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The Agulhas Bank is a moderately productive and dynamic shelf ecosystem. In this region, underwater visibility
can, at times, be poor owing to high turbidity near the seabed. However, it is currently unclear what causes high-
turbidity events and how far they extend. Using an analysis of optical particle data (backscatter and fluores-
cence), we show a strong cross-shelf gradient of near-bottom turbidity and distinct particle dynamics across the
study region. The region near Port Alfred was characterized by high levels of new production and vertical
transport of organic matter to depth via sinking particles. On the Central Agulhas Bank, our observations were
consistent with the suggestion of particle retention owing to a larger cyclonic recirculation pattern. Close to the
coast we observed four sites with benthic nepheloid layers (BNL) that were likely formed because of resuspension
of sediments. Our data indicate that there was no instantaneous link between BNL and sinking phytodetritus,
though a time lag between export events and benthic remineralization could have obscured a direct link between

surface productivity and BNL formation.

1. Introduction

The marine ecosystem around South Africa is one of the most diverse
in the world owing to complex ocean circulation. Particularly, upwelling
of deep Antarctic and Indian Ocean waters and the strong Benguela and
Agulhas Currents allow for high biodiversity and ocean productivity
(Hutchings et al., 2009). South Africa’s marine environment can be
broadly divided into three biogeographical regions: the warm subtrop-
ical east coast, the temperate shelf in the southeast (Agulhas Bank; focus
of this paper), and the cold west coast. The Agulhas Bank is a productive
temperate shelf the whole year round (Demarcq et al., 2008; Mazwane
et al., this issue), an important spawning ground for many fish species,
and supports economically important commercial fisheries; yet it is a
threatened habitat in terms of overfishing, resource exploitation and
climate change (Sink et al., 2012). High turbidity (high concentrations
of suspended particulate matter) is frequent on the Agulhas Bank
(Jackson et al., 2012; Roberts and Sauer, 1994; Zoutendyk and Duven-
age, 1989). Anecdotal evidence of high turbidity events is provided by
fishermen and SCUBA divers who observed very turbid waters near the
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coast, for example, at intermediate depths (~ 10-20 m depth; Shaun
Deyzel, pers. comm., 2021) or near the seabed with, at times, near-zero
visibility (Mike Roberts, pers. comm., 2021). High turbidity events have
been suggested to change squid population dynamics by reducing mat-
ing success (Roberts and Sauer, 1994). Yet, it is currently unclear what
causes these high turbidity events on the Agulhas Bank and how far they
extend.

The ecosystem of the Agulhas Bank is strongly influenced by the east-
west Agulhas Current, which brings warm waters from the Indian Ocean
and flows along the shelf edge. Along the shelf, the Agulhas Current
drives persistent shelf-break upwelling, pushing nutrient-rich water
onto the shelf (Jackson et al., 2012; Goschen et al., 2015). Along the
coast from Port Alfred to Plettenberg Bay, wind-driven coastal upwelling
occurs (Schumann and Brink, 1990; Goschen et al., 2015). As the
Agulhas Bank widens south of Port Elizabeth (now Gqeberha), the
Agulhas Current starts to meander. These meanders (of which solitary
ones are referred to as Natal Pulses) can move waters onshore and drive
an intermittent coastal countercurrent along the coast (Griindlingh,
1979; Harris et al., 1978; Lutjeharms and Roberts, 1988; Krug and
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Fig. 1. Sites sampled during this study. Stations are named (TT.S) indicating the transect (TT) and inshore-offshore position (S, with 1 being closest to the shore).
Colours show bathymetry (see colour bar; in m). Symbols indicate inshore (solid triangle), mid-shore (open circle) and offshore (solid square) stations. The extent of
the study regions are indicated by the horizontal bars: western Central Agulhas Bank (WCAB), eastern Central Agulhas Bank (eCAB), western Eastern Agulhas Bank
(WEAB), and eastern Eastern Agulhas Bank (eEAB). *Three sites (CR1, CR3 and CR4), located respectively near station 10.2, 10.4 and 10.5, were revisited towards the
end of the cruise. (PA: Port Alfred, PE: Port Elizabeth (now Gqeberha), PB: Plettenberg Bay, MB: Mossel Bay) Cape Agulhas).

Penven, 2011; Goschen et al., 2015; Malan et al., 2018). On the Central
Agulhas Bank, the divergent westward flow of the Agulhas Current along
the outer shelf coupled to the wind-driven eastwards coastal current has
been suggested to cause a persistent cyclonic retention cell (Boyd and
Shillington, 1994; Hutchings 1994; Miller et al., 2006). In addition, in-
ternal solitary waves are known to occur on the Agulhas Bank (Boegman
and Stastna, 2019; Jackson, 2004), which are key drivers of sediment
movement on continental slopes and have been shown to cause both
bottom and intermediate nepheloid layers (Boegman and Stastna, 2019;
Tian et al., 2019, 2021a, 2021b). In the complex hydrographic system of
the Agulhas Bank, we expect a strong influence of the resuspension of
sedimentary matter on near-bottom turbidity (Gardner et al., 2018).

While the hydrography of the Agulhas Bank is fairly well studied,
little information exists on the amount of organic matter that sinks out of
the productive surface ocean (no known publications). Surface Chloro-
phyll-a (Chl) is often high on the Agulhas Bank (Carter et al., 1987;
Probyn et al., 1994), suggesting that organic matter export from the
productive surface could also be high. Such exported matter can accu-
mulate near the seabed and increase turbidity (Lampitt, 1985). Given its
dynamic nature, this coastal region has high spatiotemporal variability
in phytoplankton productivity and physiology (Carter et al., 1987;
Poulton et al., this issue) that could lead to high fluxes of sinking organic
matter and, subsequently, high near-bottom turbidity.

