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ABSTRACT: Mesopelagic fishes and invertebrates contribute to the biological carbon pump (BCP)
through direct and indirect effects on the gravitational, diffusive, and migrant (active) fluxes.
Here, we analyzed the effect of these organisms on total carbon export and sequestration using an
idealized depth-resolved food-web model. We constrained a baseline scenario with observations
from the Red Sea where mesopelagic fishes perform extensive diel vertical migration (DVM), pre-
sumably making them particularly important in carbon export. Our results are consistent with
previous studies suggesting that mesopelagic fishes fuel a hotspot of heterotrophic activity in the
mesopelagic zone of the Red Sea. While the supply of new nutrients to the euphotic zone is of first
order in framing total carbon export and sequestration, we found 2 modulating effects of fish
DVM. First, DVM enhances carbon sequestration because active carbon flux attenuates less than
the gravitational and diffusive fluxes, and also because migrators fuel the gravitational flux deep
into the mesopelagic zone. Secondly, through microbial food-web cascades, fish predation affects
the relative contribution of the active and the passive fluxes with non-linear, less intuitive conse-
quences for carbon export and sequestration. These food-web cascades involve a surprisingly
large variation in the depth of the euphotic zone that is associated with a ‘diatom nutrient trap’ at
the bottom of the euphotic zone.
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1. INTRODUCTION

The ocean plays a critical role in controlling the
atmospheric concentration of CO, and in regulating
the climate on Earth (Honjo et al. 2014). Biologi-
cally driven net drawdown of particulate (POC)
and dissolved organic carbon (DOC) is commonly
termed the biological carbon pump (BCP). The
BCP is driven by a complex set of physical, biolog-
ical, and biogeochemical processes involving mar-
ine biota from microbes to metazoans. Sinking of
POC, mixing and convection of POC and DOC,
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and vertical migration of invertebrates and fishes
contribute to the BCP. The DOC, and most of the
POC (unless buried in bottom sediments), are rem-
ineralized as CO, or degraded to recalcitrant DOC
in the water column. The deeper this remineraliza-
tion occurs, the longer the carbon is sequestered
away from potential exchange with the atmosphere
(Boyd et al. 2019). Concerning metazoans, most
emphasis has been on zooplankton (Turner 2015,
Nowicki et al. 2022, Stukel et al. 2022), but the
influence of fish and fisheries on the BCP are
increasingly being addressed (Getzlaff & Oschlies

© The authors 2023. Open Access under Creative Commons by

Attribution Licence. Use, distribution and reproduction are un-
restricted. Authors and original publication must be credited.

Publisher: Inter-Research - www.int-res.com

L)

Check for
updates



https://crossmark.crossref.org/dialog/?doi=10.3354/meps14373&amp;domain=pdf&amp;date_stamp=2023-08-24

108

Mar Ecol Prog Ser 717: 107-126, 2023

2017, Mariani et al. 2020, Bianchi et al. 2021, Saba
et al. 2021, Cavan & Hill 2022).

Many fishes and invertebrates perform diel vertical
migration (DVM), spending part of their time in the
epipelagic and part of their time in the mesopelagic.
If these organisms feed more in the epipelagic than
in the mesopelagic, they contribute to increased
downward carbon flux and sequestration (Bianchi et
al. 2013, 2021, Davison et al. 2013, Irigoien et al.
2014, Saba et al. 2021). This is because carbon
ingested as food in the epipelagic is transported by
these fish to mesopelagic depths, where carbon is
respired as CO,, excreted as DOC, defecated as
POC, or consumed by piscivores. This transport is
referred to as the migrant (Nowicki et al. 2022) or
active (Belcher et al. 2019) carbon flux. There are
large uncertainties, however, on how much meso-
pelagic fishes contribute to the BCP. This is due to
lack of knowledge about species biology and compo-

sition (Caiger et al. 2021, Saba et al. 2021), abun-
dances (Kaartvedt et al. 2012, Irigoien et al. 2014,
Proud et al. 2019), migration amplitude, and the pro-
portion of populations taking part in the migrations
(Klevjer et al. 2016). Another challenge in assessing
the role of DVM in carbon sequestration is that
migration also affects the gravitational (sinking of
POC) and diffusive (POC and DOC that are mixed
vertically) fluxes directly (e.g. by defecation) and
indirectly through food-web effects.

Here, we used an idealized ecosystem model to
analyze the effects of mesopelagic organisms and
their DVM on carbon export and sequestration. The
kernel of this model is the minimum microbial food-
web model (MinMod; Fig. 1) conceptually framed
by Thingstad & Rassoulzadegan (1999) and further
developed in association with mesocosm perturba-
tion experiments (reviewed by Thingstad 2020). Min-
Mod links carbon, phosphorus, and silicate fluxes to
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Fig. 1. Relationship between the original MinMod (Thingstad 2007, Thingstad et al. 2020) and our depth-resolved MinMod.
The original MinMod includes 9 state variables: labile dissolved organic carbon (DOC) (L), free silicate (S), dissolved inorganic
phosphate (P), heterotrophic bacteria (B), autotrophic non-diatoms (A), diatoms (D), heterotrophic flagellates (H), ciliates (C),
and mesozooplankton (M). In our model, autotrophic non-diatoms reflect prokaryotic photosynthesis as well as flagellate pho-
tosynthesis (see Section 2.2). In our depth-resolved model, we included mesozooplanktivorous fish (F), opal (S,pa), and detri-
tus. Detritus contains 3 subgroups: suspended, slow-sinking, and fast-sinking detritus (see Fig. S2 in the Supplement at
www.int-res.com/suppl/m717p107_supp.pdf). We also included light-limited autotrophic growth (indicated by the yellow
line) and photosynthetic overflow resulting in labile DOC (green line). The brown lines indicate dissolved and particulate
losses from the heterotrophic organisms and from detritus. Respiratory carbon loss is accounted for in the model but not indi-
cated in the illustration (see Fig. S2)
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the size spectrum of biogenic particles in the eu-
photic zone (Thingstad & Rassoulzadegan 1999). It is
characterized by 3 competing microbial pathways
that affect degradation of dissolved organic matter,
ocean carbon sequestration, and food production for
higher trophic levels (Thingstad & Rassoulzadegan
1999). Important in the present context are cascading
effects from mesozooplankton on the structure of the
microbial food web. As the 3 microbial pathways
from dissolved inorganic phosphorus (DIP) to meso-
zooplankton have different lengths (Fig. 1), varia-
tions in mesozooplankton affect the balance between
these microbial pathways. Both experimental and
theoretical studies (Wollrab & Diehl 2015, Zeldis &
Décima 2020, Thingstad 2020) have found that meso-
zooplankton abundance, through trophic cascades,
modulates this balance and thereby the biogeochem-
ical functions in the microbial food web. In the pres-
ent study, we depth-resolved MinMod and extended
the model with mesopelagic fishes feeding on meso-
zooplankton. Mesopelagic fishes are (by definition)
inhabitants of the mesopelagic zone, although they
may spend substantial time feeding in the epi-
pelagic. Thus, they are predators on the mesozoo-
plankton in the epipelagic zone, implying potential
top-down cascading effects on the euphotic micro-
bial food web and its biogeochemical function.

