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Diel vertical migrations in the ocean play a key role in predator-prey dynamics

and the functioning of the biological carbon pump. However, changes in ocean

conditions including warming and deoxygenation threaten to significantly

perturb vertical migration patterns over the twenty-first century. Specifically,

vertical migrations over regions of critically low oxygen, known as oxygen

minimum zones (OMZs), are likely to be most sensitive to changes in

temperature and oxygen. In this study, we apply a simplified prognostic

ecosystem model (APECOSM-1D) to changing conditions in the Pacific Ocean

OMZ as simulated by 13 Earth System Models from the Coupled Model

Intercomparison Project Phase 6 (CMIP6). We find that modeled fish migration

depths at a given location in the regionmay deepen or shoal by over 100m by the

end of the century; however, there are large uncertainties across the CMIP6

ensemble for the geographic pattern of migration depth changes. To reconcile

this, we adopt a water mass based approach which aggregates changes into

regions defined by their vertical oxygen minimum value. In this framework, we

find that fish migration depths over the lowest oxygen core of the OMZ remain

stable due to compensating changes in temperature and oxygen. Meanwhile,

away from the OMZ core, ocean warming and deoxygenation together drive

shallower migration depths in projected conditions.
KEYWORDS

CMIP6, diel vertical migration, hypoxia tolerance, oxygen minimum zone, water
masses
frontiersin.org01

https://www.frontiersin.org/articles/10.3389/fmars.2025.1716557/full
https://www.frontiersin.org/articles/10.3389/fmars.2025.1716557/full
https://www.frontiersin.org/articles/10.3389/fmars.2025.1716557/full
https://www.frontiersin.org/articles/10.3389/fmars.2025.1716557/full
https://www.frontiersin.org/journals/marine-science
https://www.frontiersin.org
http://crossmark.crossref.org/dialog/?doi=10.3389/fmars.2025.1716557&domain=pdf&date_stamp=2026-01-23
mailto:samjd@princeton.edu
https://doi.org/10.3389/fmars.2025.1716557
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/marine-science#editorial-board
https://www.frontiersin.org/marine-science#editorial-board
https://doi.org/10.3389/fmars.2025.1716557
https://www.frontiersin.org/journals/marine-science


Ditkovsky et al. 10.3389/fmars.2025.1716557
1 Introduction

Oxygen and temperature are key factors characterizing marine

habitats in the ocean interior and structuring mesopelagic

ecosystems (Sutton et al., 2017; Bertrand et al., 2011; Pörtner

et al., 2017). Fish, along with most other marine fauna, are

aerobic and thus rely on dissolved oxygen in seawater for

respiration. Consequently, expansive regions of hypoxic waters in

the mesopelagic ocean, known as oxygen minimum zones (OMZ),

are inhospitable and act as habitat barriers for most marine species

(Prince and Goodyear, 2006; Stramma et al., 2012). Tolerance of

hypoxic conditions can vary widely across species (Vaquer-Sunyer

and Duarte, 2008), and can also be significantly influenced by ocean

temperature (Vaquer-Sunyer and Duarte, 2011). In ectotherms like

fish, metabolic rates— and in turn oxygen demand— are higher in

warmer environments (Clarke and Johnston, 1999). As such,

oxygen and temperature together help determine large-scale

biogeography in the ocean and characterize the aerobic suitability

of marine habitats (Deutsch et al., 2020).

The largest OMZ is in the eastern tropical Pacific Ocean

(Paulmier and Ruiz-Pino, 2009). Observations suggest that most

of the biomass found in the tropical Pacific OMZ belongs to

vertically migrating communities that dive to hypoxic

mesopelagic depths during the day and return to the well-

oxygenated epipelagic realm at night (Childress and Seibel, 1998;

Sameoto et al., 1987). Despite remarkable adaptations of endemic

species to temporarily tolerate hypoxic conditions (Seibel, 2011),

migration depths observed over OMZs are consistently shallower

than in well-oxygenated regions where migration depths are set

primarily by light levels (Bianchi et al., 2013a; Belharet et al., 2024;

Dalaut et al., 2025). This pattern has been observed for communities

of zooplankton and small fish that dive to evade visual predators

(Sameoto et al., 1987; Gutiérrez-Bravo et al., 2025; Cornejo and

Koppelmann, 2006; Luo et al., 2000), as well as large charismatic

species, like billfishes and blue sharks, that dive to hunt (Vedor

et al., 2021; Stramma et al., 2012). Vertical migrations also play a

role in global climate by supporting the biological carbon pump,

which sequesters carbon in the deep ocean (e.g., Bianchi et al.,

2013b; Aumont et al., 2018). So, disruptions of vertical migration

patterns by OMZs have the potential to disrupt predator-prey

dynamics and perturb the global carbon cycle.

As the ocean warms, oxygen and temperature coevolve as

compound stressors for marine ecosystems (Bopp et al., 2013).

Ocean warming reduces the solubility of oxygen and inhibits the

supply of high-oxygen waters to mesopelagic depths (Oschlies et al.,

2018), driving observed trends of global deoxygenation in the upper

ocean (Helm et al., 2011; Ito, 2022). Climate models project a

continuation and acceleration of ocean deoxygenation under

business-as-usual scenarios (Keeling et al., 2010; Bopp et al., 2013;

Kwiatkowski et al., 2020). While trends of ocean deoxygenation have

sparked concern that OMZs may be expanding (Stramma et al., 2008,

2012), climate model projections exhibit a decoupling of OMZ

behavior from well oxygenated regions (Bopp et al., 2013; Cabré

et al., 2015; Cocco et al., 2013). Specifically, the core of the Pacific

Ocean OMZ (about 0.5 ml/l; often dubbed the Oxygen Deficient
Frontiers in Marine Science 02
Zone) is projected to gain oxygen and contract, while the outer

regions of the OMZ expand (Busecke et al., 2022). In fact, this pattern

is consistent across projections of all major open ocean OMZs

(Ditkovsky et al., 2023). Since the upper ocean is expected to warm

ubiquitously, there are thus two regimes of change expected for

aerobic habitats in the eastern tropical Pacific: (1) warming and

deoxygenation together intensify disruptions of vertical migration

patterns by hypoxia, or (2) warming and oxygen gain compete above

the OMZ to either exacerbate or alleviate hypoxic disruptions.