Turbidity events are characterized by high suspended particle con-
centrations (e.g. Townsend et al., 1992, and references herein) that can
be identified by measuring the absorption or transmission of light
shining through the water. With the recent development of
energy-efficient high-brightness light-emitting diodes (LED) and highly
sensitive photodetectors, the optical properties of the water column (e.
g., transmission and backscatter) can be measured at high spatiotem-
poral resolution. Moreover, high-resolution turbidity measurements can
be paired with other optical measurements to provide in-depth insights
into the water column dynamics. For example, backscatter intensity has
been shown to be strongly correlated with organic matter concentrations
in the open ocean, and can hence be used to quantify particulate organic
matter (subject to site-specific calibration) (Cetini¢ et al., 2012). Fluo-
rescence sensors (LED: 470 nm, photodetector: 695 nm) can be used to

quantify algal pigments, such as Chl concentrations (Lorenzen, 1966).
Large particles (>100 pm in diameter) in the optical sampling volume of
these absorption and transmission sensors cause spikes in the signal, and
these spikes can be used to quantify large particle concentrations (Briggs
etal., 2011), to estimate particle size spectra (Briggs et al., 2013), and to
infer particle fragmentation rates (Briggs et al., 2020).

The combination of backscatter and fluorescence signals can be used
to infer the composition of the particle assemblage (Barbieux et al.,
2018; Schallenberg et al., 2019), similar to the use of the ratio of in situ
Chl to particulate organic carbon (POC) to infer algal physiology and
ecosystem dynamics (Moore et al., 2007). Alongside the inherent
phytoplankton Chl-to-POC ratio, which varies with physiology, the
composition of POC is complex, with phytoplankton, zooplankton,
bacteria and detrital material all contributing. In productive ecosystems
(e.g., spring blooms), much of the POC will be from phytoplankton so
that Chl:POC ratios are high. As productivity declines (deep in the water
column or post-bloom), more heterotrophs and detritus contribute to the
POC pool, resulting in lower Chl:POC ratios. In near-shelf regions or
areas with high dust-input, the interpretation of the backscatter signal is
less clear as resuspension and terrestrial particulate matter (‘lithogenic
matter’) can lead to high turbidity in the water, and hence to higher
backscatter signals, without an increase in POC concentrations (Stram-
ski et al., 2004).

In this study, we use vertical profiles of optical measurements,
collected during a survey in March 2019, to determine the extent of high
turbidity regions on the Agulhas Bank. We hypothesise that we can use
the combination of backscatter (at 532 and 700 nm) and fluorescence
sensors to characterize the vertical structure of the water over the
Agulhas Bank and determine different ecological regimes within the
study region. We further hypothesise that high-turbidity events on the
Agulhas Bank have distinct optical signatures that reflect their origin
and can hence indicate whether they are caused by resuspended sedi-
ments or settling organic matter.
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2. Methods
2.1. Study site

We investigated the Eastern Agulhas Bank during 19 Mar — Apr 2,
2019 aboard the R.V. Ellen Khuzwayo (voyage EK188). Our survey
(Fig. 1; Supplementary Table 1) started in the east near Port Alfred
(closest station: 33.64°S, 29.92°E) and followed the general circulation
towards the west of the bank (most western station: 35.10°S, 21.31°E).
Based on Chl and nitrate concentrations during our survey, the surface
waters experienced different stages of the phytoplankton bloom, ranging
from ‘post-bloom’ to ‘pre-bloom’ to ‘non-bloom’ (Poulton et al., this
issue). Size-fractionated Chl measurements during our survey showed
that nanoplankton (2-20 pm) dominated the phytoplankton community
on the bank, though microplankton (>20 pm) contributions increased to
the west (Poulton et al., this issue). Our sampling strategy was to collect
samples along cross-shelf transects covering the full width of the shelf,
with the nomenclature being as follows: transects were numbered suc-
cessively from east to west (transects 1-12) and stations from inshore to
offshore (1-6). Each station had a unique ‘grid’ number, corresponding
to ‘transect.station’ (from 1.1 to 12.6; see Fig. 1). Three additional
profiles were collected at long-term ADCP mooring locations (CR1, CR3
and CR4; Hancke et al., this issue). A full description of the EK188 cruise
and its CTD deployments can be found in the cruise report (Noyon,
2019).

Across the programme, the Agulhas Bank was divided into the Cen-
tral Agulhas Bank (CAB) and Eastern Agulhas Bank (EAB) at 24°E. For
this study, we further separated each region into a western and an
eastern part. The CAB was sectioned along 22°E so that the western CAB
(wCAB) includes stations 12.1-12.4 and 11.1-11.3 and the eastern CAB
(eCAB) includes stations 12.4-12.5, 11.4-11.6 and transects 10 and 9.
The EAB was sectioned along 26°E, with the western EAB (WEAB)
covering transects 5-8, and the eastern EAB (eEAB) covering transects
1-2. We further distinguished inshore and offshore stations as the two
inner stations (stations 1 and 2) and the two outer stations of each
transect. The water column depths of inshore and offshore stations were,
generally, <100 m and >100 m, respectively.

The depth of the surface mixed layer was determined as the depth of
the maximum buoyancy frequency, or N? (Carvalho et al., 2017), be-
tween the surface and a density layer that is 0.8 kg m™ higher than the
surface (see also Poulton et al., this issue). This definition allows the
separation of the upper ocean from the bottom-influenced dynamics and
the identification of a mixed layer that is varying in similar timescales to
the phytoplankton community (Carvalho et al., 2017). The depth of the
bottom mixed layer depth was determined using two different density
thresholds (0.01 and 0.02 kg m>) from the bottom density value
(Hopkins et al., 2021). All density profiles were visually checked to
make sure the surface and bottom mixed layers were correctly detected
and that the former was matching the shape of the Chl fluorescence
(used as a proxy for phytoplankton biomass). Nutrients (nitrite, nitrate,
phosphate and silicate) and dissolved oxygen concentrations were
sampled and analysed as described by Poulton et al. (this issue).

