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a b s t r a c t

The modeling of mid-trophic organisms of the pelagic ecosystem is a critical step in linking the coupled
physical–biogeochemical models to population dynamics of large pelagic predators. Here, we provide an
example of a modeling approach with definitions of several pelagic mid-trophic functional groups. This
application includes six different groups characterized by their vertical behavior, i.e., occurrence of diel
migration between epipelagic, mesopelagic and bathypelagic layers. Parameterization of the dynamics of
these components is based on a temperature-linked time development relationship. Estimated parameters
of this relationship are close to those predicted by a model based on a theoretical description of the alloca-
tion of metabolic energy at the cellular level, and that predicts a species metabolic rate in terms of its body
mass and temperature. Then, a simple energy transfer from primary production is used, justified by the exis-
tence of constant slopes in log–log biomass size spectrum relationships. Recruitment, ageing, mortality and
passive transport with horizontal currents, taking into account vertical behavior of organisms, are modeled
by a system of advection–diffusion-reaction equations. Temperature and currents averaged in each vertical
layer are provided independently by an Ocean General Circulation Model and used to drive the mid-trophic
level (MTL) model. Simulation outputs are presented for the tropical Pacific Ocean to illustrate how different
temperature and oceanic circulation conditions result in spatial and temporal lags between regions of high
primary production and regions of aggregation of mid-trophic biomass. Predicted biomasses are compared
against available data. Data requirements to evaluate outputs of these types of models are discussed, as well
as the prospects that they offer both for ecosystem models of lower and upper trophic levels.

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

The level of information, both in terms of understanding and
observations, for the physical and biogeochemical components of
the pelagic ecosystem is now sufficient to make realistic basin-
scale simulations of ocean physics and lower trophic (phytoplank-
ton) level biology. On the other hand, the information is still very
limited for the intermediate or mid-trophic levels (micronekton).
Yet, the modeling of these components is essential for understand-
ing the dynamics of their predators that are most often heavily
exploited species. Pressing management issues require rapid
developments in understanding and prediction of the changes
occurring in these populations under the pressures of both fishing
and climate change. Thus, it is a primary condition to develop a
new generation of ecosystem models for the study and manage-
ment of these exploited marine resources whose exploitation at-
tracts increasing concerns on their sustainability or even a risk of
extinction in some cases.
ll rights reserved.

: +33 561 393 782.
Given these pressing issues, the modeling approach certainly
requires realism and pragmatism, especially if we use ‘‘ecosystem”
in its whole sense that is including both the physical environment
and the set of all living organisms and their interactions in space
and time, with each other and with their environment. There is
an obvious huge gap between the recent achievements in physical
oceanography, with the development of ocean general circulation
models (OGCMs), and our capacity to model the incredible com-
plexity of the marine life. Though less advanced in understanding
and representation of underlying mechanisms, the new generation
of biogeochemical models (BGCM) appears also mature enough to
capture the global features (spatio-temporal, seasonal-to-interan-
nual and multi-decadal variability) of the components of the car-
bon cycle. Of course, there is still a vast field of research for
including increasing complexity of processes, in particular over
the continental slopes, shelf-breaks, and coastal areas, but at least
there is a simplified and coherent vision of these biogeochemical
components, and the coupling between OGCM and BGCM
(OGCBM) is now a common practice. In addition, for both types
of models, there exist synoptic (satellite-derived) and in situ obser-
vations allowing model evaluation and data assimilation.

http://dx.doi.org/10.1016/j.pocean.2009.09.008
mailto:PLehodey@cls.fr
http://www.sciencedirect.com/science/journal/00796611
http://www.elsevier.com/locate/pocean


70 P. Lehodey et al. / Progress in Oceanography 84 (2010) 69–84
The situation is remarkably different as soon as we move up a
step in this great ecosystem picture, i.e. for zooplankton and more
particularly the mid-trophic levels that constitute forage organ-
isms of predator species; the latter being frequently exploited mar-
ine resources. The challenge proposed here is to model these
components of the marine ecosystem despite the very limited
knowledge and observation available, thus using an approach as
simple as possible, but that can be coupled nonetheless, to the
other components (OGCBM) without loosing the benefit of the bet-
ter insights and detailed modeling possibility they offer. This
means that the new modeled components have to be spatially-ex-
plicit and at least constrained by their bio-physical environment
predicted by the OGCBM, if not fully coupled to investigate poten-
tial biological feedbacks.

Given the diversity of species and interactions in the food web
structure, the approaches for modeling ecosystem ecology rely
mainly on the energetic view as stated by Lindeman (1942),
describing the ecosystem as a flow of energy through a network
from the first trophic level (primary producers) to the consumers
groups. The question is how to define these groups. In its simplest
expression, it would be a chain of discrete trophic levels, as in a
trophic pyramid. The concept then can be extended to a larger
number of groups producing an increasingly complex network
with potential interactions between one group and all the others,
and requiring the introduction of a continuous representation of
trophic levels.

This approach of trophic flow models has been proposed and
used for investigating different marine ecosystems (Christensen
and Pauly, 1992) but it becomes limited by the extensive number
of parameters exponentially increasing with the number of groups
defined to represent the network. The parameterization of the tro-
phic network in such models becomes an unrealistic static view
when considering the plasticity of organisms and their aptitude
to switch from one prey (or group of prey) to another. Besides,
most of oceanic large predators are opportunistic feeders with a
very large spectrum of prey species. In addition, the definition of
groups by trophic levels may be problematic since organisms can
occupy many different trophic levels over their life.

A second approach is then to consider the size spectrum in the
ecosystem. The size was effectively identified as a fundamental cri-
terion that structures the ecosystem, especially the marine ecosys-
tem. The size of an organism largely determines its function in the
ecosystem: it controls the diet based (roughly) on prey–predator
size relationships; there is an obvious size-abundance relationship,
the smaller organisms being the most abundant (Elton, 1927); and
finally metabolism and turnover also appear linked to it. These lat-
ter relationships have been investigated for long and seen in multi-
ple empirical observations. Kleiber (1932) was the first to provide a
surprising result by showing that an animal’s metabolic rate is pro-
portional to its body mass raised to the power of 3=4. Since then, scal-
ing laws based on exponents in which the denominator is a
multiple of four have been proposed in various ways. Empirical data
also suggest allometric relationships between abundance per unit
area and body size (or weight) both in terrestrial and marine sys-
tems (e.g., Sheldon et al., 1972; Kerr, 1974; Enquist et al., 1998; Bel-
grano et al., 2002), or similarly between weight of organisms and
the growth rate of their population (Fenchel, 1974; Savage et al.,
2004). It follows from these findings that abundance at a given size
(weight) or ‘‘size window” is constrained by rates of energy supply,
thus leading to macroecological properties. Therefore, abundance
or biomass-body size (weight) relationships have been used to de-
scribe the energy flow in biomass size spectrum in different ecosys-
tems which interestingly showed similar slopes in log–log
relationships (Dickie, 1976; Boudreau and Dickie, 1992).

Underlying mechanisms that can explain these scaling laws are
obviously of critical significance for ecological modeling. Platt and
Denman (1978) proposed a first attempt to understand the size
structure of pelagic ecosystems under energetic balances. They
demonstrated that ‘‘the trophic structure of an ecosystem is con-
trolled in some way by the magnitudes of various physiological rates
of the component organisms” (Platt, 1985), thus establishing the
allometric basis that structures the marine ecosystems. More re-
cently, a theory known as the Metabolic Theory of Ecology (MTE)
has been proposed by Brown et al. (2004) to describe how the met-
abolic rate of individual organisms varies with body mass and tem-
perature. Another approach proposed previously by Kooijman
(1986) was based on a model of dynamics energy budget (DEB).
Though based on similar principles (e.g., the van Hoff-Arrhenius
equation), the approaches are different and debated (Van der Meer,
2006), and will require much work and experimentation before
providing the kind of unifying conceptual frameworks needed for
modeling the ecosystem based on molecular principles.

