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3 Abstract

4 The daily vertical migrations of fish and other metazoans actively transport organic carbon from the
5 ocean surface to depth, contributing to the biological carbon pump. An important but unanswered ques-
6 tion is whether fish play a significant role in the biological carbon pump relative to other organisms, both
7 in terms of carbon export and sequestration. Here, we use a game-theoretic food-web model that simu-
8 lates diel vertical migrations to estimate global carbon fluxes and sequestration by fish and zooplankton
9 due to respiration, fecal pellets, and deadfalls. Despite uncertainties due to poorly constrained biomass
10 estimates of some functional groups, a robust result of this model is that fish play a major role in the
11 biological carbon pump. Our model estimates that open-ocean metazoans inject ~3.1 (range 1.5 - 4.7)
12 PgC/yr of a total of ~10 PgC/yr into the ocean’s interior. Fish are further responsible for 47% (25-65%)
13 of the oceanic carbon sequestration mediated by metazoans. This essential ecosystem service provided
14 by fishes could be at risk from unregulated fishing in the high seas.

15
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Introduction

Many marine organisms — from zooplankton to fish — perform diel vertical migrations (DVM) (1} |2), as they seek to
both access food and avoid predators. Small planktivorous organisms feed close to the surface at night, and migrate
to depth during daytime to reduce their predation risk from visual predators (3, |4)). In turn, higher trophic levels
organise their vertical migrations to take advantage of their migrating prey while themselves avoiding predators. DVM
within a marine pelagic community is therefore the product of a co-adaptive “game” where many animals seek to
optimize their migration patterns relative to the migration patterns of their respective prey, predators and conspecifics
(5H7).

These interacting DVM patterns govern trophic interactions (8)) and affect global biogeochemical cycles (9).
Migrating organisms transport carbon obtained through feeding at the surface to depth where it is released through
respiration and excretion. This process, termed the active biological pump (or migrant pump), is highly efficient at
sequestering carbon, because it injects carbon directly at depth and bypasses the remineralization experienced by
passively sinking particles in the upper ocean (10f). The biological pump is one of the ocean’s key ecosystem services,
as it mediates the draw-down of atmospheric carbon dioxide by transporting surface carbon to the ocean’s deeper
layers (1)), where it can be sequestered for time scales ranging from years to centuries ((12)).

Several studies have explored the effects of DVM on carbon export (13H15)), but have mainly focused on export
mediated by zooplankton (13} |15H18)). Recent biogeochemical models estimate that active carbon fluxes at the base
of the euphotic zone (our reference depth for export, unless otherwise stated) mediated by migrating organisms range
between 1 and 30 mgCm 2day !, corresponding to 14-18% of the local passive sinking flux (13| |14)). However, these
studies did not assess the carbon sequestration potential of these processes. Carbon sequestration represents the
excess dissolved inorganic carbon (DIC) held in the oceans due to biological processes, and is an important measure
to report in addition to carbon export (the rate of carbon being brought below the euphotic zone, either actively or
by passive sinking), as the total amount of DIC held by the ocean determines the atmospheric CO2 concentration (9)).

How fish contribute to the biological carbon pump is currently poorly resolved (19, |20)). In particular, the
contribution of mesopelagic fish is potentially of great importance, in part because of their high biomass, which has
recently been estimated to be significantly higher than that of epipelagic fish (21} |22). With biomass estimates
ranging from 1.8 to 16 gigatonnes, mesopelagic fish harbour a huge — but uncertain — potential for active carbon
sequestration through their DVMs and their excretion of fast-sinking fecal pellets (2}, |19).