There have been numerous recent efforts to develop

metabolism-based diagnostics to characterize past and projected

variability in marine aerobic habitats set by oxygen and temperature

(e.g., Deutsch et al., 2015; Penn et al., 2018; Clarke et al., 2021;

Morée et al., 2023). These approaches provide insight on the

vulnerabilities of ecosystems to regional changes in oxygen and

temperature. However, such static diagnostics do not take into

account important spatial gradients in habitat suitability,

particularly vertical gradients that set vertical migration patterns.

In this work, we investigate the current and future roles of oxygen

and temperature conditions for setting diel vertical migration

depths for migratory mesopelagic fish in the eastern tropical

Pacific Ocean. We apply a one-dimensional prognostic ecosystem

model to ocean conditions from an observed climatology and

simulations from the Coupled Model Intercomparison Project

phase 6 (CMIP6). We find that over the OMZ, migration depths

may deepen or shallow by over 100 m in some locations. When

averaged over the OMZ core, however, we find that the effects of

warming and oxygen gain largely compensate and drive only weak

changes in migration depths. Over intermediate layers of the OMZ,

warming and deoxygenation together drive a mean shoaling over

migration depths. Over the outer layers of the OMZ, aerobic

limitations become negligible and migration depths are primarily

controlled by changes in light attenuation.
2 Materials and methods

2.1 APECOSM-1D ecosystem model

We use a simplified one-dimensional formulation of the Apex

Predators ECOsystem Model (APECOSM-1D) component which

describes the vertical distribution of pelagic communities based on

habitat conditions (Maury, 2010; Belharet et al., 2024; Dalaut et al.,

2025). Here we focus on the migrating mesopelagic community and

assume a constant body size of L = 10 cm, a typical length for

vertically migrating fish species (e.g., myctophids; Barham, 1966).

We model the daytime vertical distribution of the migrating

mesopelagic community biomass, B(z) [kg], by solving the

habitat-based advection-diffusion equation

∂B(z)
∂t

=
∂

∂z
(D + Dphys)

∂B(z)
∂z

− VB(z)

� �
(1)

where V [m s−1] and D [m2 s−1] are ‘advection’ and ‘diffusion’

arising from swimming, andDphys [m
2 s−1] is a constant encompassing

the effect of physical vertical mixing. z is ocean depth [m] and velocity
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is defined as positive downward with increasing ocean depth. The

swimming advection, V, in Equation 1 represents the active movement

of organisms toward better habitat conditions. It is a function of the

habitat condition, H [non-dimensional], such that an organism’s

migration speed slows down linearly as conditions become more

preferable and stop when conditions are ideal (i.e. H = 1):

V(z) = b0L(1 − H(z))
∂H(z)
∂z

, (2)

where L = L
1 m is the scaled body length. Similarly, the

swimming diffusion, D, in Equation 1 represents vertical

movements associated with random foraging by organisms. It is a

function of H such that organisms spend the most time randomly

foraging when habitat conditions are ideal:

D(z) = D0H(z)L2 : (3)

b0 [m
2 s−1] and D0 [m

2 s−1] are prescribed constants that set the

scale for maximum values of the swimming advection and diffusion

for a 1 m long organism. Specifically, b0 is the maximum swim

speed of a 1 m organism scaled by a reference vertical habitat

gradient. Note that in this work, we do not constrain the total

absolute biomass B(z), but rather solve for the relative distribution

of biomass in the water column.

The habitat suitability, H, in Equations 2 and 3 varies between 0

and 1. For the migrating mesopelagic community, it is defined

based on light and aerobic preferences (Figure 1a):

H(z) = flight(f, z)
faerobic(T ,O,z)faerobic(T ,O, z)

1−faerobic(T ,O,z) (4)

where f, T, O represent irradiance [W m−2], temperature [K]

and oxygen concentration [ml l−1] respectively.

The light preference, flight [non-dimensional], captures the

behavior of mesopelagic organisms to seek dimly lit waters during

the daytime to hide from predators (Maury, 2010; Belharet et al.,

2024). The light preference peaks in waters that are just dark

enough to suppress visual predation and leads the migrating

community to dive from the epipelagic zone into the mesopelagic

zone during the day (Figure 1b). It is calculated as

flight =
em−s

2

2s 2f*(z)
eln  (e

m−s2−m)2−ln  (f*(z)−m)2 , (5)

where s2 = ln(1 + s2

m2 ) and m = ln(m) − s2

2 . The tunable

parameters m [W m−2] and s [W m−2] set the mean and variance

of the flight distribution. f*(z) is the irradiance profile with

adjustments for length of day and assumed eye allometry.

