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ARTICLE INFO ABSTRACT

Keywords: The Agulhas Bank is a productive shelf sea, supporting important fish stocks, nursery grounds, and spawning
Phytoplankton sites. Few studies have examined the dynamics of primary production and the physio-chemical conditions that
Upwelling support this productivity during autumn. We report from a 14-day, 51-station survey of the central and eastern
\é\{lzsl;e:élaboundaw current (21-27°E) Agulhas Bank in March 2019, during which we examined water-column structure, macronutrients,

chlorophyll-a (total and size-fractionated), diatom cell counts and Net Primary Production (NPP). East to west
trends were observed, with surface mixed layers (SML) and stratification increasing to the west. Euphotic zones
were deeper than the SML, with SML irradiance conditions indicative of favorable light conditions for NPP. On
average, surface waters contained ~1.2 pmol N L1 of nitrate (nitrate + nitrite; NO3) and ~3 pmol Si Lt of
silicic acid, which contrasts with nutrient deficient subtropical source waters. Surface chlorophyll-a ranged from
0.3 to 5.1 mg m~>, with high values inshore and near the shelf break. Nanoplankton (2-20 pm) dominated size-
fractionated chlorophyll-a, with microplankton (>20 pm) contributions increasing to the west. Measurements of
NPP were collected at seven stations, ranging from 0.3 to 1.1 g C m~2 d™*, with a statistically significant rela-
tionship between integrated NPP and surface chlorophyll-a allowing further estimates of NPP (0.1-1.1 g C m ™2
d™1). We estimated nitrogen-demand to support NPP, with a comparison to surface NO3 indicating ample nu-
trients to support daily NPP. Around half of the stations possessed a Subsurface Chlorophyll Maximum (SCM),
with chlorophyll-a ranging from 1.7 to 10.3 mg m™°. Characteristics of the SCM (depth, light level, chlorophyll-
to-carbon ratios) showed east to west variability, implying that the mechanisms of SCM formation ranged from
in-situ growth (east) to photo-acclimation (west).

The Agulhas Bank is considered a productive shelf sea, with surface
chlorophyll-a (Chla) concentrations often greater than 2 mg m™>, and
supports major spawning grounds for commercially important marine

1. Introduction

Autumn represents a key period of marine production in temperate

and high-latitude shelf seas (Wihsgott et al., 2019), with shelf seas
annually representing ~10-30% of global primary production (Field
et al., 1998) and high proportions of global carbon sequestration,
despite representing less than 10% of the ocean area (Bauer et al., 2013).
Coastal waters are key sites for phytoplankton growth and primary
production, and the organic matter produced by these phytoplankton
communities fuels marine ecosystems. Due to the high rates of primary
and secondary production associated with shelf seas, they also play host
to economically important fisheries and support ~90% of global fish
catches (Pauly et al., 2002).

species (e.g., Agulhas sole, Cape anchovy, chokka squid, hake and
kingklip) (Boyd et al., 1992; Hutchings, 1994; Probyn et al., 1994;
Hutchings et al., 2002). Applying the Vertically Generalized Production
Model (VGPM) to estimate Net Primary Production (NPP) from satellite
data, Mazwane et al. (2022) found that monthly mean productivity on
the central and eastern Agulhas Bank (33-37°S, 21-28°E; Fig. 1) was
relatively high all year-round (1998-2018 average + standard devia-
tion: 1.4 + 0.4 g C m~2 d™1), with little seasonality compared to other
temperate shelf seas. These observations agree with a previous
satellite-chlorophyll based study using a broad-band light transmission

Abbreviations: NPP, Net Primary Production; SML, Surface Mixed Layer; SCM, Subsurface Chlorophyll Maximum.
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model to estimate NPP on the Agulhas Bank by Demarcq et al. (2008)
(1997-2003 average: 1.2 g C m~2 d_l).

With an annual magnitude of variability in satellite-derived Chla of
only ~1 mg m~2 (from 0.5 to 1.5 mg m™~3; see also: Demarcq et al., 2003;
Lamont et al., 2018), despite seasonal changes in Photosynthetically
Available Radiation (PAR) of 20-60 mol photons m~2d ! and a seasonal
temperature range of ~5 °C, the Agulhas Bank sustains high levels of
annual NPP (in-situ estimates: 681 g C m~2 yr’l, Brown et al., 1991; 656
gC m2d}, Probyn et al., 1994; satellite estimates: 438 g C m? yr’l,
Demarcq et al., 2008; 514 g C m 2 yr’l, Mazwane et al., 2022). High
NPP occurs in late spring and early summer (November-December),
with lower NPP in autumn (March-May) and lowest NPP in winter
(June-July), although the amplitude of seasonal variability is only
~0.5-1.0gC m24! (Demarcq et al., 2008; Mazwane et al., 2022). To
sustain such relative seasonal stability and high annual NPP, which is
higher than global averages for most shelf systems (e.g. 385 g C m ™2
yr~ !, Longhurst et al., 1995), the Agulhas Bank must have efficient and
seasonally stable nutrient supplies and recycling mechanisms.

In many temperate shelf seas, the phenology of primary production is
dominated by a spring bloom, triggered by stratification and optimum
light conditions (Hopkins et al., 2021), with weaker rates during the
stratified summer, which is then terminated by increased autumn mix-
ing (Wihsgott et al., 2019). During summer, phytoplankton adapt to low
surface nutrients and low light at the base of the surface mixed layer
(SML), forming a subsurface chlorophyll maximum (SCM) at the ther-
mocline to take advantage of vertical fluxes of inorganic nutrients from
bottom waters (Holligan et al., 1984a; Carter et al., 1987; Sharples et al.,
2001; Hickman et al., 2012; Cullen, 2015). Phytoplankton in the SCM
adapt to the low light levels by increasing cellular pigmentation, which
leads to increases in chlorophyll-to-carbon (Chl:C) ratios (Gieder et al.,
1998; Cullen, 2015). The SCM can represent a maximum in terms of NPP
through a combination of in-situ growth, elevated nutrient fluxes, and
high light availability (Cullen, 1982, 2015). Weakening stratification in
autumn is often associated with a secondary peak in biomass, considered
an ‘autumn bloom’, which may reflect elevated production and/or the
redistribution of SCM material (Painter et al., 2016; Wihsgott et al.,
2019). On the Agulhas Bank, a lack of pronounced spring peaks (Sep-
tember—October) in Chla or NPP, with high levels seen from spring
through to late summer, with only a moderate peak in autumn (Demarcq
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etal., 2008; Lamont et al., 2018; Mazwane et al., 2022), implies that the
phenology of marine production on the Bank responds differently to
other shelf seas.

The Agulhas Current, one of the world’s strongest western boundary
currents, flows close to the shelf break of the Agulhas Bank, carrying
large amounts of warm (>18 °C), saline and relatively nutrient-poor
water from the Indian Ocean (Goschen et al., 2012; Lutjeharms,
2006). Subtropical surface water from the Agulhas Current helps to form
the surface waters on the Agulhas Bank, with low concentrations of ni-
trate (2-8 pmol N L’l), phosphate (0.2-0.8 pmol P L) and silicic acid
(<2 pmol Si L™H (Lutjeharms et al., 1996). As the Agulhas Current
moves along the shelf break, it drives cold (6-14 °C), nutrient-rich
deeper waters (South Indian Ocean Central Water; Lutjeharms et al.,
1996; Lutjeharms, 2006) onto the shelf (Largier and Swart, 1987; Swart
and Largier, 1987; Chapman and Largier, 1989; Jackson et al., 2012;
Malan et al., 2018). Relative to surface waters, South Indian Ocean
Central Water has elevated nutrients concentrations of 8-18 pmol N L™?
of nitrate, 0.8-2.0 pmol P L™ of phosphate and 4-7 pmol Si L™ of silicic
acid (Lutjeharms et al., 1996). Subsequent upwelling of this deep
nutrient-rich water to the surface supports NPP on the bank (Hutchings,
1994; Jackson et al., 2012) and contributes to the Agulhas Bank being
more biologically productive than many other shelf systems (Probyn
et al., 1994; Lutjeharms, 2007).

