most of the weight between 1.6 and 2.7) indicating the model estimates the Portuguese acoustic 

surveys to substantially overestimate the true biomass (Figure B1.9.23).  The marginal posterior pdf for AcSpq ,  

ranges between about 0.6 and 1.1, with the majority of weight below 1, indicating the model estimates the 

Spanish acoustic surveys to underestimate true biomass (Figure B1.9.23). 

 

The median SSB by model division is plotted in Figure B1.9.24, together with the 5% and 95% probability 

intervals.  The probability intervals are quite tight around the median trajectories.  An increase in the SSB was 

seen in the mid-1980s, particularly in the northerly model divisions 1 and 2 (ICES division VIIIc) and in model 

division 4 (ICES division IXa(central-north)), which accounted for the majority of the stock.  This peak ended 

around the late 1980s / early 1990s.  In the mid to late 1990s there was a smaller increase in the SSB in the 
southerly model divisions (4 to 6), which isn’t obvious in the more northerly divisions.  In addition, the SSB in 

the northerly divisions is relatively constant over this period, suggesting that this increase in the southerly 

divisions was not a result of re-distribution of sardine from the northerly divisions.  The estimated increase in 

SSB towards the end of the modelled period is seen in all divisions. 

 
The depletion of the stock is estimated to range between 0.5 and 1 (Figure B1.9.25), where depletion is 

measured as total SSB (over all divisions) in 2003 as a proportion of that at unexploited equilibrium.  This 

indicates that the stock as a whole is at a relatively healthy level.  Of even less concern is the comparison 

between the SSB in 2003 and that in 1978, the initial year of this model for which an exploited equilibrium was 

assumed.  The model only estimates a small depletion from exploited equilibrium (results not shown). 
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Alternative hypothesis 

The geometric mean of annual recruitment is estimated to range between 5.75 and 8 billion for stock 1 and 

between 1 and 2.5 billion for stock 2 (Figure B1.9.19).  As for H0, the means for these parameters (Table 

B1.9.6) are close to their values at the joint posterior mode (Table B1.9.5).  The marginal posterior pdfs for the 
recruitment residuals are given in Figure B1.9.21, with the marginal posterior pdfs for some years of good 

recruitment and the year of poorest recruitment (2003) shown in Figure B1.9.22.  1979 to 1981, 1983, 1991 and 

2000 were estimated to be good recruitment years at the posterior mode.  This holds for the marginal posterior 

distribution.  In particular, the increase in the estimated recruitment in 1991 and 2000 in H2Stock compared to H0 

is visible in Figures B7.2.21 and B7.2.22.  1978, 1987, 1992 and 2001 were also estimated to be years of above 

average recruitment, with the estimated mean recruitment residual for 2001 differing greatly from its estimate 

under H0. 

 

The multiplicative bias for the Portuguese acoustic survey biomass was estimated to range over higher values 

(between 2 and 3.4) than under H0, indicating that the model estimates the Portuguese acoustic surveys to 

overestimate the true biomass even more substantially than under H0 (Figure B1.9.23).  The marginal posterior 

distribution for AcSpq ,  ranges between about 0.35 and 0.75, indicating that the model estimates the Spanish 

acoustic surveys to  substantially underestimate true biomass (Figure B1.9.23), with the pdf almost mutually 

exclusive from that for H0. 

 

Measuring depletion as total SSB (over all stocks and divisions) in 2003 as a proportion of that at unexploited 

equilibrium, the mean depletion of the population is estimated to be 0.89, which is very healthy (Table B1.9.6 

and Figure B1.9.25).  The population was estimated to be more depleted under H0.   

 

Marginal posterior probability 

The marginal posterior probability for H0 was calculated to be 0.93, compared to 0.07 for H2Stock.  This is in line 

with the better fit to the model at the posterior mode for H0 compared to H2Stock (Table B1.9.5).  This model, 
together with the available data therefore suggest that the single stock hypothesis is much more likely than the 

two stock hypothesis, in which one stock was assumed to be distributed throughout ICES division VIIIc(east), 

separate from the stock extending from ICES division IXa(south-cadiz) northwards to VIIIc(west). 

 

Discussion 

This document has detailed a Bayesian state-space model of Iberian sardine, developed for the EU-project 

Sardine Dynamics and Stock Structure in the North-East Atlantic (SARDYN). This model is able to model the 

migration of the sardine between divisions at the beginning of each quarter of the year and a two-stock 

hypothesis is considered.  In addition, this model incorporates data not currently used by the WGMHSA.   

 
Immigration/emigration between ICES divisions VIIIc(east) and VIIIb 

In recognition of the potential extension of the sardine stock north of VIIIc(east), an attempt was made to model 

immigration/emigration of sardine between VIIIc(east) and VIIIb in H0.  In this case an annual error to account 

for net immigation/emigration of 1-year-olds at the beginning of the year between VIIIc(east) and VIIIb was 

introduced, with uninformative prior distributions.  There was, however, insufficient information in the data to 

warrant the estimation of these parameters, even in selected years, likely due to the data being used to estimate 
the annual recruitment residuals.  However, using recent information from members of the SARDYN project, 

Rimmigration assumed the same net immigration/emigration for all years with a different parameter for age 1 (prior 

information suggesting immigration) and ages 2+ (prior information suggesting net emigration).  This 

robustness test indicated that immigration of age 1 sardine from ICES division VIIIb is likely, with little 

movement of age 2+ sardine.   

 
One versus two stocks 

As a first attempt to model the Iberian sardine as more than one stock, we considered a two-stock hypothesis 

where one stock was assumed to extend from ICES division IXa(south-cadiz) northwards to VIIIc(west), while 

the second stock was assumed to be distributed throughout ICES division VIIIc(east).  Although the model fit to 

the data was better under H2Stock for the proportion-at-age in the catch and acoustic surveys, as well as the 
proportion of SSB by division and the total catch numbers, the fit to SSB and relative acoustic biomass was 

worse compared to H0.  The geometric mean of annual recruitment for both stocks under H2Stock was estimated 

to be much higher than sR max  for H0, having an impact on the perceived depletion of the stock from 

unexploited equilibrium.  The multiplicative bias factors for the acoustic surveys were further from unity under 

H2Stock compared to H0.  This latter result is concerning and a factor in the poorer fit to the relative acoustic 

biomass under H2Stock.  Had tighter prior distributions been assumed for AcPortq ,  and AcSpq , , these posterior 

distributions may not have extended so far from unity. 
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Making the prior assumption that both hypotheses were equally likely, the calculated marginal posterior 

probabilities indicated that H0 was the more likely scenario.  This does not, however, completely rule out the 

hypothesis of the Iberian Sardine consisting of more than one stock.  Allowing the stock distributed throughout 
ICES division VIIIc(east) to extend northwards through, for example, a sensitivity test along the lines of 

Rimmigration for H2Stock may result in a better fit to the data.  In particular, a net immigration of 1-year-olds into 

ICES division VIIIc(east) was estimated in Rimmigration.  An immigration of 1-year-olds into ICES division 

VIIIc(east) for H2Stock may allow for a lower estimate of 2maxR , and consequently a lower SSB trajectory for 

stock 2 and the total SSB for H2stock.  This may give an improved fit to the DEPM estimates of SSB.  

Alternatively different boundaries between the stocks may be considered. 

 
Further research 

Some reasons proposed for the potential mismatches between the model predicted results and the observed data 

raise some areas for potential future research.  Reducing such uncertainties through further research may help 

scientists to better model the sardine using a model like the one presented in this document.  

 

This document presents a first attempt to model the sardine using a Bayesian state-space model with migration 

matrices.  The hope is that the results presented herein and the challenges faced in constructing this model will 

lead to further discussion and possibly further research on potential migration patterns, in particular w.r.t. any 

changes in migration over the years and the potential mismatch in the migration matrices for model division 3 

(see results at posterior mode).  In addition, could the assumption of a different migration pattern for ‘good’ 

recruitment year classes be improved upon, in particular w.r.t. the choice of ‘good’ recruitment year classes 
(fixed externally from the model or estimated within the model and the chosen cut-off point)? 

 

The catch-at-age by division data are considered to be reliable (low misreporting).  A follow-on from this work 

could therefore attempt to modify the multinomial likelihood functions (equations A.15) to fit the model 

predicted catch-at-age by division instead of the sum over all divisions. 
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Table B1.9.1. Model divisions 

Model Division ICES Division 

1 VIIIc(east) 

2 VIIIc(west) 

3 IXa(north) 

4 IXa(central-north) 

5 IXa(central-south) 

6 IXa(south-algarve) and IXa(south-cadiz) 

 

Table B1.9.2.  Summary of Model Hypotheses and Robustness Tests (blank cells indicate no change from H0). 

