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Abstract – Simulation of fisheries systems is a widely used approach that integrates monitoring and assessment tools.
We applied the ALADYM (age-length based dynamic model) simulation model to three different studies aimed at
investigating correlations between pressure and population metrics, exploring the viability of different mortality levels
in long-term scenarios and predicting the effects of combined management measures. Uncertainty was incorporated
into the simulations following the Monte Carlo paradigm. Three stocks were used for these exercises: red mullet in
the central-southern Tyrrhenian Sea and European hake in both the Bay of Biscay and the Aegean Sea. The analysis
of the relationships between total mortality and indicators highlighted significant pairwise negative correlations for red
mullet. These signals of decline were supported by the spawning potential ratio indicator (mean exploited to mean
unexploited spawning-stock biomass ESSB/USSB), which was low compared to target levels. It only remained within
safe bounds (> 0.2; probability: 0.90–0.95) at total mortality levels lower than 1.6. The simulation results for European
hake in the Bay of Biscay showed that a sustainable exploitation rate might range from 0.87 to 1.04. The benefits of
combined management measures were demonstrated for European hake in the Aegean Sea, and with a further dataset
on the Eastern cod stock in the Baltic Sea.

Key words: Simulation model /Model-based indicators / Fishery management / Reference points /Mullus barbatus /
Merluccius merluccius /Mediterranean Sea / Atlantic Ocean

1 Introduction

Simulation of fisheries systems is a widely used approach
that integrates monitoring and assessment tools (e.g. National
Research Council, NRC 1998). It is also potentially useful for
several other objectives, such as to check the validity of assess-
ment and management methods and to see whether unrealistic
values are being considered in designing stock dynamics (e.g.
Cotter et al. 2009a). Furthermore, simulations are used to de-
scribe the dynamics of populations, to verify their current sta-
tus and to make projections about stocks in the future, under
defined conditions (e.g. Cooke 1999; Punt 2003). In an evalu-
ation framework based on indicators, simulations obtained by
modelling can be used to assess performance of the indicators
(Rochet and Trenkel 2009) in relation to different fishing sce-
narios, and consequently to underpin the diverse impact levels
of selected metrics.

A suite of applications can thus be assisted by simula-
tions for testing a hypothesis, estimating reference points,

a Corresponding author: spedicato@coispa.it

evaluating management options, designing harvest control
rules and testing indicator performance in response to differ-
ent fishing pressure levels.

Modelling of management scenarios is usually based on
simulations that intend to provide stakeholders with indica-
tive profiles of the viability of exploitation patterns on target
stocks, thus helping the fisheries management system to ful-
fil the priority objective of ensuring the wise use of renewable
marine resources over the long-term. However, simulation re-
sults alone are not sufficient and need to be complemented
with all available knowledge to effectively support decision-
making (Rochet and Rice 2009). Specification of uncertainty
in the planning of different scenarios and in the key parame-
ters would allow simulation models to better grasp reality and
encompass a wide range of possible natural fluctuations and
stock responses to management actions.

Taking into account uncertainty is a complex issue, given
the nature of each fishery and our incomplete understanding
of population dynamics, as several types of unknown element
impact fishery assessments, including parameter, model and
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process uncertainty (e.g. Hilborn and Mangel 1997; Haddon
2001; Wang et al. 2009). In addition, experience has demon-
strated that implementation uncertainty is very likely to greatly
exceed any slight quantitative differences between simulation
results (Rochet and Rice 2009).

Incorporating uncertainty in simulation models may re-
quire the use of different statistical techniques such as max-
imum likelihood and Bayesian methods, bootstrapping and
Monte-Carlo modelling.

In this study we applied the ALADYM (age-length based
dynamic model) simulation model (Lembo et al. 2009), a tool
that does not requiring fishery-dependent data, and that op-
erates on a monthly time scale mimicking the population at
sea by the generation of numbers at age from a stock recruit-
ment relationship or, alternatively, from a recruitment vector.
This model is particularly useful to explore changes resulting
from management measures, such as variations in size at first
capture or fishing activity in situations such as the Mediter-
ranean, where fish populations are generally exploited from
a young age (e.g. Caddy 2006). Simulated management op-
tions are mainly based on technical measures, termed “passive
management” by Caddy (2006), which include fishing gear se-
lectivity and closed seasons, that may be applied alone or in
combinations.

To represent the uncertainty inherent in the stock dynam-
ics, ALADYM uses different stock-recruitment relationships
and natural mortality options, while the implementation of a
Monte Carlo approach allows it to account for uncertainty in
knowledge about recruitment, growth and maturity parameter
values. As Monte Carlo techniques require resampling from
statistical distributions, key parameters are represented by their
probability density functions (pdfs) instead of by their average
values. The pdfs (log-normal, normal, gamma and uniform)
can be assigned independently to each parameter. The stochas-
tic effects thus incorporated into some of the key life-history
traits simulate the uncertainty in the input data and parameter
relationships, accounting for measurement, process and esti-
mation errors. This allows assessment of the robustness of the
results and provides warning information about uncertainties.

Further details regarding model specifications, basic as-
sumptions, equations, advantages and limitations can be found
in Lembo et al. (2009).

In the present study we conducted three types of
ALADYM application. To start with, the model was used for
investigating correlations between pressure (total mortality)
and population metrics (e.g. life history traits, biomass, yield
and biological production). In addition, the combined influ-
ence of pressure and trends of population traits (for exam-
ple, recruitment) on model-based indicators was also investi-
gated, trying to disentangle possible environmentally driven
effects from pressure related consequences. Furthermore, we
explored the results of different long-term pressure scenarios
on selected population metrics derived from simulations (e.g.
the ratio of the exploited to the unexploited spawning-stock
biomass ESSB/USSB). The aim was to estimate indicative ref-
erence points for sustainable fishing pressures. For this test, the
stock of red mullet (Mullus barbatus) in the central-southern
Tyrrhenian Sea was used as a case study.