We used observations from the Red Sea to con-
strain a baseline scenario serving as the starting point
of our analysis. The acoustic scattering layers of the
Red Sea show very pronounced and persistent DVM
throughout the year, and where the entire stock of
mesopelagic fishes apparently takes part in this DVM
(Klevjer et al. 2012, Dypvik & Kaartvedt 2013, Kaart-
vedt et al. 2019b). Furthermore, there is a lack of
migrations in the mesozooplankton (Dypvik & Kaart-
vedt 2013), suggesting that mesopelagic fishes, poten-
tially in association with larger zooplankton such as
krill (Seibel et al. 2016, Wiebe et al. 2016), are respon-
sible for the active carbon flux. Scarcity of mesozoo-
plankton in the mesopelagic zone in combination with
high temperature and low dissolved oxygen might be
a reason for why the entire population of mesopela-
gic fishes appears to participate in the daily migra-
tions in the Red Sea. Importance of fish migrations
and their associated active carbon flux are indicated
by previous studies revealing a hotspot of heterotro-
phic prokaryotes in the mesopelagic zone likely being
stimulated by fish excretion at their mesopelagic day-
time depth (Calleja et al. 2018, Moran et al. 2022).

The Red Sea is like the subtropical ocean in being
highly transparent (Overmans & Agusti 2019), oli-
gotrophic, and permanently stratified, and having

acoustic scattering layers with pronounced DVM
patterns (Klevjer et al. 2016). One difference, how-
ever, is the uniquely warm, >21°C, mesopelagic zone
of the Red Sea. High temperature suggests high
remineralization rates and consequently high attenu-
ation of the gravitational carbon flux (Marsay et al.
2015, Mazuecos et al. 2015). Combined with the lack
of DVM in the mesozooplankton, this suggests that
mesopelagic fishes injecting carbon deep into the
mesopelagic zone might be more important for car-
bon export here than elsewhere, and the Red Sea
might potentially serve as a model for assessing max-
imal impact of mesopelagic fishes in the BCP. More
generally, using the Red Sea baseline scenario as a
reference, we investigated how the 3 main microbial
pathways and the associated carbon export and
sequestration change with alterations in productivity
as determined bottom-up by the input of new nutri-
ents (Eppley & Peterson 1979) and top-down by cas-
cade effects on the food web (Getzlaff & Oschlies
2017, Thingstad 2020). These bottom-up and top-
down forcings are set by water-column mixing para-
meterized as turbulent diffusivity and by the mortal-
ity and migration of mesopelagic fishes.

2. MATERIALS AND METHODS
2.1. Red Sea observations

We assumed a quasi-steady state situation repre-
senting the summer and autumn period of the Red
Sea. Thus, we did not consider the seasonal variation
that is associated with a weakening of the density
stratification in early spring (Calleja et al. 2019,
Kheireddine et al. 2020, Torfstein et al. 2020, Lopez-
Sandoval et al. 2021). To characterize the quasi-steady
state, we used observations from August and Sep-
tember 2015 from Calleja et al. (2019) at station
KAEC (22.47°N, 39.03°E). At that time, there was a
pronounced density stratification in the upper ~150 m
(Fig. S1A in the Supplement at www.int-res.com/
articles/suppl/m717p107_supp.pdf). Surface temper-
ature was just above 30°C and dropped to 22°C at
200 m depth and remained higher than 21°C down to
700 m depth (Fig. S1B). Dissolved oxygen concentra-
tion was 2-3 ml 1! in the upper 150 m and dropped
to 0.4-0.5 ml 1! in the mesopelagic (Fig. S1C). The eu-
photic depth corresponded to 77 and 100 m (Fig. S1D)
according to the definitions of 0.5% (Wu et al. 2021)
and 0.1% (Buesseler et al. 2020) light penetration,
respectively. A deep chlorophyll maximum was lo-
cated above 100 m (Fig. S1E), with the steepest nutri-
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cline below (Fig. S1F). DOC and heterotrophic bacte-
ria had the highest concentrations in the euphotic
zone (~80 pumol 1! and ~5 x 10° cells ml™!, respec-
tively) dropping to ~50 umol 17! and ~1 x 10° cells
ml~! in the mesopelagic zone (Fig. S1G,H). Mesozoo-
plankton abundance was highest (~300-700 ind. m~3)
in the euphotic zone and very low in the mesopelagic
zone (<35 ind. m~3) both day and night (Fig. S1I),
indicating absence of DVM in the mesozooplankton.
Acoustic backscatter, which we used as a proxy for
the relative vertical distribution and associated DVM
in fish, was mainly found above 150 m at night, while
being strong between 300 and 600 m in the daytime
(Fig. S1J).

2.2. Food-web model

Text S1 contains a complete description of the
model. The kernel of the model is the minimum
microbial food-web model, MinMod (see Section 1).
The organism groups of the model are aggregates of
species reflecting different size groups and func-
tions; for example, the division into heterotrophic
and autotrophic groups is functional since true
organisms might belong to both groups by mixotro-
phy. The original MinMod includes 9 state-variables
(Fig. 1; Table S1). Dissolved inorganic phosphate
(DIP) is the limiting mineral nutrient for the auto-
trophs and heterotrophic bacteria, which accords
with findings in the Red Sea (Silva et al. 2019, Lépez-
Sandoval et al. 2021). We also note that use of phos-
phorus as a limiting mineral nutrient simplifies mod-
eling because phosphorus, in contrast to nitrogen, is
not in exchange with gaseous reservoirs and further
does not exist in multiple bio-accessible inorganic
forms. DIP enters the food web through uptake by 2
autotrophic groups and by heterotrophic bacteria.
Besides DIP, the availability of silicate and labile
DOC (1-DOC) limits the growth of diatoms and het-
erotrophic bacteria, respectively. Prokaryotic photo-
synthesis is not explicitly represented in MinMod,
and here we assumed that this carbon fixation is
reflected by a non-diatom autotrophic group (Fig. 1).
Furthermore, the model does not explicitly differen-
tiate between labile and semi-labile DOC, and the
actual lability is set by a coefficient defining the bac-
terial affinity for -DOC (see Section 2.3). Thus, our 1-
DOC state variable reflects both labile and semi-
labile DOC. The model accounts for photosynthetic
carbon overflow (Thingstad et al. 2007, Thornton
2014) resulting in extracellular release of 1-DOC.
This implies that more carbon is fixed and instanta-

neously excreted as 1-DOC than by the Redfield ratio
assumed for autotrophic growth and biomass. In the
model, this 1-DOC is either respired by bacteria or
enters the food web through heterotrophic flagel-
lates feeding on bacteria (Fig. 1). Except for hetero-
trophic bacteria, which have a molar C:P ratio of 50
in the model (Thingstad et al. 2007), the C:P ratio of
the organism groups is 106 according to the Redfield
ratio.

The original MinMod is formulated as a box model
of the euphotic zone where light is considered non-
limiting for autotrophic growth. In our depth-
resolved version, we have introduced light, self-
shading, and light-limited growth for the autotrophs
(see Text S1). Following the categorization used in
marine snow-catcher experiments (Riley et al. 2012,
Giering et al. 2016, Baker et al. 2017), we added 3
state variables for detritus (fast-sinking, slow-sink-
ing, and suspended detritus, Fig. 1; Fig. S2), which
contain POC and particulate organic phosphorus
(POP). We also included a zooplanktivore referred
to as 'fish’, feeding on mesozooplankton (Fig. 1).
Because fish are the only predators on mesozoo-
plankton, the fish state variable represents all feed-
ers on mesozooplankton. In nature, these will also
include invertebrates. It should also be noted that the
mesozooplankton of our idealized model feeds exclu-
sively on the ciliates and the diatoms, while in nature
mesozooplankton is a diverse group feeding on
other organism groups as well as on detritus.

