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ARTICLE INFO ABSTRACT

Keywords: Pelagic ecosystems exhibit a strong regional heterogeneity, driven by physical and biogeochemical characteris-
APECOSM tics. Using the global 3D marine ecosystem model APECOSM, we simulate six high-trophic-level communities,
Mechanistic ecosystem model capturing their size structure, spatial distribution, and trophic interactions up to 1,000 metres depth. We
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examine how different environments shape their contrasting organisation and interactions in three Pacific
Ocean regions: the productive Humboldt Current System, the oligotrophic South Pacific Gyre, and the thermally
stratified Pacific Warm Pool.

Humbold Current System Simulations reveal strong regional contrasts in ecosystem responses. In the Humboldt, high primary
Pacific Warm Pool production supports important biomass of small coastal pelagic fish. Seasonal warming enables tuna to forage in
South Pacific Gyre these productive waters, while low-oxygen conditions restrict the vertical range and abundance of mesopelagic

organisms and concentrate epipelagic organisms close to the surface. In the Warm Pool, apex predators
remain abundant despite low primary production, thanks to efficient trophic transfer and biomass import
from neighbouring regions. Seamounts concentrate mesopelagic organisms into shallow layers, making them
accessible to epipelagic predators. In contrast, the South Pacific Gyre supports sparse, imported high-trophic-
levels with limited trophic coupling and strong intra-community predation. We quantify regional differences
in trophic transfer efficiency and network complexity, identifying thresholds below which high-trophic-levels
collapse.

These findings illustrate the emergent plasticity of pelagic ecosystems and the importance of bottom-up
control of high-trophic-level biomass. They emphasise the importance of temperature, transport, light and
oxygen in modulating horizontal and vertical distributions, controlling the co-occurrence of predators and
prey, and influencing the formation of schools, ultimately impacting trophic interactions and community

assemblages.
1. Introduction Pacific Warm Pool (PWP), and the South Pacific Gyre (SPG). The HCS
is a highly productive eastern boundary upwelling system that supports
The open ocean hosts rich pelagic ecosystems shaped by the in- important fisheries of small pelagic fish and dense aggregations of

terplay of physical, biogeochemical, and ecological processes (e.g. see
Dalaut et al. 2025). However, these processes do not act uniformly
across the global ocean; instead, they generate substantial regional
variability in ecosystem structure and function. Understanding how

warm-blooded predators (Bakun and Weeks, 2008). In contrast, the
SPG is an oligotrophic region, characterised by low primary production
dominated by small nitrogen-fixing organisms and very low biomass

environmental heterogeneity translates into distinct pelagic ecosystem of high trophic levels. The PWP, despite its limited primary produc-
configurations remains a key challenge in marine ecology and global tivity (Halm et al., 2012; Barber and Chavez, 1991), supports a high
ecosystem modelling. Among all ocean basins, the Pacific Ocean, the diversity of marine life, including large tropical top predators such
largest on the planet, exemplifies this diversity, ranging from nutrient- as tuna, making it one of the world’s most productive tuna fishing

rich upwelling zones to oligotrophic gyres and stratified equatorial
waters. In this study, we focus on three hydrologically and ecologically
distinct regions of the Pacific: the Humboldt Current System (HCS), the

grounds (Williams and Terawasi, 2009; Langley et al., 2009).
Representing such contrasting regional ecosystem structures and
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functions using the generic design and rules of a global marine ecosys-
tem model is a major challenge. Capturing the key processes and their
interactions at different temporal and spatial scales without exces-
sive parametrisation and computational cost also requires a careful
modelling strategy (Fulton et al., 2003). APECOSM (Apex Predators
ECOSystem Model, e.g. Maury, 2010; Maury and Poggiale, 2013) ad-
dresses this by adopting a mechanistic, three-dimensional, trait-based
and size-structured approach that explicitly represents the main pro-
cesses responsible for the structure and dynamics of marine ecosystems.
The model represents basic biological and ecological processes at the
individual level, based on a small set of first principles and simple
assumptions. This allows the macroscopic structure and function of
the ecosystem to emerge from the interactions between individual
dynamics and the physical-biogeochemical environment.

Configuring APECOSM involves defining a set of archetypal func-
tional communities, for which a limited number of parameters are
required (e.g. temperature ranges, light sensitivities, maximum species
length ranges, predator/prey size ratios, and diurnal or nocturnal be-
haviours). This approach captures the adaptive complexity and di-
versity of key ecosystem responses to the environmental conditions,
enables mechanistic exploration of high trophic level dynamics, and
ensures reasonable computational costs (e.g. Dalaut et al. 2025).

This paper aims to evaluate whether APECOSM can reproduce the
structural and functional diversity of pelagic ecosystems in these three
contrasting Pacific regions, and to provide a mechanistic understanding
of their ecological uniqueness. For this purpose, we use the six high
trophic level (HTL) community configuration described and assessed
against observations in Dalaut et al. (2025) to explore how regional
environmental heterogeneity, particularly in temperature, productiv-
ity, stratification, oxygenation, and seasonality, shapes tridimensional
biomass distribution, size spectra and emergent trophic functioning.
By conducting a cross-regional comparative analysis, we identify key
ecological processes, understand how pelagic communities respond to
varying environmental drivers in each system and how regional systems
interact. In light of empirical studies published in the literature, we
discuss our results and how our simulations help explain observations.

The paper is organised as follows : Section 2 presents the model
and its configuration (Section 2.1), as well as the simulation setup
(Section 2.2). Section 3 explores each specific region to highlight
their particularities in terms of size and community structure, three-
dimensional spatial distribution as well as emergent trophic interac-
tions. Finally, Section 4 provides a brief summary and discussion of the
contribution of these results to our understanding of marine ecosystems
structure and function.

2. Method and tools
2.1. The APECOSM model and its configuration

This study uses the marine ecosytem model APECOSM (Apex Preda-
tors ECOSystem Model), which employs a mechanistic approach based
on first principles. APECOSM integrates the dynamic energy budget
theory (Kooijman, 2010) and a trait-based approach (Maury and Pog-
giale, 2013) with a limited set of elementary assumptions formulated
at the individual level to describe the 3D dynamics and trophic in-
teractions of size-structured HTLs communities (e.g. Maury, 2010).
APECOSM is driven by the three-dimensional physical and biochemical
fields outputted by the physical ocean model NEMO-v3.2 (Madec,
2015) coupled to the biogeochemical model PISCES-v2 (Aumont et al.,
2015). The three-dimensional environmental forcing variables used in
APECOSM include temperature, currents, dissolved oxygen concentra-
tion, light and concentrations of the low trophic level (LTL) functional
groups represented in PISCES (i.e. flagellates and diatoms, micro- and
meso-zooplankton, small and large particulate carbon).

APECOSM allows the simulation of distinct interactive communities
that share the same generic structure and functioning, but differ in a
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small number of key parameters. In this study, we use the six HTL com-
munities configuration of the model, which is described and evaluated
in Dalaut et al. (2025). This configuration allows the simulation of the
following communities:

1. The tropical tuna community includes all large epipelagic
tropical top predators, including tropical tunas such as yellowfin
tuna (Thunnus albacares) and skipjack tuna (Katsuwonus pelamis).
This community inhabits warm, open-ocean waters and is ex-
pected to stabilise the pelagic food chain through predation on
smaller, more variable species (Maury, 2017).

2. The small coastal pelagic community inhabits productive and
cold ocean regions, particularly the Eastern Boundary Upwelling
Systems (EBUS ; including the Benguela, California, Canary and
Humboldt upwellings). It includes species that are mostly plank-
ton feeders (e.g. sardines, anchovies, sprats).

3. The small and medium epipelagic community represents a
wide range of fish and non-fish nektonic species living in the
open ocean and includes all epipelagic species not classified as
small coastal pelagics or tropical tunas. It includes for instance
sardinellas (Sardinella spp.), Chilean jack mackerel (Trachurus
murphyi), chub mackerel (Scomber japonicus) or pandora (Pagellus
erythrinus).

4. The mesopelagic migrant community represents organisms
that forage at night in the epipelagic zone and migrate to deeper
mesopelagic waters during the day. It includes fish species
such as lanternfishes (Myctophidae, Notoscopelidae), lightfishes
(Phosichthyidae), or hatchetfishes (Sternoptychidae) but also other
organisms like squids or gelatinous organisms.

5. The mesopelagic resident community represents all the or-
ganisms that permanently reside at depths between 200 m and
1000 m. It includes a wide variety of fish and cephanlopod
species such as the ubiquitous genus Cyclothone, Stomiidae, Ale-
pocephalidae or Ceratioidea.

6. The mesopelagic-feeding tuna community represents the eco-
logical specificity of bigeye tuna (Thunnus obesus) and other top
predator species with similar behaviour (e.g. swordfish Xiphias
gladius for instance), which inhabit the epipelagic zone but
forage during the day in the mesopelagic zone when they are
large.

2.2. Simulation setup

Our simulation is initialised with an extended spin-up, using the
outputs of a NEMO-PISCES simulation forced with linearly detrended
atmospheric inputs derived from the JRA-55 atmospheric reanalysis
(Kobayashi et al., 2015) over the period 1958-2022. The detrending
methodology employed for the spin-up preserves interannual to mul-
tidecadal signals while effectively removing long-term climate change
signals from the forcing. Further details on this methodology can be
found in Lengaigne et al. (2024). The 65-year spin-up period ensures
that each community reaches a quasi-stationary state.