Advection of these cold, deep waters onto the Agulhas Bank exhibits
seasonality, related to seasonal changes in stratification and Agulhas
Current speed (Hutchinson et al., 2018) and is key to the formation and
maintenance of a strong thermocline across the bank (Largier and Swart,
1987; Swart and Largier, 1987). The relationship between the Agulhas
Bank and the Agulhas Current is complex, with various meanders (e.g.
Natal Pulses) and eddies that may intrude onto the bank (Boyd and
Shillington, 1994; Lutjeharms, 2006; Jackson et al., 2012; Malan et al.,
2018), with a concomitant export of material off the shelf (Jackson et al.,
2012). While the general current direction on the bank is westwards
(Jackson et al., 2012), meanders of the Agulhas Current onto the shelf
can alter or even reverse the surface currents (Lutjeharms, 2006).

The Agulhas Bank experiences several different types of upwelling of
deep nutrient-rich water to support elevated annual NPP: (a) upwelling
at the shelf edge via interactions between the shelf break and the
Agulhas Current; (b) meander-induced upwelling on the inshore side of
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Fig. 1. Sampling stations along inshore-offshore transects from east to west on the Agulhas Bank (March 2019) superimposed on a satellite composition (6/3/19-22/
4/19) of surface Chla concentration (4-km MODIS Aqua data). The diversity of sampling at each station is indicated in the key, with transects numerated east to west
and from inshore (low digits) to offshore (high digits). Bathymetry contours (black lines) for 200 m and 100 m are provided.
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the Agulhas Current; and (c) wind-driven upwelling in near-shore
coastal waters (Chapman and Largier, 1989; Boyd and Shillington,
1994; Probyn et al., 1994; Jackson et al., 2012; Lutjeharms, 2006; Lut-
jeharms et al., 1996; Malan et al., 2018; Swart and Largier, 1987). Un-
like the shelf break, the inner coastal waters of the Agulhas Bank,
dominated by capes and headlands, are strongly wind-driven (Schu-
mann et al., 1982), with westerlies dominant throughout the year, while
summer and autumn are associated with increased easterly wind events
(Hutchings, 1994; Schumann et al., 1982) which support localised
coastal upwelling of nutrient-rich shelf waters (Boyd and Shillington,
1994; Lutjeharms et al., 1996; Lutjeharms, 2006).

Water-columns on the Agulhas Bank exhibit steep vertical tempera-
ture and density gradients, with strong vertical transitions in tempera-
ture (up to 1-2 °C m™1) leading to strong stratification of the water
column (Carter et al., 1987; Largier and Swart, 1987). The thermocline
on the Agulhas Bank is formed and maintained through the combined
processes of coastal upwelling, advection of warm surface and cold deep
waters from the Agulhas Current, and surface water heating (Largier and
Swart, 1987; Swart and Largier, 1987; Lutjeharms, 2006). Strong
stratification of the water-column on the Agulhas Bank exerts a signifi-
cant control on the availability of nutrients to surface waters away from
coastal and shelf-break upwelling locations, and is associated with
widespread SCM (Probyn et al., 1994; Lutjeharms et al., 1996). These
SCM on the bank are considered light limited features, important for
zooplankton feeding and the spawning success of local fish populations
(Carter et al., 1987; Verheye et al., 1994).

To further understand the phytoplankton dynamics during autumn
on the central and eastern Agulhas Bank, we undertook a 14-day
research cruise sampling from east to west across the bank (Fig. 1).
Our objectives were to: (1) investigate in-situ rates of daily NPP; (2)
explore the potential limiting factors for NPP (light, nutrients, grazing);
and (3) analyze the distribution and characteristics of SCM. When
examining the SCM on the Agulhas Bank, our specific research question
related to whether the SCM represented a deep peak in NPP, as observed
by other studies on the Bank (Carter et al., 1987; Probyn et al., 1994;
Barlow et al., 2010), as well as to explore the factors involved in its
formation and maintenance.

2. Methods
2.1. Sampling

Sampling occurred on the central and eastern Agulhas Bank onboard
the RV Ellen Khuzwayo (cruise EK188, 21 March to 2 April 2019; Noyon,
2019) along several inshore-offshore transects from east to west (Fig. 1).
During the cruise, 51 stations were sampled over a 7-day survey (23-30
March) through deployment of a Seabird 911+ V2 CTD system with
rosette sampler equipped with twelve 8 L Niskin bottles (OTE: Ocean
Test Equipment). Processing and calibration of CTD data followed
standard procedures and are detailed in Noyon (2019).

At all 51 stations the CTD system was deployed to measure full depth
vertical profiles of temperature, salinity, density, chlorophyll-
fluorescence, and oxygen. Discrete water samples were collected from
all stations (n = 51) from 6 to 12 depths (depending on water depth) for
determination of macronutrient concentrations (nitrate + nitrite [NO3],
phosphate [PO4], silicic acid [Si(OH)4]). Water samples from a smaller
number of stations and depths were collected for the analysis of
phytoplankton biomass (total Chla; n = 34, 6 depths), community
composition (size-fractionated Chla (n = 32, 6 depths), phytoplankton
cell counts (n = 29, 2 depths), and the composition of particulate ma-
terial (n = 29, 6 depths; particulate organic carbon [POC], particulate
nitrogen [PN], biogenic silica [bSiO2])). At a limited number of stations
(n = 7), measurements of daily NPP (dawn to dawn) were made using
the tracer 13C. Location of the productivity stations was determined by
the pre-dawn sampling location on each day of the survey.

Transects were numbered from 1 to 12 from east to west (Fig. 1), and
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sequentially from inshore (e.g. 1.1, 5.1, 7.1) to offshore waters near the
shelf break (e.g. 1.4, 5.5, 12.6). A repeat was done for station 9.1, termed
9.1b, due to sudden bad weather, with 9.1b slightly to the east of 9.1 (see
Fig. 1). Anumber of mooring stations were also visited during the cruise,
with one station (CR4) sampled as part of the grid survey to the north-
east of station 10.5 (see Fig. 1).

Depth of the surface mixed layer (SML) was determined from density
profiles from the CTD, by identifying where potential density increased
by 0.125 kg m~2 above the surface (5 m) value (Hopkins et al., 2021)
and density profiles were visually checked. An alternative expression of
the SML and pycnocline was examined in terms of the vertical buoyancy
frequency (Brunt-Viisila frequency, N2), with the depth of its maximum
value (Carvalho et al., 2017) showing good agreement in most cases to
the SML depth (see Supplementary Fig. S1), with some notable excep-
tions (see Results). Bottom mixed layer (BML) depth was defined as an
0.02 kg m~> decrease in potential density from the deepest value
(Hopkins et al., 2021) and BML thickness was determined as the dif-
ference between BML depth and bottom depth (i.e., in our case the
deepest CTD depth).