Hypothesis 

or 

Robustness 

Test 

Number 

of 

Stocks 

Stock 

Boundaries 

Immigration

/Emigration 

between 

VIIIc(east) 

and VIIIb 

Stock-

Recruitment 

Relationship 

Natural 

Mortality 

Plus-

Group 

Other 

H0 1 IXa(south-cadiz) 

to VIIIc(east) 

No Geometric 

Mean 

M(a) = 0.33 

for all ages 

12+  

H2Stock 2 i) IXa(south-

cadiz) to 
VIIIc(west) 

ii) VIIIc(east)  

     

Rdata       Maturity ogive and 

stock weights differ by 

country from 91-03 

R6+      6+  
RM     M(a) = 0.6 

for all ages 

  

RRicker    Ricker    

R7       Adults in divisions 4 to 

6 die after age 7. 

Rimmigration   Yes     

R50:50       Equilibrium SSB split 

equally between 

Spanish and Portuguese 

waters 

R70:30       Equilibrium SSB split 
with 70% in Portuguese 

waters and 30% in 

Spanish waters 

RMigration       No difference in 

migration matrices of 
‘good’ recruitment year 

classes 

 
Table B1.9.3. Estimates of natural mortality using Pauly (1980). 

Sea Surface Temperature M Ln(M) L∞ K 

7.5 0.5804 -0.5440 22.28 0.4023 

10 0.6631 -0.4108 22.28 0.4023 

12.5 0.7353 -0.3075 22.28 0.4023 

15 0.8001 -0.2231 22.28 0.4023 

17.5 0.8592 -0.1517 22.28 0.4023 

20 0.9140 -0.0899 22.28 0.4023 

 
Table B1.9.4. SIR convergence diagnostics. 

Diagnostic H0 H2stock 

Maximum importance ratio as a proportion of the sum of all importance ratios 0.02 0.03 

CV in the average importance ratio (McAllister and Kirchner 2002) 0.05 0.08 

CV in the importance ratio (McAllister and Ianelli 1997) 230 363 

CV in the importance ratio as a proportion of the CV in the likelihood function 

multiplied by the prior 

0.78 0.90 
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Table B1.9.6. Means and CVs of the marginal posterior distributions of parameter estimates and key model 

parameters for the alternative hypotheses (see Appendix A for parameter definitions).  maxR  and )(yRs  are  

reported in billions and SSB is reported in thousands of tonnes. 

 H0 H2Stock 

 Mean CV Mean CV 

maxR  8.113 0.05 6.377 0.05 

2maxR  N/A N/A 1.391 0.11 

Portq  2.00 0.10 2.52 0.09 

Spq  0.79 0.10 0.48 0.11 

( )1978Rε  0.111 1.37 0.141 0.96 

( )1979Rε  0.219 0.69 0.480 0.34 

( )1980Rε  0.549 0.25 0.582 0.25 

( )1981Rε  0.291 0.44 0.283 0.53 

( )1982Rε  -0.163 0.92 -0.221 0.79 

( )1983Rε  0.877 0.11 0.933 0.09 

( )1984Rε  -0.049 2.40 -0.042 3.14 

( )1985Rε  -0.449 0.34 -0.290 0.48 

( )1986Rε  -0.307 0.46 -0.161 0.87 

( )1987Rε  0.125 0.81 0.158 0.63 

( )1988Rε  -0.448 0.35 -0.485 0.43 

( )1989Rε  -0.400 0.36 -0.404 0.37 

( )1990Rε  -0.602 0.26 -0.530 0.30 

( )1991Rε  0.173 0.51 0.274 0.33 

( )1992Rε  0.142 0.62 0.153 0.51 

( )1993Rε  -0.403 0.33 -0.128 0.88 

( )1994Rε  -0.474 0.23 -0.401 0.30 

( )1995Rε  -0.501 0.20 -0.447 0.24 

( )1996Rε  -0.449 0.23 -0.246 0.35 

( )1997Rε  -0.473 0.20 -0.423 0.23 

( )1998Rε  -0.549 0.17 -0.410 0.24 

( )1999Rε  -0.712 0.15 -0.477 0.23 

( )2000Rε  0.184 0.45 0.656 0.15 

( )2001Rε  -0.026 5.14 0.143 0.79 

( )2002Rε  -0.746 0.26 -0.522 0.38 

( )2003Rε  -1.237 0.32 -0.880 0.44 

1SSB  1001 0.05 958 0.05 

( ) ( )1978ˆ1978ˆ
PorSp II +  618 0.10 554 0.12 

( ) ( )2003ˆ2003ˆ
PorSp II +  602 0.12 855 0.11 

( ) ( )( ) ∑+
s

sPorSp SSBII 2003ˆ2003ˆ  

0.60 0.12 0.89 0.10 

)1978(1R  9.151 0.15 9.009 0.14 

)1980(1R  14.149 0.13 13.989 0.12 

)1981(1R  10.907 0.11 10.371 0.12 

)1983(1R  19.532 0.08 19.771 0.07 

)1991(1R  9.666 0.08 10.234 0.08 

)1992(1R  9.368 0.08 9.067 0.08 

)2000(1R  9.773 0.08 15.044 0.11 

)2003(1R  2.545 0.41 3.469 0.41 
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Observed and Model Predicted Proportions-

at-age in the catch in 1980
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Figure B1.9.4. Observed and model predicted proportions-at-age in the annual and quarterly catch numbers for 

selected years for H0 and some robustness tests at the posterior mode. 
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Commercial and Acoustic Selectivity Curves

0

0.2

0.4

0.6

0.8

1

0 3 6 9 12

age

S
e
le

c
ti

v
it

y

Commercial H0

Acoustic H0 (78-92)

Acoustic H0 (93-03)

Commercial R_M

Acoustic R_M (78-92)

Acoustic R_M (93-03)

Commercial and Acoustic Selectivity Curves

0

0.2

0.4

0.6

0.8

1

0 3 6 9 12

age

S
e

le
c
ti

v
it

y

Commercial H0

Acoustic H0 (78-93)

Acoustic H0 (94-03)

Commercial R_Ricker

Acoustic R_Ricker (78-93)

Acoustic R_Ricker (94-03)

 
Figure B1.9.5. Model predicted commercial and acoustic selectivity curves for H0 and RM (upper panel) and H0 and 

RRicker (lower panel). 
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Observed and Model Predicted Proportions-at-

age in the catch in 1980
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Figure B1.9.14. Observed and model predicted proportions-at-age in the annual and quarterly catch numbers for selected years for H0 

and H2Stock at the posterior mode. 
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Figure B1.9.19. Marginal posterior probability density function distribution for sR max  for H0  and H2Stock. 
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Figure B1.9.20. Marginal posterior probability density functions for recruitment residuals for H0. 
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Figure B1.9.21. Marginal posterior probability density functions for recruitment residuals for H2Stock. 
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Figure B1.9.22. Marginal posterior probability density functions for recruitment in selected years for H0 and H2Stock. 
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Figure B1.9.23. Marginal posterior probability density functions for bias factors in the acoustic surveys ( AcSpq ,  and AcPortq , ) for H0 

and H2Stock. 
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Figure B1.9.24. Median (solid line), 5 and 95 percentile (dotted lines) trajectories of SSB by model division for H0. 
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Figure B1.9.25. Marginal posterior probability density functions for depletion in SSB from unexploited equilibrium for H0  and 

H2Stock. 
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Appendix A: Bayesian State-Space Model 

Assumptions 

1.) Sardines are assumed to age on 1 January each year. 

2.) A plus group of age 6 is assumed prior to 1991 and a plus group of age 12 is assumed after 1995.  The plus 

group increases from 6 to 12 between 1990 and 1996. 

3.) Migration is modelled to occur at the beginning of each quarter of the year. 

4.) Catch is modelled to be taken at discrete times, at the beginning of each quarter of the year. 

5.) Spawning Stock Biomass (SSB) for ICES divisions IXa(south-cadiz) to IXa(central-north) is calculated at 

the beginning of the first quarter of the year (corresponding to peak spawning in November), while SSB for 

ICES divisions IXa(north) to VIIIc(east) is calculated at the beginning of the second quarter of the year 

(corresponding to peak spawning in March).   

7.) The March/April DEPM estimates of abundance are assumed to be absolute. 

8.) Stock weights-at-age (Table B1.9.B4) are assumed to measure the average mass of sardine during all the 

surveys (First quarter DEPM; March acoustic and November acoustic surveys).  