Using the last day of this spin-up simulation as initial state,
APECOSM was then run using the outputs of a NEMO-PISCES simu-
lation forced with the original (i.e. not detrended) JRA-55 atmospheric
fluxes over the period 1958-2022. This hindcast simulation includes
both realistic variability and climate change signals, and serves as a
basis for the analyses presented here.

3. The emerging structure and functioning of the ecosystem in
each region

This section provides an in-depth analysis of the size and tridimen-
sional spatial structure as well as trophic functioning of the ecosystem
in each region (see Fig. 1), as they emerge in our APECOSM simula-
tion. Section 3.1, examines the HCS, highlighting the diverse physical
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Fig. 1. Map of the Pacific regions studied. (a) Total biomass of the six APECOSM high trophic level communities with the locations of the three regions studied:
the Pacific Warm Pool, the South Pacific Gyre, and the Humboldt Current System. The transects used in this study are shown as black solid lines. An additional
extended transect (grey line) is included for the South Pacific Gyre to examine the transition from non-gyre to gyre conditions. The dotted lines indicate the boxes
over which spatially integrated metrics are calculated. (b) Mean sea surface temperature from the NEMO model, (c) mean vertically integrated diatom biomass

from the PISCES model. All figures represent averages over the 2000-2020 period.

and biogeochemical processes that shape the ecological dynamics of
different communities. In Section 3.2, we turn to the PWP to show
how, despite low-productivity, this region maintains a relatively diverse
assemblage of communities. Finally, in Section 3.3, we investigate the
SPG and its surroundings to explore the ecological transition from a
productive coastal system to an oligotrophic gyre environment.

3.1. The Humboldt Current System

In the HCS, a range of physical and biogeochemical processes,
described in Section 3.1.1, interact to shape ecosystem structure and
function. Section 3.1.2 examines the size spectrum of the different
communities in the HCS in comparison to the global average. We
then analyse how bottom-up control affects the small coastal pelagic
community in the region (Section 3.1.3). Next, we assess the influence
of the oxygen minimum zone on mesopelagic communities, and its
broader implications for ecosystem structure and trophic functioning
(Section 3.1.4). Then we explore how seasonal environmental vari-
ability drives the seasonal presence of tunas along the Peruvian coast
(Section 3.1.5). Finally, we analyse how these structural features shape

the rich trophic network of the HCS and we demonstrate that this
region acts as a net biomass ‘source’ (Section 3.1.6).

3.1.1. The Humboldt Current System: A productive upwelling zone

The HCS is one of the four Eastern Boundary Upwelling Systems
(EBUS), along with the Benguela, California, and Canary upwellings.
The HCS originates in the southeastern Pacific and stems from the West
Wind Drift (WWD) at around 40° S. It forms part of the eastward-
flowing South Pacific Current. This current bifurcates near southern
Chile and flows northwards along the Chilean and Peruvian coasts,
steered by the Coriolis force, as part of the SPG (Hill, 1963). The in-
teraction between persistent southeasterly trade winds and the Earth’s
rotation induces the upwelling of cold, nutrient-rich waters. This up-
welling is localised on the continental shelf along the coasts of Peru and
Chile. It is continuous and aseasonal off Peru and northern Chile, but
more seasonal further south (Kdmpf and Chapman, 2016). Thanks to
this upwelling, the northern HCS off Peru is one of the most productive
marine ecosystem in the world, supporting very high plankton concen-
trations and abundant small pelagic fish stocks (Echevin et al., 2014).
Although it covers less than 0.1% of the ocean’s surface, it accounts
for approximately 7% of the world’s fish catch, driven primarily by the
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anchoveta Engraulis ringens fishery (FAO, 2021). The region’s intense
fishing activity is facilitated by the presence of an oxygen minimum
zone (OMZ), which acts as a vertical barrier that concentrates marine
organisms into surface layers, making them more accessible to com-
mercial fisheries. This OMZ results from a combination of high oxygen
demand associated with sub-surface organic matter decomposition and
poor water column ventilation (Fuenzalida et al., 2009). The OMZ is
deeper off the northern coast of Peru and becomes shallower southward
(Pizarro et al., 2002).

3.1.2. High biomass and size-structured variability

The size spectra of marine ecosystems exhibit strong regularities
reflecting the biological and ecological importance of size in controlling
the flow and dissipation of energy through ecosystems (Andersen et al.,
2016; Blanchard et al., 2017). It has been suggested that oligotrophic
systems have steeper size-spectrum slopes (Jennings and Mackinson,
2003). Here, we examine the size-spectrum simulated by APECOSM
in the HCS and interpret it based on the environment’s physics and
biogeochemistry and published literature.

Fig. 2 presents the global and regional size spectra of LTL and
HTL communities simulated by PISCES and APECOSM. In the HCS, the
biomass of small coastal pelagics is exceptionally high (Fig. 2b), relative
to the global average (Fig. 2a), particularly at small sizes, reaching
values comparable to mesopelagic communities. Between sizes of 0.1 g
and 1 g (1.86 to 4 cm), their biomass even exceeds that of mesopelagics.
This pattern in the model results from the high plankton concentration,
which accelerates juvenile growth and improves larval survival. Ad-
ditionally, the density-dependent regulation by schools, which control
predation mortality and density-dependent access to food, is not yet
active in these early life stages (Maury, 2017).

Interestingly, the typical dominance of mesopelagic residents over
migrants is reversed in the HCS, where migrant biomass exceeds res-
ident biomass. This inversion stems from the presence of an intense
OMZ that overlaps the depth range usually occupied by mesopelagic
resident species and limits their vertical distribution (e.g. Dalaut et al.,
2025; see 3.1.4).

Tuna communities in the HCS also display distinct size structure
compared to the global pattern. Small tuna are nearly absent, with
biomass increasing only gradually with body mass, peaking at inter-
mediate sizes (3.2 g to 2.3 kg, equivalent to 5.5 to 45 cm) before
declining. This is because tropical tuna only spawn in waters that
are warmer than 24-26 °C (Fujioka et al., 2024; Fonteneau, 1997).
Consequently, only intermediate size classes are abundant in the re-
gion, while larger individuals tend to occupy more offshore waters,
consistent with observations (Fuller et al., 2021).

The pronounced environmental seasonality of the HCS leads to
marked seasonal oscillations in size spectra (Fig. 2b). These oscillations
primarily affect organisms under 10 g (approximately 9 c¢cm) in the
small coastal pelagic community and in the two mesopelagic communi-
ties. Such patterns likely arise from seasonal variations in temperature
and primary production at high latitudes, resulting in fluctuation in
small organisms’ biomass (Maury et al., 2007; Le Mézo et al., 2016),
such as simulated here and observed for anchovies and sardines (Cerna
et al., 2022), which rely heavily on LTL resources. For larger predators,
such as tropical and mesopelagic-feeding tunas, seasonal oscillations
extend up to 30 kg and 1.25 m. This suggests seasonal incursions of
tropical predators into the HCS during the warm season (Alheit and
Niquen, 2004).

3.1.3. Bottom-up control of the small coastal pelagic community

One of the most notable features of the HCS is the very high
density of small coastal pelagics. In this section, we analyse the spatial
distribution and functional importance of this community based on the
results presented in Fig. 3: the vertical distribution of the small coastal
pelagic community in 3a, the trophic flux (i.e. the total depth- and size-
integrated flux of energy eaten by a given community) it generates as
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a predator in 3b, and its latitudinal distribution in relation to primary
production in 3c.

The simulated small coastal pelagic community reaches consider-
able biomass levels all along the studied transect (Fig. 3a) from 6 °S
to 43 °S. This is consistent with observations and aligns with the fact
that the HCS ecosystem supports the world’s largest production of small
pelagic fish, primarily anchoveta (FAO, 2021).

In the model, this community is predominantly concentrated in the
upper 50 m of the water column, with peak biomass around 20 m
depth. This zone is characterised by high plankton abundance and
elevated oxygen concentrations. The distribution and the opportunistic
diet of the small coastal pelagic community are mainly driven by the
availability of the different planktonic groups. Between 6 °S and 34 °S,
their diet consists of mesozooplankton, diatoms, and microzooplankton.
Around 25° S and south of 40 °S, it shifts towards a predominantly
mesozooplankton-based regime (Fig. 3b). Anchoveta distribution and
dynamics in the region are known to be largely driven by bottom-up
controls through plankton availability (Ayoén et al., 2008). This species,
implicitly represented in the small coastal pelagic community, benefits
from the productive upwelling conditions. Access to high concentra-
tions of zooplankton at the shelf break (Bertrand et al., 2008b), and
reduced predation and competition due to the OMZ-driven exclusion
of hypoxia-intolerant organisms, further enhance its success (Bertrand
et al., 2011).

The spatial distribution of the small coastal pelagic biomass simu-
lated by APECOSM (Fig. 3c) matches closely the distribution of the an-
chovy (Engraulis ringens) fishery, with peak landing north of 40 °S (Al-
heit and Niquen, 2004; Cubillos et al., 2007). The most productive
fisheries are located off north-central Peru (6°-15 °S), where persistent
trade winds drive year-round upwelling and high primary production,
particularly of large diatoms (Pennington et al., 2006). This area is
flanked by a transboundary fishery off southern Peru and northern
Chile (16°-27 °S), and a less productive sector off central and southern
Chile (34°-40 °S) (Alheit and Niquen, 2004; Cubillos et al., 2007).