We use a pelagic food-web model to investigate the potential impact of different metazoan functional groups
(zooplankton, fish, jellyfish) and pathways (respiration, fecal pellets, deadfalls, other losses) on global ocean carbon
budgets. We specifically consider how groups and pathways directly inject respired and egested carbon at depth, and
their contribution to ocean carbon sequestration. That is, we focus not solely on export flux (i.e. carbon that sinks or
is transported below the euphotic zone as organic carbon) but rather on the conversion of organic carbon into DIC
(dissolved inorganic carbon) in the oceans’ interior — what we term carbon injection. The latter is what matters for
carbon sequestration, as carbon exported can be ingested again by detritivorous animals and brought back to the
surface, whereas DIC cannot. We use spatially resolved realistic estimates of global biomasses to compute the DVM
patterns of the different populations — which accord well with in situ observations of vertical distribution biomass
—, and use these global patterns to compute active carbon injection mediated by each group, from both respiration

at depth and degradation of sinking fecal pellets and deadfalls by bacteria and detritivorous organisms. Finally, we
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Figure 1: Top & bottom panels: predicted day and night depth distribution of meso-zooplankton, macro-
zooplankton, forage fish, mesopelagic fish and jellyfish at 26°N 152°W and 7°S 0°E respectively. Middle
panel: Predicted fish mean depth during daytime, weighted by biomass. Circles overlaid are the observed
mean depths weighted by echo intensity recorded using 38 kHz echosounders .

combine our results with an ocean circulation inverse model (OCIM) to estimate the total amount of carbon
that is presently sequestered in the global ocean by the metazoan biological carbon pump, and the sequestration
timescale of respired carbon.

We initialize the model with physiological parameters describing interactions between individuals and metabolic
rates of the different functional groups, as well as the geographic distribution of physical parameters (light, temperature
and oxygen levels) and the carbon biomass of different functional groups. We base our estimates on a reference
simulation with the most probable parameter values, and provide a range of uncertainties for all reported fluxes, carbon
sequestered estimates, and sequestration timescales, by varying the most uncertain parameters of the model by a fixed
fraction of the reference value (typically between 50-150%, but mesopelagic fish biomass was varied between 20% and
200% of the reference value to account for the 10 fold range in biomass uncertainty). All reported uncertainties are the
most extreme values obtained with the different sensitivity scenarios. These scenarios explore how the propagation
of error plays out in this model by computing how all functions, behaviours, and carbon export and sequestration

metrics respond to the change of one parameter.
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Results

The predicted biomass-weighted mean depth (figure 7 taken as the model-predicted mean daytime depth of all fish
weighted by biomass, is deeper in oceanic gyres (between 500-700 m deep), and shallower along the ocean margins
and at the Equator (between 200-400 m). Predicted DVM patterns of the different functional groups (figure |1)) can
be compared to echosounder observations. Even though low frequency (e.g. 38 kHz) echosounder observations can
be biased , they can be used as a proxy for estimating the mean depth of water-column communities (figure
and S7, ) Our simulations generally match echosounder observations: meso-zooplankton and forage fish
remain close to the surface, whereas macro-zooplankton and mesopelagic fish (as well as jellyfish) perform vertical
migrations everywhere (Figure 1). At temperate latitudes, our model predicts shallower migrations than observed, in
particular in the Southern Ocean where seasonality can lead to large annual variations in DVM behaviour coupled
to zooplankton dormancy . The mechanistic formulation of the model and the global vertical distribution of
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Figure 2: Comparison with data. a) Scatter plot of the differences between the observed and the model
predicted depth of the deep scattering layer. b) Difference between the observed (from sediment traps data,
(29)) and modeled POC flux. To decrease possible biases due to localized blooms, only fixed sediment traps
deeper than 500m and with an annual coverage were selected for this comparison.

