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Abstract

A feature of the central equatorial Pacific is a strong divergent equatorial upwelling called the cold
tongue, which is favorable to the development of a large zonal band with high levels of primary production.
Contiguous to the cold tongue, is the western Pacific warm pool, which is characterized by warmer water
with lower levels of primary production. At the top of the food web, the tropical tunas are a major compo-
nent of the pelagic ecosystem and have their maximum biomass in the warm pool. However, during ENSO
(El Nifio Southern Oscillation) events, variability is observed in both environmental factors and the spatial
distribution of tuna. A Spatial Environmental Population Dynamics Model (SEPODYM) is used to assist
in the analysis and interpretation of these fishery oceanographic observations. A modelling approach is
described and applied to the population and fisheries of skipjack tuna, one of the top predator species with
its greatest biomass in the tropical pelagic ecosystem. Environmental variables are used in the model for
delineating the spawning area of skipjack, reproducing the transport of its larvae and juveniles, and simulat-
ing tuna forage. The forage production is deduced from a simple ecological transfer based on new primary
production with biomass calculated as a single population. The model considers an interaction between
predicted tuna density and forage density. A habitat index combining temperature preferences with forage
distribution is used to constrain the movement of adult tuna. Results of the simulation allow realistic
prediction of the large-scale distribution of the species. There is a remarkable out-of-phase pattern linked
to ENSO between the western Pacific region and the cold tongue. This pattern is consistent with the
observed movements of skipjadk. 2001 Elsevier Science Ltd. All rights reserved.
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1. Introduction

Despite its low primary productivity rates, the western equatorial Pacific warm pool supplies
the largest proportion of tuna catch (>1.5 million t year—?) in the Pacific Ocean and contributes
approximately 40% of the world's annual tuna catch. The global tuna catch is dominated by two
tropical species, skipjack (Katsuwonus pelamis) and yellowfin (Thunnus albacares), which inhabit
the surface mixed layer. These two species are amongst the top predators of the tropical pelagic
ecosystem, and have the greatest biomass and the largest forage requirement (Kitchell, Boggs,
He, & Walters, 1999). Given the link between primary production and fish production through
the food web (Cushing, 1995), the antagonistic east-west distribution of primary production and
tuna abundance initially appears paradoxical. In addition to these general features, the ENSO (El
Nifio Southern Oscillation) events, which are the main source of variability in the equatorial
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Pacific, strongly affects both primary productivity (Murtugudde et al., 1999) and spatial distri-
bution of tuna (Lehodey, Bertignac, Hampton, Lewis, & Picaut, 1997).

To explore the mechanisms that generate this fishery oceanographic situation and its variability,
a spatia environmental population dynamics model (SEPODYM) is used. The model contains
multi-gear and one or multi-species, with environmental and spatial components. Important fea-
tures of the model are the use of an environmental-based habitat index to constrain the movement
of tuna, and the development of a tuna forage sub-model. This sub-model was necessary because
direct observations from sparse sampling are insufficient to describe the spatio-temporal distri-
bution of tuna forage. In the initial version of the model (Bertignac, Lehodey, & Hampton, 1998)
a constant mortality rate was used for the forage population (Lehodey et al., 1998). This up-dated
version takes account of the interaction between predicted tuna density and forage density.

After a description of the model, the model is applied to the population and fisheries of skipjack
tuna. Results are discussed in the context of the current understanding of equatorial oceanography
in the Pacific Ocean.

2. Modelling approach in SEPODYM

All the spatial dynamic modelling of SEPODYM is based on a diffusion—advection equation
in two horizontal dimensions. The use of diffusion models for simulating random dispersion of
animal population is not a recent development and different applications are discussed in the
literature (e.g. Skellam, 1973; Okubo 1980, 1986; Murray, 1993). However, in some cases animal
populations show directional movement, and to account for this behavior, Okubo (1980, 1986)
presented a derivation of the advection—diffusion equation, in which directional movements are
described by the advective term of the equation. An extension of this approach has been used for
the analysis of the movements of tagged tuna (Sibert, Hampton, Fournier, & Bills, 1999), and
the treatment of the spatial dynamic component in SEPODY M uses the same mathematical formu-
lation, except that the advective terms applied to this equation differ according to the simulated
movements. For the movement of small forage organisms and tuna larvae and juveniles, the
advective components in the two horizontal dimensions are oceanic currents, but for adult tuna
they are habitat index gradients. The equations of transport in the two horizontal dimensions for
forage and tuna populations are given in Bertignac et a. (1998) and Lehodey et al. (1998). The
habitat index is a function of forage density and sea surface temperature. Sea surface temperature,
oceanic currents, and primary production are also used in the model to delineate tuna spawning
areas, transport larvae and juveniles, and simulate the tuna forage distribution.

The ‘basin model’ developed by MacCall (1990) proposed an approach to include spatial effects
in a population dynamic model. As with SEPODY M, the model is based on the use of a habitat
and a diffusion—advection equation. The habitat selection described by MacCall is density—depen-
dent, i.e., the population size and local density influence the choice of habitat and hence the
population’s distribution. In other terms, “as the density of individuals increases in a habitat,
realized suitability decreases from the basic level”. The approach is different in SEPODYM,
although the interaction between density of tuna and density of forage is aso considered by
coupling tuna forage and tuna population sub-models. The contribution of tuna predation to the
forage mortality is proportional to the density (biomass) of tuna. Therefore, an increasing density
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of tuna increases the forage mortality, and if there is no additional supply of forage, decreases
the habitat index value. Since the movement of tuna is based on the gradient of the index, tuna
will start to leave the zone when forage is no longer abundant enough to support the local tuna
population density. On the other hand, tuna will continue to concentrate if the index value remains
higher than in neighboring zones. This approach seems appropriate for reproducing tuna behavior,
particularly the frequent huge aggregations of tuna feeding on large patches of prey organisms.

