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Abstract. We conducted sediment trap experiments in the
Benguela Upwelling System (BUS) in the southeastern At-
lantic Ocean to study the influence of zooplankton on the
flux of particulate organic carbon (POC) through the wa-
ter column and its sedimentation. A total of 2 long-term
moored and 16 short-term free-floating sediment trap sys-
tems (drifter systems) were deployed. The mooring experi-
ments were conducted over more than a decade (2009-2022),
and the 16 drifters were deployed on three different research
cruises between 2019 and 2021. Zooplankton was separated
from the trapped material and divided into eight different
zooplankton groups. In contrast to zooplankton which ac-
tively carries POC into the traps in the form of biomass (ac-
tive POC flux), the remaining fraction of the trapped material
was assumed to fall passively into the traps along with sink-
ing particles (passive POC flux). Our results show, in line
with other studies, that copepods dominate the active POC
flux, with the active POC flux in the southern BUS (sBUS)
being about 3 times higher than in the northern BUS (nBUS).
In contrast, the differences between the passive POC fluxes
in the nBUS and sBUS were small. Despite large variations,
which reflected the variability within the two subsystems, the
mean passive POC fluxes from the drifters and the moored
traps could be described using a common POC flux attenua-
tion equation. However, the almost equal passive POC flux,
on the one hand, and the high POC concentration in the sur-

face sediments of the nBUS in comparison to the sBUS, on
the other hand, imply that the intensity of the near-bottom
oxygen minimum zone (OMZ), which is more pronounced in
the nBUS than in the sBUS, controls the preservation of POC
in sediments significantly. This highlights the contrasting ef-
fects of the globally observed expansion of OMZs, which
on the one hand mitigates the accumulation of CO; in the
atmosphere and the ocean by increasing POC storage in sed-
iments and on the other hand poses a threat to established
ecosystems and fisheries.

1 Introduction

Carbon storage by pelagic marine ecosystems, known as
the biological carbon pump, exerts a strong control over at-
mospheric CO; concentrations by influencing CO, storage
in the ocean and underlying sediments. Although scientific
studies have widely shown that the biological pump responds
to climate change (e.g., Devries and Deutsch, 2014; Duce
et al., 2008; Laufkotter et al., 2017; Riebesell et al., 2007)
and is affected by fisheries (Bianchi et al., 2021), it is not
yet possible to predict the extent and the signs of changes
(Laufkotter and Gruber, 2018; Passow and Carlson, 2012;
Rixen et al., 2024). These uncertainties reduce confidence
in climate predictions (Passow and Carlson, 2012) and call
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into question sustainability criteria related to the growing
blue economy (Jouffray et al., 2020) and assessments of the
state of the ocean such as the Ocean Health Index (Halpern
et al., 2012). In addition, pelagic ecosystems, which fuel the
biological carbon pump and enable the transfer of particu-
late organic carbon (POC) to the sediment, are not consid-
ered as blue carbon ecosystems (e.g., Lovelock and Duarte,
2019; Macreadie et al., 2019), which means that their re-
sponse to human perturbation is largely ignored in national
reports to the UNFCCC (United Nations Framework Con-
vention on Climate Change) in the framework of the Paris
Agreement. As shelves located in the 200 nmi (~370.4 km)
exclusive economic zone (EEZ) are of great relevance for the
global carbon cycle (Rixen et al., 2024), lately efforts are be-
ing made to include sediments in the blue carbon concept
(European Marine Board, 2023; von Maltitz et al., 2024). To
emphasize the relevance of this effort, it should be noted that
the carbon storage in the EEZs with 1092-1166 PgC (At-
wood et al., 2020) by far exceeds those in the classic blue
carbon ecosystems (salt marshes, mangroves, and seagrasses:
~7.3-22.7Pg C; Pendleton et al., 2012).

One of the difficulties in studying pelagic ecosystems
is that they evolve in a moving medium, the ocean. The
residence time of ocean water on the shelf is on average
around 12 to 17 months (Lacroix et al., 2021), so it falls only
temporarily under the jurisdiction of an individual state. Nev-
ertheless, they have a long-term impact on carbon storage
in territorial waters through their influence on carbon sed-
imentation. Although processes that control the delivery of
POC to the sediment are known in general, there are also a
number of unknown and difficult to determine processes as
well as methodological problems in determining POC fluxes
to the sediment. As a result, global estimates of the amount
of POC exported from the sunlit surface ocean (export pro-
duction) vary between 1.8-27.5 x 10! gCyr~! (Del Giorgio
and Duarte, 2002; Honjo et al., 2008; Lutz et al., 2007).

The delivery of POC to the sediment begins with primary
production, which converts dissolved inorganic carbon into
POC. Incorporated into particles and following gravity, these
particles sink through the water column onto the sediment.
Three different types of particles are generally distinguished,
namely faecal pellets from zooplankton and fish, amorphous
aggregates (marine snow), and remains of dead marine or-
ganisms (Turner, 2015). Global modeling studies conclude
that faecal pellets are on average responsible for 16 %—85 %
of gravitational POC export (Archibald et al., 2019; Nowicki
et al., 2022), which is consistent with sediment trap results.
In sediment trap samples, the proportion of faecal pellets in
the POC can vary between 1 % and 100 % but is often around
40 % (Turner, 2015).