In the second application, the sensitivity and pertinence of
different population metrics for indicating changes in popula-
tion dynamics was evaluated through simulation. ALADYM
was employed for testing whether estimated levels of total
mortality (Z) were viable in the long-term (20–40 years). For
this exercise, the stock of European hake (Merluccius merluc-
cius) in the Bay of Biscay was used.

The third application made a classical use of fisheries sim-
ulation models, estimating the effects of different management
scenarios on the population dynamics of European hake in the
Aegean Sea. Thus, time series of metrics characterising fish
population attributes were simulated under different manage-
ment strategies (effort limitation, size at first capture, etc.).

Different metrics were evaluated from the simulation re-
sults: mean length of exploited population (i.e. with fishing
mortality F > 0), of exploited spawning population and of
unexploited population (i.e. with F = 0), biomass, spawning-
stock biomass, yield, mean length of catches and biological
production (i.e. fishing yields and natural losses). In addition,
the following indicators, expressed as ratios, were also com-
puted: ESSB/USSB, ESSB/EB (exploited spawning biomass to
exploited biomass) and ESSB/Yield.

2 Material and methods

2.1 Case studies, model assumptions
and specifications

The model inputs for red mullet in the central-southern
Tyrrhenian Sea were mainly from trawl-survey data, except
for size at first capture (L50) and selection range (SR), which
were from selectivity experiments conducted in the area, us-
ing a commercial trawl net. Considering the early stage of ex-
ploitation for red mullet in the area, natural mortality was set
to vary with age/length, according to the Chen and Watanabe
model (1989), as implemented in ALADYM. A Ricker-type
stock-recruitment relationship was assumed for the red mul-
let, according to the knowledge on this species in a contiguous
area (Levi et al. 2003).

The mode inputs model for European hake in the Bay
of Biscay and Aegean Sea were obtained from trawl-surveys
and, for some parameters, from the literature. To initialise
the model, recruitment was assumed to be log-normally dis-
tributed and randomly varying around trawl survey estimates
for European hake in both the Bay of Biscay and Aegean sea,
without any pre-defined stock-recruitment relationship. Natu-
ral mortality was set as constant for these two stocks, following
the Beverton and Holt invariant paradigm (Jensen 1966).

Growth (L∞; K) and maturity (length at first maturity Lm50
and maturity range MR Lm75-Lm25) parameters were set with
relative pdfs (normal and uniform, respectively). A uniformly
distributed multiplier was introduced for recruitment to add
a source of stochasticity to the offspring values, in order to
model small perturbations in the environment. Following the
Monte Carlo paradigm, random samples for recruitment, in-
dividual growth and size at maturity were drawn from the se-
lected pdfs to start the population distribution. This population
was then allowed to evolve over time, performing 1000 runs
for each simulation. The outputs from the runs were used to
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calculate descriptive statistical parameters (mean and standard
deviation), useful to measure the range of the results. In addi-
tion, the projection outputs of interest were also summarised
as frequency distributions or probability profiles.

Model settings for the three selected stocks are sum-
marised (Tables 1a–b, 1a: deterministic parameters and data,
1b: parameters varying according to the associated pdfs.

2.2 Simulation objectives

The simulation studies had three main objectives (see Ta-
ble 2 for a summary on the simulation framework). The first
objective was twofold:

• To explore correlations between pressure and population
metrics based on the model, while also trying to understand
effects on these metrics of other changes apparently driven
by the environment, such as recruitment trends;
• To search for reference points of selected metrics.

Thus, ALADYM was used to investigate the relationships be-
tween historic levels of Z, recruitment changes and simulated
population indicators.

For the red mullet, the estimated total mortality rates in
the years 1994-2003 were used for the first 10 years of the
simulation (Table 3, estimates from MEDITS trawl surveys,
according to the method outlined in Cotter et al. 2009b). This
time series of Z values was then extended to the following 10
years (total = 20 years).

All simulation results were analysed by plotting pairwise
relationships of population indicators and total mortality Z.
These relationships were analysed under the hypothesis of
different time lags (year 1–20 vs. year 1–20; years 1–19 vs.
year 2–20; etc.), to establish when the highest correlation was
found.

Following a similar approach, the exercise was extended
to the simulation of effects of factors other than fishing pres-
sure on the population (Table 2). Thus, Z was set as changing
(Table 3), however, an increasing trend was introduced in re-
cruitment (+5 % each year).

In addition, 13 independent stochastic simulations were
conducted to search for reference points of selected metrics
(Table 2). A pseudo-equilibrium approach was used in these
simulations, as only recruitment varied, while pressure and
other parameters were kept constant over time (20 years). To-
tal mortality Z ranged from 1.2 to 2.4 in Z steps = 0.1, and
1000 runs were performed for each simulation.

The second objective of the simulation studies was to ex-
plore the impact of a range of total mortality rates, aimed at
the selection of reference values for Z, in terms of a maximum
level that would ensure the viability of the stock of European
hake in the Bay of Biscay in the long-term (Table 2). Thus,
three scenarios were created, in which total mortality changed
between scenarios and over time. The total mortality was set
using a 1.04 constant value for the period 1987-2001, and a
higher value of 1.8 from 2002 to 2004 for all the three scenar-
ios; then, it was changed as follows (Table 3):

• In the “Z mean” scenario, total mortality was decreased
gradually from 1.8 in the period 2002-2004 to the initial
level of 1.04 by the end of the simulation (year 2026);

• In the “Z low” scenario, total mortality was reduced to 0.78
from 2005 to the end of the simulation;
• In the “Z high” scenario, total mortality was maintained

at the high value of 1.8 in 2002-2004 to the end of the
simulation (2026).