2.2. ECO triplet

A 1000-m rated standalone Seabird Environmental Characterization
Optics (ECO) Triplet Fluorometer and Backscattering Sensor, measuring
Chl fluorescence (excitation/emission at 470/695 nm) and backscatter
at two wavelengths in the green and red spectrum (532 nm and 700 nm,
respectively, at 124°), was used during the cruise. The setup was similar
to the sensors on one of the gliders used during this field campaign
(Seaglider SG550, fitted with 700 nm, CDOM and fluorescence). The
ECO Triplet was deployed on the CTD rosette, fitted horizontally and
facing outward. This instrument did not have a pressure sensor, and it
thus relied on the depth sensor of the Seabird CTD on the rosette, which
was matched using time stamps (see below). The ECO Triplet and depth
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Table 1
Sensor calibration details. Serial number: BB2FLWB-1633. Calibration Date: Sep
2017. *Dark blanks determined Jun 2018.

ECO Chlorophyll

Scattering meter at Scattering meter at

Fluorometer 700 nm 532 nm
Scale 0.0626 pg Lt count?  3.004 x 10° (m? s’ 6.974 x 10 (m! s’
Factor 1) count™ 1) count™
Dark 47 £ 5 counts 62 + 6 counts 27 £ 5 counts
Blank*
Noise +0.313 pg L +1.80 x 10°m™? sr? +3.49 x 10°m? sr!

Chlorophyll: Chl (ug L) = Scale Factor x (Output-Dark Blank).
Backscatter: by, (m™ sr™) = Scale Factor x (Output-Dark Blank).

sensors were aligned on the same plane, and the offset between the two
sensors was <10 cm. The ECO Triplet was mounted onto the CTD frame
for the entirety of the EK188 cruise and set to self-logging using internal
storage. Data was sampled at a rate of 10 Hz and extracted using the
EcoView123 software.

All data rows containing corrupted data and values outside the
sensor range, as defined by the manufacturer, were removed. The ECO
Triplet clock was synced with the ship server time (GPS GMT) before the
first deployment and not changed thereafter. Upon recovery, we
detected a difference between the ship server time, the time of the CTD
unit and the ECO Triplet, caused by an unexpected drift in the sensor’s
internal clock. To determine the drift, we initially roughly matched CTD
data (>10 m depth) and ECO Triplet data based on the apparent date
and time. We then calculated the correlations (linear regression) be-
tween fluorescence and turbidity (700 nm) from the CTD vs the fluo-
rescence and backscatter (700 nm) from the ECO Triplet, with a range of
potential time delays (0-12 s). The most likely time delay was deter-
mined as the delay with the highest R%. We identified a consistent drift
(0.72s day'l) in the ECO Triplet’s internal clock (p < 0.001, R?Z= 0.60,n
= 94) and applied this regression to assign the correct sampling depth.

The scale factor for Chl (0.0626 pg Chl L count!) was determined
during the cruise (p < 0.001, R? = 0.58, n = 152) with discrete Chl
measurements. Briefly, seawater samples were collected using 10-L
Niskin bottles on the CTD rosette sampler between 2 m and 80 m
water depth. Seawater (200 mL) was filtered through Whatman GF/F
filters (25 mm diameter, 0.7 pm nominal pore size), and Chl extracted in
6 mL 90% acetone (Sigma-Aldrich, UK) for 18-24 h (in darkness at 4 °C).
Chl fluorescence was measured using a fluorometer (Turner-Designs
TrilogyTM, US) using a non-acidification module (Welschmeyer, 1994)
calibrated with solid and pure Chl standards (Sigma-Aldrich, UK).

ECO Triplet counts were converted into the volume scattering
function (5(6), m! s using the manufacturer-supplied scale factor
(Table 1) and dark blanks determined for the instrument (median signal
recorded between 400 and 1000 m depth in the open ocean 9 months
before the cruise; cruise DY090 in Jun 2018). Sensor drift was likely
minimal during our 2-week study as indicated by a second set of dark
blanks determined for the instrument 8 months after this study (cruise
DY111 in Dec 2019). Dark blanks were not different to each other (mean
+ standard deviation. Chl: 47 + 5 vs 49 + 3, bp532: 27 + 5 vs 26 + 4,
and bp700: 62 + 6 vs 56 + 3). Volume scattering was converted into
integrated particulate backscattering (byp) by subtracting the scattering
of pure seawater (Zhang et al., 2009) and using a y conversion factor of
1.077 (Sullivan et al., 2013). The noise of the sensor (standard deviation
of dark blank) was equivalent to 3.49 x 10°m?! sr'l, 1.80 x 10° m!sr’!
and 0.31 pg Chl L for 532 nm, 700 nm and fluorescence, respectively
(Table 1). Data are available (https://doi.org/10.5285/d9567f7
a-ba96-683a-e053-6¢86abcOab7e).

2.3. Spike analysis

Small and large particles were determined following the methods by
Briggs et al. (2011). Particulate backscattering (byp) was partitioned into
two components:


https://doi.org/10.5285/d9567f7a-ba96-683a-e053-6c86abc0ab7e
https://doi.org/10.5285/d9567f7a-ba96-683a-e053-6c86abc0ab7e
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Fig. 2. Particle assemblages for small particles (“baseline™) and large particles (“spikes™) as identified using optical backscattering at (a, b) 532 nm (top row), (¢, d)
700 nm (middle row), and (e, f) Chlorophyll-a fluorescence (bottom row). Stations are sorted from west to east, with the station name (TT.S) indicating the transect
(TT) and inshore-offshore position (S, with 1 being closest to the shore). The geographical sections (WCAB, eCAB, wEAB and eEAB) are indicated by the horizontal
lines. Grey polygon shows bathymetry. Upper and lower dark lines indicate the limit of the surface mixed layer (dashed line) and bottom mixed layer defined by a
0.01 or 0.02 kg m™ difference in density from the deepest density (dotted and solid lines, respectively).

bbp = bbpihaseline + bbpispikes = bbpismall + bbpﬁlarge (@)

where by, smq are small particles and by jqrge are large particles. For this
method, large particles are considered to be approximately 2100 pm in
diameter (Briggs et al., 2020). This method is a bulk method and it
cannot detect whether multiple large particles are passing through the
sampling volume at the same time. Particulate backscattering values
below zero (negative values) indicated that particle concentrations were
below the instrument’s detection limit, and these values were set to zero.
Small particles were defined as the baseline signal calculated using a
running minimum filter (11-point; Briggs et al., 2020) while large par-
ticles were defined as the spikes and calculated as the difference be-
tween the recorded signal and the baseline signal (Eq. (1)).

