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A 3-D full life cycle population model for the North Aegean Sea (NAS) anchovy stock is presented. The
model is two-way coupled with a hydrodynamic–biogeochemical model (POM–ERSEM). The anchovy life
span is divided into seven life stages/age classes. Embryos and early larvae are passive particles, but
subsequent stages exhibit active horizontal movements based on specific rules. A bioenergetics model
simulates the growth in both the larval and juvenile/adult stages, while the microzooplankton and
mesozooplankton fields of the biogeochemical model provide the food for fish consumption. The
super-individual approach is adopted for the representation of the anchovy population. A dynamic egg
production module, with an energy allocation algorithm, is embedded in the bioenergetics equation
and produces eggs based on a new conceptual model for anchovy vitellogenesis. A model simulation
for the period 2003–2006 with realistic initial conditions reproduced well the magnitude of population
biomass and daily egg production estimated from acoustic and daily egg production method (DEPM) sur-
veys, carried out in the NAS during June 2003–2006. Model simulated adult and egg habitats were also in
good agreement with observed spatial distributions of acoustic biomass and egg abundance in June. Sen-
sitivity simulations were performed to investigate the effect of different formulations adopted for key
processes, such as reproduction and movement. The effect of the anchovy population on plankton
dynamics was also investigated, by comparing simulations adopting a two-way or a one-way coupling
of the fish with the biogeochemical model.

� 2014 Elsevier Ltd. All rights reserved.
Introduction

Small pelagic fish (SPF), such as anchovy and sardine, comprise
species that are plankton feeders, playing an important role in
marine food webs as they are the principal means of transferring
production from plankton to larger predators, including marine
mammals and seabirds (Fréon et al., 2005). Fishing these species
can have large impacts on other groups (vertebrate, invertebrate,
primary and secondary producers) of the ecosystem (Smith et al.,
2011). In addition, SPF have a short life span, high fecundities
and by feeding on the plankton-based food chains, they respond
rapidly to changes in ocean conditions (Alheit et al., 2009).
Thereby, they are extremely variable in their abundance at both
inter-annual and inter-decadal scales (Alheit et al., 2009). An effec-
tive management system for these resources would need to incor-
porate an understanding of the mechanisms that control the
variations in abundance, distribution and productivity of the pop-
ulations, as well as the ecosystem interactions and feedbacks these
variations may set in motion. Furthermore, the extreme variability
that characterizes the SPF recruitment implies that traditional
fishery management measures, based on estimates of long term
average yield from stock assessment, may not be effective in pre-
venting episodes of serious overfishing (Fréon et al., 2005). There
is an increasing need to understand how physics, biogeochemistry
and biology combine to produce the observed patterns of popula-
tion variability and to enhance ecosystem considerations in the
management of the SPF resources by developing state-of-the-art
end-to-end models (Fulton, 2010; Rose et al., 2010).

The European anchovy (Engraulis encrasicolus) is one of the most
important SPF in the Mediterranean Sea. Three major stocks exist in
the basin, supporting the largest SPF fisheries in the area. These
stocks inhabit the NW Mediterranean (Catalan Sea and Gulf of
Lions), the Adriatic Sea and the northern Aegean Sea (Somarakis
et al., 2004). The above areas are characterized by wide continental
shelves, exceptionally higher productivity, in relation to the highly
oligotrophic character of other Mediterranean regions and
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favorable conditions for larval survival (Agostini and Bakun, 2002).
Moreover, these suitable anchovy habitats are spatially restricted
and separated from each other by deep, extremely oligotrophic
basins, which would not be likely to support anchovy feeding and
reproduction (Somarakis et al., 2004). For example, in our case study
area, i.e. the Aegean Sea, there is a sharp contrast in productivity
between its northern and southern basin and anchovy schools are
practically absent from the later (Stergiou et al., 1997). Anchovies
remain close to the areas of higher productivity and many density
dependent controls have been identified such as on plankton
consumption (Nikolioudakis et al., 2014), daily egg production
(Somarakis et al., 2012) and larval mortality (Somarakis and
Nikolioudakis, 2007).

End-to-end models (E2E) provide today a thriving approach in
marine ecosystem dynamics. They attempt to unify the different lev-
els of the food web from climate to lower trophic levels to fish and
fisheries (Travers et al., 2007; Rose et al., 2010). Numerous biophys-
ical modelling studies have contributed to a better understanding of
fish dynamics and their ecological response to climate change and
management actions (Travers et al., 2007; Lett et al., 2009;
Hinrichsen et al., 2011; Ito et al., 2013). A full life cycle fish model
was developed by Huse and Ellingen (2008) to represent the migra-
tion, spatial and population dynamics of capelin in the Barents Sea.
The model was then used to perform simulations with present day
climate and a future climate scenario. The climate warming scenario
showed a shift in the adult distribution, with a parallel shift of
spawning habitats and an earlier starting of spawning activity. In
the North Western Pacific, a two-dimensional individual-based fish
model was developed to evaluate the effect of movement on the
recruitment success of Japanese sardine (Okunishi et al., 2012). For
Pacific saury, Ito et al. (2013) investigated the fish growth response
under global warming scenarios using an ecosystem-based bioener-
getics/migration model. Simulations predicted future shifts in size
distribution and abundance of saury, contributing to a more com-
prehensive understanding of fish responses to climate change.

The development of a full life cycle model for a small pelagic
fish needs a complex, multi-step approach. It requires knowledge
on a suite of processes (growth, spawning and movement strategy,
planktonic prey selection), during the course of fish development
(Huse and Ellingen, 2008; Wang et al., 2013). A 3-D IBM was devel-
oped for the first time in the North Aegean Sea (NAS, eastern Med-
iterranean, (Fig. 1)) by coupling the full life cycle of anchovy (from
eggs to adults) with a 3-D hydrodynamic–biogeochemical lower
trophic level model (LTL). The IBM consists of several modules:
the bioenergetics approach (Mukai et al., 2007; Politikos et al.,
2011) is used to simulate anchovy growth and reproduction under
seasonally varying food and temperature conditions, provided by
the LTL model. The anchovy population is controlled by natural
and fishing mortalities, which are updated as the fish pass through
successive life stages. Physical and biological cues determine fish
advection/movement. Finally, an energy allocation algorithm,
based on the approach of Pecquerie et al. (2009), is used to control
egg production, taking into account all basic characteristics of
anchovy spawning strategy in the NAS.

Once the IBM model was coupled and tuned, it was then used to
simulate the anchovy population dynamics in the NAS through an
interannual hindcast simulation for the period 2003–2006. The
simulated somatic growth, population biomass and egg production
were compared with available field data, derived mainly from
acoustic and daily egg production (DEPM) surveys, carried out
during early summer in the same period (2003–2006). Additional
sensitivity simulations were performed to investigate the effect
of different formulations adopted for key processes, such as repro-
duction and movement. Finally, through the two-way coupling of
the fish with the LTL model, the effect of the anchovy population
on plankton dynamics was also investigated.
Materials and methods

Lower trophic model (LTL)

The three-dimensional, coupled lower trophic model used in this
study has been developed for the NAS ecosystem, as described in
Tsiaras et al. (2012) and Tsiaras et al. (2014). It consists of a hydrody-
namic model, based on POM (Princeton Ocean Model; Blumberg and
Mellor, 1983) and a comprehensive biogeochemical model, based on
ERSEM (European Regional Seas Ecosystem Model, Baretta et al.,
1995; Petihakis et al., 2002). Both models are widely used in the sci-
entific community and have been previously implemented in the
area (Kourafalou and Tsiaras, 2007; Politikos et al., 2011; Tsiaras
et al., 2010; Tsiaras et al., 2012, 2014). The biogeochemical compo-
nent has been adopted from Petihakis et al. (2002), being further cal-
ibrated and validated against remote sensing and in situ data
(Politikos et al., 2011; Tsiaras et al., 2014). ERSEM may be character-
ised as generic, following the functional group approach, where
organisms are separated according to their trophic role (producers,
consumers, etc.) and subdivided according to their size (Fig. 2).
Organic carbon is produced and transferred within the trophic
web through physiological and population processes, while variable
nutrient pools of nitrogen, phosphorus and silicate are dynamically
coupled with the carbon dynamics. Briefly, there are four groups of
primary producers, ranging from the very small picophytoplankton
(<2 lm) to the significantly larger diatoms and dinoflagellates
(20–200 lm). There are also three zooplanktonic groups (heterotro-
phic nanoflagellates, microzooplankton, mesozooplankton) that
each feed on more than one food source among phytoplankton
and bacteria groups (Fig. 2). A significant advantage of this particular
model is the detailed description of the microbial food web, which is
particularly suitable for the simulation of the most important eco-
system characteristics within the environment of the Eastern
Mediterranean. For more details on the biophysical model descrip-
tion, the interested reader can refer to Petihakis et al. (2002),
Kourafalou and Tsiaras (2007) and Tsiaras et al. (2012, 2014). The
LTL model domain is shown in Fig. 1. The horizontal resolution is
1/10� (�10 km), while 25 sigma-levels are resolved in the vertical,
with logarithmic distribution approaching the surface.
Anchovy IBM model

Life cycle stages and age classes
Anchovies are considered to have a maximum lifespan of

3.5 years (Somarakis et al., 2006), which is divided into seven life
stages/age classes. The length thresholds and reference dates for
the transition from one life stage/age class to the next are shown
in Table 1. Specifically, the early life history (ELS) is divided into
three stages according to length: (a) embryonic (egg + yolk sac
larvae) (<3.5 mm, autotrophic stage), (b) early larval (<11 mm)
and (c) late larval stage (11–42 mm).

The various stages of anchovy’s life history were based on doc-
umented differences in feeding preferences and movement capa-
bilities. The first two stages (<11 mm, i.e. egg, yolk sac, preflexion
and early postflexion larvae) have limited swimming capabilities,
un-developed vertical migration behaviour and feed on microzoo-
plankton (Somarakis and Nikolioudakis, 2010). Late larval and
juvenile stage anchovies have developed significant behavioural
and swimming capabilities and are able to respond effectively to
physical transport. Vertical migration behaviour has been fully
developed by these stages, while a shift in feeding preferences
from microzooplankton to mesozooplankton is taking place during
the late larval stage (Nikolioudakis, 2011).

