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Abstract Vertical migrants are a diverse group of organisms, which includes crustaceans, cephalopods and
mesopelagic fishes. They play an active role in the biogeochemical cycles but are in general not included in
numerical models. In this study we introduce a fully coupled Earth system model that represents vertical
migration and with this resolves the key components of the mesopelagic ecosystem, namely migrating
zooplankton and mesopelagic fish, including their feedbacks on biogeochemical cycles. The redistribution of
nutrients in the water column by vertical migration results in a reduction of the net primary production of 14%—
21%, as well as in an asymmetric response in the low oxygenated waters in the tropical Pacific (an increase in the
northern and a decrease in the southern oxygen minimum zone). On a global scale, we find the active transport
of carbon out of the surface layer to be equivalent to ~25% of the total export (~30% relative to passive sinking).
In the low latitudes, migration results regionally in a reduction of the shallow export by 2%—10% and an increase
of the deep carbon export by 6%—15%. In our simulations, mesopelagic fish, with a biomass of 3-3.4 Gt wet
weight, have a slightly larger impact on active carbon flux than migrating zooplankton.

1. Introduction

The ocean twilight zone or mesopelagic (200-1,000 m depth) hosts a diverse community (crustaceans, cepha-
lopods, fishes) and is home to the largest and least exploited fish stocks (see St. John et al., 2016). Many of these
organisms perform diel vertical migration (DVM) (Klevjer et al., 2016; McLaren, 1963) to combine both the
search for food and the avoidance of predators. On average, migrating organisms prey in shallower waters and
migrate to depth where organic carbon is released by respiration, excretion, or egestion. With this, they determine
the active carbon pump (Boyd et al., 2019) and have an impact on biogeochemical cycles (Buesseler &
Boyd, 2009). Estimates showed that about 10%—20% of the total carbon flux is actively transported from the
surface to the ocean interior (Aumont et al., 2019; Davison et al., 2013).

In the past, attention has mainly been paid to migrating zooplankton (Archibald et al., 2019; Gorgues et al., 2019;
Longhurst et al., 1990; Steinberg et al., 2000) and their active contribution to the carbon cycle, while the migration
of larger animals such as mesopelagic fish only recently started gaining attention. The combination of high
biomass, vertical migration, and their excretion of fast-sinking fecal pellets (Davison et al., 2013; Klevjer
etal., 2016) is of potential importance for the carbon cycle. In a game-theoretic food web model, Pinti et al. (2023)
shows that mesopelagic fish and multicellular zooplankton contribute to more than 50% of the deep carbon
sequestration with a sequestration time scale of 250 years that is longer compared to that of other components of
the biological carbon pump.

Although biomass estimates of mesopelagic fish are not well constrained and range from early estimates of 1 Gt
(Gjgseeter & Kawaguchi, 1980) to more recent estimates of ~10 Gt (Irigoien et al., 2014), these estimated are
close or even larger than estimates of the epipelagic fish biomass (Bar-On et al., 2018; Bianchi et al., 2021). With
ongoing fisheries in the upper layers and a decline in epipelagic fish stocks (Galbraith et al., 2017; Lotze &
Worm, 2009; Myers & Worm, 2003), there is increasing economic interest in this deeper domain to obtain fish
meal to feed aquacultures (Berntssen et al., 2021; Olsen et al., 2020) or as a new and valuable source for proteins
(Alvheim et al., 2020), lipids (Wang et al., 2019), minerals and bioactives (Lauritano et al., 2020). Consequences
of a potential fishing pressure on this group are largely unknown (e.g., Martin et al., 2020) and are likely to impact
the carbon pump and biogeochemical cycles in the epi- and mesopelagic zones.

In general, global models (e.g., all IPCC-type models) insufficiently resolve higher trophic levels, with meso-
and/or macrozooplankton being at the top of the model food chain. Mesopelagic processes such as DVM are
usually not considered, and the impact of higher trophic levels, such as fish, is only included implicitly by
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zooplankton mortality as upper closure term. This upper closure term, however, can have a considerable impact
on the biogeochemical model turnover, at regional (Hill Cruz et al., 2021) and global (Getzlaff & Oschlies, 2017)
scales.

To date, very few modeling studies have investigated the consequences of DVM for biogeochemical cycling.
Bianchi, Stock, et al. (2013) investigated the impact of DVM of zooplankton on biogeochemistry at three 1D
stations in the Pacific. Bianchi, Galbraith, et al. (2013) applied an implicit approach (without explicitly modeling
DVM) to investigate the impact of DVM on oxygen. Gorgues et al. (2019) assessed the impact of idealized DVM
by mesozooplankton on carbon export at different depth horizons. Pinti et al. (2023) investigated global carbon
export and sequestration rates mediated by fish and zooplankton in a one-dimensional game-theoretic food web
model. Anderson et al. (2019) introduced the first modeling approach that focuses on the mesopelagic. Although
their model comprises only five different groups, namely three zooplankton groups (epipelagic, migratory and
mesopelagic residence), invertebrates, and mesopelagic fish, it represents the whole mesopelagic ecosystem.
While they carried out an extensive sensitivity analysis related to the impact of biogeochemical and biological
model parameters, their steady-state flux model did not include any feedbacks of fish on biogeochemical cycles. It
also did not resolve the spatial scale, thereby neglecting the impact of different physical-biogeochemical regimes
on mesopelagic stocks and turnover, similar to the model by Pinti et al. (2023). To our knowledge, Aumont
et al. (2019) present the only model that includes diel vertical migration in a fully coupled end-to-end modeling
framework. In their modeling approach, they differentiate between size classes (1 mm—2m) and depth ranges
(epipelagic species, migrators and meso-/bathypelagic species) and have in total 64 different groups—a good but
computationally expensive approach.

The aim of this study is to present a framework that includes the key components of the mesopelagic ecosystem,
namely the impact of migration of zooplankton and mesopelagic fish, in a fully coupled fashion within an Earth
system model, while keeping the computational costs as low as possible. For this, we implement the computa-
tionally cheap model by Anderson et al. (2019) in a full Earth system model (UVic 2.9). This is a first step to show
how the dynamically important mesopelagic ecosystem could be added to IPCC models without losing too much
computational efficiency. We systematically show how the mesopelagic ecosystem impacts the nutrient, carbon
and oxygen cycles. This study is organized as follows: The model description and the sensitivity simulations are
given in Section 2, results are presented in Section 3, followed by a discussion in Section 4 and the conclusions in
Section 5.

2. Model Description
2.1. The UVic Earth System Model

We use the University of Victoria Earth system climate model version 2.9 (UVic_ESCM 2.9; hereafter called
“UVic”) as described in detail by Keller et al. (2012). It comprises a full three-dimensional primitive-equation
global ocean model (MOM?2, Pacanowski, 1995) coupled to (a) a single-level atmospheric energy-moisture
balance model (based on Fanning and Weaver (1996)), (b) a dynamic-thermodynamic sea ice model (Weaver
et al., 2001), (c) a simple marine pelagic ecosystem model (Keller et al., 2012), and (d) an active terrestrial
vegetation model (Meissner et al., 2003). All model components use a horizontal resolution of 3.6° longi-
tude X 1.8° latitude. The vertical grid of the oceanic component has 19 levels with a thickness of 50 m near the
surface, increasing gradually to 500 m in the abyss.

In the ocean model component, isopycnal mixing is parameterized with a globally constant Laplacian isopycnal
diffusion coefficient of 1,200 m? s™', and the parameterization by Gent and McWilliams (1990) is applied to
include the effect of eddy-induced tracer transport. Below the surface mixed layer, the vertical diffusion coef-
ficient is assumed to be constant in space and time within each simulation. South of 40°S, a value of 1 cm? s~ is
added to the background diffusivity in the entire water column to account for observed vigorous mixing in the
Southern Ocean (Garabato et al., 2004; Goes et al., 2010). Furthermore, we apply convective adjustment, polar
filtering and the tidal mixing parameterization according to Simmons et al. (2004). In all experiments reported
here, we use the improved tropical ocean physics as described in Getzlaff and Dietze (2013), where the zonal

isopycnal diffusion coefficient is increased by 50,000 m?%s™"

in the equatorial region between 5°S and 5°N in
order to mimic the effect of the unresolved equatorial intermediate current system. The wind forcing is prescribed
by monthly climatological NCAR/NCEP wind stress fields. Furthermore, we apply preindustrial atmospheric

CO, conditions (280 ppm) to all simulations.
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2.2. The Biogeochemical Component of UVic

UVic features a biogeochemical module that consists of oxygen, two nutrients (nitrate and phosphate), two
phytoplankton groups, zooplankton, and sinking detritus (see e.g. Keller et al., 2012). The two phytoplankton
components represent diazotrophs and non-nitrogen fixing autotrophs. Both are phosphate-limited, and the latter
is additionally limited by nitrate. Iron limitation is simulated with a seasonally varying iron mask to constrain the
growth of diazotrophic and non-diazotrophic phytoplankton. The different elements are coupled by a fixed
stoichiometry in the organic components.