However, in low-latitude regions from 6 °S to 10 °S the model sim-
ulates unexpectedly low small coastal pelagic biomass (Fig. 3c). Here,
food is not limiting, but warm temperatures exceed the community’s
upper thermal tolerance (21 °C) in the model with temperatures at
20 m depth reaching 25 °C from February to April. This contrasts
with observations showing that inshore waters in these low-latitude
regions actually remain at around 21 °C, with fisheries present in these
zones during the austral summer (Bertrand et al., 2008a; Diaz et al.,
2013). The discrepancy likely stems from the coarse spatial resolution
of the NEMO-PISCES model, which misrepresents the nearshore fine-
scale heterogeneity and intensity of the upwelling, likely leading to
overestimated surface temperatures and underestimated small coastal
pelagic biomass in this region compared to central Chile.

Around 25 °S, the model shows a decrease in small coastal pelagic
related to lower LTL concentrations (Fig. 3c). This region corresponds
to the narrow continental shelf in northern Chile (Karstensen and
Ulloa, 2009), which limits nutrient retention and mixing in the eu-
photic zone and thus lowers LTL production (Tornquist et al., 2024).
Conversely, central Chile (30 °S—40 °S) benefits from strong eddies
that enhance nutrient upwelling and phytoplankton biomass (Thiel
et al., 2007). Despite our low-resolution models being unable to simu-
late these small-scale features, APECOSM simulates high small coastal
epipelagic biomass (Fig. 3c), consistently with observations of high
anchovy, herring, and jack mackerel concentrations in this area (Hasan
and Halwart, 2009).

Further south (40°-52 °S), freshwater inputs from river discharge
and precipitation enhance water column stratification, thereby limiting
the mixing of nutrients and phytoplankton productivity (Aracena et al.,
2011; Tornquist et al., 2024). In APECOSM, the lower coastal pelagic
biomass in this region reflects lower primary production and colder
temperatures.
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Fig. 2. Size spectra across regions. Average biomass density size spectra from 2000 to 2020 at the global scale (a), in the Humboldt Current System (b), in
the Pacific Warm Pool (c), and in the South Pacific Gyre (d). The straight line represents low trophic level organisms from the PISCES model. The bold grey
line shows the total annual biomass spectrum simulated by APECOSM. Colours represent different high trophic level communities: purple for small and medium
epipelagics, yellow for tropical tunas, green for mesopelagic migrants, blue for mesopelagic residents, orange for mesopelagic-feeding tunas, and pink for small
coastal pelagics. Thin lines indicate monthly biomass spectra for each community.

3.1.4. The oxygen minimum zone differentially affects mesopelagic commu-
nities

The northern HCS, off the coast of Peru, hosts one of the most
intense and shallowest OMZ in the world (Valdés et al., 2021), charac-
terised by a steep oxycline and hypoxic waters (defined here as regions
where oxygen concentration falls below 1 ml 1-1) extending to several
hundred of metres. While the OMZ is a barrier to many organisms, it
also serves as a refuge and feeding ground for species adapted to low-
oxygen conditions (Wishner et al., 1995; Eduardo et al., 2024). In our
APECOSM simulation, mesopelagic communities, which occupy depths
between 200 and 1000 m, are particularly affected by the presence
of the OMZ. As shown in Figs. 3a and 3c, simulated mesopelagic
migrant organisms are broadly distributed between 200 to 600 m
along the transect, but their biomass is significantly reduced near 6 °S,

between 24 °S and 28 °S, and south of 38 °S. In the 18 °S and 28 °S
sector, where the OMZ is particularly shallow, their daytime vertical
distribution is compressed around 300 m, while outside these regions,
they occupy deeper layers. The trophic flux to these organisms is very
high from 6 °S to 52 °S, with a diet dominated by mesozooplankton
and macrozooplankton, and to a lesser extent, mesopelagic migrants,
small and medium epipelagics and small coastal pelagics (Fig. 3d).

As for the small coastal pelagic community, the simulated horizontal
distribution of the mesopelagic migrant community shows two main
areas of high biomass in the North and South, separated by a poorer
zone (Fig. 3c). This suggests that their distribution is primarily driven
by prey availability rather than oxygen constraints. It has been shown
that mesopelagic migrants tolerate hypoxic conditions during daytime
by reducing their metabolic activity or employing anaerobic metabolic
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Fig. 3. Distribution and diet of small coastal pelagic and mesopelagic communities in the Humboldt Current System region. (a) Transect along the
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biomass distribution of the small coastal pelagic, mesopelagic migrant and resident along the transect, in relation to average oxygen concentration at 200 m and
low trophic levels abundance. All figures in the panel represent 2000-2020 averages.

pathways, and re-oxygenating during nocturnal ascent to high-oxygen
surface waters (Seibel, 2011; Childress and Seibel, 1998; Urmy et al.,
2012). The model captures this diel vertical migration pattern, simu-
lating a shallower vertical distribution of this community in the OMZ
region (Fig. 3a), and night-time feeding on surface zooplankton and
small pelagics (Fig. 3b). This behaviour confers an ecological advantage
to mesopelagic migrants in OMZs by providing refuge from large visual
predators with higher oxygen requirements (Seibel, 2011). The OMZ
may also enhance their predation efficiency by aggregating their prey
in the oxygenated surface layers (Wishner et al., 1998).

Consistent with the model results, acoustic and trawl surveys con-
firm the presence of important mesopelagic migratory biomass within

the OMZ (Cornejo and Koppelmann, 2006; Antezana, 2009), albeit
with reduced species diversity (Gjosaeter, 1984) and behavioural adap-
tations such as earlier diel ascent and reduced activity to minimise
metabolic costs (Farquhar, 1971).

In contrast, the distribution of mesopelagic resident organisms is
more fragmented in our simulation. They occupy shallower depths from
6 °S to 15 °S, avoiding the OMZ core, and are virtually absent between
15 °S and 31 °S, where the OMZ is at its shallowest. South of this zone,
their biomass increases and their vertical distribution deepens, ranging
from 400 to 600 m. This community is therefore significantly impacted
by the OMZ, with dramatically reduced biomass in the core of the OMZ
and shallower vertical ranges in its periphery. Field observations sup-
port this result as acoustic profiles show only a weak nocturnal signal
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Fig. 4. Tuna distribution, trophic fluxes and diet in the Humboldt Current System. (a) and (b) show the vertical distribution of the tropical tuna biomass
along the transect from 6 to 40 °S during 2 periods : from March to June (warm period) and from August to November (cold period). (c) and (d) show the
vertical distribution of the mesopelagic-feeding tuna biomass along the transect from 6 to 40 °S during the same periods. Oxygen and temperature limitations are
overlaid on vertical distributions. The cubic root of the size- and depth-integrated trophic fluxes (the total flux of energy eaten by a community in (J.yr'm2))
and diet (relative proportion of each prey component) are shown below along the Humboldt Current System transect, for both communities.

of mesopelagic residents in Peruvian waters (Cornejo and Koppelmann,
2006). Further south, in regions of higher oxygen levels like central and
southern Chile, simulated biomass increases significantly. This pattern
reflects the metabolic limitation imposed by the OMZ, which inhibits
energy-intensive activities such as locomotion and foraging (Seibel,
2011), and can ultimately prevent even basal metabolism in the most
deoxygenated waters. In addition, the OMZ significantly reduces the
abundance of zooplankton, limiting prey availability to a few hypoxia-
tolerant species that exhibit sluggish behaviour (Soviadan et al., 2022).
This leads to overall lower biological activity in the OMZ, which in
turn decreases the fragmentation of particulate organic carbon (POC).
The resulting faster sinking and lower remineralisation rates reduce
food availability for mesopelagic residents (Cavan et al., 2017). This
is visible in the diet of the mesopelagic residents (Fig. 3b), which
are important consumers of POC (e.g. see Dalaut et al. 2025). These
limitations further exacerbate the survival challenges of this community
in the OMZ region.

3.1.5. The seasonal movements of tunas

In our simulation, the tropical tuna community and the mesopelagic-
feeding tuna community have strong thermal preferences, avoiding
waters below 18 °C and 15 °C, respectively. Fig. 4 shows their vertical
distribution, trophic flux and diet along the HCS transect for two key
seasonal periods: the warm season (4a and c), and the cold season
(4b and d). Tropical tunas and juvenile mesopelagic-feeding tunas are
distributed in the upper 50 m of the water column along the Peruvian
coast, while large mesopelagic-feeding tuna individuals dive as deep as
500 m during the daytime to forage on mesopelagic prey. The modelled

horizontal distribution of tunas varies seasonally, revealing two distinct
patterns. During the warm season (March to June, Fig. 4a and c),
tropical tunas extend southward to 28 °S and mesopelagic feeding tunas
to nearly 29 °S. The latitudinal distribution of tunas in the model is not
primarily constrained by prey availability, since macrozooplankton and
small epipelagic communities remain abundant beyond the southern
limit of tuna presence, but rather by temperature constraints. Tuna
only extend southward during the warmer months, remaining in waters
above 17.5 °C. This thermal limitation explains the localised presence
of tuna around 24 °S during the cold season (August to November, see
the isotherm Fig. 4b and d), likely entering from offshore warm waters
rather than migrating along the coast, or being trapped in localised
warm-water pocket. The seasonal movements simulated by APECOSM
are consistent with observations of the seasonal fishing of skipjack and
yellowfin tuna off the coasts of southern Peru and northern Chile (Fink,
1970; Fuller et al., 2021; IATTC, 2022). In northern Peru, seasonal
temperature changes have limited effects on the distribution of tuna
in the model, consistently with the year-round fishing of yellowfin and
skipjack tuna in this region (Broadhead, 1964).

