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1 1D diel vertical migration model

1.1 Food-web set-up

The model depicts a pelagic community, from surface waters to mesopelagic depths. We consider phy-
toplankton resources, two zooplankton populations (meso-zooplankton and macro-zooplankton), forage
fish, large pelagic fish, tactile predators (e.g. jellyfish), mesopelagic fish, and detritus (figure 1). The
water column is discretized in n layers. The average total biomass of all functional groups in the water
column is fixed. The vertical distribution of phytoplankton is fixed and distributed in the surface mixed
layer. Large pelagic fish are very fast organisms able to move up and down the water column several
times every day [18, 49], so we consider their distribution fixed and uniform in the water column. The
vertical distribution of all other groups (meso- and macro-zooplankton, forage fish, mesopelagic fish and
tactile predators) is the emergent property of the model, as organisms can perform DVM. The day is
divided in two periods of time – daytime and nighttime – and organisms can choose their daytime and
nighttime positions according to fitness-optimization rules detailed below. Detritus is created by organ-
isms (through fecal pellet and carcasses production), sinks and is degraded along the way, but can also
be ingested by macro-zooplankton.

A summary of all parameters and functions used in this document is provided tables S23, S24, S25,
S26 and S27.

We call X̃ the mean concentration of population X in the water column in gC m−3. Here and in
the rest of this document, X is a placeholder referring to the different groups of individuals considered:
meso-zooplankton C, macro-zooplankton P , forage fish F , mesopelagic fish M , large pelagic organisms
A or tactile predators J . Xij is the proportion of population X following strategy ij (we call strategy
the set of day (i)-night (j) positions an individual adopts). In the following of this document, i and j
will either refer to a water layer or to the depth of this specific water layer. By definition, we have

n∑
i=1

n∑
j=1

Xij = 1. (1)

The concentration of organisms in water layer i during daytime is

X(i, day) = X̃n

n∑
k=1

Xik, (2)

with a similar expression for the concentration of organisms in layer j during nighttime.
In the water column, abiotic conditions (temperature, light levels, oxygen concentration) vary verti-

cally, impacting the fitness WX of organisms. Light levels also change 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. The goal of performing DVM is to optimize fitness. As an individual selects a
strategy, the fitness of its prey, predators and conspecifics also varies. Hence, the optimal strategy of
each individual is intrinsically linked to the optimal strategy of the other players. The optimal strategies
for all individuals is attained at the Nash equilibrium [32], where no individual can increase its fitness
by changing its strategy. The Nash equilibrium is found using the replicator equation [17, 36, see section
1.5]. In short, the fraction of the population following a particular strategy grows proportionally to the
fitness related to that strategy, before renormalization to ensure fixed population sizes.

1.2 Effects of temperature and oxygen on standard metabolic rate, maximum
metabolic rate and aerobic scope

While the effect of temperature T on vital rates is fairly well understood and modelled (e.g. with Q10

temperature coefficients), oxygen concentration is rarely considered in population models of zooplankton
and fish. The way oxygen concentration affects the standard metabolic rate (SMR) and the maximum
metabolic rate (MMR) of organisms depends on whether they are oxygen regulators or oxygen conformers
(figure S1). Oxygen regulators (i.e. fish) have an SMR depending only on temperature [13, 41] – at least
at oxygen concentrations above the critical oxygen tension (pcrit), below which the animal will start
accumulating an oxygen debt (see also section 1.2.3) and eventually die if continually exposed to hypoxia
or anoxia – whereas oxygen conformers (i.e. zooplankton and jellyfish) have the ability to decrease their
oxygen requirements when the oxygen partial pressure pO2

drops below preg (typically below 60% oxygen
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Figure S1: Outline of typical maximum metabolic rates (MMR), standard metabolic rates (SMR) and
aerobic scopes (AS=MMR-SMR) of oxygen regulator and oxygen conformer organisms. Here, T1 < T2.

saturation, [23]). For both oxygen regulators and conformers, the MMR drops when pO2 decreases below
preg [45].

pcrit is the oxygen partial pressure at which MMR equals SMR, and preg the partial pressure above
which the MMR cannot increase.

The aerobic scope AS (defined as MMR-SMR [14, 8]) defines the amount of oxygen that organisms
can use for their activities. As such, we assume that maximum ingestion rate and activities such as
swimming speed scale linearly with it, up to a maximum level. Few expressions of aerobic scope of
pelagic fish or zooplankton as a function of both temperature and oxygen are available in the literature,
and for simplicity we transformed the expression of Claireaux et al. [8] in a piece-wise linear function
(figure S1) for both oxygen conformers regulators.

1.2.1 Rates for oxygen conformers

In the following, we drop the dependencies in X, T and pO2
for readability. We also call s(T ) the function:

s(T ) = SMR0Q
min(T,Tmax)−Tref

10
10 , (3)

where T is temperature, SMR0 the standard metabolic rate at Tref , and Tmax the temperature of
maximum aerobic scope.

The following equations are derived from the maximum metabolic rate being equal to the standard
metabolic rate at pcrit (by definition of pcrit) and from the maximum metabolic rate being 0 under
complete anoxia (figure S1, [50]).

The SMR is:

SMR = s(T ) if pO2 > preg = 0.6pmax

= s(T )
[
1 +

(
∆MR

pcrit
preg

− 1
)
preg−pO2

preg−pcrit

]
if pO2

≤ preg,
(4)

with pO2 the oxygen partial pressure and ∆MR the factor of increase of MMR compared to SMR under
normoxia.
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Similarly, the MMR of an oxygen conformer is:

MMR = ∆MRs(T ) if pO2
> preg = 0.6pmax

= ∆MRs(T )
pO2

preg
if pO2

≤ preg.
(5)

1.2.2 Rates for oxygen regulators

With the same conventions as section 1.2.1, the SMR is (figure S1):

SMR = s(T ), (6)

and the maximum metabolic rate is:

MMR = min

(
s(T )

pO2

pcrit
,∆MRs(T )

)
. (7)

1.2.3 Diel context

For some combinations of temperature and oxygen concentration, the aerobic scope of the organism is
negative (figure S1), meaning that it has a deficit in oxygen supply compared to its oxygen demand.

Organisms can build up and sustain an oxygen debt (typically building lactates [44, 46]) for a period
of time. Fish can usually sustain this oxygen deficiency for a few minutes to a few hours [47, 33], whereas
zooplankton can withstand such low oxygen conditions for several hours and up to half a day [13]. As
the hypoxic tolerance of fish is below the temporal resolution of our model, habitats yielding negative
metabolic scopes (and their related strategies) are not available to fish populations (figure S2), except
large pelagic fish that are scattered in the water column.