9.) Recruitment is based on a geometric mean. 

10.) Although peak spawning is modelled to take place in winter and spring, recruitment to the fishery only 

occurs at the beginning of the third quarter (e.g., ICES 2004a).  Recruitment to both the population and the 

fishery is therefore modelled to occur at the beginning of the third quarter.  Movement of recruits between 

model divisions is modelled from the beginning of the fourth quarter. 

11.) Recruitment residuals are assumed to be the same for all stocks (in H2Stock).  This implies, for example, that 

if favourable or unfavourable conditions affect recruitment in one stock, the same effect is seen in the other 

stocks. 

12.) Selectivity in the commercial catch is assumed to be the same across all quarters and divisions, over all 

years.  This reflects that similar gear and targeting strategies have been used in all divisions modelled over the 

time period considered.  (Differences in the age-distribution of the landed catch between different areas and 

quarters therefore result from the age-distribution of the exploitable population, rather than fishing selectivity.)  

Some initial analyses suggest that commercial selectivity may differ by division and selectivity of 0-group may 

differ between quarters 3 and 4 (A. Uriarte pers. comm.).  However, these analyses were too preliminary to be 

used as a basis for assuming different selectivity curves for different divisions, or quarters. 

13.) Selectivity in the acoustic survey is also assumed to be the same across all quarters and divisions, but is 

assumed to have changed over time.  This may be due to, for example, changes in gear or survey design.  

Selectivity is assumed to change between 1993 and 1994.  (Differences in the age-distribution of the acoustic 

survey between different years may therefore result from the age-distribution of the exploitable population 

changing, in addition to changes in the selectivity.) 

14.) The acoustic estimates of biomass are assumed to be relative (ICES 2004a). 

15.) The distribution of the numbers at age by division at 1 January 1978 is based on the assumed proportion of 

adults in each model division during their spawning season.   

16.) Observed annual and quarterly catch-at-age is assumed to differ from the model predicted annual and 

quarterly catch-at-age due to measurement error, and thus a multinomial likelihood function is used.  A 

multinomial likelihood function is similarly assumed for the proportions of DEPM estimates of SSB by division 

and for the proportions-at-age by division in the acoustic surveys. 

17.) A lognormal likelihood function is used to fit the model predicted Spanish SSB at the beginning of the 

second quarter, the Portuguese SSB at the beginning of the first quarter and to the observed biomass by area 

from the acoustic surveys. 

  

 

Population Dynamics 

Numbers at age 

The numbers of sardine in spawning stock s  (the number of stocks will depend on the chosen hypotheses) at 

age a , in division d , at the beginning of quarter q  of year y , ( )daqyN s ,,, , are calculated by the following 

state equations: 
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Here 

( )jis ddaqyo ,,,,  - denotes the movement matrices, the proportion of sardine in stock s  from division id , aged 

  a  moving from division id  into division jd  at the beginning of quarter q  of year y . 

( )aM  - denotes the rate of natural mortality at age a  for all stocks. 

( )daqyC s ,,,  - denotes the predicted catch-at-age a  taken from stock s  in division d  and quarter q  of  

 year y .   

 

SSB and recruitment 

Letting ( )dySSBs ,  denote the SSB of stock s  in division d  in year y , we have 

( )
( ) ( ) ( )

( ) ( ) ( )











=

=

=

∑

∑

=

=

3,,1,,2,,,,,

,,4,,1,,,,,

,
)(

1

)(

1

K

K

ddayNdayPdayw

DddayNdayPdayw

dySSB
yA

a

s

yA

a

s

s  

where 

( )dayw ,,  - denotes the average stock weight at age a  of an individual in division d  in year y . 

( )dayP ,,  - denotes the proportion mature at age a  in division d  in year y . 

 

Since the observed DEPM estimates of abundance are assumed to be absolute estimates of SSB, the model-

predicted SSB estimates are: 
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,ˆ , and ( ) ( )∑∑
=

=
s d

sPor dySSByI

6

4

,ˆ . (A.2) 

 

There is no obvious stock-recruitment relationship in historically observed SSB and recruitment data for the 

Iberian sardine (ICES 2004b).  Hence, as a base case option, recruitment to stock s  in year y  is based on a 

geometric mean.  

( ){ }yRyR Rss εexpmax)( =  (A.3) 

where 

sR max  - denotes the geometric mean of annual recruitment to stock s . 

( )yRε  - denotes the lognormal process error (or recruitment residual) in recruitment. 

 

0-group 

Recruitment is modelled to occur at the beginning of the third quarter: 

( ) ( ) ( )dyoyRdyN
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where 

( )dyo
cruit

s ,Re  - denotes the percentage split of recruits by division at the beginning of the third quarter. 

 

Selectivity 

A single selectivity curve for commercial catch is assumed for all divisions, defined by an increasing logistic 

function:  

( )
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=
exp1

1
,  ( )yAa ,,0 K=   (A.5) 

where  

sc   - denotes the slope of the commercial selectivity curve at 50% selected. 
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ia   - denotes the age at which 50% selectivity occurs. 

 

Selectivity in the acoustic surveys is thought to have changed over the years, with change occurring between 

1993/1994 (ICES 2004a).  Although this is expected to be less selective, there is probably still a greater 

selectivity on older than younger ages, hence an increasing logistic function is also used: 
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where  
acoustic
tsc  - denotes the slope of the selectivity curve for the acoustic survey during period t   

  ( 19931978 −=t  and 20031994 − ) at 50% selected. 
acoustic
tia ,   - denotes the age at which 50% selectivity occurs in the acoustic survey during  period t    

  ( 19931978 −=t  and 20031994 − ). 

 

Total Biomass 

The model predicted biomass to be used to fit the model to the relative acoustic estimates of biomass are 

calculated as follows: 
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 (A.7) 

where 

Aciq ,  - denotes the multiplicative bias factor (constant of proportionality) for the Spanish ( Spi = )  

 and Portuguese ( Pori = ) acoustic survey estimate of biomass. 

 

Catch 

The harvest rate in division d  in quarter q  of year y  is the fraction of catch biomass to exploitable stock 

biomass, i.e., 
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Here 

( )dqyB ,,  - denotes the observed catch biomass in division d  in quarter q  of year y . 

( )daqywcatch ,,,  - denotes the catch weight-at-age a  in division d  in quarter q  of year y . 

In years and divisions for which catch weight-at-age is not available by quarter, ( )daqywcatch ,,,  in the above 

equation is replaced by ( )aywcatch , .  The catch from stock s  of sardine aged a  from division d  in quarter q  

of year y  is then calculated in proportion to the availability of sardine from that stock as follows: 

( ) ( ) ( ) ( )dqyHdaqyNaSdaqyC ss ,,,,,,,, =
 

4,,1 K=q , ( )yAa ,,0 K= , Dd ,,1 K=  (A.9) 

 

Initial Conditions 

The population is run from an exploitable equilibrium in 1978.  Most of the data on the population are available 

from 1978, while some data are available in a more disaggregated form from 1991.  Beginning the model at a 

later year, such as 1991, would result in valuable information from the 1980s being lost.  Although annual 

landings (in tonnes) are recorded from 1940, little data on the population are available prior to 1978, and 

therefore modelling the population prior to 1978 would require a large number of assumptions to be made.  

 

Unexploited equilibrium 

The unexploited equilibrium population is calculated at the beginning of the third quarter, when recruitment to 

the population is modelled to occur.  The numbers at age at unexploited equilibrium are derived from 

equilibrium recruitment (assumed to be the geometric mean for the base case) in the following manner: 
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 (A.10) 

 

Exploited equilibrium 

The population numbers at age in all quarters at exploited equilibrium are calculated from the numbers at age at 

unexploited equilibrium, taking equilibrium catch into account.  These equations are repeatedly calculated, 

beginning with numbers at age at unexploited equilibrium, (thus initially ( ) ( )aNaN ss =,3 , 6,,1 K=a  from 

unexploited equilibrium) until the total values in sequential years are less than 1% of each other. 
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Recruitment at equilibrium for stock s  is given by: 

ss RR max=  (A.12) 

The catch-at-age by quarter is calculated by ( ) ( ) ( ) ( )qHaqNaSaqC sss ,, =  for 4,,1 K=q  and 6,,0 K=a .  The 

equilibrium harvest rate for stock s  is calculated by 
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where 

sB  - denotes the equilibrium yield for stock s . 

( )qPers  - denotes the estimated quarterly percentage of equilibrium yield for stock s . 

( )aw scatch,  - denotes the equilibrium catch weight at age a  for stock s . 