On their way through the water column, bacteria and zoo-
plankton degrade the sinking organic material. The decrease
in sinking POC with depth has been described by a whole se-
ries of relatively simple attenuation equations, of which the
so-called Martin equation is probably the best known (Mar-
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tin et al., 1987). The Martin equation (Eq. 1) is based on the
POC flux at the base of the mixed layer (FymLp), the water
depth (z), the mixed layer depth (MLD), and the attenuation
rate (b).

Z b
MLD) M)

The POC flux at the base of the MLD corresponds to the
export production which, like all other parameters, can vary
spatially and temporally (Martin et al., 1987, and, e.g., Gier-
ing et al., 2014). A comparison of some of these equations
shows that they all represent the measured data well but dif-
fer significantly in their implications, e.g., with regard to the
calculation of the POC degradation rates inherent in them
(Cael and Bisson, 2018). In addition, these equations have
also been criticized because they do not consider the role of
zooplankton. The diurnal vertical migration of zooplankton
is one of the largest known mass movements in the animal
kingdom, extending from the surface to water depths of 200
to 650 m (Bianchi et al., 2013). However, model calculations
show that zooplankton degrades approximately 15% and
43 % of the exported POC (Bianchi et al., 2013; Archibald
et al., 2019). On average, this would be around 30 %, which
is consistent with the results of a comprehensive field study
from Giering et al. (2014) in the Atlantic Ocean. This study
found that 70 %-92 % of the sinking POC at depths between
100 and 1000 m was degraded by bacteria, which conversely
means that up to 30 % of the POC is decomposed by zoo-
plankton (Giering et al., 2014). To investigate the influence of
zooplankton on POC flux and sedimentation, we conducted
sediment trap experiments in the BUS, where the accumula-
tion of POC in the sediment can become so high that in some
places “mud belts” are formed, characterized by POC con-
centrations > 12 % and high POC storage in the sediments
(Fig. 1; van der Plas et al., 2007; Monteiro et al., 2005; Emeis
et al., 2018; Atwood et al., 2020).

F; = FMLD X(

2  Working area

The BUS is one of the four major eastern boundary up-
welling systems which are among the most productive ma-
rine ecosystems in the world’s ocean (Chavez and Mes-
sié, 2009; Carr, 2001). Although they cover only 2% of
the global ocean surface, they provide more than 20 % of
the total global marine fishery yields (Pauly and Chris-
tensen, 1995; Sydeman et al., 2014) and contribute about
11% to the global export production (Chavez and Togg-
weiler, 1995). In almost all eastern boundary upwelling sys-
tems, distinct oxygen minimum zones (OMZs) have been
formed below the euphotic zone at depths between approx-
imately 100 and 1000 m (e.g., Monteiro et al., 2011). They
are the product of high oxygen consumption, caused by
the degradation of the exported POC, compared to the ven-
tilation of the OMZ (Rixen et al., 2020, and references
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Figure 1. POC concentration of surface sediment samples in the
BUS from various research expeditions published in Emeis et al.
(2018). Yellow stars show deployment drifter positions; red di-
amonds show long-term mooring locations. Contour lines are in
1.5 % steps. Dashed red areas indicate the nBUS and sBUS (Hutch-
ings et al., 2009). Graphic created with Ocean Data View, https:

/lodv.awi.de (Schlitzer, 2024).

therein). Their expansion due to global warming is consid-
ered one of the greatest threats to marine life (Stramma
et al., 2008; Stramma et al., 2012), alongside global warming
and ocean acidification (https://www.globalgoals.org/goals/
14-life-below-water/, last access: 1 October 2024).

The BUS extends approximately from the Kunene river
(~17°S) in the north to Cape Agulhas (~ 35° S) in the south.
It is driven by the southeast trade winds that result from the
pressure difference between the South Atlantic high and the
continental low over southern Africa, which leads to the for-
mation of individual, particularly prominent upwelling cells
along the shoreline (e.g., Kdmpf and Chapman, 2016; Sell
et al., 2024; Shannon and Nelson, 1996; Veitch et al., 2009).
The strongest is the Liideritz cell, which divides the BUS
at about 27° S into a northern (nBUS) and a southern BUS
(sBUS) subsystem (Hutchings et al., 2009; Shannon and
O’Tool, 2003). The two subsystems are influenced by two
different source water masses, namely the South Atlantic
Central Water (SACW) in the north and the Eastern South
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Atlantic Central Water (ESACW) in the south (McCartney,
1977; Shillington et al., 2006) which differ in their bio-
geochemical properties (Mohrholz et al., 2008; Flohr et al.,
2014). Compared to the ESACW, the SACW is low in oxy-
gen and enriched in dissolved nutrients, which distinguishes
the OMZs in the two subsystems from each other. In the
nBUS, the OMZ is essentially controlled by the seasonally
variable inflow of the oxygen-poor SACW (Monteiro et al.,
2006; Mohrholz et al., 2008), whereas the sSBUS OMZ is as-
sumed to be influenced to a much greater extent by the sea-
sonally varying productivity and the resulting export produc-
tion (Bailey, 1991; Pitcher and Probyn, 2011; Pitcher et al.,
2014; Lamont et al., 2015). The consequences are that the
sBUS OMZ develops predominantly in the bottom waters on
the shelf, while the nBUS OMZ also extends along the con-
tinental slope (Fig. 2). Although occasional mass mortality
events of, e.g., rock lobsters, indicate that anoxic conditions
occur in the shelf region (Cockcroft, 2001; Cockcroft et al.,
2008; Hutchings et al., 2009), the oxygen concentrations in
the sSBUS OMZ are generally higher than in the nBUS OMZ.
Accordingly, anoxic processes such as anammox and deni-
trification have a significant effect on the nitrogen cycle in
the nBUS (Kalvelage et al., 2011; Nagel et al., 2013), and
anoxic events, during which reduced gases such as CH4 and
H,S are released from the sediment, often occur in associa-
tion with an increased influx of SACW in summer (Ohde and
Dadou, 2018; Ohde et al., 2007).