organisms enables us to compute the strengths of trophic couplings between different functional groups in the model
(ﬁgure, We find the strongest coupling between mesopelagic fish (total biomass of 0.32 (0.06-0.64) PgC) and macro-
zooplankton, with mesopelagic fish ingesting 1.3 (0.3-2.4) PgC of macro-zooplankton annually (the range of estimates
refer to the most extreme values from the sensitivity analysis). Deadfalls and fecal pellets produced by metazoans in
the euphotic zone contribute to a sinking flux of 1.0 (0.6-1.5) PgC yr~! at the base of the euphotic zone (see figure
for local estimates). Additionally, 0.4 (0.2-0.7) PgC yr~! of fecal pellets and 0.1 (0.1-0.3) PgC yr~! of deadfalls
are produced below the euphotic zone by metazoans, which also respire 1.1 PgC yr™' (0.6 -1.7) PgC yr~' through
basal respiration and 0.4 (0.1-0.8) PgC yr~' through other losses below the euphotic zone globally (see figures S11
and S12 for local estimates). Table [1| provides a summary of carbon injection rates due to the different pathways —
basal respiration, fecal pellets, deadfalls, and other losses — for all functional groups.

Assuming that the system is at steady state, we can estimate the contributions of the different functional groups
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Figure 3: Biomass (circles) and fluxes (arrows) in the food-web integrated over the global ocean. Biomasses
are in PgC (white numbers). Black arrows represent ingestion while grey arrows represent fecal pellet

excretion in PgC yr~!. Arrow widths and circle diameters are proportional to the logarithm of the fluxes

and biomasses they represent. Respiration losses are not represented here. The dashed box surrounds the
functional groups that optimize their day and night vertical distribution with DVM.

to carbon sequestration, as well as the corresponding residence times of respired carbon (figure [4] and table .
Mesopelagic fish are the most important contributors to carbon sequestration with a total of 278 (53-708) PgC
sequestered, followed by zooplankton (meso- and macro-zooplankton contribute 118 (37-266) and 230 (114-379) PgC
respectively), forage fish (74 (34-113) PgC), and jellyfish (69 (28-122) PgC). Carbon sequestered via the fecal pellets
pathway resides in the ocean longer than carbon sequestered via respiration (374 (178-635) years vs. 66 (44-77) years
for all functional groups, table . In addition, carbon sequestered via degradation of fast-sinking fish fecal pellets or
carcasses is stored on much longer time scales (up to 968 (757-1055) years for forage fish carcasses, and more than a
thousand years for jellyfish and large pelagic fish carcasses) than carbon sequestered via degradation of slower-sinking
fecal pellets such as meso-zooplankton (141 (43-360) years). While zooplankton produce the largest carbon fluxes
globally, carbon injected via fish respiration or degradation of detritus originating from fish is stored more efficiently
in the ocean’s interior — all because larger organisms tend to remain deeper and because they produce larger particles
that sink faster and thus escape remineralization in the upper parts of the water columns.

On a regional level, the absolute magnitude of carbon injected by metazoans below the euphotic zone varies
significantly, from less than 10 to around 120 mgC m~2 day ™' (figure ) Subtropical gyres have the lowest injection,
followed by the tropics, the Southern Ocean, the North Atlantic and North Pacific. The relative contribution of
mesopelagic fish varies per geographic zone (figure S10), consistent with previous observations . Mesopelagic
fish dominate carbon sequestration via the respiration pathway (more than 70% (34-82%) of the total) due to their
deep daytime residence depths (figure [I]).

Some aspects of our predictions can be compared to independent observations or constraints. We already com-
mented on the DVM predictions. Our predictions of sinking particle fluxes can be compared to observations from

sediment traps (figure ) While there are large differences between data and observations for some locations (up to


https://doi.org/10.1101/2021.03.22.436489

113

114

115

116

117

118

119

120

121

122

123

124

125

126

127

128

129

130

131

132

133

134

135

136

137

138

139

140

141

142

143

144

145

146

147

148

149

bioRxiv preprint doi: https://doi.org/10.1101/2021.03.22.436489; this version posted May 10, 2022. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

