
Progress in Oceanography 84 (2010) 113–117
Contents lists available at ScienceDirect

Progress in Oceanography

journal homepage: www.elsevier .com/ locate /pocean
An overview of APECOSM, a spatialized mass balanced ‘‘Apex Predators
ECOSystem Model” to study physiologically structured tuna population dynamics
in their ecosystem

Olivier Maury *

IRD (Institut de Recherche pour le Développement) – CRHMT, av. Jean Monnet, B.P. 171, 34203 Sète cedex, France

a r t i c l e i n f o a b s t r a c t
Article history:
Available online 17 September 2009
0079-6611/$ - see front matter � 2009 Elsevier Ltd. A
doi:10.1016/j.pocean.2009.09.013

* Tel.: +33 4 99 57 32 28.
E-mail address: maury@ird.fr
This paper gives an overview of the ecosystem model APECOSM (Apex Predators ECOSystem Model)
which is developed in the framework of the GLOBEC-CLIOTOP Programme. APECOSM represents the flow
of energy through the ecosystem with a size-resolved structure in both space and time. The uptake and
use of energy for growth, maintenance and reproduction by the organisms are modelled according to the
DEB (dynamic energy budget) theory (Kooijmann, 2000) and the size-structured nature of predation is
explicit. The pelagic community is divided into epipelagic and mesopelagic groups, the latter being sub-
divided into vertically migrant and non-migrant species. The model is mass-conservative. Energy is pro-
vided as the basis of the model through primary production and transferred through 3D spatially explicit
size-spectra. Focus species (tunas at present, but any predator species can be considered) are ‘‘extracted”
from the global size-spectra without losing mass balance and represented with more physiological and
behavioural details. The forcing effects of temperature, currents, light, oxygen, primary production and
fishing are explicitly taken into account.

� 2009 Elsevier Ltd. All rights reserved.
1. Introduction

Present marine ecosystems are experiencing simultaneously
the effects of high and increasing levels of fishing pressure (Sinclair
and Valdimarsson, 2003) and in-depth structural modifications in-
duced by climate change (Hsieh et al., 2005; Hsieh and Reiss,
2006). The unprecedented speed and magnitude of those global
phenomena raise serious concerns about the very fate of marine
ecosystems and their potential future (in-)ability to sustain ser-
vices to human societies such as fisheries or carbon uptake and ex-
port. To quickly answer these significant questions, it is urgent for
scientists to achieve a reliable predictive capability through the
development of the next generation of ecosystem models that
has to embody a high degree of mechanistic details, ecological
realism and theoretical consistency. In this perspective, the ecosys-
tem model APECOSM (Apex Predators ECOSystem Model, Maury
et al., 2007a,b) is a recent spatially explicit size-based model of
open-ocean ecosystems developed in the framework of the
GLOBEC-CLIOTOP synthesis and modelling Working Group
(WG4). APECOSM aims at representing the joint effects of environ-
ll rights reserved.
mental variability and fishing on the structure and dynamics of pe-
lagic ecosystems.

APECOSM uses a size-based approach as a practical way to
obtain a realistic representation of both the non target organ-
isms (components called OOPC for Open Ocean Pelagic Commu-
nities) and the focus species while keeping the functional
complexity limited (Fig. 1). In this way, the concept constitutes
a concrete implementation of the rhomboid approach to model
marine ecosystems as described by deYoung et al. (2004). APE-
COSM integrates various physiological, behavioural and ecologi-
cal processes acting on a variety of scales. It represents the
basin wide spatialized dynamics of open ocean pelagic ecosys-
tems from phytoplankton production up to fishing with a special
emphasis on predators.

APECOSM is mass conservative. It adopts a process based ap-
proach where parameterizations are derived mechanistically and
where parameters are biological, physiological or behavioural
meaningful constants. Physical forcings (temperature and cur-
rent), biogeochemical forcings (primary and secondary produc-
tion, light and oxygen fields) as well as the effects of fishing
are explicitly taken into account and constrain the dynamics at
various levels.