Nevertheless, scaling laws like allometric relationships are now
sufficiently well established to be used as a practical modeling ap-
proach especially since critical issues like climate change or man-
agement of (over) exploited marine species require the rapid
development (e.g., in the coming 5–10 years) of ‘‘Minimum Realis-
tic Models” (MRM) as defined by Butterworth and Plaganyi (2004),
i.e. ‘‘with the underlying concept to restrict the model developed to
those species most likely to have important interactions with the spe-
cies of interest”.

In this paper, one pathway is presented as an alternative to the
size spectrum approach that combines energetic and functional ap-
proaches, to model the mid-trophic level organisms of marine eco-
systems. Instead of describing the full size spectrum of the marine
ecosystem, we propose to model several functional groups for a gi-
ven size or weight window, corresponding to the biomass of forage
organisms of large oceanic predators, i.e. roughly the micronekton.
Rather than considering size, this approach is based on the temper-
ature-linked development time of the organisms and the turnover
of their multi-species population functional groups. The bio-phys-
ical forcing provided by one OGCBM is used to produce a simula-
tion of the mid-trophic functional components. Then the interest
of representing these new functional groups as a link for investi-
gating and modeling the dynamics of fish populations is discussed.
2. Modelling approach

2.1. Conceptual model of the mid-trophic functional groups

Oceanic micronekton includes a myriad of species providing
forage for larger predators. They can be roughly characterized by
a size spectrum in the range of 2–20 cm dominated by crustaceans,
fish, and cephalopods. Gelatinous organisms like jellyfish are also
likely an underestimated important component of micronekton
in the functioning of the system but apparently have a limited
number of predators. One distinctive characteristic of most of these
organisms is to perform diel vertical migrations, moving between
deep layers during the day to the surface layer at night. This evo-
lutionary adaptation likely decreases the predation pressure dur-
ing the day in the upper layer though predators also have
adapted their behavior under the same constraints, i.e. finding food
and avoiding bigger predators. But the essential result is that the
flow of energy generated by autotrophic organisms in the euphotic
layer is transferred to the deeper meso- and bathy-pelagic layers
through these daily migrations. Acoustic and micronekton sam-
pling studies indicate that most of the micronekton biomass occu-
pies the meso- and bathy-pelagic layer. Therefore, according to
Legand et al. (1972), and Grandperrin (1975), about 90% of the bio-
mass of macroplankton and micronekton in the tropical Pacific
Ocean is typically concentrated in the 0–500 m upper layer during
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the night and 50% in the 0–100 m layer, however, only 10% remains
in the first 200 m during the day. Similarly, Hidaka et al. (2003)
found a factor 10 between day and night biomass of micronekton
in the upper 200 m of the western tropical Pacific Ocean. Predators
of these mid-trophic organisms have evolved to prey upon these
species, i.e., either they chase the prey species migrating in the
layer they inhabit, or they make temporary excursions in the layers
where these species remain. Through evolution, the predators have
thus developed sensory, morphological and physiological adapta-
tions allowing them to exploit cold, dark and sometimes oxygen
depleted deep layers. Hence, vertical movements appear to be a
key process in structuring the ocean ecosystem, and therefore an
essential mechanism that has to be accounted for when designing
a functional view of the system.

Following this idea, and based on existing knowledge (c.f. a re-
view in Appendix A), a simple conceptual model of the mid-trophic
level components can be proposed with six functional groups in
three vertical layers: epipelagic, mesopelagic and bathypelagic
(Fig. 1). The pelagic micronekton is divided into epipelagic, meso-
pelagic and bathypelagic groups, the last two groups subdivided
into vertically migrant and non-migrant species. Since light inten-
sity is likely a major factor that controls diel vertical migrations of
meso- and bathy-pelagic organisms, the euphotic depth is a logical
and convenient way to define the vertical boundaries of the three
layers. Preliminary examinations of predicted euphotic depths
from biogeochemical models indicate that using the euphotic
depth as the boundary for the epipelagic layer and defining the
boundary between meso- and bathy-pelagic layers by three times
the euphotic depth would produce values similar to those defined
from biological observations, e.g., between 50 and 150 m for epipe-
lagic and 150 and 450 m for mesopelagic layers in the eastern and
western tropical Pacific Ocean respectively.

2.2. Spatio-temporal dynamics of functional groups

Here, micronekton functional groups are considered as single
populations composed of different species, and then modeled
using the same equations as for single population model (see pre-
vious references in Lehodey et al., 1998; Lehodey, 2001), with con-
tinuous mortality and recruitment (e.g., Ricker, 1975). Instead of
having different age classes (cohorts) of the same species, there
are different age classes of many different species, the mathemat-
ical solution being the same (Allen, 1971).

The concept of this model dynamics was illustrated as follows
(Lehodey, 2004a): ‘‘at any time, anywhere in the ocean, there is a
mixing of all kinds of eggs, cells, etc. that are the germs of the fu-
ture organisms of the pelagic food web. In some places and at some
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Fig. 1. Conceptual model of the mid-trophic components in the pelagic ecosystem.
Daily vertical distribution patterns of the micronekton in the pelagic ecosystem: (1)
epipelagic; (2) migrant mesopelagic; (3) non-migrant mesopelagic; (4) migrant
bathy-pelagic; (5) highly migrant bathypelagic; and (6) non-migrant bathypelagic.
The part of energy (E) transferred from primary production (PP) to intermediate
trophic levels is redistributed (E0n) through the different components.
times, the input of nutrients into the euphotic zone allows an al-
most immediate development of phytoplankton (primary produc-
tion P) that is the input source into the forage population model (F).
This new production allows the development of a new ‘‘cohort” of
organisms, i.e., true zooplankton like copepods as well as all larvae
of fish and other larger organisms (meroplankton). The organisms
having a longer lifespan and a larger growth potential (larvae and
juvenile of fish, squids, shrimps, etc.) feed at the expense of the
organisms with a shorter lifespan and a lower growth potential
(phytoplankton, zooplankton). As the water masses are maturing,
they are advected with these organisms (but a part of them can
also diffuse away due to the diffusion of water and their own ran-
dom movements) and the currents create fronts of convergence
where forage is aggregated. Of course these dynamics occur as a
continuous process in time and space. Following this time-trophic
continuum concept, the species [for a given cohort] should disap-
pear selectively in the order of their trophic level related to their
time of development”. At the time (tr) they are entering
(�recruited in) the forage population F (biomass), the survival
organisms – the amount of which is linked to the energy efficiency
coefficient E – provide the forage production (F0).

In this approach there is no size structure in functional groups
but accumulation of biomass (after a given recruitment time tr)
through an energy efficiency coefficient E with primary produc-
tion as the source. However, these functional groups can be con-
sidered as body size ‘‘windows” of the full size spectrum of the
marine system. Given the lack of detailed information concerning
the consumption rates and the links between zooplankton and
micronekton groups, it was in fact an easy and feasible way at
this stage to implement ecological transfer from primary produc-
tion to micronekton groups (see Appendix B). This representation
appears sufficient for developing new modeling approaches and
applications to population dynamics of exploited species (see Sec-
tion 5).

The spatial dynamics are considered and described with an
advection–diffusion equation using horizontal currents for the
advective terms and a diffusion coefficient (q = 10,000 m2 s�1)
incorporating both diffusion of water and random movement of
organisms. During the time that a mid-trophic functional group
is occupying its day or night layer, it is transported by the cur-
rents averaged through corresponding layers. The time spent in
one or the other layer is calculated from the day length equation
as a function of the latitude and the Julian day (see Appendix C).