15 mgC m™2 day ™), the predicted fluxes are of the same order of magnitude as those observed. There is no global or
regional bias in these differences (figure S9) and the depth bias in modeled vs. observed sediment trap flux is consistent
with biases usually witnessed for this type of data (80). Another comparison is the constraint on carbon sequestration
provided by apparent oxygen utilization (AOU). The total respired carbon sequestration cannot exceed the amount
implied by AOU given the stoichiometric relationship between oxygen consumption and dissolved inorganic carbon
(DIC) production during respiration. Our carbon sequestration values are consistent with the AOU constraint, as
they are well below those expected from World Ocean Atlas AOU estimates (31} figure S13). Predicted global ocean
carbon sequestration constrained by World Ocean Atlas AOU data is 1770 PgC across the global ocean, while a recent
study taking into account variations in the concentration of oxygen subducted into the interior ocean (32)) estimated
that the interior ocean stores 1300 (£ 230) PgC (compared to our estimate of 785 (417-1253) PgC for metazoans).
The difference arises because we do not consider all export pathways (e.g. phytoplankton and aggregate sinkings),
and that our spatial coverage accounts for only 63% of the global ocean (no coastal areas nor latitudes higher than
+45°). Our simulated AOU has a deeper maximum than the observed AOU because we resolve processes with faster
sinking speed, whereas remaining processes (e.g. remineralization of DOC, aggregates and small fecal pellets from
micro-zooplankton) would be concentrated in the upper oceans. Overall, our predictions of DVM, fluxes at depth,
and AOU are compatible with available independent observations.

Because the large number of parameters and high computational cost of each simulation prohibit an exhaustive
sensitivity analysis, we focused model sensitivity to nine poorly-constrained parameters: bacterial degradation rate,
fecal pellet sinking speed, biomass of all functional groups, biomass of mesopelagic fish only, assimilation efficiencies,
assimilation efficiency for detritus only, swimming speeds of all organisms, swimming speeds of mesopelagic fish only,
and reference and maximum temperatures for all temperature-dependent rates. These parameters are anticipated to
be those to which carbon injection and sequestration are most sensitive. Overall, the DVM patterns observed are
robust (figure S14). Carbon injected and sequestered vary significantly between sensitivity scenarios, but are mostly
of the same order as the ranges of the parameter variations (table S2-S22). This highlights the need to understand
better mid-water animal ecology and to refine pelagic biomass data estimates, in order to constrain these parameters
more. In addition, we ran a more detailed Monte-Carlo sensitivity analysis for five different ecoregions (subtropical
gyres, tropical area, North Pacific, North Atlantic and Southern Ocean). This analysis confirms that the behaviour
of organisms and passive and active injections are fairly robust to changes in parameter values (figures S16-S20).
Respiration due to other losses, and to a lesser degree the sinking flux below the euphotic zone, is more sensitive to
small changes in parameters than basal respiration and the production of detritus (fecal pellets or carcasses) below the

euphotic zone. The sensitivity to changes in parameter values was similar within ocean ecoregions (figures S16-S20).

Discussion

Our results demonstrate that, despite large uncertainties, fish play a much more important role in the global carbon
cycle than previously assumed — a hypothesis suggested by local estimates (19} 33, 34) and supported by an analysis
of observed data in a recent review (20). Our model is not built on observations of DVM or carbon flux, but on
fundamental mechanistic principles defining the interactions between individuals within different functional groups.

These interactions lead to realistic vertical migration patterns and carbon fluxes that are coupled to a global ocean
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Figure 4: Simulated carbon injection and sequestration by metazoans. a) Simulated injection below the
euphotic zone (in mgC m~2 day~!). b) Relative contribution of the simulated functional groups to injection
below the euphotic zone. Left panel corresponds to the degradation of organic carbon that was produced in
the euphotic zone and subsequently sank below the euphotic zone, right panel corresponds to the degradation
of organic carbon that was injected by metazoans directly below the euphotic zone. c¢) Globally averaged
concentration of DIC according to the depth at which it is sequestered. d) Relative contribution of the
functional groups to injection and sequestration (left and right column respectively) via the different pathways.
For fecal pellets and carcass degradation, the first flux value corresponds to the degradation of organic carbon
that was produced in the euphotic zone and subsequently sank below the euphotic zone, while the second
corresponds to the degradation of organic carbon that was injected by metazoans directly below the euphotic