One of the main characteristic of APECOSM is that the particular
structure of regional ecosystems are not prescribed a priori. On the
contrary, they are supposed to emerge from the interactions
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Fig. 3. Schematic representation of the size-structured energy fluxes between the
biogeochemical PISCES model (Aumont et al., 2003; Aumont and Bopp, 2006) and
APECOSM.
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Fig. 1. APECOSM is a basin scale ecosystem model integrating bottom-up and top-
down processes. It represents the overall energy fluxes through the ecosystem with
a size spectrum approach. Focus species (tropical tunas) are extracted from this
energy flux and represented with more physiological and behavioural details.
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between the global generic structure and set of rules of the model
and the regional environmental forcings.
2. The Open Ocean Pelagic Communities (OOPC)

The epipelagic OOPC is distinguished from the mesopelagic
migratory OOPC which experiences nycthemeral1 movements and
from the mesopelagic non-migratory OOPC. The three OOPCs are not
taxonomically resolved, their vertical distribution and movements
are constrained by light, temperature, food and oxygen (Fig. 2).

Energy fluxes through the ecosystem are controlled by preda-
tion. Through size-based predation, 3D fields of primary (flagellates
and diatoms) and secondary (micro-zooplankton and meso-
zooplankton) production simulated by the biogeochemical model
PISCES (Aumont et al., 2003; Aumont and Bopp, 2006) fuel the en-
tire size-spectra of the OOPCs (Fig. 3). Since all the energy fluxes
including controlled losses (non predatory mortality, loss of male
sexual products and imperfect efficiency of the assimilation pro-
cess) and dissipation processes (maintenance expenditures and
the energetic cost of growth) are explicit, the model conserves en-
ergy: predation is a net loss of energy for preys and a net gain for
predators.

Predation is opportunistic and controlled by the ratio of size be-
tween organisms through a selectivity function (Maury et al.,
2007a) and by the 3D spatial co-occurrence of predator and prey.
Growth is a conversion of ingested energy into assimilated energy
1 Physiological unit of time; a daily 24-h cycle comprising one day and one night.
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Fig. 2. Schematic representation of the vertical distribution of the
diminished by a maintenance cost proportional to body weight and
then converted into structural material at a given cost (Kooijmann,
2000). Reproduction is continuous in time. The model represents
energy flux through the OOPCs with size-structured PDEs in four
explicit dimensions (2D space, time and weight) which combine
spatial diffusion and advection terms (accounting for both passive
and active movements) with an advection term along the weight
dimension representing the growth process and three sink terms
for predatory, non predatory and starvation mortality processes.
The vertical dimension z is explicitly taken into account through
a specific parameterization which integrates vertical advection
and diffusion.
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where r and div are the usual differential operators on the spatial
domain X.

This equation is completed with Dirichlet boundary conditions:

ct;x;y;wegg
ni

t;x;y;wegg
¼ Rt;x;y; 8ðx; y; tÞ 2 X� ½0; T� ð2Þ
Night 

0

100

200

300

400

500

600

700

800

Biomass density

D
ep

th
 (m

)

epipelagic
mesopelagic
migratory
TOTAL

three OOPC communities and their diel vertical migrations.
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where ni is the energy density of the community i of the OOPC, D
is the spatial diffusivity matrix, V is the vector of the spatial
advection coefficients, c is the growth rate, k is the mortality rate
due to predation, Z is the loss of energy from the system due to
non predatory mortality and M is the starvation mortality rate.
The input of eggs Rt into the system due to reproduction is taken
into account through the Dirichlet boundary condition in
w = wegg.

