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Abstract Hypoxic (O2 < 60 μmol kg− 1) waters are found below 27% of the ocean surface and are predicted
to expand in the near future; however, the organic carbon cycle in these regions is far from understood. Here we
study the origin, composition, and temporal variability of mesopelagic particle layers in the hypoxic northern
Benguela. We combine ship measurements, 4 months of glider data, and a high‐resolution 3D coupled model.
Glider data show deep particle layers between 250 and 500 m, in the hypoxic oxygen minimum zone (OMZ),
often giving rise to “deep export” events. Our data point toward biological processes generating the particle
layers within the OMZ itself. Between 250 and 500 m, large particulate organic matter is fresh, small particles
are more refractory, and image data show a local increase in aggregates and fecal pellets. Ship data suggest that
large particles and deep export events are generated both by vertically migrating organisms importing organic
carbon from the near‐surface to the OMZ and by mesozooplankton constantly inhabiting the OMZ and
transforming the particles there. Small suspended particles accumulate above and within the OMZ. This is likely
contributed to by fragmentation via zooplankton partial feeding and reduced remineralization rates. Near‐shore
currents drive the temporal variability in hypoxia and the associated deep particle layers, hence modulating
biological activity and export events in the mesopelagic. Our results highlight how the interplay of biological
and physical processes drive the carbon dynamics of widespread hypoxic OMZs and provide insight into how to
improve models in these regions.

Plain Language Summary Water with low oxygen concentration is found below nearly 1/3 of the
ocean's surface. Low oxygen concentrations in water affect marine animals and therefore impact the cycling of
carbon in the ocean, which controls climate. Here we study what determines the distribution of organic carbon in
the low oxygen water found at depth in the Benguela ocean region, close to the Namibian coast, using both
observational data and computer simulations. Our results show that in this region organic carbon particles are
more abundant in the low oxygen water (250–500 m below the surface) than in the water found immediately
above it. Data indicate that zooplankton, very small animals that live in the ocean, generate these deep particle
layers while they inhabit the low‐oxygen waters (smaller zooplankton) or migrate to those depths during the day
to escape predators (larger zooplankton). Zooplankton produce large organic carbon particles at depth by
defecating. They also fragment larger particles into smaller particles that remain suspended and accumulate
there for long times. At the same time, ocean currents move these deep layers of particles around. Our results
reveal how biological and physical processes work together to regulate the cycling of carbon at depth in low
oxygen regions.

1. Introduction
Oxygen minimum zones (OMZs) are ocean regions characterized by low oxygen concentrations in the meso-
pelagic, which are generated by a combination of inefficient ventilation and organic carbon remineralization at
depth (Karstensen et al., 2008). Globally, hypoxic (O2 < 60 μmol kg− 1) OMZs occupy about 5% of the ocean's
volume (Deutsch et al., 2011) underlying as much as 27% of the ocean surface (calculated from World Ocean
Atlas 2018) and are predicted to expand in the future (Laffoley & Baxter, 2019). Hypoxic conditions affect the
metabolism of marine organisms and modulate the intersection between their habitable ranges due to the highly
variable threshold of tolerance to low oxygen conditions across species (Ekau et al., 2010; Vaquer‐Sunyer &
Duarte, 2008). As a result, oxygen gradients found at the boundary of OMZs generate a variety of habitats that
result in the vertical layering of species (Maas et al., 2014), whereas temporal changes in oxygen concentrations
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can compress or expand marine organisms' habitable zones (Köhn et al., 2022). By impacting the livelihood and
metabolic functioning of marine organisms at any trophic level, OMZs shape the ocean's biogeochemical cycles,
including the organic carbon cycle (Kalvelage et al., 2011; Long et al., 2021).

Knowledge of the organic carbon cycle in these regions is still scarce. In particular, particulate organic matter
(POM) distributions, fluxes, and their drivers in hypoxic OMZs remain elusive. Most research so far has focused
on suboxic (O2 < 5 μmol kg− 1, ∼0.1% of the ocean's volume) or even anoxic (near zero O2 concentrations)
regions dominated by anaerobic processes (Deutsch et al., 2011; Keeling et al., 2010). OMZs are thought to
contribute positively to carbon sequestration rates due to reduced respiration rates in extremely low oxygen
conditions, leading to deeper remineralization (Cavan et al., 2017; Loescher et al., 2016). Previous studies have
found that biogeochemical transformations within suboxic OMZs are largely driven by microbial communities
(Cavan et al., 2017), whose biological activity, in turn, is regulated by the availability of organic carbon‐rich POM
(Ganesh et al., 2015; Ward et al., 2008). Low zooplankton and nekton abundances have previously been observed
in suboxic OMZs, which can constitute a boundary to vertically migrating organisms (Loescher et al., 2016;
Hauss et al., 2016). On the other hand, zooplankton biomass has been observed to accumulate predominantly in
the thermocline and around the upper and lower oxyclines of suboxic OMZs, particularly at oxygen concen-
trations of about 60 μmol kg− 1, that is, in hypoxic waters (Roullier et al., 2014; Wishner et al., 2013). These
zooplankton populations may repackage deep suspended material into larger and denser particles, altering the
sinking flux across the OMZ (Keil et al., 2016).

Suboxic OMZs are also characterized by persistent layers of deep particles, which have been observed in the north
and south tropical Pacific (Garfield et al., 1983; Pak et al., 1980; Whitmire et al., 2009; Wishner et al., 1995) and
the Arabian Sea (Roullier et al., 2014). These may be produced within low oxygen waters by a combination of
biological activity and physical processes (Naqvi, 1994; Naqvi et al., 1993; Wishner et al., 1995; Gowing &
Wishner, 1992). Recently, a persistent layer of particles has also been observed in the hypoxic OMZ of the eastern
tropical North Atlantic (Rasse & Dall'Olmo, 2019), where poorly oxygenated waters attenuated small (<20 μm)
POM fluxes efficiently, whereas the opposite is true for fluxes of large POM (Rasse & Dall'Olmo, 2019; Engel
et al., 2017). Such a reduction of small particle flux in hypoxic waters questions the assumption that the projected
expansion of OMZs will enhance carbon sequestration rates in the ocean (Rasse & Dall'Olmo, 2019; Keeling
et al., 2010).

Despite the widespread occurrence of deep particle layers and their potential role in biogeochemical cycling, there
is still no clear consensus on their origin, impeding advance in mechanistic understanding of OMZ biogeo-
chemistry. In this study, we combine high‐resolution in situ and model data to investigate the origin, composition
and temporal variability of mesopelagic organic carbon particle layers observed in the hypoxic offshore northern
Benguela. We use a combination of 4 months of glider data spanning 0–1,000 m depth (the same glider as used for
Lovecchio et al., 2022), a variety of ship‐based observations and the output of a high‐resolution coupled physical‐
biogeochemical model for the Benguela Upwelling System. Based on these data, we evaluate three potential
mechanisms that could contribute, possibly independently, to the formation of these layers: (M1) biological
activity within the OMZ; (M2) transport of sinking particles originating from the surface of adjacent productive
regions; and (M3) transport of sediment resuspended from the shelf. The results of our study highlight the
complexity of the organic carbon cycle within the mesopelagic region of hypoxic OMZs and demonstrate how
both physical and biological mechanisms shape the variability of deep particle concentrations in these waters.

