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A B S T R A C T   

Vertical particle fluxes of particulate organic carbon (POC), chlorophyll a (Chl a) and biogenic silica (bSi) were 
measured on the productive shelf of southern Africa, the Agulhas Bank (AB), in March 2019. Sinking particulate 
material in the form of aggregates is hypothesized to form the benthic nepheloid layer (BNL) which is a turbid 
layer found near the seabed. This layer is known to affect the spawning success of squid as it is linked to high 
turbidity which reduces visibility during mating. To determine the distribution of fluxes and particle composition 
in the AB, we collected water samples below the surface mixed layer (‘export’) and near the seabed (‘bottom’) 
using a Marine Snow Catcher. POC export fluxes were significantly higher inshore than offshore (mean ± SD: 
944.6 ± 302.0 & 461.1 ± 162.1 mg POC m− 2 d− 1, respectively). There was no significant difference in the cross- 
shelf distribution of Chl a and bSi export fluxes, however the inshore fluxes of Chl a and bSi were higher than 
offshore, suggesting a link between export fluxes and sinking organic matter derived from the more productive 
inshore surface waters. All bottom fluxes were significantly higher inshore, suggesting the contribution of sinking 
organic particles and resuspended bottom sediments to inshore fluxes. POC export efficiency (ratio of exported 
POC flux relative to net primary production (NPP)) was higher on the AB (range: 0.58–9.56) compared to the 
global shelf seas ratio of 0.18 and not related to NPP, suggesting an export of standing stock of carbon biomass, 
likely produced before the cruise. Transfer efficiency (i.e., the amount of exported flux that reaches the bottom) 
was also high (max: 0.99, 1.0 and 33.04 for POC, Chl a and bSi, respectively) but did not show a clear spatial 
pattern. We observed a significant positive correlation between bottom turbidity (a proxy for BNL presence) and 
export POC flux, suggesting the possibility that sinking organic matter is contributing to BNL formation on the 
AB.   

1. Introduction 

Shelf seas, typically 200 m or shallower, are the most productive 
regions of the global ocean supporting the world’s major fisheries 
(Simpson and Sharples, 2012). Though shelf seas occupy about 7.6% of 
the world’s ocean, their phytoplankton production is ~3 – 5 times 
higher than the open ocean, supporting approximately 90% of the 
world’s fish yield (Holt et al., 2017; Simpson and Sharples, 2012; Wat
son and Pauly, 2001). Factors such as coastal upwelling and riverine 
input contribute to the shelf’s primary production through the intro
duction of nutrients into the system (Atkinson et al., 1984; Liu et al., 
2000). Shelf seas play a major role in carbon cycling by trapping notable 
amounts of atmospheric CO2 (0.33–0.36 Pg C yr− 1) which is fixed and 

transferred to the deep ocean via the continental shelf pump (Chen and 
Borges, 2009; Holt et al., 2017; Thomas et al., 2004). Additionally, shelf 
seas form an exchange barrier of materials between land and the deep 
ocean (de Haas et al., 2002; Holt et al., 2017; Simpson and Sharples, 
2012). 

The shelf on the southern coast of Africa – the Agulhas Bank (AB) – 
lies between 18◦E − 29◦E and 34.8◦S – 36.9◦S, extends to 200 m isobath 
and is about 116 000 km2 (Boyd and Shillington, 1994; Hutchings, 
1994). The Agulhas Bank is divided into three parts: the eastern Agulhas 
Bank (EAB), the central Agulhas Bank (CAB) and the western Agulhas 
Bank (WAB). Each has its own distinguishable oceanographic and cir
culation patterns. The EAB is influenced by the fast-flowing, warm 
western boundary Agulhas current (AC) along the south-east coast of 
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South Africa (SA) where shelf-edge upwelling is known to take place 
(Beal et al., 2011; Lutjeharms, 2006; Roberts and van den Berg, 2005), 
while the WAB (Cape Point to Cape Agulhas) is influenced by the cold 
Benguela current (Hutchings, 1994). There is also a periodic cool water 
feature (the ‘cold-ridge’ cell) between Mossel Bay and Cape St Francis 
which is associated with high primary production, hypothesized to be 
due to the introduction of cool nutrient-rich waters onto the shelf (Swart 
and Largier, 1987; Walker, 1986). All these characteristics make the 
Agulhas Bank a very complex system. 

In terms of productivity, the Agulhas Bank recorded an average 
annual net primary productivity (NPP) of 516 g C m− 2 yr− 1 over a 20- 
year period (1998–2018) (Mazwane et al., this issue). This is greater 
than the global shelf annual NPP averages of 250–300 g C m− 2 yr− 1 

(Boyd et al., 2014) and 385 g C m− 2 yr− 1 (Longhurst et al., 1995). Due to 
its productivity, the Agulhas Bank provides a good habitat for spawning 
and is a nursery ground for commercial demersal and pelagic fish 
(Hutchings, 1994; Hutchings et al., 2002). For example, squid spawn 
inshore of the EAB, CAB and the west coast; then migrate in any direc
tion to feed, and some may return inshore to complete their lifecycle 
(Lipiński et al., 2016). Enhanced primary production may lead to 
increased vertical transport of organic matter (OM) to the ocean interior 
(de Haas et al., 2002). 

As organic matter sinks to the bottom of the water column, it is 
remineralized by microbes and/or consumed by zooplankton, resulting 
in a minute fraction of organic carbon reaching the seabed for burial in 
the global ocean i.e., ~0.2–0.4 Pg C y− 1 (Middelburg, 2019). However, 
the shelf sea sediments tend to receive more organic matter when 
compared to the open ocean due to their shallow depth (Middelburg, 
2019). Areas of high primary productivity, coupled with low reminer
alization rates, may result in a higher export flux of organic carbon 
below the upper mixed layer. For example, Lutz et al. (2002) reported 
high vertical fluxes of carbon due to primary production in the Arabian 
Sea, Panama Basin, subarctic Pacific and Southern Ocean/Atlantic 
sector and shallow ocean. It is unclear how vertical carbon fluxes are 
distributed on the Agulhas Bank. Consequently, the main goal of this 
study was to investigate the distribution of vertical carbon fluxes and its 
implications for the benthic nepheloid layer (BNL) formation in this 
region. 

BNLs may form when hydrodynamic forces produce strong currents 
which can resuspend bottom sediments (Ewing and Thorndike, 1965; 
Gardner et al., 2018; Hollister and McCave, 1984; McCave, 1983). BNLs 
can also form when particulate matter sinks from the ocean surface and 
accumulates at depth (Faugères and Mulder, 2011; Kalle, 1937; Karp-
Boss et al., 2004; McCave, 1983; McCave and Hall, 2002). A BNL is 
usually found a few meters above the seabed with increased suspended 
particulate matter (SPM) compared to surrounding waters (McCave, 
1983; Pak and Zaneveld, 1977; Townsend et al., 1992). The suspended 
particulate matter in the BNL may remain suspended for various periods 
of time due to turbulent mixing (Faugères and Mulder, 2011; Shideler, 
1981) caused by internal waves or swells and disappear when the con
ditions are favourable for particles to re-settle (Roberts and Sauer, 
1994). On the Agulhas Bank, the events of turbid bottom water or BNLs 
have been recorded periodically inshore from the 100 m isobath with 
the most intense events observed within embayments or capes and it has 
been suggested that they may disturb the spawning of adult South Af
rican “chokka” squid due to reduced visibility (Dorfler, 2002; Roberts 
and Sauer, 1994; Zoutendyk, 1972). However, it is uncertain what forms 
these high turbidity events on the AB which can lead to the presence of a 
BNL. 