The aerobic preference, faerobic, reflects the organism’s oxygen

demand. In this study, we activate the dependence of metabolic

oxygen demand on temperature based on Clarke and Johnston

(1999) (Figure 1c).

faerobic = (1 + ea(O*(T)−O))−1, (6)

O*(T) = O*0e
Ta
Tref

−Ta
T

� �
: (7)
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O*(T) is a temperature dependent hypoxic threshold that scales

with temperature T through an Arrhenius transformation (see

Figure 1c for a depiction of how faerobic varies as a function of

temperature and oxygen). We use an Arrhenius temperature of Ta =

5020K, which captures the scaling of metabolic rates at a

community level (Clarke and Johnston, 1999; Maury et al., 2007)

and is similar to values used in previous studies (e.g., Dueri et al.,

2012; Aumont et al., 2018). We use a reference temperature of Tref =

288.15K (or 15°C). O*0 [ml l−1] and a [(ml l−1)−1] are tunable

parameters that set the half-saturation and slope of the oxygen

preference when T = Tref. faerobic is also applied as an exponential

weight factor such that light preference is only considered when

aerobic needs are met (Figure 1a). That is, an individual must be

able to breathe in order to pursue preferential light conditions. In

this study, we apply the model to communities of small fish.

However, the Arrhenius temperature scaling used in the model

also describes other members of marine communities, such as

zooplankton (e.g. Alcaraz et al., 2013; Packard and Gómez, 2008).

We note that there are also other sources of temperature-

dependence for fish oxygen needs not accounted for in our

model, such as blood oxygen binding affinity (Mislan et al., 2016).
2.2 Earth system model simulations and
observations

In this study, we apply the APECOSM-1D ecosystem model to

ocean dissolved oxygen and temperature fields from the World

Ocean Atlas 2023 and an ensemble of 13 Earth SystemModels from

the Coupled Model Intercomparison Project Phase 6 which provide

monthly oxygen, temperature and chlorophyll data for the

historical and SSP5-8.5 experiments (CMIP6; Table 1). The

relevant output was also available for an additional model, IPSL-

CM6A-LL, but was not included in the analysis due to the model’s

significant oxygen biases in the tropical Pacific (See diagnostics for

areal extent of tropical Pacific OMZ in Supplementary Figure S1;

also see e.g., Busecke et al., 2019). We use one member of the

historical and SSP5-8.5 high emissions scenario simulations for

each Earth System Model. We define ‘present day’ estimates as the

monthly climatology between 2004–2022 in the CMIP6 ensemble to

compare with the World Ocean Atlas 2023 (WOA23; Garcia et al.,

2024; Locarnini et al., 2023). We contrast present day conditions

with ‘end of century’ projections, defined as the monthly

climatology between 2080–2100 in the SSP5-8.5 simulations.

Results for WOA23-based present-day and end-of-century

migration depths are computed with monthly climatologies in

order to account for seasonal changes in environmental

conditions, but all results are presented as annual averages for

each case.

Depth-resolved irradiance fields are calculated from monthly

surface short-wave radiation and depth-resolved chlorophyll fields

in the CMIP6 ensemble for historical and SSP5-8.5 simulations

using the absorption algorithm described in Lengaigne et al. (2007).

When applying APECOSM-1D to the World Ocean Atlas, we use
frontiersin.org
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depth-resolved irradiance fields from a hindcast simulation using

the physical biogeochemical model NEMO-PISCES (Aumont et al.,

2015), which is forced by atmospheric conditions from JRA-55

(Kobayashi et al., 2015) and also employs the absorption algorithm

from Lengaigne et al. (2007). We use a monthly climatology

between 2004–2022 from the NEMO-PISCES hindcast simulation.

In addition to computing migration depths based on present-

day and end-of-century ocean conditions, we also perform a suite of

sensitivity tests where only one ocean field (oxygen, temperature or
Frontiers in Marine Science 04
irradiance) is changed at a time. We interpret these single-variable

experiments to determine the relative influences of projected

oxygen, temperature and light changes on migration depths.
2.3 Tuning APECOSM-1D model
parameters

We calibrate the light and aerobic preference parameters in

the APECOSM-1D model against processed low-frequency

(38 kHz) acoustic sounding profiles from the Malaspina 2010

circumnavigation (Duarte, 2015; Irigoien et al., 2020; Ariza et al.,

2022). These observed profiles provide an estimate of the vertical

distribution of biomass in the upper 1000 m of the ocean. While the

composition of the migrating mesopelagic communities was not

fully assessed in-situ during the Malaspina expedition, the

backscatter in this dataset is assumed to be dominated by the gas-

filled swim bladders of myctophids and species of the Cyclothone

genus (i.e., small fish of length on the order of 10 cm; Irigoien et al.,

2014). Earlier studies suggest that crustaceans, euphausiids and

siphonophores likely also make up part of the signal (Moore, 1950;

Barham, 1966). In this study, though, we effectively model the

observed signal as a monolithic migrating community of fish with a

body length of 10 cm.

For calibration, we use the monthly climatology of dissolved

oxygen and temperature from the World Ocean Atlas 2023, along

with monthly-mean irradiance profiles from the NEMO-PISCES

hindcast simulation corresponding to the month of each observed

profile. We configure the model to represent three communities

simultaneously: epipelagic, mesopelagic resident and mesopelagic

migrant, in order to account for all the biomass components that

are present in reality and reflected in the data. Each community is

associated with an independent set of model parameter values to

reflect different behaviors and preferences (Supplementary Table

S1): The epipelagic community is characterized by a bright light
TABLE 1 Earth system models from CMIP6 experiments.