The descent/ascent speed of the platform affects spike height. To
minimize this effect, we calculated the platform speed over 24 readings
(i.e., 2.4 s) and on changes in depth. Only recordings taken at a descent/
ascent speed between 0.2 and 1.0 m s were considered in further an-
alyses (53% of the data met these criteria). Furthermore, we excluded
shallow samples (<4 m depth) as spikes near the surface are likely to
include bubbles from waves, the sensor platform entering the water, and
ship movement.

At the end of this processing, six variables were obtained: two signals
were calculated (baseline and spikes) for each backscatter wavelength
(532 and 700 nm) and Chl fluorescence, which were then averaged into
2-m bins for the downcast and upcast at each station.

2.4. Clustering approach and analysis of spatial trends

We explored spatial patterns of particle assemblages using hierar-
chical cluster analyses in R (3.5.1) (R Core Team, 2018). We tried a
variety of clustering approaches and used different bin sizes, standard-
izations and transformations. The results were all consistent with the
data interpretation in this paper, indicating that our method was robust.
First, baseline and spike values for 532 nm, 700 nm and Chl fluorescence
were scaled to have a mean of 0 and a standard deviation of 1. We
calculated Euclidian distances and performed hierarchical clustering
(average linkage method; cophenetic distance: 0.96) to look at the
overall data structure. The first few branches were dominated by very
few observations, indicative of outliers that cause issues with the initial
cluster analysis. To identify and separate these outliers, we increased the
number of initial clusters from 2 to 60 and recorded the number of
observations in each initial cluster, with the largest initial cluster being
defined as the ‘core’ group. Typically, the incremental increase in the
number of initial clusters did not increase the number of observations
outside the core group, indicating that the additional cluster contained
observations that were already outside the core group. With the addition
of the 35th cluster, 266 observations were cleaved from the core group,
which we took as indication that we are tapping into the core group. We
therefore applied 34 clusters, defined the largest cluster as ‘core’ data,
and grouped the remaining clusters as ‘outlier’ data. The outlier group
contained 155 observations (4% of the data). Once observations were
assigned to one of the groups (core or outlier), both groups were indi-
vidually scaled (from raw data) to have a mean of 0 and a standard
deviation of 1.
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Fig. 3. Mean cluster composition. (a) Total signal
strength of 532 nm, 700 nm (both in x 10 m? sr'})
and Chl fluorescence (in pg Chl LY in baseline and
spike signals (small and large particles, respectively).
(b) Relative contribution of each to total signal
strength. Bar colours in grey, red and green show 532
nm ('bp532’), 700 nm ("bp700°) and Chl fluorescence
(Chl-a’), respectively. Lighter colours represent
baseline signal (“small”), darker colours represent
spike signal (“large”). The coloured squares under-
neath each bar relate the clusters with the colour
legend used in Figs. 4-6. The cluster numbering
(1-11) is shown at the bottom of the figure.
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Using the two groups identified in the previous analysis (core and
outlier), we further partitioned them using a k-means clustering,
resulting in 7 and 4 clusters in the core and outlier data, respectively.
The optimal number of clusters was determined using R’s NbClust
function in the NbClust package (Charrad et al., 2014). The clusters
within each group were visualized on principal component maps (using
the fviz cluster function from R’s factoextra package) (Supplementary
Fig. 1).

To explore the spatial trends in the composition of profiles, we
produced an abundance table of the clusters for each station and ana-
lysed these using multivariate ordination (non-metric multidimensional
scaling (NMDS) using the vegan package in R; Oksanen et al., 2016). The
data were square-root transformed and standardized (Wisconsin double
standardization) to reduce the influence of clusters with high abun-
dance. Bray-Curtis dissimilarities were calculated (metaMDS function)
with an acceptable level of stress (0.2; Legendre and Legendre, 1998).
The solution was centred, rotated so that the first axis expresses the
largest variance, and scaled so that a distance of one unit between two
profiles indicates a halving of profile similarity. The first axis approxi-
mated water column depth (p < 0.001, R? = 0.43) as determined using
the envyfit function, which fits environmental vectors onto the ordination.
The solution was hence rotated (MDSrotate function) so that the first axis
is parallel to water column depth.

We tested for significant differences (1) between inshore and
offshore stations (defined as the two first and last stations on each
transect, respectively; Fig. 1), (2) between the four sections (WCAB,
eCAB, wEAB and eEAB), and (3) between stations with and without
near-bottom turbidity. The difference between these different groups (a

priori groups) was tested using PERMANOVA (non-parametric multi-
variate analysis of variance; Anderson, 2001) via the adonis function
after applying the same transformation and dissimilarity calculations
(vegdist function) as described above. Differences in dispersion, which
can give false positives (Anderson, 2006), were tested using the beta-
disper and permutes functions. Dispersion was not significantly different
between any of the pairings (p > 0.10 in all cases).

3. Results

3.1. Signal strengths

Generally, there was a strong correlation between the baselines of
the two backscattering wavelengths (linear regression: p < 0.001, R? =
0.93, n = 3850), as well as for the spikes detected by these two sensors
(linear regression: p < 0.001, R? = 0.51, n = 3850). Chl fluorescence
baseline and spikes did not correlate with each other nor with any of the
other sensor outputs.