Some zooplankton can, however, maintain an anaerobic metabolism for a period of up to half a
day. When in anaerobic mode, they build up an oxygen debt that needs to be repaid later. In our
case, we consider that the oxygen debt taken during one part of the day (daytime or nighttime) will
be repaid during the other part of the day, decreasing the available aerobic scope. Once again, the
aerobic scope is set to a minimum of 0, so oxygen debts cannot be repaid in all cases: for example, a
day and a night residency at low oxygen levels is not a viable strategy as it would create a oxygen debt
that can never be repaid (not to mention the fact that a constant aerobic scope of 0 means that the
organism does not feed, see figure S2). In cases where the oxygen debt can be repaid (for example a
day oxygen debt repaid at night), the available aerobic scope during nighttime SX(i, j, day = 0) is equal
to its original value as calculated in sections 1.2.1 and 1.2.2 plus the negative daytime aerobic scope
S̃X(i, j, day = 1) = AS(z = i), modulated by the proportion of daylight hours in a day:

SX(i, j, 0) = (1− σ)S̃X(i, j, 0) + σS̃X(i, j, 1). (8)

1.3 Fitness

The fitness W of an individual from population X following strategy ij (i.e. being at depth i during day
and j during night) is defined, following Gilliam’s rule, as its growth rate divided by its mortality rate
[16, 19]:

WX(i, j) =
gX(i, j)

mX(i, j)
. (9)

The fitness of phytoplankton and of large predatory fish is not considered here as we constrain their
vertical distributions.

Growth g is equal to the assimilation rate ν due to predation minus a standard metabolic cost Q and
a migration cost Cmigr. Mortality m is due to predation µ and to a background mortality µ0.

1.3.1 Metabolic rate

The standard metabolic cost experienced by an individual X following strategy ij is:

QX(i, j) = σQ̃X(i) + (1− σ)Q̃X(j), (10)

with σ the proportion of daylight hours in a day and Q̃(z) the metabolic cost experienced at depth z.
Q̃(z) is the standard metabolic rate at the conditions encountered at depth z:

Q̃(z) = SMR(T (z), pO2(z)). (11)
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Figure S2: Example of possible (green check marks) and impossible (red crosses) strategies (arrows) for
copepods and fish. Red level in half-circles represent the oxygen available, and the blue line the basal
oxygen requirements, i.e. the standard metabolic rate. As depth increases, the standard metabolic rate
decreases, and the maximum metabolic rate (and hence aerobic scope) scope changes because of changing
oxygen and temperature levels. The SMR also decreases because of decreasing temperatures. When the
potential aerobic scope gets negative, zooplankton can build up an oxygen debt which can be repaid
during the other part of the day, but fish cannot – making any habitat with a negative aerobic scope
unsuitable. For zooplankton, the total balance cannot be negative: the oxygen debt contracted during
part of the day has to be repaid during the other part of the day.
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The reference metabolic rate at Tref is SMR0, defined as [25]:

SMR0 = 0.0014w−0.25
X , (12)

with wX the body mass measured in gC. Weights of organisms from each functional group are given in
table S25.

1.3.2 Assimilation rate

As for the metabolic rate, the total assimilation rate is the mean of the assimilation rate during day and
night:

νX(i, j) = σν̃X,i,j(i) + (1− σ)ν̃X,i,j(j), (13)

with ν̃X,i,j(z) the assimilation rate of X at depth z (z = i during day and j during night). Note that
the calculation of ν̃ is tedious as it depends on the feeding mode of the predator, on the concentration
of prey at the considered depth, and on the environmental conditions encountered during both day and
night – as the oxygen debt during part of the day can modulate the aerobic scope during the other part
of the day and hence the assimilation rate.
The assimilation rate ν̃(z) is related to the swimming speed u and the maximum ingestion rate Imax of
an individual, both of which are impacted by temperature and oxygen concentration in the water column
as they scale linearly with the aerobic scope S of the organism (section 1.2.3). We express u and Imax
as:

uX,i,j(z) = u0,X
SX(i,j,z)

S0
,

Imax,X,i,j(z) = Imax0,X max
[
10−10, SX(i,j,z)

S0

]
,

(14)

with uX0 and Imax,X0 being swimming speed and maximum ingestion with an aerobic scope S0.
The reference swimming speed u0,X in m day−1 is defined as [20]:

u0,X = 7.87 · 104l0.825 for zooplankton and fish,

= 2.68 · 104l0.75 for tactile predators,
(15)

with l in m. Lengths of organisms from each functional group are given in table S25. The reference
maximum ingestion rate in gC day−1 is [2]:

Imax0,X = 0.0542w
3/4
X for zooplankton,

= 226.6l2.55X for fish,
(16)

with l in m and w in gC.
The assimilation rate ν̃(z) can first be expressed as:

ν̃X(z) =
∑
preyY

φXF
Y
X (z), (17)

with φ the assimilation efficiency and FYX (z) the ingestion rate of prey Y by predator X at depth z. Note
that for macro-zooplankton, prey also include the detritus pool.

Ingestion rate:
The ingestion rate FYX (z) is defined as:

FYX (z) =
1

wX

Imaz,X(z)EYX(z)

Imaz,X(z) +
∑
preyY ′ EY

′
X (z)

, (18)

with EYX the encounter rate of prey Y by predator X. EYX is equal to:

EYX(day, z) = ΓYX(z, day)V YX (day, z)Φ(X,Y )Y (day, z), (19)

where ΓYX is the depth- and time-dependent capture probability of Y by X, V YX the clearance rate of
X on Y , Φ the preference matrix (whose values are given table S26) and Y the concentration of prey
organisms at the time and depth considered. As in eq. 8 and for the rest of this document, day is a
boolean taking value 1 during daytime and 0 during nighttime.
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Large pelagic fish are uniformly distributed, as they can move up and down in the water column
several times a day [18, 49]. As these organisms do not remain at fixed (different) depths all the time,
their population is assumed to be monomorphic, i.e. all organisms within the population perform the
same strategy. As such, the ingestion rate of large pelagic fish is:

FYA (z) =
1

wA

Imax,A(z)E
Y
A (z)

Imax,A(z) +
∫ ZMAX

0

∑
preyY ′ EY

′
A (z′) dz′

. (20)

Clearance rate:
For fish, the clearance rate depends on the light level at the time and depth considered. The visual

range ΛYX(z, day) of a fish X preying on Y is expressed as [3]:

ΛYX(z, day) = RY0,X

√
light(z, day)

Ke,X + light(z, day)
, (21)

with R0,X the reference visual range, Ke,X the half-saturation constant for light and light(z, day) the
light level at the time and depth considered. Light levels are expressed as:

light(z, day) = ρl(day)Lmax exp(−κz), (22)

with ρl the attenuation coefficient between day and night (1 and day, 10−5 at night), Lmax the surface
daytime irradiance and κ the light attenuation coefficient of the water. We assume that the visual range
of a fish is always at least 10% of its body length. The clearance rate is the volume of water swept looking
for prey per unit of time. For fish, it is:

V YX (day, z) = γπmax
[
ΛYX(z, day)2, (0.1lX)2

]
uX(z), (23)

with γ the cross-sectional area efficiently scanned and uX the predator swimming speed.
For zooplankton, the clearance rate is:

V YC (day, z) = π(2lC)
2uC(z), (24)

with 2lC the detection distance [51]. Finally, for tactile predators, the clearance rate is [1]:

V YJ (day, z) = fπ(lJ/2)
2uJ(z), (25)

with f the filtering efficiency of tactile predators.

