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Abstract Diel vertical migration (DVM) of zooplankton has been recognized to influence the biological
pump by releasing carbon and nutrients at depth. However, uncertainties regarding the magnitude,
spatial occurrence, and variability of this “active transport,” as well as its impact on the carbon export,
remain. To tackle these questions, a cost-effective parameterization of the DVM is included into a regional
biogeochemical model simulating the North Atlantic. In addition to a reference simulation in which no
DVM is simulated, two relative biomasses of migrating zooplankton (30% and 60%) have been tested. It leads
to an active to passive export ratio in agreement with published estimations and to an increase in the carbon
export efficiency at 1,000 m between 20% and 40%. However, this effect is partially canceled out by a
simulated primary production decrease. DVM differently impacts contrasted North Atlantic regions with the
largest effect on export efficiency found in the subtropical area.

1. Introduction

Diel vertical migration (DVM) of species such as copepods and other zooplankton taxa into the twilight zone
has the potential to significantly contribute to the biological pump (Buesseler et al., 2007; Kobari et al., 2008).
This mechanism is driven by the predatory pressure on zooplankton, generally during daytime, that leads
zooplankton to avoid visual predation by migrating from the surface into deeper layers ranging from 200-
to 800-m depth according to acoustic measurements (Bianchi, Galbraith, et al., 2013). The migration depth
has been shown to be related to a combination of factors such as chlorophyll, density, oxygen concentration,
temperature, mixed layer depth, and incoming radiation which even includes the effect of the moonlight
(Bianchi, Galbraith, et al., 2013; Bianchi, Stock, et al., 2013; Benoit-Bird et al., 2009; Hernandez-Leon
et al., 2001, 2010).

During diurnal migration, a significant amount of organic matter that has been grazed in the upper ocean
during nighttime is transported to this migration depth in addition to the so-called passive or gravitational
flux (driven by sinking particles). This “active” transport includes both particulate and dissolved organic
and inorganic carbon, released by the zooplankton species via fecal pellet production, respiration, excretion,
and mortality (Buesseler & Boyd, 2009). The relative amount of the active transport of organic matter com-
pared to the total export production (a-ratio) has been estimated to be between 15% and 40% (Bianchi,
Galbraith, et al., 2013). This active transport exhibits very distinctive characteristics with regard to passive
export by sinking particles. Indeed, organic and inorganic compounds are released at depth by migrating
organisms and may thus escape intense remineralization in the upper mesopelagic zone. Carbon and related
nutrients may therefore be very efficiently sequestered at depth by this process. DVM is thus suggested to
have a strong impact on the carbon, nutrients, and oxygen distributions (Bianchi, Galbraith, et al., 2013).

DVM is therefore considered as a process that could significantly modify our understanding of the function-
ing of the carbon pump. Yet unresolved DVM-related questions remain as regarding its magnitude, occur-
rence, and its spatial and temporal variability while considering different production regimes. Indeed,
DVM transport of organic matter varies regionally and temporally, depending on the biological productivity
and on the zooplankton composition. Episodic measurements have shown a great variety of active transport
regimes, suggesting a strong spatial variability, even if we consider the North Atlantic basin alone (Steinberg
et al., 2000, 2012; Longhurst et al., 1989, 1990; Morales, 1999; Hernandez-Leon et al., 2001). However, from
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this set of sparse measurements, it is difficult to estimate accurately the contribution of DVM to export (the
relative contribution of the active transport to the total export flux). Export measurements, by themselves,
cannot disentangle the contribution from passive to active transport. Moreover, the dissolved components
in the active transport cannot be accounted by particle measurements and sediment traps currently used
in export flux observations.

Models are useful tools to analyze, quantify, and explore the role of active transport and its relative contribu-
tion to the biological pump. Previous model analyses have studied the impacts of DVM on ocean biogeo-
chemistry either with a complex 1-D ecological model (Bianchi, Stock, et al., 2013) or with a simple 3-D
ocean biogeochemical model (based on an implicit representation of the ecosystem structure with no explicit
tracers for phytoplankton, zooplankton, or sinking detritus; Bianchi, Galbraith, et al., 2013). In the latter
study, migrating organisms were not explicitly represented, and respiration associated to DVM was set to
a uniform constant fraction of the particle production (no regional variation), that is then added to the
standard remineralization of passive detritus. Finally, the interplay between ocean biogeochemistry and
DVM has been recently investigated using a complex and costly end-to-end modeling setup (Aumont
et al., 2018).