3. The forage model
3.1. Theoretical bases

A basic difference between pelagic and terrestrial ecosystems is that the size of the food par-
ticlesis a primary determinant of food web structure in the open sea (Isaacs, 1977). From exten-
sive observations of marine pelagic communities, Sheldon, Prakash, and Sutcliffe (1972) found
that particle concentrations over a wide range (from phytoplankton to whales) are relatively uni-
form when data are grouped in logarithmic size intervals. Following this work, numerous studies
have attempted to characterize the pelagic ecosystem as a function of organism size, leading to
the concept of biomass size spectra (Platt, 1985; Dickie, Kerr, & Schwinghamer, 1987). There
are many studies that have described empirical relationships between body size of aguatic organ-
isms and other attributes, such as sizes of prey and sizes of their predators, size and metabolism
(Borgmann, 1982; Platt, 1985), size and population generation time (Sheldon et a., 1972), size
and production or biomass (Rodriguez & Mullin, 1986; Boudreau & Dickie 1989, 1992), and
more recently, size and nitrogen isotopic composition (6*°N) of organisms (France, Chandler, &
Peters, 1998), which is proposed as a good indicator of the trophic level. Supporting the concept
of biomass size spectra, the evaluation of biomass of the major components of oceanic epipelagic
(0200 m) communities conducted by Shushkina, Vinogradov, Sheberstov, Nezlin, and Gagarin
(1996), and Shushkina, Vinogradov, Lebedeva, and Anokhina (1997) suggest that a ssmple
decreasing function could describe the mean ecological transfer of biomass through successive
compartments of the ecosystem, regardless of the level of primary production of the oceanic
region (Fig. 1). These findings provide important theoretical bases for model development to
describe biomass or energetic flow through aquatic ecosystems (e.g. Kerr, 1974; Sheldon, Sut-
cliffe, & Paranjape, 1977; Silvert & Platt, 1978; Cousins, 1985; Borgmann, 1987; Boudreau &
Dickie, 1989). These numerous examples suggest there is a trophic continuum in the pelagic
ecosystem with a size-related time-scale.

3.2. Considering forage as a single population

Instead of developing a detailed explicit food web through the whole pelagic ecosystem, which
is a complex and very long task, the tuna forage is considered as a single population. Since all
the organisms of a same cohort have the same age, it is immaterial whether the cohorts are of
the same species or not (Allen, 1971). The dynamic of the forage population is simply described
by a continuous recruitment S and a constant mortality rate A as in Lehodey et al. (1998). The
recruitment consists of new organisms entering into the forage population at a given time. Since
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Fig. 1. Percent biomass relative to the phytoplankton biomass of principal components of planktonic pelagic communi-
ties of the tropical Pacific Ocean (40°N-40°S), with different productivity in the upper 200 m layer. Calculated from
the work carried out by Shushkinaet al. (1996, 1997). (p,b,a) phytoplankton+bacteriat+protozoa, (m) small mesoplankton
=3 mm, (g) large mesoplankton >3 mm and (g) macroplankton >30 mm. Tropical Pacific Ocean regions. 1 hyper-
trophic; 2,3 eutrophic; 4,5 mesotrophic; 6 oligotrophic; 7 ultraoligotrophic.

the tuna forage does not include all the organisms developing along the food chain from the
primary level, the time of recruitment (T,) allows to select an adequate spectrum of organisms of
the forage. In other terms, the time T, is the minimum time necessary for the development of
organisms between their ‘birth’ and ‘recruitment’ into the forage population.

In a classical fish population model, the origin of the recruitment is the biomass of spawning
adults. In the case of the forage population, it is the development of a new primary biomass over
a period of time (new primary production) that allows the development of a new cohort of many
different organisms, afraction of which will be recruited after atime T, into the forage population.
The amount of the fraction transferred depends on an ecological transfer coefficient. To follow
the energy transfer from primary production to forage, the nitrogen unit of primary production is
also used for the forage population. Therefore, the forage biomass is the accumulated quantity of
nitrogen in the population. There is no growth function for the forage population, but an appropri-
ate coefficient is used to convert this quantity of nitrogen to wet weight.

Since the cohorts are identical in their growth and mortality, it is not necessary to consider
effects that result from the existence of more than one cohort, if the recruitment is assumed
constant (Allen, 1971). Thisis illustrated in Fig. 2 where the evolution in time of a single cohort
is presented. Because of the constant coefficient A, a given source term will decrease exponen-
tially, and in the case of a constant source, the biomass (F) would tend towards an equilibrium
level (SA). The total biomass integral by time of a single cohort is equal to the total biomass of
the population of successive and identical cohorts. The exponential mortality model used, with a
constant instantaneous rate, implies aratio of production/biomass equal to the instantaneous mor-
tality rate (1).
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Fig. 2. Transfer with time of primary production to forage according to the model (Sis assumed constant). The thin
curve describes the evolution in time of a single source of primary production. The thick curve gives the total forage
population, i.e., the sum of the shaded area.
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Therefore, in an equilibrium situation, the biomass F~S/A and the production F'=S,
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3.3. Characterizing the forage population with A and T,

Assuming that the recruitment S is constant and continuous allows defining a ‘mean age' to
the forage population (Fig. 2). If T, is at time O of the forage population, the sum of the products

t.Sis

S
J tS dt:sf e dt=o; )
0 0

Since the forage population is SA, the mean time spent in the forage population is SA? divided
by SA, or JA. Adding T, to /A gives the ‘mean age’ of the forage population since the origin
of the cohort, i.e., the time when the new primary production appears. Specifically, it is a
biomass-weighted mean age because the forage population is expressed in units of biomass. The
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mean age can be assimilated to the interval between one generation and the next, such as a mean
generation time or turnover time (the mean time taken for the biomass of the population to be
replaced by fresh production). It is also possible to define the maximum life span of organisms
within the forage population as the time necessary to see the population reduced by a determined
level (e.g., for 99%, t=—1/A Ln(0.01)+T,). Therefore, A and T, which characterize F can be esti-
mated using biological characteristics of key-species representative of the forage population.