Fluorescence from the CTD was calibrated against discrete mea-
surements of Chla (see Section 2.2) using a linear regression (r = 0.859,
p < 0.001, n = 167; FChl = (F1 - 0.07) * 14.47, where Fl is the raw CTD
fluorescence) (Noyon, 2019). Comparison of day and nighttime surface
values showed no consistent pattern of quenching of surface fluores-
cence signals, with variability between CTD-fluorescence and discrete
Chla during both day and night. Vertical profiles of calibrated
CTD-fluorescence (FChl) were examined to determine the value and
depth of maximum Chla concentration in each profile. A rigid definition
for the SCM was adopted to attempt to identify stations which had
well-defined SCM rather than just variable vertical FChl profiles. In this
case, SCM were identified as being present when SCM FChl values were
1.5-times greater than surface FChl values, and this definition identified
SCM at 24 of the 51 stations sampled. It is possible that other stations
had weak SCM present (i.e. <50% increase from surface Chla), but a
conservative approach was preferred to avoid misinterpretation of
phytoplankton dynamics across the Agulhas Bank.

A LI-COR Biospherical PAR Sensor on the CTD was used to determine
downwelling irradiance and the vertical attenuation coefficient of PAR
(Kacpar) m™!) during daytime CTD casts using the relationship
describing the exponential decline of downwelling irradiance with
depth (Kirk, 1983). For night-time casts, Kqppar) Was estimated from a
cruise-specific relationship between surface FChl and Kypagr) (linear
regression; Kqcpar) = 0.109 + 0.0185FChl; r = 0.71, n = 27, p < 0.001).
Depth of the euphotic zone (Ze,p) was calculated as the depth to which
1% surface irradiance penetrates. Average SML irradiance (Esy), which
describes the mean irradiance experienced by a particle mixed within
the mixed layer, was determined following Poulton et al. (2011) using a
combination of Kz and SML.

2.2. Total and size-fractionated chlorophyll-a

Total Chla concentrations (mg m3) were measured on 0.2 L water
samples filtered onto 25 mm Fisherbrand MF300 glass-fibre filters. Size-
fractionated Chla (fractions: 0.2-2, 2-20, >20 pm) was determined
through sequential gravity filtering 0.2 L water samples through 20 pm
and 2 pm 47 mm Nucleopore filters, and then through a 0.2 pm 47 mm
Nucleopore filter under gentle vacuum. All filters were extracted in 6 mL
90% acetone (Sigma-Aldrich, UK) at 4 °C for 18-24 h, with Chla fluo-
rescence then measured on a Turner Designs Trilogy™ fluorometer
using a non-acidification module (after Welschmeyer, 1994) calibrated
with solid and pure Chla standards (Sigma-Aldrich, UK).

2.3. Macronutrient concentrations

Water samples for macronutrient concentrations were collected into
acid-cleaned 50 mL HDPE bottles, which were immediately frozen
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(—20 °C) onboard and kept frozen until analysis. Concentrations (pmol
L™ of nitrate + nitrite (NO3), phosphate (PO4) and silicic acid (Si
(OH)4) were measured with a SEAL QuAAtro39 auto-analyzer following
standard protocols (Becker et al., 2020). Certified reference materials
were used daily (KANSO, Japan) and analytical procedures followed
International GO-SHIP recommendations (Becker et al., 2020). The
typical uncertainty of the analytical results were between 0.5% and 1%,
and the limits of detection for nitrate and phosphate were 0.02 pmol L™,
while Si(OH)4 was always higher than the detection limit (0.05 pmol Si
L™ 1). Deficiencies of NOj3 relative to PO4 and Si(OH)4 were described
relative to the Redfield (1958) ratio with N* (= NOs - (16 x POg4); Moore
et al., 2009) and relative to the 1:1 ratio of Si(OH)4 to NO3 uptake in
diatoms (Brzezinski, 1985) through Si* (= Si(OH)4 — NOg; Bibby and
Moore, 2011).

2.4. Net primary production

Daily rates (dawn to dawn, 24 h) of net primary production (NPP)
were determined using the '3C stable isotope method (Legendre and
Gosselin, 1996) following Daniels et al. (2015). Water samples were
collected from 6 depths for 5 stations, 3 depths for 1 station (5.1) and 1
depth (55% depth) for 1 station (9.1b). In the case of the station with
samples from 3 depths (5.1), these included the depths of 55, 4.5 and 1%
incidental irradiance, while stations with 6 depths included the depths
of 55%, 33%, 20%, 7%, 4.5%, and 1% of incidental irradiance. Sampling
depths were determined by estimating that the bottom of the SML
occurred at the 4.5% irradiance level and the Kq(par) back-calculated.

Water samples were collected from the six depths in 1.2 L poly-
carbonate (Nalgene™) bottles and inoculated with 500 pmol L lof13C
labelled sodium bicarbonate, representing ~11% of the ambient dis-
solved inorganic carbon pool (assumed to be ~2318 pmol C L71).
Samples were incubated in on-deck incubators, chilled with sea surface
water, and light depths were replicated using combinations of optical
filters (misty-blue and neutral density, LEE™ Filters) after Poulton et al.
(2013). Incubations were terminated after 24 h by filtration onto
pre-ashed (>400 °C, >4 h) Fisherbrand MF300 glass-fibre filters.
Acid-labile particulate inorganic carbon (PIC) was removed by adding a
few drops of 1% HCI to the filter followed by extensive rinsing with
freshly filtered (Whatman GFF) unlabelled seawater (Daniels et al.,
2015). Filters were oven dried (40 °C, 8-12 h) and stored in cryotubes. A
parallel 55% Eq bottle for size-fractionated NPP (<20 pm) was also
incubated, with the incubation terminated by pre-filtration through 20
pm polycarbonate (Nucleopore™) filters and the filtrate subsequently
filtered as above. Isotopic analysis was performed on an automated ni-
trogen and carbon analysis preparation system with a 20-20 stable
isotope analyser (PDZ Europa Scientific Instruments). The 13C-fixation
rate were calculated using the equations described in Legendre and
Gosselin (1996). The >20 pm NPP fraction was calculated as the dif-
ference between total NPP and <20 pm NPP.

2.5. Particulate biogenic silica (bSiO»), particulate organic carbon (POC)
and nitrogen (PN)

Particulate silica concentrations (bSiO; pmol Si kg’l) were made on
0.5 L water samples filtered onto 0.8 pm polycarbonate (Nucleopore™)
filters, rinsed with pH-adjusted MilliQ (pH > 8), oven-dried at 40-50 °C
for 10-12 h and stored in 15 mL HDPE tubes. For analysis, filters were
digested in 0.2 M NaOH at 85 °C for 1 h, neutralized with 0.2 M HCl
(Ragueneau and Tréguer, 1994) and analyzed on a SEAL analytical
AACE 7.03 autoanalyzer using standard techniques. Measurements of
particulate organic carbon (POC) and nitrogen (PN) were made by
filtering seawater samples (1 L) onto pre-ashed (>450 °C, >4 h) 25 mm
MF300 Fisherbrand™ filters. Acid-labile particulate inorganic carbon
(PIC) was removed by adding a few drops of 1% HCI to the filter fol-
lowed by extensive rinsing with freshly filtered (Whatman GFF) unla-
belled seawater (Daniels et al., 2015). The filters were then oven dried at

Deep-Sea Research Part II 203 (2022) 105153

40-50 °C for 10-12 h, stored dry and analyzed using the same equip-
ment as for 13C analysis.

2.6. Phytoplankton enumeration

For phytoplankton enumeration, 100 mL water samples were pre-
served with acidic Lugol’s solution (2% final solution) in 100 mL amber
glass bottles. Diatom cells were counted in 50 mL Hydro-Bios chambers
after a 24-48 h settling period using a Zeiss AxioObserver Al inverted
microscope (magnification X200).