Capture probability:
The capture probability ΓYX(z, day) is based on the maximum swimming speed of organisms and on the

prey visual range [6, see figure S3]. During an attack event, the organisms do not swim at their cruising
speeds u but at their maximum swimming speed umax, defined in m s−1 as [12]:

umax =

{
1.15w0.16

c for zooplankton and fish
0.51w0.16

c for jellyfish,
(26)

with w in gC.
Once a predator X encounters a prey Y , the attack event starts when the distance between the two

is the prey detection distance rdetec = ΛXY (z, day) – if the prey detects the predator before the predator
detects the prey, we assume that the prey always escapes before the predator detects it, and as such it
is not captured. Similarly, the capture probability of non-motile prey (phytoplankton, detritus) is 1. For
simplicity, we do not consider social behaviours and assume that capture probabilities are independent
of prey and predator concentrations. The predator jumps towards the prey, and the prey tries to escape
by jumping a distance resc into a random direction. For simplicity, we assume here that the prey jumps
for as long as it takes the predator to reach its initial position, so we have:

resc =
rdetec

ASX(z)umax,X
ASY (z)umax,Y . (27)

The predator jumps until it reaches the end of the sphere of all possible escape jumps of the prey (figure
S3), so:

rattac = rdetec + resc. (28)
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Figure S3: The zooplankton capture probability by the fish is the ratio between the green volume (inter-
section between the predator capture area and the zooplankton potential escape location) and the beige
volume (sphere of potential escapes of the zooplankton).

The predator can capture the prey on a disc of radius rcapt = 0.1lX . As the prey can jump in any
direction with no preference a priori, we assume that the capture probability is the fraction vcapt of the
escape sphere vesc swept by the predator as it moves through it:

ΓYX(z, day) =
vYcapt,X(z, day)

vYesc,X(z, day)
. (29)

1.3.3 Mortality

For all migrating populations, mortality is the sum of a predation mortality rate µX and of a background
mortality rate µ0,X . For macro zooplankton and mesopelagic fish, µ0,X is light-dependent to mimic extra
predation risks from non-modelled functional groups. As for metabolic and assimilation rates, the total
mortality rate of an individual following a strategy ij is the mean of the mortality rates experienced
during day and during night:

µY,i,j = σµ̃Y (i, 1) + (1− σ)µ̃Y (j, 0), (30)

with µ̃Y (z, day) the mortality rate experienced by Y (i, j) during day (depth i) or during night (depth
j). Note that, contrary to ingestion rates, mortality rates are not dependent on the aerobic scope of
the individual, but only on the aerobic scopes of its predators. Therefore, the mortality rate of a prey
population during day at z is:

µ̃Y (z, day) =
∑

pred.X

∑
compatible
strat.ij

FYXXij
1

Y (z, day)
, (31)

Y (z, day) being the concentration of prey Y at depth z during day. The compatible strategies are the
strategies that overlap with prey at the time and depth considered (so being at i during daytime, or a j
during nighttime depending on the value of day).

1.3.4 Migration cost

The migration cost Cmigr,X of an organism X is calculated similarly to Pinti et al. [35], where organisms
are simply assumed to be steadily translating spheres. We start by computing the hydrodynamic drag
Dr,X of the body [24]:

Dr,X =
1

2
πCDρ

((10−2 m cm−1)l)2

4
u2X [ kg m s−2], (32)

with ρ the density of the fluid, uX the speed of the organism and CD,X its drag coefficient. We can relate
this drag coefficient to the Reynolds number ReX [24]:

CD,X =
24

ReX
+

5√
ReX

+
2

5
, (33)

with the Reynolds number defined as:

ReX =
10−2lXuX

νw
. (34)
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νw is the kinematic viscosity of sea water. The normalized energy spent migrating is then:

Cmigr,X = 2 1
wX

1
46·103

∫
migr event

Dr,X

ϵ uXdt

=
Dr,X

46·103ϵwX
2∆Z [ day−1].

(35)

ϵ is the efficiency with which internal energy is converted to motion [52] and ∆Z is the distance migrated.
The factor 2 is there because the migration cost accounts for the migration at dawn and at dusk. The
migration cost is converted to grams of carbon using a generic ratio of 46 kJ gC−1 [42].

1.4 Detritus

In this model, detritus are fecal pellets created by organisms which are consumed by detrivores or degraded
by bacteria. Each population creates fecal pellets of different sizes and sinking speeds. DX(z) refers to
the concentration at depth z of fecal pellets created by population X. Fecal pellets are the part of the
food ingested that is not assimilated, and is therefore created at the rate

Dcrea,X(z) = (1− φX)
∑
preyY

FYX (z). (36)

Large pelagic fish are assumed to be distributed evenly in the water column as a closure term, the even
distribution means that fecal pellets or respiration could originate from depths where the organisms spend
little or virtually no time in reality (so as at 1000 m depth). As a pragmatic solution to this problem,
we redistribute the carbon respired and excreted at the depths at which large pelagic prey are present
(forage fish, mesopelagic fish and tactile predators). Therefore, we have:

Dcrea,A(z) = (1− φA)
∫ ZMAX

0

∑
preyY F

Y
X (z′)dz′

σ
∑

X=M,F,J X(z,1)+(1−σ)
∑

X=M,F,J X(z,0)∫ ZMAX
0 σ

∑
X=M,F,J X(z′,1)+(1−σ)

∑
X=M,F,J X(z′,0)dz′

(37)
Macro-zooplankton organisms can also feed on detritus, and their consumption rate of detritus is

Dconso,X(z) = FDX

P (z). (38)

It is worth noting that in our model with no population or detritus dynamics (i.e. populations do not
get depleted as they are eaten), the daily consumption of detritus in a water layer can be larger than
than the concentration of detritus in that layer. As a pragmatic solution to this artefact, we impose a
limit ψ of the proportion of the detritus in a water layer that can be consumed daily:

F̃DX

P (z) = min

[
ψDX(z)

Dconso,X(z)
FDX

P (z), FDX

P (z)

]
. (39)

Further, if a rescaling is used for macro-zooplankton detritus ingestion rates, the rescaling factor ψDX(z)
Dconso,X(z)

is also applied to detritus encounter rates, so that it modifies the macro-zooplankton ingestion rate of
phytoplankton and meso-zooplankton (section 1.3.2 eq. 18).

All this considered, the creation of detritus ζX(z) is:

ζX(z) = Dcrea,X(z)− F̃DX

P (z). (40)

The steady state concentration of detritus DX in the water column is obtained by solving the following
transport equation:

∂DX

∂t
= −α(z)DX − ωX

∂DX

∂z
+ ζX = 0, (41)

where ωX is the sinking speed of fecal pellets and α is the depth-dependent bacterial degradation rate
of detritus:

α(z) = α0Q
T−Tref

10

bac

pO2

KO2
+ pO2

, (42)

with α0 the maximum degradation rate, Qbac the Q10 factor of bacterial respiration and KO2
the half-

saturation constant of the oxygen dependency of the degradation rate [11].
Eq. 41 is solved numerically using an Euler scheme.
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1.5 Nash equilibrium

The optimal vertical migration patterns of all organisms is attained when the system is at its Nash
equilibrium [32]. At this point in the strategy space, no organism can increase its fitness by changing
unilaterally its behaviour. Only a subset of the available strategies (i.e. set of depths ij) may be populated
at this point, and all the populated strategies of a population will have identical fitness. Formally, this
translates in:

WX(i, j) =W 0
X for all (i,j) such that Xi,j > 0,

WX(i, j) ≤W 0
X for all (i,j) such that Xi,j = 0.