The purpose of this study was to measure the spatial variability of 
vertical fluxes and investigate the relationship between BNL formation 
and sinking particles. We aimed to determine the particle concentration 
of POC, Chl a and bSi on the Agulhas Bank. We further aimed to measure 
the proportion of exported organic carbon generated through primary 
production (export efficiency or ExEff) and the fraction of exported 
organic carbon flux that reaches the bottom of the water column 

(transfer efficiency or TE), to be able to confirm that sinking phytode
tritus may contribute to a BNL formation. We hypothesized that there 
would be a link between the sinking particulate organic matter and the 
presence of high bottom turbidity (a proxy for BNL). 

2. Methods 

2.1. Study area 

This study was conducted in the Western Indian Ocean’s eastern and 
central Agulhas Bank, between Port Alfred and Mossel Bay area (Fig. 1) 
onboard the RV Ellen Khuzwayo during 23–31 March 2019 research 
cruise (Noyon, 2019). The hydrography of the Agulhas Bank has a 
marked seasonal variation and differences in the thermal structure be
tween the CAB and EAB (Largier and Swart, 1987; Roberts et al., this 
issue; Schuman and Beekman, 1984). The EAB is characterized with the 
intense, shallow thermoclines with gradients of 10 ◦C over 10 m in 
summer, resulting from the vertical turbulent mixing of the water col
umn (Boyd et al., 1992; Largier and Swart, 1987). In winter, the upper 
mixed layer cools down to 16–17 ◦C and deepens due to the prevailing 
westerlies and associated swells: weakening the thermal structure on the 
EAB (Largier and Swart, 1987). The CAB thermal structure differs from 
the EAB by being more isothermal on the inner and mid-shelf during 
winter (Largier and Swart, 1987). Flow patterns on the Agulhas Bank are 
very complex (Boyd and Shillington, 1994). The CAB is characterized by 
weak currents, and the presence of the cold-ridge which is associated 
with high productivity (Boyd et al., 1992; Largier and Swart, 1987), as 
mentioned previously. The detailed hydrological conditions of the 
Agulhas Bank are reviewed in (Roberts et al., this issue). 

Seawater samples were collected using two Marine Snow Catchers 
(MSCs); see below for brief description of how the MSC works. Transects 
were numbered from 1 to 12 (east to west) and stations 1 to 6 (inshore to 
offshore). We sampled 15 stations at two depths: the export depth which 
was below the surface mixed layer (SML); to gauge what was exported 
from the surface ocean, and the bottom depth which was determined by 
visually viewing the highest bottom turbidity from the CTD’s profiles; to 
investigate how much of the exported material reached the bottom and 
to note the presence and/or absence of the benthic nepheloid layer 
(Fig. 1, Table S1). The SML depth was determined from the CTD’s pro
files (see Poulton et al., this issue) and ranged between 7 and 27 m. 
Stations 1.1, 5.1, 7.1 and 7.2 were only sampled at the bottom MSCs 
because of their shallow depth. In addition, a Seabird 911+ V2 CTD 
system coupled with Seabird 32 Rosette with 12 Niskin bottles, equipped 

Fig. 1. Map of the study site with bathymetry of 100–1000 m showing the 
southward fast-flowing Agulhas Current (AC) which lies on the shelf edge of the 
Eastern Agulhas Bank (EAB) and Central Agulhas Bank (CAB) of South Africa. 
Fifteen stations were sampled using two MSCs and a CTD during the SOLSTICE 
March 2019 cruise. PA = Port Alfred, PE = Port Elizabeth (now Gqeberha), TSI 
= Tsitsikamma, PTB = Plettenberg Bay, MSB = Mossel Bay and CPT =
Cape Town. 
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with an Optical Backscatter Sensor (OBS-3+) was used to measure 
turbidity. We used a threshold of >1.7 nephelometric turbidity units 
(NTUs) based on Biscaye and Eittreim (1977) as the standard for BNL 
presence. 

The MSC is a large volume (95 L) water sampler with detachable top 
and bottom/base sections. The bottom of the base chamber was used to 
attach the tray which has a 1 L volume capacity. The measured tray 
volume may vary depending on the amount of water captured in a tray. 
During deployment, the sections of the MSC are joined together using 
side metal clips, and the terminal apertures of the water sampler are left 
open to allow water movement through the cylinder with minimal tur
bulence. Upon reaching the desired depth, the MSC is closed by releasing 
a messenger. The MSC is then retrieved to the surface and secured on the 
ship’s deck for the particles to settle onto the base and tray. Right after 
MSC retrieval, water samples are collected from the top section of the 
MSC as “time-zero”. After 2 h of MSC settling time (time-final), water 
from the top section is drained into a 5 L container through the bottom 
tap to minimize resuspension of particles for the estimation of the sus
pended particle concentration. The top section is then detached from the 
base of the MSC. The water in the base of the MSC is examined for any 
visible aggregates or large marine snow particles. Water from the base is 
siphoned into a container for the estimation of slow-sinking particle 
concentration. The tray is removed from the base and the water is 
transferred into a container for the estimation of the fast-sinking particle 
concentration. Detailed information about the functioning of the MSC is 
in (Giering et al., 2016; Riley et al., 2012). 

2.2. Sample analysis 

2.2.1. Particulate organic carbon (POC) 
Typically, 1100 mL of seawater was filtered onto pre-combusted 

(450 ◦C for 24h) MF 300 glass fibre filters (nominal pore size 0.7 μm, 25 
mm diameter) in duplicates. For fast-sinking samples, 150–300 mL was 
filtered. After rinsing the filter with pH adjusted distilled water (pH 8.5, 
180 μL 25% ammonium in 1 L distilled), filters were dried in the oven 
overnight at 50 ◦C and stored until analysis on shore. On shore, filters 
were fumed with 35% hydrochloric acid for 24 h to remove any inor
ganic carbon, dried (50 ◦C, >24 h) and pelleted in tin disks. The samples 
were analysed for POC using a Thermo Fisher Scientific FLASH 2000 
Organic Elemental Analyser coupled to a Delta V Advantage Isotope 
Ratio Mass Spectrometer (IRMS). All samples were blank-corrected. 

2.2.2. Chlorophyll a (Chl a) 
Typically, 200 mL of seawater was filtered onto glass-fibre filters 

(Fisherbrand MF300 nominal pore size 0.7 μm, 25 mm diameter). The 
volume of seawater filtered from the tray fraction ranged from 90 to 200 
mL per sample. Filters were placed in 6 mL of 90% acetone (Sigma- 
Aldrich, UK) at 4 ◦C for 18–24 h to facilitate pigment extraction. Chl a 
was measured on a Turner Designs Trilogy fluorometer using a non- 
acidification module (see Welschmeyer, 1994) calibrated with solid 
and pure Chl a standards (Sigma-Aldrich, UK). 