3. Results
3.1. Water column structure

The depth of the SML in autumn showed an east to west deepening,
from <10 m in the east to >20 m in the west (Fig. 2a), though the
deepest SML across the Agulhas Bank was only 27 m (average + stan-
dard deviation: 15 + 5 m). Deepening of the SML was related to
warming of the SML, with sea-surface (<5 m) temperatures generally
warming from east to west (Fig. 2b). There were no clear or consistent
inshore-offshore trends in depth or temperature of the SML. In March
2019, surface water temperatures ranged from 17 to 22 °C (Fig. 2b;
average: 20 + 1 °C), with salinities ranging from 34.7 to 35.3 (Table S1).

Vertical density profiles were also assessed in terms of buoyancy
frequency (Brunt-Viisili frequency, N2), with the depth of the
maximum buoyancy frequency compared to the SML depth and the
maximum value of the buoyancy frequency used as information of the
degree of stratification in the water column (Carvalho et al., 2017). The
depth of the maximum buoyancy frequency showed the same strong east
to west deepening as the SML depth (Fig. 2a and c). The value of the
maximum buoyancy frequency also showed an east to west strength-
ening trend (Fig. 2d), from values of <4 x 10% s~2 in the east to values
~5 x 10% s72 in the west. Increasing stratification from east to west
likely relates to warming of sea-surface waters (Fig. 2b), as well as other
physical factors related to widening of the shelf and interactions with the
Agulhas Current.

The depth of the BML ranged from 23 to 271 m across the Agulhas
Bank (Fig. 2e), with deepening of the BML from <50 m to >100 m from
inshore to offshore stations as bottom depth also deepened. BML
thickness showed a clear east to west trend with generally much wider
BML in the west (>30 m) than in the east (<30 m) (Fig. 2f). The range of
BML temperatures and salinities was 8-14 °C and 34.7 to 35.2
(Table S1), respectively, which corresponds with the reported temper-
ature and salinity range for South Indian Ocean Central Water (i.e.,
~6-14 °C, ~34.6-35.2; Fig. S2; Swart and Largier, 1987; Chapman and
Largier, 1989).

3.2. Light regime

Measured values for Kqepar) ranged from 0.09 to 0.20 m! (average:
0.14 + 0.03 m™) for daytime CTD casts, with estimated Kqppar) values
from surface CTD calibrated-fluorescence Chla measurements (see
Methods) ranging from 0.12 to 0.20 m™ (average: 0.15 + 0.02 m™).
Euphotic zone depths, here defined as the depth of penetration of 1% of
surface irradiance (Eg) ranged from 18 to 62 m (average: 33 + 8 m),
with no clear east to west or inshore-offshore trend (Fig. 3a). During
autumn, none of the sampling stations had euphotic zones shallower
than the SML, with euphotic zone to SML ratios between 1 and 8. Esti-
mates of the average irradiance in the SML (Egyy; Fig. 3b) indicate that
particles (e.g. phytoplankton) in Agulhas Bank SMLs during March
received 26-76% of incidental irradiance (average: 44 + 12%). An east
to west trend of declining Egyy, was observed, with SML for the Agulhas
Bank east of 25°E having values greater than 60% of incidental irradi-
ance (Eg) while values to the west (<25°E) were generally less than 40%
of incidental irradiance (Fig. 3b).
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indicates the numbering from east to west of the inshore-offshore sampling transects.

3.3. Nutrient regime

Average SML NOj3 concentrations ranged from 0.1 to 6.2 pmol N L™}
(average: 1.2 + 1.4 pmol N L™!) across the Agulhas Bank in autumn,
with generally similar concentrations in the east and west (Fig. 3c). High
average SML values (>4-6.2 pmol N LY were found at several offshore
stations along transects 5, 6 and 7 (Fig. 3c). Average SML PO4 concen-
trations ranged from 105 to 522 nmol P L~! (average: 233 + 97 nmol P
L’l), with a similar east to west declining trend (Table S1) and a sig-
nificant (p < 0.005) correlation with NO3 (Pearson’s product moment, r
= 0.90, n = 51).

Average SML NOs and PO4 concentrations are similar to values
previously reported for Subtropical Surface Water (see Fig. S2) (NO3
2-8 pmol N L7%, PO, 200-800 nmol P L’l; Lutjeharms et al., 1996)
associated with the Agulhas Current. The relative concentration of SML
average NOs to POy, represented here by N*, was negative at all sites,
ranging from —1.6 to —5.2 (average: —2.5 + 0.7) (Fig. 3d) and is
indicative of ‘nitrate-depletion’ relative to phosphate on the Agulhas
Bank in March. These N* values are in close agreement with N* esti-
mated for the source waters of the Agulhas Bank, using values from
Lutjeharms et al. (1996) (calculated N* range: —1.2 to —4.8, median N*
—3.0), highlighting depleted nitrate (relative to phosphate) of subtrop-
ical source waters (see Fig. S2) for the Bank. Strongly negative N*
values, less than —3.0, were limited to inshore stations between 24 and
26°E on the Agulhas Bank (1.1, 5.1, 5.2, 6.1, 7.1, 8.1) (Fig. 3d).

Average SML Si(OH)4 concentrations ranged from 0.6 to 5.1 pmol Si
Lt (average: 3.0 + 1.0 pmol Si Lfl) (Table S1) and showed only a
moderate correlation with average SML NOs (Pearson’s product
moment, r = 0.40, p < 0.005, n = 51). For the subtropical source waters
of the Agulhas Bank, reported Si(OH)4 concentrations are lower (<2
pmol Si L™!) than many of the concentrations reported here, high-
lighting the importance of coastal upwelling (Lutjeharms et al., 1996),
SML retention (through bSiO5 dissolution; e.g. Brzezinski et al., 2003),

and/or cross-thermocline fluxes of nutrients for the availability of Si in
surface waters. The relative concentration of average SML Si(OH)4 to
NOs, represented here by Si*, gave generally positive SML values
(0-3.9) in surface waters (Fig. 3f), which differs to estimated Si* values
(Si* 0 to —6, median Si* —3) based on the range of NO3 and Si(OH)4
concentrations reported for the subtropical source waters (see Lutje-
harms et al., 1996). This contrast largely stems from the higher SML
average Si(OH)4 concentrations observed on the Bank during March
2019 (average: 3.0 & 1.0 pmol Si L™1) relative to the subtropical source
waters (<2 pmol Si L’l).

Interestingly, there was a noticeable trend of offshore stations having
low or negative SML Si* values (0 to —1), with this pattern following the
width of the shelf from east to west so that negative Si* values covered
more of the shelf in the east than west (Fig. 3f). Low SML Si* values near
the shelf edge are likely a proximate signal of the subtropical source
waters for the Agulhas Bank, with their negative Si* values. Stations
with negative Si* (indicating ‘silicic acid depletion’) had relatively high
SML NO3 concentrations (>2.6 pmol N L™1) indicating that it was not
low Si(OH)4 at these stations but rather high NOg that led to this pattern.
This pattern of negative Si* was not found at all stations with high NO3
but was limited to stations on transects 2, 5, 6 and 7 (Fig. 3f). Strongly
positive SML Si* values (>1) found more inshore and to the west of the
sampling grid on the Bank indicate ‘nitrate-depletion’ relative to Si
(OH)4 for diatoms on the Agulhas Bank in March or, put another way,
residual Si(OH)4 in surface waters.