Except for fish (see below), changes in the state
variables (X;; Table S1) as a function of time (t) and
depth (z) are represented by 1 partial differential
equation for each state variable:

X, 0

=B(X1‘)+ —KaXi - Vx. 6X1
ot 0z 0z ' oz

(0

Here, B(X)) are the biological source and sink terms
(Tables S2—-S4), k is a coefficient for turbulent diffu-
sivity, and vy, is the gravitational sinking rate, which
is non-zero only for slow- and fast-sinking detritus.
We have represented sinking of diatoms by a con-
stant mortality coefficient transferring diatoms to
fast-sinking detritus and to opal, which is a separate
state variable for bookkeeping silicon.

The vertical distribution of the fish state variable is
specified according to a 'time allocation vector' de-
rived from the acoustic registrations of the observed
DVM pattern (Fig. S4). This time allocation vector
accounts for the fraction of time spent at depth dur-
ing a 24 h cycle by non-migrant as well as migrant
organisms. We note that the acoustic observations
might reflect organisms other than fish, although we



Aksnes et al.: Mesopelagic fishes affect carbon pump 111

have no direct evidence of that (Kaartvedt et al.
2019b). The simulated total (surface integrated) fish
abundance and growth emerges from feeding on
mesozooplankton, metabolic losses (as CO,, 1-DOC,
DIP, and fecal particulate matter), and mortality.
These processes take place in the entire water col-
umn according to the time allocation vector com-
bined with the simulated depth distribution of meso-
zooplankton. Consequently, to the extent that the
simulated mesozooplankton distribute in the meso-
pelagic zone, they also serve as food for fish, as also
indicated by observations (Clarke 1978, Kinzer &
Schulz 1985, Baggeien et al. 2001).

The solution to the system of partial differential
equations was found numerically, by first doing a
semi-discretization of the equations with respect to
the depth variable z (discretization of the right-hand
side of Eq. 1) and then utilizing a fourth-order em-
bedded Runge-Kutta method for the temporal inte-
gration of the semi-discretized equations (Iserles
2009, Butcher 2016, Kennedy & Carpenter 2019). This
allowed for variable time steps and local error control.
The model code is written in MATLAB® and is avail-
able on GitHub (https://zenodo.org/record/8094753).

2.3. Model coefficients

For coefficients that are common to the original
MinMod (Table S5), we used, with one exception, the
values used by Thingstad et al. (2007, 2021). This
exception relates to bacterial growth efficiency (BGE)
and their uptake affinity for 1-DOC, which in our
model also reflects semi-labile DOC. Molar C:P ratios
of 250 (corresponding to Ygc = 0.004, Table S5) and
50 in the bacterial diet and bacterial biomass, respec-
tively (Thingstad et al. 2007), suggest a BGE of 20 %.
This is likely too high for the oligotrophic and warm
Red Sea (3-13 %, Silva et al. 2019), so we applied a
BGE of 5% (i.e. Ygc =0.001, Table S5) which is closer
to Red Sea measurements (Calleja et al. 2018). In
previous experimental MinMod studies where glu-
cose was added as 1-DOC, the bacterial affinity (o)
for 1-DOC was set to 5.3 x 107° and 8 x 10731 nmol-P~!
h™! at 17°C (Thingstad et al. 2007, 2021). These val-
ues consistently caused too efficient C-uptake in
bacteria as indicated by far too low simulated 1-
DOC concentrations, so the affinity was lowered to
1.6 x 107 1nmol-P~! h~! (Table S5) in our simulations.

Concerning coefficients that are not part of the
original MinMod (Table S5), we applied fixed values
(i.e. not temperature dependent) for the light affini-
ties for the 2 autotrophic groups. These values were

set as the maximal growth rates (at 27°C) divided by
the half-saturation value (200 pmol quanta m~2 s71),
of which the latter was adapted from the idealized
model of the deep chlorophyll maximum in the oligo-
trophic ocean by Huisman et al. (2006). Our repre-
sentation of metabolic losses requires a minimum of 2
coefficients for each organism group. Based on the
data compilation of Buitenhuis et al. (2010) and the
review by Steinberg & Landry (2017), we used a
common parameter set for heterotrophic flagellates,
ciliates, and mesozooplankton. For these groups, the
respiration (CO,), detritus (POC), and 1-DOC losses
amounted to fractions of 0.6 (f,;cz, Table S5), 0.2 (fy),
and 0.2 (i.e. 1 — fizcz — fy) of the total loss, respec-
tively. For fishes, the corresponding loss fractions
were 0.4, 0.2, and 0.4 (Saba et al. 2021, Liu et al.
2022). There are 4 coefficients associated with detri-
tus. The first 2, i.e. the sinking rates of slow- and fast-
sinking detritus, were set 10 and 100 m d-t, respec-
tively (Table S5). These values are the same as in
Nowicki et al. (2022) and reflect (on an order of mag-
nitude) measurements made in marine snow-catcher
studies (Riley et al. 2012, Giering et al. 2016, Baker et
al. 2017). The third coefficient specifies a fragmenta-
tion rate of fast-sinking into slow-sinking and further
into suspended detritus, and the fourth coefficient is
a 'leakage rate' of phosphorus and carbon from sus-
pended detritus to DIP and 1-DOC, respectively.
These last 2 rates (k and kj.q, Table S5) were set so
that (1) the simulated gravitational flux of the base-
line simulation was within the observed variability in
the Gulf of Agaba (Torfstein et al. 2020), and (2) the
relative composition of fast-sinking, slow-sinking,
and suspended detritus corresponded to that ob-
served in marine snow-catcher experiments (Riley et
al. 2012, Baker et al. 2017).

We used a maximum growth rate of fish of 0.054 d*
(Table S5). This value assumes full stomach and use
of the digestion time (at 21°C) and growth efficiency
reported for Benthosema pterotum in the Gulf of
Oman assuming a mean fish size of 25 mm (Dal-
padado & Gjgseeter 1988). We base the fish affinity
(or maximal clearance rate) for mesozooplankton on
the allometric relationship for visual predators in
Seornes & Aksnes (2004). This provides a value of
order 10°°m®s™! (3.6 1 h™) for a 25 mm fish.

2.4. Initialization and forcing of the model
Like Huisman et al. (2006), we initialized the state

variables (Table S1) with homogeneous depth distri-
butions (except for fish, see below) and ran the model
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with constant forcing (Table S6) until steady state is
reached (Figs. S5 & S6). The criterion for steady state
is when the absolute differences between the depth-
specific concentrations of the state variables at time ¢
and the corresponding concentrations at time t—24 h
are less than a predefined tolerance, set here to be
5x10°nMP.