3.4. Ecological transfer toward forage production

To determine a readlistic value for the ecological transfer, independent estimations of the
efficiency coefficient of ecological transfer from primary to secondary levels of the pelagic food
web have been derived from a literature search. For example, Iverson (1990) calculated that
nitrogen transfer efficiency (E) was a constant 0.04 in oceanic and coastal environments with an
average 2.5 trophic transfers from phytoplankton to carnivorous fish and squids (typically tuna
prey species). In other words, 4% of the new primary production (or nitrogen) is transferred to
the forage production (Fig. 2). (In Lehodey et al. (1998), the transfer from new primary production
to forage production was considered to decrease continuously during T,, by using an exponentia
function with a loss rate m=—In(E)/T,.)

During the period T,, the cohort of organisms that is developing from a new contribution of
primary production is also under the influence of the motion of water masses. As a consequence,
the transport model must be applied during this period to the fraction of nitrogen content of the
primary production that is transferred toward the forage population.

3.5. Application to tuna forage

Tunas are known to be opportunistic predators feeding upon three major groups of prey: fish,
squids and crustaceans. Sizes of the prey items range from a few millimeters (small euphausiids
and amphipods) to several centimeters (squids, small fish, shrimps). A prey—predator size depen-
dent selectivity has been expressed as a correlation between prey item size and the size between
their gill rakers (Magnuson & Heitz, 1971). Consequently, the proportions of the three major
groups of prey in the tuna diet vary according to the size of the tuna and the diverse faunal
assemblage occurring in different oceanic areas (Matsumoto, Skillman, & Dizon, 1984). The result
is a large spectrum of prey species and prey sizes that is difficult to incorporate into an explicit
trophic model. The integrated tuna forage model described above appears more suitable as a
means of modelling tuna forage.

Biological characteristics of the main tuna prey species or group of species can be found in
the literature. For tropical cephalopod species (Jackson & Choat, 1992), size-at-age data suggests
arapid growth, with achievement of full size in less than 200d and short life span (less than one
year). In the eastern Pacific, a key prey species of skipjack appears to be the red crab, Pleuron-
codes planipes (Forsbergh, 1980). Its larval phase is about 130d (five zoeal stages) and postlarval
phase (2 to 6 mm) about 4 or 6 months, with individuals reaching sexual maturity (at ~16 mm)
in about 1 year (Gomez-Gutierrez & Sanchez-Ortiz, 1997). In the western Pacific, schools of
skipjack and yellowfin regularly feed on high concentrations of the zooplanktivore oceanic
anchovy, Encrasicholina punctifer (Hida, 1973), a species with a short life cycle (less than 1
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year), arapid growth and an age at maturity of 34 months (Dalzell, 1993). Euphausiids are also
frequently found in skipjack stomach contents, and their life span appears to be ~1 year (10-15
months) with sexual maturity at 8-10 months (Roger, 1971).

A mean age of 120d was chosen since it is the age at maturity for the oceanic anchovy, a
predominant prey of skipjack in the warm pool. A value of 60 d is assigned for T,. At this age,
the juvenile skipjack that are frequently found in the stomachs of adults are 10-15 cm. These
parameter values lead to a maximum life span of 336 d. Although these values may need to be
more accurately refined, they appear to be a reasonable characterisation of tuna forage according
to biological studies of typical prey species.

4. The tuna population model
4.1. Tuna ecology and habitat

Tuna are amongst the most highly specialized fishes with regard to sustained, high levels of
locomotory activity. They swim continuously to counterbalance their negative buoyancy, and are
able to travel hundreds of miles. This high expenditure of energy enables them to move quickly
through their environment in search of their food, from which they require correspondingly large
energy returns. This strategy has resulted in morphological and physiological adaptations, parti-
cularly associated with their thermoregulation and high efficiency in oxygen extraction. Conse-
guently, these two major features of the oceanic environment, ambient temperature and dissolved
oxygen concentration, are believed to influence tuna behavior strongly (Brill, 1994). The relation-
ships between tuna physiology and ambient temperature and oxygen concentration have been
studied in laboratory experiments, by in situ tracking experiments and by comparisons between
catch statistics and oceanographic conditions (e.g. see reviews in Sharp & Dizon, 1978; Forsbergh,
1980; Matsumoto et a., 1984; Brill, 1994). Sea surface temperature and oxygen concentration
have been used to define large-scale limits to potential tuna habitat (Barkley, Neill, & Gooding,
1978). The distribution of tunaforage within this potential habitat probably has the major influence
on tuna distribution. Surface tuna like skipjack and yellowfin feed visually mainly during the
daylight hours. So, water clarity is also likely to influence their distribution. Therefore, the habitat
of surface tuna could be defined in general terms as water masses with a combination of suitable
temperature and sufficient oxygen concentration (varying according to species and life stage),
high forage biomass and also clear water.

4.2. Description and parameterization

Tuna population dynamics have been described in Bertignac et al. (1998) and all the symbols
used in the model are in Appendix A. The total level of recruitment is scaled to obtain a standing
stock at equilibrium in agreement with independent estimations. Tuna stock—recruitment relation-
ships are poorly known and recruitment is usually assumed to be independent of the adult popu-
lation density, mainly because tuna have very high fecundity and spawn throughout the year over
alarge area. Therefore, the present simulation does not assume any stock—recruitment relationship,
but the spatial distribution of recruits is environmentally constrained by the processes occurring
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in the pre-recruitment period. First, the spawning area is limited by the presence of mature tuna
and by sea surface temperatures (SST) above a limiting value. This latter condition is supported
by the high correlation found between SST and occurrence of reproductively-active tropical tuna
(Schaefer, 1998). Thereafter, during a short period of development (4 months), larvae and juven-
iles are passively transported by the currents. Following this period, young tuna become auton-
omous and move according to the same gradient of habitat index as the adults. Finally, once they
reach the age of recruitment they are considered the first age class of the exploitable fraction of
the population. The parameterization of the model is summarized in Table 1.