Bottom water average NO3 concentrations in the BML ranged from
14.3 to 26.9 pmol N L7! (average: 20.5 + 2.9 pmol N L™1) with low
values (<18 pmol N L generally to the east around transect 1 (~27°E)
and towards the shelf break in the west (~22-23°E), while most stations
had deep values between 18 and 22 pmol N L™! (Fig. 3d). Reported NO3
concentrations for the South Indian Ocean Central Water (Fig. S2) that
intrudes onto the Bank are 8-18 pmol N Lt (Lutjeharms et al., 1996),
indicating that there must be NOg3 retention and/or another source of
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Fig. 3. Light and macronutrient regimes: (a) Depth of the euphotic zone (Zg,p, m); (b) SML average irradiance (Egmr, % of surface irradiance, Eg); (c) SML average
NO;3 (pmol N L’l); (d) BML average NO3 (pmol N L’l); (e) SML average N*; (f) SML average Si*; (g) BML average N*; and (h) BML average Si*. Panel (a) indicates the

numbering from east to west of the inshore-offshore sampling transects.

NOj; to bottom waters of the Bank (e.g. sedimentary nitrification). High
BML average NOj concentrations (>22 pmol N L™1) were limited to the
offshore parts of the transects around 25°E (5 and 6) and towards the
inner shelf waters on the western section of the sampling grid (transects
11 and 12). Values of N* for the BML were also negative (N* range —1.9
to —14.7, average N* —3.3 + 2.0) (Fig. 3g), indicating depletion of NO3
relative to PO4 in bottom waters of the Agulhas Bank. Estimates of N* for
South Indian Ocean Central Water, based on the nutrient values given by
Lutjeharms et al. (1996), are also strongly negative (N* range —4.8 to
—14.0, median N* —9.4). The slight discrepancy of N* values between
BML and South Indian Ocean Central Water potentially also highlight a
local source of NO3 (independent of PO4) to deep shelf waters (e.g.
sedimentary nitrification). An inshore-offshore pattern was observed
with strongly negative N* values (less than —4) inshore close to the coast
and increasing N* values (—4 to —2) towards the shelf break (Fig. 3g).
Strongly negative N* values were also noticeable on the inner shelf to
the west on transects 11 and 12. These patterns in N* distribution
potentially relate to a sedimentary source of NOs towards the inner
Agulhas Bank, as retention of remineralized organic matter would
generate both N and PO4 (and no pattern in N*).

In the case of BML Si*, there was a strong contrast to SML values,
with Si* in the BML generally negative (Si* range 2.4 to —8.5, average
Si* —4.0 £ 2.6; Fig. 3h), indicative of ‘silicic acid depletion’ relative to
NOs in bottom waters. Negative Si* values are to be expected as South
Indian Ocean Central Water is depleted in Si(OH)4 relative to NOg (Si*
range —4.0 to —14.0, median Si* —9.0; estimated using values from

Lutjeharms et al., 1996), with the discrepancy between BML Si* and
source water Si* again highlighting a potential local (sedimentary)
source of NOs. Only 3 stations had positive Si* values in the BML (5.4,
5.5, 6.1), and these were concentrated on the inshore-offshore transects
near 25°E alongside negative values from —0.2 to —3; more negative
values (down to —8) were found offshore to the west of transects 5 and 6
while inshore waters had less negative Si* values (Fig. 3h). As inshore
BML waters had strongly negative N*, indicative of a local NO3 source,
positive Si* values are likely related to a proximate source of Si(OH)4
that remains unidentified at this time.

3.4. Phytoplankton biomass: total and size-fractionated chlorophyll-a

Surface concentrations of Chla, from calibrated CTD fluorescence
(FChl; see Methods), showed a patchy distribution across the Agulhas
Bank in March (Fig. 4a). Values ranged from 0.3 mg m° to as high as
5.1 mg m~ in surface waters across the sampling stations (average: 2.0
+ 1.1 mg m’g), with high values (>3.1 mg m~3) restricted to inshore
waters around transect 7 and a few offshore stations near the shelf break.
The range of these Chla concentrations (FChl; 0.3-5.1 mg m~°>) agree
with previous reviews and studies of the Agulhas Bank (Brown et al.,
1991; Probyn et al., 1994; Barlow et al., 2010), including the observa-
tion of higher inshore and shelf break concentrations. No relationship
was found between average SML NOs and SML FChl (Pearson product
moment, p = 0.11, n = 51), highlighting that high surface Chla occurred
at both low (<1 pmol N L) and high (>4 pmol N LH NO3
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inshore-offshore sampling transects.

concentrations. This implies that different ecological dynamics were
occurring in surface waters in autumn, ranging from ‘post-bloom’ (high
Chla, low nutrients) to ‘pre-bloom’ (low Chla, high nutrients) or ‘non--
bloom’ (low Chla, low nutrients). Despite the trend of deepening of the
SML from east to west (Fig. 2a), there was no similar trend in surface
FChl (Fig. 4a).

Integrated full water column (i.e., surface to seabed) Chla (FChlg.pop,
ranged from 22 to 196 mg m~2 (Fig. 4b; average: 69 + 33 mg m~2) and
showed an east to west pattern. High values (>100 mg m_z) were found
inshore at the shallow station 1.1 (~27°E), towards the shelf break on
transects 7 and 8 and were common at deep stations on transects 11 and
12 (Fig. 4b). In the east, high integrated water-column Chla was asso-
ciated with shallow water-columns (<60 m) whereas in the west high
values were associated with deep water-columns (~200 m). A com-
parison of integrated Chla over the euphotic zone (FChlgy,) with water-
column integrated Chla (FChly.p,) showed that on average 85 + 13%
(range: 41-100%) of integrated Chla was contained within the euphotic
zone (i.e. shallower than the depth of penetration of 1% of incidental
irradiance) (Fig. 4c). Stations with less than 70% of their total water
column FChl in the euphotic zone were generally found on the most
western sampling transects (11 and 12).

Across the eastern and central Agulhas Bank, 47% of stations
possessed a definable SCM (i.e., sub-surface FChl greater than 1.5-times
surface values; see Methods; Fig. 4d). Stations in the west with SCM
corresponded to ones with less than 70% of total Chla in the euphotic
zone (Fig. 4c and d). According to our definition of a SCM, SCM on the
Agulhas Bank varied in depth from 9 to 41 m (average: 22 + 9 m), with
generally shallow SCM (<20 m) east of ~23°E and deeper SCM to the
west (>25 m; Fig. 4d). Peak FChl concentrations within the SCM ranged
from 1.7 to 10.3 mg m—3 (average: 5.0 + 2.7 mg m*3) (Fig. 4e), with
generally 2 to 33-times (average: 5 + 7) more Chla at depth in the SCM
than in the overlying surface waters. Stations with SCM containing more
than 10-times surface FChl values were restricted to transects 11 and 12
(stations: 11.1, 12.3, 12.5). Comparing SML and SCM depths (see

Figs. 2a and 4d) shows that in general the SCM in autumn were at similar
depths to the SML, with SCM in the east closer in depth to the SML than
in the west. The percentage of surface irradiance (Ey) reaching the SCM
(Fig. 4f), estimated using K4par) and SCM depths, ranged from 0.4 to
31.8% (average: 8.7 + 8.2%), with a strong east to west trend and SCM
west of ~23°E generally receiving lower amounts of surface irradiance
(0.4-6% of Ep).