Although length at 50% maturity of the NAS anchovy is 105 mm
(Somarakis et al., 2006), it was more convenient to adopt a reference



Fig. 1. North Aegean Sea (NAS) model domain and bathymetry. Major NAS rivers and the Dardanelles Strait are indicated.

Fig. 2. Schematic diagram of the anchovy IBM model coupled with the LTL model.
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date for the transition from the juvenile to the adult stage or from
one adult age group to the next, given the extended spawning per-
iod from May to September (Somarakis et al., 2006) and the high
variability in individual growth rates (Uriarte et al., 1996;
Somarakis et al., 2006). The 1st of March was selected as the appro-
priate date (Table 1) because it coincides with the start of the annual
fishing period for purse seines and matches closely the onset of the
gonadal maturation in spring (Schismenou et al., 2012).
Super individuals
The super-individual (SI) approach is adopted for the represen-

tation of the anchovy population (Scheffer et al., 1995). The attri-
butes that characterize the SIs are: life stage/age class, weight
(g), length (mm), age (day) and position (longitude, latitude). SIs
that belong at the same life stage or age class have identical char-
acteristics in terms of feeding preferences, mortalities and behav-
ioural movement.



Table 1
Length ranges and reference dates for life history stage and age class transitions
applied within the IBM model.

Stage/Age class Length/Date

Embryonic stage (j = 1) <3.5 mm
Early larval stage (j = 2) 3.5–11 mm
Late larval stage (j = 3) 11–42 mm
Juvenile stage, age-0 (j = 4) 42 mm – 1st March
Adult stage, age-1 (j = 5) 1st March–28th February
Adult stage, age-2 (j = 6) 1st March–28th February
Adult stage, age-3 (j = 7) 1st March–1th September

Calculate daily consumption (C)

Calculate energy needed for maintenance (M)

Calculate A = C - M

Calculate daily energy loss
from reproductive buffer

to satisfy needs for maintenance (AR):
AR = REmax, if Ebuffer > REmax, or

AR = Ebuffer, if Ebuffer < REmax

Update A:
A = A + AR

Daily somatic
weight loss = A

A < 0

A > 0
Daily somatic

weight increase = A

A > 0

SST >15oC and fish length > Lm

Yes No

Calculate G = A - REmax

A < 0

Update energy
in reproductive buffer:
Ebuffer = Ebuffer + REmax

G < 0

Update energy
in reproductive buffer:

Ebuffer = Ebuffer + A

Daily somatic
weight increase = G

G > 0

Fig. 3. Schematic illustration of the energy allocation algorithm. SST: Sea surface
temperature. Lm: length at maturity for anchovy in the NAS (105 mm). Ebuffer:
energy in reproduction buffer. REmax: fixed maximum energy amount that can be
channelled daily from/to the reproductive buffer.
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Bioenergetics
For the simulation of the anchovy growth, the Wisconsin bioen-

ergetics framework (Mukai et al., 2007; Rose et al., 2007) has been
adopted. A one-way coupling configuration to a 1-D version of the
biophysical model has been already implemented in the NAS
(Politikos et al., 2011). The same model is used here with appropri-
ate adaptations for the 3-D case.

The wet weight increment per unit weight of a SI is calculated
by the equation:

1
WSI
� dWSI

dt
¼ ½C � ðRþ EGþ SDAþ EX þ REÞ� � CALz

CALf
; ð1Þ

where WSI = fish wet weight (g), t = time (days), C = consumption,
R = respiration (or losses through metabolism), EG = egestion (or
losses because of faeces), SDA = dynamic action (or losses because
of energy costs of digesting food), EX = excretion (or losses of
nitrogenous excretory wastes) and RE = the energy allocated to
reproduction. Components of the energy budget (C, R, EG, EX, S-
DA, RE) are in units of (g prey g fish�1 day�1), which are converted
to (g fish g fish�1 day�1) by using CALz = caloric equivalent of
zooplankton (cal g prey�1) and CALf = caloric equivalent of fish
(cal g fish�1). The g of prey and fish refer both to wet weight. The
two LTL plankton groups that were considered as prey types for
anchovy are mesozooplankton and microzooplankton (Table A.1).
The components of Eq. (1) and the related parameters (except from
prey vulnerabilities and half saturations) were adopted from
Politikos et al. (2011) and are summarized in Table A.1. The piece-
wise length–weight relationship estimated in Politikos et al.
(2011) is used to convert weight to length. Eq. (1) is solved every
20 min (the IBM has the same time step with the LTL model).

In the 3-D version of the bioenergetics model, prey vulnerabil-
ities, which parameterize the feeding preferences, were re-
adjusted and half saturation constants k were re-calibrated to pro-
vide the best fit between the simulated and observed anchovy
growth (Table A.1). To account for satiation (cessation of ingestion
when having eaten much) and realistically represent the juvenile
and adult growth in cases of increased plankton abundances, a
maximum of 6% of fish weight was imposed for daily consumption.
The rational of selecting this value was that in all studies measur-
ing the daily ration of small pelagic fish, the daily consumption
estimates were lower than 6% of fish weight (Palomera et al.,
2007; Nikolioudakis, 2011). It is assumed that when the fish
reaches this maximum, it stops feeding for the rest of the day.

Both, in the early and adult stages a starvation condition thresh-
old is also imposed, below which the SI vanishes. It is assumed that
there is a limit of 35% in cumulative weight loss, corresponding to
the weight estimated from the length–weight relationship. This
limit was set empirically, after examining the available length–
weight relationships for larval, juvenile and adult anchovy
(Fig. B.1). In all cases, residuals of the length weight relationship
were <35% of predicted weight. A similar estimation for starvation
status was also used by Oguz et al. (2008) to simulate the anchovy
population dynamics in the Black Sea.
A new egg production scheme was developed to include the
dynamic process of energy allocation to reproduction RE and
growth. This component of the model is described in a following
section.

Population dynamics
The number of individuals within each anchovy SI is reduced

due to natural and fishing mortality,

dNSI

dt
¼ �ðMSI þ FSIÞNSI;

where NSI denotes the number of individuals within the SI, MSI is the
assigned natural mortality rate and FSI is the corresponding fishing
mortality rate.

For the embryonic stage, a mean natural mortality value
(0.4 day�1) was adopted, based on estimates by Somarakis et al.
(2012). The natural mortality for early larvae is described as a
function of egg abundance that was fitted to available field data
(Somarakis and Nikolioudakis, 2007):

MSI ¼ �0:154þ 0:205 � log10ðeggs=m2Þ; eggs=m2 > 22

where eggs is the number of eggs. A minimum value of 0.12 day�1

was adopted based on the observed minimum larval mortality (see
Fig. 9 in Somarakis and Nikolioudakis, 2007). A constant natural
mortality rate (0.06 day�1) was adopted for the late larval stage,
following Mantzouni et al. (2007). Given the wide range and uncer-
tainty of estimates on the juvenile mortality, the latter was treated
as a calibrated parameter in order to achieve a better fit with field
biomass estimates. Its value (4 year�1) is within reported ranges
(Mantzouni et al., 2007). Finally, fixed natural mortality rates were
used for the adult age classes, as estimated for the stock assessment
of anchovy in the NAS (Giannoulaki et al., 2014). All natural
mortality values are listed in Table A.2.

Fishing mortality (FSI) applied to the adult SIs, follows the
separability assumption and is determined by the product of two
components,

FSI ¼ Fmonth � Fposition;



Fig. 4. (A) Mean individual growth trajectory (solid line) simulated by the model for
anchovy larvae produced in June/July 2003–2006. Dotted lines: upper and lower
(25% and 75%) quantiles. Data points represent length-at-age (number of otolith
micro-increments) data from larvae collected in the NAS during July 2007 and July
2008 (Schismenou, 2012). (B) Mean individual growth trajectory (solid line)
simulated by the model for anchovy adults (simulation starting on January 1st
2003). Dotted lines: upper and lower quantiles. Data points labeled with different
symbols indicate mean weight of fish at age-1, age-2 and age-3 (otolith readings)
from samples collected during the acoustic surveys of 2003–2006.
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Fig. 5. Simulated mean mesozooplankton biomass at the juveniles/adults super-
individuals location.
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Fig. 6. (A) Model simulated anchovy biomass, (B) daily egg production (number of
eggs produced daily by the fish population) from 2003 to 2006. Data points are
respective estimates from the acoustic and daily egg production surveys of 2003–
2006 (Somarakis et al., 2012) recalculated for the area covering the model domain.
Error bars: approximate confidence intervals (±2SE).
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where Fmonth is a monthly varying fishing mortality (year�1) that
describes the seasonality in the fishing effort and Fposition is a spatial
index, which characterizes the fishing grounds. The values of Fmonth

(Table A.2) were derived from the monthly anchovy catches (esti-
mated as a percentage of the annual catch, Fig. B.2), so that the
mean Fmonth equals the estimated annual fishing mortality
(0.5 year�1, Giannoulaki et al., 2014). Fposition takes the values 0 or
1, when the current position of the SI is found within or outside
the identified fishing grounds, respectively. The fishing grounds of
anchovy in the NAS include the continental shelf areas of the Ther-
maikos Gulf, the Thracian Sea and the Strymonikos Gulf (Fig. 1) as
indicated by recent maps of the spatial distribution of fishing effort
(Kavadas and Maina, 2012).
Reproduction
Fish reproduction has been modelled in several ways within a

population fish model; either by using data fitted to spawner–
recruit relationships (Megrey et al., 2007), either assuming that
the total number of eggs produced is proportional to fish weight
and temperature (Oguz et al., 2008) or by adopting a dynamic
energy allocation algorithm, in which energy stored in a so called
‘reproduction buffer’ determines the number of egg produced
under predefined spawning rules (Pecquerie et al., 2009). In the
present study, the latter approach was followed, since it has the
advantage of relating the spawning activity in terms of timing,
duration and intensity to changing environmental conditions and
the physiological status of the fish. New SIs (egg SIs) are being pro-
duced by adult SIs through spawning, based on a reproduction
module that considers all basic characteristics of the anchovy
reproduction strategy in the NAS.