(43)

The Nash equilibrium of the system is found using the replicator equation [43]. The replicator equation
is a two-step process, during which we allow the proportion of individuals following strategy ij of a
population to grow proportionally to its fitness, before renormalisation to ensure that populations do not
grow in size:

X ′
ij(t+ δt) = Xij(t) + λtWX(i, j)Xi,j(t),

Xij(t+ δt) =
X ′
ij(t+ δt)∑

k

∑
lX

′
kl(t+ δt)

.
(44)

λt is a factor chosen to ensure a rapid transition to equilibrium. As a practical compromise, λt is
chosen so that λtmax(WX(i, j)) = 0.05.

In theory, such a system can have several Nash equilibria. Here, we tested for this with a range of
different initial conditions and could not find more than one Nash equilibrium for all the water columns
tested.

At each time step, the detritus flux and concentrations are also updated, and taken as the weighted
mean of the equilibrium flux and concentrations given by the population distribution at time t (90%)
and t+ δt (10%).

2 Global model

In order to get global DVM patterns of the considered population, we run the previous model on the global
ocean discretised in 1x1 degree cells. The water column model is run independently in each cell, ignoring
possible interactions between the different cells, though physical properties and plankton biomasses do
take into account the influence of currents (interacting cells), whether from in situ measurements (WOA)
or an Earth System Model (COBALT).

To run the model on a global scale, physical and biological inputs are needed:

• Global 3D temperature field ;

• Global 3D oxygen concentration field ;

• Global surface irradiance and light attenuation coefficient ;

• Global biomasses (not resolved vertically – but only horizontally) of the different populations of the
model: phytoplankton and microzooplankton, meso-zooplankton, macro-zooplankton, forage fish,
mesopelagic fish, large pelagic fish and jellyfish ;

• Global mixed layer depth estimate, to assess the vertical distribution of phytoplankton in the water
column.

We ignore seasonal fluctuations and use only annually averaged inputs. The global temperature and
oxygen fields are averaged from the world ocean atlas [27, 15]. The light attenuation coefficient comes
from the MODIS GMIS-AQUA climatology of the European Commission [30]. These three physical
parameters were averaged over the period 2003-2017.

The day surface irradiance is calculated for each latitude following Naraghi and Etienne [31]:

Lmax =
1

365
GSG

365∑
d=1

sin(β)

[
1 + 0.033 cos(360

d− 3

365
)

]
, (45)
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with GSG the solar constant equal to 1367 W/m2, d the day number of the year and β the solar altitude
angle, defined as

sin(β) = cos(lat) cos(δ) cos(h) + sin(lat) sin(δ), (46)

with lat the latitude considered, h the hour angle (equal to 0 here as we are looking for the irradiance
at solar midday), and δ the solar inclination angle equal to 23.45 sin(360d+284

365 ). The resulting yearly-
averaged surface irradiance is pictured figure S4.

Mixed layer depth is calculated using a temperature criterion of ± 0.2 degrees from temperature at
10 m [9, figure S4]. The mixed layer depth is calculated to assess the distribution of the non-migrating
phytoplankton in the water column. If z0 is the mixed layer depth, phytoplankton are distributed
following [22]:

R(z) ∝ 1− tanh

(
4(z − z0)

z0

)
. (47)

The global estimates of resources and zooplankton are the outputs of the COBALT model [48] (meso-
zooplankton and macrozooplankton correspond to the medium and large zooplankton size classes in
COBALT), that are also used in the FEISTY model that provides the abundances of forage fish and
large predators [34]. Fish in FEISTY do not interact between grid cells, but the zooplankton and detri-
tus they experience in their individual grid cells is the result of advection-diffusion in COBALT.

The predicted global median mesopelagic fish biomass of 3.8 Pg [39] (wet weight, assuming all fish
retain gas-filled swimbladders throughout their life-cycles) is distributed proportionally by mesopelagic
province [38] using the province values of predicted 38 kHz mesopelagic echo energy (i.e. the predicted total
amount of echo-energy backscattered by the mesopelagic community when insonified using an echosounder
operating at 38 kHz):

Mesopelagic fish province biomass =
(total biomass) · (province 38 kHz mesopelagic echo energy)

(global 38 kHz mesopelagic echo energy)
.

(48)
Global uncertainty in mesopelagic fish biomass is about 1 order of magnitude, but local uncertainty
cannot be quantified for the time being. Local NASC uncertainty would have to be combined with local
species assemblage uncertainty. Estimating local variations in mesopelagic fish biomass estimates would
require knowledge on siphonophore densities, depth distributions and gas bladder size distributions, and
knowledge on fish swimbladder size distribution. Proud et al. [40] summarise current knowledge level on
that issue.

For forage fish we use output from the FEISTY model [34]. FEISTY does not distinguish between
forage and mesopelagic fish as it does not have vertical migrations implemented. Forage fish are only
those feeding in the top 100m of the water column, and as such could also account for some mesopelagic
fish – resulting in overestimating the importance of forage fish for carbon export. In practice, this risk is
limited as mesopelagic fish biomass estimates are typically much higher than forage fish biomass estimates
from FEISTY (figure S5).

The global abundance of jellyfish is likely to vary, both temporally and spatially. As such, we set their
biomass to a constant and conservative estimate of 0.1 gC m−2 [28]. Global biomasses of zooplankton
and fish are pictured figure S5.
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is capped to 1500 m and the light attenuation coefficient to 0.1 day−1.

12



0.2 0.4 0.6 0.8 1 1.2 1.4

Mesozooplankton [gC / m2]Phytoplankton [gC / m2]

Macrozooplankton [gC / m2] Mesopelagic fish [gC / m2]

Forage fish [gC / m2] Large pelagic [gC / m2]

0.5 1 1.5 2 2.5 0.20.1 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

0.2 0.4 0.6 0.8 1 1.2 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6

0.5 1 1.5 2 2.5 3

Figure S5: Biomasses of the different functional groups considered in gC / m2.
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3 Carbon injection and sequestration

For each functional group, carbon can be sequestered in the oceans via 4 pathways: via fecal pellet
degradation, via basal respiration, via carcass degradation (carcasses are produced at a rate equal to
the background mortality of each functional group µ0,X), and via other losses (a term accounting for all
processes not included in the model, including reproduction and specific dynamic action). The carbon
budget is balanced in the model for each functional group, through the “other losses” pathway that
acts as a buffer encompassing all processes unaccounted for explicitly in the model (e.g. expenditure due
to reproduction, social behaviours). As a conservative estimate, we assume that these other losses are
respired by organisms – a reasonable assumption when considering that carbon not currently considered
in the bioenergetic budget would either be respired or used for reproduction. They are calculated, for all
functional groups as the energy left when all metabolic and mortality costs are paid: gX(i, j)−mX(i, j),
in gC. This term can be negative, meaning in this case that the parametrization is such that the concerned
population is not viable in the model as it suffers a permanent energy deficit. In practice, this happens
only at the extremes of the parameter range and then indicates that the combination of parameters is
not viable for the population in focus.