Calculations of the upwelling velocities from wind fields
in comparison with model results show that strong spatial
variations occur within the two subsystems due to the inter-
action of wind stress and the geometry of the coast. Strong
upwelling events at the coast can, e.g., be accompanied by a
weak upwelling in the adjacent ocean (Bordbar et al., 2021).
In addition, mesoscale and sub-mesoscale processes such as
eddies, filaments, the formation of oceanic fronts, and ver-
tical mixing influence the vertical water mass transport and
with it the wind-driven upwelling (Rixen et al., 2021b; Flynn
et al., 2020; Bakun, 2017; Rubio et al., 2009). As a result, lo-
calized upwelling can exhibit a pronounced seasonality, such
as off Walvis Bay in the nBUS, while the seasonality in other
regions of the two subsystems is only weakly pronounced
(Bordbar et al., 2021).

In contrast, sea surface temperatures (SSTs) in both sub-
systems show a pronounced seasonality with lower tempera-
tures in winter and higher temperatures in summer (Fig. 3).
Off Cape Columbine in the sBUS, winter cooling is ac-
companied by weaker upwelling, while off Walvis Bay in
the nBUS, stronger upwelling develops in phase with winter
cooling, whereas summer heating is associated with weaker
upwelling (Bordbar et al., 2021).

These results agree with observations along the Namibian
monitoring line off Walvis Bay (23°S; Louw et al., 2016).
They showed that, favored by the weak upwelling and sum-
mer warming, a relatively strong stratification develops in
the surface water at the beginning of the summer which dis-
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Figure 2. Oxygen concentrations along a transect in the nBUS and sBUS during cruise SO285, showing the near-bottom OMZ in the
nBUS (a) and sBUS (b), as well as the OMZ on the continental slope in the nBUS. Oxygen data (Niko Lahajnar, unpublished data) are from
CTD (conductivity, temperature, depth) casts conducted during cruise SO285. Graphic created with Ocean Data View, https://odv.awi.de

(Schlitzer, 2024).

sipates at the end of the summer with the onset of winter
cooling and the strengthening of the upwelling (Louw et al.,
2016). The highest concentrations of chlorophyll were found
in transitional phases, with clear maxima at the beginning
and end of the summer between November and January and
March and April, respectively (Louw et al., 2016).

Averaged over the two subsystems, the primary produc-
tion derived from satellite data (see Fig. 3) follows the sea-
sonal pattern of chlorophyll concentration off Walvis Bay in
both subsystems in so far as that primary production is lower
on average in winter than in summer (average over 1981—
2023). In the sBUS, however, the seasonality is much more
pronounced than in the nBUS, which, as already mentioned,
also affects the seasonality of the SBUS OMZ.

3 Methods

We deployed two long-term sediment trap systems to in-
vestigate the seasonality and the influence of zooplankton
on the POC: one off Walvis Bay in the nBUS and one off
Hondeklip Bay in the sBUS. In parallel, a total of 16 free-
floating sediment trap arrays (drifters) were deployed on

Biogeosciences, 21, 5261-5276, 2024

three research cruises (Table 3, Fig. 1). The moorings were
equipped with Hydro-Bios MST 12 traps, and for the drifter
systems, Hydro-Bios Saarso single traps were used. Both trap
versions have an identical cylinder design with a collection
area of 0.015m?. The openings of the traps are fitted with
a 2cm x 2cm honeycomb mesh to prevent macroparticles
from entering and clogging the trap.

The long-term moorings are part of ongoing long-term
sediment trap studies in the BUS, considering for this study
a mooring period between April 2010 and August 2022 off
Walvis Bay for the nBUS (Rixen et al., 2021b; Vorrath et al.,
2018) and between October 2019 and April 2022 in Hon-
deklip Bay for the sBUS (Rixen et al., 2021a) (Table 2,
Fig. 6a). Both sites are located close to the coastline in water
depths between 100 and 200 m. Hydro-Bios MST-12 sedi-
ment traps were moored at both stations at trap depths of
approximately 64 and 100 m, respectively. The traps were
equipped with 12 sample bottles (250 mL Nalgene) that ro-
tated under the trap at fixed programmed intervals. The col-
lection intervals of the individual sample bottles were be-
tween 9 and 40d.