In terms of raw signals, the baselines of 532 and 700 nm backscatter
were highest near the sea-bed (Fig. 2a, c), with their spikes following a
similar pattern with higher signal strength also near the seabed (Fig. 2b,
d). Baseline Chl fluorescence and Chl fluorescence spikes were strongest
in the surface mixed layer (Fig. 2e and f). On a spatial scale, all three
sensors detected higher concentrations throughout the water column on
the most eastern transects (transects 1 and 2; Fig. 2).
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3.2. Particle assemblages

Using the k-means clustering, we detected 11 distinct particle
assemblage clusters (Fig. 3), with the seven core clusters encompassing
96% of the observations, the four clusters classified as outlier clusters
(clusters 3*, 4%, 10* and 11%*, indicated by asterisks thereafter) encom-
passing the remaining 4% of the observations (Supplementary Fig. 1).

We identified the following trends and colour-coded the clusters
accordingly (Fig. 3). Clusters 1 and 2 (blue colours) were lowest in
particle concentrations of backscattering at 532 nm (means of 0.2 x 10
and 0.8 x 10° m™! sr'l, respectively) and 700 nm (means of 0.5 x 103
and 1.2 x 10° m! sr')), and Chl fluorescence (means of 0.2 and 1.1 ug
Chl L. Cluster 1 (lowest particle concentrations; dark blue) dominated
the mid-water column at most of the deeper offshore stations. At

shallower stations, Cluster 1 was restricted to the mid-water column.
Cluster 2 (light blue; with slightly more elevated particle concentrations
than Cluster 1) was prevalent in, and just below, the surface mixed layer
except on transect 1, where other clusters dominated near the surface
(Fig. 4).

Clusters 3 to 6 (green colours) were similar in particle concentration
(means on average 2.3 x 10 m?'sr?, 2.4 x 103 m? sr! and 3.6 ng L!
for 532 nm, 700 nm and Chl fluorescence, respectively), but varied
markedly in composition (Fig. 3). Cluster 3* (light green) was richest in
baseline Chl fluorescence (4.9 pg Chl L'l), whereas cluster 4* (dark
green) was richest in Chl fluorescence spikes (3.3 pg Chl L'l). Cluster 5
(mid-green) appeared similar to Cluster 3*, though with less baseline
Chl fluorescence (1.9 vs 3.9 ug Chl Lt respectively). Cluster 6 (khaki)
appeared enriched in spikes (particularly Chl fluorescence spikes; 1.5 pg
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Table 2
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Typical signal strength (mean and standard deviation) of optical backscattering (532 nm and 700 nm in x 10 m™ sr'!) and Chl fluorescence (in ug Chl LY for each
cluster. Average depth as well as closest distance to the surface and the seabed” where each cluster was found and number of observations in each cluster are also

presented. * indicate ‘outlier’ clusters.

Cluster Observations  Depth (m) 532nm ( x 10 m? sr't) 700 nm ( x 10° m? sr't) Fluorescence (pg Chl L'hH
mean SD  Min. dist. Min. dist. baseline spike baseline spike baseline spike
surface” seabed”

mean  SD mean  SD mean  SD mean SD mean  SD mean  SD
1 1806 80 53 26 8 0.0 0.1 0.2 0.2 0.2 0.2 0.3 0.2 0.0 0.0 0.2 0.1
2 577 21 16 4 45 0.3 0.5 05 0.3 0.8 0.5 0.4 0.2 05 0.3 0.6 0.1
3% 46 22 8 8 29 1.4 0.7 0.8 0.4 1.9 0.5 05 0.4 49 1.1 09 0.6
4+ 54 29 26 6 23 0.6 07 1.7 1.4 09 0.7 1.9 1.4 07 09 33 4.1
5 225 16 9 4 52 1.1 09 07 04 1.7 09 05 0.2 1.9 0.6 0.7 0.2
6 148 21 14 4 18 1.5 09 1.3 0.5 1.5 0.6 0.9 0.3 0.6 0.6 1.5 0.4
7 568 67 29 22 4 0.7 0.6 0.9 05 1.2 0.6 0.7 0.3 0.0 0.1 03 0.2
8 351 75 23 36 3 2.6 0.8 1.3 0.5 29 0.7 1.0 0.4 0.0 0.0 0.2 0.2
9 175 71 22 33 0 5.3 1.2 1.8 0.6 5.2 09 1.4 0.5 0.0 0.0 0.3 0.2
10* 44 42 18 4 4 12.9 7.4 41 3.0 11.2 59 28 1.6 0.1 0.4 0.6 0.5
11* 11 60 15 40 0 38.1 6.0 9.8 3.3 346 7.1 97 45 0.0 0.1 05 0.2

2 To calculate the closest distance to surface or seabed, the depth data for each cluster were sorted in an ascending order and the first 5% of the data were ignored to

remove the effect of potential outliers.
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Fig. 5. Spatial distribution of clusters. Pies show relative occurrence of clusters at each site (combined up- and downcast). Colours are as in Fig. 3. The geographical
locations (WCAB, eCAB, wEAB and eEAB) are indicated. The 200 m and 1000 m isobaths (grey lines) indicate approximately the edge of the shelf. (PA: Port Alfred,

PE: Port Elizabeth (now Ggeberha), PB: Plettenberg Bay, MB: Mossel Bay).

Chl L'Y) and, within this cluster group, was most similar to clusters 7-11*
in terms of relative signal composition (Fig. 3b). This cluster group (3*-
6) was observed predominantly near the surface and around the base of
the surface mixed layer, except Cluster 6, which was predominantly
located on transect 1 and 2 at variable depths (Fig. 4).

Clusters 7 to 11* (reddish colours) increased progressively in 532
and 700 nm backscatter signals (both baseline and spike; from 1.7 x 103
to 47.9 x 10° and 1.9 x 102 to 44.3 x 10° m! s}, respectively),
whereas Chl fluorescence signals (both baseline and spikes) were at a
low intensity (from 0.2 to 0.7 pg Chl LY. These clusters (7-11*) were
confined to near the seabed in the bottom mixed layer (Fig. 4).

The threshold value for high near-bottom turbidity was determined,
using visual inspection of all profiles for a marked increase of the
backscatter signal (700 nm) towards the seabed (Townsend et al., 1992),
as >13 x 102 m™ sr’l. This threshold value corresponded to ~1.2
Nephelometric Turbidity Units (NTU), and to clusters 10* and 11*
(Table 2).