2. Methods
2.1. Glider Data

Glider data were collected between 14 February and 19 June 2018 at ∼100 km from the coast of the northern
Benguela system using a Slocum glider (Figure 1). The glider profiled to 1000m depth following a triangular path
of ∼12 km per side with a vertical resolution of ∼20 cm and emerging 5–6 times per day, sampling on the upward
dive. In June, the speed of the glider was reduced to maintain position in order to facilitate final calibration and
recovery. The glider was fitted with a Seabird pumped CTD, an Aanderaa optode and a Seabird WetLABS ECO‐
triplet sensor to measure optical backscattering at 700 nm and chlorophyll fluorescence. Note that although this
sensor is targeted to detect chlorophyll‐a indirectly via in vivo fluorescence (excitation at 470 nm and emission at
695 nm), the ratio of in vivo fluorescence to chlorophyll concentration varied by a factor of ∼2.5 during the 6‐
week cruise period. We expect similar or greater variability during the 4‐month glider deployment, but lack the
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data to quantify or correct it, so, although we have “calibrated” our glider fluorescence measurements in units of
chlorophyll‐a concentration, we still refer to this signal as “fluorescence”. Further details on the glider data
collection and a full description of the temperature, salinity, and oxygen calibration of the glider data can be found
in Lovecchio et al. (2022), which is based on the same survey. Conservative temperature (Tc, from here on:
temperature), absolute salinity (Sa, from here on: salinity), and potential density (σθ) were calculated from the
glider data using the TEOS‐10 Gibbs Seawater Oceanographic Toolbox (McDougall & Barker, 2011). The depth
of the mixed layer was calculated as the deepest depth at which T = T10m ± 0.8°C (Kara et al., 2003; Lovecchio
et al., 2022).

Particulate backscatter data (bbp) from the glider were partitioned into a small particle fraction (bbs) and a large
particle fraction (bbl) following the methods of Henson et al. (2023), adapted from Briggs et al. (2011), using an
11‐point running minimum followed by an 11‐point running maximum filter (Briggs et al., 2011, 2020) to
distinguish the presence of “large particles” (bbl) with equivalent spherical diameter larger than∼470 μm (Henson
et al., 2023) from that of “small particles” (bbs). According to this decomposition, bbp = bbl + bbs. By applying a
running minimum followed by a running maximum filter to individual vertical bbp profiles, spikes in the back-
scatter signal are attributed to the presence of large individual particles, whereas the residual signal (including
instrument noise) is attributed to small particles. A similar analysis was applied to glider fluorescence. Note,
however, that spikes in the fluorescence signal represent particles with high chlorophyll content, and do not
necessarily provide an indication of their size.

In this study, we use glider temperature, salinity, density, and dissolved oxygen (O2) in the form of binned
medians (as in Lovecchio et al. (2022)). Backscattering (bbp700) and fluorescence data are used in the form of
binned means in order not to get rid of the meaningful signal generated by larger and brighter particles, which may

Figure 1. Northern Benguela region of study: (a) Satellite chlorophyll‐a concentration (CMEMSGlobColour) as color shading and regional pattern of surface circulation
(CMEMSDUACS), both averaged across 1–18 June 2018 (ship measurement period, overlapping the last 18 days of the glider measurement period), with depth isolines
overlaid in gray, glider pathway in red and ship sampling location as a yellow star; the black dotted square shows the area of the zoom‐in subplot (c). (b) Benguela shelf
at 18oS with 300 m depth line highlighting the depth of the shelf break with longitude and depth range covered by the glider in red. (c) Topography as color shading with
depth isolines in gray, glider pathway (red line) showing northwards transit to BN0 (14–16 February) and sampling location Benguela North 0 (BN0, centered around
10.80°E 18.25°S) and Benguela North (BN, centered around 10.95°E 18.05°S), and ship sampling location at BN as a yellow star. All subplots use the same topography
product (GEBCO, 2021); depth isolines are shown at 100 m intervals from 0 to 500 m and at 1,000 m intervals from 1,000 m. Additional figures showing the regional
setting during the glider measurement period and additional information on the glider pathway can be found in Lovecchio et al. (2022).
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appear as outliers in the full‐resolution data. Each bin corresponds to an interval of 6 hr in time (usually 1–2
profiles) and 2 m in depth.

Water masses in the glider data were identified by calculating the difference between glider salinity and oxygen
profiles and the February–June climatological mean profiles (WOA2023 Salinity; WOA2018 Oxygen; Boyer
et al., 2018) of the water masses found north (South Atlantic Central Water, SACW) and south (Eastern South
Atlantic CentralWater, ESACW) of themeasurement location, as in Lovecchio et al. (2022). Each bin in the glider
data at time t and depth z was tagged as: “SACW” if ΔSSACW(t,z) = Sglider(t,z)–SSACW(z) ≥ − 0.05 and ΔOSACW

(t,z) = Oglider(t,z)–OSACW(z) ≤ 15 μmol kg− 1; “ESACW” if ΔSESACW(t,z) = Sglider(t,z)–SESACW(z) ≤ 0.05 and
ΔOESACW(t,z)=Oglider(t,z)–OESACW(z)≥ − 15 μmol kg− 1; “Hypoxic‐fresh” if O2 < 60 μmol kg− 1 but salinity does
not satisfy the SACW salinity rule. These chosen thresholds are less than half of the mean difference between the
salinity and oxygen February–June WOA mean profiles of SACW and ESACW in the depth range of interest
(150–600 m). Note that no bin fulfilled both the ESACW and SACW criteria. Plots showing ΔSSACW, ΔOSACW,
ΔSESACW, ΔOESACW can be found in Figure 6 of Lovecchio et al. (2022). SACWand ESACWwere also identified
in the temperature‐salinity diagrams as in Lovecchio et al. (2022).

2.2. Ship Data

Cruise DY090, undertaken as part of the COMICS program (Sanders et al., 2016), took place in May–June 2018,
about three months after the glider was deployed and overlapped the glider measurement period for its last
18 days. Ship data used in the present manuscript were collected at 11.02°E, 18.01°S ∼ 4.5 km distant from the
glider between 01 June and 18 June (Figure 1c).

2.2.1. Dissolved Oxygen Data From CTD Sensor

CTD oxygen data used in this manuscript were collected using a dissolved oxygen sensor mounted on the CTD
frame (SBE‐43). This was calibrated against dissolved oxygen concentration bottle samples collected on 25 of the
CTD casts (see also Lovecchio et al., 2022). The bottle oxygen concentration was evaluated using Winkler
titration and used to correct the CTD oxygen profiles.

2.2.2. Organic Geochemistry of Particulate Organic Matter

Particulate material from a range of water depths was collected using stand‐alone pumps (SAPs Challenger
Oceanic). Up to five SAPs were used on the same deployment to collect vertical profiles through the upper
mesopelagic (20–500 m). The pumps were set to operate for one or 1.5 hr, depending on the expected particle
load. Two size fractions were recovered; the <53 μm particle fraction was collected on large (293 mm diameter),
pre‐combusted (400°C; 4 hr) GF/F filters (nominal pore size 0.7 μm). Large particles (>53 μm) were collected on
acid‐cleaned (10% HCl) nylon mesh screens (Nitex; pore size 53 μm) located above the GF/F filters. Upon re-
covery, the Nitex screens were carefully placed on the side of a large funnel and rinsed with filtered seawater (0.6–
1 L) into 1 L acid‐washed (10% HCl) glass bottles. This water was then filtered using a glass rig through pre‐
combusted (400°C; 4 hr) 47‐mm diameter GF/F filters. All GF/F filters were stored frozen (− 80°C), before
freeze drying prior to analysis.

POM lipids were extracted and analyzed following the method of Kiriakoulakis et al. (2004). Compounds were
identified either by comparison of their mass spectra and relative retention indices with those available in the
literature and/or by comparison with authentic standards. Lipid data were analyzed statistically (PAST 4.01) to
assess whether there were significant differences between samples. To deal with the large differences in con-
centration between surface and deeper samples and to compare suspended POM and sinking POM, the quanti-
tative data were converted to mol% of total identified lipid. Analysis of similarity (ANOSIM) tests were
performed on the biomarker data sets grouped by particle size and water depth to assess whether the differences in
POM composition were statistically significant. Similarity Percentages (SIMPER) tests were applied to those
groups of data that were shown to be significantly dissimilar from each other by ANOSIM, to identify the
compound classes contributing the most to the variability between groups.