zone. For basal respiration and other losses, only the direct injection below the euphotic zone is reported as
there is no sinking flux for these pathways.
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circulation model to assess global carbon sequestration. In our model, fish (including mesopelagic fish, forage fish, and
large predators) account for 40% (14-60%) of the carbon injected by metazoans below the euphotic zone. Assuming
a global carbon export due to all processes (i.e. including phytoplankton and microzooplankton) of around 9-10 PgC
yr~' (351 38)), this suggests that fish are responsible for 12% (4-23%) of total export. This figure is in line with a
recent literature review of local studies that estimated that fish were responsible for around 16% (£ 13%) of carbon
flux out of the euphotic zone (20)). More important, our analysis suggests that fish are responsible for 47% (25-65%) of
simulated carbon sequestration by metazoans (table . The large influence of fish on carbon sequestration (relative to
injection) is due to the deep migration depths of mesopelagic fish, and the production of large fast-sinking fecal pellets,
both of which lead to long sequestration times for the resulting respired DIC. While these first global mechanistic
estimates of DVM patterns and fish carbon sequestration are subject to uncertainty, they provide a baseline for future
assessments and for evaluating the carbon sequestration impact of fishing.

Present global estimates of carbon export are 9-10 PgC yr=! (351/38). Our model estimates a total carbon export
of 2.0 (1.2-13.0) PgC yr~! below the euphotic zone (table S1), mostly from macro-zooplankton and mesopelagic fish
fecal pellets. The difference between the global estimate of 9-10 PgC yr~! and our estimate is because our model
does not include detrital aggregates derived from phytoplankton and unicellular organisms, estimated to account for
an additional 1-2 PgC yr~! (3840)), nor the sinking of fecal pellets and carcasses from microzooplankton, estimated
to account for 3-4 PgC yr~! (88). Further, our model does not include coastal areas (shallower than 500 m) nor
latitudes higher than +45°. Coastal areas were not included because our model is unsuited to shallow continental
shelf regions, and high latitudes were not included because of their seasonality — although they can have important
consequences for carbon export, through e.g. zooplankton dormancy (41)). With the same spatial coverage as our
model, the SIMPLE-TRIM carbon export model (a data-constrained model that estimates a global export flux of

I consistent with the values

~9 PgC yr~',[37) predicts a total export flux out of the euphotic zone of ~6 PgC yr~
provided above.

In addition to the passive sinking of fecal pellets and carcasses, our model also predicts carbon export by active
diel vertical migration. Other modelling studies that have assessed the role of DVM on carbon export have relied on
heuristics rather than mechanistic principles (13} [74)), and rarely considered functional groups separately to assess
their relative importance (13). Their resulting estimates mostly align with ours. Aumont et al. (14) estimated that
all migrating organisms export about 1.0 PgC yr~! below 150 m (this depth is always deeper than the euphotic zone
limit, so this result is hard to relate directly to ours), and Archibald et al. (13]) found that zooplankton are responsible
for the export of about 0.8 PgC yr~! below the euphotic zone. Global carbon export measurements estimate that
mesopelagic fish are responsible for a carbon flux of 1.5 £1.2 PgC yr~! (20), a figure in agreement with our simulated
injection of 1.0 (0.2-2.0) PgC yr~'. Note that here we are using carbon injection and not carbon export. Carbon
injection is a more relevant metric when it comes to metazoan-driven carbon transport, as (organic) carbon exported
can be uptaken again by detritivorous organisms, while carbon injected (in the form of dissolved inorganic carbon)
cannot be reused by metazoans.