Temperature affects the biological rates and was
specified according to the observed depth profile in
Fig. S1B. We used a constant DIP boundary concen-
tration of 1 pmol 17! at 700 m depth, which corre-
sponds to the observation at this depth (Fig. S1F).
The silicate concentration was set 10 times higher
than the DIP concentrations according to measure-
ments in the Red Sea mesopelagic zone (Wafar et al.
2016). While slow- and fast-sinking detritus (includ-
ing opal) were lost out of the model domain at 700 m
depth, the non-sinking state variables were neither
lost nor introduced across this boundary. Conceptu-
ally, this means that steady state corresponds to the
situation when the net amount of DIP diffusing (ac-
cording to turbulent diffusivity, Eq. 1) into the model
domain equals the amount of phosphorus leaving the
model domain by sinking.

Turbulent diffusivity frames the trophic state of the
simulated water column by determining the supply

of new nutrients and the associated new production
(sensu Dugdale & Goering 1967, Eppley & Peterson
1979). For the baseline simulation, this 'bottom-up’
forcing was set so that the simulated net primary pro-
duction (NPP) was in the upper range of the meas-
urements reported between 23 and 28° N in the north-
ern Red Sea (Qurban et al. 2014). These measurements
ranged from 9.6 to 79.0 mg C m~2 h™!, equivalent to
115-948 mg C m~2 d~! assuming a 12 h production
cycle. We note that from nitrate uptake experiments,
Qurban et al. (2014) estimated turbulent diffusivities
about 5 times higher than the value we applied in the
baseline (Table 1). Such elevated diffusivity provides
NPP higher than 2500 mg C m~2 d~! (not shown), which
was not observed. As pointed out by Qurban et al.
(2014), however, nitrification within the euphotic zone
may have been significant in their study, and this
might explain the relatively high turbulent diffusivity
inferred from their nitrate uptake experiments.

The vertical fish distribution was forced according
to the acoustic observations (Fig. S4). Fish mortality
rate (all types of mortality) is a closure term of our
model and was set at 2 yr~!, which corresponds to the
estimate for B. pterotum (Svasand 1983), the common
mesopelagic myctophid in the Red Sea (Dalpadado &
Gjosaeter 1987, Dypvik & Kaartvedt 2013).

Table 1. Biological carbon pump sensitivity to fish abundance as set by fish mortality rate (3g, yr'). In the No-fish scenario,

mesozooplankton is the top predator. Turbulent diffusivity is the same (3 x 107 m? s7!) in all scenarios. NPP: net primary

production; I-DOC: labile dissolved organic carbon; DIP: dissolved inorganic phosphorus; WMDR: weighted mean depth of
the mesopelagic community respiration

Quantity Unit Scenario
High fish abundance 0.50r Baseline dp =2 Low fish abundance 20r No-fish
Fish biomass gCm? 2.3 1.4 0.59 0
NPP mg C m2d*! 805 920 896 1053
Euphotic depth m 136 79 32 89
Export at 200 m depth
Total carbon export mg C m2d! 108 98 129 78
Gravitational mg C m2d! 72 58 40 61
Diffusive (particulate) mg Cm™2d! 16 6 8 6
Diffusive (1-DOC) mg C m2d*! 3 12 62 11
Active mg Cm™2d! 18 22 18 0
Total phosphorus export mmol P m™2 d~! 0.070 0.050 0.038 0.053
Net upward DIP flux mmol Pm=2d™! 0.070 0.050 0.038 0.053
Gravitational flux
attenuation, 200-700 m m™! 0.00249 0.00233 0.00217 0.00300
Penetration length scale m 402 429 460 333
Export at 700 m depth
Gravitational (= total) mg Cm™2d! 20.2 16.9 12.4 13.4
Community respiration and sequestration of carbon below 200 m
Community respiration mg Cm™2d! 115 102 135 81
WMDR m 439 444 413 413
Sequestration proxy kg C m™2 59 5.3 6.5 3.9
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2.5. Model sensitivity to top-down and
bottom-up forcing

We explored how the simulated microbial food web
and the associated carbon export and sequestration
respond to variations in the top-down forcing repre-
sented by fish mortality and DVM. We halved and
doubled the fish mortality relative to the baseline and
included a scenario without DVM and consequently
zero active flux (‘No-fish scenario’). In the latter sce-
nario, like in the original MinMod, mesozooplankton
is the top predator and mesozooplankton mortality
enters the fast-sinking detritus. We also varied the
bottom-up forcing, i.e. the nutrient input to the eu-
photic zone, as determined by turbulent diffusivity.
Relative to the baseline, we tested a halved, a doubled,
and a 10-fold increase in the turbulent diffusivity.

2.6. Calculation of active carbon flux and
sequestration

The active flux at a certain depth, x, is calculated
from the discrepancy between the depth distribu-
tions of feeding and metabolic losses of the fish
below depth x (Eq. S38). The more their feeding
takes place in the epipelagic, the larger the active
carbon flux. For example, if simulated zooplankton is
mainly distributed in the epipelagic zone, most fish
feeding will take place there and the active carbon
flux will be higher. The simulated fish losses, how-
ever, distribute vertically according to the time spent
at depth as given by the acoustical observations.
Since fish feeding is also allowed to take place in the
mesopelagic zone (to the extent simulated mesozoo-
plankton are present in the mesopelagic zone), part
of what is lost in the mesopelagic originates from
food ingested in the mesopelagic and is not counted
as active flux.

The sequestration time for carbon, i.e. the time for
remineralized carbon to circulate back to the ocean
surface/atmosphere, increases with the reminerali-
zation depth (Boyd et al. 2019). We used the weighted
mean depth of the mesopelagic community respira-
tion (WMDR) as a proxy for the efficiency of the
mesopelagic carbon sequestration. The deeper this
depth, the more efficient is the carbon sequestration.
If the community respiration (respiration of all organ-
ism groups) between 200 and 700 m amounts to
A= [ R(z)dz+Cfluxs,, the WMDR is:

700 ZR(z) + 700 x Cfluxzq9 dz

WMDR = f oo "

(2)

where R(z) is the depth-specific community respira-
tion. The carbon flux (Cflux;(,) leaving the last depth
cell (700 m) is treated here as if it was respired at
700 m depth.

We applied the open-ocean relationship between
depth and sequestration time (Fig. 2b in Boyd et al.
2019) to approximate the corresponding sequestra-
tion time (in years) for the WMDR. The reported
sequestration proxy (with unit kg C m2) is the prod-
uct of this sequestration time and the integrated
mesopelagic community respiration. We emphasize
that this estimate corresponds to the simulated water
column being placed in the open ocean rather than
in the Red Sea. The water renewal mechanisms
and ventilation of the semi-enclosed Red Sea water
masses are different from that of the open ocean. The
sequestration proxy is therefore not suitable for as-
sessing actual carbon sequestration in the Red Sea
but is used here to compare simulated scenarios. Dis-
solved inorganic carbon (DIC) is not a state variable
of the model. Consequently, in the simulations where
we varied the turbulent diffusivity, the model did not
account for upward mixing of CO,-enriched water. In
nature, this reduces the sequestration of that pool.

3. RESULTS
3.1. Red Sea baseline simulation

The simulated vertical ecosystem structure largely
reflects the observed structure (Fig. 2). Simulated
DIP (Fig. 2B) and silicate (Fig. 2C) concentrations are
depleted in the upper euphotic zone but increase
gradually towards the boundary set at 700 m depth.
The simulated autotrophs (Fig. 2E) form a deep chloro-
phyll maximum above the euphotic depth (79 m,
Table 1), mesozooplankton abundance (Fig. 2G) in-
creases towards the surface, and the vertical POC
flux has a relatively low mesopelagic attenuation, as
also reflected by the observations (Fig. 2H). The sim-
ulated distribution of 1-DOC (Fig. 2D), however,
shows a subsurface maximum contrasting with the
observed DOC maximum at the surface (discussed in
Section 4.5).