3.3. Spatial trends and benthic nepheloid layer (BNL)

Inshore and offshore stations were significantly different in their
particle composition (p = 0.001, PERMANOVA; Fig. 6b). Low particle

concentrations dominated the water columns near the shelf break while,
towards the coast, clusters with higher 532 and 700 nm backscatter
intensity (reddish colours) started to be more prevalent (Figs. 4 and 5).
High-concentration clusters (clusters 10* and 11* in pale orange and
yellow) were found near the seabed and at the shallow stations on the
eastern CAB and the EAB (Stations 1.1, 5.1, 7.1, 8.1 and 9.1).

Stations in middle sections of the study area (eCAB and wEAB) were
not significantly different (p = 0.21, PERMANOVA), with a clear overlap
on the ordination plot (Fig. 6¢). The western and eastern parts of the
CAB, however, were significantly different (p = 0.001, PERMANOVA).
Likewise, the western and eastern parts of the EAB were significantly
different (p = 0.008; PERMANOVA). Most distinct were the two most
distance sections, wCAB and eEAB (p = 0.001, PERMANOVA) with a
clear separation in the ordination plot (Fig. 6¢).

Finally, we identified stations with a BNL, based on a sharp increase
in backscatter signal near the seabed and exceeding the BNL threshold
(>13 x 103 m™ sr'l; ~1.2 NTU), as Stations 1.1, 5.1, 7.1, and 8.1. All
four BNL stations were the most inshore stations and had significantly
different particle compositions compared to the remaining stations (p =
0.001; PERMANOVA; Fig. 6d).
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4. Discussion

Our relatively simple, semi-supervised cluster analysis identified 11
different particle assemblage types that allow insights into the Agulhas
Bank ecosystem dynamics. We observed a clear inshore-offshore trend in
particle assemblages (Figs. 4-6), as well as different regions along the
Bank with the eEAB, wEAB + eCAB and wCAB being different in their
vertical particle compositions (Figs. 6 and 7). In the following discus-
sion, we will explore how the spatial trends in particle composition on
the EAB and CAB are linked to environmental parameters. We will
further consider the formation of high near-bottom turbidity.

4.1. Large aggregate formation off Port Alfred

The characteristics of the particle assemblages near Port Alfred in the
eEAB was distinctly different to those in the other sections (Fig. 7),
suggesting different biophysical dynamics near Port Alfred. The region
near Port Alfred is well known for its frequent coastal wind-driven up-
welling during easterly wind events, which brings bottom waters of
Indian Ocean Central Water origin to the surface (Lutjeharms et al.,
2000; Whittle et al., 2008). Typically associated with this upwelling is
the introduction of inorganic nutrients that leads to high primary pro-
duction in near coastal waters (Lutjeharms et al., 2000; Mazwane et al.,
this issue). We observed that the water column near Port Alfred was high
in Chl fluorescence (Clusters 3-6), in particular Chl fluorescence spikes
(Fig. 2f; Clusters 4 and 6 in Figs. 4 and 5), indicating high Chl concen-
trations and a high abundance of large Chl-rich aggregates or phyto-
plankton. During our study, measured Chl concentrations were high
while net primary production was relatively low in the east around Port
Alfred (Station 1.1: 106 mg Chl m™ and 0.3 g C m™2 d'}; Poulton et al.,
this issue). We interpret these conditions as the end of an upwelling
event when nitrate has become limiting by the time we sampled (<0.2
UM NOy in the surface mixed layer; Poulton et al., this issue). The
upwelled nutrients may have initially caused the growth and accumu-
lation of phytoplankton cells, particularly microplankton including di-
atoms. Microplankton were common in this region during our study (66
+ 25% of total Chl in the surface mixed layer in the eEAB compared to

Water column depth (m)

25 + 19% across all other stations; Poulton et al., this issue), contrasting
the western stations where picoplankton became relatively more
important (30 &+ 16% of total Chl in the surface mixed layer compared to
11 + 16% in the eEAB; Poulton et al., this issue). The high biomass of
large-celled phytoplankton in the eEAB could have led to the formation
of large phytodetritus aggregates, which would explain the Chl fluo-
rescence spikes observed here. Hence, the distinct upwelling regime and
resulting phytoplankton community can explain the markedly different
optical particle composition (high occurrence of both backscatter and
Chl fluorescence spikes) in the eEAB section when compared to the
wEAB and CAB (Fig. 2).

The presence of optical spikes below the mixed layer in the open
ocean has been interpreted as sinking phytodetritus aggregates (Briggs
et al., 2011), i.e., indicating a vertical transfer of surface organic matter
to depth. As the eEAB had the highest abundance of spikes (compared to
other sections), we would expect sinking particulate fluxes to be highest
here. Particle flux measurements carried out during the cruise, using the
Marine Snow Catcher, confirm that particle fluxes were highest near
Port Alfred (1.9 g Cm™2 d™! at 20 m depth at Station 1.4 compared to, on
average, 0.7 £ 0.3gC m?d'inthe upper 40 m across all other stations;
Malongweni et al., 2022). The relatively high biogenic silica fluxes here
(60 mg bSi m2 d’! compared to, on average, 9 + 9 mg bSi m2 d! in the
upper 40 m across all other stations; Malongweni et al., 2022) further
supports the hypothesis that diatoms were an important component in
the phytoplankton community and led to the formation of sinking ag-
gregates. Overall, the region near Port Alfred may be a region of high
vertical transport of organic matter to depth via sinking particles
(Malongweni et al., 2022).

4.2. Bottom turbidity and benthic nepheloid layer (BNL) formation

Across the study region, we consistently observed elevated particle
concentrations near the seabed at the shallower inshore stations, indi-
cating a persistent potential for high turbidity events and BNL formation
on the Agulhas Bank. This observation is consistent with the suggested
BNL intensity in this region (Gardner et al., 2018). The key question is
whether these high particle concentrations are caused by sinking matter
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(e.g. marine snow) accumulating above the seabed, by resuspension of
seabed sediments, or a combination of both. Advection of sediments
from offshore via the Agulhas Current cannot explain high turbidity as
the offshore waters were clearer than inshore waters (Fig. 4).