The 16 drifters were deployed during the cruises with the
German RVs Meteor (M153) and Sonne (S0283, SO285;

https://doi.org/10.5194/bg-21-5261-2024
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Table 1. List of drifter-related cruises.
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Cruises  Start End Season Ports of embarkation and arrival

M153 15 Feb 2019 31 Mar 2019  Summer 2019  Walvis Bay, Namibia — Mindelo, Cabo Verde
S0O283 19 Mar 2021 25 May 2021  Autumn 2021  Emden — Emden, Germany

S0285 20 Aug 2021 2 Nov 2021 Spring 2021 Emden — Emden, Germany

Table 2. Overview of moored sediment trap deployments.

Station Mooring Latitude Longitude Water depth  Trap depth  Start End Sampling

no. [°S] [°E] [m] [m] interval [d]
nBUS 1 23.0000 14.0800 140 70  15Dec 2009 26 Aug 2010 21
nBUS 2 22.6000 14.2000 127 60 27 Nov2010 9 Dec 2010 12
nBUS 3 23.0225 14.0277 130 75  4Jul 2013 31 Jul 2013 30
nBUS 4 23.0248 14.0370 130 75 14 May 2014 3 Jun 2014 21
nBUS 6 23.0165 14.0368 130 75 25Apr2016 24 May 2016 29
nBUS 7 23.0173 14.0368 130 75 26 Apr2017 25 May 2017 29
nBUS 8 23.0231 14.2185 110 65 210ct2019 30 Nov 2019 40
nBUS 9 23.0229 14.0370 130 75 1Jul 2021 13 Jul 2021 12
nBUS 10 23.0232 14.0370 130 75 29 Nov2021 8 Dec 2021 9
nBUS 11 23.0233 14.0371 130 75 22 Jul 2022 21 Aug 2022 30
sBUS 1 30.6367 17.0158 170 95 210ct2019 20 Nov 2019 30
sBUS 2 30.6374 17.0172 170 95  2Jul 2021 14 Jul 2021 12
sBUS 3 30.6378 17.0175 170 95 24 Mar2022 23 Apr 2022 30

Rixen et al., 2021b; Lahajnar et al., 2021). During the cruises
a total of 83 single sediment traps were deployed along with
the drifter arrays (Table 1). To keep the drifters in an upright
position, they were equipped with a buoyancy unit at the up-
per end and a 30 kg ballast anchor at the lower end. The buoy-
ancy unit also included an Iridium GPS transmitter in order
to track the drifter during the deployment. Between the buoy-
ancy unit and the ballast anchor, four to seven Saarso single
sediment traps were attached. The water depth at which sed-
iment traps were deployed varied with bottom water depth.
At water depths > 1000 m, the sediment traps were generally
installed at water depths of 50, 100, 200, 300, 400, and 500 m
(see Table 3 for further details).

In order to prevent biological activity and degradation in
the sample cups and to reduce exchange with the surround-
ing water, the water in the cups was poisoned with HgCl,
(3.3 gL~") and enriched with salt (NaCl 70 gL~ ') before the
deployment. In this way, the samples remain in the same con-
dition as they were during the periods of deployment until the
actual analysis: cooled, darkened, and poisoned with HgCl,.
It has been accepted since the early 1980s that the addition
of a toxin to sediment trap samples prevents bacterial or mi-
crobial degradation of the material (see, e.g., Honjo et al.,
1982). Metfies et al. (2017) have even found that PCR-based
molecular genetic analysis is possible in sediment trap sam-
ples from long-term moorings when the samples have been
poisoned with HgCl,. After recovery, all samples were stored
at 4 °C on the ship and either examined directly on board or
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transported immediately to the home laboratory at the Uni-
versity of Hamburg, Germany, without interruption of cool-
ing.

In general, all sediment trap samples were first macro-
scopically described and then divided into two fractions
(>1 and <1mm) using a 1 mm x 1 mm mesh size sieve.
The > 1 mm fraction is classified as active swimmers (Lee
et al., 1988, 1991). The < 1 mm fraction represents the pas-
sive flux. Haake et al. (1993) and Rixen et al. (1996) de-
scribed in detail the processing and analysis of sediment trap
samples. Both the preparation of the sampling cup before
deployment and the processing of the samples after recov-
ery were carried out according to generally accepted proce-
dures (e.g., Honjo et al., 1982, 2008; Metfies et al., 2017).
The > 1 mm fraction of the long-term moorings will be dis-
cussed in a future work.

For the drifter samples, the fraction > 1 mm was ana-
lyzed for active simmers by the use of a Keyence VHX-
6000 digital microscope. It should be noted that there are
currently no definitive, generally standardized methods for
quantifying the proportion of migrating zooplankton that has
actively entered the sediment trap. However, methods such
as that of Weldrick et al. (2021), where the active organisms
were hand-picked to quantify their abundance in drifting sed-
iment trap samples, provide approaches dealing with active
swimmers in drifting sediment trap samples; this procedure
is similar and comparable to the approach used in this study.
After removing swimmers from the > 1 mm fraction, they