Size-fractionated Chla can be used as a simple indicator of the size-
structure of the phytoplankton community, in our case giving the rela-
tive chlorophyll-biomass of picoplankton (0.2-2 pm), nanoplankton
(2-20 pm) and microplankton (>20 pm). In surface waters across the
Agulhas Bank in March, size-fractionated Chla showed a patchy distri-
bution of picoplankton relative biomass (as a percentage of total Chla)
(Fig. 5a), ranging from 2 to 80% (average: 29 + 20%) with the highest
contributions at one coastal (1.2) and two offshore stations (8.6 and
12.6). Nanoplankton relative chlorophyll-biomass ranged from 11 to
67% of total Chla (average: 45 + 20%), with most stations having
40-70% nanoplankton biomass (Fig. 5b). In contrast to picoplankton
and nanoplankton relative chlorophyll-biomass, microplankton relative
chlorophyll-biomass showed a noticeable east to west trend, with
microplankton increasing in biomass in the west (Fig. 5¢). Despite this
east to west trend, microplankton only made up 4-45% (average: 26 +
10%) of total chlorophyll-biomass, increasing from less than 20% in the
east to 30-40% in the west.

3.5. Particulate organic carbon (POC), particulate nitrogen (PN),
particulate silica (bSiO2) and diatom cell abundance

Surface water concentrations of POC ranged from 86 to 570 mg C
m ™3 (average: 222 + 106 mg C m~3), with a slight east to west trend of
stations with higher surface POC concentrations (>328 mg C m~>) east
of ~25°E and no clear or consistent inshore-offshore pattern (Fig. 6a).
Surface PN concentrations ranged from 10 to 71 mg N m > (average: 32
+ 13 mg N m™3 Table S1), showing a statistically significant
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relationship with surface POC concentrations (Pearson’s product
moment; r = 0.94, p < 0.001, n = 29). Surface ratios of PN to POC (N:C)
ranged from 0.10 to 0.17 mol mol ! (average: 0.14 + 0.02 mol mol’l),
indicating that in general particulate material had a similar ratio to the
Redfield (1958) ratio of N to C (0.15 mol mol™1), with values patchily
distributed on the shelf (Fig. 6b). Comparison of surface Chla (FChl) to
POC concentrations, through the Chl:C ratio, showed that surface values
ranged from 4 to 40 mg g~ ! (average: 13 + 8 mg g™1), with no clear
inshore-offshore or east to west pattern in the surface (Fig. 6¢).
Surface water concentrations of bSiO5 ranged from 0.10 to 4.51 pmol
Sit! (average: 0.8 + 0.9 pmol Si L’l), with higher values (>2 pmol Si
L) limited to inshore stations on transects 2 (2.3) and 6 (6.1) and no
clear pattern overall (Fig. 6d). Ratios of bSiOy to POC (Si:C; Fig. 6e)
ranged from 0.01 to 0.18 mol mol ! (average: 0.05 £ 0.05 mol mol’l),
with ratios higher than 0.13 mol mol ! (the average diatom cellular Si:C
ratio; Brzezinski, 1985) limited to stations 2.3, 6.1, 12.6 and 12.2.
Diatom cell counts in surface waters (Fig. 6f) ranged from 520 to 12,000

cells L*I, with the highest cell counts (>8000 cells L™Y) limited to
offshore stations rather than inshore stations on transects 8, 9, 10, 11
and 12. Whilst no statistically signification relationships existed be-
tween diatom cell numbers, POC and bSiO; (Pearson correlations, p >
0.1), there was a significant relationship of diatom abundance with >20
pm Chla (r = 0.75, p < 0.001, n = 25), indicating that ~56% of the
variance in microplankton Chla was related to diatom abundance.

3.6. Net primary production: total and microplankton (>20 ym) NPP

At the six stations where daily rates of total net primary production
(NPP) was measured for the euphotic zone (see Fig. 1), euphotic zone
integrated NPP ranged from 0.3 to 1.1 g Cm 2 d~! (Table 1) with the
highest integrated NPP found at station 8.6. Integrated measurements of
microplankton (>20 pm) NPP showed 42-52% relative contributions
apart from station 12.6, which had a microplankton contribution to NPP
of 79% (Table 1). Microplankton contributions to total NPP were not the
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Table 1

Hydrography and euphotic zone integrals for phytoplankton biomass and composition, net primary production, particulate material, and stoichiometric ratios.

Parameter Sampling sites
1.1 5.1 8.6 10.2 12.6 CR4 Units
Latitude (°S) 33°38' 34°00 34°43' 34°28' 35°35 34°52
Longitude (°E) 26°54 25°13' 23°43' 22°20 22°06 22°42'
Chlorophyll-a 106 28 61 27 64 61 [mg m~2]
Microplankton 63 34 47 17 76 47 [%]
Net Primary Production (NPP) 0.32 0.41 1.11 0.47 0.69 0.47 [gCm2d7!]
Microplankton NPP 44 46 52 42 79 44 [%]
Assimilation number (P) 0.3 1.2 1.5 1.5 0.9 0.6 [gC(gChh)'h™]

same as for their integrated contributions to total Chla. Microplankton
integrated Chla ranged from 17 to 76% of total Chla (Table 1), with
station 12.6 having the highest contribution of microplankton to inte-
grated Chla (76%) and integrated NPP (79%). Generally, there was good
agreement between euphotic zone integrated total Chla and integrated
total NPP, with stations with high NPP having high integrated Chla
(Table 1). However, the exception was station 1.1, which had the
highest integrated Chla (106 mg m~2) of the stations where NPP was
measured but the lowest integrated NPP (0.3 g C m~2 d™1). Clearly, the
phytoplankton dynamics at station 1.1 where quite distinct from that at
other stations and are examined in more depth in the discussion (see
section 4.3).

Plotting surface Chla (FChl) against euphotic zone integrated NPP
shows a strong positive linear relationship (Fig. 7) for most of the
sampled stations (see Table 1), with the notable exception of station 1.1
which sits well removed from the linear relationship. The relationship
between surface Chla (FChl) and integrated NPP can be described by a
statistically significant (p < 0.005) Modell II linear regression (Fig. 7).
This regression can be used to estimate integrated NPP rates for sam-
pling sites where NPP was not measured (Fig. 8), giving a total range of
estimated integrated NPP in March of 0.1-1.1 g Cm ™2 d ™! (average: 0.4
+ 0.2 g C m 2 d™1). Stations with high estimated NPP (>0.5 g C m~2

d™!) were patchily distributed on the Agulhas Bank, though stations
with low estimated NPP (<0.2 g C m~2 d~!) where generally restricted
to west of 25°E (Fig. 8).

4. Discussion
4.1. Net primary production on the Agulhas Bank

Measured NPP rates ranged from 0.3 to 1.1 g Cm~2 d™! for the six
stations sampled (Table 1), with NPP based on surface calibrated fluo-
rescence (FChl) concentrations ranging from 0.1 to 1.1 g C m~2 d!
(average: 0.4 + 0.2 g Cm~2d~; see Fig. 8) and showing a similar patchy
distribution as FChl (Fig. 4a). Chlorophyll-normalised NPP (PB; assimi-
lation number), indicating production per unit chlorophyll-biomass,
ranged from 0.3 to 1.5 g C (g Chl) " h™! (Table 1), implying relatively
low-to-moderate productivity, for example the global average maximum
value is 3.1 g C (g Chl)_l h! (Bouman et al., 2018). Assimilation
numbers (P%) vary with nutrient status and photo-acclimation, as well as
temperature (Bouman et al., 2018), with the former factors likely
important drivers of NPP on the Agulhas Bank (Carter et al., 1987;
Probyn et al., 1994).