NAS anchovy is characterized by an extended spawning period
(mainly from May to September), while its daily specific fecundity
is variable between years, areas and seasons, in response to
changes in environmental and trophic regimes (Somarakis et al.,
2004, 2012). Variability is egg production is mainly due to the
spawning fraction parameter, i.e. the proportion of mature females
spawning each night (Somarakis et al., 2012). However, actively
spawning European anchovy has a specific spawning biorhythm
of about 3 days (Schismenou et al., 2012; Uriarte et al., 2012).



Fig. 7. Anchovy biomass (tonnes/square mile), (A) derived from acoustics and (B) model simulated, averaged over June 2003 to 2006, (C) same as B for the sensitivity
simulation (Run3) employing the food gradient (instead of the food/capita gradient adopted in the reference simulation, Eq. (7)), (D) same as B but with kz = 0.1 (Run4,
kz = 0.01 in the reference).

Fig. 8. (A) Model simulated and (B) DEPM derived egg abundance, averaged over June 2003 to 2006.
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The NAS anchovy stock is also considered to be primarily an
income breeder (Somarakis et al., 2004). It is therefore reasonable
to consider that energy allocated to reproduction derives primarily
from direct food intake. In that sense, the egg production module
developed for anchovy in the present study is dynamic and is based
on the bioenergetics equation. The main steps and assumptions in
the development of the module were centred on a new conceptual
model for anchovy vitellogenesis (Schismenou et al., 2012) and are
described below:

(1) According to the findings of Hunter and Leong (1981) for the
northern anchovy (Engraulis mordax) and Schismenou et al.
(2012) for the Mediterranean anchovy (E. encrasicolus),
recruitment of successive vitellogenic batches during the
spawning period occurs in pulses and the number of vitello-
genic oocytes in the ovaries of actively spawning fish equals
two times the batch fecundity (number of eggs produced per
spawning event). After their recruitment, the oocytes of a
new vitellogenic batch grow continuously and need about
two times the inter-spawning interval (number of days
between two successive spawning events) to complete their
development. The same time is approximately needed to
resorb all vitellogenic oocytes of the ovary (i.e. two batches)
through atresia in the absence of any food, as revealed from
laboratory experiments (Hunter and Macewicz, 1985).
Hence, the daily energy allocated to reproduction or from
gonad to maintenance through atresia (in case of lack of
food), can be considered as fixed (growth and atresia of vitel-
logenic oocytes are continuous processes) and equals to the
energy contained in a spawning batch divided by the inter-
spawning interval (1/S, where S is the spawning frequency).
In population terms, this fixed energy amount equals to the
product of individual egg energy and daily specific fecundity
(DSF). DSF (Lasker, 1985) is the number of eggs produced
daily per gram of population (in this case, super-individual).

(2) Assuming that the relative batch fecundity is 260 eggs per
gram of females, the inter-spawning interval (spawning
biorhythm) is 3 days (spawning fraction: 0.33), and the



Fig. 9. Model simulated mean 0–100 m mesozooplankton biomass (mgC/m3) and near surface velocity field, averaged over June 2003–2006. The Thracian Sea (ThS),
Thermaikos gulf (TG), Strymonikos gulf (SG), Limnos Island (LI) and Dardanelles straits are indicated.
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weight-specific sex ratio 0.54 (these are the average values
observed for these parameters in the NAS during the Daily
Egg Production surveys in June [Somarakis et al., 2012]),
the daily specific fecundity is set at 46 eggs per gram of
super-individual per day. This can be considered as the
amount of energy that can be allocated daily to reproduction
and accumulated in the ‘reproductive buffer’, (sensu
Pecquerie et al. (2009)). Taking into account the energy of
an egg, CALegg = 5600 J g egg�1 (Valdés, 1993), the energy
density coefficient for zooplankton CALZ and the mean wet
weight of an anchovy egg (Wegg ¼ 27:7 lg; Politikos et al.,
2011), the daily ‘reproductive’ energy is REmax ¼
46 � CALegg �Wegg

CALZ
¼ 0:0028 g prey g fish�1 day�1. REmax is actually

the maximum amount of energy that can be channelled
to/from the reproductive buffer.

(3) Thresholds for reproduction. In order to allocate energy to the
reproductive buffer, the fish should be larger than 105 mm
(length at first maturity in the Aegean Sea, Somarakis
et al., 2006) and surface temperature >15 �C (Somarakis
and Nikolioudakis, 2007).

(4) Daily energy allocation algorithm (Fig. 3). Energy from con-
sumption is first channelled to all other functions except
reproduction and growth. If fish length is >105 mm and
sea surface temperature >15 �C, the remaining energy (A)
goes to the reproductive buffer (first) and soma (secondly).
If not, energy already in the reproductive buffer (first) and
fish soma (secondly) goes to maintenance (to meet daily
maintenance costs). If the daily energy is enough for mainte-
nance and reproduction, the remaining goes to growth
(increase in weight).

(5) Production of egg super-individuals. Every day, each adult SI
can produce a new egg SI equal to 46 eggs per gram of adult
SI, given that the amount of energy existing in its reproduc-
tive buffer suffices. The initial position of the egg SI is the
position of the adult SI.

Movement
The fish SI trajectories are simulated in two dimensions, follow-

ing the Lagrangian approach in continuous space (Watkins and
Rose, 2013). The position of a SI (xk+1, yk+1) at time k + 1 is updated
as:

xkþ1 ¼ xk þ U � Dt

ykþ1 ¼ yk þ V � Dt;
ð2Þ

where U, V are the x, y components of the fish velocity at time k and
Dt is the time step (s). We should note that the SI location is trans-
formed from the geographic coordinates (longitude, latitude) to
Cartesian (x,y), before the SI displacement is calculated in meters
(Eq. (2)). Its new geographical location is then updated from the
Cartesian coordinates taking into account the earth’s curvature by
using the following transformation:

dLon ¼ dx
dg � cosðLatÞ ; dLat ¼ dy

dg
ð3Þ

where (dLon,dLat) and (dx,dy) are the displacements in geographi-
cal and Cartesian coordinates, Lat is the latitude and dg is the con-
version factor from degrees to meters (�111,300 m/degree).

Eggs and early larvae are treated as passive tracers, whose
transport is heavily influenced by physics (Lett et al., 2009; Huret
et al., 2010). For simplicity, the vertical movement that depends
on their buoyancy is not considered in the present model and both
eggs and early larvae are assumed to have a uniform vertical
distribution in the 0–30 m layer (Allain et al., 2007). This assump-
tion is supported by studies on the vertical distribution of these
stages (Olivar et al., 2001; Sabatés et al., 2008). Thus, in the case
of egg and early larval SI, the fish velocity is

U ¼ uc þ a

V ¼ vc þ a;
ð4Þ

where uc, vc, are the x, y components of the local average current
velocity (m/s) in the 0–30 m layer at the SI’s location and a is a
uniform random number between �1 and 1, which is used to
parameterize not included effects (e.g. turbidity).

In contrast to early life stages, the movement of late larvae,
juveniles and adults is not dictated by the physics, since they have
the ability to actively determine their displacement (Lett et al.,
2009). The implemented movement module for these stages
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simulates fish movement following conceptually the restricted-
area approach (Tu et al., 2012; Xu et al., 2013).

In this case, the fish velocity is calculated from the sum of three
components:

U ¼ uc þ uf þ Rx

V ¼ vc þ v f þ Ry;
ð5Þ

where (uc, vc) is the ocean current velocity, (uf, vf) defines the fish
swimming drift and (Rx, Ry) denotes the random part of the
movement.

Descriptively, fish are assumed to be able to evaluate the com-
bined effects of environmental (available food, currents), bathy-
metric and population parameters in the surrounding cells and
then direct their orientation to the optimal cell. The net swimming
velocity of fish accounts also for the ocean current velocity in order
to achieve the desired direction. In case that the magnitude of the
current is greater than the fish maximum cruising speed, then no
active swimming is applied and the fish is assumed to be advected
by the current along with some random movement.

The fish swimming drift is given by:

uf ¼ ðFiS� CSÞ � GFn
x � FV þ GTn

x � FT
� �

v f ¼ ðFiS� CSÞ � GFn
y � FV þ GTn

y � FT
� �

:
ð6Þ

FiS = aL � L + RL � e is the maximum sustainable fish swimming
speed (m/s), which is described as a function of body length (L).
FiS is perturbed by RL, which represents the maximum degree of
error, whereas e is a uniform random number between �1 and 1.
The values of aL and RL are shown in Table A.2. CS is the magnitude

of the ocean current, while GFn
x ;GFn

y

� �
and GTn

x ;GTn
y

� �
are normal-

ized unit vectors pointing to the direction of high zooplankton
densities and preferred water column depths, respectively. Fur-
thermore, FV is a function of zooplankton biomass (see below) used
to slow down the fish swimming speed, when there is enough food
at its current location, while FT is a function of water column depth
(see below) that relates fish movement to certain bathymetric
ranges, known from the fish habitats. In case of FiS < CS, the fish
drift becomes zero, i.e. uf = vf = 0 and individuals are assumed to
be advected by the currents. The maximum fish swimming speed
for adult fish (0.17–0.35 m/s) is generally higher than typical
current speeds in the N. Aegean. Therefore, the above assumption
is relevant mostly for early life stages (larvae, juveniles).