The main ambition of our study concerns the quantification of the active transport by DVM and its impact
on the nutrients, primary production, and efficiency of the carbon export at basin scale, in the North
Atlantic. We aim at analyzing changes in export ratios and at estimating the total versus active carbon export
over a range of migrating zooplankton relative biomass (from 0% to 60% of total mesozooplankton biomass).
To this end, as an alternative to the complex setup of Aumont et al. (2018), we have designed a simple yet
cost-effective parameterization of zooplankton migration in a 3-D ocean “full” biogeochemical model (i.e.,
explicitly representing phytoplankton and zooplankton biomass as well as organic detritus).

2. Model Setup of the DVM

The Nucleus for European Modelling of the Ocean (Madec et al., 2008) is an ocean general circulation model
used, here, in a North Atlantic regional configuration with a horizontal resolution of %4°. It is coupled with
the Pelagic Interactions Scheme for Carbon and Ecosystem Studies, which is a widely used biogeochemical
model built upon the classic Nutrient-Phytoplankton-Zooplankton-Detritus architecture. Pelagic
Interactions Scheme for Carbon and Ecosystem Studies simulates five nutrients (NO5, NH,, PO,, Fe, and
Si), two phytoplankton groups (diatoms and nanophytoplankton), two zooplankton groups (microzooplank-
ton and mesozooplankton), and three forms (big and small sinking particles, respectively POC_b and
POC_s, and dissolved) of organic matter (for a detailed model description, refer to Aumont et al., 2015).

DVM is set in the model to be performed solely by some of the mesozooplankton (i.e., 200- to 2,000-pm size
class). To avoid computationally expensive explicit simulation of this mesozooplankton migration, we rather
parameterized the consequences of the migration in terms of changes in organic matter fluxes. A fraction of
the total mesozooplankton-related nutrients and organic matter fluxes is then transported to deeper layers
and modulated according to the duration of the day. From the proportion of migrating mesozooplankton,
we derived fluxes of dissolved inorganic carbon, dissolved organic carbon, big particulate carbon (POC_b),
alkalinity, oxygen (O,), phosphate (PO,4), ammonium (NH,), and bioavailable-dissolved iron (Fe) that are
released at the migration depth (detailed setup is given in Supporting Information S1). Therefore, among
those elements, the organic matter experience less recycling and remineralization after being brought at
the migration depth where the temperature is cooler than in the surface layers. Indeed, remineralization
highly depends on temperature, with high temperatures corresponding to high remineralization rates.
Using biogeochemical and physical tracers from the model, the migration depth in the model has been
estimated from the formulation proposed by Bianchi, Galbraith, et al. (2013) using oxygen, temperature, sur-
face chlorophyll, and the mixed layer depth. One distinctive feature of our setup over previously published
modeling exercise (e.g., Hansen & Visser, 2016) is to allow a characterization of the effect of the DVM on
nutrients concentrations and hence on the primary production.

Three numerical simulations have been run for the 1995-2005 time period, all forced by the Drakkar Forcing
Set 5 fields (Dussin et al., 2014) for wind, air temperature and humidity, precipitation, and shortwave and
longwave radiations. Those three simulations only differ in the parameterization of the zooplankton
migration. Only the main characteristics of the simulations are given here, as a detailed description has
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Figure 1. (a) Model Sea Surface Temperature (SST, °C) averaged between 2000 and 2005. Regions of interest are indicated:
Subpolar (in green box), Subtropical Seasonally Stratified (SSR, in blue box), West African Upwelling (WAU, in light blue
box), and Gulf Stream (in red box). (b) Difference between the simulated SST and the World Ocean Atlas (WOA)