UVic simulates one generic zooplankton component that grazes on all plankton groups (including itself) and
detritus. The simulated zooplankton show the highest abundance in the epipelagic zone due to the high food
density in this region, and are nearly absent in the deep waters. Therefore, we consider this type of zooplankton as
epipelagic zooplankton Z, hereafter. Their functional response to food concentration is described by a Holling
Type II function, where the grazing preference is 0.3 for phytoplankton, zooplankton and detritus and 0.1 for
diazotrophs. The fraction of prey biomass that is converted into zooplankton biomass, respired, excreted or lost to
detritus is determined by the growth and assimilation efficiency terms. Zooplankton mortality produces detritus
and is described in this model by a quadratic mortality term (mZ-Zﬁ), where m, denotes the zooplankton
mortality parameter. The remineralization of detritus is temperature dependent. The full model equations,
including all sinks and sources, are given in Keller et al. (2012).

2.3. The Mesopelagic Model by Anderson et al. (2019)

Unlike the dynamically varying NPZD-model used in UVic, the model introduced by Anderson et al. (2019)
follows a steady-state flux model approach. Apart from estimating mesopelagic fish biomass, no standing stocks
are calculated. Here, we provide only a brief overview of the model; all relevant model equations can be found in
Appendix A.

The model by Anderson et al. (2019) is forced by net primary production (NPP) as source for zooplankton growth
and differentiates between three zooplankton classes: (a) the epipelagic zooplankton (Z,), (b) vertically migrating
zooplankton (Z,,,) and (c) detritivorous zooplankton (Zp,,) that are permanently resident in the mesopelagic zone.
Grazing of epipelagic and migrating zooplankton is a linear function of NPP, whereas grazing of detritivorous
zooplankton is determined by export production. Mesopelagic fish feed directly on all three zooplankton groups
as well as on invertebrate carnivores, which in turn also graze on the three zooplankton groups. According to the
assumptions made by Anderson et al. (2019), invertebrate carnivores represent a variety of organisms such as
amphipods, chaetognaths and jellyfish (Daewel et al., 2014; Tonnesson & Tiselius, 2005). Mesopelagic fish
biomass is obtained by dividing their growth by their mortality rate, which is in line with the steady-state
assumption (Anderson et al., 2019).

2.4. Integrating Mesopelagic Components Into UVic Biogeochemistry

We aim to better resolve possible consequences of mesopelagic processes (particularly DVM) on oxygen,
nutrient, and carbon cycles while maintaining the computational feasibility of the Earth system model. In the
following, UVic denotes the standard UVic 2.9 model configuration as used, for example, in Getzlaff and
Dietze (2013), and UVic-mfish denotes the new model configuration that includes the mesopelagic ecosystem. In
addition to the already existing omnivorous epipelagic zooplankton of UVic (Z,), we introduce of a group of
herbivorous, vertically migrating zooplankton (Z,). Our approach neglects the mesopelagic detritivorous
zooplankton considered by Anderson et al. (2019), which contributes only little (6%) to the diet of mesopelagic
fish (Anderson et al., 2019).

The conservation equations for Z, and Z, including all sinks and sources are given as follows:

dz,
d—: =  grazze — Gua lze Zo® — My 72 — predy,, (1
dz
d—tm = wgrazz, — mZZrzn — predym, @)
GETZLAFF AND KRIEST 3 of 26

8519017 SLOLULLIOD A1) 3|edldde au) Ag pauseA0B a8 Sao1e WO ‘88N JO S3IN1 10y AReiq 1T 8UIIUO AB]IA LD (SUONIPLICD-PUE-SWLIBILI0D" A 1M Afeaq1 U1 IUO//SAIY) SUONIPLOD PUe SUIB | 84} 89S *[202/80/G0] U0 AR1q1TUIIUO A8 |IM ‘UESO0 JO B11LBD ZHOYWRH MY INOTD 49H Ad 2v820089E202/620T 0T/10p/wod" A3 1M Akeiqipuljuo'sgndnbe//sdiy o1y papeoiumoq . 'v20z ‘vZeery6T



V od |
AGU

ADVANCING EARTH
AND SPACE SCIENCES

Global Biogeochemical Cycles 10.1029/2023GB007842

where @ denotes the growth efficiency of zooplankton, graz,. and graz,,, the grazing of Z, and Z_,, m, the
mortality parameter, g, the maximum grazing rate, I, the ingestion of Z, by themselves, and pred,, and pred,,,
the fraction of Z, and Z_, that is ingested by larger mesopelagic animals.

To ensure maximum comparability with the original UVic set-up, we apply the same functional forms for grazing
(Holling Type II) to both zooplankton groups. Epipelagic zooplankton in UVic grazes on four different food
sources: phytoplankton (P), diazotrophs (D), detritus (Det) and themselves (Z.). For UVic-mfish, we assume that
migrating zooplankton Z_ grazes only on phytoplankton to investigate the behavior of migrating zooplankton
solely as competitors of epipelagic zooplankton (and not as their predators). To avoid a too strong grazing
pressure on phytoplankton by the extended zooplankton population and to stay as close to the original formulation
of UVic as possible, we divide the effective grazing preference for phytoplankton, Ip, by two and apply this
adjustment to the grazing of both zooplankton groups (details for this choice are given in Appendix B). Total
grazing of epipelagic zooplankton, graz,., on their four different food sources is then given by

grazze = g Zo (0.5Ip P 4+ Ip D + Ip Det + I, Z,). 3)
The proportions of grazing on individual food sources (X) are calculated from their relative contribution to total
available food:

Px
L=s——"—, 4
h pr.X-}_Kl ()

where p, is the nominal preference for a food source X (either P, D, Det or Z,), and «, is the half-saturation
constant of zooplankton.

In contrast to resident epipelagic zooplankton, migrating zooplankton spends only a fraction of the day (here
named 7,) in the epipelagic, which is their primary feeding domain. The exact duration of 7, depends, among
other things, on the latitude: in low and mid latitudes 7, aligns with the sun cycle, while Cisewski and
Strass (2016) found indications that DVM continues throughout the dark winter period in the high latitudes.
Additionally, observational studies have identified a distinct layer of organisms at greater depth during summer,
without synchronized vertical movement (Cisewski & Strass, 2016; Conroy et al., 2020). In this unstructured
vertical migration the organisms stay in the surface layers until they have fed enough and descend to digest and
excrete. Due to this large variability in vertical movement timing, we adopt a first pragmatic approach of setting
7, = 0.5, which facilitates direct comparison to the original UVic outcomes. Hence, grazing of migrating her-
bivorous zooplankton graz,,, is given by

grazzy, = 77 ax Zm 0.5 Ip P (5)

We further restrict the grazing by migrating zooplankton to regions where the ocean depth is at least as deep as the
migrating depth.

In most global biogeochemical models, including UVic, zooplankton typically represents the highest trophic
level, and their mortality is parameterized by a quadratic upper closure term. This term mimics density-dependent
losses (e.g., enhanced viral transmission at high organism density) and the impact of predation by higher trophic
levels such as epipelagic fish (Mitra et al., 2014; Steele & Henderson, 1992). We maintain this quadratic mor-
tality, denoted as m,, with the same constant rate for both zooplankton groups.

In addition to the quadratic mortality, our extended model also resolves the feeding pressure of mesopelagic fish
on both zooplankton groups, by applying the same parameterizations as Anderson et al. (2019). Migrating and
epipelagic resident copepods provide food to the higher trophic levels of the epipelagic and mesopelagic zones.
As no observational estimates exist, Anderson et al. (2019) assume that the fraction of migrating predators to total
predators equals the fraction of migrating copepods to total copepods (37%). Assuming migrating predators spend
50% of their time in the epipelagic, this results in an ingestion fraction of epipelagic zooplankton growth of 18%.
The food provided by Z, to mesopelagic fish and invertebrate carnivores is given by:

predz. = 0.18 w grazy, (6)
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For the predation of fish and carnivores on migrating zooplankton, Anderson et al. (2019) assume that migrating
predators move in a similar manner as their food (synchronized movement). This would result in complete
transfer of migrating zooplankton production to migrating predators. However, they also account for the loss of
migrating copepods to epipelagic fish during 1 hr at both dusk and dawn (i.e., 2 hr per day). As epipelagic fish are
assumed to constitute 63% of total predator biomass, this yields an ingestion fraction of migrating copepod
production by epipelagic fish of 0.63 X 1/24 = 0.052. The total loss of migrating zooplankton to all predators
would be 0.052 + 0.37 (the fraction of migrating predators), and hence the loss of Zm to migrating predators
would be given by 0.37/(0.37 + 0.052) = 0.88.

predz, = 0.88 w grazy, @)

Similar to Anderson et al. (2019), we do not explicitly represent mesopelagic fish, carnivorous invertebrates, and
their vertical distribution, but assume that their growth depends linearly on that of zooplankton (as in the last terms
on the right hand side of Equations 1 and 2). Hence, the two groups are only implicitly embedded in the model.
We do not prescribe any depth preference for their feeding but assume that these organisms may actively search
and hunt for their prey. In the global domain, the growth terms Gy (carnivores) and Gg (fish) of these two
components are represented by a two-dimensional component:

Gy =(1—f5) Ky~ f (predzy, + predy,) dz, ®

Gp = f,pKg - / (predzy, + foodz.) dz + , zGy, )

where Ky, denotes the growth efficiency of invertebrate carnivores, Kg. that of mesopelagic fish, f  the fraction of
zooplankton growth consumed by mesopelagic fish, and fy, . the fraction of carnivore invertebrates consumed by
mesopelagic fish.