Following SIMPER, principal component analysis (PCA) was used on grouped biomarker compound classes to
visualize the variability between the groups and highlight which lipid classes contributed to it. POM lipids are
structurally diverse and have some source specificity to phytoplankton (e.g., eicosapentaenoic acid, 20:5(n − 3),
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diatoms; Volkman, 2006), zooplankton (e.ge.g., 20:1(n − 9) and 22:1(n − 11) fatty acids and equivalent
monounsaturated alcohols, copepods; Dalsgaard et al., 2003; Duineveld et al., 2012), and bacteria (branched and
odd carbon numbered n‐alkanoic acids; Wakeham, 1995). Furthermore, their structural diversity impacts their
turnover, for example, polyunsaturated fatty acids (PUFAs) and monounsaturated fatty acids (MUFAs) are
significantly more labile than their saturated fatty acid counterparts (e.g., de Froe et al., 2022 and references
therein).

2.2.3. Particle Camera Images

In‐water particle images were collected using a “P‐CAM” underwater camera system mounted on a profiling
frame. The P‐CAM system consists of a Canon EOS 6D digital SLR equipped with a 50 mm macro lens and a
Canon Speedlite 600EX RT flash gun, each enclosed in a pressure housing. The camera was aimed at a black
plate, and the flash was mounted perpendicularly. The height, width, and depth of the illuminated, in‐focus field
of view for each image was 157 × 101 × 135 mm, respectively (2.14 L). The pixel width varied from 33 to 61 μm
from front to back of the depth of field. In order to investigate the composition of the large‐particle layers seen by
the glider backscattering, we analyzed images from a single profile to 500 m depth in the early morning (∼1–2 a.
m.) of 09 June to 500 m depth. For each image we calculated mean image brightness, which, due to the 90°
orientation between camera and flash, is a measure of particulate scattering. Brightness was normalized for
variations in flash intensity using median intensity from a piece of tape visible in each image on a portion of the
back plate. Image brightness was then partitioned into small‐ and large‐particle fractions analogous to bbs and bbl
measured by the gliders. Each image was divided into 90 × 90 pixel (∼4.2 × 4.2 mm) squares, and the median
brightness of each square was calculated in order to isolate the “background” brightness due to small‐particle
scattering from that of individual large particles. We interpret the mean of these 90 × 90 pixel medians as
“small‐particle brightness” and the difference between total and small‐particle brightness as “large‐particle
brightness”. We studied the P‐CAM images to observe changes in the type and abundance of particles and living
organisms at each depth. For each of the 96 images collected on 9 June in the depth range 300–440 m (which
coincided with a plume of large particles), we manually counted the particles that could be clearly identified as
zooplankton or nekton. We then calculated the average number of identified organisms per image in that depth
range.

2.2.4. Acoustic Backscatter Data

A multi‐frequency (38, 70, and 120 kHz) drop‐keel mounted echosounder (Simrad EK60) collected acoustic
backscattering data (Sv, dB re 1 m− 1) throughout the cruise. Here we use acoustic backscatter as a proxy for
zooplankton and micronekton biomass (depending on frequency). A 3 s ping rate was used, and raw data were
collected to 1,500 m (with the usable range depending on frequency). The echosounder was calibrated using
standard sphere techniques (Demer et al., 2015) whilst freely drifting in the survey area. Frequency specific mean
values of absorption coefficient (Francois & Garrison, 1982) and sound speed (Mackenzie, 1981) were derived
from CTD profiles for the typical depth ranges ensonified by each frequency. Data were processed in Echoview
V10 (10.0.293.38183): sound speed and absorption values were updated, noise was cleaned (transient and
intermitent noise was set to − 999 dB and background noise was removed, and data were either exported at full
resolution (0.19 m vertical resolution, 3 s horizontal resolution) or resampled and then exported (Sv, dB re 1 m− 1)
in cells of 10 m vertical resolution and 10 min horizontal resolution.

Acoustic backscatter data as a function of time across a 24H period were plotted at full resolution (3 s, 0.19 m). In
order to assess potential diel vertical migration (DVM) of organisms, day‐night differences in acoustic back-
scattering strength were calculated from the day time and night time mean acoustic profiles for each day of in-
terest using data binned to 10 min and 10 m. The differences were smoothed using a three‐point running mean in
order to limit noise. We used NOAA's Sunrise/Sunset Calculator (https://gml.noaa.gov/grad/solcalc/sunrise.
html) to retrieve the time of the apparent sunrise and sunset at the time and location of the measurements. We
applied a time buffer of 2 hr after sunrise and before sunset and 1 hr before sunrise and after sunset to exclude the
periods in which migration is most intense and only account for the hours of the day and night when the patterns
identified in the acoustic data occupy a range of depths that is mostly constant.
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2.2.5. Zooplankton Biomass Data

AHydrobios Mammoth Net (1 m2 opening, 300 μmmesh, hauled at 0.2 m s− 1) was deployed vertically to sample
mesozooplankton from 750 m to the surface in 9 discrete depth intervals: 750–625 m, 625–500 m, 500–375 m,
375–250 m, 250–188 m, 188–125 m, 125–162 m, 62–31 m, and 31–5 m. Mammoth deployments were repeated
day and night. The volume of water filtered by the Mammoth nets was calculated using the net dimensions and
depth of water sampled assuming 100% efficiency (Ward et al., 2012). Samples were preserved in 4% borax
buffered formaldehyde for biomass analysis using a FlowCam Macro (Yokogawa Fluid Imaging Technologies).
The preserved samples were sub‐sampled using a Folsom splitter where necessary, such that a minimum of 2000
particles were counted. Images were collected using a 5‐mm flow cell, a flow rate of 700 mL min− 1 and an auto‐
image mode rate of 10 frames per second. Carbon biomass was calculated for each particle using the area
(FlowCam's Area (ABD) algorithm, mm2) to dry mass (mg) regression for general mesozooplankton from
Lehette and Hernández‐León (2009) and a standard dry mass to carbon conversion factor of 0.45 (Giering
et al., 2019).

2.3. Coupled Model

We used 3D regional model simulations developed using the UCLA‐ETH version of the Regional Oceanic
Modeling System ROMS (Shchepetkin & McWilliams, 2005) coupled at run‐time to the biological elemental
cycling model BEC (Moore et al., 2013). The physical model ROMS resolves the 3D hydrostatic primitive
equations of flow. ROMS's prognostic variables are surface elevation, potential temperature, salinity, barotropic
and baroclinic horizontal velocities. Vertical mixing is calculated using a nonlocal K‐Profile parameterization
(Large et al., 1994). ROMS integrates the equations on a discretized grid and terrain‐following vertical co-
ordinates (sigma levels).

We use here the version of the BEC model (Moore et al., 2004) further developed by Frischknecht et al. (2018).
The model resolves the cycling of carbon, oxygen, nutrients, three phytoplankton functional types (small
phytoplankton, diatoms, and diazotrophs) and one zooplankton type. Modeled organic carbon in BEC can be
either in dissolved form, as dissolved organic carbon (DOC), or in particulate form (POC), the latter being either
associated with living organisms (phytoplankton and zooplankton) or non‐living particulate organic carbon
(detrital POC). Detrital POC is explicitly resolved by the model and is produced by phytoplankton loss terms
(aggregation, mortality, sloppy grazing by zooplankton) and by zooplankton loss terms as a fixed fraction.
Modeled detrital POC is either ‘free’ or ‘quantitatively associated’ to ballasting minerals; these two detrital POC
classes sink respectively at constant speeds of 10 m d− 1 and 25 m d− 1 but have remineralization rates that are
depth‐, ballasting‐ and oxygen‐dependent. The O2 dependency is represented by a multiplying factor that de-
creases from 1 to a minimum of 0.3 between 40 mmol m− 3 and 5 mmol m− 3. A small fraction of ballasted detrital
POC is assumed to be refractory. The BEC model does not allow for sediment resuspension nor detrital POC
fragmentation, and bacteria are not explicitly resolved. A full description of the model version used here is
provided in Frischknecht et al. (2018).