2.2.3. Biogenic silica (bSi) 
Typically, 500 mL of seawater was filtered onto Whatman poly

carbonate filters (0.8 μm pore size, 25 mm diameter). Filters were rinsed 
with pH-adjusted distilled water to remove salts. Samples were placed 
into 15 mL tubes, dried at 50 ◦C in an oven and stored for later analysis. 
In the laboratory, filters were digested with 5 mL of 0.2 M NaOH at 85 ◦C 
for 2 h (Ragueneau and Tréguer, 1994). After cooling, filters were 
neutralized with 1 mL of 1.0 M HCl (pH 7–8.5). Samples were centri
fuged at 2500 rpm for 10 min to allow the separation of supernatant 
from the suspended material. Silicate was then analysed in an auto 
analyser (SEAL analytical AACE 7.03). The auto analyser was calibrated 
with a silica stock solution of 10 000 μmol/L. A working solution with a 
final concentration of 100 μmol/L was prepared from the original silica 
stock solution to prepare calibrants. A Certified Reference Material 

(KANSO Co., LTD, Japan) was used to check precision and accuracy of 
the instrument. All samples were blank- and drift-corrected. Baseline, 
artificial seawater, and wash solution were prepared with MilliQ water, 
filtered through Whatman polycarbonate filters (0.2 μm pore size, 47 
mm diameter). Calibrants were prepared with artificial seawater (35g of 
sodium chloride plus 0.2g of hydrogen carbonate were dissolved in 1 L 
Milli Q water). All reagents were prepared in plasticware to prevent 
silica contamination. Measured bSi values were converted to silica by 
assuming a molar mass of 67 g/mol (see Mortlock and Froelich, 1989). 

2.3. Particle calculations 

2.3.1. Particle concentration and fluxes 
Concentrations of suspended, slow-sinking, and fast-sinking particles 

were calculated as below based on the previous studies (Baker et al., 
2017; Riley et al., 2012): 

Psuspended =Ptop (1)  

Pslow =
(
Pbottom − Ptop

)
× Vbase

/
VMSC (2)  

Pfast =
(
Ptray − Pbottom

)
×
(
Vtray

/
1000

) / (
Atray × hMSC × 1000

)
(3)  

where Vbase is the volume of the base section of the MSC (8 L), VMSC is the 
volume of the MSC (95 L including the base) and Vtray is the volume of 
the water available in a tray (mL), Atray is the area of the tray, (0.026 
m2), hMSC the height of the MSC (1.58 m) and 1000 is a conversion 
number for the units. 

Fluxes for slow-sinking (FSS) and fast-sinking (FFS) particles were 
calculated as follows: 

FSS =Pslow × VMSC / (AMSC × t) / 1000 (4)  

FFS =Pfast × Vfast (5)  

where AMSC is the area of the MSC base (0.06 m2), t is the settling time of 
the MSC (2 h) and Vfast is the particle sinking speed (60 m d− 1). The 
particle sinking speed in previous studies ranged from 50 to 2000 m d− 1, 
with areas influenced by spring blooms having the higher sinking speed 
(Giering et al., 2016; Riley et al., 2012). The authors determined the 
sinking particle speed by manually picking visible aggregates of greater 
than 0.5 mm diameter and dropping them in a cylinder, while timing the 
settling time of the aggregate. Due to the lack of visible aggregates, our 
aggregate sinking speed was decided based on the previous literature 
reviews (Belcher et al., 2016; Giering et al., 2016; Omand et al., 2020) 
and on the plankton composition during the cruise. Phytoplankton 
composition during the cruise was dominated by small phytoplankton, 
with less diatoms and few large Chl a aggregates (Poulton et al., this 
issue; Giering et al., this issue), likely to result in low sinking particles. 

2.3.2. Export efficiency (ExEff) and transfer efficiency (TE) 
Export efficiency (ExEff) is the efficiency at which POC, generated 

through primary production, gets transported from the surface to the 
ocean interior and is a good metric for the strength of the biological 
carbon pump (Ceballos-Romero et al., 2016). ExEff was calculated 
following Ceballos-Romero et al. (2016), using an average of 9 m below 
the surface mixed layer as the reference depth for the export flux as 
follows: 

ExEff =(POC export flux) /NPP, (6)  

where POC export flux was the flux measured on average of 9 m below 
the surface mixed layer and NPP was estimated based on surface- 
calibrated chlorophyll concentrations (see Poulton et al., this issue). 
The NPP depth used here was similar to that of POC export flux. Stations 
1.1, 5.1 and 7.1 were omitted from the calculations because they only 
had deep MSCs. 
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Transfer efficiency (TE), which is the fraction of exported organic 
carbon that reaches the bottom depth was adopted from the Martin 
curve power law (Martin et al., 1987). We used the power law to esti
mate the flux at 2 different fixed depths, and calculated TE following 
Buesseler et al. (2020). We used 100 m depth as the bottom flux refer
ence depth and 30 m as the export flux reference depth. The 30 m 
reference was chosen because it was below the SML (average SML = 18 
m), so it was appropriate for estimated flux. The bottom reference was 
appropriate as most of the bottom MSCs depths were in-between 30 and 
100 m (Table S1) and below the euphotic zone maximum of 62 m 
(Poulton et al., this issue). Transfer efficiency at each station (excluding 
stations with 1 MSC) was calculated using the following equation was: 

TE =(Flux100) / (Flux30) (7)  

Where flux was the flux of POC, Chl a or bSi, respectively. 

2.4. Data analyses 

All statistical analyses were performed in R statistical software 
version 3.6.1 (R Core Team, 2019). Welch’s t-test was used to compare 
the differences in the distribution of fluxes between inshore and 
offshore. We used Kruskal-Wallis and comparison test to determine the 
differences in particle concentration by fraction from the export and 
bottom MSCs. Furthermore, Wilcoxon test was used to assess the dis
tribution of particle concentration between export and bottom samples. 
We log-transformed bottom turbidity and fluxes data and used linear 
regression to explore the relationship between bottom turbidity and 
export fluxes. 

3. Results 

3.1. Particle fluxes 

Overall, there was a decrease in fluxes with depth (Fig. 2). The flux 
range for POC, Chl a and bSi was as follows: 208.06–1947.71 mg m− 2 

d− 1, 0.15–10.65 mg m− 2 d− 1 and 0–60 mg m− 2 d− 1, respectively (Fig. 2). 
Port Alfred recorded the highest fluxes compared to the rest of the 
Agulhas Bank (Figs. 2 and 3). POC export fluxes were significantly 

higher inshore than offshore (Welch’s t-test, p < 0.01; mean ± SD: 944.6 
± 302.0 & 461.1 ± 162.1 mg m− 2 d− 1, respectively). Even though Chl a 
and bSi export fluxes were not significantly different, they were still 
higher inshore than offshore (mean ± SDChl a: 2.8 ± 1.8 & 1.5 ± 0.7 mg 
m− 2 d− 1, respectively, and mean ± SDbSi: 9.5 ± 9.4 & 9.2 ± 11.2 mg 
m− 2 d− 1, respectively; see Table S2). All the bottom fluxes were signif
icantly higher inshore than offshore (Welch’s t-test, p < 0.05 & p < 0.01; 
Table S2, Fig. 4b, d and f). The sample size of inshore fluxes was bigger 
than that of offshore fluxes for all the parameters (Table S2). 