To obtain estimates of simulated fish biomass By, we divide fish growth by an assumed mortality rate in analogy
to the approach by Anderson et al. (2019):

Br = Gp - 0/mg, (10)

where mg denotes the mesopelagic fish mortality and the conversion coefficient ¢ (946.89 g wet weight per mol N,
that is 11.9 g wet weight per g C dry weight based on the conversions of 0.2 dry to wet weight and 0.42 for C
fraction dry weight (Ikeda et al., 2011)). An overview of all parameters is given in Table 1 and an overview of
model state variables is given in Table 2.

Natural mortality is one of the most important parameters characterizing the productivity of fish stocks, and errors
in this value can have substantial effects on the resulting fish biomass (Punt et al., 2021). In most methods, fish
mortality depends on longevity, although there are large differences in the exact formulation. Anderson

et al. (2019) defines the mortality parameter as the inverse of longevity t,,.., whereas the so called rule-of-thumb

max?
approach (e.g., (Hoenig, 1983)) estimates the mortality as 3 - ;! , and Then et al. (2014) advocates 4.899 - ;916
Assuming a longevity for mesopelagic fish of 1.5 years as in Anderson et al. (2019) results in a mortality that
ranges between 0.67 and 3.38 year ! depending on the method applied. One advantage of our approach is that the
simulated feedback on the biogeochemistry is independent of the mesopelagic fish mortality. In the default model
set-up presented here, we adhere to the mortality value of 0.67 year™' as proposed by Anderson et al. (2019), and

discuss the impact of this choice in Section 4.

The loss terms of epipelagic and vertically migrating zooplankton lead to the production of nutrients and detritus
through excretion, sloppy feeding, egestion of fecal pellets and zooplankton carcasses (see Keller et al., 2012 for
more details). For epipelagic zooplankton, this occurs in the same vertical domain as their grazing. However,
migrating zooplankton graze in the surface layer but excrete and egest in deeper layers (Bronk & Steinberg, 2008;
Steinberg, Cope, et al., 2008; Steinberg, Van Mooy, et al., 2008). To incorporate the process of vertical migration,
we instantly redistribute the excreted and egested material to the DVM layer. We adopt a pragmatic approach
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Table 1
Overview of All Parameters
Parameter Definition Value Unit
@ Growth efficiency of zooplankton 0.4 Dimensionless
my Zooplankton mortality parameter 0.06 (mmol N/m*)~" day™"
K Half saturation constant of Z, 0.15 mmol N m™>
Pp Preference of Z, on P 0.3 Dimensionless
Pze Preference of Z, on Z, 0.3 Dimensionless
Pbet Preference of Z, on Det 0.3 Dimensionless
Pb Preference of Z, on D 0.1 Dimensionless
Tz Fraction of day of Z , spending in the epipelagial 0.5 Dimensionless
Ky Growth efficiency of invertebrate carnivores 0.22 Dimensionless
Kg Growth efficiency of mesopelagic fish 0.2 Dimensionless
{75 Fraction of zooplankton growth consumed by mesopelagic fish 0.5 Dimensionless
fy g Fraction of invertebrate carnivores consumed by mesopelagic 0.8 Dimensionless
fish
compared to the regionally varying migration depths approximated by Bianchi, Galbraith, et al. (2013) or Aumont
etal. (2019) by assuming a discrete and spatially uniform migration depth. This allows a straightforward testing of
the impact of DVM depth on the underlying biogeochemistry by varying the DVM depth in a set of sensitivity
simulations.
In analogy to the steady state approach by Anderson et al. (2019), we assume that the ingestion of mesopelagic
fish and invertebrate carnivores equals their total losses. In the absence of external sinks such as fishing, these
losses will remain in the ocean ecosystem either in dissolved or particulate form. We consider these losses
eventually become detritus. The two different depth distributions, Dg; and Dg, as depicted in Figure 1, of this
particular source of detritus are prescribed and applied in the sensitivity simulations described in Section 2.5.
Assuming that all ingested zooplankton is immediately redistributed as
Table 2 detritus by the given vertical function of Dy, is a pragmatic choice that ensures
B ol ladial S Ve Amiles e [iirsves Assaatsad) Wi (36t mass conservation and allows us to keep the model computationally efficient
Trophic Levels (only one explicit tracer compartment Z,, is added) while resolving the most
Model variables Definition important processes (see simplified schematic of the coupled model in
Figure 2). Lacking knowledge about the metabolic rates of mesopelagic fish
2 Fhytoplankton makes it difficult to differentiate between the redistribution in dissolved and
Z, Epipelagic zooplankton particulate material. Therefore, our strong assumption can be interpreted as an
Z Migrating zooplankton upper limit estimate.
b Detritus When adding a new ecosystem to a biogeochemical model, it is very likely
D Diazotrophs that the model parameters need adjustment. In our case, the structural
graz, Grazing of Z, changes in the ecosystem, along with UVic's default parameters, initially
graz, Grazing of Z,, increased the grazing pressure on phytoplankton compared to the original
I, The ingestion of Z, on phytoplankton UVic 2.9 set-up. The increased grazing pressure led to a reduction in NPP,
) . particularly in the high productive regions at low latitudes. To regulate NPP
I, The ingestion of Z_ by themselves . . . . . .
in UVic-mfish, we adjusted the phytoplankton mortality parameter, which
Ip 153 (Oesion 6t 2 o 1D represents fast (bacterial) remineralization, as well as the maximum grazing
Ipet The ingestion of Z, in Det rate (at 0°C). Specifically, we reduced the maximum grazing rate from 0.4
pred,, Predation of fish and carnivores on Z, to 0.2 day™' and increase the phytoplankton mortality from 0.015 to
pred,,, Predation of fish and carnivores on Z,, 0.03 dayfl. Additionally, we changed the half-saturation constant for iron
Gy Growth of invertebrate carnivores limitation of phytoplankton growth from 0.1 to 0.15 nmol Fe m™ and
. adjusted the detritus remineralization rate from 0.055 to 0.065 day™'. With
Gg Growth of mesopelagic fish i L. . .
these changes, we are able to simulate similar NPP distributions in both
Be Mesopelagic fish biomass

model configurations.
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0 r T 2.5. Sensitivity Simulations
"""""" T
DVM,q, e R p We conducted a series of sensitivity simulations to evaluate the representation
200 1 ; ; . ; ; : ! of mesopelagic fish and to explore the influence of migratory processes on
DV”I:oo : : : : N : biogeochemistry. The details of these simulations are outlined below and
— L] l l - - -l L] . .
£ 400 4 i summarized in Table 3.
1
"E I UVic: This simulation is the standard UVic 2.9 model configuration (e.g.,
1
S 6001 ! Getzlaff & Oschlies, 2017; Getzlaff et al., 2016).
1
800 B noDVM: In this model configuration, we used the fully coupled model UVic-

— Dn mfish, but without any vertical migration of either zooplankton or fish. By
--- Dp, doing so, migrating zooplankton and mesopelagic fish excrete and egest in the
same layers as epipelagic zooplankton (close to the surface).

0.050 0.075 0.100 0.125 0.150 0.175 0.200
normalised distribution of mesopelagic fish noDVM-FI: In this set-up, assumptions for migrating zooplankton are iden-
tical to noDVM, but we assume that the contribution of the mesopelagic fish

Figure 1. Normalized vertical distribution of mesopelagic fish weighted by
the thickness of the respective model layers for two different case studies. o
The shaded areas show the two migration depth ranges of the migrating shown in Figure 1.
zooplankton.

to detritus production has the globally uniform vertical distribution D, as

DVM,,,F1: This setup features UVic-mfish, including diel vertical migration

by zooplankton as well as the impact of mesopelagic fish on the vertical
distribution of detritus. The diel vertical migration depth of zooplankton is set to the depth range between 130 and
240 m (the third vertical model layer) and the contribution of the mesopelagic fish to detritus to the globally
uniform vertical distribution Dg; as shown in Figure 1.

DVM,,,F2: This set-up is similar to DVM,oF1 but the contribution of the mesopelagic fish to detritus has the
globally uniform vertical distribution Dy, as shown in Figure 1.

DVM 3,,F2: This simulation is configured in the same way as DVM,F2, but with a deeper migration depth of Z,,
of 240-380 m (the fourth vertical layer of the model).

An overview of all model simulations is given in Table 3. Each sensitivity simulation was run for 10,000 years
until reaching quasi steady-state conditions. For the presentation of the results, we calculate the annual mean of
each simulation after 10,000 years. The impact of DVM is then presented as the ensemble mean DVM of all
simulations that include DVM (DVM,(F1, DVM,,F2, DVMj;,F2). The uncertainty within the DVM ensemble
that arises from different assumptions about the migration depth is denoted by error bars.

uviC
Diazotrophs epipelagic W
Nutrients / grazing Zooplankton ey -
uptake ortality
(NOs, PO,) \
) Phytoplankton sinking
as’ 4 migrating
t9")’0/' Zooplankton s
//79 0/7
Q/,a,

sinking¢

Carnivores

Figure 2. Schematic of integrating the Anderson approach into UVic 2.9.
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Table 3
Overview of All Sensitivity Simulations

UVic noDVM noDVM-F1 DVM,oFl DVM,0F2 DVM,F2

Max. grazing rate (day ") 0.4 0.2 0.2 0.2 0.2 0.2
Phytoplankton mortality rate (day ") 0.015 0.3 0.3 0.3 0.3 0.3
Half sat. constant for iron limitation (nmol Fe m~>) 0.1 0.15 0.15 0.15 0.15 0.15
Detritus remineralization rate (day_l) 0.055 0.065 0.065 0.065 0.065 0.065
Z, No Yes Yes Yes Yes Yes
Z.,, migration No No No 130240 m  130-240 m 240-380 m
Mesop. fish No Yes Yes Yes Yes Yes

Mesop. fish migration No No Dy, Dy, D, Dp,

3. Results
3.1. Zooplankton

The total zooplankton biomass of 0.5-0.53 Gt C in our simulation (Figure 3, Table C1) is at the upper end of
estimates observed by Buitenhuis et al. (2013), but within the very large uncertainty range given by Drago
et al. (2022). Furthermore, the distribution of vertically integrated zooplankton biomass in UVic is similar to the
vertical integral of the net zooplankton biomass of DVM,,F1 (Figures Cla and C1b) showing large maxima in
the tropical oceans and also large values in the high latitudes. In UVic-mfish, this distribution is mainly deter-
mined by Z. (Figure Clc), while migrating zooplankton shows a rather homogeneous distribution with smaller
concentrations in the Southern Ocean (Figure C1d).