Biogeosciences, 21, 5261-5276, 2024
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Table 3. Overview of drifting sediment trap deployments.
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Region  Cruise  Drifter ~Water Deployment Recovery Deployment  Deployment ~ Recovery  Recovery Drift Number  Trap depth [m]
D depth [UTC] [UTC] lat [°S] long [°E] lat[°S] long [°E] distance  of traps
[m] [km]
nBUS MI153 1 2050 3 Mar 2019 22:36 5 Mar 2019 16:33 22.9996 12.2489 22.9358 12.1475 154 5 50, 100, 200, 300, 500
nBUS  MIS3 2 1000 6Mar201922:18 10 Mar 2019 10:30 20.9999 119992 208942 119064 297 530,50, 100, 150,200
sBUS  MIS3 31300 22Feb201918:51 25 Feb 2019 12:13 31.0440 152280 30.9683 150050  20.5 550, 100, 200, 300, 500
sBUS  MIS3 4 160 18Feb2019 11:07 20 Feb 2019 08:27 306417 170226 305275 168453 244 4 20,30,50,75
sBUS  S0283 5997 15Apr202119:58 17 Apr2021 12:33 31.4987 154980 314802 154353 8.5 6 50,100, 200, 300, 400, 500
sBUS 50283 6 192 16Apr202109:15 18 Apr2021 05:52 309998 169998  31.0366  16.9735 114 5 20,30,50,75, 100
nBUS S0O283 7 1155 21 Apr202109:16 23 Apr 2021 14:26 23.0001 12.7496 22.9750 12.6905 9.4 5 50, 100, 300, 400, 500
nBUS  SO283 8 248 21 Apr202105:49 23 Apr2021 10:19 23.0001 135833 229887 134818 156 5 20,30,50,75, 100
nBUS  S0283 9 732 24 Apr2021 1441 25 Apr2021 15:07 17.9998 113001 179641 113210 5.6 7 10,50, 100, 200, 300, 400, 500
nBUS  SO283 10 360 27 Apr2021 10:57 29 Apr2021 11:19 25.0004 139151 24868 136998 221 5 20,30,50,75, 100
nBUS  S0283 11 1045 27 Apr202104:59 29 Apr 2021 06:00 25.0002 133333 248684  13.2678 18.1 4 50,100, 300, 400
sBUS  S0285 121097 19Sep202102:50 19 Sep 2021 15:48 31.9298 157738 319298 157738 1.91 5 20,50, 100, 150,200
sBUS  S0285 13 155 21Sep202101:22 21 Sep 2021 14:44 30,9962 173493 309180 173133 9.95 5 20,30,50,75, 100
sBUS  S0285 14 1047 24Sep202107:57 25 Sep 2021 14:15 303525 145834 303296  14.4208 17.8 6 50, 100, 200, 300, 400.0, 500
nBUS  SO285 IS 1888 10ct202119:35  20ct2021 15:35 22,9981 123988 228982 124168 1801 6 50,100, 200, 300, 400, 500
nBUS  SO285 16 517 50ct202107:19 7 0ct 2021 12:01 21.0223 124218 207052 124466 3597 5 20,50, 100, 150,200
@ part of the passive flux, as we assumed these organisms were
dead when they entered the trap.
201 The active flux (i.e., swimmers) was divided into eight
10 groups: amphipods, copepods, decapods, euphausiids, os-
) tracods, pteropods, fish larvae, and gelatinous zooplankton.
2. 184 . . .
= . Swimmers which could not be further classified were there-
9] .
¢ 174 : fore classified as “zooplankton unknown”.
16 ! / Subsequently, all trap samples used for further analyses
! : were taken on polycarbonate filters (Millipore, 0.45 pm mesh
T . . . .
154 ! | ! size). The samples were rinsed with a sodium tetraborate
1 | ! buffer solution (2 mg Naz[B40s(OH)4] 8H20 per 1L H,O)
i i g. $ ! to remove salt and prevent the dissolution of carbonates.
1 1 . .
) : : : After filtration, the filters were dried at 40 °C for 48 h and
3000 4 . . . .
| ! | ! weighed to determine the dry weight in each zooplankton
e84y i ' | : group and of the < 1 mm fraction. The dried material was
7, 25007 | carefully removed from the filters with a spatula in order
?‘E 2250 : to prevent contamination of the sample by filter material.
o 2000 1 : All filters were thoroughly visually inspected to ensure that
= — : no sample material larger than 0.45pm (mesh size of the
[+ 1 . .
= | polycarbonate filter) remained on the filter surface. Virtually
= : blank filters were left behind, thus preventing size fraction-
1250 A . . . .
. . ation. The material was then homogenized using an agate

Month

Figure 3. Monthly mean annual cycles of sea surface temperatures
(SSTs, a) and primary production (PP) rates (b) in the nBUS and
sBUS areas. Satellite data (OI SST and PP) were downloaded in
November 2023 (see Methods section). Dotted areas indicate the
sampling periods of SO283 and SO285 cruises. Error bars indicate
the standard deviation of PP and SST within the time period 1981—
2023.

were classified according to Tutasi and Escribano (2020),
Ekau et al. (2018), and Castellani and Edwards (2017). Fur-
thermore, zooplankton species > 1 mm without any signs of
decay or disintegration were classified as swimmers and in-
cluded with the active flux. Zooplankton species that showed
clear signs of degradation or disintegration were considered