2.3. Parameterization of the turnover of the functional groups

The turnover of mid-trophic functional groups is controlled by
the parameter k (mortality coefficient) and the parameter tr that
is the minimum age to be recruited in the mid-trophic functional
population. The maximum lifespan defined as the time necessary
to see the population reduced to a determined level (e.g., x = 1%
or 5%) is tmax = �1/k Ln(x) + tr (Lehodey, 2001). The turnover of a
population is usually defined as the generation time or the average
age at maturity tm of the individuals in the population, hence it is
useful to search for a relation between age at maturity and the
mean age of population that could help in the parameterization
of k. Indeed, age at maturity and lifespan are important criteria
in population dynamics and it has been empirically demonstrated
in a study by Froese and Binohlan (2000) that they are both linked
following a log–log linear relationship (Eq. (1)).

logðtmaxÞ ¼ 0:5496þ 0:957 logðtmÞ ð1Þ

By substituting tmax by its definition above, we obtain equation:

t0:957
m ¼ � lnðxÞ

100:5496 � k
þ 1

100:5496 � tr ð2Þ
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Fig. 2. Age at maturity of species (tm) in relation to their average habitat
temperature (ambient temperature Tc). Observations derived from the literature
are used to estimate the coefficients of the exponential decreasing functions
predicting the turnover of mid-trophic groups (see text for explanation). Coeffi-
cients are estimated from a log-linear regression. For each Class of species,
observations are sorted by decreasing average habitat temperature. Cephalopods:
Bathypolypus arcticus1, Octopus doeini1, Illex illecebrosus1, Loligo vulgaris1, Loligo
forbesi1, Loligo opalescens1, Sepioteuthis lessoniana1, Ommastrephes bartramii4,
Euprymna scolopes1, Idiosepius pygmaeus1, Sepioteuthis lessoniana2, Sepioteuthis
lessoniana3, Loliolus noctiluca5, Loligo chinensis5, Idiodepius pygmaeus5, Sepiella
inermis1, Sepioteuthis lessoniana1. Crustaceans: Pandalus borealis6, Pandalus borealis6,
Pandalus borealis6, Pandalus borealis6, Pandalus borealis6, Metherytrops micropht-
alma7, Pandalus borealis6, Pandalus borealis6, Euphausia superba8, Pandalus borealis6,
Euphausia pacifica8, Thysanopoda tricuspidata9, T. monocantha9, T. aequalis9, Nema-
toscelis tenella9, Euphausia diomedae9, Euphausia eximia8, Nycthiphanes simplex8. Fish:
Mallotus villosus10, Leuroglossus schmidti11, Stenobrachius leucopsarus11, Clupea
harrengus12, Clupea pallasi13, Clupea harrengus14, Engraulis encrasicolus15, Sardinops
melanostictus16, Scomber japonicus17, Engraulis capensis18, Engraulis encrasicolus19,
Engraulis ringens18, Sardinops sagax18, Engraulis mordax18, Engraulis japonicus20,
Vinciguerria Nimbarria21, Encrasicholina punctifer22. References: 1Wood and O’Dor
(2000); 2Jackson and Moltschaniwskyj (2002); 3Forsythe et al. (2001); 4Ichii et al.
(2004); 5Jackson and Choat (1992); 6Hansen and Aschan (2000); 7Ikeda (1992);
8Siegel (2000); 9Roger (1971); 10Carscadden et al. (1997); 11Abookire et al. (2002);
12Alheit and Hagen (1997); 13Hunter and Wada (1993); 14Reid et al. (1999);
15Samsun et al. (2004); 16Hunter and Wada (1993); 17Prager and MacCall (1988);
18Schwartzlose et al. (1999); 19Allain (2005); 20Takahashi and Watanabe (2004);
21Stéquert et al. (2003); 22Dalzell (1993).
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Given the range of standard error of the original regression (Fro-
ese and Binohlan, 2000), and taking x = 0.05, Eq. (2) can be simpli-
fied into Eq. (3):

tm ¼ 1=kþ 1=3 tr ð3Þ

As useful as this relationship can be, it would be more satisfying
to deduce a formal relationship between mortality k and tm from a
theoretical basis. The dynamic energy budget (Kooijman, 1986) or
the Metabolic Theory of Ecology (Brown et al., 2004) may offer
such a theoretical framework. At the population level, turnover is
linked to biological rates of individual organisms and then relies
on the metabolic rates at which these organisms use and transform
energy and materials (e.g., Platt, 1985; Savage et al., 2004). These
rates obey the thermodynamic laws, i.e., the physical and chemical
principles that govern the transformation of energy and materials,
and while the metabolism is linked to the size of organisms, the
time needed to reach a given size (weight) is constrained by the
ambient temperature.

Gillooly et al. (2002), following the work of West et al. (1997,
2001), describe the allocation of metabolic energy at the cellular
level, having developed a model that predicts a linear relationship
between the natural logarithm of a mass-corrected development
time (t/m1/4) and the ambient temperature at which the develop-
ment stage occurs (Tc in �C), or to be more precise, the term Tc/
(1 + (Tc/273)). They illustrated the capacity of the model to predict
how size and temperature affect embryonic development time of
aquatic ectotherms (fish, amphibians, aquatic insects, and zoo-
plankton) and birds, as well as the post-embryonic to maturity
development time of zooplankton species. Their model predicts
approximately universal straight line with the slope, a ¼ �E=kT2

0

with E the activation energy for metabolic reactions, k the Boltz-
mann’s constant and T0 = 273 K. Because both the slope and inter-
cept depend on fundamental cellular properties, they do not vary
significantly across taxa. With Ē = 0.6 eV (an average of the ob-
served range 0.2–1.2 eV), the model predicts a = �0.09 per �C,
while values obtained by regression from different data sets are
in the range of �(0.11–0.14) (Gillooly et al., 2002).

Similarly, we have investigated the relationship between age at
maturity of mid-trophic species and their ambient temperature.
Unfortunately it is very difficult to obtain from the literature the
three variables needed, i.e. the age at maturity tm, the body mass at
maturity m and the ambient temperature Tc. We were able however
to compile a dataset of tm and Tc for mid-trophic species of the main
taxa of ocean mid-trophic groups, i.e., crustaceans, fish and squid.
Parameters were estimated from a log-linear regression (Eq. (4);
Fig. 2) that gives a good fit to the data (Nobs = 45; R2 = 0.889).

LnðtmÞ ¼ 7:654� 0:125ðTc=ð1þ ðTc=273ÞÞÞ ð4Þ

To be fully comparable with the model proposed by Gillooly and
co-authors, observations of time of development to age at maturity
for these species (Fig. 2) should be also corrected relatively to the
mass factor (m1/4). Nevertheless, it is clear that these results sug-
gest that Gillooly et al.,’s model could be effectively extended to
these other taxa, at least concerning the development time until
the onset of maturity during which the energy is devoted to
growth and somatic maintenance only. The slope (�0.125) and
the intercept (7.654) that we obtained are in the range of what
has been obtained with other datasets (Gillooly et al., 2002).