In order to prevent the overcrowding of the adult SIs in areas
with high zooplankton biomass, density-dependent feeding was
taken into consideration. Therefore, the food gradient is calculated
based on the ratio of the zooplankton over the total fish biomass in
surrounding cells. It is calculated as

GFx ¼
@ Z

B

� �
@x

; GFy ¼
@ Z

B

� �
@y

; ð7Þ

where Z and B represent the available zooplankton biomass
(calculated based on the assumed SI vertical distribution, see
Section ‘Coupling of LTL with the IBM model’) and the total fish
biomass respectively. Under this assumption, SIs will preferably
move towards cells with maximum food per capita availability,
avoiding ‘‘overcrowded’’ grid cells, where food per capita is
decreased, despite their high zooplankton availability. The food
per capita (Z/B) based gradient is used, provided that anchovies
are not found under unfavourable conditions, experiencing a weight
loss. If this is the case, then a simple food gradient (replacing Z/B
with Z in Eq. (7)) is used, assuming that the fish will move towards
maximum food (regardless of the presence of other SIs), in order to
avoid starvation. The food gradient vector is normalized to a unit
vector GFn
x ;GFn

y

� �
by dividing with its magnitude,

GM ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðGFxÞ2 þ ðGFyÞ2

q� �
.

The role of the function FV is to introduce a mechanism that will
slow down the direct movement of the fish towards higher prey
concentration cells, when there are adequate food resources at
its present location, allowing the fish to remain in a favourable
location. The function FV has the form FV ¼ 1� ZSI

ZSIþkZ
, where ZSI is

the interpolated zooplankton biomass (see next Section ‘Coupling
of LTL with the IBM model’) at the SI’s location and kZ is a ‘‘half-
saturation’’ calibrated parameter, representing the zooplankton
concentration, where FV is reduced to half. For ZSI� kZ, FV will
approach zero.

The bathymetry gradient is calculated as:

GTx ¼
@h
@x
; GTy ¼

@h
@y
; ð8Þ

where h is the depth of the water column. As above, the gradient
vector is normalized to a unit vector GTn

x ;GTn
y

� �
by dividing with

its magnitude.
The function FT (Eq. (9)) was introduced as a mechanism to

keep juvenile and adult SIs from moving towards very deep waters
(>300 m) or near the coastline. This parameterization was based on
existing knowledge on the NAS anchovy habitats (Giannoulaki
et al., 2008, 2013). In case of deep waters (Dwc > 300 m), FT
approaches �1 and the topography gradient term in Eq. (6) acts
to direct the fish towards shallower waters (a positive gradient is
directed to higher values). Similarly, when SIs move near the coast-
line, the function results in a movement to the opposite direction,
towards offshore waters. It should be noted that the effect of
bathymetry on the fish movement is only activated, through the
FT function, when the water column depth in the SI location gets
higher than a maximum depth (300 m) or if the SI is moving
towards the coastline. Otherwise, the FT function is zero (Eq. (9))
and anchovy SIs are moving based only on the food gradient. The
above information is summarized as follows:

FT ¼
� Dwc

Dwcþdwc
; Dwc > 300m

1� Dwc
Dwcþdwc

; Dwc coastline

0; otherwise

8><
>: ð9Þ

where Dwc is the interpolated depth of the water column at the cur-
rent location of the SI and dwc is a depth parameter that controls the
steepness of the function. The parameter values of the movement
module are listed in Table A.3.

The random components of movement are calculated by

Rx and Ry ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffi
6 � dif

Dt

r
� e; ð10Þ

where dif is the horizontal diffusivity at the SI location (calculated
by the hydrodynamic model following a Smagorinsky formulation,
(Smagorinsky, 1985)) and e a uniform random number between
�1 and 1.

Coupling of LTL with the IBM model

The anchovy IBM is on-line coupled to the LTL model. The out-
puts from the hydrodynamic (currents, temperature, horizontal
diffusion) and biogeochemical (zooplankton biomass) models are
provided as inputs to the IBM, describing the three-dimensional
environment of the fish. In particular, zooplankton biomass from
different groups (microzooplankton, mesozooplankton) is used as
a food source by anchovy (Fig. 2), with a different preference,
depending on the fish life stage as shown in Table A.1.
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Furthermore, the anchovy IBM and LTL models are two-way,
dynamically coupled. Thus, the heterotrophic plankton biomass
(microzooplankton, mesozooplankton) that is consumed by the
fish is removed in the biogeochemical model, (as additional preda-
tion mortality exerted by the fish). At the same time, fish energy
losses that are calculated by the bioenergetics model are fed back
to the LTL model. In particular, fluxes due to the fish egestion and
specific dynamic action are directed to the organic particulate
(detritus) matter pool (POC, PON, POP) of the LTL, while fluxes
due to excretion are returned as phosphate and ammonia.

Within each SI of the fish population, a vertical distribution in
the water column at the SI location is assumed, based on the
distribution of the available food (zooplankton concentration).
The calculated distribution F(j, z), which is a function of fish life
stage j and depth z, is maximised around maximum food availabil-
ity and it is based on its zooplankton prey preferences:

Fðj; zÞ ¼ foodðj; zÞ2

foodðj; zÞ2 þ kf ðj; foodÞ

where food(j, z) = pref4(j) ⁄ Z4(z) + pref5(j) ⁄ Z5(z) is the total avail-
able prey at depth z for life stage j over the zooplankton groups
(mesozooplankton Z4(z), microzooplankton Z5(z)) with the corre-
sponding feeding preferences pref4(j) and pref5(j). Finally, kf(j, food)
is a parameter, which controls the steepness of the distribution
function. The above sigmoid function is normalised to 1.

Late larvae, juvenile and adult anchovies are assumed to
perform diurnal vertical migrations, staying below the thermocline
(>30 m) during daytime and in the upper water column layer
during the night (0–30 m). Thus, the assumed distribution F(j, z)
is calculated within the 0–30 m layer or below that, depending
on the time of the day.

The vertical distribution of zooplankton is first calculated in the
SI surrounding grid points of the LTL grid and is then bi-linearly
interpolated at the SI location. The opposite procedure is followed
in the calculation of the returned fluxes to the LTL model; they are
distributed to the 4 surrounding points. Thus, using the distribu-
tion function that represents the fish vertical distribution at the
SI location, the fluxes in terms of zooplankton consumption, as
well as of the released inorganic nutrients and organic matter are
calculated at each depth of the water column and applied to the
surrounding LTL model grid points. The fish return fluxes for each
depth z are calculated as:

Fluxðj; zÞ ¼ FluxFish � Fðj; zÞ;

where FluxFish is the total flux from the fish SI in terms of consumed
zooplankton or released inorganic nutrients/organic matter and
F(j, z) is the distribution function. In this way, the fish zooplankton
consumption and released by-products are distributed analogously
in the water column of the LTL model at the same time step, based
on the assumed vertical distribution of the fish. Given the different
units of the fish (g wet weight) and the LTL (mgC/m3, mmol N, P/m3)
models, the fish biomass (f_biom) is translated to carbon (fc_biom),
nitrogen (fn_biom) and phosphorus (fp_biom) average (a different
weight is applied on the flux of each depth, based on the vertical
distribution F(j,z)) concentrations in the water column of the LTL
grid cell, where the fluxes are applied:

fc—biomðmgC=m3Þ ¼ f —biomðg wwÞ � ffcðmgC=g wwÞ=volðm3Þ;

fn—biomðmmol N=m3Þ ¼ qnFðmmol N=mgCÞ � fc—biomðmgC=m3Þ;

fp—biomðmmolP=m3Þ ¼ qpFðmmolP=mgCÞ � fc—biomðmgC=m3Þ;

where ffc is a conversion factor from fish gram ww to mgC, based on
the carbon content of anchovy dry weight (Czamanski et al., 2011),
assuming that dry weight is 32% of wet weight (Tudela and
Palomera, 1999), (qnF,qpF) is the assumed ratio of the nitrogen
and phosphorus over carbon pools in the fish biomass (Czamanski
et al., 2011) and vol is the water column volume at the LTL grid cell
(dx ⁄ dy ⁄ depth), where the fluxes are applied.

The returned fluxes are then calculated as:

FluxcarbonðZ4; Z5Þ ¼ fc—biom � CONðZ4; Z5Þ;

FluxnitrogenðZ4; Z5Þ ¼ fc—biom � CONðZ4; Z5Þ � qnZ4;5;

FluxphosphorusðZ4; Z5Þ ¼ fc—biom � CONðZ4; Z5Þ � qpZ4;5;

Fluxðammonia; phosphateÞ ¼ fn;p—biom � EX;

FluxðPOC;N; PÞ ¼ fc;n;p—biom � ðEGþ SDAÞ;

where Z4, Z5 are the mesozooplankton and microzooplankton LTL
groups respectively and CON(Z4,Z5), EX, EG and SDA are respectively
the consumption (on Z4,Z5), excretion, egestion and dynamic action
rates (day�1) calculated by the fish bioenergetic model. Since the
fish biomass has different C:N:P internal quotas (qnF,qpF) from
the consumed zooplankton (qnZ4,5,qpZ4,5), the excess carbon,
nitrogen or phosphorus is assumed to be excreted as dissolved
organic matter following Broekhuizen et al. (1995), so that the fish
can maintain a constant C:N:P internal quota. The related parame-
ter values are shown in Table A.4.

Simulation setup

A hindcast inter-annual simulation of the model for 2003–2006
period was performed, to validate the full life cycle model against
data derived from field observations and assess its skill in
reproducing the principal characteristics of the fish population
variability in the NAS.

LTL initialisation/forcing
The atmospheric forcing for the inter-annual 2003–2006 simu-

lation was obtained from the POSEIDON operational forecast
(www.poseidon.hcmr.gr; Papadopoulos et al., 2002). The water
discharge for major NAS rivers was set to climatological mean
values, while river nutrient concentrations were based on average
yearly mean in situ data for the 1995–2000 period (Skoulikidis,
2009), in the absence of monitoring data for the 2003–2006 period.
The Dardanelles water exchange is parameterized through a two-
layer open boundary condition (Nittis et al., 2006) with prescribed
water inflow/outflow and salinity, adopting climatological biogeo-
chemical (inorganic nutrients and non-living organic matter) data
averages (Tugrul et al., 2002; Polat et al., 1998). The initial fields for
dissolved inorganic nutrients were obtained from the Medatlas
2002 climatology (http://www.ifremer.fr/medar/) and the coupled
model was spun-up for 3 years (2000–2002).