Our results are relatively robust, as a factor 2 change in the most sensitive parameter values leads to a factor 2
change in export. The relative importance of fish for carbon sequestration remains high throughout the sensitivity
analysis. Omne of the most sensitive inputs is biomass, and global estimates are highly uncertain. For example,

mesopelagic fish global biomass estimates vary between 20 and 200% of the reference estimate due to the uncertainty
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in translating echosounder observations into biomass estimates (22). Gelatinous zooplankton estimates are still highly
imprecise (42)), but potentially of considerable importance. A recent study (43) estimated that gelatinous zooplankton
were responsible for a global export of 1.6-5.2 PgC yr~! below 100 m. Even though that study included coasts and
high latitudes and had a fixed depth horizon, their estimate is still much higher than our estimate of a total injection
of 0.1 (0.04-0.2) PgC yr~! below the euphotic zone for jellyfish, perhaps because their study —unlike this one— included
gelatinous zooplankton that can also feed on phytoplankton and micro-zooplankton.

An omitted functional group of this model is bathypelagic fish. These fish constantly live below ~1000 m,
potentially migrating daily between bathyal depths (up 4000 m deep) and the mesopelagic zone, taking up the lower
rungs of Vinogradov’s ladder (44)). These organisms, feeding on mesopelagic fish (that can also, sometimes, migrate
below 1000 m (34} [45)), would tend to increase the time scales on which carbon is sequestered. The biomass of
bathypelagic fish is, however, even less well known than the biomass of mesopelagic fish. Therefore, their potential
contribution to global carbon sequestration is hard to assess. We can only conjecture that carbon sequestrated
because of bathypelagic fish respiration and excretion would be sequestrated on very long time scales given the depths
at which these organisms live. This consideration emphasizes further the importance of considering carbon injection
and sequestration in addition to carbon export. While carbon export is an important metric, it only gives a partial
idea of ocean carbon budgets. Carbon injection — the depth dependent biologically mediated source of DIC — is a
more relevant metric that all biological pump studies should strive to estimate, whether focusing on the degradation
of sinking POC (i.e. bacterial respiration) or respiration from vertical migrants.

As anthropogenic pressures increase, the last realm to remain relatively undisturbed by human activities is the deep
sea. This may change because of commercial incentives to fish on the vast resource that mesopelagic fish represents
(46)). Tt has been suggested that 50% of the existing mesopelagic biomass can be sustainably extracted (46)). However,
fishing may have implications for carbon sequestration (47} [48)). Even by assuming that only 25% of their biomass is
harvested annually, then to first order that would reduce their contribution by 25%, i.e., by 70 (13-177) PgC (which
is equivalent to 257 (49-655) Pg CO2). At € 80 per tonne of CO2 (CO2 European Emission Allowances, April 2022),
the carbon off-set value of 25% of mesopelagic fish biomass would be € 20 (4-52) trillion. This estimate demonstrates
that there is a trade-off between economic gain of developing mesopelagic fishing and the cost of the forgone carbon

sequestration.

Methods

The behavioural part of our model is a 1D model depicting a pelagic community, from surface waters to mesopelagic
depths (figure [3). The model resolves migrating functional groups: meso-zooplankton, macro-zooplankton, forage
fish, large pelagic fish, jellyfish, and mesopelagic fish, as well as non-migrating resources of phytoplankton and micro-
zooplankton. The biomass of all groups is fixed. The vertical distribution of phytoplankton depends on the mixed
layer depth. Large pelagic fish are assumed to be uniformly distributed in the water column as they are proficient
swimmers that are able to move up and down the water column several times a day Holland1992, Thygesen2016. This
distribution also implies a uniform distribution of predation risk (depth effects aside) for prey, consistent with the fact
that predators can relocate much faster than their prey. All other functional groups can move in the water column

and our model computes the optimal day and night distribution of all organisms in the water column simultaneously.
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Detritus is created by organisms (through fecal pellet production or by natural mortality), sinks, and gets degraded
or ingested by macro zooplankton along the way.

An organism’s optimal strategy (i.e. day and night positions) maximises its fitness given the position of all other
organisms in the water column. As an individual selects a strategy, the fitness of its prey, predators and conspecifics also
varies. Hence, the optimal strategy of all individuals is intrinsically linked to the optimal strategy of all other players.
The optimal strategies for all individuals is attained at the Nash equilibrium Nash1951, where no individual can
increase its fitness by changing its strategy. The Nash equilibrium is found using the replicator equation Hofbauer2003,
Pinti2019, Pinti2019b. In short, the fraction of the population following a particular strategy grows proportionally to
the fitness related to that strategy.