The third objective was to test composite management sce-
narios building on the biological complexity formulated in
the population model. For this purpose, European hake in the
Aegean Sea was used (Table 2). Population modelling was
based on the total mortality indices (Z ∼ 0.89) estimated
for the period 1994-2003. Slightly lower values (Z ∼ 0.82)
were then projected forward from 2004 to 2013. For the pe-
riod 2014-2033, total mortality was decreased to 0.78 to simu-
late the long-term effects of pressure reduction (Table 3). This
was combined with a further decrease in fishing mortality ob-
tained by varying the size at first capture, which was increased
(L50 = 108 mm) from year 8 onward (2001) as a result of a new
cod-end mesh opening enforcement (40 mm). Over the time of
the simulation, summer fishing activity was kept lower (∼0.44)
than for the rest of the year to account for the seasonal fishing
ban of trawlers in June-September. An alternative sub-model
for selectivity was used (product of ogives sub-model selection
parameter D50%; Lembo et al. 2009) to simulate a harvesting
pattern accounting for vulnerability/accessibility of the fish to
the fishing gear. This was based on the knowledge about the
fishing grounds targeted by differently equipped fishing units
and the distribution of adult European hake in this area, where
this species inhabits the deeper waters (Anonymous 2006).

Population metrics were examined for the generated time
series of all the case studies.

3 Results

The relationships between fishing pressure factor (Z),
population (total and spawning biomass and mean length of
exploited population) and removal metrics (yield, biological
production and mean length of catches) showed significant
pairwise negative correlations (range of regression coefficient:
minimum 0.32 for yield; maximum 0.89 for spawning-stock
average length), with a 2-year time lag (Fig. 1). The contrast of
the pressure levels between the time series (Table 3, red mullet)
allowed us to evaluate the sensitivity of an indicator, whereas
the delay in the responsiveness might be interpreted by con-
sidering a cascade effect between successive cohorts combined
with the species growth rate. Total and fishing mortality were
only, as expected, positively and highly correlated. The neg-
ative correlations between Z, yield and biological production
were probably the consequence of the high exploitation of red
mullet stock. Pressure levels might have been beyond the max-
imum of the yield curve, thus the mortality increase did not
produce additional yield or biological production, but caused
a progressive decline in both.

In the scenario simulating a growing trend in recruitment,
the negative correlation between spawning-stock biomass and
Z was still significant, although weaker (coefficient of the re-
gression 0.41 vs. 0.76, Fig. 1) compared with the dynamics in
which the offspring were regulated by the stock-recruitment
relationship. In this exercise, however, the masking effects of



156 M.T. Spedicato et al.: Aquat. Living Resour. 23, 153–165 (2010)

Ta
bl

e
1a

.D
et

er
m

in
is

ti
c

pa
ra

m
et

er
s

of
th

e
m

od
el

,m
ea

su
re

m
en

t
un

it
s,

eq
ua

ti
on

us
ed

in
th

e
m

od
el

an
d

da
ta

in
pu

ts
to

th
e

m
od

el
fo

r
ea

ch
ca

se
st

ud
y

by
se

x.
F

fe
m

al
es

,M
m

al
es

,C
fo

r
bo

th
se

xe
s

co
m

bi
ne

d.

1 A
no

ny
m

ou
s 

20
02

;2 Pa
pa

co
ns

ta
nt

in
ou

 e
t a

l. 
19

98
; 3 Pa

pa
co

ns
ta

nt
in

ou
 e

t a
l. 

19
95

; 4 Je
ns

en
 1

99
6;

 5 Fi
or

en
tin

o 
et

 a
l. 

19
98

; 6 A
be

lla
 a

nd
 S

er
en

a 
19

98
; 7 A

no
ny

m
ou

s 
20

06
; 8 Sp

ed
ic

at
o 

et
 a

l. 
20

06
;9 C

he
n 

an
d 

W
at

an
ab

e 
19

89
;10

IC
E

S 
19

91
; 

11
M

ur
ua

 a
nd

 M
ot

os
 2

00
6;

 12
M

ur
ua

 e
t a

l. 
20

06
. 

Sp
ec

ie
s 

M
od

el
pa

ra
m

et
er

s 
an

d 
un

its
 

E
qu

at
io

n
D

es
cr

ip
tio

n
se

x 
E

ur
op

ea
n 

ha
ke

  
A

eg
ea

n 
Se

a 
R

ed
 m

ul
le

t  
T

yr
rh

en
ia

n 
Se

a 
  

E
ur

op
ea

n 
ha

ke
 

 B
ay

 o
f 

B
is

ca
y 

no
ne

 
no

ne
 

N
um

be
r 

of
 s

im
ul

at
ed

 a
nd

 
(p

re
-s

im
ul

at
ed

) 
ye

ar
s 

 
40

 (
80

) 
20

 (
40

) 
40

 (
80

) 

F
1

 02
 8

 02
no

ne
 

no
ne

 
L

if
e 

sp
an

 (
ye

ar
s)

 
M

1
 02

 5
 02

F
2 5.

00
 ×

10
-6

8 6.
62

0 
×

10
-6

10
4.

32
5 

×
10

-6
a 

(W
 in

 g
; 

L
 in

 m
m

) 
W

 =
 a

 ×
 L

b
In

te
rc

ep
t o

f 
th

e 
le

ng
th

-w
ei

gh
t 

re
la

tio
ns

hi
p

M
2 3.

00
 ×

10
-6

8 10
.3

73
 ×

10
-6

10
4.

32
5 

×
10

-6

F
2 3.

07
8

8 3.
10

10
3.

07
4

 “
 b

Sl
op

e 
of

 th
e 

le
ng

th
-w

ei
gh

t 
re

la
tio

ns
hi

p
M

2 3.
12

5
8 3.

01
10

3.
07

4

Se
x 

ra
tio

  
F/

(F
+

M
) 

Pr
op

or
tio

n 
 5.0

 5.0
 5.0

 
 sela

mef fo

F
4 0.

28
9 V

ar
ia

bl
e 

w
ith

 a
ge

/l
en

gt
h 

4 0.
35

M
Fi

xe
d 

va
lu

e 
or

 f
ol

lo
w

in
g 

C
he

n 
an

d 
W

at
an

ab
e 

(1
98

9)
m

od
el

 
N

at
ur

al
 m

or
ta

lit
y 

M
4 0.