4.3. Habitat index

The habitat index combines the spatial distribution of forage with atemperature function defined
for each tuna species according to our knowledge of their physiology and behavior. A function
with a normal distribution is used for temperature and a linear function for forage, with both
functions being scaled between 0 and 1 (Fig. 3). Therefore, for each cell of indices i, j, at time
t, the habitat index H;;, is caculated as:

Hi,j,tzli,j,t¢sp(9i,j,t) (©)
where |;;, is the forage density reduced to a range of 0 to 1 using Eq. (4),
1
|i,j,t:F7Fi,j,t (4)
and ¢4,(6;;,) is the temperature function of the species sp defined as:

()

95(61,0= ~6y0e) 't_es")z}

Y
ex
G20 p[ 2%,

where 6, is the SST in cell of indices i,j,t, y is a constant, and 6, and oy, are respectively the
optimal temperature and its standard deviation for species sp. The habitat functions for skipjack
are presented in Fig. 3.

5. Coupling forage and tuna models

In a previous version (Bertignac et al., 1998; Lehodey et al., 1998), the forage mortality caused
by the tuna species was assumed to be included in the total mortality A. However, the use of the
predicted distribution of forage to constrain the movement of tunas without considering the feed-
back effect of tuna density distribution has implicit hypotheses. Either the forage mortality
resulting from the tuna predation is assumed very low and relatively negligible to the total mor-
tality of forage, or the predators present an ‘ideal distribution’. In this latter case, the different
predator species would have a natural ideal distribution, such that the total forage mortality by
these species would be the same everywhere and equal to A. This hypothetical situation presents
an analogy with the ‘ideal free distribution’ proposed by Fretwell and Lucas (1970) and Fretwell
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Fig. 3. Temperature and forage functions used to define the skipjack habitat in the present SEPODYM simulation.

(1972) for the density dependent habitat selection theory, whereby individuals differentially
occupy available habitats so that realized ‘suitability’ is equal for all occupied habitats.

To have more redlistic predator-prey interactions, and eventually to test these hypotheses, the
forage mortality has to be dependent on the tuna density. The approach used was to calculate
and apply first a specific local mortality w;, resulting from the food requirements of tuna popu-
lation described in the model, then a mean residual mortality A" which is the difference between
the total mortality A and the mean specific mortality o, over the area occupied by tuna (6).
Therefore, the total forage biomass over the whole area remains equal to the total forage biomass
calculated in the case of a constant A, but the spatial distribution linking the density of tuna may
be different. Eqgs. (6)—(10) are given for one predator species but the extension to severa predator
species is straightforward.

M=A—a (6)
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To obtain w, the forage required (Fg) by the tuna species is calculated by knowing a daily food
ration r (eventually by age class a) relative to its weight w (7). The specific mortality rate is
defined as the ratio of the forage biomass requirement (Fg) for the species to the forage biomass
available F (8). A conversion factor (c,) is used to express the forage biomass in a similar unit
as Fx (see Appendix A).

FRi,j,tZE(Ni,j taWals) (7)

W=

(8)
The mean specific mortality over the whole area occupied by the predator species is.
_ 2Fg
wt:
2F

It is possible to define a consumption coefficient Q as the ratio of Fg to the forage production.
Thus, Eq. (8) is equivalent to:

_Qi,j,tls,j,t

D=
Ly

A vaue of Q>1 (or a negative value of 1') indicates that forage production is lower than tuna
Fr, i.e, that mortality cause just by tuna predation is greater than total mortaity A
(Q=Fx/S=w/A>1) . In this case, the parameterization or the hypotheses of the model should be
revised.

(9)

(10)

6. Numerical resolution and simulation

Extensive description of the mathematical model used for the transport can be found in Sibert
and Fournier (1994), Bills and Sibert (1997) and Sibert et a. (1999). The differential equations
are numerically solved by finite-difference techniques using a network of regularly spaced grid
points and a discrete time step. The upwind differencing scheme (Press, Teukolsky, Vetterling, &
Flannery, 1992) is used for approximating the first derivatives in the advection terms.

In this simulation, the spatial resolution is one degree square and the time step is 5 d. The
input data set (primary production, currents, temperature) was provided by a coupled run between
a three dimensional OGCM (Blanke & Delecluse, 1993) developed at the LODY C (Laboratoire
d’ Océanographie Dynamique et de Climatologi€) with a biogeochemical model (Stoens, Menkes,
Dandonneau, & Memery, 1998; Stoens et al., 1999). The predicted new primary production (P)
was integrated within the euphotic zone and the predicted currents averaged on the same layer.
A ‘spin-up’ of severa years is used to build the forage and tuna populations, then fisheries are
started and predictions are recorded.
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Three different fishing gears are described: purse-seine, pole-and-line and a group of mixed
domestic gears from the Philippines and Indonesia. A total of nine fleets are represented (Table
2), each with separate catchability coefficients. An age-based selectivity function is used for each
gear (Fig. 4). The fishing effort of each fleet varies by month and in space, with a one degree
square resolution except for the Philippine and Indonesia fleets that provide data aggregated by
five degree square, and year. The recruitment (or spawning) is adjusted, so that the stock biomass
estimates are roughly equal to those obtained independently from other studies. The catchability
coefficients are then scaled to obtain estimated catches at the same level as observed catches.
Results of the simulation are compared to observed fishing data by fleets, such as total monthly
catch, spatia distribution of catch, and distribution of length frequencies.