 

The numbers at age and by division in the first quarter of the initial year are then given by 

( ) ( ) ( ) ( ){ }aaNdSplitEqdaN ss εexp,1,,1,1978 ××=  ( )yAa ,,1 K= , Dd ,,1 K=    (A.14) 

where 

( )dSplitEq  - denotes the estimated percentage of sardine in division d  at the beginning of  the year at  

 exploited equilibrium. 

( )aε  - denotes the lognormal process error (or residual) of equilibrium numbers at age a . 

 

Fitting the Model to Catch and Abundance Data 

Catch-at-age data 

Annual catch-at-age data are available by division from 1978 to 1990, and by quarter from 1991 to 2003, except 

in IXa(south-cadiz) where quarterly catch-at-age data are only available from 1998 to 2003.  Since quarterly 
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catch-at-age data are only available for all divisions from 1998 to 2003, the model is fit to the annual catch-at-

age data from 1978 to 1997, although the quarterly data are used in the calculation of the harvest rate (equation 

(A.8)). 

 

The model is fit to observed annual, ( )ayC
obs

, , and quarterly, ( )aqyC
obs

,, , catch-at-age data as follows: 
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Here 

iN̂  - denotes the estimated effective sample size for the total number of fish sampled each year  

 ( 1=i ) or quarter ( 2=i ). 

( )ayp ,  - denotes the proportion at age in the sample in year y . 
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( )aqyp ,,  - denotes the proportion at age in the sample in quarter q  of  year y . 
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As no catch (only proportions) was included in the above equation, we add the terms 
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to the log-likelihood function to penalize deviations between predicted and observed catches and 1λ  and 2λ  are 

set large enough in order that the predicted catch is close to the observed catch.  Here ( ) ( )∑
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Estimates of spawning abundance 

Two series of daily egg production method based SSB estimates are available (ICES 2003, 2004a).  The Spanish 

series of estimates are for Eastern Cantabria (ICES divisions VIIIc and IXa(north)) during March/April, while 

the Portuguese series covers the Portuguese coast (ICES divisions IXa(central-north), IXa(central-south) and 

IXa(south-algarve)) and the Gulf of Cadiz (ICES division IXa(south-cadiz)) and took place during January.  The 

likelihood function used to fit the model to these data is as follows: 
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 (A.17) 

where  

SSBin ,  - denotes the total number of ( )yI SSBi,  observations, PorSpi ,= . 



 

 40 

( )ySSBi,σ  - denotes the standard deviation in the log of the DEPM estimates of abundance for Eastern  

 Cantabria ( Spi = ) and for the Portuguese coast and the Gulf of Cadiz ( Pori = ) in year y . 

( )yI SSBi,  - denotes the observed DEPM estimate of abundance for Eastern Cantabria ( Spi = ) and for  

 the Portuguese coast and the Gulf of Cadiz ( Pori = ) in year y . 

 
In addition to the DEPM estimates of SSB for the total Eastern Cantabria area used above, estimates of SSB are 

available by region in some of the years.  Similarly, estimates of SSB for the Portuguese surveys are available 

by region.  The model is fit to these data as follows: 
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where  

iDEPMN _
ˆ  - denotes the estimated effective sample size for the total abundance sampled each survey, 

( PorSpi ,= ). 

( )dypropI SSBi ,, - denotes the observed proportion of abundance by division d  in year y , ( PorSpi ,= ). 

( )dypropI SSBi ,,

∧
 - denotes the predicted proportion of abundance by division d , in year y , ( PorSpi ,= ). 

The observed proportion for ICES divisions IXa(north) and VIIIc(west) is combined and therefore the predicted 

proportion for model divisions 2 and 3 is combined.  Similarly, the observed proportion for ICES divisions 

IXa(central-north) and  IXa(central-south) is combined and therefore the predicted proportion for model 

divisions 4 and 5 is combined.  Thus we have: 

( )
( )

( )∑∑

∑

=

∧
=

s d

s

s

s

SSBSp

dySSB

ySSB

ypropI
3

1

,

,

1,

1,  and ( )
( ) ( )

( )∑∑

∑

=

∧
+

=+

s d

s

s

ss

SSBSp

dySSB

ySSBySSB

ypropI
3

1

,

,

3,2,

32,  

( )
( ) ( )

( )∑∑

∑

=

∧
+

=+

s d

s

s

ss

SSBPor

dySSB

ySSBySSB

ypropI
6

4

,

,

5,4,

54,  and ( )
( )

( )∑∑

∑

=

∧
=

s d

s

s

s

SSBPor

dySSB

ySSB

ypropI
6

4

,

,

6,

6,

 

. 

 
Estimates of total abundance 

Three series of acoustic estimates of abundance are available (ICES 2003, 2004a).  The Spanish first quarter 

acoustic surveys cover Eastern Cantabria (ICES divisions VIIIc and IXa(north)) during March/April.  The 

Portuguese first quarter acoustic surveys cover the Portuguese coast and Gulf of Cadiz (ICES divisions 

IXa(central-north), IXa(central-south), IXa(south-algarve) and IXa(south-cadiz)) during March.  Lastly, the 

Portuguese fourth quarter acoustic surveys cover the Portuguese coast, and in some years, the Gulf of Cadiz 
during November.  The log-likelihood function is given by: 
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Here 

iN̂  - denotes the estimated effective sample size for the total number of fish sampled  each  

                                                
∗ In the second and third terms of this equation, the sum over ages is to a maximum of 6+ for years prior to 

1991. 
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 survey, 4_,1_,_ PorAcPorAcSpAci = . 

( )daypropN i ,,2, - denotes the proportion of numbers at age in the sample from the first quarter survey i ,  

 PorSpi ,=  in division d in year y . 

( )daypropN Por ,,4, - denotes the proportion of numbers at age in the sample from the fourth quarter Portuguese  

 survey,  in division d in year y . 
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- denotes the predicted proportion of numbers at age in division d  at the beginning of 

quarter 2 in year y  to match the Spanish survey. 
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- denotes the predicted proportion of numbers at age in division d  at the beginning of 

quarter 2 in year y  to match the Portuguese first quarter survey. 
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- denotes the predicted proportion of numbers at age in division d  at the beginning of 

quarter 4 in year y  to match the Portuguese fourth quarter survey. 

 

The model is fit to the observed biomass by area as follows: 
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 (A.20) 
Here  

Acin ,  - denotes the total number of ( )dyI Aci ,,  observations, 4,1, PorPorSpi = . 

Aci,σ  - denotes the assumed standard deviation in the log of the acoustic estimates of abundance  

 ( PorSpi ,= ). 

( )dyI Aci ,,  - denotes the observed acoustic estimate of abundance ( 4,1, PorPorSpi = ) in division d  of  

 year y . 
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Appendix B: Model Parameters and Observed Data 

Fixed Parameter Values 

Movement matrices 

The movement matrices, ( )jis ddaqyo ,,,, , were assigned fixed values as there are insufficient data to estimate 

the age- and division-dependent movement (Table B1.9.B1).  These values were based on expert advice from 

members of the SARDYN project, using knowledge gained from tagging studies, surveys and commercial 

catches (with the reservation that the reported catches show the distribution of the fishery and not necessarily the 

sardine population).  The movement of adults was assumed to be age-independent from age 2 upwards.  The 

movement of 1-year-olds and the recruits (0-group) were modelled separately and since the 0-group were 

assumed to recruit to the population at the beginning of the third quarter, only one migration matrix at the 

beginning of the fourth quarter is required.  In addition, the migration pattern of sardine from good recruitment 
year classes is assumed to differ from that of normal or weaker year classes (Table B.7.3.B1b).   

 

0-group 

Initial tagging evidence seems to support the idea that little directional movement of recruits occurs at the 

beginning of the fourth quarter.  However, some diffusion of recruits in northern Portugal and western Galicia 

may occur (e.g., as observed during 2004).  Thus 5% of recruits in model division 3 were assumed to move to 

model division 4 and vice versa and 5% of recruits in model division 4 were assumed to move to model division 

5 and vice versa (see Table B1.9.1 for ICES divisions corresponding to model divisions). 

 

There is currently no information on which to base a change in the migration pattern of these recruits during a 

year of good recruitment. 
 

1-year-olds 

The 1-year-olds are assumed to generally remain in the area to which they recruited.  At the beginning of the 

first quarter, some further diffusion of recruits between model divisions is assumed by modelling 5% of 1-year-

olds to move into their neighbouring divisions.  No migration is modelled to occur at the beginning of the 

second and fourth quarters. 
 