IBM initialization
The full life cycle model was initialized on 1st January 2003.

Acoustic survey data were available for June 2003–2006. However,
given the unknown magnitude of the larval abundance, it was
found preferable to initialize the model in the winter period, when
early life stages are not present (summer is the spawning period).
Thus, using the estimated numbers-at-age from the acoustic sur-
vey of June 2003, the respective numbers for juvenile/adult
anchovy at the 1st January were back-calculated, after accounting
for natural and fishing mortalities between January and June. The
estimated numbers-at-age on 1st January were assigned to 1000
super-individuals per year class. It was assumed that three year
classes were present in January with respective ages: age-0: 0.5,
years, age-1: 1.5 years, and age-2: 2.5 years. The length–weight

http://www.poseidon.hcmr.gr
http://www.ifremer.fr/medar/
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relationship (Section ‘Bioenergetics’) and a generic von Bertalanffy
growth equation for the NAS anchovy stock (Machias et al., 2000)
were used to calculate the respective length and weight at age
on January 1st.

The initial positions of the super-individuals on 1st January
2003 were defined based on published statistical habitat models
of anchovy in the NAS during winter (Giannoulaki et al., 2013).
Using these models, the points of the LTL model grid that had a
higher than 50% probability for anchovy presence were defined.
The SIs were then randomly spread around each of these points,
within a radius of 10 km.

For computational efficiency, a maximum number of 15,000 SIs
was chosen. This was allocated to 6000 SIs for eggs, 4000 for larvae,
2000 for juveniles and 1000 SIs for each of the three adult age clas-
ses. When the maximum number for a life stage is exceeded, ran-
dom pairs of SIs (of this same stage/age class) that are found within
a certain distance (�10 km) are merged. The attributes of the new
merged SI are either weighted averaged (weight, length, position,
reproductive energy) or summed (population number). In this
way, the number of SIs, which would otherwise increase from year
to year, is kept within reasonable limits.
Model validation
The simulated fish somatic growth, spatial distribution of bio-

mass, and egg abundance, total anchovy biomass and egg produc-
tion over the 2003–2006 period were compared against data
derived from field observations for the same 2003–2006 period
in June (Somarakis et al., 2012; Giannoulaki et al., 2014). The esti-
mates of total egg production and acoustic biomass published in
Somarakis et al. (2012) were recalculated to include the model
domain only, i.e. excluding the highly enclosed North Evoikos Gulf.
Additionally, for larval growth, data on length-at-age from speci-
mens collected at a coastal site of the NAS (Schismenou, 2012)
were used.
Sensitivity runs
A series of sensitivity simulations were performed to investi-

gate the effect of different formulations adopted for key processes,
such as reproduction and movement. In particular, a simulation
adopting a constant fecundity (Run2) was compared to the refer-
ence simulation (Run1), in order to examine the effect of the
dynamic egg production. With regard to fish movement, two addi-
tional simulations were performed. In the first (Run3), a simple
food (Z) rather than the food per capita (Z/B) based gradient (Eq.
(7)) was used to direct fish movement. In the second (Run4), a
higher value was used for parameter kZ that controls the amount
of prey, at which the fish slow down in order to maintain position
in a favourable area. Finally, in order to investigate the effect of the
anchovy population on plankton through the two-way (IBM–LTL)
coupling, the reference simulation was compared with a simula-
tion of the LTL not coupled to the IBM (Run5) and one that adopted
a two-way coupling for consumed zooplankton but not for
returned fish by-products (Run6). The attributes of the different
sensitivity simulations are shown in Table 2.
Results

As already mentioned, the lower trophic level ecosystem model
implemented here is an existing model already applied, validated
and analyzed in the NAS ecosystem (Tsiaras et al., 2012, 2014).
Thus, in this paper, we focus mainly on the fish dynamics and
the fish effect on LTL model plankton dynamics through the
coupling process.
Growth

The fish model simulated well the growth of larvae, as shown
by the comparison with the available field data (Fig. 4A). The aver-
age individual growth trajectory for larvae simulated by the model
during June–July fitted well the length-at-age data of larvae cap-
tured in July.

Furthermore, growth in terms of weight of juveniles/adults was
also well reproduced by the full life cycle model (Fig. 4B). The
model simulated weights matched well the observed average
weights-at-age of fish aged 1, 2 and 3 years from the acoustic sur-
veys in June. A prominent characteristic of the growth curve is that
the simulated growth follows the seasonal variations of its main
prey, i.e. the mesozooplankton biomass, which increases signifi-
cantly till early summer and decreases gradually from late summer
till the end of January (Fig. 5). Overall, the seasonal variability of
zooplankton follows the variability of primary production and phy-
toplankton biomass (not shown), with a time-lag of one month,
showing maximum concentrations during the spring period
(April–June). The seasonality of the plankton productivity is related
to the entrainment of subsurface nutrients triggered by increased
vertical mixing during winter, as well as the seasonal variability
of river and Black Sea Water (BSW) nutrient inputs that peak dur-
ing the same period (Tsiaras et al., 2014, see also later discussion
on Figs. 7 and 9).

Biomass

The modelled anchovy biomass (juveniles and adults) from
2003 to 2006 is illustrated in Fig. 6A. Model results were in agree-
ment with biomass estimates from the acoustic surveys in June,
indicating that the full life cycle model efficiently reproduces the
magnitude of the anchovy biomass in the study area. It should be
noticed that biomass estimates from acoustics are characterized
by low precision; the biomass of the NAS anchovy stock is also
underestimated by acoustics because the surveys do not cover
the easternmost part of the Aegean Sea (the Turkish territorial
waters). One of the prominent characteristics in the model simula-
tion is the biomass increase in spring. During this period, anchovies
are able to increase their weight by preying on the abundant zoo-
plankton stocks (Fig. 5). Following this growth period, the increase
of fishing mortality combined with the gradual decrease of prey
availability and the energetic cost of spawning result in the
decrease of adult biomass after July. From October to January,
the decrease of biomass continues mainly due to increased
starvation mortality of juveniles/adults.

Egg production

At the population level, the simulated spawning period, as well
as the magnitude of the peak egg production was in agreement
with the existing knowledge on the anchovy spawning seasons
(spring to autumn, Somarakis et al., 2004, 2006) and the daily
egg production estimates from the DEPM surveys in June
(Fig. 6B), respectively. Field egg production estimates are highly
uncertain and do not include the eggs produced in Turkish territo-
rial waters (Somarakis et al., 2012). However, the inter-annual
variations in peak egg production were similar between the model
simulation and field estimates. Model results also indicate that
spawning starts in late April, with a peak in late May–early June.
Seasonal changes in the simulated egg production were very sim-
ilar among different years. A sharp increase in egg production is
observed at the beginning of the spawning season, which is due
to the temperature threshold of the egg production module
(15 �C), combined with the high zooplankton concentrations
during that period (Fig. 5). After peak spawning, the simulated



Table 2
Sensitivity simulations attributes.

Difference from Reference Reference (Run1)

Run2 Constant egg production Dynamic egg production
Run3 Food gradient = f(Z) Food gradient = f(Z/B)
Run4 Kz = 0.1 Kz = 0.01
Run5 Not coupled (only LTL) Two-way coupled (zooplankton + fish

by-products)
Run6 Two-way coupled

(zooplankton)
Two-way coupled (zooplankton + fish
by-products)
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Fig. 10. Taylor diagram for the model simulated adult biomass (Adu) and egg
abundance (Egg) against in situ data, averaged over June 2003–2006. The black dots
(Adu1, Egg1) refer to the reference simulation (Run1), while the red (Adu3, Egg3)
and blue (Adu4, Egg4) dots refer to the sensitivity simulations employing the food
gradient (Run3, instead of the food/capita gradient Eq. (7)) and a higher kz = 0.1
(Run4, kz = 0.01 in the reference) respectively. Note that the model root-mean-
square deviation (RMSD) and standard deviation (STD) have been normalised, by
dividing with the data STD. The model skill may be evaluated by the dots location
with regard to the lines representing the RMSD (circles starting from the X-axis),
the STD (circles starting from the centre of the axis, STD = 1 means that the model
has the same variability with the data) and the correlation coefficient (straight
lines). (For interpretation of the references to colour in this figure legend, the reader
is referred to the web version of this article.)
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egg production decreases steadily from June to September, to
practically cease in October. This decrease in egg production
matches closely the decrease in mesozooplankton availability
(Fig. 5). The ‘tail’ of the egg production curve in October is due to
few SIs occurring within zooplankton-rich spots that can still
acquire enough energy for reproduction.

Spatial distribution of anchovy biomass and egg abundance

In Figs. 7 and 8, the simulated average spatial distributions of
anchovy biomass and egg abundance for the June 2003–2006 per-
iod are shown against contour maps of acoustic anchovy biomass
and egg abundance from DEPM, again averaged for the June
2003–2006 period and linearly interpolated on the LTL model grid.

The simulated distribution of anchovy biomass (Fig. 7B) is char-
acterized by increased aggregations in three subareas: (a) the Ther-
maikos Gulf (TG), (b) the enclosed area of Strymonikos Gulf (SG)
and (c) along the continental shelf of the Thracian Sea (ThS) (see
Figs. 1 and 8). In situ data show a similar pattern, although with
slightly higher biomass levels in the eastern part of NAS (Fig. 7A),
particularly at the east and south of the Limnos Island (LI). The
increased anchovy biomass in the latter area is related to the Black
Sea Waters (BSW) discharge from the Dardanelles straits that
contribute to local enrichment, triggering an increased primary
and secondary production (Siokou-Frangou et al., 2002). As shown
in Fig. 8, the LTL model reproduces increased mesozooplankton
biomass along the pathway of BSW that is however mainly simu-
lated in the north of Limnos Island. A slightly different BSW path-
way, with a more enhanced southern branch has indeed been
simulated during summer period with a hydrodynamic model of
finer resolution (unpublished data). This possible miss-representa-
tion of the BSW pathway with the relatively coarse hydrodynamic
model used here, might partially explain the deviation between the
model simulated and field observed anchovy distribution.