Product Reference

World Ocean Atlas 2023 Locarnini et al. (2023); Garcia et al. (2024)

ACCESS-ESM1-5 Ziehn et al. (2019a, b)

CNRM-ESM2-1 Seferian (2018, 2019)

CanESM5 Swart et al. (2019c, d)

CanESM5-CanOE Swart et al. (2019a, b)

GFDL-CM4 Guo et al. (2018a, b)

GFDL-ESM4 Krasting et al. (2018); John et al. (2018)

MIROC-ES2L Hajima et al. (2019); Tachiiri et al. (2019)

MPI-ESM1-2-HR Jungclaus et al. (2019); Schupfner et al. (2019)

MPI-ESM1-2-LR Wieners et al. (2019a, b)

MRI-ESM2-0 Yukimoto et al. (2019a, b)

NorESM2-LM Seland et al. (2019a, b)

NorESM2-MM Bentsen et al. (2019a, b)

UKESM1-0-LL Tang et al. (2019); Good et al. (2019)
Observation-based products and Earth system models used in this study. For all Earth System
Models, we use oxygen, temperature, shortwave radiation, and chlorophyll fields for a single
member. All Earth system model outputs used are publicly available via the Earth System Grid
Federation.
FIGURE 1

Habitat preferences for the mesopelagic migrant community. (a) Habitat preference, H, as a function of light and aerobic preferences (Equation 4).
(b) Light preference, flight, for the migratory community with calibrated parameter values s = 0.1 [W/m2], m = 0.004 [W/m2], for a 12-hour day
(Equation 5). (c) Aerobic preference, fareobic, for the migratory community as a function of temperature and oxygen with calibrated parameter values

O*
0 = 1:4 [ml l −1] and a = 2:4 [(ml l −1)  −1] (Equations 6, 7). Red lines mark values of 0.5 (out of 1) for each preference variable as a reference.
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preference, while mesopelagic residents and migrants are

characterized by dimmer light preferences. The mesopelagic

resident and migrant communities differ in that the resident

communities maintain the daytime depth at night while migrants

swim up to epipelagic depths at night. By comparing the daytime

and nighttime data from the acoustic sounding profiles, we infer the

relative biomasses of each community and apply that partitioning to

a weighted sum of the three modeled community profiles.

We use the differential_evolution optimization scheme from the

scipy.optimize package with a simple root-mean-square cost

function for daytime biomass profiles. Light preference

parameters (m, s) for the migrating community were tuned using

sounding profiles in well-oxygenated regions (‘General Pattern’

profiles in Belharet et al. (2024); red profiles in Figure 2).

Parameters for aerobic preference (a and O*0 in Equations 6, 7)

were tuned using sounding profiles over the eastern tropical Pacific

oxygen minimum zone (‘Shallow Pattern’ profiles in Belharet et al.

(2024); blue profiles in Figure 2). See Supplementary Table S1 for

the full set of model parameter values.
3 Results

3.1 Reproducing acoustic observations

Both the vertical distribution of biomass and the community

composition over OMZs differ from well-oxygenated regions

(Figure 2). In well-oxygenated regions, observed biomass

distributions are characterized by an epipelagic resident

community (0–200 m), a mesopelagic resident community (200–

800 m), and a migrating community that is observed at mesopelagic

depths during the day and epipelagic depths at night (red curves in

Figure 2a). In both daytime and nighttime profiles, mesopelagic

biomass peaks between 500 and 600 m depth in well-oxygenated
Frontiers in Marine Science 05
regions. The samples that make up this characteristic profile are

largely collected from the well-oxygenated Atlantic Ocean, but also

include samples from well-oxygenated regions in the Pacific and

Southern Indian Oceans (red x’s in Figure 2b). Belharet et al. (2024)

suggest that migration depths in well-oxygenated waters are likely

determined by light levels such that species avoid visual predation.

In contrast, observations over the Pacific Ocean OMZ (blue x’s in

Figure 2b) exhibit a daytime peak in mesopelagic biomass between

200 and 500 m, with little-to-no mesopelagic biomass at night (blue

curves in Figure 2a). While resident communities dominate the

mesopelagic biomass in well oxygenated regions, the OMZ acts as a

habitat barrier which excludes mesopelagic resident communities.

In turn, the daytime mesopelagic biomass in the OMZ is composed

almost entirely by the migrating community. Furthermore, the

OMZ forces shallower migration depths compared to well-

oxygenated regions.

The calibrated model captures the daytime and nighttime

distribution of mesopelagic and epipelagic biomass in well-

oxygenated waters and over the tropical Pacific OMZ (Figures 3a,

b). In well-oxygenated waters, the modeled migratory community

exhibits mean daytime dive depths of about 470 m and contribute

primarily to the shallower tail of the daytime mesopelagic biomass

(Figure 3a; migratory community represented by purple dashed

curves). Over the OMZ, the modeled migratory community exhibits

shallower mean daytime dive depths of about 330 m and compose

virtually all of the daytime mesopelagic biomass (Figure 3b). In the

model, migration depths in well-oxygenated waters are primarily

determined by light, while migration depths over the OMZ are

primarily determined by oxygen and the temperature-dependent

oxygen demand of metabolism (See Methods; scaling of aerobic

preference with temperature shown in Figure 1c): in warmer waters,

metabolic rates increase resulting in greater oxygen demand. In the

calibrated model at a reference temperature of 15°C, the threshold for

hypoxia (defined here as an aerobic preference of 0.5 on a scale of 0 to
FIGURE 2

Observed vertical biomass distributions. (a) Relative biomass distributions based on Malaspina 2010 acoustic sounding profiles over well-oxygenated
regions (red) and the Pacific Ocean oxygen minimum zone (OMZ; blue). Solid curves are sample mean and shading is one standard deviation.
(b) Locations of well-oxygenated and OMZ sample points compared with dissolved oxygen at 300 m from the World Ocean Atlas 2023 (WOA23).
Thin white contours highlight 0.5, 1.5 and 2.5 ml/l oxygen.
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1) is about 1.4 ml/l. For ambient temperatures of 5°C and 25°C the

modeled hypoxic threshold shifts to 0.75 ml/l and 2.5 ml/l,

respectively. In turn, a warmer OMZ is likely to act as a stronger

habitat barrier compared to a colder OMZ with the same oxygen

concentration. Since temperature decreases with depth, a shallower

OMZ is likely to act as a stronger habitat barrier compared to a deeper

OMZ. That is, the criteria for hypoxia will be more easily satisfied

closer to the surface.
3.2 Reconstructing migration depths from
the World Ocean Atlas and CMIP6
ensemble