Our coupled Benguela model runs on a grid spanning from − 23°N to − 13°N and from 3°E to 15°E, with hor-
izontal resolution of 1/32°, corresponding to 3.2–3.4 km horizontal spacing (Figure SB1 in Supporting Infor-
mation S1). Vertically, we use 42 sigma levels with surface refinement. The model is initialized at rest and
integrated with a timestep of 5 min. The analysis run follows a 6‐year spin‐up. The analysis output is saved as 3D
daily mean fields for the months of February–June 2018, which include the glider measurement period. Physical
boundary conditions are derived from the daily‐mean GLORYS12V1 global reanalysis model output for year
2018 at 1/12° resolution (CMEMS GLORYS data). Biogeochemical boundary conditions for oxygen and inor-
ganic nutrients are derived from 1° × 1° World Ocean Atlas 2018 (Garcia et al., 2019), whereas dissolved organic
nutrients, dissolved iron, and ammonium are derived from a global CESM‐BEC simulation (Yang et al., 2017).
Boundary conditions for dissolved inorganic carbon and alkalinity are derived from 1° × 1° GLODAPv2 (Lausvet
et al., 2016); chlorophyll, biomass and associated organic carbon pools are estimated from surface products
(SeaWiFS NASA‐OBPG, 2014; Morel & Berthon, 1989). Atmospheric forcing is derived from ERA5 reanalysis
for 2018 (Hersbach et al., 2023), used in the form of daily‐means; radiative forcing is further corrected using the
Drakkar Forcing Set (DFS5.2) (Dussin et al., 2016) following Lovecchio et al., 2017. Atmospheric dust depo-
sition is derived from Mahowald et al., 2005; atmospheric pCO2 is derived from Landschützer et al. (2013).
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Figures and a detailed model evaluation are provided in Supplement B and C. To summarize, the coupled model
reliably represents the key properties of interest for this study. In particular, the model successfully replicates the
latitudinal gradients in physical and biogeochemical properties characterizing the transition from the Angola to
the Benguela region, the location of the Angola‐Benguela front, the pattern of currents and the cross‐shore
gradient in production due to upwelling (Figures SB2–SB5 in Supporting Information S1). The model also
successfully reproduces some prominent mesoscale features observed in the satellite data, such as the energetic
cross‐front anticyclone observed in May (Figure SA7 in Supporting Information S1). Some significant dis-
crepancies between model and data are found at 50 m depth, due to a vertical shift in the thermocline/halocline—a
difference that may be contributed to by residual temporal variability associated with the presence of mesoscale
features in the 6‐month mean model analysis output (Figures SB6 in Supporting Information S1). The spatial
pattern of oxygen is remarkably close to that of climatological means at the surface and at depth, with differences
arising from the presence of mesoscale features in the model run; the oxygen minimum zone, however, is
shallower and less intense than observed in data, likely due to the simplified representation of sediments,
remineralization and mesopelagic processes in the model (Figures SB2, SB5, and SB6 in Supporting Informa-
tion S1). Our biogeochemical model does not reproduce the deep particle layers observed in the in situ data
(Figure SB7 in Supporting Information S1). Although this is a model limitation, this finding provides us with
useful information to exclude certain mechanisms of formation of the deep particle layers, as elaborated upon in
the Results and Discussion sections.

3. Results
3.1. Mesopelagic Particle Layers From Glider Data

Glider data show high variability in small (<470 μm) and large (>470 μm) particle optical backscattering at all
depths (Figure 2). In the near surface, the highest particle concentrations are bound by the mixed layer depth
(MLD) and by the depth of the 26 kg m− 3 isopycnal. Plumes of both small and large sinking particles appear to
sink from the mixed layer in early March, mid‐April, and mid‐May, attenuating rapidly in the upper 300 m. In the
upper mesopelagic sub‐monthly fluctuations in backscattering follow a similar pattern to temperature, salinity and
oxygen (Figure SA1 in Supporting Information S1). In particular, recurrent small and large particle clouds span
the range of 250–500 m, where we also find intermittent hypoxic conditions (Figure 2) as well as the OMZ core,
where waters are hypoxic on average (∼380 to 450 m, Figure 3). This points to an association between deep
particle clouds and the OMZ.

Small particle concentrations have a deep secondary maximum that peaks on average across the sampling period
just above the depth of the hypoxic OMZ core, at ∼350 m (Figure 3). Initially, when the glider samples around
BN0 in February–March, small particles show an overall higher small particle background concentration at depth.
During this period the glider is collecting measurements within a patch of high‐chlorophyll water reaching the
study site from the nearshore upwelling region (Lovecchio et al., 2022) and glider data indicate intense export
events from the near‐surface ocean (e.g., in early March). Nevertheless, small particles at BN0 clearly show a
deep particle maximum located on average at ∼320 m (Figure 3c). From late March, when the glider starts
sampling at BN, small particles decrease sharply below the MLD and show deep maxima located above and at the
top of the hypoxic layer, in a range of 250–450 m. These result in a deeper mean secondary maximum found on
average at 355 m (Figure 3c). During June, when ship data were collected, small particle layers are visible be-
tween 200 and 400 m and then intensify during 15–17 June between a depth of 200–300 m, which corresponds to
the top of the hypoxic domain (see the June zoom‐in of Figure SA2 in Supporting Information S1).

Large particle backscattering also shows deep maxima located below the most productive near‐surface layer,
primarily in the range of 300–500 m depth but sporadically extending upwards to 200 m depth (Figure 2b). Deep
maxima of large particles are clearly visible across the whole measurement period with little difference between
BN0 and BN. On average, the deep large particle maximum is centered around the hypoxic layer at ∼380 m,
∼30 m below the average deep maximum of small particle concentration (Figure 3). Large particles are spread
around and below hypoxic domains. An exception to the co‐occurrence of hypoxia and deep particle maxima
(both large and small) is observed during the particularly shallow hypoxic event at the beginning of April, be-
tween 75 and 300 m. In our previous study focusing on oxygen dynamics using the same data (Lovecchio
et al., 2022) we identified this shallow anomaly as a subsurface anticyclonic eddy. We comment on this anomaly
and its influence on particle concentrations further in the Discussion section.

Journal of Geophysical Research: Oceans 10.1029/2024JC021039

LOVECCHIO ET AL. 7 of 24

 21699291, 2025, 3, D
ow

nloaded from
 https://agupubs.onlinelibrary.w

iley.com
/doi/10.1029/2024JC

021039 by B
ritish A

ntarctic Survey, W
iley O

nline L
ibrary on [18/03/2025]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



Our particle distributions, particularly those of large particles, are often associated with deep‐reaching plumes of
particles extending downwards to at least 1,000 m (Figure 2). These particle plumes indicate sinking fluxes
(similar to those used to track flux pulses by Briggs et al., 2020) that appear to originate within the OMZ and show
little connection with the particle dynamics of the productive mixed layer. The observed deep flux appears to
originate from within the OMZ in early March, mid to late April, early June, and most strikingly in mid‐May (10–
20 May), when high large particle concentrations span from ∼200 m depth to at least 1,000 m depth. During this

Figure 2. Glider optical backscattering (bbp700) with contours of hypoxia (O2= 60 μmol kg− 1, black line), MLD (white line)
and 26 kg m− 3 isopycnal (blue line). (a) Small (<470 μm) particle backscattering; (b) Large (>470 μm) particle
backscattering. The day of arrival of the glider at measurement stations BN0 and BN are marked on the x axis with,
respectively, a light gray circle and a dark gray circle; additional details on the glider's pathway are provided in Figure 1 and
in Lovecchio et al. (2022).
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mid‐May “deep‐export” event, hypoxic waters between 200 and 500 m show a combined increase of both small
and large particle backscattering (Figure 2), associated with a plume of chlorophyll fluorescence spikes indicating
the presence of fresh organic material, that is, organic material produced relatively recently by photosynthetic
organisms (Figure SA3 in Supporting Information S1). During June, large‐particle layers are found at the bottom
of and below hypoxic layers (between 300 and 600 m depth), with significant temporal variability in their depth
(Figure SA2 in Supporting Information S1).