SST (Locarnini et al., 2006). (c) Annually averaged simulated mixed layer depth (m) over 2000 to 2005. (d) Observed Mixed
layer depth (m) climatology from de Boyer Montégut et al. (2004). (e) Monthly climatological maximum surface
Chlorophyll-a (mgC/m3) over the 2000 and 2005 period in CTL. (f) Difference (mgC/m3) between the monthly climato-
logical simulated maximum of surface Chlorophyll and a climatology of the monthly maximum from the SeaWIFS
Chlorophyll-a.

been made available as Supporting Information S1. In the first model simulation, migration of zooplankton
is disabled (hereafter CTL, referring to the control run), allowing the model to perform only gravitational—
or passive—particle sinking beyond the euphotic zone. In the second one, active transport is enabled
(hereafter M30) with 30% of mesozooplankton considered as migrating. In the third experiment, the
proportion of migrants is raised to 60% (hereafter M60). Those respective ratios correspond to the median
and maximum levels of migrating versus total mesozooplankton derived from in situ data (Al-mutairi &
Landry, 2001; Ariza et al., 2015; Decima et al., 2011; Steinberg et al., 2008). Testing those ratios will help
in characterizing the sensitivity of ocean nutrients cycle and carbon export to active transport.

The North Atlantic basin provides a wide physical and biogeochemical diversities. This leads to different
production regimes of interest for studying the spatial variability of the active transport and its conse-
quences. Typical North Atlantic production regimes (Figure 1) encompass (i) the generally diatom-
dominated spring blooms at northern latitudes (hereinafter Subpolar), (ii) the Seasonally Stratified Region
(SSR), (iii) the persistently high productive regime (Gulf Stream), the West African Upwelling (WAU),
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Figure 2. (a) Annually averaged concentration (mgC/mg) of mesozooplankton in CTL over 100 m. (b) Same as (a) but
with mesozooplankton concentration (mgC/m3) from the MAREDAT database (O'Brien, 2014). (c) Migration depth (m)
in M30 and M60. (d) Biomass of mesozooplankton relative to the total biomass (%) in the CTL simulation. Model
outputs have been averaged over the 2000-2005 time period. (e) Big carbon particle concentration (POC_b in mgC/ms) in
the four regions (Subpolar, in green lines and dashes; SSR, in blue lines and dashes; WAU, in light blue lines and dashes;
and Gulf Stream, in red lines and dashes) along depth during the spring bloom (April to June average) for CTL (plain
lines), M30 (dashed-pointed lines), and M60 (dashed lines).

and (iv) the persistently low productive region. The latter displays, as expected, extremely weak
concentrations of mesozooplankton (Figure 2a), and there is therefore virtually no possible active
transport in this region for any simulated scenario. Therefore, we defined four squared areas (with a size
of 12.5° by 12.5°) to characterize the Subpolar, the Subtropical, the Western African Upwelling, and the
Gulfstream production regimes (Figure 1) where active transport may impact the biogeochemical cycles.

3. Results
3.1. North Atlantic Model Reference State

The Sea Surface Temperature, simulated by our model (displayed in Figure 1a), represents a realistic tem-
perature gradient from low to high latitudes. However, some differences between the simulated Sea
Surface Temperature and its data counterpart are noticeable, the most obvious being a warm bias in the
Gulf Stream region and a cold bias in the North Atlantic Current region (Figure 1b) that are related to shifted
locations of the Gulf Stream and the North Atlantic Current. Our simulation also displays an overestimation
of the simulated Mixed Layer Depth (MLD) in the Labrador Sea (when compared to the observed MLD in
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Figures 1c and 1d). Indeed, North Atlantic numerical simulations (with diverse ocean models and forcing
sets) have been known to consistently display those dynamical biases if run at relatively coarse (i.e., not fully
resolving mesoscale to submesoscale dynamics) resolution (see Holt et al., 2014, and references therein).