Using the calibrated one-dimensional ecosystem model, we

reconstruct mean migration depths over the tropical Pacific

Ocean OMZ in the World Ocean Atlas 2023 (WOA23)

climatology and in present-day simulations from CMIP6 Earth

System Models (Figure 4). In the WOA23-based reconstruction,

mean migration depths are hundreds of meters shallower over the

OMZ core than over the subtropical gyres where mean migration

depths reach 400 m. Over the OMZ, about 19 × 106 km2 exhibit

mean migration depths shallower than 200 m (dark blue contours

in Figure 4a). The ensemble mean reconstruction from CMIP6 also

captures the shallower migration depths over the OMZ compared to

the subtropical gyres (Figure 4b). In the ensemble mean

reconstruction, about 14 × 106 km2 exhibit mean migration

depths shallower than 200 m (dark blue contours in Figure 4b).

This underestimation of the areal extent of shallow migration

depths (compared to the WOA23-based reconstruction) stems

from a failure to capture the western extent of the OMZ. This is

partially due to systematic biases across the CMIP6 ensemble

resulting from poorly resolved equatorial circulation (see results
Frontiers in Marine Science 06
for individual Earth System Models in Supplementary Figure S2;

Montes et al., 2014; Busecke et al., 2019).

Despite systematic biases across the CMIP6 ensemble, many

models represent the spatial structure of the western extent and/or

the equatorial structure of the OMZ (Supplementary Figure S2).

However, spatial structure in these models is damped in the

composite map due to misalignment of features across the

ensemble. Figure 4c demonstrates the variability in OMZ

representations with three examples from the CMIP6 ensemble as

reflected by the 200 m mean migration depth contour. In ACCESS-

ESM1-5 (solid contours in Figure 4c), the western extent of the

OMZ is similar to WOA23, with 200 m migration depth contours

reaching about 170°W in the north and 120°W in the south.

However, this model also overestimates the OMZ presence

around the equator. In contrast, GFDL-CM4 (dashed contours)

somewhat underestimates the western extent of the OMZ, but better

captures the equatorial separation of the OMZ lobes. Finally,

CanESM5-CanOE simulates an OMZ that is trapped close to the

eastern boundary with virtually no equatorial separation. The

composite map of migration depths in the CMIP6 ensemble

(Figure 4b) thus aggregates different dynamical regimes across the

model ensemble at a given location.

Figure 5 further illustrates the patterns of migration depths over

the OMZ as reconstructed based on WOA23 and the CMIP6

ensemble present-day simulations. WOA23-based migration depths

exhibit distinct meridional and zonal structure related to the OMZ

cores (white lines; Figures 5a–c). Meridionally, migration depths are

shallowest over the OMZ cores and deepen around the equator

(Figure 5a). Zonally at 12°N and 10°S, migration depths are

shallowest at the eastern boundary over the OMZ cores, and

gradually deepen westward (Figures 5b, c). The ensemble mean

CMIP6-based reconstruction captures these general patterns, with

shallowest migration depths off the equator and along the eastern
FIGURE 3

Model of vertical biomass and migration depths. (a) Observed (red) and modeled (gray) daytime and nighttime relative biomass distributions in well-
oxygenated regions. (b) Observed (blue) and modeled (gray) daytime and nighttime relative biomass distributions over the Pacific Ocean oxygen
minimum zone (OMZ). Solid curves are sample mean and shading is one standard deviation. Purple dashed curves and shading are the component
of modeled biomass from the migratory community.
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boundary (shaded cyan lines; Figures 5a–c). However, the ensemble

mean CMIP6-based reconstruction underestimates the contrast

between the equatorial region and off-equatorial OMZ cores,

resulting in migration depths too shallow at the equator and too

deep over the OMZ cores (Figures 5a–c). As seen in Figure 4, some of

this bias is due to the smoothing of features when averaging across the

ensemble. So, we also highlight the reconstructed migration depths in

the three example individual models shown in Figure 4c.

Migration depths reconstructed from ACCESS-ESM1–5 agree

well with the WOA23-based reconstruction, with shallow migration

depths over the OMZ cores and deeper migration depths over the

equator (Figures 5d–f); however, the southern OMZ core is more

intense than in WOA23, resulting in a shallow-bias of migration

depths. In contrast, migration depths reconstructed from GFDL-

CM4 and CanESM5-CanOE tend to be biased deep compared to

WOA23, with some exceptions near the equator (Figures 5g–l).

Overall, a deep bias in migration depths over the OMZ will likely

underestimate simulated sensitivity to temperature effects on

hypoxic tolerance, which are strongest closer to the surface.

Conversely, shallow-biased migration depths over the equator–

and more broadly in models like ACCESS-ESM1-5– may be

overly sensitive to temperature effects on hypoxic tolerance.
3.3 Projected migration depth changes
from oxygen, temperature and light
changes

In individual models, reconstructed migration depths can shift

dramatically between present-day and SSP5-8.5 end-of-century

conditions. Figure 6 shows present-day (cyan) and end-of-century

(magenta) migration depths in relation to projected changes in

dissolved oxygen (panels a-c) and temperature (panels d-f) for our

three example models (the effects of projected light changes are also
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shown in Supplementary Figures S3–S5). In ACCESS-ESM1-5,

changing conditions deepen migration depths into the OMZ

cores and shoal migration depths over the equator (Figure 6a).