3.2. Mesopelagic Particle Properties

More insight into the nature of the deep particle layers is gained via the analysis of ship data collected in the first
half of June. The analysis of camera image brightness from 9 June shows that, on this specific day, large particles
concentrations are elevated in the depth range 350–430 m (Figure 4a), in agreement with the glider data (Figure 2
and June zoom‐in of Figure SA2b in Supporting Information S1) and the CTD beam attenuation for the same day
(Figure SA4a in Supporting Information S1). CTD oxygen data collected ∼30 min after the camera images show
that a hypoxic OMZ that spans the range of ∼250 to 400 m depth (Figure SA4a in Supporting Information S1).
According to camera images, both small and large particles are abundant at shallow depths (particularly at depths
<20 m), whereas fecal pellets are particularly abundant at 20–40 m depth (Figures 4b and 4c). Down to 300 m
depth, particles are sparse and relatively small (Figures 4d and 4e). Here, individual spikes in the image brightness
correspond to large sporadic objects, most notably a long aggregate (Figure 4f) and a chaetognath (Figure 4g).
Between 300 and 440 m, corresponding to depths within and just below the OMZ, large particle brightness in-
creases on average. In this range, especially below 350 m, we observe an increase in large detritus, particularly of
long and thin fecal pellets and fluffy aggregates, including some bright green and possibly fresh ones (Figures 4h–
4m). Some of the images (∼1 every 3.5 images) collected between 300 and 440 m captured the presence of one, or
rarely two, zooplankton (Figures 4n–4r). The great majority of the largest particles captured by the images could
be clearly identified as either detritus or aggregates. We therefore conclude that the increase in large‐particle
brightness at these depths is not directly driven by the presence of living organisms.

Figure 3. Mean profiles across the entire glider measurement period for oxygen (black line, lower x‐axes) and optical
backscattering (bbp700) (colored lines, upper x‐axes): small (<470 μm) particle backscattering (magenta line), large
(>470 μm) particle backscattering (red line). (a) Mean backscattering in linear scale; note that the near‐surface small particle
backscattering maximum is off‐scale to allow visualization of the secondary deep maximum; thinner lines mark the standard
deviation around the mean for each variable. (b) Mean backscattering in log10 scale; (c) Mean backscattering in linear scale
calculated separately across measurement period BN0 (dotted lines) and BN (dashed lines). The gray shading in the
background of both subplots marks the range of depths in which glider‐derived oxygen falls below the hypoxic threshold of
60 μmol kg− 1 on average (hypoxic OMZ core—dark gray, depth range: 379–449 m) or within one standard deviation from
the mean (light gray, depth range: 157–517 m).
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Lipid biomarker data of POM collected using SAPs during June (Figure 5) suggests that large POM (>53 μm) and
small POM (<53 μm) particles are significantly different in composition (ANOSIM; p< 0.0001), as visualized by
principal component analysis (Figure 5a). Below 250 m, large particles are nearly always “fresh”, as confirmed by
consistently higher proportions of PUFAs and MUFAs relative to saturated fatty acids (SIMPER, Saturated fatty
acids, MUFAs, and PUFAs account for 65% of dissimilarity; see also Figure 5b). In contrast, below 250 m small
particles are always more refractory, whereas at shallower depths their signature is mixed. This difference be-
tween large fresh POM particles and small refractory POM particles at the depths of the mesopelagic particle
maxima suggests that the two types of particles may have different ages/origins. Note that, due to the difference in

Figure 4. (a) Particle brightness from P‐CAM images collected on 9 June from 0:59 to 01:57 (night time); (b–m) Portions of P‐CAM images of the same size showing the
types of particles and aggregates found at different depths; (n–r) examples of organisms identified in the images (not exhaustive of all the occurrences observed). Note
that images were cropped, but not rescaled. Because of the three‐dimensional nature of the camera images objects can look larger or smaller due to perspective and each
image pixel corresponds to 33–61 μm. We added a 50‐pixel (50‐px) bar, corresponding to 1,650–3,050 μm, to the bottom‐right corner of each image.
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the cutoff between POM and glider‐derived small and large particles, small POM particles represent the lower‐
end size of the glider‐derived small particles.

3.3. Biological Sources of Particles Within the OMZ (M1)

3.3.1. Input via Diel Vertical Migration

Acoustic data show clear DVM patterns (Figure 6) with at least three distinct layers that shift from shallower
depths at night time to deeper depths during the day time. These layers show DVM patterns that can be described
as follows: migrating (a) from the near‐surface (night) to above the OMZ (∼200 m; day), (b) from between 50 and

Figure 5. (a) Principal component analysis of lipid data for small POM (<53 μm) and large POM (>53 μm) as mol% of
compound classes. Saturated FAs ‐ saturated fatty acids; Br Acids—branched fatty acids; PUFAs—polyunsaturated fatty
acids; MUFAs—monounsaturated fatty acids; Unsat. Alc—unsaturated alcohols. PC1 and PC2 accounted for 65% of the
variance in the data set. (b) PUFA to Saturated fatty acid ratio versus depth.
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150 m depth (night) to the core of the OMZ (350–400 m; day), and (c) from just above the OMZ (∼180 to 250 m
depth; night) to well below the OMZ (600–850 m; day). The last two patterns are associated with the strongest
acoustic backscattering signal. DVM targeting the depth of the OMZ during the day is clearly visible at all
frequencies, including the high frequencies that can detect smaller organisms.

Figure 6. Acoustic backscattering data at full resolution for 10 June at (a) 38 kHz, (b) 70 kHz, (c) 120 kHz. Note that higher
frequencies can detect smaller organisms. Missing data are indicated in white, including data manually removed to clear
noise generated by other measurements collected at the station (e.g., seen as V‐shapes). All data are plotted on the same color
scale, with darker shades indicating higher acoustic backscattering. Day‐night difference plots are provided in Supplement
Figure SA4. Dashed lines indicate the depth range spanned by hypoxic waters on 10 June according to CTD data.
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3.3.2. Mesozooplankton Residing Within the OMZ

On 10–11 June, ship data indicate that mesozooplankton biomass (300 μm–1 cm size organisms) is high within
and below the oxygen minimum, in a depth range of 250–625 m, during both day and night (Figure 7). Minimum
mesozooplankton biomass is found between 125 and 250 m, in sub‐surface oxygenated waters. During these
2 days, glider and CTD oxygen profiles are very similar, strongly suggesting that glider and ship are sampling
within the same waters. Both large and small particles from glider optical backscattering increase with depth
below 250 m, approximately following the shape of the mesozooplankton biomass profile up to 625 m and have
deep maxima of similar amplitude, despite small particle backscattering having an overall higher signal. A similar
correspondence between mesozooplankton biomass as a function of depth and particle abundance is also observed
during the night of 6 June, when glider and ship oxygen data similarly coincide (Figure SA6 in Supporting In-
formation S1). Note that camera images suggest that the increase in backscatter is not due to zooplankton itself
being detected by the sensor (see Subsection 3.3). The net samples of mesozooplankton biomass shows very little
evidence of DVM between the surface and the OMZ (Figure 7).

3.4. Transport of Sinking Particles Generated at the Surface (M2)

Model data sub‐sampled at the measurement location in February–June shows the signature of the two modeled
sinking classes of particulate organic carbon (fast and slow) propagating to depth from the productive layer
(Figure 8a). Variability in the lateral currents combined with spatially variable POC allow sinking particle plumes

Figure 7. Mesozooplankton biomass (0.3–10 mm), oxygen from CTD and glider, and glider large and small particles from optical backscattering (bbp700) by depth on
(a) 10 June day time and (b) 11 June night time. The width of the zooplankton biomass bins corresponds to the depth intervals spanned by the net for each measurement.
Each glider profile represents a 12‐hr interval centered around noon or midnight, corresponding to the mean of two 6‐hourly glider data bins. In this figure, large
(>470 μm) particle profiles were smoothed using a centered running median filter with a window of 10 bins (20 m) to limit noise. Note that the near‐surface small
(<470 μm) particle backscattering is out of scale to allow better visualization of the increase in backscattering at depth. Additional zooplankton data are available in
Supplement Figure SA5.
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originating from the surface to either intercept the glider position at depth or be flushed away from it, depending
on changes in the circulation. This is the case, for example, in mid‐May, when high particle concentrations
intercept the sampling location at around 700 m depth when the currents change sign (Figure 8a). Nevertheless, in
the model output there is no persistent enhancement of particle concentration in a fixed range of depths
resembling that of our in situ data, nor do particles increase during modeled hypoxic events. We therefore exclude
the lateral transport of particles generated in the productive layer as a likely explanation for the observed
mesopelagic particle layers.