The global model outputs provide us with the 3D distribution of organisms, along with their ingestion,
egestion and respiration rates. This enables us to compute how much carbon is respired by organisms in
the global ocean, and how much carbon is egested as fecal pellets, as well as the natural mortality rate
for organisms of all functional groups. Assuming the sinking rate and degradation rates of detritus (table
S25 and eq. 42), we compute the flux of fecal material below any depth, but also the amounts of fecal
material and carcasses that are turned into DIC (Dissolved Inorganic Carbon) by bacterial respiration
(i.e. carbon injection).

The depth of the water column in the global model is set to 1000 m, and we extend here the water
column to the real depth of the seafloor at the location considered. Detrital particles then sink (and get
degraded) below 1000 m and down to the seafloor. We consider that all material reaching the seafloor
is respired. Figure S6 shows the globally average DIC source from respiration generated by the bacterial
respiration of sinking fecal pellets and by animal respiration.
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Figure S6: Globally averaged DIC production from (A) animal respiration and (B) bacterial respiration
due to fecal pellets degradation.

We couple the DIC production terms to OCIM, the Ocean Circulation Inverse Model [10, 11]. OCIM
is a non-seasonal global ocean circulation model based on a transport matrix, that enables us to assess
how much carbon is stored in the oceans through the different pathways. Sequestration estimates are
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more representative than a global flux below an arbitrarily chosen depth [5]. First, a depth chosen
arbitrarily has no biological meaning, unless it is chosen as the mixed layer depth below which carbon is
effectively removed from phytoplankton [5]. Second, a high carbon flux does not necessarily mean that a
high amount of carbon will be stored. For example, carbon sinking below the euphotic zone in upwelling
areas may return to the surface quickly. Consequently, computing how much carbon the global ocean
sequesters is a more robust way of assessing the efficiency of the biological carbon pump.

The concentration of biologically sequestered DIC is computed by finding the equilibrium Cin of the
following equation:

dCin
dt

= ACin + Jres, (49)

where A is the advection-diffusion matrix transport operator from the OCIM, Jres is the source of DIC,
and Cin is dissolved inorganic carbon due to respiration. This equation is solved subject to a boundary
condition of Cin = 0 at the sea surface, mimicking instantaneous air-sea CO2 equilibration, and this
calculation is repeated for each considered pathway.

After solving for Cin in equation (49), we volume integrate to obtain the total sequestered carbon
inventory due to each mechanism (in Pg C). Finally, dividing the total sequestered carbon inventory
for each pathway by the source term of carbon (in PgC yr−1) yields a sequestration time (in yr), an
indication of the efficiency of the considered pathway.

4 Difference between carbon export and injection

Export refers to carbon that is transported as organic carbon (here, below the euphotic zone). The carbon
can be transported passively (i.e. sinking) or actively (i.e. by migrating organisms that then respire or
egest it). Active export refers to the (organic) carbon that is transported by metazoans from above
the euphotic zone to below. It is then defined as respiration of metazoans plus deadfalls and fecal pellet
production, plus predation mortality minus ingestion (all of these processes considered below the euphotic
zone only). This can be simplified by noting that active export is then active injection plus predation
mortality (below the euphotic zone) minus ingestion (below the euphotic zone). Passive carbon export
refers to organic carbon (fecal pellets or carcasses) passively sinking below the euphotic zone.

Injection refers to carbon that is transformed into DIC (below the euphotic zone), and that is then
sequestered in the ocean’s interior. In our model, carbon injection and carbon export differ, because
organisms can consume detritus and bring it back to the euphotic zone while migrating. Additionally,
the organism exporting carbon below the euphotic zone (the migrant) may not be the one actually
injecting it as DIC, for example if it is preyed upon. Carbon injection is a more straightforward way
to consider carbon transport out of the system, as it considers carbon that is turned into DIC and so
rendered inaccessible to metazoans. In addition, it is what makes more sense when computing carbon
sequestration and sequestration time scale as it is the carbon that is directly injected in the ocean at a
specific depth.

Passive injection is passive export minus the fraction of particulate organic carbon (POC) sinking
from above the euphotic zone that is consumed by metazoans below the euphotic zone. Active (or direct)
injection refers to the carbon turned into DIC by metazoan processes happening below the euphotic zone
(i.e. respiration, and bacterial degradation of fecal pellets and deadfalls produced below the euphotic
zone).

This distinction between export and injection is hard to make in observational studies that generally
ignore these complexities since they don’t have enough information to parse out all the terms in the
food-web. Our model allows to compare the two (table S1). The difference between injection and export,
1.1 (0.3-1.7) PgC/yr in total comes from the fact that there can be production below the euphotic zone in
our model, as the distribution of resources is not directly linked to the limit of the euphotic zone (eq. 47).
This difference can be attributed to mixing export, or, also, to diel migrations of microzooplankton not
modelled here. At the global scale, global export and global injection are very similar. All carbon injected
below the euphotic zone is exported, and carbon exported below the euphotic zone ends up being injected,
unless it is brought back to the surface and respired in the euphotic zone – something that can happen
but only represents a small flux compared to total export and injection.
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Table S1: Comparison between global export and injection. All values are reported in PgC / yr.

Functional Export Injection
group Active Passive Total Active Passive Total
Meso zooplankton 0.3 0.6 0.9 0.2 0.5 0.6

(0.1 - 0.4) (0.2 - 0.9) (0.3 - 1.3) (0.06 - 0.3) (0.2 - 0.7) (0.3 - 1.0)

Macro zooplankton 0.4 0.3 0.7 0.9 0.2 1.1
(0.2 - 0.6) (0.2 - 0.4) (0.4 - 1.0) (0.4 - 1.4) (0.1 - 0.3) (0.4 - 1.7)

Mesopelagic fish 0.05 0.2 0.3 0.8 0.2 1.0
(0.01 - 0.3) (0.05 - 0.5) (0.06 - 0.8) (0.2 - 1.6) (0.04 - 0.4) (0.2 - 2.0)

Forage fish -0.01 0.1 0.1 0.06 0.09 0.2
(-0.02 - -0.005) (0.05 - 0.2) (0.03 - 0.2) (0.03 - 0.1) (0.04 - 0.1) (0.1 - 0.2)

Large pelagic 0.03 9e-04 0.04 0.04 8e-04 0.04
(7e-03 - 0.05) (3e-04 - 2e-03) (7e-03 - 0.05) (0.01 - 0.1) (3e-04 - 2e-03) (0.01 - 0.1)

Jellyfish 0.02 0.04 0.06 0.07 0.04 0.1
(6e-03 - 0.05) (0.01 - 0.07) (0.02 - 0.1) (0.02 - 0.1) (0.01 - 0.07) (0.04 - 0.2)

Total 0.8 1.2 2.0 2.0 1.0 3.1
(0.4 - 1.1) (0.8 - 1.9) (1.2 - 3.0) (0.9 - 3.2) (0.6 - 1.5) (1.5 - 4.7)