The end-of-century migration depths closely match the migration

depths estimated by oxygen changes alone (dashed magenta lines in

Figure 6a). A similar pattern emerges for projected changes from

GFDL-CM4, though milder deoxygenation around the equator

results in a weaker shoaling compared to that from ACCESS-

ESM1-5 (Figure 6b). This suggest that the pattern of change is

primarily dictated by oxygen changes, while temperature changes

modulate the magnitude of the effect. In contrast, projected

migration depths from CanESM5-CanOE– in which the OMZ

core spans the equator– exhibit more widespread shoaling

between 15°S and 15°N, and only about half of the shoaling is

accounted for by oxygen-driven changes alone. Indeed,

temperature-driven migration depth changes are stronger in

CanESM5-CanOE compared to ACCESS-ESM1–5 and GFDL-

CM4 (dotted magenta lines in Figures 6d–f). For both ACCESS-

ESM1–5 and GFDL-CM4, projected warming drives mild but

consistent shoaling, whereas warming drives significant shoaling

in the CanESM5-CanOE-based reconstruction. Along zonal

sections at 12°N and 10°S, oxygen anomalies dominate and drive

a deepening of migration depths in ACCESS-ESM1–5 and GFDL-

CM4, but temperature changes dominate and drive shoaling in

CanESM5-CanOE (Supplementary Figures S3–S5). For all three

models, changes in light availability have only a small effect on

migration depths over the OMZ (Supplementary Figures S3–S5).

In ensemble mean composite geographic sections, the strong

changes found in individual models largely get smoothed out

(Supplementary Figure S6), and reveal a systematic compensation

between oxygen-driven deepening and temperature-driven shoaling

over much of the sections. In the next section we present an

approach to dynamically isolate features across the ensemble in

order to generalize the patterns we find in individual models.
FIGURE 4

Modeled migration depth patterns based on observations and simulations. (a) Daytime weighted mean vertical migration depths based on oxygen
and temperature from the World Ocean Atlas 2023 (WOA23). (b) Multi-model mean of daytime weighted mean vertical migration depths based on
oxygen and temperature from present-day CMIP6 simulations. 200 m migration depth contours (dark blue) are highlighted. (c) 200 m migration
depth contours for three example Earth System Models from the CMIP6 ensemble (ACCESS-ESM1-5, GFDL-CM4, CanESM5-CanOE) illustrating the
range of OMZ representations across the ensemble.
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3.3.1 Isolating migration depth changes by
oxygen minimum zone region

To align similar features across the CMIP6 ensemble, we define

regions of the OMZ using the present-day minimum of the vertical

oxygen concentration in the upper 400 m of the ocean in each

model, which also correlates well with the depth of the oxycline

(Supplementary Figure S7). We bin the OMZ into five regions: one

core region (oxygen minima from 0 to 0.5 ml/l), two intermediate

regions (oxygen minima from 0.5 to 1.0 ml/l and 1.0 to 1.5 ml/l),

and two outer regions (oxygen minima from 1.5 to 2.0 ml/l and 2.0

to 2.5 ml/l; see colored guides in Figure 7). Migration depths deepen

or shoal by as much as 200 m in some locations (see black violin
Frontiers in Marine Science 08
plots in Figure 7c; spines of violin plots span the central 98% of area

over each region of the OMZ). For instance, over the OMZ core,

migration depths deepen by up to 200 m and shoal by up to 100 m

in some locations (Figure 7c; Supplementary Figure S8). In the first

intermediate OMZ region (oxygen minima from 0.5 to 1.0 ml/l),

migration depth projections exhibit the widest range with shoaling

up to 200 m and deepening up to 150 m. For OMZ regions with

oxygen minima greater than 1 ml/l, the range of migration

projections decreases as the oxygen minima increases.

As described above, migration depths are projected to shoal in

some locations and deepen in others for all regions of the OMZ

(core, intermediate, outer regions). In turn, the dramatic local
FIGURE 5

Migration depths over the oxygen minimum zone. (a–c) Sections of oxygen concentrations in the World Ocean Atlas 2023 (WOA23; color), WOA23-
based mean migration depth (white line) and CMIP6 present-day ensemble-mean mean migration depth (cyan line; shading is one standard deviation
across ensemble) (a) along the eastern boundary and along (b) 12°N and (c) 10°S. (d–f) Sections of present-day oxygen concentrations in ACCESS-
ESM1–5 and model-based mean migration depths for ACCESS-ESM1-5 (cyan) (d) along the eastern boundary and along (e) 12°N and (f) 10°S. (g-i) Same
as d-f for GFDL-CM4. (j–l) Same as (d–f) for CanESM5-CanOE. WOA23-based migration depths added to panels (d–l) (white) for comparison. Thin
white dashed contours highlight 0.5, 1.5 and 2.5 ml/l oxygen. The section locations are shown in white on the map in lower right.
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migration depth changes largely compensate when averaged over

each OMZ region. Here, we assess the change in migration depths

on average in each of these OMZ regions. Figure 7a shows the

ensemble results for mean changes across models as a function of

present-day oxygen minimum concentration in the upper 400 m

(ensemble mean and one standard deviation across the ensemble of

model mean changes). The ensemble mean changes are within one

standard deviation of zero change across the spectrum of OMZ

layers due to spatial compensation between shoaling and deepening

(Figure 7c), but do exhibit a clear structure across regions. On

average, migration depths weakly deepen over the OMZ core, shoal

over intermediate regions, and exhibit weak deepening over outer

regions (Figure 7a). Figure 7b shows the mean effects of changes in

each individual factor (oxygen in blue, temperature in red, and light

in orange; full range of local effects in each region are shown in

Figure 7d), as well as nonlinear interactions between factors (gray

dashed line, calculated as a residual). Migration depth changes over

the OMZ core are characterized by a compensation from changes in

oxygen and temperature. The OMZ core experiences strong

oxygenation over the century, but the shallow migration depths

over the OMZ core expose mesopelagic migrants to a pronounced

near-surface warming, which increases their oxygen needs

(Figure 6). Over the intermediate OMZ layers, deoxygenation and

warming compound to drive an ensemble mean shoaling of

migration depths. Over the outer OMZ layers, the effects of

deoxygenation and increased irradiance at depth (due to
Frontiers in Marine Science 09
projected decline in tropical primary production and chlorophyll;

see e.g., Bopp et al., 2013; Kwiatkowski et al., 2020) offset each other,

while temperature has virtually no effect on migration depth

changes. Between 1.5 and 2 ml/l, compensating oxygen and light

changes lead to near zero average migration depth changes.