As there may be some northerly movement of the juveniles, it was assumed that at the beginning of the third 

quarter, 10% of sardine in each model division move into the neighbouring model division to the north or east.  

The exception was that only 80% of the 1-year-olds in model division 3 were assumed to remain in that 

division, while 10% were assumed to move into model division 2 and 10% into model division 1, corresponding 

to the migration of the adults from model division 3 (see below). 
 

There is currently no information on which to base a change in the migration patterns of 1-year-olds between 

good recruitment year classes and normal or weak year classes. 

 

Adults 

The spawning season in Portuguese waters begins around October/November each year.  The sardine in model 
divisions 4 to 6 were therefore assumed to move into their spawning areas at the beginning of the fourth quarter.  

The sardine spawning within Portuguese waters were assumed to be distributed, on average, with about 40% of 

the spawning biomass in model division 4, 20% in model division 5 and 40% in model division 6.  In addition, 

the percentage split of SSB between model divisions has been observed in limited years (Table B1.9.B7).  This 

information was used in initial model testing to help establish reliable movement rates between model divisions 

4 and 5 and between 5 and 6 at the beginning of the fourth quarter.  These initial tests pointed towards the 

majority of adults in division 4 at the beginning of quarter 4 remaining there for spawning, with 30% of the 

adults in division 5 moving to division 4.  In addition, the majority of adults in division 6 at the beginning of 

quarter 4 were assumed to remain there for spawning.  

 

These sardine were assumed to stay in their spawning areas during the first half of the year and thus and no 
directional movement at the beginning of the first and second quarters was modelled. 

 

Spawning in the Spanish waters of model divisions 1 to 3 was assumed to occur at the beginning of April.  

These adults were assumed to move into their spawning areas from the beginning of the year, and no movement 

at the beginning of the second quarter was modelled.  As for the distribution of SSB in Portuguese waters, the 

migration rates between model divisions 1 and 2 and between 2 and 3 at the beginning of the first quarter were 

fixed after initial model testing using information that, on average, about 10% of the adults distributed 

throughout model divisions 1 to 3 were found in model division 3 and the remaining adults were split equally 

between model divisions 1 and 2, together with the observed percentage split of SSB between model divisions 
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in limited years (Table B1.9.B6).  These initial tests pointed towards the majority of adults in division 1 at the 

beginning of quarter 1, staying in division 1 for spawning and the majority of adults in division 2 moving into 

division 1.  In addition, about 70% of the adults in model division 3 at the beginning of the first quarter were 

assumed to move into division 2 for spawning. 
 

Both spawning and recruitment occur in model division 6 and the feeding conditions in these areas are good.  

These combined areas are generally thought to remain stable, and thus only a 5% northerly migration into model 

division 5 was assumed once a year, at the beginning of the third quarter.  

 

There is some indication that there is a small southerly migration of adults from IXa(north) down to IXa(south-

algarve) and IXa(south-cadiz).  This was incorporated in the model by allowing 5% of the adults in model 

divisions 2 to 5 to move into the south-neighbouring model division at the beginning of the third quarter.  In 

addition, 15% of adult sardine were assumed to move from model division 4 northwards into model division 3 

at the beginning of the third quarter.  This directional movement was greater for good recruitment year classes 

(see below), but was not assumed to disappear altogether for normal or weak recruitment year classes.  (In fact, 
initial model testing revealed worse fits to the data if a smaller percentage of northerly migration was assumed.)  

 

Adults in ICES division VIIIc have been observed to move to IXa(north) for feeding.  Therefore at the 

beginning of the third quarter, 65% of adults in model division 2 were assumed to move into model division 3 

and 40% of adults in model division 1 were assumed to move into model division 2 and 20% into model 

division 3.   

 

The larger of these adults in IXa(north) were assumed to migrate back to VIIIc before the smaller adults move at 

the beginning of the first quarter.  To allow for this, some of the adults (10%) were assumed to move from 

model division 2 into model division 1 at the beginning of the fourth quarter.  In addition, 10% of the adults in 

model division 3 were assumed to move into model division 1 and 10% into model division 2 at the beginning 

of the fourth quarter.  No other movement was assumed to occur at the beginning of the fourth quarter. 
 

The distribution of the adult sardine at peak spawning was assumed to remain unchanged for good recruitment 

year classes compared to normal and weak recruitment year classes. 

 

The small southerly migration of 5% of adults between neighbouring model divisions at the beginning of the 
third quarter from model division 3 down to model division 6 was assumed to remain unchanged for good 

recruitment year classes.  However, the good recruitment year classes have demonstrated a greater northerly 

migration.  Therefore, in addition to this southerly movement, 10% of the adults in model division 6 were 

assumed to move into model division 5, 10% of the adults in model division 5 move north to model division 4 

and 25% of the adults in model division 4 move north to model division 3.  Note that although this northerly 

migration may only appear to be modelled as far north as ICES division IXa(north), adults in model division 3 
move into model divisions 1 and 2 at the beginning of the fourth and first quarters, thereby completing the 

assumed north-eastwards movement of adults from good recruitment year classes. 

 

Distribution of recruits 

The percentage split of recruits by division at the beginning of the third quarter, ( )dyo
cruit

s ,
Re , was also based 

on expert opinion (Table B1.9.B2).  The majority (57%) of recruits were assumed to be distributed in model 

division 4, with a large portion (17%) in model division 6 and 13% in model division 3.  The remaining 13% 

were spread throughout the remaining three model divisions. 

  

In years of good recruitment, the recruitment in model division 4 is more prominent (65%), while that in model 

division 6, especially ICES division IXa(south-cadiz), is less important and therefore only 9% of the recruits 
were assumed to be distributed in model division 6.  

 

Natural mortality  

Natural mortality at age is assumed to be constant for all ages (ICES 2004a), ( ) 33.0=aM , ( )yAa ,...,0= . 

 

Maturity ogives 

Maturity ogives, ( )dayP ,, , Dd ,...,1=
 
are given in Table B1.9.B3.  From 1991 to 2003 these values are 

available separately for Portuguese and Spanish waters.  These area-disaggregated data were used in robustness 

test Rdata.  Maturity ogives at equilibrium, ( )aP , used in the robustness test RRicker were based on an average 

from 1978 to 1985. 
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Stock weights at age 

Stock weights at age, ( )dayw ,, , Dd ,...,1=  are given in Table B1.9.B4.  From 1991 to 2003 these values are 

available separately for Portuguese and Spanish waters (excluding 1994 and 1995 for Spanish waters for which 

the weights at age for the entire area were used) and were used in robustness test Rdata.  These values were 

assumed to reflect the average mass at spawning and the average mass during the November acoustic survey of 

the previous year.  Stock weights at age at equilibrium, ( )aw , used in the robustness test RRicker, were based on 

an average from 1978 to 1985. 

 
Observed catch biomass 

The observed catch biomass in division d  in quarter q  of year y , ( )dqyB ,, , used in calculating the harvest 

rate was calculated by multiplying the observed catch-at-age data and the observed catch weight-at-age data.  

From 1978 to 1990 and from 1991 to 1996 in model division 6, only annual catch-at-age and catch weight-at-

age data are available.  The observed annual catch-at-age were therefore split into quarters based on the 

quarterly split observed between 1991 and 2003 for model divisions 1 to 5 and 1997 to 2003 for model division 
6.  In addition, annual catch-at-age is only available jointly for model divisions 1 and 2 between 1978 and 1990.  

This observed annual catch-at-age was therefore split equally between the two model divisions.  This was based 

on the percentage split observed between 1991 and 2003, which although differing between years, did not 

deviate greatly from 0.5.  Thus we have 

( )
( ) ( ) ( ) ( ) ( )

( ) ( ) ( ) ( ) ( )
( ) ( ) ( ) ( )

 

1998 and 6 and 19971991 if,,,,,,

6 and 19971991 and 2,1 and 1990  if,,,,,

2,1 and 1990 if,,,21,,5.0

,,








≥≠≤≤×

=≤≤≠≤××

=≤××+×

=

ydydaqywdaqyC

dydydaqsplitQaywdayC

dydaqsplitQaywayC

dqyB

catch
obs

catch
obs

catch
obs

where 

( )daqsplitQ ,,  - denotes the approximate split of annual catch biomass for age a  in division d   

 between quarters (Table B1.9.B5). 