A prominent characteristic of oligotrophic systems is the tight
coupling of the various components in the food chain, exhibiting
a co-variation both in space and time with a time lag according
to their specific growth time scales. As shown in Fig. 7 and 8 the
areas supporting high fish biomass are those where maximum
stocks of zooplankton are simulated. Higher concentrations for
zooplankton are generally found in three subareas: the northern
part of TG, the inner part of SG and the coastal waters of the ThS.
The key characteristics contributing to this are: the shallow depth,
which creates a strong coupling between the pelagic and benthic
systems enhancing remineralisation and the return of nutrients;
and the source of nutrient inputs such as rivers, or the Black Sea
Waters (BSW). Especially, TG accepts significant riverine loads
and more particularly is a semi-enclosed area with relatively
shallow waters, retaining nutrients and organic matter, in contrast
to the eastern NAS areas, such as the Thracian Sea, where
phytoplankton and zooplankton biomass are more strongly
advected offshore (Tsiaras et al., 2014). The increased anchovy
biomass that is simulated in Thermaikos gulf (Fig. 7B–D) is due
to the relatively higher mesozooplankton biomass.
As compared to the field data, the model simulates a slightly
higher egg abundance in Thermaikos Gulf and lower in the Thra-
cian Sea and east of the Limnos Island (LI) (Fig. 9), showing how-
ever a similar pattern, with the same three sub areas of higher
concentrations, as in the case of adult biomass (Fig. 7). These three
areas constitute the major spawning and feeding grounds of
anchovy in the NAS (Somarakis et al., 2012). The main difference
in the horizontal distribution of egg abundance between model
and field observations is found in the eastern part of LI, an area
under the direct influence of BSW, where the model is not repro-
ducing the observed high abundance of eggs. This was expected,
since the model did not reproduce satisfactorily the observed adult
concentration in this area (Fig. 7) as discussed above.

Taylor diagrams (Taylor, 2001) shown in Fig. 10, were used to
graphically summarize the model skill in reproducing the spatial
distribution of the observed fish biomass and egg abundance
(Figs. 7A and 9B) derived from the survey data (average data over
the June 2003–2006 period). We should note that the RMS error
and standard deviation (STD) have been normalised to the data
STD, while log-transformation has been applied on both the simu-
lated and observed distributions before calculating the statistics.
The simulated anchovy biomass (Adu1) presented a significant cor-
relation (0.34) with the data (Figs. 7 and 10). It also exhibited sim-
ilar variability, as the simulated STD was very close (0.95) to the
data, while the RMS error was �1.15. In the case of the egg abun-
dance distribution (Egg1, Figs. 8 and 10), a slightly higher correla-
tion coefficient (0.53) and a lower (0.9) RMS error were found,
while the simulated STD was again close (0.85) to the data. The
model showed a slightly better overall skill in the simulation of
the egg abundance variability than that of biomass.
Sensitivity results

Dynamic egg production
In order to examine the effect of the dynamic egg production

formulation, an additional simulation (Run2) was performed,
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Fig. 11. Daily egg production simulated with the dynamic egg production module
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Fig. 12. Fractional change of the simulated Phosphate, Net Primary Production,
Phytoplankton and Mesozooplankton biomass for Thracian Sea (top) and Thermai-
kos Gulf (bottom) with the reference simulation (Run1), where a two-way coupling
of the IBM and LTL models is employed (both for zooplankton and fish by-products)
and Run6 simulation, where fish by-products are not returned to the LTL model,
compared to Run5 uncoupled LTL simulation. See Table 2 for simulations attributes.
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adopting a constant daily specific fecundity. The latter was set
equal to the 1st year’s average fecundity, as derived from the
dynamic module, which was about 75% of the maximum fecundity
(0.75 ⁄ 46 eggs g�1 day�1). Thus, in the simulation with constant
fecundity, the amount of spawned eggs depends only on the adult
anchovy population biomass (egg production = 0.75 ⁄ 46 eggs g�1 -
day�1 ⁄ total biomass g). In Fig. 11, the effect of the dynamic repro-
duction formulation is illustrated. By comparing the reference
simulation (blue line) with the one adopting a constant fecundity
(red line), one can see that egg production in the latter case follows
a similar seasonal pattern in terms of starting and ending time,
showing also a peak during June, since the temperature and length
thresholds for reproduction remain the same. However, it is
noticed that the shape of the egg production curve is more spread
within the spawning period, as compared to the dynamic repro-
duction module, since available energy for reproduction is not
taken into account. So, even though fish weight starts to decrease
from late summer (Fig. 4), SIs continue to actively produce eggs.
As a result, egg production is higher in early autumn compared
to the dynamic case, in which egg production practically ceases
in autumn.

Movement
In order to investigate the effect of the adopted parameteriza-

tion for fish movement, two additional simulations were
performed. In the first (Run3), the food gradient was calculated
based on the zooplankton field and not on its ratio on fish biomass
(food per capita) (Eq. (7)) that was used in the reference (Run1)
simulation, in order to prevent the overcrowding of SIs in areas
with high zooplankton availability. The second sensitivity simula-
tion (Run4) was identical to the reference, except that a higher
value was used for the parameter kz (=0.1 mmol N/m3), as com-
pared to the reference (kz = 0.01 mmol N/m3). As explained above
(Section ‘Movement’), the half-saturation constant kz represents
an adequate prey concentration at which the fish slow down their
movement, in order to remain in a favourable location. Thus, using
a higher kz value would result in a more active movement towards
areas with higher food resources. The attributes of different sensi-
tivity simulations are presented in Table 2.

As shown in Fig. 7, the adult anchovy distribution from Run3
was very similar to the reference (Run1), except for a few patches
of higher fish aggregation in Thermaikos Gulf and Thracian Sea. In
Run4, differences were more pronounced, with fish distribution
being characterized by stronger aggregations in the more produc-
tive coastal areas (inner Thermaikos gulf, Strymonikos gulf, Nestos
and Evros River plume areas, indicated in Fig. 1). The distribution
of fish in Run4 appears less realistic when compared to Run1 and
Run3. This is also revealed by the Taylor diagrams (Fig. 10), com-
paring the simulated distributions against data from the acoustic
surveys, in which Run4 presented a lower correlation (r = 0.23)
and a slightly higher RMS error, as compared to Run1 (r = 0.34)
and Run3 that exhibited similar skills.

Link between LTL and IBM model
To explore the effect of anchovy on the LTL model plankton

dynamics, two additional simulations were performed. The first
(Run5) was a simulation of the LTL model alone, not coupled to
the IBM. In the second (Run6), the plankton biomass (microzoo-
plankton, mesozooplankton) consumed by the fish was removed
in the LTL (as additional, fish-induced predation mortality), but fish
by-products (dissolved inorganic nutrients, organic matter) were
not returned to the LTL, as in the reference (Run1) simulation
(see Section ‘Coupling of LTL with the IBM model’ and Table 2 for
simulations attributes). It should be noted here that in the coupled
IBM–LTL model in which there is direct predation on zooplankton
by the fish, a lower quadratic mortality (about �35% on average)
for mesozooplankton (representing a top-predator closure term
in the LTL, Edwards and Yool, 2000) was adopted, as compared to
Tsiaras et al. (2014), in order to get similar results with previously
validated zooplankton. The same (reduced) mortality was adopted
in the other two (Run5, Run6) simulations in order to examine the
overall effect of fish foraging on the plankton.

In the synoptic Fig. 12, some fractional changes in the two-way
‘coupled’ simulations Run1 and Run6 with regard to the ‘uncou-
pled’ Run5 are shown. In the Thracian Sea, a decrease of zooplank-
ton biomass is simulated in both Run1 and Run6 due to the
removal of zooplankton by fish. In contrast, the effect on phyto-
plankton is positive in Run1, due to the removal of predators and
the supply of nutrients from fish by-products. Under Run6 sce-
nario, zooplankton is further decreased relatively to Run1, as the
nutrient shortage from the lost by-products results in the decrease
of the phytoplankton biomass (the prey is reduced). Likewise,
marked differences between the two scenarios were also simulated
for the primary production rate, showing a significant decrease in
scenario Run6, unlike Run1. In terms of phosphate there was a
decrease under both scenarios although Run6 resulted in a higher
reduction as expected.

A slightly different picture was obtained for the Thermaikos
Gulf, where all variables were reduced under both scenarios and
at much lower levels compared to the Thracian Sea. The reason
was that the more abundant fish stocks in the Thermaikos Gulf
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exerted a greater top down control on zooplankton. It is interesting
to note that the removal of fish by products from the system did
not have a significant effect on zooplankton unlike the primary
producers and the nutrients stocks.
Discussion

Growth

The general growth pattern of the SIs was the result of season-
ality in the zooplankton availability and the energetic cost of
reproductive activity of adult fish. Slow growth rates from middle
June to September and a somatic weight decrease (�12%) during
autumn/winter was the main characteristic of anchovy growth
simulated by the bioenergetics model. On the other hand, the
increased zooplankton levels from May to July in the NAS, which
coincide with the peak of the anchovy spawning period, were ade-
quate to support the energy demands for egg production. The latter
is of particular importance since anchovy is primarily an income
breeder (Somarakis et al., 2004; McBride et al., 2014). In other bio-
energetics studies investigating the impact of environmental vari-
ability on fish growth, the predicted growth in weight also showed
seasonal changes, controlled by levels of food and temperature
conditions (e.g. in Pacific herring (Megrey et al., 2007), anchovy
in the Black Sea (Oguz et al., 2008), Bay of Biscay (Pecquerie
et al., 2009), Gulf of Lion (Pethybridge et al., 2013) and the Yellow
Sea ecosystem (Wang et al., 2013)).
Reproduction

Spawning is a key module in the development of full life cycle
fish models. Spawning locations and timing are critical for larval
survival and subsequent recruitment success (Huse and Ellingen,
2008; Pecquerie et al., 2009). One of the main upgrades of our 3-
D version of the anchovy bioenergetics model, compared to the
1-D model published in Politikos et al. (2011), was the inclusion
of a dynamic reproductive module. Following the approach of
Pecquerie et al. (2009), we used temperature and fish length
thresholds to define the initialization/end of the spawning season,
whereas the amount of energy stored in the ‘reproduction buffer’
determined the amount of eggs produced in subsequent spawning
events. According to the simulations, spawning peaked at around
June, whereas a high proportion of egg abundance were noticed
over the continental shelf (Fig. 8A), mainly in areas with high prey
densities (Fig. 9), implying the importance of adult feeding condi-
tions in the production of eggs. Overall, the reproductive module
was shown to work well, being in good agreement with existing
biological knowledge on anchovy spawning season, location of
spawning grounds in the NAS and the magnitude of population
egg production during peak spawning. It should be noticed here
that although the energy allocation algorithm developed here
(Fig. 3) is suitable for income breeders, i.e., energy is only allocated
to the reproduction buffer during the spawning season, it can be
easily extended to include species that are primarily capital breed-
ers, like the European sardine Sardina pilchardus (McBride et al.,
2014), e.g. by simply allowing energy to be allocated to the repro-
duction buffer both in and outside the respective spawning season
of the species.