Between 2 and 2.5 ml/l, aerobic constraints are weak and

migration depths deepen with increased irradiance.

The aggregation of migration depth projections over layers of

the OMZ serves two purposes: (1) we troubleshoot the spatial

mismatches of features across the model ensemble and (2) we can

better relate projected changes to observed present day conditions.

By isolating changes over each OMZ layer in the CMIP6 ensemble,

we can infer where migration depth changes are likely to occur in

the real ocean. We now compare the patterns of change from the

CMIP6 ensemble (Figure 7) to the geographic distribution of OMZ

layers based on WOA23 (Figure 8a). The average pattern of change

in each OMZ region is depicted schematically in Figure 8b. The

CMIP6 ensemble suggests that changes to migration depths over

the observed OMZ core region, shaded in blue, will be characterized

by a compensation of effects from increased oxygen and near-

surface warming. Migration depths over the intermediate OMZ

layers shaded in orange and red will likely shoal from a combination

of deoxygenation and surface warming. Finally, migration depths

over the outer layers of the OMZ shaded in pink and gray will likely

be only weakly affected by deoxygenation and unaffected

by warming.
FIGURE 6

Changes in migration depths over the oxygen minimum zone and contributions from oxygen and temperature changes. Sections along the eastern
boundary (location shown in lower right panel) of (a–c) dissolved oxygen anomalies and (d–f) temperature anomalies (SSP5-8.5 end-of-century
minus present-day). Results are shown for (a, d) ACCESS-ESM1-5, (b, e) GFDL-CM4, and (c, f) CanESM5-CanOE. Reconstructed migration depths
are shown for: present day (cyan), end-of-century (solid magenta), end-of-century expected from oxygen changes only (dashed magenta in a–c),
end-of-century expected from temperature changes only (dotted magenta in d–f).
frontiersin.org

https://doi.org/10.3389/fmars.2025.1716557
https://www.frontiersin.org/journals/marine-science
https://www.frontiersin.org


Ditkovsky et al. 10.3389/fmars.2025.1716557
FIGURE 8

Schematic of migration depth changes. (a) Map of oxygen minimum zone regions from World Ocean Atlas 2023 (WOA23). (b) Schematic summary
of CMIP6-based ocean and migration depth changes averaged over each OMZ region.
FIGURE 7

Drivers of change by oxygen minimum zone region. (a) Regional average total migration depth anomalies (SSP5-8.5 end-of-century minus present-
day) and (b) regional average anomalies due to changes in oxygen (blue), temperature (red) and light (orange) as a function of oxygen minimum
concentration in the upper 400 m. Solid curves are the CMIP6 ensemble mean of regional average anomalies and shading is one standard deviation
across the CMIP6 ensemble. (c) Violin plots showing the distribution of daytime migration depth anomalies aggregated by OMZ region. (d) Violin
plots showing the distribution of migration depth anomalies due to changes in oxygen (blue), temperature (red) and light (orange). Each violin is the
CMIP6 ensemble mean of the kernel-density estimate distributions calculated for each model. Spines span the central 98% of the distribution.
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4 Discussion

We implemented a temperature-dependent representation of

hypoxia tolerance in a simplified ecosystemmodel (APECOSM-1D)

to assess future changes in diel vertical migration depths across the

eastern tropical Pacific oxygen minimum zone (OMZ). The

computational efficiency of the APECOSM-1D implementation

allowed us to perform a suite of sensitivity tests to determine the

role of individual environmental conditions (dissolved oxygen,

temperature and light) on migration depth changes based on an

ensemble of 13 climate models from CMIP6. We find that projected

changes in migration depth generally reflect the pattern of OMZ

projections in the CMIP6 ensemble, in which OMZ cores tend to

contract with warming while the outer layers of the OMZ expand

(Gnanadesikan et al., 2012; Busecke et al., 2022; Ditkovsky et al.,

2023). Over the core regions of the OMZ where present-day

hypoxia is most intense, we find that the degradation of aerobic

habitat suitability caused by ocean warming will likely be

compensated on average by increased dissolved oxygen levels,

resulting in little change in migration depths. The OMZ core

generally coincides with the shallowest oxycline depths, and thus

will be where the quality of aerobic habitats are most sensitive to

ocean warming. Furthermore, the influence of ocean warming is

likely underestimated in the results here because OMZs, and in turn

oxycline depths, in the CMIP6 ensemble tend to be deeper than in

observations. Away from the OMZ core, specifically over

intermediate OMZ layers, ocean warming and deoxygenation

compound on average to degrade aerobic habitats, resulting in

shallower migration depths in the future.

Regional mean changes in migration depth have implications

for future changes in the strength of the biological carbon pump

(Bianchi et al., 2013b): overall shallower migration patterns will

likely weaken the export rates of carbon by migrating communities

(Nowicki et al., 2022). While zooplankton are thought to dominate

the “migrant pump”, the size class of fish modeled here (order 10

cm) may also provide significant contributions (Saba et al., 2021).