Finally, substituting 1/k + 1/3 tr for tm into Eq. (4), we obtain a
parameterization of k linked to the ambient temperature and tr

(Fig. 2). The parameterization of tr itself would require a detailed
study to compile a dataset of time of development, i.e., age, and
ambient temperature for organisms to reach the minimum size of
the modeled mid-trophic functional groups. Indeed, a relationship
of temperature-linked time of development to reach a minimum
weight would be more accurate. On the basis of a few observations
from tuna diets, we have fixed to 1 g the minimum weight of the
mid-trophic groups, e.g., this is the average weight of pelagic crab
megalopa that are eaten in large number by yellowfin tuna off east-
ern Australia (J. Young, personal communications, CSIRO). Marine
organisms reach this minimum weight in much less than 1 month
in warm waters (>28 �C); a good example is given by tuna larvae that
can reach 5 cm after only 1 month in the Pacific warm pool. In colder
water (10–15 �C) like in the upwelling systems of the Humboldt, Cal-
ifornia or Benguela, growth studies of anchovy, sardines and other
Clupeidae suggest a value of tr above 2 months (Palomares et al.,
1987). Finally in very cold water (<5 �C) it may require more than
10 months to reach this minimum weight. In sub-antarctic waters
(2–5 �C) for example, pteropods, a small but important prey species
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of Pacific salmon, is adult after 1 year (Kobayashi, 1974). Since there
is no reason to have a different slope in the temperature relationship
for tr, we used tr = 1/4 tm to match these very scarce observations
(Fig. 2). This simple definition leads to a maximum value of
2109 days and 527 days for 1/k and tr respectively at Tc = 0 �C and
the same exponential coefficient (�0.125).
3. Model configuration and forcing data set

The model domain covers the Pacific Ocean with a grid extend-
ing from 65�N to 50�S at 1� �month resolution. To drive the inter-
mediate trophic functional groups, we used physical and
biogeochemical forcing data sets derived from a coupled physi-
cal–biogeochemical model.

The Ocean General Circulation Model (OGCM) is based on a re-
duced gravity, primitive equation, r-coordinate model coupled to
an advective atmospheric mixed layer model (Murtugudde et al.,
1996). Numerous studies on tropical ocean variability, tropical-
subtropical interactions, physical–biological feedbacks, and cou-
pled ecosystem variability have been reported demonstrating the
model’s ability to capture the sub-seasonal to interannual variabil-
ity of the dynamics and thermodynamics in the tropics (e.g., Chen
et al., 1994; Murtugudde et al., 2002, 2004).

A biogeochemical model has been fully coupled to the OGCM de-
scribed above and tested in the three tropical oceans (Christian et al.,
2002; Christian and Murtugudde, 2003; Wiggert et al., 2006). This
model consists of nine components: two size-classes each (large
and small) of phytoplankton, zooplankton and detritus, and three
nutrient pools: ammonium, nitrate, and iron. The incorporation of
iron into the ecosystem model is of vital importance for improving
the prediction of the ecosystem response as iron has been identified
Fig. 3. Comparison between observed (top) chlorophyll concentration (CZCS satellite) and
and El Niño phases in the western equatorial Pacific (September 1981 and December 19
as an important element controlling phytoplankton growth and bio-
mass in large regions of the world’s oceans (Coale et al., 1996; Mar-
tin, 1990; Martin et al., 1994). This model works well in reproducing
ecosystem dynamics and biogeochemical fields at seasonal to inter-
annual time scales (Wang et al., 2005, 2006a,b), though the variabil-
ity of primary production is underestimated, a tendency observed in
all biogeochemical models (R. Feely, 2005, personal communica-
tions). Figs. 3 and 4 illustrate the ability of the model to capture
the interannual and decadal variability in the primary production
in the tropical, extra-tropical, and mid-latitude regions.

For simplicity in this first application, temperature and horizon-
tal current variables were averaged in three vertical layers (see
Appendix C for details), with fixed depths rather than based on var-
iable euphotic depths: epipelagic (0–100 m), mesopelagic (100–
400 m) and bathypelagic (400–1000 m). The primary production
was integrated through 0–400 m. The period of simulation
spanned 1948–2004 period. A monthly climatology was created
for all forcing variables as a monthly means computed over all
years of simulation, and used for the spin-up to build up the bio-
mass of the different functional groups and to reach equilibrium,
i.e., practically, after a number of time steps P (tr,max + 1/kmax).
Though the simulation domain covered the full Pacific basin, we
will focus our analysis on the tropical (30�N–30�S) region.
4. Results

4.1. Simulation outputs

The distribution in the epipelagic layer during the day is the
most contrasted, due to higher temperature (faster turnover) and
stronger environmental variability in this layer than in the deeper
predicted primary production (ESSIC NPZD model, mmol C m�2 d�1) during La Niña
82 respectively).
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layers. On average, there is a latitudinal shift of maximum concen-
tration that appears in the equatorial region on each side of the
equator (Fig. 5). The maximum of biomass in the surface layer dur-
ing the day occurs in the eastern Pacific in association with the
coastal Peruvian upwelling and in the west in the shallow waters
of the Papua New Guinea-Indonesia and Philippine waters, where
in addition to high primary productivity levels, most of the energy
is transferred to the upper layer since there are no bathy- and
meso-pelagic layers. When comparing the biomass distribution
in the different layers, there is an obvious contrast between forage
biomass in the epi- and bathy-pelagic layers during the day (Fig. 5),
most of the biomass being concentrated in the deepest layer
(Fig. 6). The average spatial distribution of bathypelagic biomass
is more diffuse with a contrast between a rich cold-tongue associ-
ated with the equatorial upwelling and merging in the east with
the highly productive coastal upwelling along the Peruvian coast
and lower biomass on each side in the central gyres.

The contrasts in spatial distribution are also associated with
time lags in the turnover of the mid-trophic components. For
example, low and high peaks in primary production are propagated
with a delay of �2 months in the epipelagic component in the
equatorial east Pacific, but because of the cold temperature in
the deep layer, the lag increases to 12–14 months for the bathype-
lagic group (Fig. 5). These differences can lead to opposite peaks in
the fluctuation of epipelagic and bathypelagic groups (Fig. 5) and
complex spatial heterogeneity due to redistribution by oceanic
circulation.

In addition to their own internal dynamics, the mid-trophic com-
ponents are affected by the interannual and longer time scale vari-
ability of climate and the environment, through changes in
temperature, currents and primary production. These changes are
reproduced by the physical–biogeochemical model (Fig. 4) and the
effects on mid-trophic components illustrated in Fig. 6, where bio-
mass time series of the six mid-trophic components are provided
for the equatorial box 5�N–5�S; 120�W–100�W. With different time
lags, all components are affected by ENSO-related interannual
variability (e.g. El Niño events of 1972–1973, 1982–1983 and
1997–1998, and La Niña events of 1988–1989 and 1999–2000).
The amplitude of ENSO-related fluctuations decreases through the
mid-trophic groups in relation with the proportion of time spent in
the upper layers, i.e. that groups with higher turnovers and low bio-
mass over production ratio are more affected than groups with lower
turnovers and high B/P ratios (Fig. 6). Considering all the mid-trophic
groups together, the sum of their anomalies relatively to the mean
biomass of each group is correlated to the Southern Oscillation Index
(SOI) with a maximum coefficient of correlation (r = 0.64) for a time
lag of 6 months. Interestingly, frequency of the ENSO signal is
smoothed through the different mid-trophic groups, leading to dec-
adal periods dominated by positive (1950–1977) or negative (1978–
1999) anomalies, the last one being positive and starting in 2000.
This cascade of ENSO influences through the mid-trophic levels
needs further validation against observations even though there
are only sparse observations.

On the spatial scale, the ENSO variability, characterized by large
changes in surface circulation, temperature distribution and pri-
mary production (Fig. 3), strongly affects the forage biomass distri-
bution in the tropical regions (Fig. 7). For example, at the end of the
last strong El Niño event of 1997–1998, the simulation predicts an
interesting asymmetric distribution of epipelagic biomass relative
to the equator with an enhanced biomass west of the Dateline,
and conversely a more strongly depleted southern subtropical
gyre. This pattern is observed both for day and night distributions
(Fig. 7) with in addition a substantial increase of biomass at night
in the eastern Pacific Ocean. At night, the biomass in the upper
layer increases by a factor 6–10 due to migration of meso- and
bathy-pelagic components (Fig. 7).