Our reproduction module uses the daily specific fecundity
parameter (DSF) which is a population reproductive parameter
(it accounts for both females and males), i.e. it is appropriate for
the super-individual approach. The daily specific fecundity is a
function of sex ratio (R), spawning frequency (S) and relative batch
fecundity (F/W) the values of which were fixed to the average val-
ues estimated in the field from a series of daily egg production
method (DEPM) applications to the NAS anchovy stock
(Somarakis et al., 2012). The weight-specific sex ratio and relative
batch fecundity present low variability in the NAS (coefficient of
variation for both parameters, CV = 0.12 (Somarakis et al., 2012)),
but spawning frequency varies a lot (CV = 0.29). However, because
the focus of DEPM surveys is on stock assessment, the existing
spawning fraction estimates include in the denominator (of S) both
the spawning capable (actively spawning) but also the maturing
and post-spawning adult fish. Thus, the spawning fraction from
DEPM surveys is not appropriate to calculate the ‘true’ spawning
frequency and is highly variable. In recent reviews (e.g. Ganias
et al. (2014) and references therein) it has been demonstrated that
using only the spawning capable females (for which energy for egg
production is not a limiting factor), S estimates are quite consis-
tent, i.e. females spawn with a specific biorythm in any particular
ecosystem (the so called ‘Hunter’s biorhythm hypothesis’). For
European anchovy, this inter-spawning interval has been esti-
mated to be about 3 days (e.g. Schismenou et al., 2012; Uriarte
et al., 2012). Hence, the value of S = 0.33, used in the present study
is consistent with existing knowledge on species’ spawning
rhythm.

With regard to relative batch fecundity (F/W), laboratory and
field evidence (reviewed in Ganias et al., 2014) indicate that this
parameter is generally very conservative in anchovies and other
species. Hence, the average value used here is likely the most
appropriate estimate for relative batch fecundity of the NAS
anchovy.

Movement

Several approaches have been proposed in different ecosystems
to simulate the movement of active fish stages within numerical
models. In restricted-area search algorithms, a fitness function is
defined first (Railsback et al., 1999). Given this function, individu-
als search the neighbouring cells and move towards the one that
provides a locally optimal habitat. For example, Tu et al. (2012)
simulated the spawning migration of Japanese anchovy under the
hypotheses that fish swim along the current and change direction
towards maximum temperature when sensing the optimal spawn-
ing temperature. The growth rate gradient was used to determine
the fish behavioural movement of Peruvian anchovy (Xu et al.,
2013) and Japanese sardine (Okunishi et al., 2012). Other
approaches include the use of neural network genetic algorithms
to direct movement (Huse and Ellingen, 2008; Okunishi et al.,
2009) or adjusting the fish speed and frequency of turning angle
as a response to a local habitat defined at the current fish position
(Humston et al., 2004; Okunishi et al., 2012).

For the NAS ecosystem, broad scale migrations of anchovy have
not been reported, possibly because it is an oligotrophic area and
suitable, productive areas are spatially restricted (see ‘Introduc-
tion’ section). Furthermore, there is low inter-annual variability
in the extent and location of anchovy habitats, as has been
recorded and modelled from surveys at sea (Giannoulaki et al.,
2008, 2013). It is thus most probable that anchovies do not perform
extended horizontal migrations, limiting their movement in areas
with sufficient amounts of food.

The movement module used in the IBM was based on food
availability and bathymetry to simulate the displacement of active
SIs. It was assumed that anchovy can move towards favorable feed-
ing areas against the currents, maintaining a ‘‘known’’ bathymetric
habitat that did not exceed some maximum water column depth.
The latter (bathymetric) constraint on fish movement did not affect
significantly the simulated anchovy distribution that was charac-
terized by increased biomass in coastal, more productive areas,
receiving river or BSW nutrient inputs. Overall, the movement
algorithm produced outputs that were consistent with observed
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distribution grounds of anchovy from acoustic surveys and statis-
tical habitat maps estimated for anchovy in the NAS (Giannoulaki
et al., 2008, 2013). In addition to trophic and bathymetric gradi-
ents, a function for slowing down the fish speed and a gradient
based on local fish biomass were introduced in the movement
module in order to prevent anchovy overcrowding in high prey
areas. These two mechanisms were employed in an attempt to
resolve the known problem of the restricted area search approach
(Watkins and Rose, 2013), producing unrealistic spatial distribu-
tion patterns due to the aggregation of individuals in areas with
high habitat quality. The sensitivity results presented in Sec-
tion ‘Movement’ showed that the slowing down function was more
effective to prevent the overcrowding of SIs, as compared to the
density-dependent food gradient.

The present model simulated higher anchovy biomass and egg
abundance in the inner Thermaikos Gulf, as compared to field data.
This is possibly related to an overestimation of zooplankton by the
LTL model in this area and/or the limitations of the implemented
movement module, considering the shallow depth in this semi-
enclosed area.

Uncertainties/sensitivities of parameters

Due to the high complexity of the coupled IBM system and the
limited knowledge on many biological parameters, several types of
uncertainties were inevitably included in the parameterization
process. This is especially true for the natural mortalities, for which
the values used were mainly based on figures or empirical relation-
ships reported in past studies.

The half saturation parameter is the main calibrated parameter
related to growth within bioenergetics models (Megrey et al.,
2007; Pecquerie et al., 2009; Politikos et al., 2011). In the NAS,
given the significant spatial variability of zooplankton (high in
coastal areas influenced by rivers and low in offshore areas), the
calibration of anchovy growth using only the half saturation
parameter was not possible. Hence, a maximum in daily consump-
tion was introduced, based on consumption rates observed for
small pelagic species (Palomera et al., 2007; Nikolioudakis, 2011).
This limitation in daily consumption was able to prevent high
growth rates, especially in areas with noticeably increased plank-
ton biomass like the river influenced area within the Thermaikos
Gulf.

Another source of uncertainty in the IBM is the initialization of
the fish model in terms of total biomass and location of the SIs. The
anchovy model was initialized using available biomass data in June
2003. However, sensitivity simulations that initialized the anchovy
model on a prior year (e.g. 2000), based on the same data as in
2003, did not show any significant changes as compared to the pre-
sented results for total biomass and anchovy distribution.

Fishing

In the IBM, the adopted fishing mortality was seasonal on a
monthly basis and was applied homogeneously over the known
NAS fishing grounds. This oversimplified parameterization
restricted to some degree the spatial skills of the overall model.
In the future, the integration of the spatiotemporal distribution
of the fishing effort (purse seines) by elaboration and analysis of
data from the vessel monitoring systems (VMS), as they become
available, are expected to improve the model’s performance in
many ways. Firstly, the discrepancies between the observed and
simulated distributions of fish biomass and egg abundance will
be decreased. These discrepancies are partly due to the fact that,
in coastal areas where the model predicts high concentrations of
fish and their spawn, fishing effort is also very high, which is pres-
ently not explicitly included in the model. Also, the integration of
the spatiotemporal distribution of the fishing effort will upgrade
the model’s performance by allowing for the simulation of
spatiotemporal catch fields. Travers et al. (2007) have underlined
the necessity of the representation of the simultaneous effects of
fishing and climate within an end-to-end modelling approach for
quantifying their propagation down and up the food web. Thus,
the inclusion of an effective fishery module within our model is
a necessary step to more realistically represent the fish distribu-
tion, as well as to use the model as a management tool in order
to evaluate the effect of alternative management strategies sce-
narios (closed seasons, closed areas, different Total Allowance
Catch levels) on the pelagic ecosystem. This is very important
for the sustainable exploitation of anchovy resources in the NAS
since the current technical measures applied in the area
(2.5 month winter closed period, minimum legal landing sizes,
etc.) are generally believed to be dated and inadequate
whereas the stock is heavily exploited (Somarakis et al., 2006;
Giannoulaki et al., 2014).
Link between LTL and IBM model

The two-way coupling between the fish and the LTL model
allows the analysis of the role of the fish as a top down control
agent, since zooplankton groups serve as prey fields for fish, which
in turn induce predation mortality affecting the plankton dynamics
(Travers et al., 2009). This interaction combined with nutrient
feedback from fish by-products can play a key role on the general
functioning of the pelagic food webs. For instance, Megrey et al.
(2007) observed a small decrease in zooplankton biomass when a
fish bioenergetics-based population dynamics model for Pacific
herring was coupled with a biogeochemical model, as well as a
small increase in phytoplankton, illustrating the interplay between
the fish and the plankton model. In the southern Benguela ecosys-
tem, Travers et al. (2009) performed a detailed comparison
between two-way coupling versus one-way forcing of low and
high trophic levels in an effort to scrutinize the role of fish preda-
tion in model coupling. The comparisons highlighted that the fish-
induced plankton mortality and the top down feedback of the HTL
to the LTL model affected not only the amplitude of the plankton
dynamics but also the duration of the plankton bloom and caused
small changes in ciliate and diatom biomass.