38
9 V

ar
ia

bl
e 

w
ith

 a
ge

/l
en

gt
h 

4 0.
35

P
oO

t 
no

ne
 

Pr
op

or
tio

n 
of

 s
pa

w
ni

ng
 

ac
tiv

ity
 d

ur
in

g 
th

e 
sp

aw
ni

ng
 

pe
ri

od
 a

nd
 s

pa
w

ni
ng

 p
ea

k 
(m

on
th

 r
an

ge
) 

C

0.
15

-0
.0

5
Fr

om
 N

ov
em

be
r 

to
 A

ug
us

t 
0.

1-
0.

25
3 (M

ar
ch

-J
un

e)

0.
1-

0.
05

Fr
om

 M
ay

 to
 S

ep
te

m
be

r 
 

0.
4-

0.
35

8 (J
un

e-
Ju

ly
) 

0.
05

-0
.0

5
Fr

om
 D

ec
em

be
r 

to
 M

ay
  

0.
35

-0
.2

5
11

,1
2 (F

eb
ru

ar
y-

M
ar

ch
) 

L
50

 (
m

m
) 

(
)

a
t

L
t

L
SR

a

e

t
L

Se
l

−
⋅

(

(

⋅

+

=
)

(
)3

ln
(

2
%

50

1

1
)

,
(

L
en

gt
h 

at
 f

ir
st

 c
ap

tu
re

 
C

 
5 80

/1
08

8
 203

 98

SR
 (

m
m

) 
„ 

Se
le

ct
io

n 
ra

ng
e 

C
 

5 20
/5

7
8

 52.3
 81

D
50

%
Pr

od
uc

t o
f 

og
iv

es
  

(L
em

bo
 e

t a
l. 

20
09

) 
50

%
 d

e-
se

le
ct

io
n 

le
ng

th
 

(r
ed

uc
ed

 v
ul

ne
ra

bi
lit

y)
 

C
6

 
 

 084/064

f a
ct
 

no
ne

 
Fi

sh
in

g 
ac

tiv
ity

 c
oe

ff
ic

ie
nt

 
pe

r 
m

on
th

 
C

7
 0.1

 0.1
 44.0/1

(m
m

)



M.T. Spedicato et al.: Aquat. Living Resour. 23, 153–165 (2010) 157

Ta
bl

e
1b

.M
od

el
pa

ra
m

et
er

s,
pd

f
as

so
ci

at
ed

w
it

h
th

e
pa

ra
m

et
er

s,
m

ea
su

re
m

en
tu

ni
ts

,e
qu

at
io

n
us

ed
in

th
e

m
od

el
,p

ar
am

et
er

de
sc

ri
pt

io
ns

an
d

va
lu

es
us

ed
fo

r
ea

ch
sp

ec
ie

s
in

th
e

ca
se

st
ud

ie
s

an
d

se
x.

F
fe

m
al

es
,M

m
al

es
,C

bo
th

se
xe

s
co

m
bi

ne
d.

tn
(x

;
μ

,δ
,m

in
,m

ax
)

re
pr

es
en

ts
th

e
tr

un
ca

te
d

no
rm

al
pd

f
of

th
e

m
ea

n
μ

,t
he

st
an

da
rd

de
vi

at
io

n
δ,

an
d

x
∈(

m
in

,m
ax

).
un

(x
;

m
in

,
m

ax
)

re
pr

es
en

ts
th

e
un

if
or

m
pd

fw
he

re
x
∈(

m
in

,m
ax

)
an

d
ln

(μ
,δ

)
re

pr
es

en
tt

he
ln

-
no

rm
al

pd
fo

f
th

e
m

ea
n
μ

,s
ta

nd
ar

d
de

vi
at

io
n
δ.

1 A
no

ny
m

ou
s 

20
02

; 3 Pa
pa

co
ns

ta
nt

in
ou

 e
t a

l. 
19

95
;  

  S
pe

di
ca

to
 e

t a
l. 

20
06

;  
  13
de

 P
on

tu
al

 e
t a

l. 
20

06
; 14

M
ar

tin
 1

99
1;

 1
5 Sp

ed
ic

at
o 

(u
np

ub
lis

he
d 

da
ta

).
 

Sp
ec

ie
s 

M
od

el
Pa

ra
m

et
er

s
an

d 
un

its
 

E
qu

at
io

n 
 

pd
f

D
es

cr
ip

tio
n

se
x 

E
ur

op
ea

n 
ha

ke
  

A
eg

ea
n 

Se
a 

R
ed

 m
ul

le
t  

T
yr

rh
en

ia
n 

Se
a 

E
ur

op
ea

n 
ha

ke
 

 B
ay

 o
f 

B
is

ca
y 

F
1 (0

.1
74

, 0
.0

17
4,

 0
.1

57
, 0

.1
91

)
8 (0

.3
85

, 0
.0

3,
 0

.3
55

, 0
.4

15
) 

 
13

(0
.2

5,
 0

.0
5,

 0
.2

, 0
.3

) 
K

 (
ye

ar
) 

 
(

)
)

(
0

1
t

t
K

t
e

L
L

−
⋅

−
∞

−
⋅

=
tn

(x
;μ

,σ
, m

in
, m

ax
) 

C
ur

va
tu

re
M

1 (0
.2

4,
 0

.0
24

, 0
.2

16
, 0

.2
64

)
8 (0

.6
1,

 0
.0

3,
 0

.5
8,

 0
.6

4)
13

(0
.2

5,
 0

.0
5,

 0
.2

, 0
.3

)

F
1 (7

46
, 7

4.
6,

 6
71

, 8
21

) 
8 (2

60
, 1

0,
 2

50
, 2

70
) 

13
(1

10
0,

 6
0,

 1
04

0,
 1

16
0)

 
L

∞
 

“ 
   

A
sy

m
pt

ot
ic

 le
ng

th
M

1 (5
66

, 5
6.

6,
 4

89
, 6

43
) 

8 (2
60

, 1
0,

 2
50

, 2
70

) 
13

(1
10

0,
 6

0,
 1

04
0,

 1
16

0)
 

F
1 (-

0.
2,

 -
0.