Observations comparing day and night measurements of mesozooplankton in surface waters are commonly used to
estimate of the proportion of migration zooplankton. The observed fraction of migrators relative to total
zooplankton (migrators and non-migrators) exhibits large spatial and seasonal variability. Estimates range between
0.34 and 0.38 for the equatorial Pacific at 140°W (Zhang & Dam, 1997), 0.33-0.71 (depending on season and year,
with a mean of 0.38) for the Sargasso Sea (Madin et al.,2001), 0.41 to 0.48 for the subtropical Pacific (Al-Mutairi &
Landry, 2001; Steinberg, Cope, et al., 2008; Steinberg, Van Mooy, et al., 2008) and 0.6 for the subarctic Pacific
(Steinberg, Cope, et al., 2008; Steinberg, Van Mooy, et al., 2008). Our global and large-scale estimates are at the
lower end of these observations but neglect the spatial variability of the model at smaller scales. Figure 4 depicts the
spatial distribution of the contribution of migrating to total zooplankton, derived from annual mean concentrations
of experiment DVM,,,F1. Although the temporal averaging might reduce some of the potential variability, we also
see a large spatial variability with values that are in the range of the observational ones.

The relative importance of migrating zooplankton in the tropics and subtro-
pics can be explained with the model's assumptions of epipelagic zooplankton
grazing and their diet preferences: Low phytoplankton concentrations in the

1
- D7
-

Zm

o
(92}
1

oligotrophic subtropical gyres limit zooplankton grazing on this resource.
Consequently, the omnivorous epipelagic zooplankton Z, switches to other
types of food, including itself, thereby limiting its own growth. This results in

°
ES
1

lower concentrations (Figure C1, panel c) and, together with the low but
homogeneous distribution of strictly herbivorous migrating zooplankton
(Figure C1, panel d), contributes to a smaller contribution of Z, to total
zooplankton. In contrast, omnivory of Z, appears advantageous compared to

o
N
1

herbivory in the Southern Ocean, which experiences long periods of nearly

Zooplankton [GtC]
o
w

absent phytoplankton during austral winter. In this region Z, constitutes the
largest fraction of zooplankton, evidently outcompeting migrating organisms
due to their more flexible diet, higher growth rate (due to a longer presence in

e
iy
1

0.0 surface waters) and lower predation by mesopelagic fish (Equations 1 and 2).

UVic noDVM DVM Thusi while low.growth rates a{ld high loss rates of migrating ZOOplaflktOH
contribute to their overall low simulated concentration, the assumed dietary
Figure 3. Globally integrated zooplankton biomass. preferences of both groups, along with intra-guild predation of epipelagic
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ﬁi Paia: zooplankton, cause the large spatial variability in their contribution to total

60°N o™~ 5~ 5 A zooplankton.

30°N ‘ﬁ :
A 4 e p 3.2. Mesopelagic Fish

0 \ 3 In contrast to the approach by Anderson et al. (2019), our model incorporates
30°S grazing by the mesopelagic fish, which directly impacts the standing stock of
zooplankton. Concurrently, fish egestion and mortality affects the production
60°S and export of detritus, with potential feedbacks on remineralization and the
5 ' provision of recycled nutrients for primary production. To investigate the
; i g impact of feedbacks induced by the two-way coupling on the resulting
0.0 0.2 0.4 0.6 0.8 1.0 mesopelagic fish biomass, we compare the results of UVic-mfish with those
obtained by the one-way coupling approach introduced by Anderson
Figure 4. Relation of migrating zooplankton Z,, to total zooplankton et al. (2019) (referred to as A2019 hereafter). For the A2019 (one-way

(Z, + Z,,) in DVM, F1.

coupled) model, we use primary production from the respective simulations

of UVic-mfish as input and employ the default parameters provided by
Anderson et al. (2019). Globally integrated mesopelagic fish biomass simulated by UVic-mfish generally exceeds
the estimates from A2019 (Figure 5).

Although the distribution pattern of the mesopelagic fish (an example for DVM,,,F1lis shown in Figure 6a)
appears to align with the pattern of NPP (Figure 6b), the fraction of fish growth attributed to NPP shows large
regional differences (Figure 6¢). While this fraction remains constant at a value of 0.003 for A2019, UVic-mfish
shows a higher fraction in the high productive tropics and in the upwelling region in the Southern Ocean, and a
smaller fraction in the Southern Ocean south of ~50°S and in the less productive regions of the subtropical gyres.
This indicates that the response of the fish biomass in the fully coupled model is more sensitive to changes in NPP
in the low latitudes (as indicated by the larger fraction between fish growth and NPP) compared to the fish
biomass by A2019.

Indeed, this is in line with the differences in the response to vertical migration between UVic-mfish and A2019.
Comparing noDVM and DVM, the globally integrated mesopelagic fish biomass is reduced by 14%-21% when
A2019 is forced with NPP from the respective simulations (Figure 5). This reduction increases to 19%—42% when
using the fully coupled approach in UVic-mfish. These results indicate non-linear interactions with the ecosystem
dynamics of the lower trophic levels, as variations in the A2019 fish biomass estimates are solely implied by
changes in NPP.

3.3. Impact on Biogeochemistry
3.3.1. Net Primary Production

In the low latitudes (integrated between 40°S and 40°N), observations show a

mesopelagic fish [Gt wet weight]
I
o wv o wv o w o

o
U
)

©
=)
|

UVic-mfish

Figure 5. Globally integrated biomass of mesopelagic fish for the 2-way
coupled UVic-mfish approach and the linear approach introduced by

wide range of estimates for NPP, that are 46.3 Gt C y~' by Behrenfeld and
Falkowski (1997), 63.3 Gt C y~! by Carr (2001), and the most up-to-date
value of 43.0 Gt C y~' by Westberry et al. (2008). In the default UVic
configuration, NPP has a global value of 49.4 Gt C y~' and a value of
36 Gt C y~! integrated between 40°S and 40°N, which is lower compared to
observations (Table C2). Simulation noDVM matches the observations with a
NPP of 43.3 Gt C y~" between 40°S and 40°N very well and shows the largest
NPP of all simulations, whereas the DVM simulations yields an NPP estimate

HEN noDVM
s DVM

similar to UVic's.

Diel vertical migration by zooplankton as well as mesopelagic fish actively
transport detritus to deeper layers (Figure C4), and with this, a fraction of
A2019 detritus escapes the fast remineralization in the warm waters of the epipelagic

zone. This, in turn, impacts the amount of nutrients supplied to the surface
layers compared to model configurations that miss migratory processes, and

Anderson et al. (2019) (A2019) with NPP as forcing for noDVM and DVM. is of particular importance for nutrient limited regions where it affects NPP
The error bars indicate the impact of differences in the vertical migration depth. ~ (see Table C2). The migratory processes of Z,, and mesopelagic fish in
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0.000 0.002 OA0‘04 0.0'06 0.008 0.010
Figure 6. Vertically integrated biomass of mesopelagic fish (a) and vertically integrated net primary production (b) for
DVM,,,F1. (c) Relation between growth of mesopelagic fish and NPP in DVM,(F1. The contour line in indicates the
constant value of 0.003, which is the relation between mesopelagic fish growth and NPP for A2019.
scenarios that include vertical migration lead to a reduction of the globally integrated NPP by 9%-21% (Figure 7).
The largest reduction (14%—-29%) occurs between 40°S and 40°N. This is in line with a strong reduction of NO;
and PO, in the surface layer at low latitudes (Figure 7). In the nutrient replete but light limited Southern Ocean, we
find that a small reduction in zooplankton releases the grazing pressure on phytoplankton, leading to the small
increase of NPP. The increase in NPP also leads to an increase in surface remineralization and thus a small in-
crease of NO; and PO, in the surface layer.
3.3.2. Carbon Export
Vertical migration affects also the export of carbon from the surface to the ocean interior. The total carbon export
includes all processes that export carbon to depth, including export by sinking particles, active export and mixing.
Here, we have to differentiate between carbon export production, which is
= global typically estimated at a depth horizon of ~100-120 m, and deep carbon
51— _— gg;;;f;:‘ean export, where export horizons are typically set between 500 and 2,000 m
~ - I - (Guidi et al., 2015; Henson et al., 2012; Jin et al., 2020). We choose three
s 07 different depth horizons: (a) 125 m to investigate changes in the total export
% s | production, (b) 550 m, which is one model layer below the deepest assumed
S migration depth of Z,, and (c) 1,500 m, which is below the migratory impact
© ~101 of mesopelagic fish. An overview of all values is given in Table C2, and a
% 15 comparison with sediment trap data from Mouw et al. (2016) is shown in
S Figure C2.
-g ~201 When investigating the impact of the migratory processes on the total carbon
F= s
g -25 export, we are particularly interested in the impact of migratory processes in
30 UVic-mfish on the total carbon export by comparing noDVM with all
; ; ; sensitivity simulations that include DVM. Figure 8 shows the relative change
NPP NO3 PO4