5 Additional results

5.1 DSL depth and computed POC flux comparison with data

Archived 38 kHz echosounder data were collated and weighted mean depth (WMD) of water column
back-scattering intensity was extracted following the approach of [26]. See figure S7 for an example of
raw echosounder data processing. The majority of collated raw data that were collected in the Indian
and Pacific oceans were downloaded from the Integrated Marine Observing System [21], and most of
the data collated in the Atlantic Ocean were obtained through the British Oceanographic Data Center
(BODC, www.bodc.ac.uk) and the British Antarctic Survey [37]. Only daytime on-transect calibrated
data were considered. WMD was calculated between 20 and 1000 m depth for 10 km along track segments
and results were visually checked against plotted echograms. WMD values were excluded if echograms
were deemed too noisy (e.g. when false bottoms were present). In most cases, WMD aligned with the
depth of the strongest deep scattering layer. However, in some instances, particularly when epipelagic
(0-200m) backscattering intensity was relatively high (or mesopelagic backscattering intensity relatively
low), WMD was shallower than the DSL depth.
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Figure S7: Example of raw echosounder data processing. Left plot: Nautical-area scattering coefficient
(NASC, m2 nmi−2, average echo intensity per square nautical mile over a given depth range) depth profile
(0 to 1200m by 10m intervals). Right plot: Echogram showing volume backscattering strength (Sv, dB re
m−1, average echo intensity per m3) by depth and along-track distance (dist, km). Data collected from
the R/V Hesperides during the Malaspina 2010 Spanish Circumnavigation Expedition using a EK60
echosounder operating at 38 kHz. In this example, daytime observations made on 8/4/2011 (Latitude
= -33.9, Longitude = 156.8, duration = 1 hour) are shown. Calculated NASC-weighted mean depth
(WMD) was 572 m.
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carbon flux across sensitivity scenarios.
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5.2 Regional sequestration potential

NP

ST

T

NA

SO SO

T T

TSTST ST

ST
Fraction of
injection [PgC/yr]

Fraction of 
total sequestration 
[PgC]

Mesozooplankton

Macrozooplankton
Mesopelagic fish
Forage fish

Large pelagic

Tactile predators

TotalNA NP ST T SO

Fe
ca

l 
p
e
lle

ts

1.2 PgC / yr
438 PgC

0.07 PgC / yr
14 PgC

0.1 PgC / yr
56 PgC

0.3 PgC / yr
112 PgC

0.5 PgC / yr
196 PgC

0.2 PgC / yr
59 PgC

R
e
sp

ir
a
-

ti
o
n

1.1 PgC / yr
75 PgC

0.07 PgC / yr
2 PgC

0.1 PgC / yr
4 PgC

0.3 PgC / yr
31 PgC

0.4 PgC / yr
33 PgC

0.2 PgC / yr
5 PgC

C
a
rc

a
ss

e
s

0.4 PgC / yr
251 PgC

0.02 PgC / yr
6 PgC

0.03 PgC / yr
25 PgC

0.1 PgC / yr
91 PgC

0.1 PgC / yr
99 PgC

0.06 PgC / yr
28 PgC

O
th

e
r

lo
ss

e
s

0.4 PgC / yr
21 PgC

0.04 PgC / yr
1 PgC

0.08 PgC / yr
3 PgC

0.03 PgC / yr
2 PgC

0.1 PgC / yr
12 PgC

0.2 PgC / yr
4 PgC

Figure S10: Geographical and functional breakout of carbon exported and sequestrated. NA stands
for North Atlantic, NP for North Pacific, ST for subtropical gyres, T for tropics and upwelling zones,
and SO for Southern Oceans. The figures below each pie chart represent the global contribution of the
geographical zone in focus to carbon export and sequestration.

5.3 Respiration and excretion below the euphotic zone
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Figure S11: Simulated total respiration of organisms below the euphotic zone (i.e. injection via respira-
tion).
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Figure S12: Simulated net egestion (= fecal pellet excretion - consumption) of carbon below the euphotic
zone (i.e. injection via fecal pellets egestion directly below the euphotic zone).

5.4 Comparison with apparent oxygen utilization

The apparent oxygen utilization (AOU) is the difference between the oxygen solubility and the measured
oxygen concentration in water [15]. As such, it can be seen as a proxy of the total respiration (animal
and bacterial) that happened in a water mass, and can be related to the sequestration of DIC in the
water mass considered (assuming a molar ratio of 1.4 mol O2 per mol C during respiration). The global
carbon sequestration derived from the World Ocean Atlas’ AOU (WOA AOU) data [15] is 1765 PgC,
but a recent study estimated that the interior oceans stores 1300 (± 230) PgC [7]. When investigating
ocean transects (figure S13), we see that we do not predict more oxygen utilization than there actually
is. This is consistent with the fact that we do not model the entire food-web and do not account for
all ocean processes. The qualitative pattern differences in the Pacific and in the Indian Ocean may be
explained by the fact that there is no source term above (and below) 45◦N (45◦S) in our model due
to its spatial coverage. Moreover, our simulated AOU has a deeper maximum than the observed AOU,
consistent with the fact that we are resolving the 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.

Figure S13: Transects of observed AOU (WOA, left column) and simulated AOU corresponding to the
carbon sequestration computed by our model (right column) in the Atlantic, Pacific and Indian oceans.
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6 Sensitivity analysis

6.1 Global model

Due to the very high number of parameters and high computational cost of each simulation, a complete
sensitivity analysis on the parameter space could not be completed. Instead, we performed an analysis
of the most sensitive parameters with regards to carbon export, i.e. fecal pellets sinking rates, bacterial
degradation rate, biomass of all functional groups, biomass of mesopelagic fish only, assimilation effi-
ciencies, 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.

We give the detailed results of the sensitivity analysis below. In summary, we find that our results are
quite robust. Despite small relative variations, the global trends in DSL depths are consistent between
the different simulations (figure S14).

The results are the most sensitive (in terms of carbon export and sequestration) to variations in
biomass, assimilation efficiencies and fecal pellets sinking rates (as well as organisms swimming speed for
carbon export). Details of the variations for the different parameters are given below.

In addition, other organisms and behaviours not included in our model would modify trophic coupling
and the estimated strength of the biological carbon pump, particularly at depth. Our study is focused on
a global view which necessarily requires that certain details are omitted, and consequently the sensitivity
of our model to these processes could not be quantified. For example, mesopelagic fish in our model
have a low trophic transfer efficiency (∼1 %), potentially because some of their predators (piscivorous
mesopelagic fish, bathypelagic fish, deep-sea squids) are not represented in this model. However, higher
order predators repackage carbon into larger faster-sinking pellets, so not including these organisms
means that we are providing a conservative estimate of carbon sequestration for mesopelagic fish and
their predators. In addition, because of its daily temporal resolution, our model predicts that the entire
mesopelagic community migrates to the surface at night. While this is counter to what happens in nature,
as acoustic backscatter at depth is often detected at night by echosounders [26], the exact proportion of
migrating organisms is unknown. The inclination of individual organisms to migrate to the surface may
be species-specific, but also depends on the current satiation level of organisms [4].

Table S2: Injection via basal respiration, net excretion, carcasse production, and other losses in the
different scenarios, in PgC / yr.