1,
 -

0.
3,

 -
0.

1)
 

8 (-
0.

4,
 -

0.
1,

 -
0.

5,
 -

0.
3)

 
13

(-
7.

5×
10

-5
, -

3.
5×

10
-5

, -
0.

11
×

10
-5

, -
4.

0×
10

-5
)

t 0
 

 
   

   
   

A
ge

 a
t l

en
gt

h 
0

M
1 (-

0.
2,

 -
0.

1,
 -

0.
3,

 -
0.

1)
 

8 (-
0.

3,
 -

0.
1,

 -
0.

4,
 -

0.
2)

 
13

(-
7.

5×
10

-5
, -

3.
5×

10
-5

, -
0.

11
×

10
-5

, -
4.

0×
10

-5
)

F
3 (3

25
, 3

60
) 

8 (1
30

, 1
50

) 
14

(3
84

, 4
44

) 
L

m
50

 (
m

m
) 

(
)

a
m

L
L

a

M
R

e

M
at

−
⋅

+

=
%

50
)3

ln
(

2

1

1

un
(x

; m
in

, m
ax

) 

L
en

gt
h 

at
 f

ir
st

 m
at

ur
ity

 
M

3 (2
87

, 3
19

)
8 (1

00
, 1

20
)

14
(3

84
, 4

44
)

F
3 (3

9,
 4

3)
 

8 (3
1,

 3
2)

 
14

(7
1,

 9
1)

 
M

R
 (

L
m

75
-L

m
25

)
(m

m
)

 
M

at
ur

ity
 r

an
ge

 
M

3 (3
8,

 4
2)

 
8 (2

1,
 2

2)
 

14
(7

1,
 9

1)
 

In
iti

al
R

t

se
ed

 v
al

ue
s 

L
n(

μ,
σ)

In
iti

al
 v

al
ue

s 
(p

ar
am

et
er

s 
of

 th
e 

lo
g-

no
rm

al
 

di
st

ri
bu

tio
n)

C
∼8

0 
×

 1
06

(1
8.

06
; 0

.8
8)

 
83

 ×
 1

06

(1
7.

97
; 0

.4
3)

 
∼2

08
 ×

 1
06

(1
8.

54
; 0

.6
8)

 

O
ff

sp
ri

ng

nu
m

be
r

' t
R

un
(x

; m
in

, m
ax

) 
R

ec
ru

its
 to

 th
e 

po
pu

la
tio

n 
at

 m
on

th
 

 (
P

oO
, T

ab
le

 1
a)

 
C

R
t f

ro
m

 v
ec

to
r·

P
oO

±
 2

0%
 

R
t f

ro
m

 S
_R

·P
oO

 ±
 1

5%
 

R
t f

ro
m

 v
ec

to
r·

P
oO

±
 5

%
 

α;
)

(
S

t
t

e
S

R
β

α
−

⋅
⋅

=
St

oc
k-

re
cr

ui
t f

un
ct

io
n 

F 
 

15
19

0

β
 

 
 “

 
“

 
15

4.
9 

×
 1

0-7

(

(

8

(m
m

)

 (
ye

ar
)

“ “



158 M.T. Spedicato et al.: Aquat. Living Resour. 23, 153–165 (2010)

Ta
bl

e
2.

S
um

m
ar

y
of

si
m

ul
at

io
n

ob
je

ct
iv

es
,

co
nfi

gu
ra

tio
n

an
d

se
tti

ng
s

of
sc

en
ar

io
m

od
el

lin
g

by
ca

se
st

ud
y

an
d

ar
ea

.
T

he
lif

e
hi

st
or

y
tr

ai
ts

,
ab

un
da

nc
e,

pr
od

uc
ti

on
an

d
su

st
ai

na
bi

li
ty

in
di

ca
to

rs
de

ri
ve

d
fr

om
th

e
si

m
ul

at
io

ns
us

in
g

th
e

A
L

A
D

Y
M

m
od

el
ar

e
al

so
gi

ve
n.

(l
en

gt
h

m
ea

n
of

ex
pl

oi
te

d
po

pu
la

ti
on

E
P

L
;

le
ng

th
m

ea
n

of
un

ex
pl

oi
te

d
po

pu
la

ti
on

U
P

L,
le

ng
th

m
ea

n
of

ex
pl

oi
te

d
sp

aw
ni

ng
po

pu
la

ti
on

E
S

P
L

,l
en

gt
h

m
ea

n
of

ca
tc

he
s

C
L,

ex
pl

oi
te

d
bi

om
as

s
E

B
,e

xp
lo

it
ed

sp
aw

ni
ng

-s
to

ck
bi

om
as

s
E

SS
B

,u
ne

xp
lo

it
ed

sp
aw

ni
ng

-s
to

ck
bi

om
as

s
U

SS
B

,
Yi

el
d=

C
at

ch
es

,
bi

ol
og

ic
al

pr
od

uc
ti

on
B

P
,

fi
sh

in
g

m
or

ta
li

ty
F

;
ex

pl
oi

te
d

to
un

ex
pl

oi
te

d
sp

aw
ni

ng
-s

to
ck

bi
om

as
s

E
SS

B
/U

SS
B

,
ex

pl
oi

te
d

sp
aw

ni
ng

-s
to

ck
bi

om
as

s
to

ex
pl

oi
te

d
bi

om
as

s
E

SS
B
/E

B
,e

xp
lo

it
ed

sp
aw

ni
ng

-s
to

ck
bi

om
as

s
to

Y
ie

ld
E

SS
B
/Y

ie
ld

).

C
as

e
st

ud
ie

s
S

im
ul

at
io

ns
O

bj
ec

tiv
es

S
pe

ci
es

A
re

a
S

ce
na

ri
o

co
nfi

gu
ra

ti
on

S
ce

na
ri

o
se

tt
in

gs
*

M
od

el
-b

as
ed

in
di

ca
to

rs
R

ed
C

en
tr

al
-

O
ne

si
m

ul
at

io
n

(2
0

ye
ar

s)
Z

ch
an

ge
s

(r
an

ge
1.