7. ENSO variability and primary production in the tropical Pacific

Since the results of the simulation are strongly dependent on the environmental factors that
constrain the model, a brief overview of the oceanography of the tropical Pacific Ocean is
presented to help in interpretation.

The warm waters in the surface layer of the western equatoria Pacific (the warm pool) have
a temperature >28°C year-round, inducing an atmospheric convection connected to the colder
eastern Pacific Ocean through the Walker circulation. The intense atmospheric convection associ-
ated with the warm pool results in alarge excess of precipitation compared to evaporation. Conse-
guently, the warm pool contrasts with the central equatorial water masses by having warmer
waters of relatively lower salinities. In this warm pool, the balance between precipitation and
entrainment of subsurface saltier water results in haline stratification: a structure called the barrier
layer (Lukas & Lindstrom, 1991) appears when the isohaline layer is shallower than the isothermal
layer. A maor consequence of this haline stratification is the inhibition of the downward pen-
etration of energy generated by the westerly wind bursts that occur in the western Pacific. This
results in a trapping of westerly wind burst momentum in the surface layer (Viadlard & Delecluse,

Table 2
Observed average fishing effort and skipjack catch in tonnes (for 1993-1994) by fleet, and the estimated catchability
coefficient

Fleet Fishing effort (days) Catch (t) Catchability
Eastern Pacific US purse, seine 17,939 65,575 0.022
Japanese purse, seine 6332 112,811 0.106
Korean purse, seine 4743 115,057 0.280
Talwanese purse, seine 10,152 125,487 0.066
Western Pacific US purse, seine 8878 147,622 0.029
Japanese pole-and-line 4187 33,895 0.036
Solomon pole-and-line 6789 18,624 0.018
Fiji pole-and-line 1378 3488 0.015
Domestic Philippine-Indonesia 23,360 202,842 0.032

Total 83,756 825,401
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Fig. 4. Growth in length-at-age and weight-at-age for skipjack, and selectivity function used for skipjack in the present
SEPODYM simulation.

1998), giving rise to strong eastward equatorial currents. This zonal advection of the surface layer
affects the extent of the warm pool and appears to be a major process in the development of El
Nifio events (MacPhaden & Picaut, 1990; Delcroix, Eldin, & Radenac, 1992; Picaut & Delcroix,
1995; Picaut, Masia, & Du Penhoat, 1997; Delcroix, 1998).

Contiguous to the warm pool in the central equatorial Pacific is an equatorial divergence, along
which relatively cold and nutrient-rich water upwells. This equatorial divergence is within the
mean westward zonal flow of the South Equatorial Current (SEC). The intermittent eastward
surface flow in the western Pacific generated by westerly wind bursts encounters this westward
advection and induces a convergence zone along the eastern edge of the warm pool, which is
characterized by a salinity front or, more approximately, by the 29°C or 28.5°C isotherm. In the
average situation, the convergence zone oscillates around 180°, but it shows spectacular zonal
displacements in association with ENSO signals.
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The biological consequence of the equatorial upwelling is to generate a large zonal band in
which there is high primary production, frequently called the cold tongue, and which contrasts
with both the generally low primary productive waters of the western Pacific warm pool and the
subtropical gyres to the north and south, where primary production rates are the lowest in the
Pacific Ocean (Longhurst, Sathyendranath, Platt, & Caverhill, 1995). However, the primary pro-
ductivity in the tropical Pacific is strongly influenced by ENSO events.

During El Nifio phases, wind stresses in the western Pacific are stronger, and the barrier layer
either dissipates or shifts eastward (Vialard & Delecluse, 1998). In the absence of the barrier
layer, the wind stress can drive the mixed layer deeper, which favours an increase in primary
production in the region; thisis clearly evident in Fig. 5. This figure represents composite images
of phytoplankton pigment concentration derived from CZCS satellite data for the 1982-83 ENSO
and SeaWiFS satellite data for the most recent event of 1997-2000. They reproduce the con-
trasting situations of El Nifio and La Nifia events.

During La Nifia, a rich (mesotrophic) chlorophyll cold tongue is clearly visible, extending as
far west as 160°E, while the warm pool from Philippines to 160°E is typically in alow primary
productivity situation (oligo- to ultra-oligotrophic). During El Nifio the cold tongue retreats east
of 180°. With this eastward movement, warm waters and associated atmospheric convective zone
extend to the central Pacific. This displacement is associated with a decrease in equatorial
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Fig. 5. Impact of the ENSO signal on primary productivity in the western and central egquatorial Pacific. Composite
images from the CZCS and SeaWiFS satellite data for two opposite phases of ENSO identified in the upper box
(classification follows that defined by Shushkina et a., 1997).
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upwelling and primary production. During the same period, the oceanic region between the Philip-
pines and 160°E-180° shows an enrichment in phytoplankton biomass and coastal upwelling is
well developed along the north coast of Papua New Guinea. In addition to this general pattern,
specific events can occur such as the development of the large phytoplankton bloom, which was
observed along the Equator near 165°E (Murtugudde et al., 1999) before the last El Nifio abruptly
ended in mid-1998. The development of this bloom appeared to coincide with the disappearance
of the barrier layer and the appearance of easterly wind-anomalies (Murtugudde et al., 1999).

8. Limitations

The simulated primary production used in the present application of SEPODYM reproduces
the ENSO variability in the equatorial Pacific with reasonable agreement between observed and
predicted data (Stoens et a., 1999). However, there are several limitations:

1. The simulated nitrate is relaxed to Levitus climatology on the four east, west, north and south
boundaries, so that it is difficult to evaluate the change of productivity linked to ENSO in the
far western (115°-130°E) Pacific with this ssmulation.

2. The coastal upwelling along the coast of Peru and Chile are not fully included since the eastern
grid boundary is 80°W, and

3. Primary production is likely to be overestimated in the mesotrophic regions where modelled
chlorophyll was generally higher than the observations (Stoens et al., 1999).