To ensure a rigorous mass balance, all the coefficients of Eq. (1)
are derived according to the principle of energy and mass conser-
vation (Maury et al., 2007a). The propagation of the variability of
primary production through the three OOPCs spatialized size-spec-
tra reflects the complex spatial interplay of bottom-up and top-
down processes as well as the 3D effects of ocean temperature,
currents, light and oxygen (Fig. 4).
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Fig. 4. Left: size spectra of the epipelagic, mesopelagic migratory and mesopelagic non-m
line is drawn for each climatological month. Right top: spatial distribution of the OOPC b
in January. Right bottom: spatialized size-spectrum along the green latitudinal transect
3. Focus species: tuna populations

APECOSM integrates in a bioenergetic framework the demogra-
phy of four tuna populations (bigeye, skipjack, yellowfin and alba-
core) with their physiology and main life history traits (growth,
reproduction, metabolism, age, maturity), their horizontal move-
ments and migrations as well as their small-scale vertical move-
ments. As for OOPC communities, the size-structured nature of
predation is explicit. The tuna species interact trophically with
the three communities of OOPC and are represented with DEB-
based (Dynamic Energy Budget, cf. Fig. 5) physiologically struc-
tured advection–diffusion equations which transport individuals
through a six dimensions space (2D space, time, reserve, structure,
gonad). Length of tunas is proportional to the energy content of
structures at the power 1/3 so that the tuna component of the
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igratory OOPCs in two regions (top: Arabian Sea; bottom: Mozambique Channel). A

iomass integrated from 10�3 m to 0.2 m and cumulated over the three communities
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Fig. 5. Schematic representation of the DEB-based (Kooijmann, 2000) physiological
structure used in APECOSM. The amount of energy ingested by a predator is
proportional to a body surface and assimilated at a given cost. A fraction j is used
for somatic growth and maintenance whereas a fraction (1�j is allocated to egg
production and gonadic maintenance. The energetic cost of growth is explicitly
considered in the balance equations and the eggs produced are injected at the basis
of the population size-range.
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model is fully size structured and hence compatible with the
OOPCs. The parameterization of horizontal movements links to-
gether advection and diffusion and is derived from a model of indi-
vidual movements (Faugeras and Maury, 2007). The vertical
distribution of tunas is explicitly taken into account through a spe-
cific parameterization derived from a vertical movements sub-
model (Maury, 2004).
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Fig. 6. Comparison between observed catches of skipjack tuna (Katsuwonus pelamis) in
cumulated over the range of sizes fished (right).
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With fi the energy density of tunas species i, D the spatial (x, y) dif-
fusivity matrix, V the vector of spatial (x, y) advection coefficients, e,
v and g the energy density of reserves, structure and gonads, _pA, _pC ,
_pV and _pG the rates of energy flux for assimilation, reserve use,
structural growth, gonads development, k the predatory mortality,
F the fishing mortality, Z the ageing mortality, and M the non pred-
atory mortality. Reproduction is taken into account in the boundary
condition in v.

Behaviour of fish is related to their physiological status so that
physiology acts as a transfer function between environmental
variability and behaviour. In APECOSM, tunas behave in order to
maximize the number of eggs spawned (growth of adults), and
the larval survival (location of spawning). A behavioural shift
occurs before spawning, when gonads energy content reaches a
fixed level, from movements devoted to growth maximization (to
the Indian Ocean (left) with the biomass of skipjack simulated by APECOSM and
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feeding areas) to movements devoted to larval survival (to spawn-
ing areas). The model outputs the distribution of tunas which can
be compared to observed commercial catches. Preliminary retro-
spective runs of APECOSM have been conducted in the Indian
Ocean, forced by a climatological environment (Fig. 6).

4. Conclusion

APECOSM produces a large range of outputs which can be com-
pared with observed data such as size-structured prey fields, fish-
ery catches and size-frequencies, tag-recovery data and archival
tagging experiments, size-structured stomach contents, N15 ratios
of tunas and of the ecosystem, growth and maturity schedules,
etc. Various data assimilation experiments for estimating APE-
COSM key parameters are currently being undertaken.

In the framework of CLIOTOP WG4, various hindcast and fore-
cast simulation studies will be conducted to address the joint ef-
fects of fishing and climate variability on oceanic ecosystems and
the tuna community which inhabit them.
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