3.2. POC, Chl a and bSi concentration of suspended, slow, and fast 
sinking particles 

The concentration of POC averaged across the export MSCs (±S.D.) 
for suspended, slow- and fast-sinking particles was 107.20 (±48.58), 
10.13 (±5.64) and 7.71 (±3.81) μg L− 1, respectively (Table S3). The 
particle contribution to total POC concentration was 84%, 9% and 7% 
for suspended, slow- and fast-sinking particles, respectively (Fig. 5a). 
The bottom MSCs had an average POC concentration of 61.96 (±39.14), 
5.13 (±2.78) and 5.09 (±2.54) μg L− 1 for suspended, slow- and fast- 
sinking particles, respectively (Table S3). The particle contribution to 
POC concentration by the bottom MSCs was 84%, 8% and 8% for sus
pended, slow- and fast-sinking particles, respectively. 

The average Chl a concentration in the export MSCs was 1.22 
(±0.66), 0.03 (±0.03) and 0.02 (±0.02) mg m− 3 for suspended, slow- 
and fast-sinking particles, respectively. The particle contribution to total 
Chl a concentration in the export MSCs was 94%, 4% and 2% for sus
pended, slow- and fast-sinking particles, respectively. Bottom MSCs had 
an average Chl a concentration of 0.43 (±0.83), 0.01 (±0.02) and 0.01 
(±0.01) mg m− 3 for suspended, slow- and fast-sinking particles, 
respectively. The particle contribution to total Chl a concentration was 
89%, 3% and 8% for suspended, slow- and fast-sinking particles, 
respectively (Table S3). 

For bSi, we measured an average concentration of 2.059 (±1.60), 
0.038 (±0.10) and 0.143 (±0.17) μg L− 1 for suspended, slow- and fast- 
sinking particles in the export MSCs. The contribution of particles to 
total bSi concentration in the export MSCs was 90%, 4% and 6% for 
suspended, slow- and fast sinking particles, respectively (Table S3). The 

Fig. 2. Vertical fluxes of Particulate Organic Carbon (mg m− 2 d− 1) (a), Chlorophyll a (mg m− 2 d− 1) (b) and biogenic Silica (mg m− 2 d− 1) (c) on the Agulhas Bank 
(circles) and Port Alfred (squares) during the SOLSTICE 2019 cruise. Inshore stations are indicated by green symbols and offshore stations are blue symbols. The 
dotted line represents the average surface mixed layer (SML) depth. 
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bottom MSCs showed an average bSi concentration of 1.84 (±1.50), 
0.05 (±0.13) and 0.44 (±0.63) μg L− 1 for suspended, slow- and fast- 
sinking particles, respectively. The proportion of particle contribution 
to total bSi in the bottom MSCs was 80%, 4% and 16%, for suspended, 
slow- and fast sinking particles, respectively. Overall, the particle con
centration decreased with depth except for bSi slow and fast sinking 
particle concentration which increased in the bottom MSCs (Table S3). 

3.2.1. Particle stoichiometry 
Overall, the range of concentration ratios was higher in the export 

(Chl a:POC: 0–0.02 and Chl a:bSi: 0–3.34) compared to bottom MSCs 
(Chl a:POC: 0–0.01 and Chl a:bSi: 0–2.73), except for bSi:POC ratio 
which was higher in the bottom than export (maximum: 0.03 and 0.02, 
respectively, Fig. 6). The mean Chl a:POC and Chl a:bSi concentration 
ratio was higher in the suspended fraction of the export MSCs than in 
other fractions (mean ± SD: 0.011 ± 0.004 and 0.814 ± 0.730, 
respectively). For bSi:POC, the mean concentration ratio was higher in 
the fast-sinking fraction of the bottom MSCs (mean ± SD: 0.008 ±
0.010). The lowest mean concentration ratio was measured in the slow- 
sinking fraction of the bottom MSCs for Chl a:POC, and fast-sinking 
fraction of the bottom MSC for Chl a:bSi (mean ± SD: 0.002 ± 0.003 

and 0.061 ± 0.044, respectively). The lowest mean bSi:POC concen
tration ratio was found in the slow-sinking fraction of export MSC (mean 
± SD: 0.001 ± 0.001). 

The export MSCs Chl a:POC and bSi:POC particle concentration 
significantly differed between fractions (i.e., suspended, slow- and fast- 
sinking) as determined by the Kruskal-Wallis test (p < 0.0001 & p <
0.05, respectively). Chl a:bSi particle concentration of the export MSCs 
was not significantly different between fractions. The particle concen
tration ratios of the bottom MSCs did not show any significant differ
ences between fractions. The particle concentration of Chl a:POC in the 
export MSCs was always significantly higher in the suspended fraction 
than in the fast- and slow-sinking fractions, as determined by the 
pairwise-comparison test (p < 0.001 and p < 0.01, respectively). For bSi: 
POC particle concentration of the export MSCs, the significant differ
ences were observed between slow- and fast-sinking fractions, and slow- 
sinking and suspended fractions (p < 0.05). 

3.3. Export efficiency (ExEff) and transfer efficiency (TE) 

POC ExEff ranged from 0.58 to 9.26 (Fig. 7a). Station 11.1 had the 
highest ExEff, followed by the station offshore Port Alfred with the 

Fig. 3. Spatial distribution of export fluxes of POC (a), Chl a (b) and bSi (c) in mg m− 2 d− 1. The map shows the bathymetry at 100 m and 200 m isobaths. The circles 
and colour bars indicate surface fluxes. PA = Port Alfred, PE = Port Elizabeth (Gqeberha), TSI = Tsitsikamma, PTB = Plettenberg Bay and MSB = Mossel Bay. 
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efficiency of 6.5. The lowest ExEffs were observed at stations 5.5, 8.6 
and 12.6 (0.7, 0.7 and 0.6, respectively). There were no significant 
differences in the cross-shelf distribution of ExEff; however, inshore had 
higher mean values than offshore (Median ± SDinshore: 2.13 ± 3.35 and 
Median ± SDoffshore: 0.68 ± 0.50, Fig. 7b). The range of POC TE was 
30–99%, Chl a TE: 15–100% and bSi TE: 20–330% (Fig. 8). Unlike the 
ExEff, TE of the three parameters was low off Port Alfred stations and did 
not show a spatial pattern. There was no clear inshore-offshore trend in 
the TE of POC, Chl a and bSi (Welch’s t-test: p = 0.91, p = 0.96 & p =
0.48, respectively). 