The simulated fish ingestion decreases rapidly
with depth (Fig. 3A) reflecting the simulated food
source (mesozooplankton, Fig. 2G). The metabolic
losses of the fishes (excretion, respiration, defecation,
and mortality), however, are more evenly distributed
in the water column but with a maximum at their
mesopelagic daytime depth as well as at their epi-
pelagic nighttime depth (Fig. 3A). This pattern is
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Fig. 3. (A) Fish processes and total community metabolism and (B) vertical carbon flux as a function of depth in the baseline
scenario. Negative values of vertical carbon flux mean that the net flux is upward. The gravity flux is the sinking of slow- and fast-
sinking detritus (dead particulate organic carbon, POC). Diffusive POC flux is the diffusive flux of suspended detritus (dead
POC) and of microbial organisms (living POC). Active flux is the migrant carbon transport calculated according to Eq. (S38)

largely determined by time spent at depth as given
by the acoustic observations (Fig. S4). Between 480
and 600 m depth, the simulated fish losses of CO,
and I-DOC (subsequently respired by bacteria) make
up a relatively large fraction (up to ~50 %) of the sim-
ulated community respiration (Fig. 3A). This high
contribution of fish to the community respiration ac-
cords with the existence of fish-mediated heterotro-
phic activity at the mesopelagic daytime depth of
these fishes (Calleja et al. 2018, Moran et al. 2022).
According to expectations for the Red Sea and more
generally for the oligotrophic subtropical ocean (Mal-
viya et al. 2016), the baseline simulation shows rela-
tively low presence of diatoms relative to the non-di-
atom autotrophs (Fig. S6). This is particularly true for
the upper 50 m where diatoms contribute to less than
1 and 7 % of the NPP and the autotrophic biomass, re-
spectively (not shown). At the bottom of the euphotic
zone (79 m), however, modeled diatoms are more in-
fluential and make up almost 50 % of the NPP. These
diatoms consume the upward-diffusing silicate and
cause silicate depletion towards the surface (Fig. 2C),
as also observed for the Red Sea (Wafar et al. 2016).

3.2. Contribution of fish DVM to the BCP

In the baseline scenario, the total community res-
piration below 200 m depth is 102 mg C m™2 d!
(Table 1), and the corresponding WMDR is 444 m

(Table 1). For the open ocean, this depth corre-
sponds to ~150 yr of sequestration time (Fig. 2b in
Boyd et al. 2019). If this is taken as the average
sequestration time for the carbon respired below
200 m, our proxy (see Section 2.6) for carbon
sequestration is 5.3 kg C m™2 in the baseline sce-
nario compared to 3.9 kg C m~2 in the No-fish sce-
nario (Table 1). Thus, the introduction of fish DVM
to the model increases carbon sequestration by
36 %. Two mechanisms are responsible for this en-
hanced carbon sequestration by fish in our model:
(1) active carbon flux attenuates less than the pas-
sive (i.e. gravitational and diffusive) fluxes above
~500 m depth (Fig. 3B), and (2) migrators fuel the
gravitational flux deep into the mesopelagic zone.

3.2.1. Active flux attenuates less than passive flux

Due to a higher depth penetration (i.e. lower atten-
uation) of the active carbon flux in comparison with
the gravitational and diffusive fluxes, the relative
importance of the active flux increases with increas-
ing depth (Fig. 4). At 200 m depth, the contribution of
the active flux amounts to 22 % but increases to 32 %
in the depth range 410-450 m. Below this depth
range, the relative contribution of the active carbon
flux decreases until ceasing at the bottom of the
DVM zone, where the gravitational flux amounts to
~100 % of the total carbon flux (Fig. 4).
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3.2.2. Fueling of the gravitational carbon flux

Although active flux ceases below the DVM zone,
fish DVM makes a notable footprint on the carbon
flux also at depths below the DVM zone. This is due
to fueling of the gravitational flux by fish defeca-
tion and mortality within the DVM zone (red line in
Fig. 3A). This transfer of carbon from the active to the
gravitational flux reduces the attenuation of the grav-
itational flux throughout the DVM zone (Fig. 3B).
Compared to the No-fish scenario (i.e. without active
flux), the fish-mediated fueling reduces the attenu-
ation coefficient of the gravitational flux by 22 %,
i.e. from 0.30 x 107 m™ in the No-fish scenario
to 0.23 x 107 m! in the baseline scenario (Table 1).
This reduced attenuation corresponds to an increase
in the depth penetration of the gravitational carbon
flux by around 100 m (from 333 to 429 m, Table 1).

3.3. Fish associated top-down effects

Fish mortality is the closure term of our food-web
model. Adjustment of this term causes pronounced
top-down cascade effects on the food web (Figs. 5 &
6) that propagate to carbon export and sequestration
(Table 1, Fig. 7). Halving of the fish mortality leads to
a 58 % increase in the steady-state fish abundance
(relative to that of the baseline scenario, Table 1).
Below, we refer to this simulation as the 'high fish
abundance' scenario. Doubling of the fish mortality
leads to a 64 % decrease in fish abundance, and we
refer to this simulation as the ‘low fish abundance’
scenario.

3.3.1. High fish abundance scenario

Compared with the baseline, the high fish abun-
dance scenario (halving of the fish mortality rate) pro-
vides reduced mesozooplankton abundance, which
causes increased abundances of ciliates, bacteria, and
diatoms (Fig. 5). Despite a slight reduction in the NPP,
carbon export at 200 m depth increases relative to the
baseline (Table 1). It might appear surprising that the
increased carbon export is not caused by increased
active flux but rather by increased gravitational flux
(from 58 to 72 mg C m~2 d~!, Table 1). Fish feeding and
subsequent metabolic processes depend on the prod-
uct of fishes and mesozooplankton abundances.
Since the food-web cascade involves reduced meso-
zooplankton abundance and consequently less fish
feeding, the net effect is a lower active flux in the high

100~ Euphotic depth|
= 300+ A
£
o
o=
o
[
&) L i
500 7
— Gravity flux
r — Diffusive flux 7
—Active flux
700 - : -

1 1 |
0 0.2 0.4 0.6 0.8 1
Relative downward flux (fraction)

Fig. 4. Relative contribution of the gravitational, diffusive,

and active fluxes to the total downward carbon flux as a

function of depth in the baseline scenario. Above 54 m, rel-

ative contributions are not plotted, as the total and the net
diffusive fluxes are upward (see Fig. 3B)

fish abundance scenario (18 mg C m=2d-!, Table 1) than
in the baseline scenario (22 mg C m=2d™?).

The larger gravitational flux in the high fish abun-
dance scenario than in the baseline scenario is partly
caused by a deepening of the euphotic zone from 79
to 136 m depth (Table 1). This deepening of the
euphotic zone involves a shift from non-diatom auto-
trophs to diatoms (Fig. 5) and an associated diatom
‘nutrient trap' at the bottom of the euphotic zone.
Here, diatoms trap new DIP, in addition to silicate,
resulting in reduced diffusive flux of new DIP into
the upper euphotic zone (see Section 4).