Regarding the chlorophyll (Chl) distribution in our reference simulation (CTL, Figure 1e), high productive
regimes are clustered along the North American coastline and the European shelf while minima are found in
the subtropical gyre, with an intermediate productive area located in the subpolar region. Compared to
chlorophyll-a satellite-derived products, the spring bloom is more intense in CTL and hence leads to an over-
estimation of simulated Chl concentration (Figures 1e and 1f) mostly noticeable north of 30°N, in places
where simulated MLD are too deep (Figures 1c and 1d) in winter. However, the main large-scale patterns
with low Chl concentration in the subtropical gyre as well as in the subpolar region are well captured in
the model simulation (Figure 1f).

Finally, the mesozooplankton distribution (Figures 2a and 2b) simulated in CTL is close to the one derived
from the observations gathered in the MAREDAT database (Buitenhuis et al., 2013; O'Brien, 2014) with
maxima (located in the Gulf stream region, the Norwegian sea, and the North-East African upwelling)
and minima (located in the subtropical gyre) of the same order of magnitude.

3.2. Active Transport

The migration depth in the model (Figure 2c) spans 380 to 630 m, excluding the continental shelves, where
bathymetry ultimately determines the diel movement of mesozooplankton. Maximum migration depths are
found in the subtropical gyre where they can exceed 600 m, while minima lie in between the subtropical and
subpolar areas with depth reaching 400 m. Therefore, the overall pattern of the migration depth displays a
gradient with deep migration depths in the subtropical gyre and shallower migration depth toward higher
latitudes. This finding is in good agreement with results from published one-dimensional model outputs
and data at sites displaying different physical and biogeochemical characteristics (Bianchi, Stock,
et al., 2013).

Since in our model, the migrating biomass is set as a constant fraction of the mesozooplankton biomass, the
seasonal variability of active transport follows that of mesozooplankton. In the midlatitudes and high lati-
tudes which are characterized by a distinctive spring bloom, the maximum biomass of mesozooplankton
(and hence of migrating organisms) is reached about 2 months after the peak of phytoplankton as a conse-
quence of slower growth rates.

3.3. Active Transport Impact on Particulate Export Efficiency

In our simulations, the active transport decreases primary productivity by —12% and —20% compared to the
control run in the M30 and M60 scenarios, respectively (Table 1). Consequently, the export of particulate
organic carbon experiences a respective decrease by 18% and 31% at the 150-m depth horizon, in the M30
and M60 scenarios when compared to the control run. The export production at 150 m (ep;so-ratio, the ratio
between the carbons exported at the 150-m horizon over the total primary production) is equal to 0.21 in the
control run, and it decreases to 0.19 and 0.18 in the M30 and M60, respectively.

Even so the primary productivity is smaller than in the control run, the absolute amount of deep particulate
export for both migration runs increases significantly. Indeed, particulate export at 1,000 m ranges, respec-
tively, from 221 to 227 TgC/year for M30 and M60, compared to 210 TgC/year in CTL (Table 1). This repre-
sents an increase of, respectively, 5% and 8%, for M30 and M60, despite a decrease in primary productivity of
—12% and —20%. This translates in an increase of the ep-ratio at 1,000 m (ep;gpo-ratio) from 0.05 in CTL to
0.07 in M60.

The model estimate of total active transport, including particulate and dissolved organic and inorganic
carbon, ranges from 166 to 281 TgC/year for the whole North Atlantic basin, that is, 25% to 50% of the
gravitational flux at 150 m. This result agrees with previous estimates suggesting that active transport
typically ranges around 10-50% of the sinking flux of organic particles (Bianchi, Galbraith, et al., 2013) at
global scale. Aumont et al. (2018) modeling study estimated this value between 30% and 40% in midlatitudes
regions, and the regional modeling study of Hansen and Visser (2016) estimated this value between 16% and
30% specifically in the North Atlantic region. The largest contribution of the active transport in the model is
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Table 1
Primary Productivity (PP), Export and Active Transport (AT) for the Control, and the Migration Simulation Runs (M30 and M60) for the 2000-2005 Averaged
Time Period
Control run: CTL (0% mig) Migration run: M30 (30% mig) Migration run: M60 (60% mig)
PP (TgC/year) 3915 3461 3142
{change compared to Control} —12% —20%
Export™ at 150 m (TgC/year) 808 665 559
{change compared to Control} —18% —31%
[ep150-ratio] 0.21 0.19 0.18
Exportb at 1,000 m (TgC/year) 210 221 227
{change compared to Control} 5% 8%
[ep1000-ratio] 0.05 0.06 0.07
Active Transport® (AT; in TgC/year) 166 281
[AT/Export® at 150 m] 25% 50%
AT of big carbon particles (TgC/year) 98 166