During the warm season, the trophic fluxes generated by the two
tropical and mesopelagic-feeding tuna groups indicate that they forage
actively north of 28 °S and 29 °S, respectively (Fig. 4.a and c). They
forage on the high prey concentrations in the core of the upwelling,
where the shallow oxycline enhances prey availability and schooling
near the surface (see Supplementary Material 11a). The HCS is well-
known for supporting abundant forage species such as the red squat
lobster Pleuroncodes planipes (Yapur-Pancorvo et al., 2023; Fuller et al.,
2021), krill Nyctiphanes simplex, and the Peruvian anchoveta Engraulis
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Fig. 5. Trophic fluxes. Trophic fluxes simulated by APECOSM in the northern (a) and southern (b) Humboldt Current System, the Pacific Warm Pool (c), and
the South Pacific Gyre (d). The full circles to the left of the Sankey plots represent the regional biomass densities of the six APECOSM communities relative to
their global averages (dashed circles). The left axis of each Sankey plot shows predation-driven energy fluxes, with the width of the connectors proportional to
the energy flux (J.yr!) and colour-coded by predator group. The right-hand axis shows the trophic source groups from APECOSM and PISCES. The value below
each Sankey plot corresponds to the total regional energy flux to HTLs (GJ.yr™!), averaged over 2000-2020.

ringens (Fuller et al., 2021). Simulated diets during this season are
dominated by small fish, including small coastal and small to medium
epipelagics, as well as meso- and macro-zooplankton (Fig. 4a and
c). Large mesopelagic-feeding tunas additionally consume mesopelagic
migrants and residents. The trophic fluxes and diet shown in Fig. 4
represent values integrated across all sizes (size-explicit diets are shown
Fig. 10 in Supplementary Materials; they show the dietary shift towards
mesopelagic prey when mesopelagic-feeding tuna start hunting in deep
waters). They are therefore weighted towards the diet of the most
abundant size classes. Large, deep-feeding tuna are less limited by
temperature, however, the intense and shallow OMZ does not enable
them to forage efficiently in deep waters beyond 17 °S. During the
cold season (August to November, Fig. 4c and d), both tropical and
mesopelagic-feeding tuna distributions contract northward, and do not
extend beyond 18 °S and 20 °S respectively, with a localised presence
around 22 °S to 28 °S. South of 16 °S and 17 °S, trophic fluxes drop
sharply, with only a narrow band of foraging activity persisting near
25 °S.

3.1.6. A rich trophic network

Predator-prey interactions are key drivers of marine ecosystem
dynamics and major determinants of energy flow within trophic net-
works (Belgrano et al., 2005). This section examines the trophic energy
fluxes simulated by APECOSM in the HCS, from LTL and HTL prey to
HTL predators (Fig. 5a and b, Supplementary material 12a and b).

As discussed in Section 3.1.2, small organisms and plankton-feeding
small coastal pelagics dominate the total community biomass, leading
to trophic fluxes largely driven by lower trophic levels (Fig. 5). The
productive HCS supports a variety of HTL communities, with all six
simulated groups present off the coast of Peru. Only tropical tunas and
mesopelagic resident communities do not exhibit biomass above the
global average in the north (Fig. 5a and b left circles).

In the northern HCS, trophic fluxes are dominated by the con-
sumption of small coastal pelagics. This is the only HTL community
to feed on diatoms and microzooplankton, while mesozooplankton
support a broader set of communities, including small and medium
epipelagics and mesopelagic migrants. Macrozooplankton provide en-
ergy for mesopelagic migrants, small and medium epipelagics, and,
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to a lesser extent, for tunas. Large POC fluxes to mesopelagic resi-
dents in significant in the South, while they are scarce in the north.
Consequently, the energy flux directed towards small coastal pelagics
appears to be lower in the south, but, the differences in absolute values
compared to the north are not significant. Both subregions display
densely connected size-disaggregated trophic networks, with 3437 and
3439 trophic links respectively across 100 size classes, 6 LTL groups
and 6 HTL communities (see Supplementary Material 12).

The shallow oxycline in the north enhances predator efficiency by
concentrating prey into surface layers, where they form dense swarms
and schools vulnerable to predation (Bertrand et al., 2008b) (Sup-
plementary Fig. 11). High LTL biomass and aggregation support the
dominance of small coastal pelagics, which account for 51% of the HTL-
directed trophic fluxes in this region. In contrast, the deeper oxycline in
the south allows for a greater presence of mesopelagic residents, which
feed on sinking POC and on each other. The trophic fluxes to tunas
are weak in the north due to their relatively small biomass compared
to that of the region’s dominant groups. They are even weaker in the
south where tunas are largely absent due to colder waters.

The HCS sustains an energetically rich trophic web, with intense
transfers across communities and size classes. The model simulates a
total annual trophic flux of 184.9 and 220.4 GJ.yr'! m2 in the northern
and southern subregions, respectively. Direct LTL-HTL interactions
dominate in the region, representing 88.4% of total fluxes (although
we overlook the importance of warm-blooded top predators here).

Trophic fluxes from the epipelagic to the mesopelagic organisms are
also significant, comprising 31.7% of total energy transfers in the HCS.
In the north, mesopelagic migrants contribute 25.4% of total fluxes by
feeding in surface waters. In the south, vertical fluxes (36.4%) result
from the recycling of large organic particles consumed by mesopelagic
residents. This process is inhibited in the north by the shallow and
intense OMZ (Fig. 5a and b).

Overall, the HCS exhibits the highest average trophic fluxes among
the three regions considered, underpinned by strong LTL-HTL coupling
and vertical connectivity across the water column. Passive transport
of HTL biomass out of the HCS by Ekman-driven westwards flowing
currents and by the northwards flowing bifurcation of the South Pacific
Current affects all the communities (see Supplementary Material 13a).
With this strong export, the region behaves as an ecological ‘source’,
which continuously fuels neighbouring regions such as the SPG, which
acts as a ‘sink’ (see below 3.3.5).

3.2. The Pacific Warm Pool

In contrast to the cold and productive HCS, the PWP supports
high biomasses of large epipelagic predators such as tropical tunas,
despite its relatively oligotrophic characteristics. In this section, we
first describe the physical and biogeochemical characteristics of the
region (Section 3.2.1). We then analyse the region’s community size
spectrum (Section 3.2.2). Next, we address the paradox of how this
nutrient-poor environment sustains dense top predator populations
(Section 3.2.3), and explore the role of bathymetry and seamounts in
shaping community structure and behaviour (Section 3.2.4).

3.2.1. The Pacific Warm Pool: a warm, stratified, and low-nutrient zone
The PWP, which extends from 100° E to 160° W (Fig. 1), is unique
for its particular hydrology. The accumulation of warm surface water
deepens the thermocline and drives intense atmospheric convection,
influencing the climate over the entire Indo-Pacific region and beyond.
The climate in this region is seasonally modulated by the monsoon
system, with dominant wind directions reversing between the dry (late
June to late September) and wet (December to March) seasons. The
ocean in this equatorial region is weakly stratified, with warm sea
surface temperatures above 28 °C throughout the year (De Deckker,
2016). Limited by a lack of dissolved iron, phytoplankton productivity
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is relatively low (Fiedler and Lavin, 2017). This low level of pro-
ductivity contrasts sharply with the region’s extremely high fisheries
yields, particularly for tropical tuna. This raises questions about the
mechanisms that sustain such high concentrations of top predators in
the region.

3.2.2. Stable size spectra and top predator dominance

Modelled size spectra in the PWP (Fig. 2c) reveal higher biomass
levels in tropical tunas and mesopelagic-feeding tunas than in the other
regions. In contrast, small coastal pelagics are absent, consistent with
their preference for cooler waters (Dalaut et al., 2025) and supported
by empirical observations (Checkley et al., 2017).

Mesopelagic communities composition show a crossover: the res-
ident community dominates up to 10 g (8 cm), size beyond which
the migratory community becomes more abundant. This shift may be
due to the shallower bathymetry of the western PWP, which limits
suitable habitat for the large resident organisms that typically forage in
deeper layers (Dalaut et al., 2025), thereby reducing their abundance
and predation pressure on smaller migratory prey.

Unlike the HCS, the PWP exhibits remarkably stable size spectra
throughout the year (Fig. 2¢), reflecting the low environmental season-
ality of the equatorial region (De Deckker, 2016), where interannual
variability plays a more dominant role (Barrier et al., 2023).

3.2.3. High HTL biomass in an oligotrophic region?

Fig. 6 presents vertical distribution of mesopelagic (Fig. 6a) and
tunas (Fig. 6b) communities, the main environmental drivers (Fig. 6c,
d, e), schooling probability (Fig. 6f), trophic fluxes and diets (Fig. 6g)
for the four APECOSM communities that we emphasise in this region
: the two tuna communities and the two mesopelagic communities.
Fig. 1a shows that total HTL biomass exhibits pronounced meridional
and zonal gradients, with a higher concentration of biomass near the
equator and a decrease in biomass to the west along the transect. This
zonal gradient divides the region into two ecological subzones.