3.3.2. Low fish abundance scenario

In the low fish abundance scenario, the food-web
cascade is opposite to that of the high fish abundance
scenario (Figs. 5 & 6). Elevated mesozooplankton
biomass in the low fish abundance scenario (red line
in Fig. 6C) results in fewer ciliates (Fig. 6B) and
bacteria (Fig. 6D), and a strong dominance of non-
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Fig. 5. Food-web composition for different fish abundances (fish mortality rate) and water column mixing (turbulent diffusiv-
ity). The y-axis of each histogram shows the relative abundance of each organism group (fraction of total biomass). The fish
mortality rate (8z) and turbulent diffusivity (k) of the baseline scenario are 2 yr'! and 3 x 107 m™2 s7!, respectively

diatom autotrophs (Fig. 6E). Absence of diatoms nounced shoaling of the euphotic zone to 32 m depth
(Fig. 6F) leads to a euphotic zone replenished with (Table 1, Fig. 7B) and an associated shoaling of the
silicate (Fig. 6I). Along with this cascade is a pro- DIP nutricline (Fig. 6H). Consequently, primary pro-
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Fig. 6. Depth profiles of organisms and nutrients for the high (red) and low (blue) fish abundance scenarios. High fish abun-

dance causes a food-web cascade involving a strong diatom nutrient trap and deep euphotic zone (136 m, Table 1). Low fish

abundance causes a food web cascade involving elimination of diatoms, replete silicate throughout the water column, and a

shallow euphotic zone (32 m, Table 1). The fish mortality rates were half and double the baseline mortality in the high and low
fish abundance scenarios, respectively
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Fig. 7. Depth profiles of carbon export in the (A) high and (B) low fish abundance scenarios. The fish mortality rates were half
and double the baseline mortality in the high and low fish abundance scenarios, respectively

duction occurs much shallower in the low fish abun-
dance scenario than in the high fish abundance sce-
nario. This implies a longer epipelagic sinking distance
and thereby greater attenuation of the gravitational
flux before it reaches the mesopelagic zone (Table 1,
Fig. 7B). Furthermore, the total dominance of non-
diatom autotrophs, i.e. absence of diatoms, results in
a reduced f-ratio and larger influence of non-sinking
and slow-sinking detritus than in the scenarios
where diatoms are present. In sum, this leads to a
much lower gravitational flux, nearly half of that in
the high fish abundance scenario (Table 1, Fig. 7).
On the other hand, the reduced influence of bacte-
ria in the low fish abundance scenario (red line in
Fig. 6D) causes a build-up of 1-DOC in the epipelagic
zone (red line in Fig. 6G), leading to increased diffu-
sive flux of I-DOC out of the epipelagic and into the
mesopelagic zone (Table 1, Fig. 7).

3.4. Nutrient-associated bottom-up efiects

The supply of new nutrients into the euphotic zone
is determined by the turbulent diffusivity in our
model. Not surprisingly, this supply greatly affects
the magnitude of the NPP (Table 2). Halving and
doubling of the turbulent diffusivity cause a 45%
reduction and a 77 % increase in the baseline NPP,
respectively (Table 2). Unlike the top-down effect
from fish abundance, the carbon export and seques-
tration tightly follow the NPP for this 4-fold variation
in diffusivity (Table 1). At the highest diffusivity level
(10 times the baseline), however, carbon export in-

creases (6.3-fold) much more than the NPP (4.2-fold).
This is due to increased new production relative
to regenerated production (i.e. increased f-ratio)
involving increased diatom dominance (Fig. 5). Like
increased fish abundance, increased turbulent diffu-
sivity stimulates diatoms at the expense of the non-
diatom autotrophs, albeit with one notable differ-
ence. While increased fish biomass induces diatom
dominance along with a deepening of the euphotic
zone (Table 1, Fig. 7), increased turbulent diffusivity
induces diatom dominance along with a shoaling of
the euphotic zone (Table 2).

4. DISCUSSION

4.1. Effects of mesopelagic fishes on Red Sea
carbon flux

Our results agree with the expectation that meso-
pelagic fishes are important for carbon export in the
Red Sea. In our baseline scenario, the active carbon
flux by fish amounted to 32 % of the total carbon flux
at 440 m depth (Fig. 4). Between 480 and 600 m depth,
which corresponds to the daytime depth of the fishes,
our results suggest that the migrating fishes are re-
sponsible for a large fraction of the community meta-
bolism (Fig. 3A). This supports previous evidence that
fish losses fuel a prokaryotic hotspot in this mesopela-
gic depth interval (Calleja et al. 2018, Moran et al.
2022). Comparison of the scenarios with (baseline)
and without (No-fish) active flux suggests that the fish
DVM increased carbon sequestration by 36 % (Table 1).
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2 -1

Table 2. Biological carbon pump sensitivity to water column mixing as set by turbulent diffusivity (x, m® s™). Fish mortality
rate is the same in all scenarios (2 yr!). The baseline is identical to that in Table 1; other abbreviations as in Table 1

Quantity Unit Scenario
Low mixing 0.5k Baseline k = 3x10™ High mixing 2x Very high mixing 10k
Fish biomass gCm™ 0.74 1.4 2.4 6.3
NPP mg Cm2d? 502 920 1631 3866
Euphotic depth m 92 79 65 40
Export at 200 m depth
Total carbon export mg Cm=2d! 55 98 176 622
Gravitational mg Cm™2d? 32 58 101 311
Diffusive (particulate) mg Cm™2d? 3 6 17 215
Diffusive (1-DOC) mg Cm2d? 8 12 18 3
Active mg Cm2d™? 12 22 40 93
Total phosphorus export mmol P m=2d! 0.028 0.050 0.092 0.427
Net upward DIP flux mmol Pm=2d! 0.028 0.050 0.092 0.427
Gravitational flux
attenuation, 200-700 m m? 0.00236 0.00233 0.00230 0.00215
Penetration length scale m 424 429 435 465
Export at 700 m depth
Gravitational (= total) mg Cm2d™? 9.2 16.9 30.1 104.0
Community respiration and sequestration of carbon below 200 m
Community respiration mg Cm2d! 58 102 184 666
WMDR m 439 444 443 440
Sequestration proxy kg C m™2 3.0 5.3 9.5 34.3

From a synthesis of existing information on fecal
pellet sinking and active migratory flux of fish, Saba
et al. (2021) estimated that fish contribute an average
of 16.1 = 13 % to total carbon flux out of the euphotic
zone. The contribution to carbon sequestration also
depends on the depth penetration of the active ver-
sus the passive flux further down in the mesopelagic
zone. As illustrated by Saba et al. (2021), carbon
being exported to depths of 100, 400, and 1000 m in
the open ocean correspond to sequestration times of
14, 104, and 352 yr, respectively. When active flux is
less attenuated with depth than the gravitational flux
(such as above 450 m depth in Fig. 3B), active flux
contributes to deeper and thereby higher carbon
sequestration. In the northeast Pacific, Davison et al.
(2013) found a contribution of fish mediated export of
15-17 % out of the epipelagic zone. At 400 m depth,
however, they found that the contribution of active
flux increased to approximately 50 %. Such increased
contribution of active flux with increased depth is
also reflected in our study, although to a lesser extent
than in Davison et al. (2013). The maximal contribu-
tion of the active flux in our baseline study is 32 % at
around 430 m (Fig. 4).