In this study, a similar approach was used and results were ana-
lyzed in two sub areas with quite different characteristics. In the
mesotrophic Thracian Sea, an area with low enclosure, influenced
both by riverine and BSW inputs, our results were in agreement
with the previous studies (Megrey et al., 2007; Travers et al.,
2009), showing a decrease in zooplankton and a relative increase
of phytoplankton in the simulations with two-way coupling
scheme. On the opposite, in the Thermaikos Gulf which is a
semi-closed, eutrophic area the coupling of LTL model with fish,
had a greater effect compared to the Thracian Sea, causing the
decrease of phytoplankton, zooplankton and phosphate stocks. In
eutrophic conditions, fish predation slows down the system in
terms of primary producers (reduced production rate) and shifts
the organic carbon towards the higher trophic levels.
Conclusions

The coupling of physics and lower trophic levels to fish models
that include all life stages, from eggs to adults, is not straightfor-
ward as in models restricted only to early life stages (Lett et al.,
2009). However, it is an essential step for addressing issues related
to the long-term consequences of climate and human-induced
effects on fish populations and fisheries (Huse and Ellingen,
2008). Working within this context, the present work can be con-



Table A.1
Mathematical formulation of energy relationships and parameters values used to implement the anchovy bioenergetics model. Model structure and parameterization is basically
adopted from Politikos et al. (2011).

Energy process Equations Parameters

Maximum Consumption (Cmax) Cmax ¼ acWbc
SI f CðTÞ ac = 0.41 (Intercept for consumption)

bc = �0.31 (Exponent for consumption)
Qc = 2.22a,b, 2.4c,d (Slope for temperature dependence)
Topt = 20a,b, 16c,d (Optimum Temperature (�C))
Tmax = 32 (Maximum Temperature (�C))

fC(T) = VXeX(1�V) PDj,i = density of prey type i (i = 1 corresponds to microzooplankton and i = 2 to
mesozooplankton) (g-prey m�3) for life stage/age class j

Temperature function V ¼ Tmax�T
Tmax�Topt

vj,i = vulnerability of prey type i to life stage/age class j (dimensionless)

S = ( ln Qc)(Tmax � Topt) v2,1 = 1.0, v3,1 = 0.5
Y = ( ln Qc)(Tmax � Topt + 2) v4,1 = v5,1 = v6,1 = v7,1 = 0,

X ¼ S2ð1þð1þ40=YÞ1=2Þ
2

400
v2;2 ¼ 0:0; v3;2 ¼ 0:5; v4;2 ¼ v5;2 ¼ v6;2 ¼ v7;2 ¼ 1:0

Consumption (C) Ci ¼
P2

i¼1Cj;i
kj,i half saturation function (g-prey m�3) for life stage j feeding on prey type i.

Cj;i ¼
CmaxðPDj;imj;i=kj;iÞ

1þ
P2

i¼1
ðPDk;imk;i=kk;iÞ

k2;1 ¼ k2;2 ¼ 0:016; k3;1 ¼ k3;2 ¼ 0:025

k4;1 ¼ k4;2 ¼ 0:05; k5;1 ¼ k5;2 ¼ 0:09
k6;1 ¼ k6;2 ¼ k7;1 ¼ k7;2 ¼ 0:1

Respiration (R) R ¼ arWbr
SI f RðTÞA ar = 0.024 (Intercept for respiration)

f RðTÞ ¼ Q
T�Tm

10
10

br = �0.34 (Exponent for respiration)

A ¼ edr U Q10 = 2.22 Temperature dependence parameter

U ¼ aAWbA eðcA TÞ Tm = 18a,b, 15c,d (Mean annual temperature)

dr = 0.022 (Coefficient for R for swimming speed)
aA = 2.0 (Intercept U (< 12.0 �C))
aA = 12.25a,b, 11.98c, 14.21d (Intercept U (P 12:0 �C))
aA = 9.97c (Intercept U (P 12:0 �C) (during low feeding activity)
bA = 0.27a,b, 0.33c, 0.27d (Coefficient U for weight)
cA = 0.149 (Coefficient U vs. temperature (< 12.0 �C))
cA = 0.0 Coefficient U vs. temperature (P 12:0 �C)

Egestion (EG) F = afC af = 0.15a,b, 0.126c,d (Proportion of food egested)

Excretion (EX) E = ae (C � F) + be ae = 0.41 (Excretion coefficient)
be = 0.01 (Proportion of food excreted)

Specific Dynamic Action (SDA) SDA = asda(C � F) asda = 0.10 (Specific dynamic action coefficient)

Energy buffer (RE) See
Section ‘Reproduction’

a Early larval stage (j = 2).
b Late larval stage (j = 3).
c Juvenile stage (j = 4).
d Adult age-classes (j = 5,6,7).
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sidered as a first attempt for the development of a holistic model
scheme, which describes the main features of a small pelagic fish
full life cycle, under the influence of trophic regimes provided by
a coupled hydrodynamic–biogeochemical model.

Certainly, one has to keep in mind the mediations discussed in
Rose (2012), who underlines the challenges, which will be faced in
the future towards the improvement of model forecasting abilities.
These challenges include scaling/computational issues, data needs,
deciding what processes and organisms can be ignored and which
ones must be represented. The present study gave us the opportu-
nity to identify the associated uncertainties, combine the up to
date biological information with new modelling theories (e.g.
movement) and identify data gaps. The importance of developing
methods for estimating the effect of these uncertainties in model
predictions is an essential subsequent step.

The present model presents intermediate complexity. More fish
species (e.g., sardine), top predators and fishing fleet modules can
be added as knowledge on these components improves. The
implemented egg production module can help to scrutinize the
factors that can generate inter-annual variations in spawning pat-
terns, a crucial step to understand the relationship between
spawning and recruitment success. Finally, since the model pre-
sents in detail the plankton - fish interaction, it can be used for
simulations investigating the impact of temperature rise, eutro-
phication and fresh waters inputs (river nutrient loads, Black Sea
water) on the plankton productivity and subsequently on the
anchovy dynamics.

Acknowledgements

We would like to thank the reviewers for the very careful read-
ing of our manuscript and their constructive comments. This work
was financially supported by the General Secretariat of Research
and Technology, Greece through the project REPROdUCE (REcruit-
ment PROcesses Using Coupled biophysical models of the pelagic
Ecosystem) – ‘‘Strengthening the links between European marine
fisheries science and fisheries management – MARIFISH’’ (ERAC-
CT-2006-025989) within the framework of the EU ERA-Net initia-
tive (6th Framework Program), and the project SEAMAN (Spatially
resolved Ecosystem Models and their Application to marine MAN-
agement) – ‘‘Towards integrated European marine research strat-
egy and programmes – SEAS-ERA’’ (ERAC-CT2009-249552) within



Table A.2
Mortality parameters used for the implementation of the population module.

Parameter identification Units Parameter values

Natural mortality (MSI)
Embryonic stage day�1 0.4 (Somarakis et al., 2012)
Early larval stage day�1 Density-dependent (Somarakis and Nikolioudakis, 2007)
Late larval stage day�1 0.06 (Mantzouni et al., 2007)
Age-0 class year�1 4.0 (calibrated)
Age-1 class year�1 1.0 (Giannoulaki et al., 2014)
Age-2 class year�1 0.74 (Giannoulaki et al., 2014)
Age-3 class year�1 0.66 (Giannoulaki et al., 2014)

Monthly Fishing mortality (Fmonth)
Age-1, Age-2, Age-3 year�1 0.0, 0.0, 0.16, 0.44,0.75, 1.02, 1.26, 0.96, 0.52, 0.47, 0.35, 0.02 (Giannoulaki et al., 2014; unpublished HCMR data, see Fig. B.2)

Table A.3
Parameters of the movement module.

Parameters Description Value

aL Maximum speed proportion factor 1.7 (s�1)
RL Maximum degree of error 0.25 ⁄ fish-length
kz Half-saturation parameter for slowing

down the movement
0.01 (mmol N/m3)
(calibrated)

dwc Parameter which controls the steepness
of the function FT

100 (meters)
(calibrated)

Dt Time step 20 min

Table A.4
Parameters of the fish distribution function.

Parameter Description Value

pref4(j) Preference on
mesozooplankton

0.5a, 1.0b (dimensionless)
(Nikolioudakis, 2011)

pref5(j) Preference on
microzooplankton

0.5a, 0.0b (dimensionless)
(Nikolioudakis, 2011)

kf(j, food) Vertical distribution
steepness parameter

50a, 40b (mgC/m3)2 (calibrated)

ffc Fish biomass conversion
factor

147(mgC/g ww)*

qnF Fish C:N internal quota 0.019 (mmol N/mgC)*

qpF Fish C:P internal quota 0.00136 (mmolP/mgC)*

qnZ5 Z5 maximum N/C ratio 0.0167 (mmol N/mgrC)**

qnZ4 Z4 maximum N/C ratio 0.015 (mmol N/mgrC)**

qpZ5 Z5 maximum P/C ratio 0.001 (mmolP/mgrC)**

qpZ4 Z4 maximum P/C ratio 0.00167 (mmolP/mgrC)**

a Late larvae (j = 3).
b Age-0 to age-3 (j = 4,5,6,7).
* Czamanski et al. (2011).

** Petihakis et al. (2002).
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Fig. B.1. Length–weight relationships for anchovy larvae, juveniles and adults. The
red lines indicate the �0.35 condition threshold. (For interpretation of the
references to colour in this figure legend, the reader is referred to the web version
of this article.)
Appendix A

The equations and the parameters of the bioenergetics model
are summarized in Table A.1. The list of parameters of the popula-
tion module are shown in Table A.2. Table A.3 shows the parame-
ters of the movement module, while the parameters of the
coupling process are listed in Table A.4.
Appendix B

See Figs. B.1 and B.2.
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Fig. B.2. Mean monthly proportion of anchovy catch (percentage of annual catch)
in the NAS for the period 2003–2006 (HCMR unpublished data).
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