The western part of the region (130-170 °E; region A) is char-
acterised by a deep thermocline and warm waters accumulating at
the surface with the 29 °C isotherm extending to 50 m depth (Fig.
6d). This region experiences limited nutrient inputs from both vertical
and horizontal processes (Radenac et al., 2013), resulting in reduced
primary production and lower HTL biomass. The deep and diffuse
thermocline concentrates both epipelagic (daytime) and mesopelagic
migrant (nighttime) communities around 100 m depth, where temper-
atures remain suitable for tropical tunas and light levels sufficient for
visual predation (Fig. 6¢, d). Mesozooplankton biomass peaks in the
western part of the subregion (Fig. 6¢), with tunas constrained above
100 m due to light limitations. Mesopelagic migrants feed nocturnally
in this layer, following prey distributions. A notable aggregation peak
occurs around 138° E (Fig. 6f), coinciding with shallower seafloor,
where mesopelagic migrants constitute a significant proportion of tuna
diet and intra-community predation (Fig. 6g). Topical tunas show inten-
sive schooling around 160° E, where they are concentrated vertically
by deeper food sources pulling them down, and by light constraints
pulling them up. In contrast, mesopelagic residents are sparse in the
eastern subregion, limited by the reduced availability of POC (Fig. 6e).

The favourable conditions enable broader vertical distributions
of HTL communities, with mesopelagic-feeding tunas exhibiting size-
dependent depth preferences : small individuals in shallower layers and
larger individuals deeper, co-occurring with abundant mesopelagic res-
idents. Both tunas and mesopelagic migrants track mesozooplankton,
which is deep in this region, resulting in expanded vertical distri-
butions. Schooling behaviour is generally enhanced in this region,
despite mesopelagic migrants’ schooling rates overshadowed by the
sharp aggregation peak at 138 °E (Fig. 6f). Other HTL groups also
school more actively in Region B (Fig. 6¢), particularly in areas with
higher productivity. Diet compositions reflect local prey availability,
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a) Vertical biomass distribution :
yearly mean mesopelagic communities at night
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b) Vertical biomass distribution :
yearly mean tuna communities during the day
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Fig. 6. Pacific Warm Pool analysis. Vertical distribution of total biomass averaged over 2000-2020 is shown for (a) mesopelagic communities at night and (b)
tuna communities during the day. Subregions A and B highlight distinct physical and biogeochemical characteristics, detailed in panels (c-e): (c) mesozooplankton
concentration, (d) temperature profiles, and (e) large particulate organic carbon (POC) concentrations. Panel (f) displays schooling probability, while (g) presents
the square root of the trophic fluxes and diet composition of tuna and mesopelagic communities along the transect, averaged over 2000-2020.

with tunas consuming primarily small and medium epipelagics, meso-
zooplankton, and macrozooplankton, while mesopelagic-feeding tunas
incorporate mesopelagic communities in their diet, particularly in large
size classes (see Supplementary Material 10). Mesopelagic residents
mainly consume POC and smaller members of their own community.
The increased biomass of HTL communities observed in region
B (Fig. 6a,e,f) is largely due to passive biomass transport from the

10

productive Cold Tongue region through zonal advection by the equa-
torial current. This biomass transport affects particularly the small and
medium epipelagic community as well as the two tuna communities
(see supplementary Material 14a), which also likely concentrate ac-
tively in this warm and prey-rich region where they feed and reproduce.
Thanks to this strong biomass import, the region behaves as an ecolog-
ical ‘hub’ fuelled by the Cold Tongue ‘source’, and evacuating biomass
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both sides of the equator to the northward flowing Kuroshio current
and the southward flowing East Australian Current (see Supplementary
Material 14b). Overall, the net biomass import/export flux in the region
fluctuates around zero for the small and medium pelagics, while it
is clearly positive for tunas and mesopelagic residents and negative
for migrants (see Supplementary Material 13b and 14). This shows
that small and medium epipelagics enter the region passively through
its eastern boundary and are exported northwards and southwards.
In contrast, tunas, which are also imported from the east, actively
swim towards the equator to remain in the region, where they concen-
trate. This underscores the open system nature of regional ecosystems,
which are strongly influenced by neighbouring regions through passive
biomass transport by oceanic currents and active movements. This
also demonstrates that without the influx of small and medium-sized
epipelagic prey, the passive entry of tuna and their active retention in
the region, such high concentrations of tuna would be unsustainable.

3.2.4. Seamounts influence the vertical distribution, density and trophic
interactions of HTLs

The productivity of the westernmost part of the PWP is strongly in-
fluenced by its unique topography, characterised by a shallow
bathymetry and the presence of seamounts, defined as prominent
elevations of the seafloor. Where seamount summits extend into the
mixed layer and photic zone, the simulated epipelagic communities are
passively concentrated over these features by marine currents, and they
exhibit shallower vertical distributions than in surrounding waters (Fig.
6d). However, when we consider the entire water column, they are not
more abundant than elsewhere in the transect. Seamounts are known to
promote upwelling and mixing (Rogers, 2018; Mashayek et al., 2024),
enriching the upper layers with nutrients, and consequently increase
the amount of plankton (Fig. 6¢). Seamounts also play an important
role in global fisheries by acting as aggregation sites for commercially
important large pelagic species, including tunas (Fonteneau, 1991;
Holland and Grubbs, 2007; Dubroca et al., 2014; Borland et al., 2021).
The greater aggregation (Fig. 6h) and shallower vertical distribution of
the biomass simulated in APECOSM over seamounts (Fig. 6d) could
explain the increased accessibility of these fish to fisheries in these
areas. Two main hypotheses have been proposed to explain the elevated
densities of tuna and other pelagic species observed around certain
seamounts. The first suggests that seamounts act as navigational way-
points within broader migration patterns (Klimley, 1993; Holland et al.,
1999; Klimley et al., 2003). However, this behavioural mechanism is
not represented in APECOSM. The second proposes that seamounts
increase foraging opportunities for apex predators by concentrating
their prey through vertical migration, advection, or trapping (Rogers,
2018; Parin et al., 1997; Fock et al., 2002; Musyl et al., 2003). This
last hypothesis is consistent with increased HTL schooling over the
seamounts, and with the simulated tuna diet in the PWP (Fig. 6i), which
includes a notable contribution of mesopelagic organisms, despite
tropical tunas and small mesopelagic-feeding tuna foraging mostly in
the enlighten epipelagic zone.

Simulated mesopelagic organisms are indeed present over the
seamounts (Fig. 6a), a pattern consistent with field observations. Stud-
ies have reported a reduction in the species richness and diversity of
mesopelagic fish over seamounts compared to adjacent deep ocean wa-
ters (Pusch et al., 2004; Annasawmy et al., 2019). Some studies suggest
that certain mesopelagic species are seamount-associated, occurring
either exclusively or at higher abundances in these habitats (Parin and
Prut’ko, 1985; Boehlert and Genin, 1987; Moore et al., 2003). This
association of certain mesopelagic species with seamounts is thought
to be driven by increased food availability due to localised nutrient
upwelling and increased primary production (Pusch et al., 2004).
However, these processes are not explicitly resolved in the numerical
models used here (NEMO, PISCES and APECOSM), due to their coarse
spatial resolution.
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3.2.5. Moderate trophic fluxes in the region

All HTL communities are present in the PWP, except small coastal
pelagics, which are excluded by high temperatures. Biomasses of small
and medium epipelagics and mesopelagic migrants are slightly below
average, but still significant despite the low primary production. This
is partly due to advective transport from the productive Cold Tongue
region, which helps sustain epipelagic foodwebs in the PWP. Trop-
ical and mesopelagic-feeding tunas show average to above-average
levels (Fig. 5c). Despite relatively low primary production (see Sec-
tion 3.1.2), mesozooplankton dominate energy transfers, supporting a
wide range of epipelagic feeders, including small and medium epipelag-
ics, mesopelagic migrants, tropical tunas, and juvenile mesopelagic-
feeding tunas. A secondary but notable flux arises from large POC,
which sustains mesopelagic residents.

Although smaller in magnitude, other fluxes are diverse, highlight-
ing the opportunistic feeding strategies of pelagic predators. Compared
to the HCS, the PWP shows an absence of diatom-based fluxes and a
limited role for macrozooplankton. The size-structured trophic network
consists of 3,036 links, 12% fewer than in the HCS (see Supplementary
Material 12).

Mesopelagic communities occasionally occupy epipelagic layers,
particularly above seamounts, where they become accessible to tropical
tunas. In the eastern part of the PWP, mesopelagic-feeding tunas exploit
mesopelagic prey in deeper layers, generating strong trophic fluxes in
areas of high tuna abundance (Fig. 6g).

Overall, trophic fluxes remain relatively weak (45.2 GJ.yrim2)
and diffuse, likely due to limited vertical stratification that hinders
prey aggregation. Direct LTL-HTL fluxes account for 75.5% of total
energy transfers, lower than in the HCS, while vertical fluxes from
surface to deep layers are relatively high (43.2%), largely driven by the
recycling of sinking organic particles by mesopelagic residents. Intra-
community interactions, particularly within mesopelagic communities,
also contribute significantly (13.1%).