4. Discussion 

4.1. Fluxes 

The fluxes discussed in this section are those of POC as it plays an 
important role in understanding the biological carbon pump dynamics 

in this region. The Agulhas Bank recorded high fluxes ranging from 208 
to 1948 mg m− 2 d− 1 which are comparable to the global POC fluxes 
measured at depths of <220 m between 1985 and 2013 (0–1500 mg m− 2 

d− 1). These were higher in the shelf regions and high latitudes (Le 
Moigne et al., 2013). POC fluxes are influenced by primary production 
resulting from the abundance of inorganic nutrients induced by up
welling, runoff or remineralization, which leads to the increased vertical 
transport of organic matter (Banse and English, 2000; Reigstad et al., 
2008). Although the Agulhas Bank is known as a productive region 
(1998–2018 timeseries monthly average daily NPP of 0.12–11.08 g C 
m− 2 d− 1; Mazwane et al., this issue); there was moderate primary pro
duction during the cruise (daily NPP of 0.1–1.1 g C m− 2 d− 1; Poulton 
et al., this issue), suggesting that our high POC fluxes might have been 
influenced by other factors besides primary production. Factors such as 
the presence of large phytoplankton (e.g. diatoms) which contribute to 
the vertical carbon transfer by ballasting with POC or by being incor
porated in zooplankton fecal pellets, can enhance POC fluxes (Francois 

Fig. 4. Inshore-offshore comparison of POC, Chl a and bSi fluxes of the export (a, c, e) and the bottom depths (b, d, f). The asterisks indicate the level of significant 
difference at 0.05 between inshore and offshore fluxes. Port Alfred transect was excluded from the analysis because of very high fluxes to avoid bias. 
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et al., 2002; Klaas and Archer, 2002). 
While the Agulhas Bank fluxes, overall, are comparable to the global 

shelf seas, our results showed that the Agulhas Bank experienced high 
spatial variability, with the Port Alfred region experiencing maximum 
surface fluxes when compared to the rest of the shelf (1948 mg POC m− 2 

d− 1, Figs. 2 and 3), with a distinct cross-shelf difference. The high 
variability in fluxes that we observed can likely be explained by the 
oceanographic complexity of the Agulhas Bank region (Lutjeharms 
et al., 2000; Probyn et al., 1994; Roberts and van den Berg, 2005; Swart 
and Largier, 1987), with the Port Alfred region being influenced by the 
enhanced wind-driven coastal upwelling (Lutjeharms et al., 2000). 
During upwelling events, nutrient-rich water at depth is introduced into 
the surface, allowing phytoplankton abundance to increase (Bakun, 
1973; Lutjeharms et al., 2000; Swart and Largier, 1987; Yokomizo et al., 
2010). The abundance of phytoplankton can lead to high carbon fluxes 
due to the sinking of relatively large aggregates and fecal pellets in areas 
where there is low organic matter degradation by zooplankton and 
microbes (Alldredge and Silver, 1988; Bach et al., 2019; Fowler and 
Knauer, 1986; Muller-Karger et al., 2004). 

Although there were low concentrations of surface-mixed layer ni
trate and nitrite (<1 μM) and intermediate surface NPP (<0.6 g C m− 2 

d− 1) off Port Alfred during the cruise (Poulton et al., this issue), to link 
fluxes to upwelling events; the presence of a high abundance of Chl a 
spikes in the upper water column suggested a post-upwelling scenario 
(Giering et al., this issue). The post-upwelling is characterized by large 

aggregates of phytodetritus which sink faster to the bottom, high 
abundance of small-sized phytoplankton and low nutrient concentra
tions (Fowler and Knauer, 1986; Krause et al., 2019; Kudo et al., 2000; 
Millan-Nuñez et al., 1982; Shin et al., 2017). The surface phytoplankton 
community in the Agulhas Bank was dominated by pico-sized (0–2 μm) 
phytoplankton and micro phytoplankton (>20 μm) (Poulton et al., this 
issue), typical of an end of the upwelling phase. Also, satellite-derived 
surface Chl a concentration and sea surface temperature (SST) data 
showed an increase in surface Chl a concentration and low SST off Port 
Alfred, extending to the outer shelf a week before the cruise (see 
Figs. S5–S7); suggesting the possibility of an upwelling event which 
would result in enhanced primary production. Therefore, we suggest 
that the high fluxes observed off Port Alfred were derived from the 
sinking of large phytodetritus aggregates derived from a bloom that 
occurred before the cruise. 

The other factor that might influence high POC fluxes observed off 
Port Alfred is the ‘ballasting effect’ of bSi with POC (Armstrong et al., 
2002). The ballasting of biogenic silica, derived from diatoms and other 
silica containing phytoplankton, aids in the vertical transport of POC to 
deeper ocean layers, by producing dense fast-sinking particles, which 
are resistant to microbial degradation (Armstrong et al., 2002; Francois 
et al., 2002; Klaas and Archer, 2002). We observed higher surface bSi 
fluxes off Port Alfred and an intermediate surface diatom cell abundance 
of about 3000–4000 cells L− 1 (Poulton et al., this issue), which was 
higher than the rest of our stations (except for 8.6, 9.5 and 12.6), 

Fig. 5. Proportion of average concentration of (a) Particulate Organic Carbon (POC in μg L− 1) chlorophyll (Chl a in μg L− 1) and biogenic silicate (bSi in μg L− 1) in the 
export and (b) bottom stations indicated by percentages. Light grey indicates suspended particles, grey is slow-sinking particles and dark grey indicates fast-sinking 
particles. Station 1.4 was excluded from the analysis because of very high concentrations to avoid bias. 
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suggesting the possibility of a ballasting effect. Fresh diatoms are known 
to float, while decaying diatoms sink faster to the bottom in the form of 
large aggregates (Krause et al., 2019). Unfortunately, the size fraction
ated Chl a fraction was not measured at station 1.4 (Poulton et al., this 
issue). Even though other biological factors that might influence POC 
fluxes were not measured, we suggest that high POC fluxes observed off 
Port Alfred were influenced by the vertical transport of post-bloom 
derived phytodetritus, likely enhanced by ballasting with bSi. 

The second major trend observed on the AB was the significantly 
higher POC fluxes inshore when compared to offshore in both export and 
bottom MSCs (Fig. 4a and b). This section excludes the Port Alfred re
gion due to its distinctive biophysical dynamics that differ from the rest 
of the Agulhas Bank. Similar differences in cross-shelf POC flux distri
bution have been observed elsewhere: the Arabian Sea shelf (Lee et al., 
1998), the Guatemala coast (Cavan et al., 2017), and the East China Sea 
shelf (Iseki et al., 2003). Cross-shelf flux distribution is influenced by 
primary productivity, riverine input and sediment resuspension which 
decrease towards offshore regions (Fan et al., 2018; Iseki et al., 2003; 
Lee et al., 1998). We expected the inshore of the Agulhas Bank to have 
higher fluxes because of its productive upwelling events. 

During our cruise there were no cross-shelf gradients in surface NPP 

and surface Chl a concentration (Poulton et al., this issue), to explain this 
trend. Even though we did not observe a cross-shelf NPP gradient, a 
20-year satellite-derived annual NPP confirmed a high inshore-low 
offshore NPP trend (Mazwane et al., this issue). Also, Chl a flux was 
higher inshore than offshore from the AB in both MSC depths (Fig. 4c 
and d). Therefore, it is possible that this high inshore Chl a flux 
contributed to cross-shelf differences of POC fluxes observed on the AB. 