Note. POC_s and POC_b are, respectively, small and big particulate organic carbon; DOC and DIC stand for Dissolved Organic and Inorganic Carbon.
2Defined as POC_s + POC_b (without AT). ~Defined as POC_s + POC_b (note that all Actively Transported carbon is put back in the water column between
380 and 630 m). “Defined as POC_b + DIC + DOC.

in the form of big particulate carbon, with 98 to 166 TgC/year in M30 and M60, representing around half of
the total simulated active export.

3.4. Regional Analysis of the Active Transport Effect

The four regions displayed in Figure 1 show different production regimes in the North Atlantic and may
therefore present a significantly different sensitivity to the active transport. Table 2 summarizes the produc-
tivity and export variables within these four regions. Among these regions, primary productivity decreases
most significantly in the WAU and then in the Gulfstream and SSR regions when compared to the
Subpolar regime, where little variation (~3%) is observed independently of whether 30% or 60% of the
mesozooplankton is supposed to migrate (Table 2).

Changes in export efficiency at 150 m in each regime are mirroring the local decrease in primary productiv-
ity. While exports at 150 m in the Subpolar, the SSR, and the Gulfstream regions remain almost constant, the
WAU regions experience a significant decrease of almost 40%. At greater depth, the export at 1,000 m
increases in the two migration scenarios for all the regions but the WAU (Table 2). However, the highest
increase is found in the Gulfstream region for the M60 simulation, with a 27% increase of the export at
1,000 m (despite the decrease in primary production) when compared to the control simulation. The export
efficiency at 1,000 m (ep;goo-ratio) increases in all four regions, if migrating zooplankton is considered, with
the most significant increase (0.06 to 0.1) in the WAU region for M60.

Noticeably, the ratio of active to passive export (a-ratio) increases in all regions in both M30 and M60 with a
maximum in the WAU (Table 2). Differences in the a-ratio between the M30 and M60 simulations show an
increase between M30 and M60 with a slightly higher increase in the Gulfstream region.

The vertical distribution of large particulate carbon is displayed on Figure 2e. In the control run, the four
regimes exhibit similar qualitative profiles, with maxima in the subsurface (between 100 and 200 m)
followed by an exponential decrease deeper in the water column. As expected, the effect of the active trans-
port is to redistribute particulate organic carbon between the subsurface and the migration depth. Therefore,
the active transport of carbon decreases the concentration of particles in the subsurface while increasing it
deeper than ~500 m. Those characteristic profiles have noticeably been observed in equatorial regions by
Kiko et al. (2017). Interestingly, in M60, the amount of big particles can even be higher at the migration
depth, than in the subsurface layer. The WAU is the only region where the added POC_b at depth (in
M30 and M60) is not sufficient to exceed the POC_b concentration of CTL. It also has to be noted that the
WAU region shows the largest dispersion between the two scenarios.

4. Discussion

The first unequivocal effect of the vertical migration by zooplankton evidenced by our model experiments is
the direct removal of nutrients and organic matter from the surface through active transport, which in turn

GORGUES ET AL.

5392



Geophysical Research Letters

10.1029/2018GL081748

=
v
o N
cé" O g’.}ﬁ
S =
=Y
<
n
S
S
| D —
S ;97 59
S
N SR
WV
<
=
~
i=}
= - o
38 Elas
E Q O
—
N
S
\©
<
o0
E gz
é |
g
N—
a =1 I S
—~ @ aleq
_ = =] 1
=~ =}
S O
g
s =
S E| XA
O | o~
g
=
2
k2 o
g SRR
£ ST
&
N
S
=
< ~
§ nl 3|9~
=S Q| S ||
[95)
s
L
=
5
= = o
= H|lg&
© O ¥
=
S
=
>
S
B g %
I~ =
2
S
5
s |8
(=}
P ,8*9“ T
= S| =
5 7
=
=
=
=
IS E|lfe
2 SHE
|2}
<
g
V
=
8
Q
<
T
3 T’\
w5
S 2
& S
= T
~
. &
& oY,
%‘ o E
2 <
] 9 g
o
3 2
SIS g ~
S g G 3
N BE B0
o 3 g &
38 Eg
® 2 .S o X
BB ol