9. Results
9.1. Skipjack habitat

Many authors have used SST for delimiting skipjack distributions and the optimum ranges for
commercial fishing. Their temperature range is normally between 20° and 30°C, but occasional
catches do come from waters <20°C, with a clear temperature limit of 15°C. The largest catch
comes from equatorial waters where SST is >28°C. Therefore, the temperature function for skip-
jack shown in Fig. 3 is considered to be representative of the temperature preference of this
species. Such a function should be sufficient to consider the seasonal movement of skipjack asso-
ciated with the warming of sub-tropical surface water during summer (Fig. 6a), and leading to
the seasonal development of fisheries off the coasts of Japan in the northern hemisphere, and
Australia/New Zealand in the southern hemisphere. Indeed, by combining the temperature and
forage effects into a habitat index, the attractiveness of the temperate regions in summer increases
rapidly with temperature because the availability of forage in these regions is high (Bertignac et
al., 1998).

The overall pattern of the simulated forage distribution (Fig. 6b) has been previously described
(Lehodey et al., 1998). Its availability is probably overestimated along the southern boundary of
the central equatorial upwelling, because here primary production is overestimated. Consequently,



P. Lehodey / Progress in Oceanography 49 (2001) 439-468 455

T T T T \ T F o g ‘ "
120E  160E  160W  120W  SOW 120E  160E  160W  120W  BOW

(b) Sea surface temperature (°C)

120E = 160E = 160W  120W " 160E  160W  120W
Forage biomass (g wet weight. m’2) = -‘1&-2..3..4!

120E = 160E  160W  120W  BOW 120E  160E  160W  120W  8OW

Habitat index I HEEEEE

01 02 03 04<=

Fig. 6. Spatid distributions of SST, predicted forage and habitat for a mean situation in the 1st and 3rd quarter (1st
quarter is the average of the 1st quarters of 1993, 1994 and 1995; 3rd quarter is the average of the 3rd quarters of
1992, 1993, and 1994).

when SST and forage effects are combined (Fig. 6¢), this region shows maximum habitat index
values that are also probably too high. Nevertheless, the spatial distribution of habitat has high
values in the Philippine-Indonesia region, the equatorial western central Pacific, and the northeast-
ern equatorial Pacific along a latitudinal band centered on 5°N. The seasona signal with an
extension to higher latitudes in summer is also clearly visible. These features correspond quite
well with the zones of high skipjack abundance and fisheries. Moreover, ENSO variability appears
to have large repercussions on the dynamical distribution.

As for the primary production, a zonal displacement is observed in association with the ENSO
oscillation, though of lower amplitude. When El Nifio develops, the cold tongue retreats eastward
and decreases in intensity much more rapidly than the bands of forage, which leads to a maximum
decoupling when El Nifio is fully developed. When oceanographic conditions return to a normal
situation, the intensity of the new primary production in the cold tongue increases while its west-
ward extension starts again. On the other hand, the biomass of tuna forage continues to decrease
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in the central Pacific, due to the time lag of several months between primary production and
tuna forage.

Asthe ENSO variahility of forage is combined with the zonal displacement of the warm waters
of the warm pool, an interesting out-of-phase pattern appears in the habitat distribution between
the western and central equatorial Pacific. During the El Nifio phase of 1994, a zone of rich
habitat occurred in the central equatorial Pacific and was exploited mainly by the U.S. purse seine
fleet (Fig. 7). The eastward displacement of this favorable habitat zone was consistent with the
observed movement of tagged skipjack and high skipjack tuna catch rates from this region
(Lehodey et al., 1997). When oceanographic conditions return to a more normal situation, the
fishing fleets moved westward and continued to make good catches. The predicted habitat from
the model has effectively increased in this western region. However, habitat index values remain
the highest in the central Pacific region south of equator, where the predicted forage is likely to
have been overestimated.
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Fig. 7. Predicted skipjack habitat for two opposite phases of ENSO (identified in the upper box) corresponding to
the development of a medium amplitude El Nifio oscillation in 1994-95. The black iso-contours delimiting high catch
levels of the US purse-seine fleet (above 40 t per degree square and quarter) are superimposed.
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9.2. Xipjack population and stock

The spawning criterion of a SST >26°C is obviously favorable for good recruitment in the
western central Pacific Ocean (WCPO), and the overal distribution of larvae and juveniles (Fig.
8a) reproduces the SST distribution. Distribution of larval skipjack is known from net tows by
Japanese research vessels (Ueyanagi, 1969; Nishikawa, Honma, Ueyanagi, & Kikawa, 1985;
Forsbergh, 1980). The simulated distribution of larvae and juvenile skipjack agrees well with
these observations. In particular, the simulation reproduces their wide distribution in the WCPO,
with an abrupt narrowing toward the equator at about 145°W.

Mori (1972) investigated the distribution of young skipjack. He noted they were more widely
distributed than larvae and juveniles. He suggested that the young skipjack leave the nursery
grounds when they have reached a length of ~30 cm. In the model, this behavior corresponds to
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Fig. 8. Spatia distributions of larvae-juveniles (passive transport), young and virgin stock of skipjack for a mean
situation in the 1st and 3rd quarter (1st quarter is the average of the 1st quarters of 1993, 1994 and 1995; 3rd quarter
is the average of the 3rd quarters of 1992, 1993, and 1994).
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an age of 4 months, when skipjack change from being passively advected to active movement
enabling them to follow the increasing gradient of habitat index. The distribution of young skip-
jack (Fig. 8b) shows a transition between the large diffuse distribution of larvae and juveniles
and the distribution of adults (stock) that concentrate in the zones of high habitat index (Fig. 8c).