 

Equilibrium yield and distribution 

The average total catch for ICES divisions VIIIc and IXa (excluding the Gulf of Cadiz) between 1968 and 1977 

was 142 thousand tonnes.  This was assumed to be the equilibrium catch, sB .  In the absence of any available 

quarterly data in the 1970s, the equilibrium yield was split equally between quarters (i.e. ( ) 25.0=qPers , 

4,,1 K=q ).  The catch weight-at-age was unchanged between 1978 and 1988 (SARDYN database; SARDYN 

2005) and therefore the same catch weight-at-age was assumed for equilibrium, ( )aw scatch, .  

 

At the beginning of the initial year, the adult sardine are in their spawning areas and thus the assumed 

distribution of the SSB between the model divisions was used (cf pg 42-43).  In addition it was assumed that the 

sardine were distributed with a 15:85 split between ICES divisions VIIIc(east) to IXa(north) and ICES divisions 

IXa(central-north) to IXa(south-cadiz).  This split was arrived at through initial testing of the model with 

alternative values.  Thus we have: ( ) 09.045.015.01 =×=SplitEq , ( ) 09.045.015.02 =×=SplitEq , 

( ) 02.01.015.03 =×=SplitEq , ( ) 32.04.085.04 =×=SplitEq , ( ) 16.02.085.05 =×=SplitEq  and 

( ) 32.04.085.06 =×=SplitEq . 

 

The lognormal equilibrium numbers at age process error parameters were fixed ( ) 0=aε .  Initial testing of the 

model indicated that there were insufficient data to estimate these parameters together with the remaining model 

parameters. 

 

Weightings 

The number of observations used in the lognormal likelihoods are as follows: 5, =SSBSpn , 2, =SSBPorn , 

45, =AcSpn , 28,1 =AcPorn  and 27,4 =AcPorn .  In the absence of any recorded CVs for the observed acoustic 

estimates of biomass, 5.0,, == AcPorAcSp σσ  such that the estimates are not given too much weighting.  The 

weighting for fitting the predicted annual and quarterly catches to the observed values is 121 == λλ .  No closer 

fit to these catch biomass data was obtained by increasing this weighting.  The effective sample size for the total 
number of fish sampled each survey for the proportions of DEPM estimated abundance by division were set to 

10ˆˆ
__ == PorDEPMSpDEPM NN  and the effective sample size for the total number of fish sampled each survey 

for the proportions of acoustic numbers-at-age were set to 10ˆˆˆ
4_1__ === PorAcPorAcSpAc NNN .  The effective 
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sample size for the total number of fish sampled each year for the proportions-at-age in the commercial catch 

were set to 50ˆˆ
21 == NN .  Lower values resulted in high correlations between model parameters, especially 

amongst the recruitment residuals and between the recruitment residuals and sR max , while higher values 

resulted in too great a weighting to the catch-at-age data in comparison to the observed DEPM estimates of SSB. 

 
Estimated Parameters and their Prior Distributions 

An uninformative prior distribution was assumed for the geometric mean of annual recruitment, with boundaries 

exceeding the range in recruitment recorded by Myers et al. (1995), i.e. ( )40000,0~max UR s  million.   

 

The lognormal recruitment process error parameters (or recruitment residuals) were assumed to be normally 

distributed, ( ) ( )2
,0~ RR Ny σε .  The standard deviation of the log of the process error in stock-recruitment, 2

Rσ , 

was fixed at a value of 0.453 obtained from a lognormal distribution fit to the stock-recruitment data on Spanish 

Sardine (Myers et al., 1995).  Years for which ( )yRε  was estimated to be > 0.2 were defined as being good 

recruitment years.  This affects the distribution of the recruits during this year and the movement of the year 

class (see migration matrices and distribution of recruits above).   

 

The parameters for the slope of the selectivity curves at 50% selected were assigned lognormal prior 

distributions, ( )2
03949378 4.0,2log~,, Nscscsc acousticacoustic

−− , where 2 is the median of the distribution, while the 

parameters for the age at 50% selected in the selectivity curves were assigned truncated normal prior 

distributions: ( )2
10,2~ truncNa i

 and ( )2
9378, 2,1~ truncNa acoustic

i − , with xaa acoustic
i

acoustic
i += −− 9378,0394, , where ( )1,0~ Ux  

to reduce correlation between the estimated parameters. 

 

The multiplicative bias factors for the acoustic survey estimates of biomass were assigned normal distributions 

around 1 (no bias), i.e. ( )2
,, 5.0,1~~ Nqq AcPorAcSp .   

 

Data Used to Fit the Model 

Annual catch-at-age data, ( )ayC
obs

, , and corresponding catch weights-at-age, ( )aywcatch , , are available in the 

SARDYN database (SARDYN 2005) for ages 0 to 6+ from 1978 to 1990 for ICES divisions VIIIc, IXa(north), 

IXa(central-north), IXa(central-south), IXa(south-algarve) and IXa(south-cadiz) and from 1991 to 1997 for 

IXa(south-cadiz).  Quarterly catch-at-age data, ( )aqyC
obs

,, , and catch weights-at-age, ( )daqywcatch ,,, , are 

available in the SARDYN database (SARDYN 2005) for ages 0 to 12+ from 1991 to 2003 for ICES divisions 

VIIIc(east), VIIIc(west), IXa(north), IXa(central-north), IXa(central-south) and IXa(south-algarve) and from 

1998 to 2002 for IXa(south-cadiz).  The observed proportions-at-age ( )ayp ,  and ( )aqyp ,,  used in equation 

(A.15) are calculated from these observed data using the same formulae as for the predicted proportions-at-age 

(cf pg 39). 

 

Tables B1.9.B6 and B1.9.B7 list the data from the DEPM surveys, while Tables B1.9.B8 to B1.9.B13 list the 

data from the acoustic surveys.   
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Table B1.9.B2. Percentage split of recruits by division at the beginning of the third quarter.  

Model division Normal / weak recruitment Good recruitment 

1 0.04 0.04 

2 0.04 0.04 

3 0.10 0.10 

4 0.57 0.65 

5 0.08 0.08 

6 0.17 0.09 

 

Table B1.9.B5.  Average percentage split of catch between quarters for each model division for ages 0, 1, 2 and 

3+. 

Division 1 2 3 4 5 6 

   Age 0    

Quarter 3 0.330 0.438 0.451 0.380 0.604 0.660 

Quarter 4 0.670 0.562 0.549 0.620 0.396 0.340 

   Age 1    

Quarter 1 0.228 0.104 0.075 0.205 0.079 0.399 

Quarter 2 0.224 0.240 0.297 0.257 0.411 0.216 

Quarter 3 0.169 0.457 0.291 0.194 0.378 0.202 

Quarter 4 0.379 0.199 0.337 0.344 0.133 0.182 

   Age 2    

Quarter 1 0.263 0.067 0.052 0.201 0.102 0.167 

Quarter 2 0.200 0.313 0.222 0.180 0.427 0.325 

Quarter 3 0.164 0.403 0.440 0.372 0.343 0.323 

Quarter 4 0.373 0.216 0.285 0.248 0.127 0.186 

   Age 3+    

Quarter 1 0.416 0.126 0.076 0.310 0.130 0.197 
Quarter 2 0.176 0.352 0.215 0.249 0.390 0.335 

Quarter 3 0.144 0.308 0.426 0.250 0.297 0.276 

Quarter 4 0.264 0.214 0.282 0.191 0.182 0.191 

 

Table B1.9.B6.  Daily Egg Production Method Estimates of Spawning Biomass (in thousand tonnes, ( )yI SSBSp, ), 

with CVs ( ( )ySSBSp,σ ) in brackets, from Spanish First Quarter Surveys (ICES 2003, 2004a).  The proportion of 

estimated SSB by region, ( )dypropI SSBSp ,, , is also given.  

 Proportion of SSB SSB 

 Model Divisions 2&3 Model Division 1  

Year Galicia  

(IXa(north) + VIIIc(west)) 

West Cantabria 

(VIIIc(east-west)) 

East Cantabria 

(VIIIc(east-east)) 

Total 

Region 

1988 0.745 0.186 0.069 180.2 (50) 

1990 0.312 0.593 0.095 77.7 (45) 

1997    20.7 (84) 

1999    13.4 (77) 

2002 0 0.815 0.185 50.7 (33) 

 

Table B1.9.B7. Daily Egg Production Method Estimates of Spawning Biomass (in thousand tonnes, ( )yI SSBPor , ), 

with CVs ( ( )ySSBPor ,σ ) in brackets, from Portuguese First Quarter Surveys (ICES 2003, 2004a).  The 

proportion of estimated SSB by region, ( )dypropI SSBPor ,, , is also given.  