4.2. Evaluation

Despite the wide spatio-temporal distribution and huge abun-
dance of mid-trophic level organisms and their major influence
on top predator distribution and population dynamics, they are
still one of the less known components of pelagic ecosystems.
The first source of observation that can be used for the parameter-
ization of the model and the evaluation of its outputs are biomass
estimates from different micronekton sampling cruises. Because
time and cost constraints, as well as difficulty inherent to net sam-
pling techniques (e.g. to collect the most agile organisms such as
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squids), these sparse observations provide only part of the picture.
Nevertheless, they are essential data providing a first order esti-
mate of the absolute biomass of micronekton in the water column.
For example, the EASTROPAC cruises in 1967–1968 (Blackburn and
Laurs, 1972) provided distributions of micronekton in the eastern
equatorial Pacific Ocean (EPO) in the upper 200 m showing an
increase in biomass between day and night from �1–8 to
10–20 ml/1000 m3, and still some higher concentration near the
coast of Peru. Assuming a conversion of 1 g per ml and since the
epipelagic layer here is 100 m, this leads to value of 0.1–0.8 and
1–2 g WW m�2 for day and night respectively, which is consistent
with the model outputs (Fig. 7).

On the other side of the basin, Hidaka et al. (2003) sampled in the
warm pool, north of Papua New Guinea (0�N–10�N; 140�E–150�E)
during a cruise in January–February 1998. They calculated that the
micronekton biomass in the upper 200 m was in general
<1 mg WW m�3 (0.01–0.7 mg WW m�3) during the day, with a
few exception when large schools of epipelagic anchovy were
encountered (max. value 23.3 mg WW m�3), and increased to a
range of 3–38.8 mg WW m�3 at night. Here, after converting to
g WW m�2 for a 100 m epipelagic layer (i.e., multiplying by 100 m
and dividing by 1000 mg), we obtain a range of 0.001–0.07 and
0.3–3.88 g WW m�2 for day and night respectively that are in the
same order of predicted values as shown on Fig. 7(a and b).

With the development of acoustic techniques and surveys, the
use of micronekton net sampling has become a useful method to
calibrate and standardize the biomass integration from the acous-
tic signal. However, the simulated migrant pelagic biomass in-
cludes all type of organisms while acoustic data frequently target
one group of species, e.g., mesopelagic fishes (McClatchie and
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Dunford, 2003). Thus, these surveys provide a useful but still rough
evaluation and require careful calibration. Nonetheless, acoustic
studies offer the considerable advantage of potentially providing
long time series of data. As an illustration of the interest of acoustic
monitoring for model evaluation, we compared the backscatter sig-
nal of ADCP (Acoustic Doppler Current Profiler) that was deployed
on the TAO-TRITON array of oceanographic buoys at two locations
on the Equator, at 165�E and 170�W, with primary production and
biomass of mid-trophic components in the epipelagic layer at
night, both predicted from the simulation above (Fig. 8). ADCP
backscatter signal is linked to the biomass of macrozooplankton
(roughly >1 cm) and micronekton and thus is an abundance index
of the mid-trophic organisms. The comparison shows that fluctua-
tions of the ADCP time series are delayed by approximately
2 months relative to the predicted primary production. This is a
coherent result given the expected delay between primary and sec-
ondary/tertiary production. Conversely, these fluctuations match
very well those of the predicted mid-trophic biomass suggesting
that the model captures the important spatio-temporal dynamics
of these groups.

We will continue, for the evaluation of the model outputs, to
compile more of these direct and indirect measures of mid-trophic
biomass. Furthermore, we will search for an approach to use long
time series of acoustic profiles to be processed and directly assim-
ilated in the model for parameter optimisation. This will require
identifying the functional groups in the echograms and to extract
the corresponding part of the signal.

5. Discussion

Organisms occupying the mid-trophic level either temporarily
or permanently during their life can be both prey of larger preda-
tors but also predators of smaller organisms, including eggs, larvae
and small-size juveniles of marine pelagic species. Therefore, they
can potentially control the dynamics of all marine species through
different mechanisms, which can produce complex results, when
interacting in a dynamic system.

First, mid-trophic organisms are prey of large oceanic species that
are essentially opportunistic omnivorous predators. Most of these
large predators are in the upper layer during the night, while during
the day species have evolved to exploit different vertical layers. If we
consider the schematic view of the pelagic system with three vertical
layers: epi-, meso- and bathy-pelagic, as used to describe the mid-
trophic components in the present study, it is relatively easy to
roughly classify different vertical behavior types of top predators
according to their ability to explore the deeper layers. Thus, both
horizontal and vertical distributions of prey fields are certainly key
factors to understand the spatio-temporal dynamics of the large oce-
anic predator species, and the modelling approach presented here
offers an ideal framework for developing new generation of spa-
tially-explicit population dynamic models of exploited oceanic pre-
dators of micronekton.

One example of coupling a fish population dynamic model to
this suite of models representing ocean physics to lower and
mid-trophic levels is the spatial ecosystem and populations
dynamics model SEAPODYM (Lehodey et al., 2003, 2008). It uses
the functional mid-trophic components above for constraining
the spatial dynamics of predators (e.g., tuna) and the food compe-
tition between the predator species. The model also includes a
description of multiple fisheries and then predicts spatio-temporal
distributions of catch, catch rates, and length-frequencies. Thus, it
becomes possible to use fishing data for model parameters optimi-
sation and test if the mechanisms included into the deterministic
model can be justified from available data (Senina et al., 2008).
At the difference of standard statistical population dynamic
models, such spatially-explicit models driven by environmental



Fig. 7. Interannual variability of micronekton biomass in the epipelagic layer (0–100 m) during day and night. The ENSO impact is shown with the distribution of forage
biomass (in g WW m�2) during January–February 1998 in the final stage of the 1997–1998 El Niño event and at the end of the following La Niña event in January–February
2000.

P. Lehodey et al. / Progress in Oceanography 84 (2010) 69–84 77
mechanisms provide the ability to perform hindcast and forecast
simulations, forced by reanalyses or projections of environmental
variables, and thereby to explore long-term scale variability due
to interannual and decadal climate variability or impacts of global
warming.

While adult large oceanic species are likely searching for con-
centrations of mid-trophic organisms to feed, they should try to
avoid them for spawning to increase the chance of their own larvae
to survive and to be then recruited into the adult population.
Understanding the recruitment mechanisms in marine species
has been and still is one of the most important research fields in
fishery sciences. Briefly, the key mechanisms include the problem
of starvation, especially since the larval phase appears as a critical
period (Hjort, 1914). Cushing (1975) thus introduced the concept
of match-mismatch between spawning and presence of food for
larvae, to explain recruitment variability. The temperature that
influences growth rates, and thus the duration of this critical life
period, is also of primary importance. Considering the dynamic
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oceanic environment, advection becomes an issue since oceanic
circulation can create retention or dispersion in favorable or unfa-
vorable zones (Parrish et al., 1983). Surprisingly, there are very few
studies that investigate the relationship between recruitment and
the predation of larvae. One reason is likely the difficulty of
sampling the predators of larvae (i.e. the mid-trophic biomass
essentially) comparatively to the sampling of their prey (phyto-
and zooplankton). A realistic modelling of the mid-trophic biomass
would certainly help in investigating the role of predation in larval
survival, and could also assist in the preparation of research
cruises.