3.3. The South Pacific Gyre

The SPG, often described as a marine biological desert, is the least
studied of the major subtropical gyres, primarily due to its vast size
and geographic remoteness. Existing research has largely focused on
its physical and biogeochemical processes, as well as plastic pollution
(e.g. Reid, 1986, Halm et al., 2012, Eriksen et al., 2013). In contrast,
the structure and dynamics of HTLs in this region remain poorly
understood. In this section, we first describe the SPG’s physical and
biogeochemical characteristics (Section 3.3.1), then we assess how
these characteristics shape the regional ecosystem size spectra (Sec-
tion 3.3.2). Next, we examine how the pelagic HTL communities change
across the transition from the East Australian Current (EAC) to the core
of the gyre (Section 3.3.3), and explore the trophic interactions and
mechanisms governing trophic control within the gyre (Section 3.3.4).
Finally, we conclude our analysis of the modelled SPG ecosystem by
examining the structure of the trophic network and the ‘sink’ nature of
the HTL communities in the region, which would not persist without
continuous biomass import (Section 3.3.5).

3.3.1. The South Pacific gyre: an oligotrophic zone

The SPG, the largest of all oceanic gyres, covers almost 10% of
the global ocean surface (Longhurst et al., 1995). It is the defining
feature of the oligotrophic South Pacific, formed through the interac-
tion of tropical and subtropical wind systems and the Coriolis effect,
which generates an anticyclonic circulation composed of the westward
Equatorial Current, the poleward East Australian Current, the eastward
mid-latitude South Pacific Current and the eastern boundary Humboldt
Current (Roemmich et al., 2016). Despite intense solar irradiance, the
downwelling associated with this anticyclonic circulation suppresses
vertical nutrient transport to the surface layers, resulting in extremely
low nutrient and chlorophyll concentrations, and leading to weak
vertical export fluxes of particulate organic matter (POM). As a conse-
quence, primary production in the oligotrophic SPG is weak and mostly
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due to small nitrogen-fixing phytoplankton (Halm et al., 2012).

3.3.2. Epipelagic biomass depletion and dominance of the mesopelagic
migrants in the size spectra

In the oligotrophic SPG, community size spectra are greatly re-
duced compared to global averages (Fig. 2d). Small coastal pelagics are
virtually absent, and biomass of tropical tunas and small mesopelagic-
feeding tunas is also low. Notably, there is an inversion in the relative
abundance of mesopelagic migrants and residents : although migrant
biomass is two orders of magnitude below the global average, it re-
mains nearly ten times higher than that of residents. The latter are
reduced to levels similar to the highly depleted small and medium
epipelagic community. The size spectrum of the small and medium
epipelagic community exhibits pronounced domes that are stable over
time. This pattern may indicate top-down control of these low-biomass
communities (Rossberg et al., 2019), and is discussed further in Sec-
tion 3.3.5. Seasonal variability in the SPG is limited but notable within
intermediate-size epipelagic communities (Fig. 2d). This may be driven
by seasonal shifts in prey availability or biomass import linked to the
seasonal displacement of the gyre system (Barnett, 1983; Schneider
et al., 2007; Roemmich et al., 2016).

3.3.3. The ecotone from a rich and productive region to a biological desert

Fig. 7 presents the model outputs along an extended transect cross-
ing the SPG, from the Australian coast to the Chilean coast. Panel 7a
shows the vertical distribution of biomass, panel 7b illustrates trophic
fluxes, and panel 7c displays size-abundance distributions (i.e. size
spectra) as a function of longitude. Together, these elements reveal
stark contrasts in absolute and relative biomass, size structure, and
vertical distribution of pelagic communities within the gyre (140 °W
to 90 °W) compared to adjacent regions to the west and east. The core
of the SPG is characterised by very low overall biomass, with a near-
total absence of mesopelagic residents, tropical tunas, and small coastal
pelagic communities (Fig. 7a). Only limited biomasses of mesopelagic
migrants, mesopelagic-feeding tunas, and small and medium epipelagic
organisms persist. The longitudinal distribution of these groups mirrors
that of mesozooplankton, the primary food source for the small HTL
organisms in the region (see isoline Fig. 7a). Among all communities,
mesopelagic migrants and mesopelagic-feeding tunas are the most re-
silient. However, their biomass in the SPG represents only 2.6% and
4.2%, respectively, of that observed outside it, on both sides along the
extended transect. Other HTL communities show even lower relative
densities, falling below 2% of their level outside the SPG.

These spatial patterns can be understood in light of regional oceano-
graphic processes and species distributions. The SPG is bounded by
the EAC to the west and the HCS to the east. The EAC is a dynamic
system, featuring mesoscale eddies formed along the Australian shelf
and around seamounts. These features enhance vertical mixing and
nutrient availability (Ridgway and Hill, 2009), supporting high primary
production and a diverse epipelagic fauna including sardine, blue mack-
erel, jack mackerel, and redbait (AFMA, 2022), as well as mesopelagic
migrants, notably the myctophid Ceratoscopelus warmingii (Young et al.,
2011). In addition, the EAC transports warm tropical waters south-
ward (Ridgway and Dunn, 2003), facilitating the presence of apex
predators such as yellowfin tuna (Thunnus albacares), striped mar-
lin (Tetrapturus audax), bigeye tuna (Thunnus obesus), and swordfish
(Xiphias gladius) (Young et al., 2011). The distribution of these species
aligns with the modelled epipelagic communities between 160 °E and
140 °W (Fig. 7b).

Although these species extend eastward, their abundance declines
sharply at the entrance to the gyre. Bigeye tuna and swordfish, im-
plicitly part of the mesopelagic-feeding tuna community in the model,
extend further east than yellowfin tuna (Young et al., 2011). This pat-
tern is explained in the model by a shift in prey availability: plankton
occurs at depths beyond the visual foraging range of tropical tunas such
as yellowfin (Fig. 7a, left panel). In the central gyre near the Pitcairn
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Islands, industrial fisheries are largely absent due to the low abundance
and scattered distribution of target species such as tuna (Langley and
Adams, 2005).

Beyond total biomass, the vertical distribution of communities also
differs markedly. Outside the gyre, epipelagic communities inhabit
relatively shallow waters, but their distribution progressively deepens
towards the gyre’s core. Mesopelagic migrants also shift deeper within
the gyre, both day and night (see Fig. 7a and b for the day, night is
not shown). Mainly smaller individuals that remain in upper layers
are still present in the SPG (Fig. 7c left panel), explaining the absence
of migrants below 450 m between 120 °W and 100 °W. On the
SPG’s western flank, sparse planktonic biomass is further reduced by
reduced vertical mixing, enhanced stratification and deep thermocline,
contributing to declining HTL biomass. In the model, this reduction
in LTL biomass translates into a reduction in HTLs. The progressive
deepening of HTL biomass in the SPG reflects both the deepening of
LTLs, driven by the presence of a deep chlorophyll maximum (Cornec
et al., 2021; Dai et al., 2023), and the increased light penetration in
these clear oligotrophic waters.

Observations in the EAC report a deep sound scattering layer around
500-600 m, corresponding to mesopelagic residents (Young et al.,
2011), consistent with APECOSM outputs (Fig. 7b). This community
is particularly sensitive to reduced primary production, which leads to
low POM export. In the model, decreased LTL biomass lowers the ver-
tical flux of POM, a key food source for mesopelagic residents (Dalaut
et al., 2025). Additionally, the SPG’s food web is dominated by small
picoplankton and heterotrophic bacteria (Claustre et al., 2008), which
transform POM into dissolved organic forms (Kong et al., 2021), fur-
ther reducing its availability for deep-sea consumers. Consequently,
mesopelagic residents experience severe food limitation in the gyre.

Distinct community compositions emerge on the eastern and west-
ern flanks of the SPG. To the west, the warm waters of the EAC prevent
small coastal pelagics, which are associated with cold-water, from
inhabiting the area. To the east, the cold, nutrient-rich HCS limits the
presence of tropical tunas and mesopelagic-feeding tunas. Moreover,
the OMZ in the eastern flank compresses the vertical habitat of both
epipelagic and mesopelagic communities, pushing their distributions
upward and substantially reducing mesopelagic resident biomass (see
Section 3.1.4).

3.3.4. Trophic interactions control the size distribution of remaining com-
munities

In the SPG, the size spectra of the two more resilient communities
(mesopelagic migrants and mesopelagic-feeding tunas) differ markedly
from those in adjacent, more productive regions. Within the SPG,
mesopelagic migrants exhibit a reduced presence of large individuals
compared to surrounding areas (Fig. 7c, left panel). In certain South Pa-
cific zones, particularly around French Polynesia, mesopelagic migrant
species are sporadically targeted by fisheries, especially near seamounts
or close to the surface at night during full moons. These include
deep-sea species such as Taractichthys steindachneri, Eumegistus illustris,
Taractichthys longipinnis, and Brama brama (Misselis and Ponsonnet,
2015).