Biogeosciences, 21, 5261-5276, 2024

mortar and pestle and subsequently analyzed for total carbon
(TC) and total nitrogen (TN). POC was measured in a second
run of samples in which inorganic carbon was removed by
acidification (1IN HCI). All analyses were carried out using
the flash combustion method (Euro Vector EA-3000). Due to
the lack of sufficient sample material, e.g., when analyzing
swimmers, it was often only possible to determine the TC. As
swimmers contain almost no carbonate apart from pteropods,
the measured TC was interpreted as POC. This leads to a po-
tential overestimation of the active POC flux, but given the
relatively low abundance of this zooplankton clade, as shown
in the Results section, we expect this error to be negligible.
The active and the passive POC flux together give the total
POC flux. The POC flux multiplied by 1.8 (Anderson, 1995;
Francois et al., 2002) results in the organic matter (OM) flux.
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Satellite-derived monthly mean sea surface temper-
ature (SST; Reynolds et al.,, 2002) and net primary
production rates (Behrenfeld and Falkowski, 1997)
were downloaded from the OI SST website (http:
/firidl.ldeo.columbia.edu/SOURCES/.NOAA/.NCEP/.EMC/
.CMB/.GLOBAL/.Reyn_SmithOIv2/.monthly/.sst/, last ac-
cess: 20 November 2024) and the Ocean Productivity website
(http://www.science.oregonstate.edu/ocean.productivity/,
last access: 20 November 2024) in November 2023. The
SST data with a spatial resolution of 0.33° x 0.33° covered
the period from 1981 to 2023, while the primary production
rates with a resolution of 1° x 1° covered the periods from
2002 to 2023. When calculating the mean values for the
BUS and the two subsystems, it was assumed that the BUS
covers the area between the coast and about 250 km offshore,
within the latitudes we have previously specified (nBUS
17-27°S and sBUS 27-35°S; see Fig. 1).

4 Results

During the research cruises, the primary production rates
at the coast reached values of > 9000 mgm’2 d~!, which
decreased with increasing distance from the coast and
fell to values of < 10mg m~2d~! far offshore (Fig. 4).
The primary production rates at the drifter positions var-
ied between 544.6 and 5115.4mgm~—2d~" and revealed a
mean of 1618.641110.6mgm~2d~'. They thus fell be-
low the average primary production rates, which were
2505.3mgm~2d~! in the nBUS and 2089.6 mgm~2d~! in
the sBUS (Fig. 3b). Overall, the primary production derived
from the satellite data largely fell within the range of pri-
mary production rates determined during research cruises in
winter 1999 and summer 2002 in the sBUS and nBUS (140-
8830 mgm~—2d~!; Barlow et al., 2009).

The results from the 83 drifter traps showed that cope-
pod biomass accounts for the largest proportion of the active
POC flux in both subsystems averaged over all water depths
(55.7 % and 46.2 % in the nBUS and sBUS), followed by the
biomass of amphipods and euphausiids (Fig. 5). The com-
bined proportion of the three groups (copepods, amphipods,
and euphausiids) amounts to about 77.3 % and 87.4 % of the
active POC in the nBUS and sBUS.

Averaged over all sampled water depths and drifter de-
ployments in both subsystems, the proportion of the ac-
tive POC flux to the total POC flux was on average 10.9 %
higher in the sBUS (mean: 72.9 %) than in the nBUS
(mean: 62.0 %) and varied with depth by £ 14.2 % (nBUS)
and £9.0% (sBUS). However, the active POC flux of
944.5 +743.6 mgm~—2d ™" in the sBUS was 2.9 times higher
than in the nBUS with 322 +231.7mgm~2d~!. This differ-
ence was particularly visible in the upper water column (wa-
ter depths <100 m) and decreased at greater water depths
where the active POC flux in nBUS could even exceed that
in the sBUS (Fig. 7a).
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Compared to the active POC flux, the passive POC flux in
the sBUS is only slightly higher (293.9 4-249.0mgm~=2d ")
than in the nBUS (203.1 4 157.0mgm~2d~!). The passive
POC flux tends to decrease with depth (Fig. 7b) and shows an
average POC flux of 135.9482.3mgm~2d~! (nBUS) and
365.1 £187.3mgm~2d~! (sBUS) at a water depth of 100 m.
In contrast, the POC flux in the moored traps averaged over
the entire observation period in the nBUS at a water depth
of 64m (moored trap depth) and in the sBUS at a water
depth of about 100 m (moored trap depth) was 169.8 £ 128.6
and 120.1 +55.8mgm~2d~!, respectively. The data from
the moored sediment traps showed no clear seasonal variabil-
ity, but in the nBUS there was significant interannual vari-
ability (Fig. 6). However, our time series in the sBUS is still
too short to make statements about interannual variability.