ep1so-ratio

+0.03

+0.02 +0.03 0.21 —0.01
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25

46
0.06

+2 +1 +1 33 +6 +9
+0.01 +0.02 0.06 +0.01 +0.03

+0.02

+1
+0.01

Export at 1,000 m (mgC-m_z-day_l)

ep1o0o-ratio
Active Transport (mgC~m_2~day_l)

+0.04
+50
+0.57

+0.02
+35
+0.38

+18 +31 +35 +57
+0.39 +0.29 +0.50

+0.2

+23
+0.32

+12

+0.17

0.1

a-ratio

+30

+22

+34

+21

+19

+11

+14

+7

a.day‘1

Particulate active transport mgC.m

Note. Results for M30 and M60 are given relatively to CTL (i.e., numbers are differences between M30 and CTL and M60 and CTL).

has a direct negative impact on the primary production of the whole North Atlantic (Table 1).
Indeed, DVM transports organic material deeper in the water column than the passive export
(characteristic profiles of POC_b in Figure 2e), which decreases the vertical input of nutrients
into the surface productive layer.

This prominent decrease in primary productivity induces an expected decrease in the carbon
export by sinking particles at 150 m. However, it does not induce the expected decrease in
carbon export to the deep ocean (at 1,000 m). On the contrary, we note, in M30 and M60, an
increase in the absolute export at 1,000 m, which is explained by the active transport of organic
particles escaping remineralization from the surface to the migration depth (Table 1).
Moreover, remineralization of particles is known to be higher in warm waters than in cold
waters (Marsay et al., 2015, and references therein). Therefore, carbon particles transported
from the surface to the migration depth have overall been less remineralized, thus explaining
the increase in the export efficiency at 1,000 m (Table 1). Such an increase in the export effi-
ciency applied to satellite-derived primary production would result in a revised carbon export
estimation. As an example, an increased efficiency of the carbon export of 0.01 (to be compared
with our values of the epyggo-ratio in Table 1) at global scale would result in a 0.5 Gt C/year
increase of the carbon export toward the ocean interior (based on a PP of 50 Gt C/year, Carr
et al., 2006; and our ep;ggp-ratio).

Given our modeling setup, the M60 scenario presented in this study has been designed to be an
upper bound of the zooplankton DVM impacts in the North Atlantic. Indeed, we consider in
our modeling setup that mesozooplankton produces fecal pellets during its stay in its deep
habitat. This parameterization is justified by the high uncertainty related to the gut clearance
time of the mesozooplankton from few tens of minutes to few hours (Baars & Oosterhuis, 1984;
Dagg & Walser, 1987; Mackas & Bohrer, 1976; Morales et al., 1990) that has to be compared to
the vertical migration duration of the order of 1 hr (Wiebe et al., 1992). As an example,
Atkinson et al. (1996) estimated that, near South Georgia, 61% to 77% of ingested material in
the surface remain in mesozooplankton guts during the migration. Obviously, our assumption
maximizes the production of particulate organic carbon by migrating organisms in the meso-
pelagic domain. Moreover, the mesozooplankton fluxes imposed at the migration depth are
computed using the temperature within the “surface” layers, where lies the simulated biomass
of mesozooplankton. As a result, our simulations neglect the impact that a lower temperature
(found at the migration depth) could have on the mesozooplankton physiological rates. This
simplifying hypothesis will again lead to an overestimation of mesozooplankton respiration
fluxes and organic matter production rates at the migration depth. Finally, in agreement with
station data (Al-mutairi & Landry, 2001; Decima et al., 2011; Steinberg et al., 2008), the ratio of
migrants versus total zooplankton has been found to regionally vary between 0% and 60%. The
modeling study of Aumont et al. (2018) does display a weaker spatial variability (between 25%
and 45%) of this ratio in the North Atlantic, while, in our setup, a constant ratio is applied over
the whole domain.