9.3. Fisheries

Given the 20°N-20°S latitudinal range considered in the simulation, the spawning area
delimited by the 26°C SST isotherm is almost totally covered. The recruitment level has been
adjusted using an independent estimation from tagging experiment for the western Pacific stock
(20°N-20°S, to 150°W) of 2-2.5.10° t (Kleiber et al., 1987). This leads to a total stock biomass
of skipjack of ~3-3.5.10° t for the whole Pacific basin between 20°N and 20°S. The catchability
coefficients for each fleet determined from this level of stock and the selectivity functions used,
are given in Table 2. A low catchability coefficient for the eastern fishery is not surprising since
this fleet is targeting yellowfin tuna. For the western fisheries, the catchability coefficient is very
high for the Korean fleet, intermediate for the Japanese and Taiwan fleets and low for the US
fleet. This is likely to result form bias in the predictions of the spatial distribution of the stock.
The predicted concentration of fish may be too high in the central south equatorial region (where
the US fleet is frequently fishing) but not high enough in the western Pacific (where the Korean
fleet operates).

The total predicted monthly catch by each fleet is presented in Fig. 9. If the Philippine and
Indonesian fleets are removed from the analysis because of the inaccuracies of their catch data,
then the maor inconsistency between observed and estimated catch comes from the US purse
seine fleet. This fleet fishes furthest east in the WCPO and is, therefore, subject to the rapid
fluctuations associated with ENSO events along the eastern edge of the warm pool. These rapid
changes are unlikely to be reproduced with sufficient accuracy or occur as temporal or spatial
shifts in the simulation. This feature will be useful to test further improvements of the model. A
part of the catch in the eastern Pacific is missing because the simulated primary production did
not encompass the coastal upwelling along the coasts of Peru and Chile. This biases the habitat
index in this region, since the very high level of forage in this area along with the seasonal
warming of water (Fig. 6) should produce a good habitat index that can be expected to attract
skipjack at the beginning of the year. The predicted catch data for the other fleets agree rather
well with the actual catch, considering the simplicity of the recruitment mechanisms in the model.

Since the population model is age-structured, it is possible to compare observed and predicted
fish lengths in the catches (Fig. 10). Predicted length frequencies agree well with observations.
However, the simulation cannot reproduce the fraction of the catch with the largest sizes. This
is simply explained. The value of L.. used in the model is 70 cm, leaving unexplained the sizes
range of 70-80 cm. The value of L., is not the maximum size of skipjack, but a mean maximum
size that does not reflect individual variability. Thus, the simulation indicates that the growth
model used is not entirely satisfactory and could be improved. A second discrepancy concerns
the fraction of small-sized fish that is usualy larger in the simulation than in the observed catch.
This may result from an inadequacy in the selectivity function. However, it should also be noted
that observational data may well be biased because small fish are often discarded at seato maintain
space for the larger and more valuable fish, and so not get recorded in samples of landings.
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Fig. 10. Observed and predicted length frequencies for the skipjack catch by fleet during 1st (left) and 3rd (right)
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Finally, the spatial distribution of the observed and predicted total catch by the four main purse
seine fleets is shown in Fig. 11. The mean coefficient of correlation between predicted and
observed catch over the time series is 0.4. This is rather encouraging, given the high variability
of observed catch at a one-degree square level, and the different limitations in the simulation.
The catch east of 170°E appears to be the most difficult to predict in this simulation. As previously
indicated, thisis the region there is the largest variability as aresult of the ENSO-related displace-
ments of the eastern edge of the warm pool.

10. Discussion

The model SEPODY M described tries to integrate in the ssmplest possible way the knowledge
of tuna biology and ecology. Model outputs constitute a management tool that allows for
investigating environmental interactions and impacts on tuna stocks. Such an approach inevitably
implies a switch from the single species model towards an ecosystem model, even if the ecosystem
is drastically ssimplified. Nevertheless, it is a very flexible and useful tool, with multiple appli-
cations. Now that the overall structure of the model has been designed, many improvements can
be envisaged.

The parameterization of the energy transfer through the ecosystem from primary productivity
to the forage and finally to the tuna population requires more analyses to refine, test and validate
the approach used in the model. This is particularly important since this first smulation indicates
that the skipjack population is consuming ~20% of the total forage production, whereas a large
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Fig. 11. Observed and predicted spatial distribution of the total catch by the four main purse-seine fleets (Japan,
Korea, Taiwan, USA) for the 1st (R=0.40) and 3rd (R=0.67) quarters.
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fraction of this production, e.g. mesopelagic fish, is not accessible to skipjack. It is also necessary
to encompass the area of the whole tuna stock to reproduce the seasonal migrations toward sub-
tropical waters, and to use longer time series including the most powerful ENSO events. Though
important efforts have been devoted to the knowledge of skipjack biology, more research on this
species is needed, particularly in defining growth. The model could easily integrate an ‘individual
variability’ in growth that is linked to the environmental parameters (temperature, abundance of
food). The population, fishery, and habitat parameterization could be improved with the help of
statistical studies (generalized additive or linear models), individual based models (IBM) and
statistical population dynamics models (e.g., MULTIFAN-CL, Fournier, Hampton, & Sibert,
1998).

Even with a ssimplified parameterization, this first simulation has been helpful in the interpret-
ation of observed ENSO-related spatio-temporal changes in the distribution of skipjack population.
Taken together, the results presented in this paper and the recent findings on the oceanography
of the equatorial Pacific allow us to propose a conceptual model of the biological consequences
of ENSO in the warm pool — cold tongue pelagic ecosystem (Fig. 12). During a normal situation,
the cold tongue extends to 180°, and the well-developed equatoria divergence is the source of
high primary productivity. In the western Pacific, the relatively low primary productivity of the
mixed layer is associated with the presence of an atmospheric convective zone and a barrier layer.
The equatorial divergence superimposed upon the mean westward zonal flux creates a spatial shift
in the planktonic communities both on the meridional (poleward) and zonal (westward) axes.