5 Discussion

The drifters were deployed on the shelf and along the conti-
nental slope at the beginning and end of the summer season.
However, as mentioned before, the drifters were deployed in
areas where the primary production was on average below
the mean summer primary production, and it ranged between
544.6 and 5114.4mgm~—2d~!. The active and passive POC
flux in the upper water column (water depth < 100 m) varied
between 45.3 and 9121.2 and 8.8 and 1878 mgm_2 d! re-
spectively. This means that the variability in the active POC
flux exceeded that of primary production and that the vari-
ability in the passive POC flux, which is comparatively low,
still extends over 3 orders of magnitude (Fig. 7b). These
large variations are the product of the interaction between
the oceanographic processes that influence the transport of
nutrients into the euphotic zone, their horizontal distribution
in the surface water, and biological processes that convert
the nutrients into biomass and export them as POC. Our data
density is not sufficient to disentangle this complex inter-
action completely, but on average the sediment trap results
agree well with the results of other studies. For instance, ver-
tical hauls down to a water depth of 600 m with a Hydro-Bios
multi-plankton sampler in the Humboldt Upwelling System
off northern Chile yielded a mean biomass of migrating zoo-
plankton of 958 mg C m~2d! (Tutasi and Escribano, 2020),
which is quite similar to the mean active POC flux derived
from our drifter trap samples (944.5 +743.6mgm~—2d ™! in
the sBUS and 322+ —231.7mgm~—2d~! in nBUS). In the
California Upwelling System, the active and passive POC
flux at a water depth of 100m was estimated at 34.8 and
108.0mgm~2d ™!, respectively (Stukel et al., 2023). This ac-
tive POC flux is below the mean flux we have measured in
nBUS at a water depth of 100m (2004 108 mgm~—2d~1),
but it falls in the range of the active flux we have deter-
mined in the sBUS (2022.1 3195 mg m 2 d~!) at a water
depth of 100m (Fig. 7a). The passive flux off California,
on the other hand, is in the range of what we have mea-
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sured with the drifter in the nBUS (135.8 £82mgm~2d~!;
Fig. 7b) but falls below what was measured in the sBUS
(365.1 £187.2mg m-24d-1; Fig. 7b). Overall, our results are
in good agreement with those from other eastern boundary
upwelling systems.

Our sediment trap results further show that copepods dom-
inate the active POC flux in both subsystems (Fig. 5), which
is consistent with biological studies revealing that copepods
dominate the abundance of mesozooplankton in the nBUS
and sBUS (Verheye et al., 2016; Bode et al., 2014). This im-
plies that copepods in the BUS not only play a key role as
a food source for the conservation of marine fish stocks but
are also of great importance for the active POC flux. This
in turn raises the question of how the active flux affects the
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passive POC flux and the associated POC transport onto the
sediments.

Zooplankton influences the passive POC flux to the sed-
iment in many ways, which can increase or decrease the
active POC flux (Steinberg and Landry, 2017; Boyd et al.,
2019; Moigne, 2019; Miles, 2018). Grazing and disaggrega-
tion are, e.g., processes that decrease the passive POC flux,
while the excretion of faecal pellets and the death of zoo-
plankton increase the passive POC flux (Cavan et al., 2020;
Turner, 2015; Ducklow et al., 2001). In the sBUS, the ac-
tive POC flux was almost 3 times higher than in the nBUS,
which was most pronounced in the upper water column (wa-
ter depth < 150 m; Fig. 7a), while the passive POC flux did
not differ greatly between the two subsystems (Fig. 7b). This
implies that the role of zooplankton on the passive POC flux
varied in the two subsystems.

On average, the passive POC flux decreases with depth as
commonly observed in other studies and has been described
by a POC flux attenuation equation (Cael and Bisson, 2018;
Martin et al., 1987; Giering et al., 2014). To ensure compa-
rability with other regions, we have selected the commonly
used equation (Eq. 1; Martin et al., 1987) for describing the
POC flux attenuation at increasing water depth and adapted
it to the situation found in the BUS (Fig. 8).

The selected MLD and the determined Fyp and b values
were then used to calculate the POC fluxes using the Mar-
tin curve and the water depth. The calculated and measured
POC fluxes correlated with each other (r = 0.925, n = 31)
and showed the best agreement at an assumed MLD of ap-
proximately 10 m. The values for Fyp and b obtained from
the curve fitting were 1117 mgCm~2d~! and —0.74 (Fig. 8).
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Temperature profiles obtained during our expeditions at our
long-term sediment trap sites showed that MLDs in the nBUS
and sBUS varied between approximately 30 and 15 m dur-
ing austral spring (Fig. 9a). In late summer, the mean depth
varied between about 1 and 14 m (Fig. 9b), showing that an
MLD of 10m, as assumed for the curve fitting, is within the
range observed during our expeditions.

If the b is reduced to —0.86, the resulting POC flux at-
tenuation curve represents the long-term sediment trap data
off Walvis Bay in nBUS and Hondeklip Bay in sBUS sig-
nificantly better. However, b values of —0.74 and —0.86 are
in the range of the b values found in the Pacific Ocean and
the Atlantic Ocean (b = —0.5 to —1.38; Giering et al., 2014)
and similar to those determined in the California upwelling
system (b = —0.72; Stukel et al., 2023). The calculated POC
flux rates also agree well with those measured in previous
sediment trap studies in the BUS at water depths > 500 m
(Fig. 8a, Vorrath et al., 2018).

The determined Fyp implies a mean export production
of 1117mgCm~2d~!. Compared to the primary production
rates of 2089 mgCm~2d~! (sBUS) and 2505 mgCm~2d~!
(nBUS) this indicates an f ratio (export production/ primary
production) of approximately 0.4 to 0.5, which is charac-
teristic of highly productive systems (Eppley and Peterson,
1979). This means that the passive POC flux determined with
drifters and long-term sediment traps (on the shelf and in the
open ocean) appears to follow the general attenuation equa-
tions on average despite the large variations in the individual
measurements.