A key issue for the coming years will be to compile all available
information allowing to evaluate and to calibrate this type of mid-
trophic models based on functional groups or other approaches,
e.g., a continuous size spectrum (Maury et al., 2007). But new tools
are also needed, based on existing technology for large-scale
monitoring of these mid-trophic level organisms. Ultimately, col-
lected data should be used for parameters optimization and data
assimilation. A recent workshop1 initiated by the CLIOTOP pro-
gramme discussed the observational needs for addressing this criti-
cal lack of information. The purpose of this meeting was to identify
the requirements for addressing the first phase of development of a
generic automated acoustic sampler of the open ocean mid-trophic
organisms (the MAAS) in the perspective of a second phase devoted
to its large-scale deployment on drifter networks. Aimed to improve
1 ‘‘Designing an Ocean Mid-trophic Automatic Acoustic Sampler (MAAS)” work-
shop, Sète, France, January 15–18, 2007. The report is available on the CLIOTOP web
site (http://www.globec.org/regional/).
and validate mid-trophic models, the acoustic observations provided
by the MAAS were listed in the order of difficulty to achieve:

1. the vertical distribution of the biomass and the depth of the dif-
ferent biological layers including their daily vertical migrations,

2. the relative abundance indices for each depth layer,
3. the absolute abundance indices for the depth layers,
4. rough taxonomic group identifications in the depth layers (e.g.:

myctophids, crustaceans, cephalopods, jellyfish, etc.),
5. the size distribution of biomass within the depth layers.

The use of acoustic data has often been criticized due to the
difficulty of getting reliable estimates of absolute biomass and
identification of taxonomic groups with this technology. How-
ever, a consistent estimation of relative distribution of biomass
in the vertical layers seems a realistic objective that can be
achieved. This would offer critical information for model parame-
terization, as relative changes in day and night biomass values in
each vertical layer provide information to aid the parameteriza-
tion of energy efficiency coefficients in different oceanic regions,
in particular through data assimilation techniques. Stable isotope
analyses are the other valuable source of information to assess
energy transfer from primary production to upper trophic levels
(Jennings et al., 2002) including the mid-trophic groups, and are
particularly well suited for comparisons with model outputs
based on carbon or nitrogen cycles.

It is worth noting that even without absolute estimates, relative
spatio-temporal distributions of mid-trophic biomass have a large
range of applications, from investigating horizontal and vertical
behaviors and habitats of large predators of these mid-trophic level

http://www.globec.org/regional/
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species to the coupling with spatial population dynamics of these
same species, based on relative rather than quantitative mecha-
nisms. For example, the match/mismatch between spawning and
presence of food for larvae can be combined in a model with the
larval predation effect by the use of a ratio between food (zoo-
plankton) and predators (mid-trophic organisms) of larvae (e.g.,
see an application in Lehodey et al., 2008).

With an increasing amount of data for model parameterization
it will become possible to envisage the full coupling of the mid-tro-
phic functional groups to the biogeochemical model, i.e., to param-
eterize the transfer from zooplankton and detritus groups in one
way and the flux of mid-trophic groups to the detritus component
in the other way. A proper parameterization will be strongly
dependent on the availability of the acoustic data. The main advan-
tage of such coupling could be for the biogeochemical modelling,
where a more realistic spatio-temporal variability of zooplankton
mortality rate could be expected, since it would be linked to the
biomass of predicted mid-trophic components.

Finally, unexpected applications can originate from the model-
ling of mid-trophic components. One example is the study of bio-
logical turbulence in the sea. This stimulating idea has been
regenerated recently by the measured contribution of krill turbu-
lence in an inlet of British Columbia (Kunze et al., 2006), which
showed local increases by 3–4 orders of magnitude. These mea-
surements bring new interest on more theoretical findings by
Huntley and Zhou (2004) who calculated the rate of turbulent ki-
netic energy production by various species encompassing a large
range of size (from krill to tuna and whales). A significant large-
scale biological feedback on the ocean turbulence due to the ver-
tical migration of the huge biomass of meso- and bathy-pelagic
organisms would be a fundamental discovery and is thus worth
exploring. Numerical simulations combining an estimate of the
biomass of these organisms and their potential production of tur-
bulent kinetic energy (TKE) – e.g., following Huntley and Zhou
(2004) approach – could provide a first insight on the potential
large-scale effect of animal-induced turbulence in the ocean. This
additional TKE production term could then be simply added in
the TKE budget that governs vertical mixing (e.g., Gaspar et al.,
1990). Then, in situations where biological production signifi-
cantly augments the TKE level, the simulated vertical mixing will
be enhanced. This will generally induce an increased injection of
cold, nutrient-rich, water from the pycnocline into the euphotic
layer which could, in turn, yield an enhanced primary production
and, ultimately, an increased mass of turbulence-producing
organisms. The importance of such retroactions can certainly be
explored using the type of simple mid-trophic model presented
here.

In conclusion, the present modeling approach proposed to
bridge the gap from ocean models to population dynamics of large
predators is likely one of the most simple that can be proposed,
with strengths and weaknesses as for any other approach. It cer-
tainly requires an important effort of evaluation and parameteriza-
tion, but at least the minimum number of required parameters
makes this effort possible even in the context of limited
observations.
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Appendix A. Taxonomic classification based on the definition of
functional components

Based on several seminal works carried out in the Pacific Ocean
by Blackburn (1968), Granperrin (1975), King and Iversen (1962),
Legand et al. (1972), Roger (1971), and Vinogradov (1981), the pe-
lagic micronekton has been divided into epipelagic, mesopelagic
and bathypelagic groups, the last two groups being subdivided into
migrant and non-migrant species. These groups include organisms
of the main taxa (Table A-1): fish, crustacean, cephalopods and the
gelatinous filter feeders.
Appendix B. Parameterization of energy efficiency coefficients

B.1. Total energy efficiency coefficient

Similar slopes in log–log biomass-body size (weight) relation-
ships observed in different ecosystems (Dickie, 1976; Boudreau
and Dickie, 1992) suggest that a simple parameterization can be
used to define the energy transfer from primary production to
upper trophic components, at least when they are not impacted
by a too high external (fishing) forcing and include a sufficient
diversity of organisms, allowing to compensate for species variabil-
ity inside the ecological ‘‘size window” group. Considering the
property of these biomass size spectra, it is not surprising that Iver-
son (1990), while compiling data in environments ranging from
oceanic to coastal waters, calculated that for an average 2.5 trophic
transfers from phytoplankton to carnivorous fish and squids (typ-
ically micronekton species) the annual production F 0yr of these mid-
trophic groups can be described according to a simple equation
(Eq. (1)) based on annual primary production P0yr , either from C
transfer efficiency of total primary production or N transfer effi-
ciency of new primary production.

F 0yr ¼ P0yrE
2:5 � c ðB1Þ

When new primary production is used, E appears to be a con-
stant value (0.28), while it varies between 0.1 in oceanic environ-
ment and 0.2 in coastal environment for total primary
production. These relationships have been used for the parameter-
ization of energy transfer in our mid-trophic model. When using
total primary production, we choose a value of 0.1 for the present
basin-scale simulation. Coefficient c is used to convert between
units of N or C respectively to grams of fish wet weight.

For P in mmol C, c = 12 � 10�3 (g C) � 2.4 � 3.3 = 0.0948, with
2.4 the ratio between fish dry weight (g) and carbon (g) and 3.3
the ratio between fish wet weight (g) and fish dry weight (g) (from
Vinogradov, cited in Iverson, 1990).



Table A-1
Mid-trophic species and taxa of the tropical Pacific Ocean classified by vertical migrant or non-migrant components, based on King and Iversen (1962), Roger (1971), Legand et al.
(1972), Blackburn and Laurs (1972), Grandperrin (1975), and Repelin (1978).