Figure 7. Global (dark blue) and regional (blue: 40°S—40°N; light blue:
Southern Ocean) properties (NPP, nitrate and surface phosphate) of DVM,
expressed as percent deviation from noDVM. The error bars indicate the impact
of differences in the vertical migration depth.

of the total carbon export for the three sequestration horizons relative to
noDVM. As expected from the low NPP, the carbon export at the 125 m depth
horizon is smaller for all simulations that include DVM and for all three re-
gions (globally, 40°S—40°N, Southern Ocean) compared to noDVM. This
reduction of the total transport at the 125 m depth horizon is partly determined
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Figure 8. (a) Globally integrated export production (dark blue), export production integrated between 40°S and 40°N (blue), and integrated across the Southern Ocean
south of 40°S (light blue) across 125, 550, and 1,500 m for DVM relative to noDVM. (b) Active export for DVM relative to total export at the 125 m depth horizon by
migrating zooplankton (light blue), mesopelagic fish (middle blue), carnivores (blue), and by the total (dark blue), which is the sum of migrating zooplankton, mesopelagic
fish, and carnivores parts. Error bars show the uncertainty range resulting of the differences in the vertical migration depth.

by the active transport by migrating organisms (Table C3). Between 40°S and 40°N, the active flux is 39%—40%
of the total flux (Figure 8b). This ratio is much smaller in the Southern Ocean (10%—11%). Globally the active flux
is about one quarter of the total flux. In all regions, the impact of mesopelagic fish on the active transport is larger
compared to that of migrating zooplankton. When investigating the ratio of the active export relative to passive
sinking, this ratio increases to ~31% globally and to 57% between 40°S and 40°N, while keeping a similar ratio of
11% in the Southern Ocean (Figure C3).

In contrast to the shallow export, the export at the 550 m depth horizon, the layer below the migration depth of Z,
shows a different pattern. In the low latitudes, we find an increase relative to noDVM of the total export by 8%—
10%. Clearly, in simulations that include DVM, the sinking of organic matter through a depth horizon of 550 m
benefits from the fact that zooplankton and fish provide an additional transport mechanism to the mesopelagic,
thereby enhancing deep export despite the reduced export production. However, in the Southern Ocean, carbon
export at 550 m in simulations that apply migratory processes is lower compared to noDVM. The combination of
the small relevance of migration, active flux, and the decline in detritus results in an overall decline of the carbon
export compared to noDVM. Similar to the depth horizon of 550 m, we find also for the deepest horizon of
1,500 m a relative increase in the carbon export in the low latitudes between 40°S and 40°N and a relative
decrease in the Southern Ocean. Overall, the impact of Southern Ocean on the global response is now larger,
resulting in a net decrease in the deep carbon export on a global scale.

Comparing the three sensitivity simulations (DVM,yF1, DVM,,F2, DVMj;(,F2) that include both migrating
processes (migration of zooplankton and that of fish) shows an uncertainty range of maximum 4% for the total
export, resulting from differences in the applied migration depth. This is relatively low and indicates that a good
choice of the migration depth in this case is of less importance. In addition, we find a very similar uncertainty
range for NPP of up to 4%. This further indicates that changes in the surface nutrients driven by vertical migration
have a stronger impact on the total export compared to the choice of the vertical migration pattern.

3.3.3. Oxygen

The globally averaged oxygen concentration in UVic is slightly higher compared to the values obtained from
observations (Bianchi et al., 2012), yet within the uncertainty range in the CMIP5 models (Bopp et al., 2013).
Shallow remineralization in noDVM causes a large value of global average oxygen (Table 4), which is at the
higher end of the CMIP5 models. The migratory processes lead to a further increase of the global oxygen in-
ventory of 1%-2.5%, most likely because of the reduced total export production. This increase is slightly
enhanced in the Southern Ocean (1.9%-2.7%) and lower in the mid latitudes between 40°S and 40°N (0.7%—
2.3%). As noted above, in the Southern Ocean, the model's response to the migratory processes is a reduction in
carbon export, thus these water masses face less remineralization. Consequently, the water masses in the Southern
Ocean contain more oxygen and also ventilate the lower latitudes with these oxygen rich water masses (Duteil
et al., 2021). In contrast, low latitudes experience more deep export when considering vertical migration, which
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Table 4
Globally Averaged Oxygen Concentration [mmol/m’] and Oxygen Inventory [Pmol 0,] for All Simulations

0, WOA  UVic  noDVM  noDVM-FI ~ DVM,Fl ~ DVM,0F2  DVM,,F2

Average 175 184 198 202 203 200 201
Inventory:
Global 222 250 269 274 276 272 272
40°S—40°N 144 161 174 177 178 175 176
Southern Ocean 61.0 70.8 759 71.7 71.9 71.3 713

Note. WOA shows the values derived from the World Ocean Atlas (Garcia et al., 2018).

results in a larger deep respiratory demand. Overall, the response of the global oxygen inventory to migratory
processes is small. Similar results can be found by a point-by-point comparison as shown in the Taylor diagram in
Figure 9a.

However, unlike the response in the global oxygen inventory, we find that migratory processes impact the low
oxygenated areas in the tropical Pacific. Figure 9b shows the area for oxygen values <50 mmol/m~ for the
southern (gray shaded, left side of the figure) and the northern equatorial Pacific (right side of the figure). UVic
underestimates the area of the southern oxygen minimum zone (OMZ), whereas it overestimates the area of the
northern OMZ compared to observational data (Garcia et al., 2018). Comparing the areas of the OMZs between
UVic (pink dashed lines in Figure 9b) and noDVM (green lines) over depth, we find a uniform decrease of ~22%
in both hemispheres in the core of the OMZs (300 m in the southern and 850 m in the northern hemisphere) for
noDVM, likely because a large part of remineralization in noDVM occurs in shallow waters.

The introduction of migratory processes leads to an opposing response of northern and southern hemispheric
OMZs. Compared to noDVM, simulated migration (blue and red lines in Figure 9) leads to a decrease of the area
by 5%—17% in the core of the southern Pacific OMZ (300 m), whereas these processes lead to an increase by 10%—
17% in the core of northern Pacific OMZ (850 m). This diverging response is a result of the active downward
transport of detritus by zooplankton. For the shallower OMZ in the southern Pacific, the active transport by
migration reduces the amount of detritus that sinks into and remineralizes within in the core layer, resulting in less
oxygen consumption and hence a decrease in the area of the OMZ compared to noDVM. In contrast, in the
northern tropical Pacific, the redistribution of detritus by migration takes place in the layers above the core of the
OMZ. As migratory processes transport detritus to the deeper layers with lower temperatures compared to surface
layers, detritus escapes the fast remineralization at the surface. This, in turn, leads to increased remineralization in
these layers compared to noDVM, resulting in an increase in the area of this OMZ.

b)

250 1
500 1

. 750
— WOA
=== UVic
—— noDVM
=== noDVM-F1
—— DVMI1F1
—— DVM1F2
-=- DVM2F2

£
= 1000 4
L
a
S 1250
©
1500 4
1750

2000

10 0 10 20 30
area OMZ [1012m?]

Figure 9. (a) Taylor plot for global oxygen concentrations compared against World Ocean Atlas (Garcia et al., 2018), mapped onto UVic's spatial grid. Different symbols
denote model runs: black circle—UVic; gray circle—noDVM; blue circle—DVM-F1; blue inverted triangle—DVM?200F1; red triangle—DVM200F2; small red
triangle—DVM300F2. (b) Area of the OMZ for oxygen values O, < 50 mmol/m™; gray shaded part shows the area of the OMZ for the southern tropical Pacific and
white shaded part the area for the northern tropical Pacific (analogous to Cabré et al. (2015)). The black line shows observational values from the World Ocean Atlas

(Garcia et al., 2018).
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In general, mesopelagic fish and their transport of organic matter to the mesopelagic appear to be of greater
importance for the OMZ area in the Northern Hemisphere than DVM by zooplankton. This can be inferred from a
comparison of OMZ areas simulated by noDVM-F1 and noDVM. Introducing vertical fish movement in the
former expands the northern OMZ area by 10% (compare dashed red line with green line). Extending the fish
profile to deeper layers, as in the shift from DVM,F1 to DVM,,F2 (red and blue lines, respectively), further
extends the northern OMZ area. In contrast, introducing vertical migration of zooplankton has a minor effect on
the northern OMZ area, as evident from the comparison of DVM,F1 (red line) and noDVM-F1 (dashed red
line); additionally, the depth of zooplankton migration (DVM,,oF2 vs. DVM;,,F2) seems to play only a small
role. Thus, we can conclude that the impact of the vertical distribution of the mesopelagic fish on the extent of the
OMZ is larger in our case compared to the impact of differences in the migration depth of the migrating
zooplankton.