Assuming a mean water depth of 150 m, which is based
on the mean depth of the continental shelf, the derived Mar-
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of the mooring stations are shown in Fig. 1 and Table 1. Decimal
places indicate that there have been several casts at the stations.
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tion 7 showed a diurnal variation, with a maximum depth of approx-
imately 14 m. A maximum MLD of approximately 14 m was also
shown in the nBUS (station 32). During the SO285 cruise in aus-
tral spring, the MLDs varied between approximately 30 and 15 m.
The dashed lines were inserted to illustrate the maximum MLDs.
CTD data available at https://www.pangaea.de (last access: 1 Octo-
ber 2024).
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tin equations (b of —0.74 and —0.86) suggest a POC sup-
ply to sediments of 108.8-152.0mgCm~2>d~!. Compared
to the primary production rate this implies that 4 %—7 % of
primary-produced POC reaches the sediment. This is consis-
tent with our former result of 5 % based on the long-term sed-
iment trap study off Walvis Bay and contradicts the results
of a numerical model, which states that 49 % of the primary
produced POC reaches the sediment surface (Emeis et al.,
2018). However, the similar POC fluxes in nBUS and sBUS
are remarkable, especially considering the differences in the
active POC flux and the OMZ intensity (Fig. 10).

Low oxygen concentrations and the associated transition
from oxic to anoxic degradation processes are considered to
be a factor that reduces POC degradation in the water col-
umn and surface sediments (Paropkari et al., 1993; Laufkot-
ter et al., 2017) and also increases the quality of the preserved
organic matter in the nBUS (Nagel et al., 2016). If lower oxy-
gen concentrations in the nBUS have a positive effect on the
POC flux but this flux, including export production, is almost
similar to that in the sBUS, there are probably also processes
that, similar to the low oxygen concentration in the nBUS, fa-
vor the passive POC flux in the sBUS. Since the active POC
flux in the upper water column is significantly higher in the
sBUS than in the nBUS (Fig. 7a), zooplankton is assumed
to play this role. As primary production and export produc-
tion rates are similar in both subsystems, high zooplankton
abundance is expected to favor passive POC fluxes by en-
hancing the production of fast-sinking faecal pellets in the
sBUS. As mentioned above, the attenuation coefficient b is
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an expression of the strength of remineralization. According
to our results, b is similar in both subsystems, which leads
to the assumption that the effect of a lower oxygen concen-
tration on b in the nBUS is comparable to the effect of zoo-
plankton on b in the sBUS. One way in which zooplankton
may contribute is by increasing the formation of rapidly sink-
ing faecal pellets and reducing the residence time of sinking
particles in the water column. This would mean that the posi-
tive effect on passive POC flux caused by higher zooplankton
abundance would overcompensate for negative effects such
as increased disaggregation of sinking particles due to graz-
ing at our study sites.

In the water column, however, the effects of POC degrada-
tion processes on the distribution of nutrients and dissolved
inorganic carbon are masked by the inflow of different up-
welling source waters in the two subsystems as illustrated in
Fig. 10. As mentioned above and shown by Siddiqui et al.
(2023), source waters in the nBUS are not only oxygen-
depleted and nutrient-enriched but also enriched in dissolved
inorganic carbon (DIC). The much more pronounced OMZ
in the nBUS, in addition to the almost equal POC fluxes in
both subsystems and the high sedimentary POC concentra-
tions in the nBUS (Fig. 1), also indicates that the mud belt in
the nBUS is largely a consequence of the stronger OMZ in
the nBUS compared to the sSBUS. This highlights the ambiva-
lent nature of expanding OMZs, which mitigates atmospheric
and oceanic CO, accumulation by increasing POC storage in
sediments and poses a threat to established ecosystems and
fisheries.
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6 Summary

Our results indicate that the large variability in the measured
POC fluxes reflects the expected spatial and temporal vari-
ability in the BUS. On average, however, and in agreement
with other studies, our results show that copepods dominate
zooplankton abundance and the active POC flux in both sub-
systems. The active POC flux in the sSBUS was almost 3 times
higher than the nBUS. This difference was particularly ev-
ident in the upper 100 to 150m of the water column. In
contrast to the active POC flux, the passive POC flux was
almost the same in both subsystems and followed in accor-
dance with the long-term sediment trap data the general at-
tenuation equations on average despite significant deviation
of the individual measurements. A similar POC export pro-
duction and attenuation with increasing water depth, in ad-
dition to a more pronounced OMZ in the nBUS and a much
higher zooplankton abundance in the sBUS, imply that both
the low oxygen concentrations and the higher zooplankton
abundance favor the passive POC flux at our study sites. The
former is well accepted, while the latter means that zooplank-
ton reduce POC remineralization by increasing the particle
sinking speed. This, in turn, suggests that the increased for-
mation of fast-sinking faecal pellets overcompensates for en-
hanced grazing on sinking particles that favors particle disag-
gregation and reduces the sinking speed. Similar productivity
and POC supply but large differences in POC concentration
and storage in the surface sediments of the nBUS and sBUS
suggest that the intensity of the OMZ is key to understand-
ing the development of the POC-rich mud belt in the nBUS
which is absent in the sBUS.
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