3.5. Transport of Resuspended Shelf Sediment (M3)

The nearest shelf break from the glider position is found at a distance of ∼50 km, at about 300 m depth
(Figure 1b), similar to the depth of the deep particle layers. According to our model, zonal off‐shore currents can
maintain speeds of up to 0.03 m s− 1 at 300 m for around 2 weeks, which is just enough time for a parcel of water to

Figure 8. Modeled total particulate organic carbon (POC = detrital POC + Cphytoplankton + Czooplankton), currents and oxygen. (a) log10(Corg) as a function of depth and
time in units of log([mmol m− 3]) with hypoxic contours (O2 = 60 mmol m− 3) in black and meridional velocity contours [m s− 1] in red (positive, northward) and blue
(negative, southward) – all modeled variables in (a) are sampled from the model in the proximity of the glider location (11°E, 18°S) from 14 February to 18 June.
Subplots (b) and (c) show daily‐mean modeled fields averaged between 200 and 300 m depth for 8 May, during the early‐May period of strong southward meridional
transport and hypoxia in the model, as shown in (a). The white area in (b) and (c) corresponds to the shelf above 200 m (hence no ocean data between 200 and 300 m in
that area). (b) Oxygen concentrations [mmol m− 3] with hypoxic contours in black (O2 = 60 mmol m− 3) and horizontal currents (arrows). (c) POC concentration [mmol
m− 3] with horizontal currents (arrows). (d) Vertical slice of log10(POC) at 18°S on 8 May in units of log([mmol m− 3]) with hypoxic contours in black
(O2 = 60 mmol m− 3), two horizontal dashed lines mark 200 and 300 m (the depth zone plotted in panels b and c), and the vertical dotted line marks 11°E (the latitude of
the glider observations). Note the typical “wineglass” pattern (Waite et al., 2016) of particles generated by the anticyclonic eddy visible in (b) and (d).
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reach the glider position from the shelf at these speeds. However, cross‐shore currents are also characterized by
month‐long periods of onshore flow (Figure SA6 in Supporting Information S1). It is therefore unlikely that these
currents can explain the pattern of deep particles observed at the glider location. Modeled meridional (along‐
shore) currents are faster (up to 0.1 m s− 1 at 300 m) and meander along the shelf (Figure 8), possibly trapping
resuspended sediment en route. However, their pathway to reach the glider is longer, hence also requiring a few
weeks to deliver resuspended sediment to the measurement site. In both cases, particles (both large‐fresh and
small‐refractory) need to be suspended in order to reach the glider at 300 m after a few weeks of transport. Deep
plumes of sinking particles, as those observed in our glider data, cannot be explained by this mechanism. We
elaborate on this further in Discussion Section 4.2.

3.6. Physical Drivers of Mesopelagic Particle Variability

Across the 4 months of glider data, deep large‐ and small‐particle layers vary significantly in time with a pattern
that is influenced by the time‐varying extension of the hypoxic OMZ. Although physical drivers are unlikely to
fully explain the origin of the deep particle layers, especially of their sinking component (Sections 3.3 and 3.4),
our results suggest that they modulate deep particle concentrations. A comparison of Figures 2 and 9a highlights
the similarity of the pattern of alternation of water masses and the temporal fluctuations in deep particle back-
scattering as observed in our in situ data. Particle concentrations in relatively deeper SACW waters are

Figure 9. (a) Water mass domains as identified from the glider's salinity and oxygen profiles (see Methods), with ESACW in purple, SACW in orange, hypoxic‐fresh
water in yellow, and undefined water masses in black, the latter representing a mixture of SACW and ESACW with intermediate oxygen and salinity properties.
(b) Temperature‐salinity diagram for the glider data within 150–600 m depth with water mass characteristic Tc–Sa lines, σθ isolines in the background (seeMethods) and
O2 concentration as color shading. (c)–(f) Water mass properties in the depth range of 150–600 m, with the “ALL” bars referring to the whole set of data in the range of
150–600 m regardless of salinity and oxygen properties: median (horizontal black line), first, and last quartiles (colored bar ranges) and minimum‐maximum range
(dashed lines). Across all subplots: depth in m, oxygen in μmol kg− 1.
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comparable to those of the shallower and oxygenated ESACW (Figures 9c–9f), despite the latter frequently
encompassing particles exported from the productive mixed layer.

This water mass alternation is driven by changes in the pattern of currents at the measurement site. According to
our model, meridional along‐shore currents (Figure 8a) extend deeply into the water column, with speeds up to
0.05 m s− 1 reaching down to 500 m, and change sign on sub‐monthly timescales, the same time scales at which
central water mass properties vary on our in situ data. Zonal cross‐shore currents, on the other hand, have a
shallower reach, with currents exceeding 0.05 m s− 1 rarely reaching deeper than 300 m, and vary on slower
timescales (see also Figure SA7 in Supporting Information S1). We conclude that alongshore currents, associated
with eddy dynamics and with coastal currents that transport ESACW from the south and SACW from the north,
are the most likely driver of the modulation of mesopelagic properties on sub‐monthly time scales. Zonal currents
can also have a role in the transport of dissolved and suspended tracers from the nearshore due to their persistent
nature, although on longer timescales. We elaborate on this further in the Discussion.

4. Discussion and Outlook
We used in situ and model data to explore three potential mechanisms of formation for deep particle layers
observed in the Benguela hypoxic OMZ: (M1) biological activity within the OMZ; (M2) transport of sinking
particles originating from the surface of adjacent productive regions; and (M3) transport of sediment resuspended
from the shelf. Our data supports M1, excludes M2 and identifies M3 as a potential but likely partial contribution.
In the following subsections we further elaborate on M1 (Section 4.1) and M3 (Section 4.2). We then discuss the
role of physics in modulating the deep particle layers (Section 4.3) and discuss implications of our results for
ocean biogeochemical models (Section 4.4).

4.1. Hypoxic OMZs: Hotspots of Particle Production and Transformation (M1)

The results of our study show that both biological activity and physical processes shape the deep particle layers
observed in the glider data. Biological activity within the OMZ is the most likely mechanism driving the for-
mation of secondary maxima in particle concentrations between 250 and 500 m. Consistent with the results by
Rasse and Dall'Olmo (2019), who focused on the North Atlantic hypoxic OMZ, small particles seem to accu-
mulate at the top of the Benguela OMZ for long periods. This sustained accumulation is suggested by the particle's
refractory nature at 250 m (Figure 5). Rasse and Dall'Olmo (2019) hypothesize that the persistence of the small
particle layers at the top of the hypoxic OMZ of Mauritania may be explained by the in situ production of particles
by microbial communities, by analogy with suboxic regions (Gonsalves et al., 2011; Naqvi et al., 1993; Wishner
et al., 1995; Wojtasiewicz et al., 2020). For our cruise, however, a preliminary analysis of additional ship data
from June showed that prokaryotic (bacteria + archaea) cell counts are about a factor of 6 more abundant in
oxygenated waters (O2 > 100 μmol/kg) than in lower oxygen conditions found within and around Benguela's
hypoxic OMZ. This low prokaryotic count, combined with small POM's refractory properties, does not support
the microbial production hypothesis. Assuming comparable remineralization rates at all depths, the reduced
prokaryotic cell count also suggests that bulk respiration is lower in low‐oxygen waters. Incubation experiments
based on samples collected during the same cruise also support lower respiration rates in low oxygen waters
(Hemsley et al., 2023). These results suggest that: (a) lower microbial respiration may allow for the long‐term
accumulation of suspended small particles in and around the hypoxic OMZ, and (b) bacterial cell counts do
not explain the higher background concentration of small particles observed within hypoxic waters in June.