Epipelagic layer
Crustaceans: Small size (<20 mm) euphausids (e.g., Stylocheiron carinatum, Euphausia tenera, S. affine)

Larvae of crabs, shrimps, and stomatopods
Pelagic adult decapods (in particular, the pelagic phase of the red crab (Pleurocondes planipes) is very abundant in the Eastern Pacific and represents
an important source of food for skipjack)
Almost all amphipods of the family Phronimidae

Fish: Engraulidae (anchovies) – The oceanic anchovy (Enchrasicholinus punctifer) seems to be a key species in the epipelagic food chain in the warmpool as
it is growing very quickly (mature after 3–5 months) and can become very abundant after episodic blooms of phytoplankton
Clupeidae (herrings, sardines)
Exocaetidae (flyingfish)
Small Carangidae (scads)
All juvenile stages of large-size species (Bramidae, Coryphaenidae, Thunnidae, etc.)

Cephalopods: Larval and juvenile stages of cephalopods
Small-size squids of the family Onychoteuthidae (Onychoteuthis banksi, Onychia spp.)

Mesopelagic layer (migrant)
Crustaceans: Phronima sedentaria – one of the species in the Phronimidae that does not stay in the epipelagic layer at day
Cephalopods: Enoploteuthidae

Mesopelagic layer (permanent)
Crustaceans: Relatively few permanent species, like some euphausids (Nematoscelis tenella, Stylocheiron maximum, S abbreviatum, S longicorn)

Bathypelagic layer (migrant)
Crustaceans: Euphausids (Nematoscelis microps, N. gracilis, Thynasopoda pectinata, T. rnonacantha T. orientalis and N. flexipes)

Deep shrimps of the Peneidae
Fish: Melamphaidae (Scopelogadus mizolepis, Scopelogadus sp.)

Myctophidae (Lampanyctus niger)
Gonostomatidae (Gonostoma atlanticum, G. elongatum)
Chauliodidae (Chauliodus sloani)
Percichthyidae (Howella sp.)
Stomiatidae

Bathypelagic layer (highly migrant)
Crustaceans: Many euphausids (Euphausia diomedae, Thysanopoda tricuspidata, T. aequalis, E. paragibba)

Deep shrimps of the family Sergestidae
Fish: Myctophidae (Ceratoscopelus warmingi, Diaphus elucens, D. bracycephalus, D. lucidus, D. mollis, Notolychnus valdiviae, Lobianchia gemellari)

Astronesthidae
Melanostomiatidae
Nemichthyidae
Idiacanthidae (Idiacanthus sp.)
Melamphaeidae (Melamphaes sp.)
Gonostomatidae (Vinciguerria nimbaria)

Bathypelagic layer (permanent)
Crustaceans: Euphausids (Nematoscelis boopis, Thysanopoda cristata, Bentheuphausia amplyops)

Deep shrimps (Mysidaceae, Caridae)
Fish: Gonostomatidae (genus Cyclothone: C. alba and C. microdon, Margrethia obtusirostra)

Myctophidae (Taaningichthys sp., Diaphus anderseni)
Sternoptychidae (Sternoptyx diaphana)
Trichiuridae (Benthodesmus tenuis)
Scopelarchidae (Scopelarchus guntheri)
Maurolicidae (Valenciennelus tripunctulatus)

Cephalopods: Cranchidae
Chiroteuthidae
Mastigoteuthidae
Histioteuthidae
Enoploteuthidae
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For P in mmol N, c = 14 � 10�3 (g N) � 2.4 � 3.3 � 3.6 = 0.3992,
with 3.6 the ratio between carbon and nitrogen in fish (from
Vinogradov, cited in Iverson, 1990).
B.2. Energy matrix coefficients

Coefficients of the energy matrix were estimated in several
phases. First, a simple model with a single mid-trophic (forage)
population integrating the biomass over all the vertical structure
was used (Lehodey et al., 1998, 2003; Lehodey, 2001) with pre-
dicted fields from two different coupled physical–biogeochemical
models: the carbon-based biogeochemical model used in the pres-
ent study, and a nitrogen-based model (Chai et al., 2002; Dugdale
et al., 2002). Interestingly, the comparison of average forage bio-
mass predicted from these two different model configurations gave
remarkably similar results, both in absolute values and in fluctua-
tions in different equatorial geographical boxes (Lehodey, 2004b).

Then, a 2-layer 3-component model was tested. In the absence
of information on the level of energy transfer from primary pro-
duction to each of the three components, a first simulation was
run based on the 1-layer 1-component parameterization with
equal part transferred to each component (i.e. 1/3, 1/3, 1/3). Re-
sults were compared to a few observations found in the literature
(Lehodey, 2004b), e.g., the night and day distribution of micronek-
ton in the eastern equatorial Pacific in the upper 200 m as observed
during EASTROPAC cruises in 1967–1968 (Blackburn and Laurs,
1972), leading to a new parameterization of 1/6 (epi), 3/6 (migrant)
and 2/6 (deep).

Finally, simulations were run with the 3-layer 6-component
model. Again the coefficient values were split between the new
components and refined according to the same observations. In



Table B-1
Matrix of energy transfer coefficients used for the 3-layer 6-components mid-trophic
levels model, according to the depth and the number of corresponding layers.

Nb of layers Mid-trophic functional groups

Epi Meso m-Meso Bathy m-Bathy hm-Bathy

0 0 0 0 0 0 0
1 1 0 0 0 0 0
2 0.34 0.27 0.39 0 0 0
3 0.17 0.10 0.22 0.18 0.13 0.20
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the special cases of shallow topography, the sum of transfer coeffi-
cients from forage components in the missing layer(s) is redistrib-
uted equally between the remaining components. The number of
layers is identified from mask values in the input data files. Final
matrix is provided in Table B-1.
Appendix C. Dynamics of mid-trophic functional components

The model is coupled ‘‘off-line” with biogeochemical model,
that is, there is no feedback from the mid-trophic groups to the
biogeochemical components (zooplankton or detritus). The re-
cruits to each mid-trophic components n, i.e., production F 0n, are
modeled by advection–diffusion equations, and their dynamics is
driven by temperature and currents predicted by OGCM. These
forcing variables as well as the calculated production are used then
to drive ‘‘off-line” the numerical model of mid-trophic functional
groups Fn.
C.1. Production model

The production F 0n that contributes to the mid-trophic compo-
nent n is the cohort of organisms that are developing from primary
production for the time tr, and during this time are transported by
water masses. The spatial dynamics can be described by simple
advection–diffusion equation however the ageing of a cohort
should also be considered assuming that age is linked to the ambi-
ent temperature (see Section 2.3).

Let us denote Sn the density of nth mid-trophic production com-
ponent (n = 1, . . . , 6). At the time ‘zero’ the conversion according to
Iverson formula (1) and energetic coefficient of Table B-1 is applied
to primary production input. Then the development of micronek-
ton production is governed by advection–diffusion equations dur-
ing time tr. Since the time tr depends on the ambient temperature,
the age of a cohort varies in space. Thus, at each grid cell ij of the
model domain, trij

¼ f ðT̂ ijÞ, where function f is derived from Eq.
(4) and symbol ‘hat’ denotes averaging over depth layers (see be-
low). According to Eq. (4), tr is smaller if the population inhabits
the areas with high temperatures and larger for lower tempera-
tures, with maximal value tr,max = 1/4 tm,max fixed for the tempera-
ture of 0 �C.