An alternative explanation for high inshore POC fluxes in the bottom 
MSCs would be the resuspension of sediments, as our inshore bottom 
MSCs depth range was 0–8 m above the bottom (except station 7.2) 
while offshore bottom MSCs ranged from 5 to 106 m above the bottom, 
making inshore MSCs susceptible to resuspended sediments. The Agul
has Bank is influenced by bottom currents which are capable of resus
pending sedimentary organic matter (Roberts and Sauer, 1994; Roberts 
and van den Berg, 2005; Zoutendyk and Duvenage, 1989), therefore 
intensifying POC fluxes by ballasting (Fan et al., 2018). A simultaneous 
study which was investigating particle assemblages based on their op
tical properties’ composition on the AB, confirmed that there was 
elevated red backscatter intensity near-bottom in the inshore stations 
during the cruise, suggesting suspended sediments (Figs. 4 and 8a; 
Giering et al., this issue). To further explain ballasting of resuspended 

Fig. 6. Concentration ratio of Chl a:POC (mg:mg), Chl a:bSi (mg:mg) and bSi:POC (mol:mol) for suspended, slow-sinking and fast-sinking particles in export (a, c & 
e) and bottom (b, d & f) MSCs. Station 1.4 was excluded from the analysis because of very high concentrations to avoid bias. 
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sediments with POC, we observed significantly higher bSi fluxes inshore 
than offshore in the bottom MSCs (Fig. 4f), suggesting the possibility of 
ballasting of resuspended sediments rich in bSi with POC. This indicates 
that resuspension of sediments might have been a factor influencing 
high bSi fluxes as these fluxes were higher than those of the inshore 
export MSCs (Fig. 4e). Therefore, we suggest that the cross-shelf 
gradient POC flux of the export MSCs was likely due to primary pro
duction which might have occurred prior to the cruise as shown by the 
satellite images, while the bottom MSCs cross-shelf gradient might have 
been influenced by the resuspended bottom sediments. 

4.2. Contribution of sinking particles to concentration and fluxes of POC, 
Chl a and bSi on the Agulhas Bank 

In terms of the export particle composition (excluding Port Alfred), 
slow-sinking particles contributed slightly more to POC and Chl a con
centration (9% and 4%, respectively, Fig. 5a) than fast-sinking particles 
(7% and 2%, respectively). This was expected as the Agulhas Bank 
phytoplankton composition was dominated by nanoplankton and pico
plankton (average: 45% and 29%, respectively; Poulton et al., this 
issue), with few large aggregates (Giering et al., this issue). Generally, an 
abundance of fast-sinking particles would be found in regions domi
nated by micro phytoplankton such as diatoms which sink faster to the 
bottom. It is evident from our bSi:POC concentration ratio that POC 
concentrations on the Agulhas Bank were not largely influenced by the 
siliceous phytoplankton at the time of sampling (for e.g., diatoms), as 
our range of bSi:POC was lower (0–0.03 mol:mol) than an average 
diatom Si:C of 0.13 mol:mol (Fig. 6e and f, Brzezinski, 1985). High bSi: 
POC ratios are usually associated with areas occupied by siliceous 

phytoplankton and dominated by diatoms (Leynaert et al., 1991). It is 
not surprising that we observed low bSi:POC ratio as we sampled 
post-bloom when phytoplankton community was dominated by small 
phytoplankton groups. Since most of the phytoplankton was small and 
suspended, the sinking particle fraction might have formed through 
biological particle aggregation or the particle coagulation of sinking or 
suspended small particles to produce dense aggregates (Taucher et al., 
2018). The observed POC particle concentration trend is comparable to 
a few studies which suggested that slow-sinking particles contribute 
more to POC concentration than fast-sinking particles (Baker et al., 
2017; Giering et al., 2016; Riley et al., 2012). 

For the export bSi concentration, fast-sinking particles contributed 
slightly more to the sinking particle fraction than slow-sinking particles 
(6% and 4%, respectively, Fig. 5a). This pattern differed from that of 
POC and Chl a sinking particle contribution to concentration. This might 
be due to a higher microbial degradation pressure on POC compared to 
bSi (DeMaster, 1981; Ragueneau et al., 2006; Subhas et al., 2023). For 
example, in the euphotic zone, about 35% of bSi can survive dissolution, 
while less than 4% of organic matter escapes microbial remineralization 
(DeMaster, 1981). This scenario is likely to occur when diatoms are 
ballasted with frustules which makes them denser and sink faster 
(Buesseler et al., 2001). However, our study suggests that there was low 
contribution by diatoms to phytoplankton community. Also, we did not 
measure microbial activity to confidently explain the observed bSi 
sinking particle trend. The high contribution of fast-sinking particles to 
bSi concentration is not comparable to previous similar studies as they 
only measured slow-sinking particle fraction for bSi, therefore, further 
studies are needed to clarify this. (Giering et al., 2016; Riley et al., 
2012). 

Fig. 7. Spatial distribution of POC Export efficiency (ExEff) proportion (a) and inshore-offshore comparison of POC ExEff on the Agulhas Bank (excluding Port 
Alfred) (b). Colour bar indicates proportion values of ExEff at each station. 
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While most of the sinking particle contribution to POC concentration 
in the export MSCs was due to slow-sinking particles; fluxes showed a 
different pattern, with fast-sinking particles contributing more to POC 
flux (fast-sinking POC mean ± SD: 462.63 ± 228.29 and slow-sinking 
POC mean ± SD: 192.55 ± 107.22, Table S4). These findings were not 
comparable to the previous studies which found a large contribution to 
POC flux by slow-sinking particles (Giering et al., 2016; Riley et al., 
2012). This can be explained by the methodological differences in how 
we measured the particle sinking speed. We suspect that a large 
contribution of fast-sinking particles to export fluxes was caused by an 
aggregation of particles and/or packaging by zooplankton producing 
fast-sinking fecal pellets that sank on their own or within aggregates 
(Turner, 2002). Although we can’t confirm the production of fecal pel
lets during the cruise, the AB had an average zooplankton community 
abundance of 2045 ind.m− 3, with some stations dominated by large 
doliolids and calanoids which can produce carbon-rich fecal pellets 
(Noyon et al., this issue). 

Furthermore, we studied the distribution of the sinking particles in 
the bottom MSCs to determine how it differed from the export MSCs and 
how much of the export flux reached the bottom. The export and bottom 
MSC sinking particle contribution to POC concentration was similar, 
while the concentration of Chl a and bSi showed an increase in fast- 
sinking particles with depth (8% and 16%, respectively, Fig. 5). It is 
unclear what might have caused an increase of 6% in fast-sinking Chl a 
concentration at the bottom. However, it is possible that the bottom 
waters from station 8.6 (bottom MSC) which was sampled at a depth of 
22 m, might have influenced the increase in Chl a observed here. This 
bottom MSC had a higher Chl a concentration due to fast-sinking par
ticles than the export MSC (Table S3). We cannot discuss further the 
observed sinking particle trend of bSi as mentioned previously. 

We observed a decrease in the average particle flux with depth for 
POC and Chl a, but an increase with depth for bSi (Table S4), suggesting 
decoupling between bSi and other parameters. It is not clear what 
caused the decoupling between bSi and POC; however, the pattern of 

Fig. 8. Spatial distribution of POC (a), Chl a (b) and bSi (c) transfer efficiency (TE) on the Agulhas Bank and Port Alfred. White circles represent stations where TE 
was not measured. 
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particle flux decreasing with depth is comparable to previous flux 
studies (Baker et al., 2017; Martin et al., 1987; Riley et al., 2012).The 
decrease of flux with depth can be explained by numerous factors such 
as remineralization of POC, fragmentation and grazing on sinking 
matter (Belcher et al., 2016; Cavan et al., 2017; Turner, 2015). An 
extensive dataset measuring all the factors influencing POC flux is 
required to properly explain the flux trends discussed above. 