4. Discussion

Our model results indicate that the dynamics of the mesopelagic ecosystem have a considerable impact on the
biogeochemistry. The main drivers are the migrating groups that actively transport carbon and nutrients to greater
depth, thereby contributing to the total carbon export. However, potential uncertainties as well as the large
regional differences are discussed in the following.

4.1. Zooplankton Representation

Although the global zooplankton biomass representation in our model is at the upper end of the observational
range, we find a completely different picture in the Southern Ocean. Recent observations between 50°S and
70°S (Yang et al., 2022) show a total zooplankton biomass of 98.7 Mt C, consisting of 67 Mt C meso-
zooplankton (68%), 30 Mt C krill (30%) and 1.7 Mt C salps (2%). In UVic-mfish, we find a total zooplankton
biomass ranging between 41.9 and 42 Mt C (in all simulations that include at least one migratory process),
which is an underestimation of more than 50%. While the zooplankton biomass in the standard UVic
configuration is larger (73.6 Mt C) and close to the observed value of the mesozooplankton, the total value is
still underestimated.

In our model, we only account for mesozooplankton, which partly performs vertical migration and exhibits
similar behavior compared to krill. However, considering migrating zooplankton such as krill in the Southern
Ocean still results in an underrepresentation of that group, which likely results to too low deep carbon export as
well as too large oxygen uptake. The relative biomass of salps compared to that of mesozooplankton and krill is
very low and thus potentially negligible. However, their blooms can result in a high local export of organic matter
(Steinberg et al., 2023). Due to their deep migration depth of up to 750 m and their large, fast sinking fecal pellets
(e.g., Phillips et al., 2009), salps can affect the export ratio and mesopelagic transfer efficiency of NPP, ultimately
carbon sequestration in an extensive way (Buesseler et al., 2020). The challenge in observing their contribution to
exports lies in the fact that salps are highly patchy in space and time, as they rapidly respond to favorable
environmental conditions (Deibel & Paffenhofer, 2009).

While we focus in this study on diel vertical migration, we neglect the impact of seasonal vertical migration that
occurs mainly in the high latitudes. Seasonal vertical migration, in general, describes the occurrence of organisms
at different depth depending on the season. The so called the lipid pump refers to the vertical transport and
metabolism of carbon rich lipids by overwintering zooplankton. This pump is highly efficient due to the almost
complete decoupling of the nutrient and carbon cycles, and the direct transport of carbon to the mesopelagic.
Jonasdéttir et al. (2015) shows that seasonal vertical migration accounts for almost 50% of the deep carbon export
by biological processes in the North Atlantic.

So far, deep detritivorous zooplankton are neglected in this model. Regarding the modeled mesopelagic fish
biomass, their contribution is of minor importance as they contribute only to 6% of their diet (Anderson
et al., 2019). However, when considering feedback processes of the mesopelagic ecosystem on the biogeo-
chemical cycles, these organisms might play a larger role. A key function of detritivorous zooplankton is the
fragmentation of detritus (Lampitt et al., 1990; Paffenhofer & Strickland, 1970), which is an important process
for the remineralization of fast sinking particles at depth. Observations from ARGO float data indicate that the
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transformation of large, fast-sinking particles into small, slow-sinking fragments is responsible for a decrease of
49% (£22%) in the deep particle flux (Briggs et al., 2020). Giering et al. (2014) showed in a simple, steady-
state flow-analysis model that detritivorous zooplankton fragment and ingest about 50% of the fast-sinking
particles and release more than 30% of that fraction as slow sinking particles. Additionally, a fraction is
directly remineralized by excretion, leading to a shallower remineralization depth. In our model, we only
consider slow sinking detritus. When including detritivorous zooplankton in a model, it is important to include
fast sinking detritus as well. While fast sinking fecal pellets increase the carbon export, the fragmentation into
smaller, slow sinking fecal pellets counteracts this increase in the mesopelagic. Therefore, the resulting net
effect on carbon export when including both detritivorous zooplankton and fast sinking detritus might be rather
small. Another aspect to consider when neglecting detritivorous zooplankton is that fish feed on them. In our
model setup, fish immediately egest detritus, so the resulting effect of detritivorous zooplankton would, in this
case, be more or less zero. However, if fish egest at a shallower depth compared to their feeding depth, it results
in an uplift of nutrients, whereas an egestion at greater depth compared to their feeding depth results in a
downward shift of nutrients.

4.2. Mesopelagic Fish and Their Impact

Global estimates for the mesopelagic fish biomass are not only rare but also cover a large range, from the very
early estimate of 1 Gt by Gjgsater and Kawaguchi (1980) to a more recent one of 10 Gt by Irigoien et al. (2014).
Uncertainties in both estimates are large, and currently it is not clear which value is the more likely one. The
recent flux estimates derived from primary production by A2019 result in a value for the mesopelagic fish
biomass of 2.4 Gt wet weight between 40°S and 40°N with an uncertainty envelope of —30%-50%. Migrating and
epipelagic zooplankton are explicitly resolved in UVic-mfish, and thus the ratio of the growth terms is not fixed in
space and time. The resulting fish biomass is 2.3-2.6 Gt wet weight between 40°S and 40°N.

One of the most important, yet uncertain, parameters for fish stock assessment is the natural fish mortality.
Assessing a value for the mortality directly from observations is rather difficult, as mortality is a function of age,
sex, predator numbers, food availability, diseases and other environmental effects, and would require monitoring
the whole life span of an age group of fish. Therefore, deriving mortality indirectly from life-history parameters
such as longevity has become common practice (Hamel & Cope, 2022; Hoenig, 1983; Kenchington, 2014; Then
et al., 2014). The approach by A2019, deriving the mortality from the inverse of longevity, appears to be similar
but neither accounts for the production of reproductive material nor the fact that not all fish reach the longevity
age, thus underestimating the impact of life cycle interactions as shown in a regional study by Hill Cruz
etal. (2023). Applying the rule-of-thumb approach (e.g., Hoenig, 1983, estimating the mortality by 3 - t-! ), or the
approach by Then et al. (2014) (estimating the mortality by 4.899 - 79216) results in a significantly larger mor-
tality rates. Mesopelagic fish have a lifespan of 1-5 years (Caiger et al., 2021; Catul et al., 2011) derived from
global observations and of 2—7 years in the Southern Ocean (Caiger et al., 2021; Saunders et al., 2019). Assuming
a longevity that ranges between 1 and 6 years, we get an uncertainty range for the globally integrated mesopelagic
fish that ranges between 0.66 and 3.96 Gt wet weight applying the rule-of-thumb approach, and between 0.4 and

2.1 Gt wet weight applying the approach by Then et al. (2014).

In the Southern Ocean, we find the largest fish biomass along the southern regions of the Antarctic Circumpolar
Current, which is in line with Dornan et al. (2022). However, their study shows additional biomass peaks
dominated by non-gas bearing species along the seasonal ice-edge that are not present in our model. One simple
reason for the misrepresentation by our model might be the lack of food for mesopelagic fish in that area.
Myctophids are not only the most abundant mesopelagic fishes in the global ocean (Gjgseter & Kawa-
guchi, 1980; Irigoien et al., 2014), but in the Southern Ocean, they are the major consumers of krill as indicated by
observations (Hill et al., 2007; Kock et al., 2012; Saunders et al., 2019). In UVic-mfish, we only account for
mesozooplankton and do not include the explicit representation of krill. With this, we miss an important part of
the food chain for mesopelagic fish and underestimate their biomass in this region.

4.3. Consequences for the Carbon Export

In addition to sinking particles as one component of the biological carbon pump, active transport by migrating
organisms plays an important role. On a global scale, the active export at the base of the euphotic zone amounts to
10%-30% (Archibald et al., 2019; Aumont et al., 2018; Davison et al., 2015). In our study, we find an overall

GETZLAFF AND KRIEST

14 of 26

8519017 SLOLULLIOD A1) 3|edldde au) Ag pauseA0B a8 Sao1e WO ‘88N JO S3IN1 10y AReiq 1T 8UIIUO AB]IA LD (SUONIPLICD-PUE-SWLIBILI0D" A 1M Afeaq1 U1 IUO//SAIY) SUONIPLOD PUe SUIB | 84} 89S *[202/80/G0] U0 AR1q1TUIIUO A8 |IM ‘UESO0 JO B11LBD ZHOYWRH MY INOTD 49H Ad 2v820089E202/620T 0T/10p/wod" A3 1M Akeiqipuljuo'sgndnbe//sdiy o1y papeoiumoq . 'v20z ‘vZeery6T



V od |
AGU

ADVANCING EARTH
AND SPACE SCIENCES

Global Biogeochemical Cycles 10.1029/2023GB007842

contribution of migrating organisms of ~30% to the export of carbon by passive sinking at the 125 m depth
horizon, and similar contributions are found by Aumont et al. (2019) and Gorgues et al. (2019) (the latter only
when considering 30% of the total mesozooplankton to migrate). In the modeling approach by Pinti et al. (2023) (a
1D model coupled one-way to a global circulation model), the contributions by metazoans and fish (including
mesopelagic fish, forage fish, large pelagic fish and jellyfish) to the global export by passive sinking is ~20% and
slightly smaller compared to the other modeling studies, but well within the large uncertainty range. Saba
et al. (2021) shows in a comprehensive overview of observational studies that the active export of midwater fish
amounts to 16% of the total flux by passive sinking with a large uncertainty range of +13%. Assessing only the
contribution of mesopelagic fish, we find in our study a fraction of 13%, whereas it amounts to only 3% in Aumont
et al. (2019). A2019 also gives estimates of the global carbon flux with a carbon export of 0.48 Gt C/year for
invertebrate carnivores and of 0.69 Gt C/year for mesopelagic fish. Especially the latter value is much larger
compared to the estimate of 0.19 Gt C/year achieved by Aumont et al. (2019). Our values of 0.49 Gt C/year for
invertebrate carnivores and of 0.71 Gt C/year for mesopelagic fish are similar to the values given by A2019.
Nowicki et al. (2022) investigated the impact of zooplankton vertical migration on the carbon export and a
contribution of 10% to the total export of carbon. In their study, they consider that only larger zooplankton can
undertake vertical migration. We find a relative contribution of migrating zooplankton to the total carbon export
of 7.4%, which is slightly smaller compared to the findings of Nowicki et al. (2022).