With the development of El Nifio, the system shifts eastward; the water masses of the warm
pool extend towards the central Pacific while the intensity of the equatorial divergence decreases
and the cold tongue retreats eastward. Secondary production, which previously had been
developing in the cold tongue, moves into the warm pool, and eventually merges with secondary
production originating in the western Pacific. Under the influence of currents, the organisms
remain aggregated in a large zonal band associated with the convergent front along the eastern
edge of the expanding warm pool. A longer residence time in the warm pool, clear waters and a
physical subsurface barrier are al highly favorable to the feeding of surface tuna and this may
explain the observed displacement of tuna populations linked to the movement of the convergence
zone. As the atmospheric convective zone is displaced towards the central equatorial Pacific, a
positive wind stress anomaly leads to the development of coastal upwelling along the north coast
of Papua New Guinea, and more generally to an increase of primary production in the far western
Pacific between Indonesia and 160°E—180°, according to the intensity of the event.

When eastward displacement of the system stops and starts to reverse, the eastern edge of the
warm pool becomes less attractive. The westward displacement of the warm pool — cold tongue
system limits the potential enrichment of surface waters of the eastern warm pool with the second-
ary production of the cold tongue. In addition, the decreased intensity of the equatorial divergence
during El Nifio is likely lead to a decrease in secondary productivity with a shift in time from a
few weeks (zooplankton) to a few months (micronekton). On the other hand, the Papua New
Guinea—Indonesian region that was enriched during the El Nifio phase will have an increase in
zooplankton and micronekton biomass at the time of the return to norma oceanographic con-
ditions. Consequently, the attractiveness (in terms of tuna habitat) of the Papua New Guinea—
Indonesian region should increase as it decreases at the eastern boundary of the warm pool. This
situation could explain the westward movement of tagged tuna observed during this phase
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Fig. 12. Schematic diagram of the biologica consequences of the development of an El Nifio event in the pelagic
ecosystem for the equatorial western and central Pacific ocean (the lag between each step is approximately three months).
During a mean stuation, there is a well developed cold tongue in the central Pacific with a high level of primary
production, while the western Pacific is characterized by the presence of the atmospheric convective zone and general
low primary productivity. The equatorial divergence within a mean westward zonal flux creates a spatia shift in the
planktonic communities both on the meridional and zonal axes. When the system shifts eastward (E! Nifio) an important
biomass of forage becomes accessible to tuna predation in the oceanic convergence zone of the warm pool — cold
tongue system. The eastward displacement of the atmospheric convective zone is associated to the shift or vanishing of
the barrier layer and stronger wind stresses than usual in the western region, leading to an increase of primary production.
When the displacement is reversed, the eastern edge of the warm pool becomes less attractive, but the western region
has devel oped an increased zooplankton and micronekton biomass, increasing the attractiveness and possibly explaining
the rapid westward movement of tuna observed during this phase as well as a high level of recruitment.
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(Lehodey et a., 1997). The probable enrichment in zooplankton of the western Pacific during the
El Nifio phase is a condition highly favorable for survival and larval development of the tuna.
Such conditions might therefore be expected to produce strong tuna recruitment to the fisheries
six to twelve months later. Preliminary investigations (Lehodey, 2000) seem to confirm that El
Nifio events eventually have a favorable impact on skipjack recruitment in the western Pacific,
and the model SEPODYM is an ideal tool for analyzing these mechanisms.

In summary, the western Pacific warm pool displays remarkable dynamic in biological pro-
ductivity, balancing the ‘Papua New Guinea—Indonesian’ region and the warm pool-cold tongue
convergence zone in an out-of-phase pattern. By contrast, in the eastern Pacific, primary pro-
duction and ‘down-stream’ tuna forage are high and stable in space and time, except during the
most powerful El Nifio events. From a skipjack habitat point of view, the lower but sufficient
secondary production of the warm pool compared to the eastern Pacific is likely compensated by
better environmental conditions in terms of temperature, oxygen, and water clarity. In the eastern
Pacific, the high forage level is probably tempered by sub-optimal values of other environmental
parameters. While El Nifio events have catastrophic consegquences in the eastern Pacific, it appears
that they have beneficial impacts on the biological productivity in the western equatorial Pacific.
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Appendix A. Description of the main symbols used in SEPODYM

Symbol Description Unit

P New primary production mmol Nd tm2
S Recruitment in the forage population mmol N d tm2
F’ Forage production (=S if S constant) mmol N d tm2
F Forage biomass mmol N m—2

T, Time of recruitment in the forage population d

E N transfer efficiency from P to S (0.04)

m, (=—Ln(E)/T,) Loss rate from P to S assuming an d?

exponential decreasing function during T,
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A Total mortality rate of forage d?
C, Ratio of fish C/N (3.6)"
C Ratio of fish dry weight to C (2.4)"
Cs Ratio of fish wet weight to dry weight (3.3)"
Cy Conversion coefficient from Mmol N to wet weight (g) of
fish (c,.C,.c5.15.1073=0.428)
A Residual mortality rate of forage d?
) Specific mortality rate of forage due to predator (tuna) speciesd —*
u Zonal term of current Nmd—?
% Meridional term of current Nmd—?
P Diffusion coefficient for the forage Nm? d—*
N Number of individuals in the tuna population
R Recruitment in tuna population month—?*
Z Total mortality rate of tuna population month—?*
M Natural mortality of tuna population month—?*
f Fishing mortality rate of tuna population month—?*
w Weight of tuna kg
S Selectivity coefficient of the fishing gear
o} Catchability coefficient of the fleet
J Fishing effort d
C Tuna catch mt (metric tonnes)
o Standard error for the temperature function
0 Mean vaue of the temperature function °C
H Habitat index
I Forage index
r Daily ration relative to the body weight
Xo Advection coefficient for tuna movement (~viscosity
coefficient in MacCall (1990) acceptation)
D Diffusion coefficient for tuna species Nm2? d—1

“(Vinogradov, 1953 in Iverson, 1990)
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