4.2.1. POC export efficiency 
Despite moderate NPP (according to Poulton et al., this issue) and a 

low contribution of fast-sinking particles to near-surface POC concen
trations on the Agulhas Bank, we measured an extremely high export 
efficiency ratio (range: 0.58–9.26, Fig. 7a), with higher values inshore 
than offshore (median ± SD: 2.13 ± 3.35 and 0.68 ± 0.50, respectively). 
The ExEff measured here is not comparable to the previous studies 
which recorded the ExEff global ratio of ~0.18 and the global modeled 
mean ratio of 0.22, as these studies were mostly conducted in the open 
ocean (Henson et al., 2015, 2019). ExEff is influenced by factors such as 
the phytoplankton community structure and microbial or zooplankton 
degradation of organic matter (Henson et al., 2011, 2012). For example, 
ExEff tends to be higher in regions where the phytoplankton community 
structure can produce large aggregates or sink by ballasting (Francois 
et al., 2002) or, alternatively, where there is an absence of grazers 
(Henson et al., 2015). In our study we expected to find lower ExEff on 
the Agulhas Bank than we observed, due to the nature of phytoplankton 
i.e., dominated by small-sized phytoplankton and low abundance of 
large Chl a aggregates. 

Most of our stations with the highest ExEff ratios had low NPP 
(adopted from Poulton et al., this issue), suggesting a decoupling be
tween NPP and ExEff which can be linked to a low abundance of grazers 
(Henson et al., 2019). For example, stations 11.1, 1.4, 10.2 and 9.1 had 
high ExEff but low-to-moderate NPP. Also, the POC sinking particles 
were dominated by fast-sinking particles in these stations, except for 
station 11.1 (Table S3). Unfortunately, we did not measure reminerali
zation rates during the cruise to explain the high ExEFF occurring 
simultaneously with low NPP, which was observed here. Similar sce
narios of high ExEff coupled with low NPP are thought to be linked to 
ongoing POC export from a standing stock of biomass produced at the 
end of a previous bloom phase (Henson et al., 2015). For example, 
primary production requires time to convert particulate organic matter 
into sinking flux as it needs to reach a certain density to sink (Henson 
et al., 2015). This may lead to a mismatch between primary production 
and ExEff as the measured export flux might have been produced prior to 
the time of sampling. The observed high satellite-derived Chl a along the 
coastline before the cruise supports this argument (Figs. S5–S7). 
Therefore, it is likely that the high ExEff we observed here was derived 
from the primary production that occurred before the cruise. Although it 
is not possible to quantify this during in situ sampling, our explanation 
corresponds with the suggested post-upwelling scenario off Port Alfred 
(Giering et al., this issue). 

4.2.2. Transfer efficiency of POC, Chl a and bSi 
Based on the particle structure observed in the study, we expected 

low transfer efficiencies in the AB because of the high suspended particle 
fraction. However, our POC, Chl a and bSi TE measurements were higher 
(range: 0.3–0.99, 0.15–1 and 0.2–33.04, respectively), suggesting that a 
large amount of exported organic carbon flux reached the bottom 
depths. These TEs are not comparable to global measurements due to the 
variability in reference depths. Most studies use a bottom reference 
depth of >500 m (Francois et al., 2002; Henson et al., 2012) which is too 
deep to compare to our bottom reference depth of 100m. However, 
previous studies have suggested a spatial variation in TEs, with low 
latitudes having high TEs and high latitudes having low TEs (Francois 
et al., 2002; Klaas and Archer, 2002). This suggestion was based on the 
ecosystem structure (i.e., the high latitudes being dominated by opal and 
low latitudes dominated by carbonate) and on the ballasting effect 

where the bottom carbonate fluxes were found to be correlated with TE, 
while opal flux showed no correlation (Francois et al., 2002; Klaas and 
Archer, 2002). 

We noted that stations with low POC TEs had high ExEffs (for 
example, stations 1.4, 11.1 and 8.1). This trend can be explained by high 
microbial or zooplankton remineralization rates in the water column, 
resulting in the low transfer of organic carbon to the bottom. Stations 
11.1 and 8.1 registered high zooplankton abundance and biovolume 
(Noyon et al., this issue), which is likely to contribute to organic carbon 
remineralization by releasing fecal pellets and thereby promoting bac
terial remineralization of fecal pellets. Also, the vertical water column at 
station 11.1 contained low dissolved oxygen concentrations (Giering 
et al., this issue) and high nutrient concentrations at the bottom, sug
gesting a possibility of remineralization (Poulton et al., this issue). 
Therefore, it is highly likely that high remineralization was the factor 
associated with low TEs at stations 8.1 and 11.1. 

Station 1.4 had low POC transfer efficiency (0.3) although it recor
ded large Chl-rich aggregates (Giering et al., this issue) in the upper 30 m 
and had high ExEff (6.5). Regions with the high abundance of large, 
fast-sinking aggregates are capable of having low transfer efficiency as 
aggregates decay rapidly as they sink (Lima et al., 2014). This scenario 
can explain the low transfer efficiency measured at station 1.4, as the 
Port Alfred area had been suggested to have large phytodetritus aggre
gates. However, our data was insufficient to conclude that reminerali
zation was the factor here, leading to decaying phytoplankton 
aggregates. For example, the zooplankton abundance and biovolume 
was low, suggesting low grazing pressure by zooplankton on organic 
matter (Noyon et al., this issue). The pattern observed at station 1.4 
differed from station 11.1 where there was low dissolved oxygen and a 
possibility of remineralization. 

Station 10.2 had a high POC transfer efficiency (0.79) and high ExEff 
(2.2), suggesting low grazing pressure on the exported flux. Although 
bacterial abundance was not measured, zooplankton abundance and 
biovolume were low at station 10.2 (Noyon et al., this issue), suggesting 
low remineralization. According to García-Martín et al. (2021) and 
Henson et al. (2012), regions of low remineralization result in a high 
transfer of organic carbon to depth. Although station 10.2 also had high 
ExEff, the bottom MSC was close to the bottom (~2.6 m above the 
bottom, Table S1), improving the likelihood that the transfer efficiency 
was influenced by resuspended sediments (Lima et al., 2014). Based on 
the measured high POC ExEff and low zooplankton abundance, it is 
highly possible that transfer efficiency at station 10.2 was derived from 
exported POC flux, and likely influenced by resuspension. 

We observed the highest POC transfer efficiency at station 5.5 (0.9), 
suggesting that most of exported organic carbon reached the bottom. 
This station had an intermediate surface diatom cell abundance of 
~4000 cells L− 1 (Poulton et al., this issue), suggesting the vertical 
transport of POC to depth by dense aggregates. The presence of diatoms 
in the system can result in the ballasting of organic carbon with bSi 
which enhances the vertical transport of organic carbon to depth 
(Francois et al., 2002). We observed high bSi transfer efficiency on the 
Agulhas Bank, with station 5.5 recording the second highest transfer 
efficiency values (Fig. 8c). However, our data is insufficient to prove 
conclusively that sinking POC fraction was ballasted by bSi. In addition, 
although we expected to find similarities in the distribution pattern of 
POC and bSi to strengthen the ballasting hypothesis argument, this was 
not the case (Fig. 8a and c). Overall, spatial variability in our POC 
transfer efficiency values appeared to be explained by vertical export of 
organic matter, with an influence of sediment resuspension at station 
10.2. It is unclear what caused high bSi TEs on the AB, however there is a 
possibilty that bSi TEs were influenced by resuspended sediments as two 
of our three stations with the highest bSi TEs were sampled closer to the 
bottom depth, i.e., stations 9.1 and 10.2 (Table S1). 