A consequence of the active transport of carbon by vertical migration is a decline in the related total carbon
export production by sinking particles. Gorgues et al. (2019) investigated the impact of vertically migrating
mesozooplankton on carbon export in a model of the North Atlantic and found a decline in export at the 150 m
depth horizon of 18% and 30%, depending on whether 30% or 60% of the total mesozooplankton were
considered to migrate vertically. Our results show a smaller decline in the shallow export of 4%-11% when
accounting only the North Atlantic, although the ratio of migrating to total zooplankton in our model is similar,
at 37%. Remineralization of organic matter is temperature dependent and larger in warmer waters compared to
cooler ones (Bendtsen et al., 2015; Marsay et al., 2015; Turner, 2015). Consequently, the organic matter
transported by migration to greater depth faces less remineralization, thus leading to an increase in the effi-
ciency of deep carbon export. We find an increase of the deep carbon export (at the 1,500 m depth horizon) by
6%—12% in the low latitudes. Our findings are similar to Gorgues et al. (2019) who found a decrease of 5%—8%
(at the 1,000 m depth horizon, assuming migration of 30% or 60% of the total mesozooplankton) in the North
Atlantic.

Our model results show an opposing response of the deep carbon export to the migratory processes between the
low latitudes and the Southern Ocean. This might possibly be linked to the deficient ecosystem representation on
the Southern Ocean. By underestimating the biomass of migrating zooplankton to a large extent, we also un-
derestimate the biomass of mesopelagic fish. The explicit representation of krill might be of particular impor-
tance. Krill are vertically migrating with a period of about 12—15hr (Piccolin et al., 1986) and produce large pecal
pellets (Belcher et al., 2017). With this, they contribute on average by about 35% to the total export flux of carbon
in the marginal ice zone (Belcher et al., 2019). So, our rather rudimentary representation of the Southern Ocean
ecosystem very likely neglects processes that are important in shaping the ecosystem's response to migratory
mesopelagic processes and will impact the carbon export.

There are many sources of uncertainty related to mesopelagic vertebrates (and invertebrates) that impact the deep
carbon sequestration and that are, so far, not considered in current studies. Among them is the representation of
the metabolism of mesopelagic organisms that affects the form (dissolved or particulate) in which carbon is
redistributed in the water column. A2019 only estimates the contribution of mesopelagic organisms to the export
in terms of carbon but does not differentiate between respiration, egestion, or excretion. Gathering information
about metabolic rates from mesopelagic fish is rather difficult as it is not easy to obtain healthy (and living)
organisms from traditional net sampling. Currently, there is only one method to measure respiration of fish from
the mesopelagic (respiratory electron transport system (ETS) measurements, Belcher et al., 2020), thus the lack of
data (Ikeda, 2016) is not surprising and is also the case for excretion or egestion rates. The latter is of particular
importance as fish fecal pellets sink much faster (orders of magnitude) compared to small particles (Saba &
Steinberg, 2012) and are likely to play an important role for the deep carbon sequestration (Bianchi et al., 2021).
In line with that, Karakus et al. (2021) showed that the relatively fast sinking fecal pellets of polar macro-
zooplankton lead to an increase in the carbon transfer below the mesopelagic zone. Additionally, Saba
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etal. (2021) pointed out that not only the sinking speed of fish fecal pellets but also their carbon content (so far this
has been investigated only by Bray et al. (1981), Staresinic et al. (1983), and Saba and Steinberg (2012)) will
affect the export of carbon. Due to the lack of knowledge, we do not include the metabolism of mesopelagic fish in
our approach but would like to stress that more information is needed to further improve current modeling
approaches.

4.4. Contribution to Biogeochemical Feedbacks

The migratory processes transport organic matter and with this nutrients to greater depths. This vertical redis-
tribution has the effect of reducing the amount of remineralized nutrients in the surface waters, resulting in a
reduction of NPP. This effect is most pronounced in the low latitudes (40°S—40°N), leading to a reduction of NPP
of 14%—29%. Our findings are in line with those of Gorgues et al. (2019), who investigated the impact of vertically
migrating mesozooplankton in the North Atlantic and found a decrease in NPP of 12% and 20%, depending on
whether 30% or 60% of the total mesozooplankton were considered to migrate vertically.

Oxygen minimum zones are caused by the continuous oxygen consumption due to remineralization, combined
with weak ventilation (Brandt et al., 2015; Kalvelage et al., 2015). While there are numerous observational studies
in the tropical Pacific investigating processes leading to OMZ (Czeschel et al., 2012; Gargon et al., 2019;
Schmidtko et al., 2017), a complete understanding of the underlying mechanisms remains elusive (Oschlies
et al., 2018). Our findings indicate that vertical migration induces an asymmetric response when comparing the
southern and the northern hemispheric OMZs in the tropical Pacific. This is in line with Bianchi, Galbraith,
et al. (2013), who also find an asymmetric response in the tropical Pacific OMZs when simulating the impact of
DVM respiration on dissolved oxygen.

All simulations presented in this paper were run for 10,000 years. In contrast, Aumont et al. (2019) conducted
spin-up of in total 1,300 years, which is sufficient for assessing the shallow carbon export. However, for a full
adjustment of the carbon cycle, particularly accounting for changes in the deep carbon sequestration, a spin-up of
at least 5,000 years is necessary. Moreover, OMZs show strong trends after 3,000 years of simulation time and
require extended adjustment periods (Kriest et al., 2023). Our modeling approach allows for a full model spin-up
within a reasonable timeframe in a full Earth system model. This enables the model to fully adjust to DVM and
mesopelagic processes, including their interaction with the large scale circulation. Furthermore, this also enables
us to perform several sensitivity simulations, which are crucial given the substantial uncertainties in model pa-
rameters and assumptions related to, for example, migration patterns.

5. Conclusion

In this study, we present a computationally feasible approach that fully incorporates the core processes of the
mesopelagic ecosystem in a two-way coupled fashion in an Earth system model. Our model results indicate that
the dynamics of the mesopelagic ecosystem have a considerable impact on the biogeochemistry. The main
drivers are the migrating groups that actively transport carbon and nutrients to greater depths. The vertical
redistribution of nutrients has a large impact on the net primary production (and also model parameters to
“correctly” represent NPP) and also affects the extent of low oxygenated areas. Migratory processes also have a
considerable impact on the carbon cycle. Previous studies have mainly considered the impact of the shallow
carbon export. However, the redistribution of organic matter in the water column also impacts the deep carbon
sequestration, which is important for longer timescales. Uncertainties in the deep carbon export with a source in
the mesopelagic ecosystem largely stem from limited knowledge about the metabolism of mesopelagic fish and
other mesopelagic organisms. To improve the representation of these carbon cycle dynamics, it is necessary to
increase our knowledge about the metabolism of mesopelagic fish. This is especially true for the Southern
Ocean, which has an important impact on the global carbon sequestration. However, our results indicate de-
ficiencies in the current representation of the ecosystem dynamics in this region and that the representation of
krill should be taken into account in future studies. In our study, we assume a mortality rate of mesopelagic fish
which is at the lower end of potential estimates. The mesopelagic fish biomass estimated in this study can be
considered a potential upper boundary due to the large uncertainties and differences in the approaches to derive
a mortality rate from longevity. Our results suggest that the very large value given in Irigoien et al. (2014) may

GETZLAFF AND KRIEST

16 of 26

8519017 SLOLULLIOD A1) 3|edldde au) Ag pauseA0B a8 Sao1e WO ‘88N JO S3IN1 10y AReiq 1T 8UIIUO AB]IA LD (SUONIPLICD-PUE-SWLIBILI0D" A 1M Afeaq1 U1 IUO//SAIY) SUONIPLOD PUe SUIB | 84} 89S *[202/80/G0] U0 AR1q1TUIIUO A8 |IM ‘UESO0 JO B11LBD ZHOYWRH MY INOTD 49H Ad 2v820089E202/620T 0T/10p/wod" A3 1M Akeiqipuljuo'sgndnbe//sdiy o1y papeoiumoq . 'v20z ‘vZeery6T



V od |
AGU

ADVANCING EARTH
AND SPACE SCIENCES

Global Biogeochemical Cycles 10.1029/2023GB007842

overestimate the mesopelagic fish biomass, while lower estimates like those by Gjgseter and Kawa-
guchi (1980) might be more likely.