 Proportion of SSB SSB 

 Model Divisions 4&5 Model Division 6  

Year 

West (IXa(central-north) + 

IXa(central-south)) 

South (IXa(south-algarve)+IXa(south-

cadiz)) Total 

1999 0.220 0.780 255.6 (38) 
2002 0.695 0.305 391.9 (31) 
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Table B1.9.B8. Proportion of Numbers-at-age, ( )daypropN Sp ,,2, , from Spanish first quarter acoustic 

surveys (SARDYN database; SARDYN, 2005). When proportions for two plus-groups are given in the same 

year, the 6+ proportion is used in R6+. 
Y

ea
r 

Age Proportion of Abundance 

Y
ea

r 

Age Proportion of Abundance 

VIIIc(east)1 VIIIc(west) IXa(north) VIIIc(east) VIIIc(west) IXa(north) 

1
9
8

6
 

1 0.029 0.008 0.049 

1
9

9
9

 

1 0.239 0.485 0.424 
2 0.005 0.009 0.057 2 0.219 0.210 0.248 

3 0.414 0.480 0.753 3 0.200 0.171 0.102 

4 0.097 0.094 0.036 4 0.186 0.094 0.179 

5 0.188 0.173 0.048 5 0.046 0.030 0.003 

6+ 0.266 0.236 0.057 6 0.055 0.005 0.000 

1
9

8
7
 

1 0.010 0.144 0.413 7 0.047 0.004 0.044 

2 0.032 0.045 0.177 8 0.000 0.000 0.000 

3 0.003 0.004 0.030 9 0.002 0.000 0.000 
4 0.484 0.476 0.257 10 0.006 0.000 0.000 

5 0.154 0.102 0.048 11 0.000 0.000 0.000 

6+ 0.316 0.230 0.074 12+ 0.000 0.000 0.000 

1
9

8
8

 

1 0.065 0.099 0.317 6+ 0.110 0.009 0.044 

2 0.020 0.029 0.074 

2
0
0

0
 

1 0.078 0.000 0.507 

3 0.004 0.043 0.116 2 0.284 0.048 0.376 

4 0.008 0.040 0.056 3 0.301 0.432 0.091 

5 0.421 0.393 0.259 4 0.164 0.252 0.019 
6+ 0.481 0.396 0.179 5 0.136 0.180 0.002 

1
9
9

0
 

1 0.048 0.001 0.336 6 0.024 0.062 0.003 

2 0.047 0.027 0.146 7 0.006 0.023 0.002 

3 0.230 0.224 0.362 8 0.007 0.003 0.000 

4 0.047 0.048 0.047 9 0.001 0.000 0.000 

5 0.078 0.089 0.036 10 0.000 0.000 0.000 

6+ 0.549 0.611 0.073 11 0.000 0.000 0.000 

1
9

9
1

 

1 0.007 0.021 0.105 12+ 0.000 0.000 0.000 
2 0.104 0.169 0.472 6+ 0.038 0.089 0.005 

3 0.112 0.135 0.121 

2
0
0

1
 

1 0.024 0.707 0.970 

4 0.289 0.327 0.186 2 0.222 0.225 0.030 

5 0.046 0.046 0.024 3 0.284 0.026 0.000 

6 0.059 0.043 0.014 4 0.214 0.024 0.000 

7+ 0.384 0.259 0.078 5 0.152 0.012 0.000 

6+ 0.442 0.302 0.092 6 0.052 0.003 0.000 

1
9

9
2

 

1 0.090 0.032 0.675 7 0.026 0.001 0.000 
2 0.153 0.078 0.118 8 0.017 0.000 0.000 

3 0.203 0.116 0.079 9 0.008 0.000 0.000 

4 0.066 0.068 0.022 10 0.002 0.000 0.000 

5 0.235 0.331 0.063 11 0.000 0.000 0.000 

6 0.051 0.071 0.014 12+ 0.000 0.000 0.000 

7 0.047 0.046 0.010 6+ 0.104 0.005 0.000 

8+ 0.156 0.258 0.019      

6+ 0.253 0.375 0.043      

 

                                                
1 Data for ICES divisions VIIIc(east-east) and VIIIc(east-west) are available separately in the SARDYN 

database (SARDYN, 2005), but are combined here to correspond with the chosen model divisions. 
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Table B1.9.B8 (cont.). 
Y

ea
r 

Age Proportion of Abundance 

Y
ea

r 

Age Proportion of Abundance 

VIIIc(east) VIIIc(west) IXa(north) VIIIc(east) VIIIc(west) IXa(north) 

1
9

9
3

 

1 0.005 0.087 0.572 

2
0
0

2
 

1 0.089 0.056 0.155 

2 0.141 0.518 0.311 2 0.158 0.273 0.697 

3 0.057 0.136 0.055 3 0.195 0.206 0.094 

4 0.064 0.067 0.027 4 0.310 0.308 0.055 

5 0.081 0.048 0.012 5 0.162 0.120 0.000 

6 0.239 0.087 0.017 6 0.068 0.020 0.000 

7 0.027 0.008 0.002 7 0.013 0.013 0.000 
8 0.061 0.009 0.001 8 0.004 0.003 0.000 

9+ 0.325 0.042 0.003 9 0.000 0.001 0.000 

6+ 0.652 0.145 0.023 10 0.000 0.000 0.000 

1
9
9

6
 

1 0.010 0.004 0.025 11 0.000 0.000 0.000 

2 0.046 0.054 0.140 12+ 0.000 0.000 0.000 

3 0.115 0.106 0.138 6+ 0.085 0.037 0.000 

4 0.467 0.481 0.479 

2
0
0

3
 

1 0.017 0.012 0.018 

5 0.322 0.317 0.198 2 0.334 0.187 0.210 
6 0.024 0.021 0.008 3 0.285 0.595 0.646 

7 0.010 0.013 0.010 4 0.193 0.148 0.104 

8 0.005 0.004 0.001 5 0.103 0.032 0.017 

9 0.000 0.000 0.000 6 0.041 0.023 0.005 

10 0.000 0.000 0.000 7 0.019 0.004 0.000 

11 0.000 0.000 0.000 8 0.003 0.000 0.000 

12+ 0.000 0.000 0.000 9 0.003 0.000 0.000 

6+ 0.039 0.038 0.019 10 0.001 0.000 0.000 

1
9
9
7

 

1 0.037 0.017 0.316 11 0.000 0.000 0.000 

2 0.472 0.067 0.114 12+ 0.000 0.000 0.000 

3 0.184 0.200 0.158 6+ 0.067 0.027 0.005 

4 0.164 0.350 0.149      

5 0.080 0.167 0.123      

6 0.042 0.117 0.079      

7 0.011 0.067 0.026      

8 0.009 0.017 0.009      
9 0.001 0.000 0.026      

10 0.000 0.000 0.000      

11 0.000 0.000 0.000   

12+ 0.000 0.000 0.000   

6+ 0.063 0.200 0.140   

1
9

9
8

 

1 0.591 0.674 0.801   

2 0.145 0.150 0.108   

3 0.140 0.100 0.030   

4 0.057 0.039 0.016   

5 0.031 0.010 0.018   

6 0.022 0.020 0.016   

7 0.009 0.005 0.011      

8 0.002 0.001 0.000      

9 0.002 0.001 0.000      

10 0.000 0.000 0.000      

11 0.000 0.000 0.000      
12+ 0.000 0.000 0.000      

6+ 0.036 0.027 0.027      
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 Table B1.9.B9. Proportion of Numbers-at-age, ( )daypropN Por ,,2, , from Portuguese first quarter acoustic 

surveys (SARDYN database; SARDYN, 2005).  When proportions for two plus-groups are given in the same 

year, the 6+ proportion is used in R6+. 