7
∼

3.
0)

E
P

L
,E

S
P

L
,C

L;
E

xa
m

in
e

co
rr

el
at

io
ns

be
tw

ee
n

m
ul

le
t

S
ou

th
er

n
•1

99
4-

20
03

•Z
in

pu
ts

fr
om

ob
se

rv
ed

da
ta

E
B

,E
SS

B
,E

SS
B
/U

SS
B

;
pr

es
su

re
an

d
m

od
el

-b
as

ed
Ty

rr
he

ni
an

•2
00

4-
20

13
•Z

in
pu

ts
as

in
th

e
pr

ev
io

us
Yi

el
d,

B
P

,F
po

pu
la

ti
on

m
et

ri
cs

;a
cc

ou
nt

fo
r

S
ea

10
-y

ea
r

cy
cl

e
en

vi
ro

nm
en

ta
ll

y
dr

iv
en

ch
an

ge
s

(r
ec

ru
it

m
en

tt
re

nd
)

O
ne

si
m

ul
at

io
n

(2
0

ye
ar

s)
R

ec
ru

it
m

en
tt

re
nd

E
S

P
L

;
•1

99
4-

20
13

•Z
as

ab
ov

e
E

SS
B

•R
ec

ru
it

m
en

ti
nc

re
as

in
g

(5
%

by
ye

ar
)

13
st

oc
ha

st
ic

si
m

ul
at

io
ns

(2
0

P
se

ud
o-

eq
ui

lib
ri

um
E

SS
B
/U

SS
B

S
ea

rc
h

fo
r

re
fe

re
nc

e
po

in
ts

of
ye

ar
s

ea
ch

)
se

le
ct

ed
m

et
ri

cs
.

•Z
ra

ng
e

1.
2-

2.
4

•r
ec

ru
it

m
en

tr
an

do
m

ly
va

ry
in

g
•Z

st
ep
=

0.
1

•Z
co

ns
ta

nt
ov

er
ti

m
e

•e
ac

h
si

m
ul

at
io

n
10

00
ru

ns
3

si
m

ul
at

io
ns

(4
0

ye
ar

s
ea

ch
)

T
hr

ee
Z

sc
en

ar
io

s
E

P
L

,E
S

P
L

,C
L;

E
xp

lo
re

th
e

im
pa

ct
of

a
ra

ng
e

of
B

ay
of

•1
98

7-
20

26
•“

Z
m

ea
n”

(∼
1.

04
)

E
B

;E
SS

B
;

to
ta

lm
or

ta
li

ty
ra

te
s,

ai
m

ed
at

th
e

B
is

ca
y

•“
Z

lo
w

”
(∼

0.
78

)
Yi

el
d,

B
P

,F
,E

SS
B
/Y

ie
ld

;
se

le
ct

io
n

of
re

fe
re

nc
e

va
lu

es
fo

r
Z

•“
Z

hi
gh

”
(∼

1.
8)

E
SS

B
/E

B
,E

SS
B
/U

SS
B

;
in

th
e

lo
ng

-t
er

m
.

E
ur

op
ea

n
O

ne
si

m
ul

at
io

n
(4

0
ye

ar
s)

Z
gr

ad
ua

ll
y

re
du

ce
d

E
P

L
,U

P
L

E
S

P
L

,C
L;

Te
st

co
m

po
si

te
m

an
ag

em
en

t
ha

ke
•1

99
4-

20
01

•Z
∼

0.
89

;
L

50
∼

80
m

m
E

SS
B

;
sc

en
ar

io
s.

•2
00

2-
20

03
•Z
∼

0.
89

,L
50
∼

10
8

m
m

Yi
el

d,
A

eg
ea

n
S

ea
•2

00
4-

20
13

•Z
∼

0.
82

,L
50
∼

10
8

m
m

E
SS

B
/U

SS
B

•2
01

4-
20

33
•Z
∼

0.
78

,L
50
∼

10
8

m
m

•s
ea

so
na

lt
ra

w
le

r
ba

n
(4

m
on

th
s

ea
ch

ye
ar

)

*
Z

va
lu

es
in

th
e

si
m

ul
at

io
ns

ar
e

de
ta

il
ed

fo
r

ea
ch

ca
se

st
ud

y
(T

ab
le

3)
.



M.T. Spedicato et al.: Aquat. Living Resour. 23, 153–165 (2010) 159

Table 3. Total mortality rates by year used for simulation studies. Red mullet: “Z curr” indicates the current values of total mortality, while “Z
unch” indicates that a cycle of total mortality equal to the past decade is repeated. European hake in the Bay of Biscay: Total mortality scenarios
from 2005 to 2026; “Z mean”; “Z low”; “Z high” that follow the Z curr setting. European hake in the Aegean Sea: Total mortality values in the
current (Zcurr) and in the “Z low” scenarios.

Red mullet European hake European hake
Tyrrhenian Sea Aegean Sea Bay of Biscay

Year Z Year Z Year Z
1994 1.77 1994 0.87 1987-2001 1.04
1995 2.09 1995 0.85 Z curr
1996 2.44 1996 0.97 2002-2004 1.84
1997 2.55 1997 0.85
1998 2.65 1998 0.84 Z mean

Z curr Z curr 2005-2006 1.04
1999 2.08 1999 0.73
2000 1.71 2000 0.96
2001 2.73 2001 0.95
2002 3.01 2002 0.98 2005-2026 Z high 1.84
2003 2.87 2003 0.91

2004-2013 1.77-2.87 2004-2013 0.8-0.85
Z unch Z low 2005-2026 Z low 0.78

2014-2033 0.78
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Fig. 1. Red mullet in the Tyrrhenian Sea. Pairwise relationships between fishing pressure factors (Z) and model-based metrics a) without trend;
b) when an increasing trend was introduced in the recruitment (left plot). The population was simulated for 20 years using ALADYM with
parameters as in Tables 1a-b and Table 3. In each plot, the fitted linear model and the coefficient of determination are indicated.
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Fig. 2. Red mullet in the Tyrrhenian Sea. Average ratios (over
20 years) of exploited to unexploited spawning-stock biomass
(ESSB/USSB) for scenarios of total mortality (Z) from 1.2 and 2.4
and different probability levels (p). Simulations (1000 runs for each Z
scenario) over 20 years. Results are presented according to the traffic-
light convention (Caddy 2006).

growing recruitment, driven for example by increased environ-
mental productivity, on high mortality were still distinguish-
able.