4.2.1. Accumulation of sinking organic matter

If the formation of BNLs was directly linked to sinking marine snow
and the system was at steady state, we would expect to observe elevated
particle concentrations near the seabed around the same time as a high
abundance of Chl fluorescence spikes in the overlying water column.
These spikes are indicative of large, sinking phytodetritus aggregates
that could accumulate near the seabed and cause low visibility. During
our study, BNLs (here defined as >1.2 NTU) were only observed at the
inshore stations on transects 1, 5, 7 and 8. The vertical profiles of the
particle composition at these four sites (Fig. 8a) revealed that these sites
differed markedly from each other in their Chl fluorescence signals and
generally did not have a high abundance of Chl fluorescence spikes
(overall few ‘green’ clusters; Fig. 8a). Moreover, across these four sta-
tions, Station 8.1 showed the most pronounced BNL (the highest
turbidity at >3 NTU) yet appeared to have the lowest occurrence of Chl
fluorescence spikes (Fig. 2f). Our data hence suggest that there is no
instantaneous link between the presence of BNL and the particle as-
semblages in the water column directly above.

Another strong indication that there is no instantaneous link between
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BNL and sinking “fresh” phytodetritus is provided by the comparison of
the depth profiles of Chl fluorescence and red backscatter signal at the
four ‘BNL sites’ (Fig. 8b and c). The vertical profiles show that Chl
fluorescence (indicative of phytoplankton and “fresh” phytodetritus)
was not notably enriched near the seabed, whereas the red backscatter
intensity (indicative of suspended matter) increased greatly near the
seabed. Moreover, the vertical Chl fluorescence profiles varied consid-
erably between the four stations, suggesting different biophysical dy-
namics at these sites. In other words, the presence of BNL appeared to be
decoupled from the concurrent phytoplankton dynamics above.

As our observations are a ‘snapshot’ in time, we cannot rule out that
there was a time lag in phytodetritus export and BNL formation. For the
open ocean, non-steady state conditions can result in a misinterpretation
of flux profiles and particle export dynamics when export changes over
timescales of similar magnitudes to particle sinking velocities (Giering
et al., 2017). At typical sinking velocities of 20-100 m d’! (villa-Alfa-
geme et al., 2016), exported matter would reach the bottom mixed layer
of the Agulhas Bank within a few days (from less than a day to around a
week). The residence time of organic matter (i.e., how long we may
expect to find elevated particle concentrations in the bottom mixed
layer) then depends on the remineralization (i.e., degradation) rate. At a
temperature of 8-12 °C (observed range), we expect pelagic reminer-
alization rates of 0.05-0.08 d! (calculation based on Eq. 7 by Giering
et al. (2017) and Iversen and Ploug (2013), implying that ~50% of the
organic matter would be remineralized within 8-14 days. Benthic
remineralization rates are potentially higher than these estimated rates;
nonetheless, a BNL originating from a large export event could persist
for several days and be shifted by the tides and bottom currents, even
after upper water column plankton dynamics (production, fluxes) have
returned to base levels. It is hence possible that the material that makes
up BNL partly originates from sinking phytodetritus, with the time lag
between export events and benthic remineralization obscuring a direct
link between surface productivity and BNL.

4.2.2. Inshore-offshore trends in turbidity

We observed a strong correlation between particle concentrations
within 5 m above the seabed and water column depth (Fig. 9) that can
effectively be interpreted as an inshore-offshore gradient of near-bottom
turbidity across the shelf. A possible explanation for this trend is an
equivalent gradient in primary production and subsequent export, with
higher rates towards coastal waters, hence an increased potential for
organic matter accumulation inshore. During our survey, as well as over
a 20-year remote sensing time series, we indeed observed such inshore-
offshore trends in primary production (>650 g C m2 y! near the coast
and <550 g Cm y ™! above the 200 m isobath based on satellite-derived
average annual net primary production between 1998 and 2018; Maz-
wane et al., this issue) and export fluxes (derived using Marine Snow
Catchers: ~950 mg C m2 d! near the coast and 460 mg C m™2 d! near
the 200 m isobath; Malongweni et al., 2022).

An alternative explanation for the observed inshore-offshore
gradient in turbidity could be a consistent pattern in the resuspension
of sediments. Current flow along the shelf edge is generally aligned with
the Agulhas Current, with a strong westward flow, whereas on the
central Agulhas Bank the current is weaker and, at times, reversed close
to the shore (Boyd et al., 1992). This decrease in current flow towards
the coast is supported by the mooring transect near Mossel Bay that we
recovered during our cruise (Hancke et al., this issue). According to this
6-month time series, tidal speeds and mean residual currents were
slower near the coast (mean flow of 7 cm s™! throughout the water col-
umn at inshore station CR1) than near the shelf edge (15 and 13 cm stat
offshore stations CR3 and CR4, respectively; Hancke et al., this issue).
Yet, at all sites, maximum velocities of >30 cm s were recorded.
Moreover, coastal trapped waves and internal solitary waves, which
have been shown to induce nepheloid layers (Boegman and Stastna,
2019; McCave, 2009; Tian et al., 2019, 2021a, 2021b), have been
recorded in this region (Jackson, 2004; Schumann and Brink, 1990;
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Hancke et al. this issue).