The fitness measure used is Gilliam’s rule Houston1993, i.e. growth divided by mortality. In a steady environment,
this is a valid approximation to life-time reproductive success as an organism that constantly optimises this measure
will maximise its life-time reproductive success Sainmont2015. The fitness is calculated from simple trait-based
mechanistic principles. In the water column, abiotic conditions (temperature, light levels, oxygen concentration)
vary vertically, impacting vital rates and trophic interactions between organisms, in turn affecting the fitness of
organisms. Light levels also vary between day and night, creating the possibility for organisms to perform DVM — if
the optimal strategy is to change vertical position during day and night. Mixed layer depths vary spatially, impacting
the distribution of phytoplankton.

The growth rate of organisms is the assimilation rate minus standard metabolic rate and migration cost. The
mortality rate is the mortality due to predation plus a small background mortality. Predators and prey swim at a
constant speed and encounter each other depending on the clearance rate of the predator (for visual predators, this
varies vertically due to light attenuation in the water and between day and night). The probability of capture in
each encounter event depends on the escape speed of prey and the attack speed of predators, both varying with the
aerobic scope of the corresponding organism (which depends on the local oxygen and temperature conditions). The
ingestion rate of each organism is modulated by a type II functional response, except for jellyfish that follow a type
I functional response with no saturation at high prey concentrations Holling1959, Titelman2006. An ingested prey is
then assimilated with a certain efficiency. The fraction not assimilated is egested as fecal pellets. Moreover, organisms
dying of natural mortality (background mortality and not predation) sink as carcasses with a fast sinking velocity,
bringing carbon to depths as carcasses get degraded by bacteria. All details, equations and parameters for fitness
calculations are given in the supplementary material.

This 1D behavioural model is run at a global scale, informed by global biomass, temperature and oxygen levels
estimates. Global biomass estimates of plankton are outputs of the COBALT model Stock2014,Stock2017, forage
fish and large pelagic fish biomasses are outputs of the FEISTY model Petrik2019, and mesopelagic fish biomass
is calculated from acoustic backscatter Proud2017, Proud2018. Environmental drivers (temperature, oxygen, light
attenuation coefficient, and mixed layer depth) are taken from the World Ocean Atlas 2018 Locarnini2019,Garcia2019.
Global inputs are pictured in figures S4 and S5.

Once the global behaviour of organisms is computed, we compute the amount of carbon respired, egested as fecal
pellets, or sinking as carcasses for each functional group. This directly provides us with global carbon export and
injection estimates. The animal respiration rates (basal respiration and other losses — an aggregate of all processes

not accounted for in the model, such as specific dynamic action and reproduction) and bacterial respiration rates (due

11


https://doi.org/10.1101/2021.03.22.436489

265

266

267

268

269

270

271

272

273

274

275

276

277

278

279

280

281

282

283

284

285

286

287

288

289

290

291

292

bioRxiv preprint doi: https://doi.org/10.1101/2021.03.22.436489; this version posted May 10, 2022. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

to the degradation of fecal pellets and carcasses) are then used to compute the carbon sequestration by each pathway
using a data-constrained steady-state ocean circulation inverse model [OCIM, ][] DeVries2011,DeVries2014, Holzer2021,
providing estimates of the amount of carbon sequestered in the oceans via the different pathways, assuming equilibrium
conditions. Dividing the amount of carbon sequestered by the corresponding global injection yields the sequestration
time of respired carbon, a measure of the time scale on which carbon is sequestered.

The source code (written in MATLAB) supporting this article has been uploaded as part of the supplementary

material and is available at: https://github.com/JeromeAqua/Global_contribution_fish

Data, code and material

The source code (written in MATLAB) supporting this article has been uploaded as part of the supplementary material

and is available at: https://github.com/JeromeAqua/Global_contribution_fish.
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