In contrast, mesopelagic-feeding tunas within the SPG display a dis-
continuous size distribution, with individuals primarily in the 5-30 cm
range and around 1 m, while both smaller and larger size classes are
largely absent (Fig. 7c, right panel). Larger individuals are concentrated
along the western transect, while fewer and smaller ones are found on
the eastern side. Large pelagic species such as bigeye tuna (Thunnus
obesus), swordfish (Xiphias gladius), and yellowfin tuna (Thunnus al-
bacares), which correspond to the mesopelagic-feeding and tropical
tuna communities, are rarely caught in the core of the SPG. Although
longline fisheries operate in its periphery (Fonteneau, 1997; Allain
et al., 2016; Moore et al., 2020; Coghlan et al., 2017), size-specific catch
data remain scarce, precluding direct comparisons with APECOSM out-
puts. Overall, fisheries activity within the SPG remains very limited due
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Fig. 7. South Pacific Gyre analysis. (a) represents the yearly mean vertical distribution of communities along the extended transect. Isolines of the main limiting
factors are drown for light (continuous), mesozooplankton (dashed), and large particulate organic matter concentration (dotted), with communities split in two
plots for improved visibility. The two vertical lines delimit the core of the gyre. (b) shows the square root of the trophic fluxes and diets for each community
along the extended transect. (c) represents the size spectra along the extended transect for mesopelagic migrants (left) and mesopelagic-feeding tuna (right)
communities. All the figures in this panel represent averages over the 2000-2020 period.

to the scarcity of commercially valuable species and the geographical
remoteness (Allain et al., 2016; Moore et al., 2020). Exceptions include
some artisanal and industrial longline fisheries (Coghlan et al., 2017;
Andréfouét and Adjeroud, 2019; Karcher et al., 2020; Zylich et al.,
2014), and fisheries targeting albacore (Thunnus alalunga), a species not
included in the current APECOSM configuration and typically found in
the northern side of the gyre rather than in its core (Moore et al., 2020;
FAO, 2011).

In the EAC, the trophic fluxes to the small and medium epipelagic
community are primarily supported by mesozooplankton. Large or-
ganisms within this community increasingly rely on intra-community
predation and macrozooplankton. Tuna communities exhibit similar
feeding patterns, with a lower dependence on mesozooplankton, and
in the case of mesopelagic-feeding tunas, a notable incorporation of
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mesopelagic prey. Mesopelagic migrants mainly consume mesozoo-
plankton, with secondary inputs from macrozooplankton and intra-
community predation. In contrast, mesopelagic residents rely heavily
on POC and mesopelagic organisms, especially from its own commu-
nity.

Within the SPG, trophic fluxes are drastically reduced. For the size
classes that persist in this oligotrophic environment, mesozooplankton
remains the dominant prey, indicating a strong dependence of small
predators on this limited resource (see Supplementary Material 10d).
Contributions from larger prey are minimal and therefore barely dis-
cernible in the figure. Mesopelagic-feeding tunas larger than 10 cm pre-
dominantly feed on macrozooplankton and small to medium epipelagic
fish. Individuals above 30 cm gradually incorporate their own commu-
nity into their diet. A similar dietary shift occurs among mesopelagic
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migrants, which transition from macrozooplankton to intra-community
predation beyond 5 cm in length.

In APECOSM, large sized organisms in the SPG are rare across all
communities and rely heavily on feeding within their own community.
The scarcity of large individuals (Fig. 2d, 7d) likely reflects the imbal-
ance between the low food availability and the high energetic needs of
large organisms (Kooijman, 2010). Consequently, tunas inhabiting the
SPG are generally smaller than those in more productive regions such
as the PWP and the western South Pacific (Fig. 2d), consistently with
observations (Moore et al., 2020).

3.3.5. A sparse trophic network relying on intra-community predation and
lateral biomass import

The SPG sustains the lowest biomass and diversity among all regions
studied, with an average energy flux of only 0.2 GJ.yr'!.m?2. Biomass
levels across all HTL groups fall far below global averages, especially
for small and medium epipelagics, tunas, and mesopelagic migrants.
Mesopelagic residents and small coastal pelagics are nearly absent (Fig.
5d).

Energy fluxes are primarily driven by mesozooplankton, which
supports small and medium epipelagics and mesopelagic migrants.
Migrants exert significant trophic pressure on both macrozooplank-
ton and their own community, mirroring patterns observed for the
small and medium pelagic community. Beyond these dominant links,
the size-structured trophic network is extremely sparse, with only
2,873 trophic connections, 16% fewer than in the HCS (Supplemen-
tary Fig. 12). Trophic fluxes are overwhelmingly dominated by pre-
dation from the mesopelagic migrants (79.2%), followed by small and
medium epipelagics (20.0%). Mesopelagic-feeding tunas remain rare,
contributing just 0.75% of total flux. Despite having higher abundance
than mesopelagic-feeding tunas, mesopelagic residents exhibit negli-
gible feeding activity (< 0.0001%) and contribute insignificantly to
energy transfer (Fig. 7c; Supplementary Fig. 10d). This likely reflects
metabolic adaptations to the deep, cold environment, that enable them
to survive for long periods without feeding. In this oligotrophic en-
vironment, only few HTL communities are able to persist. Small and
medium epipelagics, mesopelagic migrants, and mesopelagic-feeding
tunas survive by exploiting all available resources, including their own
community. This likely explains the double-domed size spectra (Fig.
2d), which results from strong intra-community predation (Rossberg
et al., 2019) and accounts for 19.3% of total trophic fluxes in the SPG.

Overall, the trophic network in the core of the SPG is sparse and
weakly connected. The functional responses of HTL communities (the
degree of satiation of individuals) are too weak to sustain stable HTL
populations (Supplementary Fig. 10). The presence of HTLs in the core
of the SPG is therefore likely transient and maintained through contin-
uous passive biomass transport by Ekman-driven centripetal currents
from more productive neighbouring regions such as the EAC, the HCS
or the Cold Tongue. Thanks to this biomass import that affects all the
communities (see Supplementary Material 13c), the region behaves as
an ecological ‘sink’ continuously fuelled by the rich regions surrounding
the gyre, which act as ‘sources’. Without such import, the region would
not sustain HTLs in its core.

4. Discussion-conclusion
4.1. Contrasting trophic transfer and network structure across ecosystems

The structure and functioning of marine food webs vary substan-
tially across oceanic regions, influencing biomass accumulation, en-
ergy transfer, and ecological stability. The HCS, PWP, and SPG exem-
plify three contrasting ecosystems in terms of primary productivity,
trophic connectivity, and community structure. By comparing simu-
lated trophic transfer efficiency and food web complexity, we examine
how energy flows from low to high trophic levels through trophic
networks under different environmental regimes.
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A key emerging distinction among the regions is their trophic
transfer efficiency, approximated here by the ratio of high- to low-
trophic level biomass (HTL/LTL, Fig. 8a). This ratio scales non-linearly
with productivity: it is at its lowest in the oligotrophic SPG (0.005),
intermediate in the moderately productive PWP (0.130), and at its
highest in the highly productive HCS (0.361). These differences re-
flect not only resource availability, but also the efficiency with which
energy is transferred through the food web under different structural
configurations and temperature constraints.

The SPG is characterised by inefficient trophic transfer from LTLs to
HTLs. In productive systems, diatom-based primary production feeds
directly into the mesozooplankton and HTL food chains. In contrast,
primary production in the SPG is dominated by small phytoplank-
ton, such as picoplankton and flagellates. These are consumed by
microzooplankton, adding an intermediary to the food chain between
phytoplankton and mesozooplankton, and increasing energy losses and
dissipation (Bi et al., 2021; Young et al,, 2011). The SPG can be
considered as an ecological ‘sink’, maintained by the continuous import
of biomass from the rich surrounding regions that act as ‘sources’ by
exporting more than they import (see Supplementary Material 13c). In
contrast, upwelling systems such as the HCS act as ‘sources’. In these
highly productive systems, strong nutrient inputs in the euphotic region
support the production of large phytoplankton (e.g., diatoms), which is
directly consumed by mesozooplankton, thus shortening trophic chains
and improving trophic transfer efficiency between LTLs and HTLs (Ar-
mengol et al., 2019). The PWP occupies an intermediate position.
Despite deep nutricline and weak vertical mixing, nutrients advection
from the Cold Tongue allows moderate productivity. Continuous HTL
biomass import and predator aggregation lead to surprisingly high HTL
biomass levels, turning this region into a rich and diverse ecological
‘hub’ despite its weak primary production (see Supplementary Materials
13b and 14). Temperature plays an additional regulatory role. In warm
regions like the PWP and the SPG, elevated metabolic rates lead to
higher energy losses, reducing the proportion of assimilated energy that
reaches HTLs (Guiet et al., 2016; Barneche et al., 2021). Consequently,
HTL biomass in these regions reflects not just bottom-up limitations and
lateral import/export, but also thermodynamic constraints.

The non-linear scaling of HTL biomass relative to LTL biomass (Fig.
8a) also reveals threshold-like dynamics. At low LTL biomass, HTL
biomass remains negligible. As the biomass of LTLs increases, HTLs
increase disproportionately, but reach a plateau at high LTL biomass, as
in the HCS. This apparent saturation suggests that there are diminishing
returns for predator biomass beyond a certain level of prey density.

This variability in trophic transfer is also evident in regional size
spectra (Fig. 8b). The HCS exhibits size spectra that exceed global
averages, driven by the abundance of small coastal pelagics (first dome)
and supplemented seasonally by larger transient predators (second
dome). By contrast, the PWP exhibits an inverted pattern: the second
dome is dominant due to sustained predator accumulation and biomass
import, while the first dome is subdued by low LTL productivity. The
SPG displays both domes, but at vastly reduced biomass levels. The first
dome declines steeply due to the scarcity of small epipelagics, while the
second dome, corresponding to large predators, is nearly three orders
of magnitude below global average. These patterns emphasise the
interaction between bottom-up forcing, lateral import, thermal regimes
and size-based predation in shaping size structure across environmental
gradients.