Y
ea

r 
Age Proportion of Abundance 

Y
ea

r 

Age Proportion of Abundance 

IXa(central-

north) 

IXa(central-

south) IXa(south)2 

IXa(central-

north) 

IXa(central-

south) IXa(south) 

1
9
8

6
 

1 0.327 0.058  

1
9
9

9
 

1 0.522 0.343 0.489 

2 0.440 0.508  2 0.190 0.096 0.256 

3 0.145 0.289  3 0.183 0.111 0.087 

4 0.057 0.034  4 0.026 0.195 0.089 

5 0.026 0.111  5 0.034 0.192 0.045 

6+ 0.006 0.000  6 0.036 0.055 0.026 

1
9
8

8
 

1 0.723 0.075  6+ 0.045 0.062 0.034 

2 0.076 0.392  7+ 0.009 0.007 0.008 

3 0.053 0.199  

2
0
0

0
 

1 0.760 0.594 0.396 

4 0.070 0.179  2 0.082 0.188 0.248 

5 0.054 0.071  3 0.085 0.105 0.114 

6+ 0.024 0.084  4 0.043 0.076 0.072 

1
9

9
6

 

1 0.579 0.238 0.067 5 0.015 0.027 0.074 

2 0.385 0.083 0.257 6 0.010 0.007 0.049 

3 0.028 0.147 0.350 6+ 0.015 0.010 0.097 

4 0.009 0.436 0.302 7+ 0.005 0.003 0.048 

5 0.000 0.094 0.023 

2
0
0

1
 

1 0.938 0.963 0.749 

6 0.000 0.002 0.001 2 0.034 0.018 0.060 

6+ 0.000 0.002 0.001 3 0.014 0.007 0.065 

7+ 0.000 0.000 0.000 4 0.010 0.005 0.040 

1
9

9
7

 

1 0.657 0.326 0.366 5 0.003 0.004 0.048 

2 0.058 0.303 0.336 6 0.000 0.002 0.027 

3 0.171 0.072 0.086 6+ 0.000 0.003 0.037 

4 0.085 0.128 0.069 7+ 0.000 0.000 0.011 

5 0.029 0.146 0.124 

2
0
0

2
 

1 0.500 0.812 0.640 

6 0.000 0.026 0.019 2 0.487 0.076 0.228 

6+ 0.000 0.026 0.019 3 0.004 0.014 0.069 

7+ 0.000 0.000 0.000 4 0.005 0.034 0.035 

1
9

9
8

 

1 0.125 0.222 0.097 5 0.002 0.025 0.015 

2 0.518 0.246 0.221 6 0.002 0.020 0.010 

3 0.134 0.171 0.287 6+ 0.003 0.038 0.013 

4 0.086 0.132 0.172 7+ 0.001 0.018 0.003 

5 0.066 0.109 0.149 

2
0
0

3
 

1 0.397 0.632 0.169 

6 0.065 0.110 0.058 2 0.230 0.208 0.515 

6+ 0.071 0.120 0.075 3 0.277 0.116 0.182 

7+ 0.007 0.011 0.017 4 0.049 0.024 0.061 

     5 0.037 0.011 0.039 

     6 0.010 0.007 0.027 

     6+ 0.010 0.009 0.034 

     7+ 0.000 0.002 0.007 

                                                
2 Acoustic abundance indices are available separately for IXa(south-algarve) and IXa(south-cadiz) from 

1996 to 2003 in the SARDYN database (SARDYN 2005), but were combined here to correspond to model 

division 6.  In addition, although abundance indices are available for IXa(south-algarve) in 1986 and 1988, 

since IXa(south-cadiz) was not surveyed in these years, these data were not used. 
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Table B1.9.B10. Proportion of Numbers-at-Age, ( )daypropN Por ,,4, , from Portuguese fourth quarter 

acoustic surveys (SARDYN database; SARDYN, 2005). When proportions for two plus-groups are given in 

the same year, the 6+ proportion is used in R6+. 

Y
ea

r Age Proportion of Abundance 

Y
ea

r Age Proportion of Abundance 

IXa(central-

north) 

IXa(central-

south) IXa(south) 3 

IXa(central-

north) 

IXa(central-

south) IXa(south) 
1
9
8

4
 

0 0.007 0.717  

1
9
9

7
 

0 0.315 0.447  

1 0.779 0.164  1 0.491 0.144  

2 0.110 0.060  2 0.152 0.058  

3 0.066 0.055  3 0.021 0.088  
4 0.038 0.005  4 0.006 0.095  

5 0.000 0.000  5 0.013 0.112  

6+ 0.000 0.000  6 0.002 0.047  

    6+ 0.004 0.057  
    7+ 0.001 0.010  

1
9

8
5

 

0 0.202 0.117  

1
9

9
8

 

0 0.777 0.530 0.617 

1 0.034 0.358  1 0.162 0.076 0.127 

2 0.588 0.301  2 0.043 0.183 0.050 
3 0.078 0.130  3 0.012 0.126 0.078 

4 0.057 0.092  4 0.002 0.038 0.053 

5 0.027 0.002  5 0.003 0.034 0.055 

6+ 0.013 0.001  6 0.001 0.011 0.015 
    6+ 0.001 0.013 0.020 

    7+ 0.000 0.002 0.005 

1
9

8
6
  

0 0.358 0.510  

1
9
9

9
 

0 0.705 0.791 0.057 

1 0.290 0.124  1 0.190 0.022 0.222 
2 0.228 0.242  2 0.091 0.048 0.168 

3 0.089 0.074  3 0.014 0.054 0.164 

4 0.026 0.027  4 0.001 0.052 0.198 

5 0.005 0.018  5 0.000 0.023 0.131 
6+ 0.003 0.006  6 0.000 0.011 0.046 

    6+ 0.000 0.011 0.060 

    7+ 0.000 0.000 0.015 

1
9
8

7
 

0 0.444 0.379  

2
0
0

0
 

0 0.944 0.927 0.735 
1 0.155 0.386  1 0.050 0.030 0.045 

2 0.175 0.111  2 0.004 0.028 0.100 

3 0.071 0.081  3 0.001 0.008 0.030 

4 0.123 0.022  4 0.001 0.005 0.042 
5 0.027 0.013  5 0.001 0.002 0.028 

6+ 0.004 0.008  6 0.000 0.001 0.013 

    6+ 0.000 0.002 0.021 

    7+ 0.000 0.000 0.008 

1
9
9

2
 

0 0.567 0.275 0.405 

2
0
0

1
 

0 0.362 0.770 0.692 

1 0.305 0.496 0.415 1 0.579 0.094 0.181 

2 0.039 0.121 0.100 2 0.043 0.045 0.051 

3 0.049 0.079 0.063 3 0.011 0.062 0.036 
4 0.029 0.025 0.016 4 0.002 0.011 0.025 

5 0.009 0.004 0.002 5 0.002 0.012 0.011 

6 0.001 0.000 0.000 6 0.000 0.004 0.003 

6+ 0.002 0.000 0.000 6+ 0.000 0.005 0.004 
7+ 0.001 0.000 0.000 7+ 0.000 0.001 0.001 

 

                                                
3 Acoustic abundance indices are available for IXa(south-algarve) from 1984 to 1987, in 1997 and in 2002 in 

the SARDYN database (SARDYN, 2005), but were not used here since IXa(south-cadiz) was not surveyed 

in these years. 
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Table B1.9.B11. Observed Biomass ( ( )dyI AcSp ,, , in tonnes) from Spanish first quarter acoustic surveys 

(SARDYN database; SARDYN, 2005). 

Year VIIIc(east) VIIIc(west) IXa(north) 

1986 106070.8 49553.0 5540.5 

1987 121730.6 225094.6 16596.2 

1988 71868.7 92521.1 9873.0 

1990 43175.3 45456.1 7868.5 

1991 104985.6 3889.3 9017.6 

1992 25507.5 9393.5 10410.2 
1993 156029.4 9098.2 17952.9 

1996 38478.0 1117.5 13577.8 

1997 36222.0 4805.9 7344.5 

1998 25194.2 655.0 9455.6 

1999 33498.7 5435.2 3842.1 
2000 62974.5 31427.0 1943.7 

2001 54675.5 18205.8 18527.0 

2002 137251.3 7836.7 29269.9 

2003 132353.6 32115.9 20424.8 

 

Table B1.9.B12. Observed Biomass ( ( )dyI AcPor ,,1 , in tonnes) from Portuguese first quarter acoustic 

surveys (SARDYN database; SARDYN, 2005). 

Year IXa(central-north) IXa(central-south) IXa(south-algarve) & IXa(south-cadiz) 

1986 113027 124986  

1988 290391 138153  

1996 27518 117894 259859 

1997 153297 151837 202897 
1998 190667 130736 162120 

1999 157557 34562 230104 

2000 97704 90328 181730 

2001 343981 40121 111901 

2002 232869 96185 286507 

2003 153480 145376 133267 

 

Table B1.9.B13. Observed Biomass ( ( )dyI AcPor ,,4 , in tonnes) from Portuguese fourth quarter acoustic 

surveys (SARDYN database; SARDYN, 2005). 

Year IXa(central-north) IXa(central-south) IXa(south-algarve) & IXa(south-cadiz) 

1984 260600 53580  
1985 216918 166996  

1986 140907 77198  

1987 152939 123424  

1992 334709 179008 188874 

1997 87018 135379  

1998 150806 136889 333186 
1999 89323 32360 150619 

2000 555026 42736 112868 

2001 280944 146722 347232 

2003 94804 89892  
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