Despite the latter approximation, the impacts of DVM display regional differences in our simu-
lations. Indeed, the decrease in primary production is less pronounced in the Subpolar region
(3% decrease in M60) where the deep MLD allows nutrients released at the migration depth to
eventually come back in the euphotic zone (Table 2). In the SSR as well as in the Gulfstream
regions, primary production decreases more significantly by ~20% in the M60 scenario, while
the maximum decrease is reached in the WAU (~50% in M60). However, the increase in the
export to the deep ocean is maximum in the Gulfstream region with an increase by almost
30% of the carbon export compared to less than 10% in the SSR and Subpolar regions and even
a slight decrease in the WAU (Table 2 and Figure 2e). However, this latter decrease does not
reflect the WAU increase in carbon export efficiency (ep;gpo-ratio) but is rather the result of
the decrease in primary production for M30 and M60. This result suggests that active
transport is influenced by the food web structure. A year-round high ratio of zooplankton (see
Figure 2d), as in the WAU, makes the active transport highly effective but also highly sensitive
to a modification of the primary production. Less stable ecosystem that favors seasonal large
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phytoplankton ecosystem composition already allows high efficiency of carbon export in deep ocean (e.g.,
see epjgoo-ratio and a-ratio for the Subpolar region) and is less impacted by active transport. Therefore,
the WAU and the Gulfstream regions appear as the regions that are the most sensitive to the vertical migra-
tion of zooplankton with a respective decrease in primary production of ~50% and ~20% in M60. The most
significant increase in carbon export to the deep ocean (~30% in M60) is observed for the Gulfstream region
even if the higher a-ratios are attributed to the WAU for both scenarios (Table 2). Those regional specificities
are consistent with the regional structuration of the ecosystem with the highest simulated ratio of mesozoo-
plankton over the total biomass (Figure 2d). More generally, the relative contribution of the active transport
suggests a maximum effect in productive regions (with relatively high concentration of mesozooplankton),
increasing their effectiveness at exporting carbon to the ocean interior.

5. Conclusions

Our study advocates that active transport by migrating zooplankton is a contribution to the biological pump
relevant enough to be included in contemporary biogeochemical models for present and future climate
projections. Indeed, even assuming that only 30% of epipelagic mesozooplankton migrates, a decrease in
primary production of 12% due to a deeper export of organic material has been stressed. Moreover, an
increase of 5% of the carbon export at 1,000 m has been estimated despite this concomitant decrease of
the primary production.

This realistic simulation of the biogeochemical state of the North Atlantic (i.e., using interannual realistic
forcing), which takes into account some aspects of the zooplankton migration, shows a significant spatial
variability regarding the impact of active transport. The ecosystem structure is the primary driver of this
spatial variability. Highly productive regions that can sustain elevated concentrations of mesozooplankton,
like the WAU and Gulfstream regions, show a remarkable response to DVM, leading to significant changes
in the vertical profiles of large particles (with characteristic maxima at two depths) and ultimately the carbon
export by those particles.

Large uncertainties remain in model estimates, linked in particular to the representation and parameteriza-
tion of the zooplankton metabolism or the gut digestion times. Moreover, our model is not representing
organisms larger than 2 mm, while ADCP data showed DVM of zooplankton and micronekton ranging
from millimeter to centimeter scale (Bianchi, Galbraith, et al., 2013). The micronekton DVM, which could
accentuate the overall DVM impacts, is therefore not taken into account in our model. But despite those
approximations, our simulations are able to capture the first-order impacts of migrating zooplankton on
carbon export with active versus passive transport ratios in agreement with those from the 1-D explicit
model of Bianchi, Stock, et al. (2013) or 3-D models (Aumont et al., 2018). Yet cost-effective accurate para-
meterizations are needed to include this process into global biogeochemical model configurations and par-
ticularly in the Intergovernmental Panel on Climate Change (IPCC) class models for future carbon budget
model estimates.
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