The correlation between the mean length of the spawning-
stock and Z was comparable (coefficient of the regression 0.89,
Fig. 1) between the two scenarios. Thus, the two signals pro-
vided a convergent response.

From these exercises, the sustainability indicator
ESSB/USSB was chosen to estimate reference points as-
sociated with a range of plausible Z scenarios (Fig. 2). The
results of this analysis are summarised according to the
traffic-light convention (Caddy 2006) and expressed in terms
of probability, derived from cumulative probability profiles.
Safe levels (green colour) of ESSB/USSB occurred, with a
0.95 probability, when total mortality was lower than 1.6
over 20 years. Alert levels (yellow colour; indicator level:
0.16–0.22) were estimated with a 0.95 probability when the
Z values ranged from 1.6 to 1.9, whereas alarm levels (red
colour) occurred at scenarios with Z higher than 1.9. Assum-
ing a current average rate of total mortality of around 2 for
the red mullet (a high level determined by intense exploitation
and fairly fast growth rate), the diagnosis is one of alarm and
stock deterioration. This condition is apparent despite the
effect of a rather high density-dependent stock-recruitment
relationship that, although plausible according to knowledge
on the species (Levi et al. 2003), mitigates the consequences
of high mortality on the ESSB/USSB indicator.

In the case study for European hake in the Bay of Biscay,
besides the ESSB/USSB ratio, two other model-based indica-
tors, ESSB/EB and ESSB/Yield, were used to select reference
values for Z in terms of maximum levels that would ensure
stock viability. Of the latter two indicators, the first is more
sensitive to changes in recruitment, while the second illus-
trates the effect of the fishing pressure, making it easier to pro-
pose management action that would lead to a more stable catch
level.

The “Z high” scenario describes changes that would occur
in the European hake population if fishing pressure is projected
forward at the same level as occurred from 2001 to 2004. All
indicators exhibited decreasing trends, with some improve-
ments in years with very good recruitment (Fig. 3), although
this effect was of short duration. All indicators (Table 4) and
the ESSB/EB ratios (mean 0.25), or ESSB/USSB (mean 0.02)
were the lowest out of the different scenarios (Fig. 3).

In the “Z mean” scenario, the fishing pressure was pro-
jected forward at the level of the period 1987-2001. In this
scenario, that can be considered as a continuation of the past,
the indicators performed as follows: ESSB/EB mean 0.36;
ESSB/USSB mean 0.09 (Table 4, Fig. 3). The comparison be-
tween the true catches, as reported by the official statistics, and
those obtained by simulation appear to be close (Fig. 4).

The last scenario, “Z low”, resulted in an increase, on av-
erage, of all population production indicators and the ESSB/EB
and ESSB/USSB ratios, which reached mean values of 0.41
and 0.17, respectively. The lowest catch was predicted for
2005, with later catches higher and less variable than for any
other scenario. Indeed, the ESSB/Yield ratio reached, an aver-
age value of 1.04 that was almost twice the value of the “mean”
scenario (0.6) and 5 times the level of the “high” scenario
(0.22).

The tests of composite management scenarios, that were
performed using European hake in the Aegean Sea, showed
the beneficial effects of a decrease in total mortality from 2004
onwards. This process was also facilitated by the increase in
mesh size in 2001 and, in general, by the complementary
measure of a fishing ban during the summer season (June-
September). Given the life span of the species (∼20 years), the
improvement of the stock condition became evident after 2014,
with a continuous rising phase for all the population and pro-
duction indicators (a selection is reported in Fig. 5), due to the
cumulative effects along cohorts. After a decrease following
the implementation of the new scenarios, yield also showed an
improvement, reaching the levels of the previous period. The
biomass of spawners seemed to be the indicator most sensi-
tive to pressure reduction for this stock. From 2014 onwards,
a new and safer state seems to be reached, as shown by the
ESSB/USSB indicator, which was about 0.07 at the beginning
but gradually grew to values of 0.17 when the pressure was
reduced (Fig. 6).

4 Discussion

The quantitative results of simulations represent a help-
ful source of information to support decision-making. In this
study, simulation results are also considered as knowledge
that relies principally upon fishery-independent information
(Cotter et al. 2009a).

The analysis of the relationships between total mortality
and population metrics derived from the ALADYM model
showed significant negative pairwise correlations between
pressure factors and population metrics for red mullet in the
central-southern Tyrrhenian sea, demonstrating the sensitivity
and responsiveness of the indicators. These relationships were
still significant when an increasing trend was simulated in the
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Fig. 3. Scenarios simulated for European hake in the Bay of Biscay. Performance of three selected indicators (ESSB/USSB; ESSB/EB;
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GHMM (total northern hake stock, in ICES divisions VII, VIIIab) and ALADYM simulated catches from 2005 to 2026 for three scenarios of Z.

recruitment, thus providing evidence of the prevalence of the
mortality effects.

The occurrence of significant negative correlations be-
tween all indicators and pressure can be interpreted as stock
dynamics in a descending phase. This hypothesis is also sup-
ported by the level of the ESSB/USSB indicator, which would
reach safer ranges (higher than 0.20; Mace and Sissenwine
1993; Mace 1994), with a high level of probability (0.9–0.95),
if the total mortality did not exceed values of about 1.6. In this
study, we simulated the uncertainty about the knowledge of
recruitment, growth and maturity parameter values using the

Monte Carlo approach. However, we could not consider future
demographic uncertainty (Maunder et al. 2006), as knowledge
on probability distributions, needed to model interactions be-
tween demography and possible regime shift, was insufficient.