Additionally, the APECOSM model can also be applied to size

classes which encompass much of the zooplankton community

(order 1 mm; Lefort et al., 2015), and would likely yield similar

responses to environmental changes. Furthermore, the models

analyzed in this study suggest that at a given location over the

OMZ, migration depths may shoal or deepen by over 100 m. These

local changes in migration depth could impose significant

perturbations to predator-prey dynamics by changing the

availability of mesopelagic prey to epipelagic predators (Dini and

Carpenter, 1992; Pinti et al., 2019; Bertrand et al., 2004). While

assessing changes in the overall biomass of each community

(epipelagic, mesopelagic residents, and mesopelagic migrants) is

beyond the scope of this study, such changes are also possible in

response to environmental changes and could perturb both the

biological carbon pump and predator-prey dynamics. Specifically,

observations (e.g., Figure 2) and laboratory experiments (Vaquer-

Sunyer and Duarte, 2008) suggest that in the present climate,

mesopelagic residents are largely excluded from the core of

OMZs. Future oxygenation of the OMZ core could thus open up
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entirely new habitats for mesopelagic residents and change the

biomass partitioning between residents and migrants in the Eastern

Tropical Pacific.

The simplified APECOSM-1D model used in this study is able

to effectively reproduce observed migration depths both over the

eastern tropical Pacific OMZ and in well-oxygenated regions.

However, it neglects important biological and ecological

characteristics that might factor into the response of vertical

migrations to changes in hypoxia. Specifically, while the

metabolic demand rate for oxygen is strongly related to the body

size of organisms and to the size of their species (Clarke and

Johnston, 1999; Kooijman, 2010), the capacity to extract oxygen

from water and supply it to organs also scales with size, but in a

potentially different way, thus leading to a possible size-dependence

of the hypoxia tolerance (i.e. the critical oxygen concentration level

below which demand exceeds supply). However, both oxygen

demand and supply also vary with the species considered,

individual activity, condition, maturity, and behavioral mode,

thus leading to complex links between size and oxygen limitation

and fuzzy relationships in observations (e.g., Verberk et al., 2022),

the conclusions of which are still being actively debated (e.g.,

Lefevre et al., 2017; Pauly, 2021). Given this lack of scientific

consensus, and while awaiting a convincing formal theory to

explain the complexity and variability of oxygen limitation, the

critical oxygen concentration below which fishes suffer from

hypoxia is held constant (but community- and temperature-

dependent) in this study. In the future, a more sophisticated

physiology-based model representation of hypoxia tolerance

might allow to extend our conclusions to explain size-dependent

oxygen limitation such as shown in Salvatteci et al. (2022), who find

that the size composition of communities in the eastern tropical

Pacific may have shifted significantly in conjunction with climate

changes over the last 100 thousand years. Other aspects of

ecosystem dynamics neglected in this study include the role of

food in shaping the vertical distribution of fish, which is treated in

the full 3D APECOSM (e.g., Dalaut et al., 2025). Also, feedback

between vertically migrating communities and the underlying ocean

conditions might play an important role. Indeed, some studies

suggest that oxygen consumption by higher trophic level

communities could represent a significant oxygen sink at the top

of OMZs (Bianchi et al., 2013a; Jennings et al., 2008). However, this

is still uncertain as subsequent evidence suggests that the

contribution of higher trophic level oxygen consumption in

OMZs may be more marginal than previously thought due to

compensation by passive fluxes and the suppression of metabolic

activity in hypoxic environments (Aumont et al., 2018; Kiko and

Hauss, 2019).

Climate models are powerful tools for understanding and

projecting ecosystem behavior, but care must be taken in their

application and interpretation. Here, we take a tailored,

computationally efficient approach designed to gain a mechanistic

understanding of potential migration depth changes over the OMZ.

This study complements and informs much larger-scale efforts to

leverage ocean, climate and ecosystem models, such as the Fisheries

and Marine Ecosystem Model Intercomparison Project (FishMIP)
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(Novaglio et al., 2024; Blanchard et al., 2024). The present study

highlights the importance of understanding the underlying climate

model projections of ocean water masses before extrapolating

ecosystem impacts. For example, we demonstrate that relevant

features may not align geographically across the model ensemble

and observations, but that feature-specific information can be

leveraged across the model ensemble and extrapolated to the real

ocean. Ocean features, including OMZs, are often misaligned across

model representations and observations (Busecke et al., 2022).

However, in many cases these features can be isolated across

models with frameworks based on water masses (Groeskamp

et al., 2019; Iudicone et al., 2011; Ditkovsky and Resplandy,

2024). Here, we define OMZ layers according to minimum

oxygen concentrations in order to align ocean features across

models and isolate the spectrum of oxygen changes in the core

and outer layers. For future work in coupling climate and ecosystem

models, characterizing the ways in which ecosystems interact with

water masses– rather than how they respond at a fixed geographic

location– may yield the most reliable and interpretable signals.
5 Conclusions

We examine the effects of oxygen and temperature as co-

evolving stressors in the tropical Pacific Ocean OMZ, with a focus

on how future changes may impact diel vertical migration depths.

We apply a vertical ecosystem model to CMIP6 high-emission

scenario ocean projections to account for depth-resolved changes in

habitat suitability. While the CMIP6 ensemble exhibits significant

diversity in its ocean projections, and in turn projections of

migration depths, all CMIP6 projections suggest that local

migration depths may deepen or shoal by over 100 m. When

averaged over the core, migration depths are likely to remain

stable as the result of compensations between warmer

temperatures and more abundant subsurface oxygen. Away from

the OMZ core, the experiments suggest that deoxygenation and

warming together can drive a shoaling of migration depths. This

study suggests that changes in tropical ocean conditions,

particularly around OMZs, can impact predator-prey dynamics

and the efficiency of the biological carbon pump.
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