Parameter % variation Respiration Fecal pellets Carcasses Other losses
Reference - 1.1 1.2 0.4 0.4
Total biomass 50 % 0.6 0.5 0.3 0.1

150 % 1.7 1.8 0.5 0.6
Mesopelagic fish 20 % 0.7 1.0 0.3 0.8
biomass 50 % 0.9 1.0 0.3 0.7

150 % 1.4 1.3 0.4 0.4
200 % 1.7 1.4 0.4 0.5

Sinking rate 50 % 1.1 1.0 0.3 0.4
150 % 1.2 1.3 0.4 0.4

Bacterial degradation 50 % 1.1 1.2 0.4 0.4
rate 150 % 1.2 1.1 0.4 0.4
Assimilation efficiency 90 % 1.1 1.7 0.4 0.3

110 % 1.2 0.6 0.4 0.6
Detritus assimilation 80 % 1.2 1.2 0.4 0.5
efficiency 120 % 1.1 1.1 0.4 0.4
Swimming speeds 50 % 0.7 1.1 0.3 0.6

150% 1.6 1.2 0.8 0.2
Mesopelagic swimming 50 % 1.1 1.1 0.6 0.3
speed 150 % 1.2 1.2 0.3 0.4
Reference and maximum 90 % 1.2 1.2 0.5 0.3
temperatures 110 % 1.1 1.2 0.4 0.4

Contrarily to other parameters that were varied of ± 50 %, the mesopelagic fish biomass varied
between 20 and 200 % of the reference value, following its current uncertainty estimates [39].

In addition, assimilation efficiencies levels cannot be set to 150 % of the reference levels as they
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Figure S14: Predicted mean depth during daytime, weighted by biomass for the different sensitivity
scenarios. Circles overlaid are the observed weighted mean depth recorded at 38 kHz [26]. (a) 50% of the
biomass reference value, (b) 150% of biomass, (c) 20% of mesopelagic biomass, (d) 50% of mesopelagic
biomass, (e) 150% of mesopelagic biomass, (f) 200% of mesopelagic biomass, (g) 50% of sinking rates,
(h) 150% of sinking rates, (i) 50% of bacterial degradation rates, (j) 150% of bacterial degradation rate,
(k) 90% of assimilation efficiencies, (l) 110% of assimilation efficiencies, (m) 80% of detritus assimilation
efficiency, (n) 120% of detritus assimilation efficiency, (o) 50% of swimming speeds, (p) 150% of swimming
speeds, (q) 50% of mesopelagic swimming speed, (r) 150% of mesopelagic swimming speed, (s) 90% of
reference and maximum temperatures, (t) 110% of reference and maximum temperatures.

cannot be greater than 1. Moreover, variations of 50 % or more for the assimilation efficiencies are highly
unrealistic. As such, when conducting this sensitivity analysis, reference assimilation efficiencies were
varied of 10 %.
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Figure S15: Predicted passive sinking flux at the base of the euphotic zone for the different scenarios,
in mgC/m2/day. (a) 50% of the biomass reference value, (b) 150% of biomass, (c) 20% of mesopelagic
biomass, (d) 50% of mesopelagic biomass, (e) 150% of mesopelagic biomass, (f) 200% of mesopelagic
biomass, (g) 50% of sinking rates, (h) 150% of sinking rates, (i) 50% of bacterial degradation rates,
(j) 150% of bacterial degradation rate, (k) 90% of assimilation efficiencies, (l) 110% of assimilation
efficiencies, (m) 80% of detritus assimilation efficiency, (n) 120% of detritus assimilation efficiency, (o)
50% of swimming speeds, (p) 150% of swimming speeds, (q) 50% of mesopelagic swimming speed, (r)
150% of mesopelagic swimming speed, (s) 90% of reference and maximum temperatures, (t) 110% of
reference and maximum temperatures.
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6.2 Monte-Carlo analysis of water columns

To have a better estimate of the model’s robustness in terms of behaviour and fluxes below the euphotic
zone, a Monte-Carlo sensitivity analysis was performed on 5 water columns located in 5 different ocean
regions (North Atlantic, North Pacific, Tropics, Subtropical gyres and Southern Ocean – cf. figure S10).
For each of these water columns, we performed 500 different simulations, with all input parameters
randomly selected from a normal distribution with means equal to the reference values at that location
and standard deviations ranging from 10 to 50% of the reference value. Contrarily to the previous section,
multiple parameters varied simultaneously.

The results proved to be very robust in terms of behaviour, with limited variations around the reference
values. Passive and active injections are fairly robust to small changes in parameters. Respiration because
of other losses, followed by passive injection are more sensitive to small changes in parameters than basal
respiration rates and production of fecal pellets and carcasses below the euphotic zone (figures S16, S17,
S18, S19, S20).
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Figure S16: Monte-Carlo analysis of the model in the North Atlantic. Top panel: Distribution of the
different functional groups in the North Atlantic (37◦N, 20◦W). Red curves are the reference vertical
distributions. Bottom panel: Box plots of passive sinking flux and active injection below the euphotic
zone (fecal pellet, respiration, carcasses and other losses). The red stars represent the reference exports,
the red lines the medians of the Monte-Carlo simulations.

6.3 Impact of deep chlorophyll maxima on behavior

Our model assumes that the distribution of phytoplankton resources is maximum at the surface. However,
some locations such as subtropical gyres have deep chlorophyll maxima. To test for the sensitivity of
the model to this simplification, we compare the simulated DVM patterns in a subtropical gyre (figure
S21). The deep chlorophyll maximum impacts the day and night distributions of surface residents, most
notably forage fish (and a little meso-zooplankton), and the night distribution of some migrants (jellyfish
and macro-zooplankton). Organisms at the surface tend to gather around the chlorophyll maximum, but
this has a limited impact on the residence depths of organisms in the mesopelagic (macro-zooplankton,
mesopelagic fish and jellyfish during daytime). Thus, we conclude that our simplification has no major
impact of the resulting sequestration estimates.

35



Sinking flux Fecal pellets Respiration Carcasses Other losses
0

50

100

150

200

Fl
u
x

o
r

n
e
t

p
ro

d
u
ct

io
n

b
e
lo

w
th

e

e
u
p

h
o
ti

c 
zo

n
e
 [

m
g

C
 /

 m
2  /

 d
a
y
]

Figure S17: Monte-Carlo analysis of the model in the North Pacific. Top panel: Distribution of the
different functional groups in the North Pacific (43◦N, 170◦W). Red curves are the reference vertical
distributions. Bottom panel: Box plots of passive sinking flux and active injection below the euphotic
zone (fecal pellet, respiration, carcasses and other losses). The red stars represent the reference exports,
the red lines the medians of the Monte-Carlo simulations.
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Figure S18: Monte-Carlo analysis of the model in a Subtropical gyre. Top panel: Distribution of the
different functional groups in a subtropical gyre (25◦N, 152◦W). Red curves are the reference vertical
distributions. Bottom panel: Box plots of passive sinking flux and active injection below the euphotic
zone (fecal pellet, respiration, carcasses and other losses). The red stars represent the reference exports,
the red lines the medians of the Monte-Carlo simulations.
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Figure S19: Monte-Carlo analysis of the model in the tropics. Top panel: Distribution of the different
functional groups in the tropics (1◦N, 90◦E). Red curves are the reference vertical distributions. Bot-
tom panel: Box plots of passive sinking flux and active injection below the euphotic zone (fecal pellet,
respiration, carcasses and other losses). The red stars represent the reference exports, the red lines the
medians of the Monte-Carlo simulations.
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Figure S20: Monte-Carlo analysis of the model in the Southern Ocean. Top panel: Distribution of the
different functional groups in the Southern Ocean (43◦S, 69◦E). Red curves are the reference vertical
distributions. Bottom panel: Box plots of passive sinking flux and active injection below the euphotic
zone (fecal pellet, respiration, carcasses and other losses). The red stars represent the reference exports,
the red lines the medians of the Monte-Carlo simulations.
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Figure S21: Simulated DVM patterns in a subtropical gyre (25N, 152W). In red is the reference run
(no deep chlorophyll maximum), and in black is the run with a deep chlorophyll maximum around 50m
depth.