Although not explaining the deep particle maxima, prokaryotic cell counts in the OMZ fluctuate with the small
particle concentration there. In fact, prokaryotic cell counts within hypoxic waters show a small (∼1.5 fold)
increase on 17 June at 200 m when small particle backscattering in the OMZ also increases between 200 and
350 m (Figure 2, Figure SA2 in Supporting Information S1). Organic carbon measurements from SAPs at 250 m
clearly capture the 17 June increase in small particles observed by the glider (Figure SA9 in Supporting Infor-
mation S1), indicating that they are organic. It is unclear from our data what drives this correlation between
fluctuations in particle concentrations and in prokaryotic cell counts in the hypoxic OMZ. Increases in prokaryotic
cell counts may be supported by the dissolved nitrogen excreted within the OMZ by mesozooplankton and
vertically migrating organisms, which also contribute to deep particle formation. Enhanced prokaryotic activity
may also lead to the production of transparent exopolymer particles, which in turn can enhance the formation of
large particles via aggregation (Engel et al., 2017). Further studies are needed to investigate these hypotheses.
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The bulk of small particles found above and within the OMZ therefore likely either sinks from the productive
layer and accumulates at depth due to changes in water density or is generated at depth by particle fragmentation
via partial grazing of larger particles (Briggs et al., 2020). A relative increase in the lability of small POM particles
at 500 m depth compared to 250 m depth (Figure 5b) indicates that some of the deeper small POM particles
(<53 μm) may originate from fresher large POM particles, which supports the particle fragmentation hypothesis.
This hypothesis is also supported by the high mesozooplankton biomass found at 500 m and the similarity be-
tween small particle profiles from glider data and the profile of mesozooplankton biomass on 9 and 10 June
(Figure 7). Given the sharp decline in both large and small particles between the mixed layer and the OMZ, the
question arises about what particles are fed upon and fragmented by zooplankton at depth? One possibility is that
large particles are produced directly at depth by organisms performing DVM in sufficient quantities to support the
production of small particles via subsequent fragmentation. Another possibility is that especially large (>2 mm)
sinking particles such as large phytodetritus aggregates or fecal pellets produced in the mixed layer by macro-
zooplankton, nekton, and larger organisms, escape the glider data detection due to their large size, fast sinking
rates, and sparseness. Nevertheless, these large particles may be intercepted by deep zooplankton communities
and fragmented at depth, providing sufficient organic material to generate the observed deep layers. Future
studies employing instruments such as underwater vertical profiles (UVPs) and optical sediment traps may be
able to better resolve this question.

Large, fast‐sinking particles can be produced directly at depth via egestion by both vertically migrating organisms
and mesozooplankton communities residing in the OMZ, fueling the observed deep‐export events originating
from the hypoxic layer. Our acoustic data shows that a portion of migrating organisms move to the OMZ depths
during the day, a signal that is visible in every frequency (Figure 6). This broad signal indicates an important role
of vertically migrating organisms such as small euphausiids (size ∼2–3 cm), a type of macrozooplankton that is
knowingly abundant in the region (Barange et al., 1991). Among them, Euphausia hanseni is known to contribute
significantly to DVM, feeding at the surface at night on both phytoplankton and prey such as copepods (Barange
et al., 1991; Werner & Buchholz, 2013) and possibly egesting part of this organic material directly into the OMZ
during the day. Despite studies indicating that krill can significantly contribute to active export of organic par-
ticles (Schnetzer & Steinberg, 2002; Tarling & Johnson, 2006), data regarding egestion rates at depth are still
scarce and require to be further investigated.

Data from nets also indicate that non‐migratory mesozooplankton communities are abundant in the hypoxic OMZ
of the northern Benguela (Figure 7). This observation contrasts with the low biomass observed within the core of
suboxic OMZs (Loescher et al., 2016; Hauss et al., 2016), where zooplankton accumulates at the upper and lower
OMZ boundaries (Roullier et al., 2014; Wishner et al., 2013). The deep mesozooplankton communities observed
in our data likely feed on organic material within the hypoxic OMZ generating a discontinuity in the vertical
export pathway of particles: newly egested organic carbon particles most likely differ from those they fed upon in
terms of both sinking speed and lability. Furthermore, mesozooplankton living in the OMZ could be subject to
predation during the day by diel vertically migrating organisms (Werner & Buchholz, 2013), as previously shown
in the Benguela for Euphausia lucens (Stuart & Pillar, 1990). Deep predation and subsequent egestion by
vertically migrating organisms may constitute an additional source of large particles generated within the OMZ
and contributing to both the observed particle layers and deep‐export events.

4.2. Contribution From Sediment Resuspension (M3)

Deep particle layers may be generated by the lateral input of sediment originating from the continental shelf (M3),
which is known to be rich in organic material (Ma et al., 2021; Marlow et al., 2001). Previous ship‐based ob-
servations collected in the Benguela at 23°N found particle clouds at 500–600 m at about 150 km from the coast;
these clouds showed only a weak connection with the nepheloid layers formed at the shelf break (Inthorn,
Mohrholz, & Zabel, 2006). Nevertheless, the authors did not exclude a shelf origin of the particles. Organic
carbon rich sediment found on the Benguela shelf can be resuspended by a combination of bioturbation and
physical processes (Boegman & Stastna, 2019; Inthorn, Wagner, et al., 2006; Monteiro et al., 2005) and is known
to be advected laterally, predominantly within bottom nepheloid layers (Mollenhauer et al., 2007). In principle,
part of this sediment may be trapped by deep‐reaching lateral currents and advected further offshore.

We cannot fully exclude some contribution of shelf sediment resuspension to the deep particle layer formation, at
least to their suspended component. However, this formation mechanism does not explain how large, fresh and
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sinking particles can originate from the OMZ, due to the time needed to advect them from the shelf (Section 3.5).
Biological activity within the hypoxic OMZ on the other hand, provides a stronger explanation for the origin of
both small and large particle layers. The sediment resuspension mechanism remains therefore a partial expla-
nation of the deep particle layers formation. Future studies could further investigate this mechanism with particle
tracking algorithms.

4.3. Understanding the Role of Physics: Lateral Fluxes and Biophysical Interactions

The results of our study show that lateral advection of water masses and tracers modulate the intensity of deep
particle layers (both large and small particles) in the hypoxic northern Benguela. This conclusion is in line with
previous research, showing that deep particle layers in OMZs can occasionally be interrupted by intrusions of
fresher and more oxygenated waters with low particle concentrations (Ulloa et al., 2012). Since oxygenated
ESACW is found in the northern Benguela mostly in Austral winter (Muller et al., 2014; Siegfried et al., 2019),
deep particle layers associated with the OMZ may also exhibit seasonal variability. Small particles, microbial
communities and, to a certain extent, zooplankton, act as passive tracers and may therefore be advected laterally
within water masses, hence making it necessary to consider lateral transports when studying the biological carbon
pump. These results are consistent with previous literature highlighting the three‐dimensional nature of the
biological pump (Frischknecht et al., 2018; Lovecchio et al., 2017; Mollenhauer et al., 2007) and highlight that
part of the lateral transport of particulate organic carbon takes place below the productive layer, in the upper
mesopelagic. Better understanding the fate of this mobile mesopelagic layer of particulate organic carbon and the
associated fluxes is key to resolving the organic carbon cycle of OMZs, especially at the boundary of coastal
upwelling systems.

The variability in large particle concentrations sinking rapidly out of hypoxic waters instead highlights the quick
organic carbon turnover within the OMZ and the fast response of biological activity to the presence or absence of
hypoxia. Increases in large particles sinking out of the hypoxic layer are visible in early March, late April, and
early to mid‐May and again in June (Figure 2) and hence constitute a recurrent feature of the hypoxic OMZ. An
outstanding deep export event that differs in intensity from the others captured by the glider is observed during
10–20 May. During this period, glider data show a sudden increase in small and large mesopelagic particles
between 150 and 500 m depth (Figure 2). In the same depth range, salinity increases and oxygen drops to values
typical of SACW (Figure 9a), most likely due to currents flushing saline and O2‐poor water from the north toward
the glider (Figures 8b–8d; see also Lovecchio et al., 2022). From the OMZ to at least 1,000 m depth, the glider
detects an intense and deep flux of large particles, and a high fluorescence signal indicating fresh sinking particles
(Figure SA3b in Supporting Information S1). These large, fast‐sinking and fresh particles suddenly appear within
the OMZ. Two mechanisms might explain this sudden deep export event. Particles may originate from a sinking
plume trapped and laterally advected by deep‐reaching currents associated with small‐scale variability (see mid‐
May satellite data in Figure SA8 in Supporting Information S1), as sporadically observed in our model
(Figure 8a). Alternatively, these fast‐sinking and fresh particles may be produced directly at depth by biological
activity, as suggested by the association between hypoxic waters and the origin of the plume. Crucially, this deep‐
export event is also observed just after mixed layer fluorescence reaches a peak (Figure SA3b in Supporting
Information S1). Further studies should aim at capturing and investigating the biophysical interactions driving
these sporadic and intense deep sinking events.