Asnoted in Section 1, it is reasonable to expect that
mesopelagic fishes are important in Red Sea carbon
export. All fishes take part in DVM (Klevjer et al.

2012, Dypvik & Kaartvedt 2013), and mesozooplank-
ton migration appears limited (Weikert 1982, Dypvik
& Kaartvedt 2013). Another factor affecting export is
the high temperature in the entire water column
(>21°C, Fig. S1B), which might cause elevated re-
mineralization rates and high attenuation of the pas-
sive flux (Marsay et al. 2015, Mazuecos et al. 2015,
Robinson 2019). Accordingly, Kheireddine et al.
(2020) considered high temperature a likely cause for
the rapid remineralization and the high flux attenua-
tion of POC that they found just below the productive
layer in the Red Sea. Below 200 m depth, however, a
low POC flux attenuation was indicated in their
study as well as in a study by Torfstein et al. (2020).
Our baseline scenario agrees with this observed pat-
tern involving a high POC flux attenuation between
100 and 200 m depth and a low attenuation in the
mesopelagic zone (Figs. 2H & 3B).

In the mesopelagic zone, our results suggest that
fueling of the gravitational flux by the migrators con-
tributes to a lowering of the POC flux attenuation. In
principle, mesopelagic fueling of the gravitational
flux by migrators might cause negative attenuation
for certain situations and depth intervals. Such nega-
tive attenuation is indeed indicated by the somewhat
higher POC flux at 570 than at 350 m depth in the
Gulf of Agaba (Table 3 in Torfstein et al. 2020). More
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generally, our results suggest that DVM fueling of
the gravitational flux in the mesopelagic zone has
important implications for the interpretation of flux
attenuation coefficients and Martin curves derived
from sediment trap observations (Buesseler & Boyd
2009, Marsay et al. 2015, Buesseler et al. 2020). We
expect that spatial and temporal variation in these
coefficients should reflect not only degradation pro-
cesses but also fueling by DVM organisms.

We note that the active carbon flux might have
been underestimated in our model. This is because
we have assumed that metabolic losses and feeding
by fish are in proportion to the time spent at depth as
given by the acoustical observations. For example,
the role of active flux would have been larger if we
had restricted feeding to occur close to the surface
and assumed that metabolic losses (such as defeca-
tion) largely took place at the mesopelagic daytime
depth of the fish. According to the acoustical obser-
vations, the fish spend close to 50 % of their time in
the epipelagic zone. Thus, in our model, a substantial
part of their defecation and mortality enters the grav-
itational flux in the epipelagic zone (Fig. 3A) and is
therefore not bookkept as mesopelagic active carbon
flux in our simulations.

4.2. Red Sea—representative of the oligotrophic
subtropical ocean?

Using a global steady-state data-assimilated model,
Nowicki et al. (2022) found that the biome represented
by the subtropical gyres had the lowest carbon
sequestration in the ocean, amounting to 2.2 kg C m2.
Closest to this estimate is our scenario (3.0 kg C m~2,
Table 2) with a turbulent diffusivity half of that in the
baseline scenario. One notable difference between
our scenario and Nowicki et al. (2022) is that the
active flux of their model (termed 'migrant pump
export' in their study) is near zero in oligotrophic
subtropical waters. This is because their migrant
pump was largely driven by mesozooplankton that,
like in the Red Sea, were assumed to have little or no
DVM in the oligotrophic subtropical waters. We note,
however, that the carbon sequestration in the model
of Nowicki et al. (2022) was constrained by their oxy-
gen budget of the interior ocean. This means that
explicit inclusion of fish DVM in their model would
not affect total carbon sequestration but would likely
increase the importance of active, at the expense of
passive, carbon flux. Like the Red Sea, large daily
acoustical migration patterns are found in the trans-
parent subtropical ocean (Bianchi & Mislan 2016,

Klevjer et al. 2016, Aksnes et al. 2017, Kaartvedt et
al. 2019a). Thus, increased awareness of the role of
active flux in these waters seems warranted. As noted
above, however, a further major difference between
the Red Sea and the subtropical ocean is the high
temperature in the Red Sea mesopelagic zone which
might imply shallower POC and DOC remineraliza-
tion in the Red Sea than in the subtropical ocean.

4.3. Potential top-down eifects of mesopelagic fishes
4.3.1. Cascading effects on the microbial food web

Since the first attempts to model vertical struc-
ture and primary production (e.g. Radach & Maier-
Reimer 1975), it has been known that vertical mixing
is of first order in framing the NPP of ecosystem mod-
els. This is central in models predicting decline in
oceanic primary production and carbon export be-
cause of global warming and associated increase in
density stratification (Sarmiento et al. 1998, 2004,
Bopp et al. 2001). Our model is no exception to this
and underlines the crucial bottom-up control vertical
mixing has in determining the trophic state and the
associated carbon export in a water column (Table 2).
A more important insight from our study, however, is
how zooplanktivorous predators modulate carbon
export through cascading effects on the microbial
food web. Although uncertain to what degree such
cascades are present in nature, they are obviously
important in modeling (Getzlaff & Oschlies 2017) and
consequently for the realism and interpretation of
forecast studies involving ecosystem and biogeo-
chemical models. Our model does not represent
prokaryotic phytoplankton (i.e. pico-phytoplankton)
as a separate state variable. Although their photo-
synthesis is assumed to be included in the non-
diatom autotrophs, they are not represented as a sep-
arate food source for the heterotrophic flagellates
(Fig. 1). This omission likely affects the sensitivity of
the model to trophic cascades.

Cascading top-down effects from changes in pred-
ator abundance can be significant in nature but hard
to observe and more seldom demonstrated in the
open ocean than in terrestrial, freshwater, and ben-
thic systems (Baum & Worm 2009). The kernel of our
model, MinMod, has been developed in close associ-
ation with observations from mesocosm experiments
that do provide evidence of trophic cascades from
mesozooplankton (i.e. copepods) on the microbial
food web (Thingstad 2020 and references therein).
According to observational and theoretical expec-
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tations (Wollrab & Diehl 2015, Thingstad 2020),
increased predation pressure from fishes on meso-
zooplankton result in cascades that, in our depth-
resolved model, propagate into relatively large var-
iations in the gravitational and diffusive fluxes
(Table 1, Fig. 6).

In the high fish abundance scenario, the gravita-
tional carbon export (72 mg C m~2d!, Table 1) out of
the epipelagic zone is much higher than the DOC
export (3 mg C m™2 d7'). This is reversed in the
low fish abundance scenario, where the DOC export
(62 mg C m~2 d7!) is higher than the gravitational
export (40 mg C m~2 d7!). Such an increase in dif-
fusive DOC export accords qualitatively with ex-
pectations in previous studies (Thingstad et al. 1997,
Thingstad & Rassoulzadegan 1999): decreased fish
biomass causes a shift towards more mesozoo-
plankton, fewer ciliates, and more heterotrophic
flagellates. This increases the predation on bacteria,
reduces the 1-DOC consumption, and 1-DOC accu-
mulates in the euphotic zone, which in turn leads to
increased diffusive DOC transport out of the epi-
pelagic zone.