Limited information is available on the benthic habitat and substrate
type, particularly sediment size, across the Agulhas Bank (Sink et al.,
2012; Wilkinson and Japp, 2005). Most of the CAB and EAB are covered
with biogenic sandy sediments, and muddy substrates are found in
isolated patches towards the coast (<100 m depth) typically near estu-
aries (Sink et al., 2012; Wilkinson and Japp, 2005). The sediments near

10

the coast are likely finer than those towards the shelf break (Sink et al.,
2012; Wilkinson and Japp, 2005), and this region is hence likely more
susceptible to resuspension. It is thus possible that the result is an
inshore-offshore gradient in turbidity, as observed here. In addition, due
to Ekman veering along the shelf break, clear and cold waters are being
pushed along the seabed towards the coast (Hutchings 1994). Such in-
trusions could also explain the clearer near-bottom waters towards the
shelf edge. We suspect that a combination of all of the above contributes
to the observed cross-shelf turbidity pattern. There is a clear need for
future research, including dedicated experiments (e.g. Thompson et al.,
2019), surveys of benthic habitats and substrate as well as near-bottom
shear stress across the Agulhas Bank.

4.3. Particle retention and remineralization on the CAB

Boyd and Shillington (1994) showed the presence of a retention cell
on the CAB and suggested that this cell was caused by the divergent
flows of the Agulhas Current on the outer shelf, which flows westward,
and the wind-driven coastal current, which flows eastwards. Though
there was considerable variability in the exact position and feature
strength of the retention cell, it was persistently found over a period of
four years (1988-1991), located offshore between Still Bay and Mossel
Bay, at approximately 35°S 21.5°E. Partly based on that study, Hutch-
ings (1994) suggested that a larger cyclonic recirculation pattern dom-
inates the CAB (between Still Bay ~21°E and Plettenberg ~23.5°E)
during summer, which would restrict offshore losses. The retention of
particles in this region was later backed by a particle-tracking model
used to investigate the transport and retention of sardines (Miller et al.,
2006).

The inshore stations of our transects 11 and 12 were located at the
site of this suggested retention cell. The vertical profiles in this section
(wCAB) differed from those in the other sections in a number of char-
acteristics. The surface mixed layer tended to be deeper and stratifica-
tion stronger (based on maximum buoyancy frequency). Noticeable
were also a sub-surface Chl maximum just below the surface mixed layer
and a clear enrichment with non-fluorescent particles near the seabed
(Figs. 4 and 5; Poulton et al., this issue), as well as higher zooplankton
densities (Noyon et al., 2022).

If a persistent cyclonic circulation would indeed retain the biota in
the mid-bank region, we could expect to find corresponding ecosystem
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characteristics. In regards to particle fields, it is unlikely that we would
be able to see distinct direct effects on the vertical distribution of our
clusters as ‘retention’ is a temporal phenomenon rather than an instant,
short-term one. Hence, we would not necessarily be able to distinguish
the retention cell when comparing the similarities in our ‘snapshot’
vertical particle profiles (e.g., Fig. 6¢). Rather, we need to look for sig-
nals of processes that integrate over time.

We discussed above (Section 4.2) that two processes likely occurred
in the bottom mixed layer across the western and central sections of our
study site: the remineralization of accumulated sinking organic matter,
and resuspension. Remineralization, i.e., the conversion of organic
matter into inorganic carbon and nutrients, typically requires the con-
sumption of oxygen. Hence, in a closed system, regions of high or pro-
longed remineralization rates can be identified by elevated nutrient
concentrations and low oxygen concentrations. At the inshore stations of
transects 11 and 12 (wCAB), we indeed observed strong gradient in
nutrients (nitrate, silicate and phosphate), with low nutrient concen-
trations in the surface mixed layer (e.g., 0.1-1 pM N) and high nutrient
concentrations in the bottom mixed layer (e.g., 18-26 pM N) (Fig. 10a—c;
see also Poulton et al., this issue). We also observed the lowest oxygen
concentrations across our study region here (Fig. 10d). If we assume that
microbial remineralization rates were broadly consistent across the
study site (based on the observed narrow temperature range of 8-12 °C),
these strong concentration patterns support the idea of a longer resi-
dence time of the waters in the western section of our study area (Boyd
and Shillington, 1994; Hutchings, 1994; Miller et al., 2006).

The relatively strong enrichment with non-fluorescent particles
throughout the bottom mixed layer in this region suggests that this layer
is well mixed and able to redistribute the nutrients towards the nutrient-
depleted surface layers. However, the east-west gradient in stratification
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strength of the surface mixed layer indicates that it would have been
harder to mix these nutrients back up into the surface mixed layer in the
west than in the east (see also Poulton et al., this issue). Such trapping of
nutrients below the mixed layer may explain why we observed a strong
sub-surface chlorophyll maximum in transects 11 and 12 (Fig. 4).

We can further tentatively explore the potential residence time of the
particles in the wCAB based on the observed oxygen concentrations. We
do not have community respiration measurements for our study site, yet
we have community respiration estimates measured in the UK Shelf Sea
that experienced similar temperatures and primary production rates as
the Agulhas Bank during our study (9-11 °C vs 8-12 °C and median 563
mg C m?2 d! vs 370 mg C m? d’!, respectively; Poulton et al., 2019;
Poulton et al., this issue). Based on a mean annual community respira-
tion rate (0.4 + 0.31 pM d?! ;Garcia-Martin et al., 2019), it would take
~200 days to produce the observed difference between oxygen con-
centrations in the bottom mixed layer at the offshore station 11.6 (~220
pmol kg!) and the inshore station 11.2 (140 pmol kgl). Overall, our
observations are consistent with the suggestion of particle retention on
the CAB, at least on timescales that allows the observed change in
nutrient and oxygen concentrations.

5. Conclusion

Our data analysis method of optical backscatter and fluorescence
allowed us to characterize the vertical structure of particles on the
Agulhas Bank, particularly showing a strong cross-shelf gradient of near-
bottom turbidity. The narrow shelf region near Port Alfred appeared to
be a region distinct from the rest of the shelf, characterized by optical
spikes that indicate the presence of large phytoplankton and the vertical
transport of organic matter. On the Central Agulhas Bank, turbidity was
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higher nearer to the coast, likely because of a combination of increased
organic matter accumulation, finer substrate near the coast that is
readily resuspended, and the intrusion of clearer offshore waters at the
shelf edge near the bottom. Our data further support previous sugges-
tions of particle retention owing to a larger recirculation pattern on the
Central Agulhas Bank.
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