In-situ measurements of NPP on the Agulhas Bank have a sporadic
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spatial and temporal coverage, with studies often focusing on the up-
welling cells in the east (e.g., Barlow et al., 2010; Lamont and Barlow,
2015) or the Benguela upwelling on the west coast (e.g., Brown et al.,
1991; Barlow et al., 2009). By comparison, few studies have examined
the central and eastern Agulhas Bank (20-27°E) (e.g. Carter et al., 1987;
Probyn et al., 1994). Carter et al. (1987) reported primary production on
the central and eastern Agulhas Bank, deploying short (<6 h) C in-
cubations to measure a range of 0.4-15 g Cm 2 d ™! across five stations
on the central Bank in March. High rates at one station (~15 g C m™2
d 1) were associated with a SCM containing >40 mg m~° of Chla, while
most stations had surface concentrations ~1 mg m~> and SCM con-
taining 2-6 mg m~3 (Carter et al., 1987), conditions more similar to the
stations sampled in March 2019 (Fig. 4a, e). A review of primary pro-
ductivity measurements by Probyn et al. (1994), also of short (<6 h) l4c
incubations, gave an area-weighted mean rate for the whole Agulhas
Bank of 2 g Cm~2 d ! for summer. Taking the March measurements in
Probyn et al. (1994), we estimate geometric means across the 95%
confidence intervals reported of 1.7 ¢ C m~2 d ™! (range: 0.1-14.7 g C
m~2d™Y) for the central Bank and 4.3 g Cm~2d ™! (range: 0.6-20.2 g C
m~2 d_l) for the eastern Bank. More recently, Barlow et al. (2010)
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measured primary production in spring on the central and eastern
Agulhas Bank (22-29°F) ranging from 0.3 to 3.7 g C m~2 d~}, with
Lamont and Barlow (2015) further to the northeast on the
KwaZulu-Natal shelf measuring rates of 0.4-9.9 g Cm~2d L.

Whilst there is some degree of overlap between our NPP measure-
ments in March 2019 and those reported previously, especially at the
lower end of the ranges, the highest NPP observed in our study was only
1.1 g Cm~2d~! (Table 1). While we did not sample the chlorophyll rich
SCM seen in several previous studies (Carter et al., 1987; Barlow et al.,
2010), which could explain our lower NPP range, another important
difference between studies were the techniques used (e.g. short-term
versus 24 h incubations, *C versus '3C). Methodological differences
can cause important differences, for example, our daily incubations
would have measured NPP whereas shorter incubations (e.g. <6 h)
scaled to daylength are more representative of gross primary production
(Cullen, 2001). Satellite based measurements of NPP on the Agulhas
Bank give average values for March of ~1 g Cm~2d ™! (Demarcq et al.,
2008)and 1.2-1.9gC m2d"! (Mazwane et al., 2022), which are higher
than this study (0.1-1.1 g Cm~2 d™!; average: 0.4 + 0.2 g Cm 2d™1).

Mazwane et al. (2022) suggest that the Agulhas Bank ecosystem is
more productive on an annual basis than other mid-latitude shelf sea
systems (see also Probyn et al., 1994; Lutjeharms, 2007). Comparing our
autumn measurements with similar in-situ measurements from
mid-latitude systems shows similar NPP rates; for example, Poulton et al.
(2019b) found NPP rates of 0.2-0.6 g C m2d! during autumn in the
Celtic Sea (Northwest European Shelf), with similar rates during sum-
mer and higher rates during the spring bloom (0.7-6.4 g C m~2 d~};
average: 2.4 + 1.9 g C m~2 d™1). The Agulhas Bank appears to lack a
distinctive spring bloom of such intense productivity, though NPP re-
mains relatively high and similar throughout the year (Demarcq et al.,
2008; Mazwane et al., 2022), implying that continuously moderate NPP
on the Agulhas Bank supports sustained production of the ecosystem.
High NPP (>5 g C m~2 d™!) appears more related to inshore upwelling
zones along the South African coast than during seasonal bloom events
(Mazwane et al., 2022), and appears to have been missed by our sam-
pling in March 2019. In contrast, compared to the neighboring Benguela
upwelling, the Agulhas Bank has a lower productivity, for example
Barlow et al. (2009) measured in-situ rates in the Benguela upwelling
during late summer (February-March) of 0.4-8.2 g Cm™2d L.

Barlow et al. (2009) also highlighted variable relationships between
in-situ measurements of Chla and NPP, with stronger relationships in
summer than winter in the Benguela upwelling. In our study we were
restricted by the shortness of the autumn cruise in allowing only 7 daily
measurements of NPP and while our relationship between surface FChl
and NPP was statistically significant (p < 0.005), this omitted one
sampling station (1.1, ~27°E). Ideally, more sampling stations (e.g.
>20) would lead to a more confident estimate of NPP from FChl. Station
1.1 had high FChl (2.9 mg m~2) and low NPP (0.3 gC m~2 d’l), with the
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Fig. 8. Estimated Net Primary Production (g C m~? d ') from surface Chla measurements. Inshore-offshore sampling transects are labelled and numerated from east

to west.
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chlorophyll-based NPP.; twice as high as that measured (0.6 g C m™2
d™1). This discrepancy may relate to a previous high productivity (up-
welling) event which had depleted surface NO3 (<0.2 pmol N LD (see
Giering et al., 2022, for further discussion), and highlights how the
dynamic oceanography of the eastern Agulhas Bank impacts produc-
tivity on short timescales.

In the future, more NPP measurements, alongside the kind of ancil-
lary data collected here (e.g. size-fractionated Chla, nutrients), and
potentially using higher resolution techniques (e.g. fast-repetition-rate-
fluorometry; Barlow et al., 2010) are needed to fully understand the
spatial and temporal variability of the productivity of the central and
eastern Agulhas Bank. Such NPP measurements would need to be
collected following a standard protocol to allow for comparison between
similar measurements and to account for important differences between
techniques (Cullen, 2001). A level of confidence in our limited dataset
can be found by the general agreement of our in-situ measurements with
historical data (Carter et al., 1987; Probyn et al, 1994) and
satellite-based estimates (Demarcq et al., 2008; Mazwane et al., 2022);
however, we appeared to have missed the more elevated NPP often
associated with coastal waters and intensive SCM on the Agulhas Bank.

4.2. What controls primary production on the Agulhas Bank in March?

4.2.1. Light availability

Light is a major driver of photosynthetic rates, with a strong decline
in light with increasing depth. In autumn on the Agulhas Bank, despite
euphotic zones varying by ~40 m (from 18 to 62 m; Fig. 3a), none of the
sampled stations had SML depths greater than the euphotic zone and
hence phytoplankton in the SML across the Bank always experienced
more than 1% of incident irradiance. This contrasts with Barlow et al.
(2010) in spring on the Agulhas Bank, where SML depths were 10-30 m
deeper than euphotic zones. Estimates of the average irradiance a par-
ticle would encounter within the mixed layer (Esy) ranged from 26 to
76% (average: 44 + 12%), with a decline in these values from east to
west (Fig. 3b). Given an average of ~40 mol photons m~2d ! of inci-
dental irradiance during March (see Mazwane et al., 2022), this range in
EgwL equates to 10-30 mol photons m 2 d! (average: 18 + 5 mol
photons m~2 d™1) of PAR. Estimates of the compensation irradiance,
where photosynthetic rates equate to respiratory losses, range from 1.2
to 3.0 mol photons m2d! (Siegel et al., 2002; Venables and Moore,
2010; Wihsgott et al., 2019), which are ~10 times lower than the irra-
diance levels experienced by phytoplankton in the SML in March. These
estimates of Egy;, compare well with similar estimates in summer on the
Patagonian Shelf (6-41 mol photons m2d7! ; Poulton et al., 2013) or in
the Celtic Sea in spring and summer (10-18 and 9-20 mol photons m 2
d’l, respectively), while autumn in the Celtic Sea is much lower (<1-6
mol photons m 2 d’l) (Poulton et al., 2019a, 2019b). Shallower SML
than euphotic zone depths and considerable levels of SML irradiance
indicate that light limitation was not an important factor limiting NPP in
the SML during autumn on the Agulhas Bank, in contrast to other shelf
seas.