The state of the red mullet population in the central-
southern Tyrrhenian Sea has also been evaluated in previous
studies (Anonymous 2002; Tserpes et al. 2002; Spedicato et al.
2006). These recommended, as in other Mediterranean areas
(Merino et al. 2007), the reduction of fishing pressure and
the protection of recruitment, although survey-based indices
of abundance did not show any trend, but the data time series
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for European hake in the Aegean Sea.

was shorter at the time. The analyses presented in this study
corroborate the signs of deterioration in the red mullet popu-
lation. Thus, the simulation approach supports the usefulness
of coupling stock evaluations based on indicators directly es-
timated from scientific survey data (Petitgas et al. 2007) with
those derived from simulation modelling. This integrated ap-
proach has the advantage of associating reference levels, which
have a probability profile, with model-based indicators. This

helps us to work out the possible effects of pressure levels on
population metrics in the long-term.

A recovery plan was made for the northern stock of
European hake in the Bay of Biscay in 2004, following a
previous emergency management plan. Based on recent SSB
estimates and fishing mortality (ICES 2006), ICES classified
this stock as being at full reproductive capacity and being har-
vested sustainably. SSB appears to have been very close to Bpa

over the last 3 years, and F has been around the precaution-
ary fishing mortality reference point Fpa since 2001. As the
growth rate and thus the age determination and productivity
of northern hake stocks are uncertain, absolute estimates of
SSB and F should be considered with caution. In the “mean
Z” scenario explored in the present study (Z lower and con-
stant except for three years) signs of negative changes were
identified following the period of mortality increase. Alternate
positive and negative changes also occurred as a consequence
of recruitment fluctuations, which became more severe when
they coincided with fishing pressure intensification. ALADYM
simulation results confirmed the conclusion of the indicator
approach (Petitgas et al. 2007), i.e. “Knowing the worrying
state of the stock at the beginning of the EVHOE surveys (NE
Atlantic Ocean, Celtic Sea and Bay of Biscay surveys) and as
no improvement occurred in recent years, on the contrary some
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deteriorations of the indices for older age groups, it seems nec-
essary to reduce fishing mortality”. In the case of the “high
Z” scenario, a continuous decrease, with some fluctuations, of
the ESSB/USSB metric was observed. The population survived
under these high mortality conditions because independence
of recruitment from the parental stock was assumed. Thus,
based on the simulation results, a sustainable exploitation rate
of European hake population would aim at Z values ranging
from “Z mean” (1.04) to “Z low” (0.78). One may wonder why
the observed catch levels and the simulated catches were rather
close. Could this have happened by pure luck? Our understand-
ing is that the European hake recruitment recorded over the
eastern continental shelf of the Bay of Biscay during the au-
tumn groundfish survey might supply the hake fishery beyond
this area (ICES area VIIIab). This would then imply that part
of the fishing mortality F assessed using the ALADYM model
might in fact be due to hake migration from VIIIab to neigh-
bouring areas.

The evaluation of composite management options applied
to the European hake stock in the Aegean Sea, which is rep-
resentative of the Mediterranean rules, gives the opportunity
to explore long-term effects of management measures on this
population. Recommendations from previous studies regard-
ing the state of the hake stock in the Aegean Sea have stressed
that there is a situation of overexploitation and the need to re-
duce fishing pressure (Merino et al. 2007; Tserpes et al. 2007).
The analysis conducted in the present study identifies signs of
positive changes after 2001, as a consequence of a mesh size
increase. Similar conclusions were also reached by Merino
et al. (2007). In addition, the reduction of fishing pressure on
the Aegean European hake population determines a positive
change in the long-term, increasing the current level of the
ESSB/USSB metrics by about 50–60%. There seems to be good
agreement between the above results and those obtained from
the indicator approach, in particular with the CUSUM analysis
(Petitgas et al. 2007), which showed positive changes (mainly
in the abundance) after 1998. However, exploitation usually
reduces population stability and, in addition, our predictions
could be rather optimistic because the hidden mortality of the
escaped fish was not considered. Furthermore, the “implemen-
tation uncertainty” was not assumed, given the difficulties aris-
ing from a “passive management” framework (Lleonart and
Maynou 2003; Caddy 2006). Thus, these results should be in-
terpreted more as a trend in the consequences of management
options for the population metrics than exact quantitative pre-
dictions.

A simulation study evaluating composite management sce-
narios was also conducted for the eastern stock of cod in the
Baltic Sea, in which the consequences of different strategies
applied alone or in combination were predicted (Fisboat web-
site: http://www.ifremer.fr/drvecohal/fisboat/). In this case,
model-based indicators related to the fishery status quo
showed low spawning-stock biomass (SSB), which is the
present case with Baltic cod. This indicator only slightly im-
proved after a fishing ban during the spawning season (July-
August). Thus, a very drastic measure was simulated, i.e. a
2-year total fishery ban, as recommended by ICES. The results
were the restoration of a safe level of SSB (exceeding Blim) and
a remarkable increase in fish length, but the beneficial effects

vanished in a few years (∼5 years) if fishing returned to the
previous intensity levels. A continuous reduction in the fish-
ing pressure (10% per year for 10 years), until a stable value
(F = 0.3) was reached, seemed an effective measure to restore
the eastern cod population to safe conditions.

The simulation studies reveal the flexibility of the
ALADYM model to be used for different purposes, in partic-
ular the assessment of the response of different indicators to
pressure, testing the viability of Z increase in long-term sce-
narios, and evaluating how complexity in the population model
mirrors composite management options.

The current characteristics of the model do not, however,
allow environmental or spatial components to be taken into ac-
count explicitly (e.g. spatial distribution of population stages;
Bartolino et al. 2008). The influence of these components on
population dynamics is presently incorporated into life history
traits like natural and total mortality, and the stock recruitment
relationship. Future developments of ALADYM, introducing
new factors into the model, would enable such more complex
situations to be handled.
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