38



7 Glossary of parameters

Table S23: Glossary of non-population-specific parameters and values

Parameter Signification Value Unit
σ Fraction of daylight hours in a day 0.5 -
z Depth - m
i, j Daytime (Nighttime) depth or corresponding water layer - m/-
day Boolean for dayttime (1) or nighttime (0) - -
n Number of water layers 50 -
∆Z Width of each water layer 20 m
ZMAX Maximum depth of the 1D model n ·∆Z = 1000 m
T Temperature - ◦C
O2 Oxygen concentration - mgO2 L−1

pO2
Oxygen partial pressure - kPa

light Light level eq. 22 W m−2

Lmax Maximum irradiance at the surface eq. 45 W m−2

ρl Attenuation coefficient between day and night 1 or 10−5 -
κ Light attenuation coefficient of the water see figure S4 m−1

ρ Density of seawater 1028 kg m−3

νw Kinematic viscosity of seawater 1.3 · 10−6 m2 s−1

GSG Solar constant 1367 W m−2

d Day of the year - -
β Solar altitude angle eq. 46 rad
h Hour angle 0 rad
δ Solar inclination angle 23.45 sin(360d+284

365 ) rad
z0 Mixed layer depth see figure S4 m
R Vertical profile of phytoplankton eq. 47 gC m−3

ψ Maximum fraction of detritus that can be consumed daily 0.8 day−1

F̃DY

X Corrected F with the maximum ingestion of detritus. eq. 39
Only valid for X = C and X = P

α Bacterial degradation rate of fecal matter eq. 42 day−1

α0 Maximum bacterial degradation rate 0.25 day−1

Qbac Q10 factor for bacterial degradation 2 -
Tref,bac Reference temperature for bacterial degradation rate 10 ◦ C
KO2 Half-saturation constant for bacterial degradation 20 mgO2 L−1

λt Rescaling factor in the Replicator equation 0.05/max(WX(i, j)) -
δt Time step of the Replicator equation - -
A Advection-diffusion matrix transport - -

operator from OCIM
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Table S24: Glossary of population-specific functions and rates

Symbol Signification Expression Unit
X Placeholder for the different populations: C (mesozooplankton), - -

P (macrozooplankton), M (mesopelagic), F (forage), A
(large pelagic), J (jellyfish), or DX (fecal pellets produced by X)

Xij Fraction of population X following strategy ij eq. 44 -
DX Concentration of fecal pellets created by X in the water column eq. 41 gC m−3

X(i, day) Concentration of organisms X at i during day eq. 2 gC m−3

WX(i, j) Fitness of an individual X with strategy ij eq. 9 -
gX(i, j) Growth rate of an individual X with strategy ij νX −QX − Cmigr,X day−1

mX(i, j) Mortality rate of an individual X with strategy ij µX + µ0X day−1

QX(i, j) Strategy-dependent standard metabolic rate eq. 10 day−1

Cmigr,X(i, j) Migration cost eq. 35 day−1

Q̃X(z) Depth-dependent standard metabolic cost eq. 11 day−1

νX(i, j) Strategy-dependent assimilation rate eq. 13 day−1

ν̃X,i,j(z) Depth-dependent assimilation rate eq. 17 day−1

uX,i,j(z) (Cruising) swimming speed eq. 14 m day−1

umax,X Maximum swimming speed eq. 26 m s−1

Imax,X,i,j(z) Maximum ingestion rate eq. 14 gC day−1

SMR0,X Standard metabolic cost at Tref eq. 12 day−1

u0,X Reference swimming speed eq. 15 m day−1

s Function used for SMR and MMR eq. 3 day−1

SMR Standard Metabolic Rate eq. 4 and 6 day−1

MMR Maximum Metabolic Rate eq. 5 and 7 day−1

AS Aerobic scope MMR− SMR day−1

S̃X(i, j, day) AS(z = i) if day = 1, AS(z = j) if day = 0 - day−1

SX(i, j, z) Available aerobic scope eq. 8 day−1

S0,X Reference metabolic scope for u0 & Imax0 maxSX day−1

FYX (z) Depth-dependent specific ingestion rate of prey Y by pred. X eq. 18, 20 day−1

EYX(z) Depth-dependent encounter rate of Y by X eq. 19 gC day−1

Φ(X,Y ) Preference function of X for Y table S26 -
ΓYX(z, day) Capture probability of Y by X during an attack event eq. 29 -
resc Length of escape jump by prey eq. 27 m
rdetec Prey detection distance of predator ΛXY (z, day) m
rcapt Capture distance for predator 0.1lX m
rattac Length of attack jump for predator eq. 28 m
vesc Volume of the escape sphere 4

3πr
3
esc m3

vcapt Volume of the escape sphere swept by predator - m3

V YX (z) Clearance rate of X for Y eq. 23, 24, 25 m3 day−1

ΛYX(z, day) Visual range of X eq. 21 m
µX,i,j Mortality rate due to predation for strategy ij eq. 30 day−1

µ̃X(z, day) Mortality rate due to predation at (z,day) eq. 31 day−1

DrX Hydrodynamic drag eq. 32 kg m s−2

CD Drag coefficient eq. 33 -
ReX Reynolds number eq. 34 -
W 0
X Fitness of population X at the Nash equilibrium eq. 43 -

X ′
ij Intermediate value in the Replicator equation eq. 44 -

Dcrea,X Creation rate of fecal pellets by X eq. 36, 37 gC m−3 day−1

Dconso,X Consumption rate of fecal pellets X eq. 38 gC m−3 day−1

ζX Source term of detritus X in each water layer eq. 40 gC m−3 day−1

Jres Source of DIC - gC m−3 day−1

Cin DIC due to respiration eq. 49 gC m−3
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Table S26: Preference function values. Predators are in line, prey in column.

Phytoplankton Detritus MesoZPK MacroZPK Forage Meso Tact
MesoZPK 1 0 - 0 0 0 0
MacroZPK 1 1 1 - 0 0 0
Forage 0 0 1 1 - 1 0
Meso 0 0 0.1 1 0 - 0
Tact 0 0 1 1 0 0 -
Top 0 0 0 0 1 0.2 0.1

Table S27: Maximum visual range in m. Visual ”viewers” (predators or prey) are in lines, and their
targets are in columns.

MesoZPK MacroZPK Meso Forage Tact Large pelagic
Mesopelagic 0.04 0.05 - 0.3 0.3 1
Forage fish 0.2 0.2 2 - - 3
Large pelagic - - 2 2 4 -
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[35] Jérôme Pinti, Thomas Kiørboe, Uffe H. Thygesen, and André W. Visser. Trophic interactions drive
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