The biological response to changes in the depth range and severity of hypoxia may involve changes in remi-
neralization rates (Hemsley et al., 2023), rapid shifts in the vertical distribution of zooplankton, and changes in the
pattern of DVM. We do not have sufficient data to address changes in the distribution of zooplankton biomass
following shifts in the shape of the OMZ. The analysis of day‐night differences in acoustic backscattering
suggests that, whereas DVM takes place regardless of the shape of the hypoxic OMZ, the depth and width of the
day‐night maximum and minimum change with the expansion of the hypoxic region (Figure SA5 in Supporting
Information S1). This observation indicates that DVM may be adjusting to some extent to changes in the OMZ.
Subsurface mesoscale eddies with extreme hypoxic conditions (O2 < 30 μmol kg− 1) traveling across the Benguela
region, such as the one observed across the beginning of April between 75 and 300 m (Figure 2 and Figure SA1 in
Supporting Information S1, see also Lovecchio et al., 2022), can also disrupt zooplankton activity in the
mesopelagic. A subsurface eddy in the North Atlantic OMZ with similar oxygen concentrations was observed to
trigger a halt in zooplankton's DVM and to possibly induce zooplankton to escape toward less extreme oxygen
conditions (Karstensen et al., 2015). Since we identified zooplankton activity as one of the key drivers of the
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generation of deep particle layers, changes in zooplankton behavior could generate anomalies in the deep particle
concentrations compared to the mean OMZ's pattern. Future studies should focus on how the dynamics of the
different trophic levels respond to short‐term variability in hypoxia and how this impacts organic carbon fluxes
across the mesopelagic.

4.4. Modeling the Organic Carbon Cycle of Hypoxic OMZs

In the present study, we used the output of a coupled physical‐biogeochemical model to better understand the
drivers of variability of the deep particle layers and identify their origin. Despite the relevant insight provided by
the simulations with regards to currents, water masses, and oxygen variability, our biogeochemical model failed
to reproduce the observed mesopelagic particle layers. The BEC biogeochemical model employed in the present
study (Frischknecht et al., 2018; Moore et al., 2013) does not include processes such as particle fragmentation,
DVM, an explicit representation of heterotrophic bacteria (to be precise, prokaryotes) or POC resuspension,
which our results indicate may work in synergy to build up the deep particle concentrations observed in hypoxic
water. The BECmodel's representation of the marine organic carbon cycle is comparable to other biogeochemical
models employed in regional and climate simulations (e.g., Séférian et al., 2020), hence suggesting that none of
these models would be able to reproduce such deep particle layers. The large (and expanding) area covered by
hypoxic ocean regions and the importance of correctly representing the organic carbon cycle in Earth System
Models used for climate projections points to the necessity of improving understanding and representation of
biological carbon pump processes occurring in OMZs. Our results based on in situ data clearly indicate that
simplified representations of the biological pump that ignore particle transformations across the water column,
such as the Martin curve model (Martin et al., 1987), are unlikely to apply to hypoxic OMZs. Our model results
further suggest that even an explicit representation of sinking detritus may also not be sufficient and that models
may need to account for some additional biological processes to improve their performance in these regions.

Recent efforts aimed at including DVM in physical‐biogeochemical coupled ocean models have been suc-
cessful at reproducing the observed migratory patterns and capturing the relative biomass of migrating or-
ganisms (Aumont et al., 2018; Bianchi et al., 2013). More observations are needed to better understand, and
hence better model, the regional and spatiotemporal variability of DVM (Bandara et al., 2021). Other im-
provements in zooplankton modeling include accounting for their role in particle fragmentation. A recent
development in this direction has been including particle‐associated copepods in a branch of the biogeo-
chemical model MEDUSA, which significantly improved modeled POC fluxes (Mayor et al., 2020; Palmiéri
et al., 2021). Refining the representation of heterotrophic bacteria (i.e., prokaryotes) and remineralization rates
has also proven successful at better representing OMZs in models (Laufkötter et al., 2017; Lovato et al., 2022;
Séférian et al., 2020); further improvements in this direction may be fundamental to simulate particle dynamics
in OMZs. Sediment modules are mostly employed in the context of modeling coastal oceans (Almroth‐Rosell
et al., 2011; Sherwood et al., 2018; Wainright & Hopkinson Jr, 1997); these modules are computationally
expensive, and their performance depends on fine topographic details and small‐scale physical processes
(Boegman & Stastna, 2019; Monteiro et al., 2005). Parameterizing these processes may be necessary to include
them in global models, if sediment resuspension is proven to be a globally significant source of organic carbon
for the mesopelagic.

Improving the representation of particle distributions in OMZs may prove fundamental also in improving the
representation of the oxygen cycle in global models. These models are known to perform poorly in representing
the volume of low oxygen regions and show little agreement on oxygen trends both between each other and
compared with in situ observations (Cabré et al., 2015; Ito et al., 2017; Oschlies et al., 2018). Crucially, the
representation of the Atlantic hypoxic OMZs has not significantly improved between CMIP5 and CMIP6 sim-
ulations, and hypoxia remains poorly represented in most models (Séférian et al., 2020). Focusing on better
representing the biogeochemical transformations taking place in the hypoxic OMZ and, more broadly, in the
mesopelagic may therefore be a necessary step to develop the future generation of biogeochemical ocean models.

5. Summary and Outlook
We examined three potential mechanisms (M) for the generation of deep particle layers in the Benguela OMZ.
Our study finds that mesopelagic particle layers in the offshore northern Benguela are most plausibly generated by
biological processes such as DVM and zooplankton activity within hypoxic waters (M1, Sections 3.2, 3.3 and
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4.1). Our results do not support formation of the deep layers via the lateral transport of sinking particles generated
at the surface in adjacent highly productive regions (M2, Section 3.4). Shelf sediment resuspension can only
provide a partial explanation to the formation of the deep particle layers, since it only allows suspended particles
to reach the glider position, and so it cannot explain the observed deep sinking plumes (M3, Sections 3.5 and 4.2).
The temporal variability in the deep particle concentrations is further modulated by lateral currents that drive
changes in the shape and intensity of the OMZ core (Sections 3.6 and 4.3).

Our results highlight that hypoxic OMZs are hotspots of organic carbon transformation and impact particle fluxes
across the mesopelagic. A few questions remain open. More studies are needed to understand the relative role of
zooplankton targeting the hypoxic layer to: (a) escape predators; (b) feeding on preexisting suspended particles as
well as large particles sinking from above. Our data indicate that all these processes are relevant for the formation
and transformation of particles in the OMZ, but their relative contribution must be quantified. Biological re-
sponses to sub‐monthly changes in the depth, thickness, and intensity of the OMZ layer, such as changes in the
depth of DVM, should be further investigated. The role of microbial activity in the OMZ also needs to be further
clarified: although we can exclude that deep particle layers are constituted predominantly of microbial biomass,
we cannot exclude that organic byproducts of microbial activity accumulate in the OMZ and contribute to particle
formation. Better understanding of these processes is needed prior to developing parameterizations and correction
factors to account for the way hypoxic OMZs affect the marine organic carbon cycle at depth. Future models
aimed at improving representation of the biogeochemistry of hypoxic OMZs (Section 4.4) may need to account
for some of these processes.
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