4.3.2. Top-down effects on the depth of the
euphotic zone

Top-down cascading effects from fishes and zoo-
plankton on water clarity and consequently on the
euphotic depth are well known from limnetic stud-
ies (Mazumder et al. 1990, Sarnelle 1993, Vanni et
al. 1997) but to our knowledge not in oceanography.
The fish-mediated food-web cascade that changes
the euphotic depth in our model relates to the com-
petition between diatoms and non-diatom auto-
trophs in the model. Because diatoms have a high
maximal growth in our model (Table S5; Thingstad
et al. 2007, see also Furnas 1990, Egge & Aksnes
1992), although with a low affinity for DIP relative
to the non-diatom autotrophs, they can, under cer-
tain conditions, compete with the non-diatoms. Dia-
toms, however, require silicate, and in our baseline
scenario this leads to silicate depletion and thereby
limited diatom growth in the upper euphotic zone.
The non-diatom autotrophs do not depend on sili-
cate and benefit from a higher growth affinity than
diatoms for DIP, which is more rapidly remineral-
ized within the euphotic zone. Under these circum-
stances, diatoms establish at the bottom of the
euphotic zone where they trap new silicate and DIP
that are continuously supplied from below by turbu-
lent diffusivity.

4.4. Diatom nutrient trap

The diatom nutrient trap is an emergent property
of our depth-resolved MinMod that might account
for the observational evidence that diatoms appear
able to grow and dominate the deep chlorophyll
maximum of stratified oligotrophic water columns
(Crombet et al. 2011, Latasa et al. 2017, Tréguer et al.
2018). According to our model, diatoms trap new DIP,
in addition to silicate, at the bottom of the euphotic
zone. This trapping causes reduced diffusive nutrient
transport to the autotrophs in the shallower part of
the euphotic zone with reduced self-shading and
deepening of the euphotic zone as a consequence.
This nutrient trap is strengthened by diatoms sink-
ing. Such sinking drains the euphotic zone of DIP, as
also observed in enclosure experiments (Wassmann
et al. 1996).

In our high fish abundance scenario, decreased
grazing from mesozooplankton on diatoms makes
the diatom nutrient trap stronger and the euphotic
zone deeper than in the baseline scenario (Table 1).
The opposite effect is seen in the low fish abundance
scenario: diatoms are outcompeted, and silicate be-
comes replete throughout the entire water column
(Fig. 6I). Without the trapping of upward-diffusing
DIP (and silicate) by diatoms in this scenario, the
abundance of non-diatom autotrophs increases, their
light absorption increases, and the euphotic zone
shoals accordingly (Table 1, Fig. 7).

We summarize 3 (related) mechanisms that underly
the increased gravitational flux in the high fish abun-
dance scenario. First, with a deep euphotic zone, pri-
mary production (particularly the new production) is
located closer to the mesopelagic zone. For sinking
particles, this means a shorter distance to travel from
the epi- to the mesopelagic zone. Second, the in-
creased diatom dominance increases new, relative to
regenerated, production (increased f-ratio). Third,
the change from non-diatom autotrophs to diatoms
implies increased influence of opal and fast-sinking,
relative to slow-sinking, detritus, which increases the
depth penetration of the gravitational flux.

4.5. Limitations and future research

A challenge in predicting migrant carbon flux by
fish is the lack of a mechanistic foundation for behav-
ioral modeling that enables realistic spatial position-
ing of fish in the water column as a function of time.
If behavioral mechanisms are to be assumed for the
mesozooplankton as well as for their predators, this
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becomes even more challenging as it involves preda-
tor—prey games (e.g. Pinti et al. 2021). We avoided
behavioral modeling by using acoustic observations
to force the depth distribution of the DVM organisms
(as well as those organisms not undertaking DVM).
This approach is facilitated by the apparent lack of
mesozooplankton DVM in the Red Sea but is inade-
quate for systems involving mesozooplankton migra-
tion and associated predator—-prey games. In our Red
Sea application, it is the time spent at depth over a
24 h cycle, and not the migration per se, that affects
the depth distributions of fish feeding, metabolism,
mortality, and the resulting active carbon flux. This
implicit way of representing fish has 2 advantages.
First, it does not require uncertain assumptions of
behavioral characteristics such as swimming speed,
timing of migration, migration amplitude, and the
proportion of individuals that migrate. Second, it
does not require hourly or higher temporal model
resolution to accurately mimic time spent at different
depths, which might be advantageous in time-
demanding global models (e.g. Aumont et al. 2018,
Nowicki et al. 2022).

A limitation, however, is that the forced depth dis-
tribution of fishes is the same for all of our scenarios.
Since the discovery of the deep sound-scattering lay-
ers, it has been known that light is a proximate con-
trol for DVM (reviewed by Kaartvedt et al. 2019a).
This is utilized in models using simple behavioral
rules relating the depth of a migrant organism to
light (Bianchi et al. 2013, Aumont et al. 2018, Now-
icki et al. 2022) but does not solve the challenge asso-
ciated with many, often overlapping, organism layers
including migrators as well as non-migrators. Thus,
forcing DVM with acoustic observations might also
be an alternative in global studies. The need for
extensive global acoustic coverage might be reduced
by utilization of the empirical evidence that, across
very different oceanographic conditions, the depth
distributions of acoustic backscatter become more
similar when expressed as a function of optical in-
stead of absolute depth (Restad et al. 2016a,b,
Aksnes et al. 2017).

The top-down cascading effects in our model, like
in all ecosystem models, are controlled by the un-
avoidable and sometimes hidden ‘closure term' (Mitra
2009), i.e. the term that defines the loss rate(s) of the
top-predator(s) in the model. Using a NPZD (nutri-

In their model, relatively small variations in this rate
caused important and sometimes counterintuitive
responses in the simulated lower trophic levels and
in the simulated biogeochemistry. The caution made
by Getzlaff & Oschlies (2017) also applies to our
study, where fish mortality rate is a closure term. This
means that our result on how the diatom nutrient trap
weakens and the euphotic depth shallows with
increased fish mortality rate, e.g. by fishing, serves at
best as a hypothesis for how nature might work and
not as evidence for how fishing on planktivores
affects the euphotic depth.

There are discrepancies between our Red Sea
baseline simulation and observations that could have
been minimized by adjusting the model's coefficient
values. Such calibration (or tuning) is sometimes
incorrectly referred to as validation and offers numer-
ous ways to fit simulations to observations although
at a high risk of hiding errors with other errors. We
emphasize one notable discrepancy in our study that
did involve tuning (see Section 2.3). In the baseline
scenario, the observed DOC maximum is at the sur-
face while the baseline simulation provides a subsur-
face maximum (Fig. 2D). There are several ways to
reduce this discrepancy, e.g. by adjusting the fish mor-
tality (see Fig. 6G), the bacterial affinity for 1-DOC,
and/or assuming photosynthetic carbon overflow
linked to light intensity (Cherrier et al. 2015, Roshan
& DeVries 2017) rather than to autotrophic net growth
as in our model. There is little doubt that characteri-
zation of DOC lability and DOC production involving
photosynthetic overflow deserve future attention.
Roshan & DeVries (2017) found that DOC production
and export display a pronounced peak in the oligo-
trophic subtropical ocean, and that this production
might help to explain, at least in part, the perceived
imbalance between autotrophy and heterotrophy in
the open ocean (del Giorgio & Duarte 2002).
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