Space-dependence of the turnover time together with the evi-
dence that during this time mid-trophic production drifts in space
with ocean currents and diffuses both with water masses and due
to their own motions lead to the following discrete–continuous
model:

@Sm
n

@t
¼D

@2Sm
n

@x2 þ
@2Sm

n

@y2

 !
� @

@x
ðûSm

n Þ�
@

@y
ðm̂Sm

n Þ;

n¼1; . . . ;6; m¼1; . . . ;tr max Sm
n ¼ Sm�1

n ; for 16m6 btrijc ðC1Þ

where D is the diffusion coefficient, û and v̂ are the zonal and merid-
ional components of the current. The set of Eq. (C1) is solved with
initial condition
S0
nij ¼ cEnPij

and Neumann boundary conditions imposing impermeability of the
domain:

ûij ¼ v̂ij ¼
@Sij

@x
¼ @Sij

@y
¼ 0; 8ði; jÞ 2 @X

Thus, in order to resolve both transport and ageing problems at
the same time we introduce m variables Sm

n ðm ¼ tr max=Dt with Dt,
the computational time step) for each mid-trophic group n which
are simulated with help of discretized form of advection–diffusion
equation, and at each time step yield to simple ‘ageing’ relation-
ships according to instantaneous integer values of trij

at each cell
ij. The finite-difference approximation of ADEs is solved with alter-
nate-direction-implicit method with monthly time step and one-
degree grid spacing.

The averaging of the ocean currents as well as the ambient tem-
perature is done according to the time the mid-trophic functional
group is occupying its day or night layer, e.g.,

û ¼ sd � udl þ ð1� sdÞ � unl

where udl and unl are the currents in day and night layer corre-
spondingly, sd = DL/24 and the day length DL (nb of hours of day-
light) is a function of the latitude u (in radians) and the Julian day
of the year J computed as (Eqs. (C2) and (C3), modified from Ma-
ier-Reimer, 1993, pers com. L. Bopp):

DL ¼ 24� 2 acosðargÞ � 180=p=15 ½DL P 0� ðC2Þ

with

arg ¼ tanðasinðdÞÞ � tanðuÞ ½�1 P arg 6 1� ðC3aÞ

and

d ¼ sin½2pðJ � 80Þ=365:25� � sinðp � 23:5=180Þ ðC3bÞ

The resulting mid-trophic production F 0n which will be recruited
by nth mid-trophic population at each time step is derived from
the solutions of (C1) as follows

F 0nij ¼ Sm
nij; m ¼ ½trij�
C.2. Computing mid-trophic biomass

The transport of each mid-trophic component in the two hori-
zontal dimensions x and y and the change of their biomass is de-
scribed by the advection–diffusion-reaction equation:

@Fn

@t
¼ D

@2Fn

@x2 þ
@2Fn

@y2

 !
� @

@x
ðûFnÞ �

@

@y
ðv̂FnÞ � kFn þ F 0n ðC4Þ

where k is the mortality coefficient, F 0n is the production and Fn is
the biomass of the nth mid-trophic component.

The partial derivatives of Eq. (C4) are approximated by second
order finite-differences with upwind differencing of advective
terms as described in Sibert et al. (1999). Zero-flux boundary con-
ditions, representing zero transport of the biomass across the
bounds are chosen in order to set impermeability of the computa-
tional domain. The resulting algebraic problem is solved with help
of well-known alternate direction implicit (ADI) method, which is
stable and always converging to the unique solution of the given
equation.

Although the Eqs. (C1) and (C4) are solved on rectangular grid, a
correction factor is defined as 1/cos(lat) with latitude in radians
and used to account for the change of grid cell sizes with higher
latitudes.
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Appendix D. Time of development at maturity and ambient temperature
Species
 Taxa
 Ambient
T(�C)
Age at
maturity (d)
Reference
Illex illecebrosus
 Cephalopod
 12.6
 365
 Wood and O’Dor (2000)

Loligo vulgaris
 Cephalopod
 14.0
 245
 Wood and O’Dor (2000)

Loligo forbesi
 Cephalopod
 14.0
 365
 Wood and O’Dor (2000)

Loligo opalescens
 Cephalopod
 16.0
 184
 Wood and O’Dor (2000)

Ommastrephes bartramii
 Cephalopod
 23
 310
 Ichii et al. (2004)

Euprymna scolopes
 Cephalopod
 23.0
 80
 Wood and O’Dor (2000)

Idiosepius pygmaeus
 Cephalopod
 25.2
 50
 Wood and O’Dor (2000)

Sepioteuthis lessoniana
 Cephalopod
 26.2
 150
 Forsythe et al. (2001) and Jackson and

Moltschaniwskyj (2002)

Sepioteuthis lessoniana
 Cephalopod
 27
 110
 Forsythe et al. (2001)

Tropical squids (Loliolus noctiluca, Loligo chinensis, Idiodepius

pygmaeus)

Cephalopod
 28
 120
 Jackson and Choat (1992)
Sepiella inermis
 Cephalopod
 30.0
 90
 Wood and O’Dor (2000)

Sepioteuthis lessoniana
 Cephalopod
 30.0
 90
 Wood and O’Dor (2000)

Sepioteuthis lessoniana
 Cephalopod
 20.6
 192
 Forsythe et al. (2001)

Pandalus borealis
 Crustacean
 0
 2009
 Hansen and Aschan (2000)

Pandalus borealis
 Crustacean
 0
 2191
 Hansen and Aschan (2000)

Pandalus borealis
 Crustacean
 1
 2557
 Hansen and Aschan (2000)

Pandalus borealis
 Crustacean
 1.4
 2191
 Hansen and Aschan (2000)

Pandalus borealis
 Crustacean
 1.7
 2009
 Hansen and Aschan (2000)

Pandalus borealis
 Crustacean
 2.5
 2557
 Hansen and Aschan (2000)

Pandalus borealis
 Crustacean
 4
 1826
 Hansen and Aschan (2000)

Pandalus borealis
 Crustacean
 4.5
 1095
 Hansen and Aschan (2000)

Nycthiphanes simplex
 Crustacean
 24
 60
 Siegel (2000)

Euphausia superba
 Crustacean
 4
 1095
 Siegel (2000)

Euphausia eximia
 Crustacean
 18
 210
 Siegel (2000)

Euphausia pacifica
 Crustacean
 12
 365
 Siegel (2000)

Metherytrops microphtalma
 Crustacean
 2
 912.5
 Ikeda (1992)

Thysanopoda tricuspidata, T. monocantha, T. aequalis,

Nematoscelis tenella, Euphausia diomedae

Crustacean
 17
 300
 Roger (1971)
Mallotus villosus
 Fish
 4
 1095
 Carscadden et al. (1997)

Leuroglossus schmidti
 Fish
 5
 730
 Abookire et al. (2002)

Stenobrachius leucopsarus
 Fish
 5
 1460
 Abookire et al. (2002)

Clupea harrengus
 Fish
 8
 1095
 Reid et al. (1999)

Clupea harrengus
 Fish
 5
 1278
 Alheit and Hagen (1997) and Corten

(1999)

Engraulis ringens
 Fish
 14
 450
 Schwartzlose et al. (1999)

Engraulis japonicus
 Fish
 16
 300
 Takahashi and Watanabe (2004)

Engraulis mordax
 Fish
 15
 365
 Schwartzlose et al. (1999)

Engraulis capensis
 Fish
 13
 360
 Schwartzlose et al. (1999)

Engraulis encrasicolus
 Fish
 10
 400
 Samsun et al. (2004)

Engraulis encrasicolus
 Fish
 13
 365
 Allain (2005)

Sardinops melanostictus
 Fish
 12
 700
 Hunter and Wada (1993)

Sardinops sagax
 Fish
 14
 730
 Schwartzlose et al. (1999)

Encrasicholina punctifer
 Fish
 30
 120
 Dalzell (1993)

Vinciguerria Nimbarria
 Fish
 28
 120
 Stéquert et al. (2003)

Scomber japonicus
 Fish
 12
 730
 Prager and MacCall (1988)

Clupea pallasi
 Fish
 7
 1095
 Hunter and Wada (1993)
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