Appendix A: Details for the Model by Anderson et al. (2019)

The model introduced by Anderson et al. (2019) follows a steady-state flux model approach. Apart from
estimating mesopelagic fish, no standing stocks are calculated. The model is forced by net primary production
(NPP) as source for zooplankton growth and differentiates between three zooplankton classes: (a) the
epipelagic zooplankton (Z.), (b) vertically migrating zooplankton (Z,) and (c) detritivorous zooplankton
(Zpey) that are permanently resident in the mesopelagic zone. Grazing of epipelagic and migrating
zooplankton is a linear function of NPP, so that the growth of these two zooplankton groups, G, and Gy,
respectively, is given as

Gye = fopz (1 — f1,) KZNPP, (A1)

Gzm = fPP,z (1 - me) KzNPP, (A2)

where fpp , denotes the fraction of NPP that is consumed by copepods, f, the fraction of total copepod grazing in
the epipelagic zone by migrating zooplankton, and K, the gross growth efficiency of copepods. Grazing of
detritivorous zooplankton is determined by export production their related growth is given by

Gzq = tp 7 fpp pNPP, (A3)

where fpp 1, denotes the fraction of NPP that is exported as detritus, and ty, ,, the transfer efficiency from detritus to
copepods. According to Anderson et al. (2019), the total amount of available food from copepods that is available
for mesopelagic fish and invertebrate carnivores is then

Rz = Ggzq + v veGzm + TR vrGze, (A4)

where fy;yr denotes the grazing of migrating predators (mesopelagic fish and invertebrate carnivores) on
migrating zooplankton, and fy v their grazing on epipelagic zooplankton. The fraction f, i of R is consumed by
mesopelagic fish, and the remainder, 1 — f; 5, by invertebrate carnivores. Thus, the growth of invertebrate car-
nivores, Gy is given by

Gy = (1 — ) KyRyz, (A5)

with Ky, as gross growth efficiency of the invertebrate carnivores. Mesopelagic fish feed partly directly on all
three zooplankton groups and partly on invertebrate carnivores. Therefore, their growth is given by

G = fz,FKFRz, (A6)

where Ky denotes the gross growth efficiency of mesopelagic fish. Assuming a steady state, mesopelagic fish
biomass can then be derived by dividing their growth by the mortality rate, as given by Equation 10. An overview
of all model parameters as in Anderson et al. (2019) is given in Table Al.
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Table A1

Overview of All Parameters for the Modeling Approach Introduced by Anderson et al. (2019) (Copy of Their Default

Parameters Given in Their Table 2)

Parameter Definition Value Unit
NPP Net primary production 43 Gt C year—1
fppp Fraction of NPP export as detritus 0.11 Dimensionless
fppz Fraction of NPP to copepods 0.32 Dimensionless
fom Fraction of fpp , due to migrators 0.18 Dimensionless
K, Gross growth efficiency of copepods 0.26 Dimensionless
Ky Gross growth efficiency of carnivores 0.22 Dimensionless
Kg Gross growth efficiency of mesopelagic fish 0.2 Dimensionless
thz Transfer efficiency from detritus to copepods 0.0145 Dimensionless
fvve Fraction of Z | to carnivores and fish 0.88 Dimensionless
frve Fraction of Z, to carnivores and fish 0.18 Dimensionless
f7r Fraction of Z,, grazed by fish 0.5 Dimensionless
fy g Fraction of invertebrate carnivores grazed by fish 0.8 Dimensionless
mg Mesopelagic fish mortality 0.67 year™!

Appendix B: Zooplankton Grazing Formulation

Z.m denotes the sum of both zooplankton groups Z. and Z .. The total grazing of both zooplankton groups is then

given by

ZraZ7eum = Emax Zsum (05 : Ip P+ ID D+ IDc:t Det + IZC Zc)

(B1)

We further assume that Z , is a fraction or multiple x of Z, (Z,,, = X - Z.) and migrating zooplankton is only grazing
the fraction 7, of the day in the epipelagic. Further only epipelagic zooplankton feed on P, D, Z, and Det; thus

Equation B1 can be written as:

raZ7um = Emax (1 +1z X) -0.5 Ze Ip P+ gmaxze (ID D+ IDet Det + IZe Ze)

(B2)

Assuming that 2/3 of the total zooplankton is epipelagic and 1/3 is migration zooplankton, results in x = 2 as

Zy

=Z

3 sum

= X -—

X-Ze

2

1
3

Z

sum

Further assuming that 7, averages to 0.5, the total grazing pressure on phytoplankton would then equal the

original grazing pressure on phytoplankton in UVic. We note that this is a rather pragmatic approach that

overlooks many biological and ecological features, including competition for food among the two groups.
Addressing this issue, particularly competition among two groups of herbivores, is an important topic and should

be addressed in future work.
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Appendix C: Zooplankton

Here, you find an overview of the spatial zooplankton distribution (Figure C1) as well as a summary of the in-
tegrated zooplankton biomass for each simulation (Table C1) and an overview of all state values (Table C2). In
addition you find a detailed comparison of the observed and simulated particle flux (Figure C2), the active export

for DVM relative to passive sinking at 125 m (Figure C3), an overview of the active carbon transport at the 125 m
depth horizon (Table C3) and the change of the globally integrated detritus concentration related to vertical
migration (Figure C4).

DVM,ooF1: Z,,

8 0.0 0.2 014 0?6 0.8
[g C/m?] [g C/m?]

3 4 5 6 7

Figure C1. Vertically integrated, annual mean zooplankton biomass for UVic (top left) and for DVM,,,F1 (top right: sum of Z, and Z_; bottom left: Z_; bottom right:
Z..)- Note the different color scale for Z , (lower right panel).
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Table C1
Overview of Annual Mean Zooplankton Biomass for Total Zooplankton Z, the Two Zooplankton Groups Z, and Z,, and
Mesopelagic Fish
UVic noDVM noDVM-F1 DVM,,F1 DVM,,,F2 DVM;,,F2
Z,(GtCO):
Global 0.53 0.57 0.53 0.52 0.50 0.50
40°S—40°N 0.31 0.37 0.34 0.33 0.32 0.31
Southern Ocean 0.15 0.13 0.12 0.12 0.12 0.12
Z, (GtC):
Global 0.53 0.43 0.40 0.39 0.38 0.37
40°S—40°N 0.31 0.27 0.24 0.23 0.22 0.21
Southern Ocean 0.15 0.11 0.11 0.11 0.11 0.11
Z, (GtC):
Global - 0.14 0.13 0.13 0.13 0.13
40°S—40°N - 0.11 0.10 0.10 0.10 0.10
Southern Ocean - 0.02 0.02 0.02 0.02 0.02
Mesop. fish [Gt wet weight]:
Global - 4.18 3.60 3.38 3.17 3.05
40°S—40°N - 3.40 2.83 2.62 2.41 2.29
Southern Ocean - 0.52 0.51 0.51 0.50 0.51
Note. Zooplankton biomass has been converted to carbon using a C:N ratio of 6.625 mol C:mol N.
Table C2
Overview of All Steady State Values in [Gt C y~']
(GtCy™ UVic noDVM noDVM-F1 DVM,,F1 DVM,,F2 DVM;,,F2
NPP:
Global 49.40 58.37 52.83 50.46 47.84 46.15
40°S—40°N 36.01 43.30 37.41 35.08 32.60 30.82
Southern Ocean 8.66 10.11 10.26 10.24 10.20 10.26
Export (125 m):
Global 6.79 6.83 6.73 6.72 6.58 6.45
40°S—40°N 3.76 3.65 3.60 3.58 3.44 3.30
Southern Ocean 2.04 2.12 2.07 2.07 2.08 2.09
Export (550 m):
Global 2.81 2.83 2.87 2.84 2.89 2.89
40°S—40°N 1.36 1.32 1.45 1.43 1.45 1.44
Southern Ocean 1.02 1.03 0.96 0.96 0.98 0.98
Export (1,500 m):
Global 0.75 0.74 0.69 0.68 0.73 0.72
40°S—40°N 0.34 0.32 0.35 0.34 0.36 0.36
Southern Ocean 0.32 0.32 0.26 0.26 0.27 0.27
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Figure C2. Simulated and observed (colored circles) particle flux. The three panels on the left show particle flux (mmol C m™2 y™') at three different depth levels +10%.
The right panel shows log (simulated flux) versus log (observed flux), both in mmol C m~2y~". Color code in the right panel indicates the trap depth. Statistics are based
on non-transformed values. Observations are by Mouw et al. (2016). For model comparison we only chose observations from sediment traps which were deployed at

least 360 days.
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Figure C3. Active export for DVM relative to passive sinking detritus at the 125 m depth horizon by migrating zooplankton
(light blue), by mesopelagic fish (middle blue) and by the total, which is the sum of both parts (dark blue). Error bars show the

uncertainty range resulting of the differences in the vertical migration depth.

Table C3

Overview of Active Carbon Transport at the 125 m Depth Horizon [Gt C y™']

Active export (125 m) (Gt C y™) DVM,F1 DVM,,,,F2 DVM; F2
Global: total 1.70 1.72 1.66
Mesop. fish 0.71 0.74 0.70
Carnivores 0.49 0.51 0.49
z, 0.50 0.47 0.46
40°S—40°N: total 1.39 1.38 1.31
Mesop. fish 0.55 0.56 0.53
Carnivores 0.38 0.39 0.37
Z, 0.46 0.43 0.41
Southern Ocean: total 0.20 0.22 0.22
Mesop. fish 0.11 0.12 0.12
Carnivores 0.07 0.08 0.08
Z, 0.02 0.02 0.02
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