Contrasts in trophic transfers are reflected in both the diversity and
intensity of trophic interactions. These are measured using a Shannon—
Weaver index (H') applied to trophic fluxes, as well as the interaction
strength of trophic links (F) (cf. Fig. 9 and Supplementary E for index
calculations). The HCS exhibits the most diversified and intense trophic
fluxes and interaction strength F, particularly in its southern domain,
where values reach H' = 5.3 and F = 0.0568. This reflects a highly
interconnected food web with strong vertical energy transfers from the
epipelagic realm to the mesopelagic one, dense trophic coupling across
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size classes, and a large number of trophic pathways. The northern HCS
exhibits a comparable structure, albeit with weaker interactions, likely
due to the inhibitory effects of the OMZ on the mesopelagic resident
community.

By contrast, the PWP exhibits the lowest trophic flux diversity
(H' = 4.77), alongside moderate interaction strength (F = 0.0131). This
indicates a simpler, more centralised food web, structured around few
dominant pathways involving mesozooplankton, mesopelagic commu-
nities and highly mobile predators such a tunas. Despite this simplicity,
the presence of numerous size-based links still enables moderate trophic
connectivity. However, the dominance of a few species and pathways
increases the system’s susceptibility to external perturbations such as El
Nifio—Southern Oscillation (ENSO) events (Barrier et al., 2023), which
can drastically impact species distribution and food web stability.

Interestingly, the SPG presents a relatively high trophic network
diversity (H' = 4.92) but negligible interaction strength (F = 0.00002).
This combination indicates a fragmented and weakly connected food
web, sustained primarily through opportunistic feeding and intra-
community interactions. The relatively high H’ in this context does

not imply ecological robustness but rather reflects many low-intensity
interactions among scarce organisms in a depauperate system. The
region’s food web is shaped by bottom-up energy limitation, infre-
quent predator-prey encounters, and lateral import from surrounding
productive zones.

It is essential to note that the ecosystem model used in this study,
APECOSM, aggregates numerous species and taxa into broad func-
tional communities. While this approach enables basin-scale ecosystem
simulation, it underestimates the actual ecological complexity and
taxonomic diversity of pelagic food webs. Therefore, the indices H'
and F should be interpreted as conservative approximations of the
heterogeneity and intensity of trophic interactions.

4.2. To recap

This study uses the APECOSM model to examine the emerging
ecosystem structure and function across three distinct oceanic regions:
the productive Humboldt Current System, the Pacific Warm Pool, and
the oligotrophic South Pacific Gyre. Despite being configured at global
scale, APECOSM successfully reproduces the main regional patterns,
demonstrating its ability to capture the diversity of ecosystem responses
to contrasting environmental regimes. LTL biomass, comprising phy-
toplankton, zooplankton and POM, emerges as the primary driver of
community presence and abundance. Simulations also highlight the
processes through which regional dynamics are influenced by tempera-
ture, stratification, oxygen concentration, currents and location relative
to other regional systems, as well as the role of topographic features
such as seamounts, which influence vertical aggregation and predator—
prey accessibility. The interaction and the relative importance of these
factors vary seasonally and geographically and have a specific impact
on the different communities.

Overall, the three regional systems considered span a spectrum of
ecological configurations, which demonstrate the plasticity of pelagic
ecosystems and their adaptability to different environmental condi-
tions.

Finally, our study demonstrates that regional ecosystems are open
systems that cannot be considered in isolation. The passive transport
of biomass and the active movements that we highlight from ‘source’
regions, such as the HCS, to ‘hub’ regions, such as the PWP, or ‘sink’
regions, such as the SPG are functionally essential. This demonstrates
the need to consider regional systems as interactive components of
larger-scale, basin-wide dynamics.

15



L. Dalaut et al.
4.3. Scope and limitations

In this paper we have demonstrated the ability of APECOSM to
reproduce observed ecosystem configurations in three ecologically con-
trasting marine regions. The model has enabled the identification of
the processes that underpin region-specific ecological structures and
functions. The interaction of diverse environmental drivers with the
elementary processes represented at the individual level in the model
enables ecosystems to self-organise and adapt to environmental con-
straints, dissipating energy as efficiently as the interaction between
environmental features and their biological and ecological constraints
allows.

Despite these strengths, several limitations must be acknowledged.
First, the use of a coarse, 1° resolution grid limits the model’s ability
to resolve fine-scale hydrodynamic features, particularly in the HCS,
where key meso-scale and submeso-scale structures such as upwelling
filaments, eddies, and retention cells play a critical role in shaping
productivity and predator aggregation. Similarly, in the PWP, the eco-
logical effects of complex island and seamount topographies, including
localised upwellings, are oversimplified (see Fig. 6¢). This compromises
the representation of localised physical and biogeochemical processes
and their cascading effects on both LTL and HTL communities.

In addition, oceanic ecosystems, such as the SPG, remain under-
sampled due to their remoteness and the low economic profitability of
their fisheries. Opportunities for empirical evaluation of the model are
therefore limited. In this data-poor context, APECOSM could serve as
a tool to improve system-level understanding, propose hypotheses, and
guide targeted observational studies.

Finally, the realism of APECOSM outputs is partly shaped by the
underlying physical-biogeochemical forcing. For example, the PISCES
model under-represents the horizontal extent of the eastern tropical
Pacific OMZ, confining it to coastal zones, whereas observational data
reveal a much broader hypoxic region (Garcia et al., 2019; Abe and
Minobe, 2023; Takano et al., 2023). This mismatch directly influ-
ences the modelled spatial distribution and behaviour of OMZ-sensitive
mesopelagic organisms, especially mesopelagic residents.

4.4. Perspectives

APECOSM offers a robust mechanistic framework for unravelling
the complex three-dimensional structure and function of marine HTL
communities. Together with the global-scale analysis of Dalaut et al.
(2025), the present regional analyses provides a detailed understand-
ing of the mechanisms influencing present HTL ecosystems. It offers
foundations for future analyses of climate change impacts on pelagic
ecosystems, and how marine food webs may reorganise under projected
warming, deoxygenation, and primary production changes.
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Appendix A. Supplementary materials : Diet

Figure Fig. 10 shows details of the community diet across different
sizes and regions.

Appendix B. Supplementary materials : Schooling

Figure Fig. 11 shows the probability of community schooling across
different transects.

Appendix C. Supplementary materials : Trophic fluxes

Figure Fig. 12 details the trophic fluxes per community and size
across different regions.

Appendix D. Supplementary materials :
dency terms

Biomass transport ten-

Figs. 13 and 14 show the transport tendency terms, which measure
the cumulative effect of passive biomass transport by marine currents,
as well as active movements, on regional biomass evolution. These
terms are useful for isolating the effects of transport (including ad-
vective and diffusive components) from the effects of other processes
affecting local biomass evolution such as growth, reproduction and
mortality. As regional biomass is approximately stationary, the sum
of all tendency terms averages to zero. Regions that exhibit a posi-
tive trend in transport tendency terms over time (i.e. a net biomass
accumulation due to transport and movement) are ‘sink’ systems. In
these systems, the community biomass growth rate is insufficient to
maintain biomass stationarity without import. Communities can only
persist in these ‘sink’ regions through sustained immigration from more
productive ‘source’ systems (Pulliam, 1988). ‘Source’ ecosystems can be
identified in Fig. 13 by their net export of biomass over time (negative
transport tendency terms).

Appendix E. Supplementary materials : Shannon-Weaver index
and interaction strength

To quantify the diversity of the simulated trophic networks, we cal-
culated the Shannon-Weaver index H’, a widely used metric for mea-
suring species diversity derived from the information theory (Clarke
and Warwick, 2001; Shannon and Weaver, 1949). The Shannon-Weaver
index assumes that individuals are randomly sampled from a large pop-
ulation, and that all the species are represented in the sample (Shannon
and Weaver, 1949). This index, applied to trophic flux in this paper,
quantifies both richness (i.e. the number of links) and evenness (their
commonness) of fluxes:

S

H=-7 pnp)
i=1

where:

+ S is the total number of trophic links,

flux, . . . . .
* pi = —2i_ s the relative contribution of flux i.
I total flux

To complement this, we computed the interaction strength F, repre-
senting the average intensity of matter or energy flows between trophic
levels. Bronstein (1994), Thompson and Fernandez (2006):

1
F= I Z |1
(i.J)

where:
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Fig. 10. Diet across regions. Community diets represent the relative proportions of the different food components in the diet of an individual predator of a
given size and community, relative to satiation (which occurs when the functional response equals 1). The figures present the average diets from 2000 to 2020.
Diet depends on the spatial (3D) co-occurrence of predators and prey, their size ratio, and the aggregation (schooling) and visibility of prey.
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Fig. 14. Cumulative zonal and meridional transport tendency terms in the Pacific Warm Pool. (a) shows the cumulative transport tendency term (net
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import) resulting from meridional transport. Transport tendency terms are shown for every community present in the region and evaluated between 2000 and

2020.

« L is the total number of links,
* fi; is the strength of the trophic flux from node i to node j,

* |f;;| denotes the absolute value of the interaction strength.

Appendix F. Supplementary materials : Output data and Python
scripts

Aggregated output data and Python scripts used for the figures are
available online at: 10.5281/zenodo.16759655

Data availability

Data will be made available on request.
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