N.V. Malongweni et al.                                                                                                                                                                                                                        



Deep-Sea Research Part II 212 (2023) 105334

12

4.3. Particle fluxes as an implication for BNL formation 

This section excludes the Port Alfred region due to its different bio
physical dynamics. We observed a correlation between bottom turbidity 
(as a proxy for the benthic nepheloid layer) and export fluxes of POC, 
suggesting that POC export fluxes are associated with the formation of 
bottom turbidity (Fig. S2a). However, bSi export fluxes showed no 
correlation with the bottom turbidity, indicating that other factors such 
as sediment resuspension might have also influenced bottom turbidity 
(Figs. S2b and c). Although only POC export fluxes showed a significant 
positive correlation with the bottom turbidity (R2 = 0.69, p < 0.01), Chl 
a export flux also showed a (non-significant) positive relationship with 
the bottom turbidity (R2 = 0.31, p = 0.06), strengthening the possibility 
of BNL formation by export fluxes. 

To support the link between bottom turbidity and export fluxes, we 
explored cross-shelf patterns of bottom turbidity on the Agulhas Bank. 
Our bottom turbidity showed a clear cross-shelf pattern, with inshore 
stations showing significantly higher turbidity than the offshore stations 
(Welch’s t-test, p < 0.001, Fig. S3a), which corresponds to the cross-shelf 
pattern of POC fluxes (Mazwane et al. this study, this issue). Also, a 
timeseries of NPP satellite data confirms a cross-shelf pattern to support 
a strong link between exported phytodetritus and bottom turbidity, 
although the cross-shelf pattern of NPP was not significant during the 
cruise itself (Welch’s t-test, p = 0.77, Fig. S3b). It is possible that the time 
lag in remineralization of exported phytodetritus (Giering et al., this 
issue) might have caused the absence of the link between cross-shelf 
distribution of surface NPP and bottom turbidity during the cruise. We 
therefore conclude that bottom turbidity (a proxy for BNL) and export 
POC fluxes were linked, keeping in mind that the resuspension of sedi
ments might have also contributed to bottom turbidity where MSC 
sampling depths were close to the bottom. 

4.4. Future work 

Our data was inconclusive on certain observed trends. We suggest 
exploring factors such as microbial respiration rates and bacterial 
abundance; to quantify the bacterial contribution to remineralization 
throughout the water column. This would help to clarify the observed 
spatial patterns of fluxes, ExEff and transfer efficiency. Also, measuring 
other biomineral parameters such as CaCO3 would assist in formulating 
correlations with POC fluxes, as well as determining the ballast hy
pothesis. For example, CaCO3 is found in small-sized (<20 μm) phyto
plankton groups such as coccolithophores (Lima et al., 2014) and is 
known to ballast more with POC than biogenic silica (Francois et al., 
2002). Although the Agulhas Bank was dominated by phytoplankton of 
<20 μm, we could not conclude that CaCO3 was able to ballast with 
carbon as this was beyond the scope of this study. As such, we suggest 
that quantifying particle material such as lithogenic or biogenic material 
and increasing the sample size would assist in making conclusive de
cisions about the composition of particles and fluxes on the Agulhas 
Bank. 

5. Conclusion 

We measured vertical carbon fluxes and investigated the spatial 
distribution of particle composition on the Agulhas Bank. Our data 
showed clear spatial variability, with inshore regions exhibiting higher 
fluxes than offshore stations. We observed a decoupling between POC, 
Chl a and bSi fluxes, i.e., POC and Chl a flux decreased with depth while 
bSi showed the opposite trend (Table S4). We conclude that vertical 
transport of organic matter and resuspension of sediments were the 
likely factors influencing the distribution of fluxes on the Agulhas Bank, 
primarily due to the shelf being shallow (<150 m). Our fluxes and 
particle composition were comparable to global studies. However, the 
export and transfer efficiencies were very high on the Agulhas Bank and 
not comparable to global studies as they were focused on the much 

deeper open ocean. Higher transfer efficiencies are typically observed in 
regions influenced by phytoplankton bloom events (Francois et al., 
2002), but the Agulhas Bank did not show any presence of an active 
bloom event during the cruise. We did suggest a possibility of bloom 
activity before the cruise based on satellite observations of surface Chl a 
and SST, which could have influenced the TEs. Our transfer efficiencies 
could have been influenced by the resuspension of bottom sediments in 
cases where the MSC sampled closer to the bottom, especially for bSi TEs 
which were very high compared to POC and Chl a TEs. We suggest that 
other unmeasured factors, such as the standing stock of carbon biomass 
and biomineral ballasting, might have influenced calculated fluxes 
during this cruise. 
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Bach, L.T., Stange, P., Taucher, J., Achterberg, E.P., Algueró-Muñiz, M., Horn, H., 
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Lipiński, M.R., van der Vyver, J.S.F., Shaw, P., Sauer, W.H.H., 2016. Life cycle of chokka 
squid Loligo reynaudii in South African waters. Afr. J. Mar. Sci. 38, 589–593. https:// 
doi.org/10.2989/1814232X.2016.1230074. 

Liu, K.K., Atkinson, L., Chen, C.T.A., Gao, S., Hall, J., Macdonald, R.W., McManus, L.T., 
Quinones, R., 2000. Exploring continental margin carbon fluxes on a global scale. 
Eos, Transactions American Geophysical Union 81 (52), 641–644. 

Longhurst, A., Sathyendranath, S., Platt, T., Caverhill, C., 1995. An estimate of global 
primary production in the ocean from satellite radiometer data. J. Plankton Res. 17, 
1245–1271. https://doi.org/10.1093/plankt/17.6.1245. 

Lutjeharms, J.R.E., 2006. The Agulhas Current. Springer, Germany.  
Lutjeharms, J.R.E., Cooper, J., Roberts, M., 2000. Upwelling at the inshore edge of the 

agulhas current. Continent. Shelf Res. 20 (7), 737–761. 
Lutz, M., Dunbar, R., Caldeira, K., 2002. Regional variability in the vertical flux of 

particulate organic carbon in the ocean interior. Global Biogeochem. Cycles 16 (3), 
11-1.  

Martin, J.H., Knauer, G.A., Karl, D.M., Broenkow, W.W., 1987. VERTEX: carbon cycling 
in the northeast Pacific. Deep Sea Research Part A. Oceanographic Res. Papers 34 
(2), 267–285. 

Mazwane, S.L., Poulton, A.J., Hickman, A.E., Jebri, F., Jacobs, Z., Roberts, M. and 
Noyon, M., This issue. Spatial and temporal variability of net primary production on 
the Agulhas Bank, 1998–2018. Deep Sea Res. Part II Top. Stud. Oceanogr., p.105079. 

McCave, I.N., 1983. Particulate size spectra, behavior, and origin of nepheloid layers 
over the Nova Scotian continental rise. J. Geophys. Res.: Oceans 88 (C12), 
7647–7666. https://doi.org/10.1029/JC088iC12p07647. 

McCave, I.N., Hall, I.R., 2002. Turbidity of waters over the Northwest Iberian continental 
margin. Prog. Oceanogr. 52 (2–4), 299–313. 

Middelburg, J.J., 2019. Marine carbon biogeochemistry: a primer for earth system 
scientists - primary production: from inorganic to organic carbon. Springer Briefs in 
Earth System Sciences. Nature 118. 
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