While SML irradiance conditions were relatively high, around half of
the stations sampled had a SCM which ranged in depth from east to west
from ~10 to 40 m (Fig. 4d). The amount of surface irradiance reaching
the SCM was only ~9% on average (range: 0.4-32%; Fig. 4f), lower than
that experienced in the SML, with SCM in the west experiencing less
than 6%. Previous work on the Agulhas Bank have found SCM, often
with high rates of NPP, at the 3-7% surface irradiance depth (Carter
et al., 1987), which is similar to our observations. Based on an incidental
irradiance of ~40 mol photons m~2d~! (Mazwane et al., 2022), these
equate to an average of ~3.6 mol photons m 2 d~! (range: 0.2-13 mol
photons m~2 d™1), a value close to estimates of the compensation irra-
diance (1.2-3.0 mol photons m2d7 Siegel et al., 2002; Venables and
Moore, 2010; Wihsgott et al., 2019) and indicating potential light lim-
itation of the SCM. Irradiance data from March 2019 (GlobColour
project; https://hermes.acri.fr/merged) averaged ~42 mol photons m ™2
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d~! (range: 16-47 mol photons m~2 d~!) which agrees well with the
climatology of Mazwane et al. (2022). While light limitation is not likely
to influence NPP in the SML, it becomes more important when consid-
ering NPP in the SCM of the Agulhas Bank. Previously, Carter et al.
(1987) found SCM at ~1% surface irradiance in summer on the central
Agulhas Bank and concluded that the SCM on the bank were exclusively
light limited.

4.2.2. Nutrient availability

As with the open ocean (Moore et al., 2013), nitrate appears to be a
major limiting factor for NPP on the Agulhas Bank in autumn with the
relative abundance of nitrate to phosphate showing depletion in nitrate
relative to the Redfield (1958) ratio of 16:1, as shown by the negative N*
values in surface waters across the Bank (Fig. 3e). Persistent negative N*
values across the Bank contrast with the high surface NO3 concentra-
tions (>4-6.2 pmol N L™1) found at several sampling sites offshore along
transects 5, 6 and 7 (Fig. 3c). Such high surface nutrient levels are
surprising, with the expectation that phytoplankton would rapidly
deplete such levels and thus some additional process may be involved.
Examination of the maximum buoyancy frequency values (N?) across
the Agulhas Bank (Fig. 2d) show that stations on transects 5, 6 and 7 had
low N2 values (<2 x 10% s71), implying that weaker stratification at
these stations relates to the elevated surface NOs.

Negative N* values indicate nitrate depletion relative to phosphate,
but do not necessarily confirm proximate nitrate limitation of surface
NPP. Rather, the availability of NOs3 relative to the N requirements to
support NPP (i.e. ‘N-demand’) gives an idea of whether NOjs is sufficient
to support the observed rates of NPP. The N-demand to support NPP can
be estimated by converting NPP rates into N units, and here we use the
N:C ratio (0.13 mol mol 1) from nutrient-replete phytoplankton (Geider
and La Roche, 2002) to convert NPP. Due to the unknown contribution
of detrital and/or bacterial biomass to the bulk POC values measured, a
phytoplankton-specific N:C is more appropriate than the value for par-
ticulate material on the Bank (0.14 mol mol™!) or the global average
from Redfield (1958) (0.15 mol mol’l).

Plotting N-demand against average SML NOs concentrations shows
most stations (n = 45) fall below the 1:1 unity line (Fig. 9) with SML NO3
sufficient to support instantaneous rates of measured and estimated
NPP; however, there are several exceptions (n = 12) where surface NO3
appears insufficient to support NPP. These stations include inshore
stations to the east (1.1, 5.2, 7.1) and west (12.1, CR4) and offshore
stations in the middle (8.3, 8.4, 8.5, 8.6) of the sampling grid. To support
NPP rates at these stations, alternative nitrogenous compounds
(ammonium, urea) are required, although differences between N-de-
mand and SML NOs at these stations are often <0.2 pmol N L™ (Fig. 9).
Even if N-demand were to be doubled (e.g., higher rates of NPP, higher
N:C ratios), many stations would still have NO3 concentrations >1 pmol
N L~! above the estimated N-demand. For example, if the Redfield
(1958) N:C ratio (0.15 mol mol~1) was used to estimate N-demand, there
is no change in the number of stations which are considered to have
sufficient NO3 to support NPP (n = 45; see Fig. S3).

That only 21% of stations required additional sources of N, whereas
SML NOs concentrations were able to support NPP rates at the other
79%, is a surprising observation and implies that sufficient NO3 was
found in the SML at most stations on the Agulhas Bank in autumn.
Moreover, calculating the turnover time of SML average NO3 based on
our estimates of N-demand gives an average of ~11 + 12 days (range:
1-60 days), implying that surface phytoplankton communities have
sufficient NOg3 to support continued rates of NPP for around another
week before they are dependent on alternative sources (e.g. coastal and
shelf-edge upwelling, vertical fluxes through the thermocline). During
our autumn survey of the Bank, we did not observe strong upwelling of
deep waters, with strong stratification maintained at many of the
inshore sites associated with upwelling cells (Fig. 2d). The pycnocline in
autumn was characterized by high values (>4 x 1072 s72) of buoyancy
frequency (Fig. 2d) and steep gradients in temperature (1-2 °C m™};
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Fig. 9. Comparison of surface NO3 concentrations (yumol N L™1) with estimates
of N-demand (pmol N L~'d™1) based on using Geider and La Roche’s (2002)
nutrient-replete phytoplankton N:C ratio (0.13 mol mol™!) to convert surface
rates of NPP. Note log-log scale with dashed line indicating 1:1 ratio. Open
circles represent estimates from sampled stations (Table 1) while grey circles
are NPP estimates from surface Chla using the regression in Fig. 7. Sampling
sites above the 1:1 line indicate potential TON limitation of NPP rates, whereas
sites below the dashed line are considered TON replete.

Largier and Swart, 1987; Swart and Largier, 1987; Carter et al., 1987;
Lutjeharms, 2006). Such a strong thermocline will regulate vertical
fluxes of nutrients such as nitrate (Probyn et al., 1994; Sharples et al.,
2001), with bottom waters replenished with nutrients from the South
Indian Central Water advected onto the shelf (Fig. S2; Lutjeharms et al.,
1996; Jackson et al., 2012). While SML NOj concentrations appear
sufficient to continue to fuel NPP for short periods, away from the
coastal upwelling sites, vertical diffusive fluxes of nutrients regulated by
the stability of the thermocline will be key to maintaining NPP. There is
thus a need to understand the mixing and thermocline phytoplankton
dynamics (e.g., Sharples et al., 2001) of the Agulhas Bank to address
seasonal production.

Sufficient NOg3 to support rates of NPP for many stations across the
Agulhas Bank in autumn implies a reliance on NO3 for much of the NPP,
and hence high ‘f-ratios’ (sensu Dugdale and Goering, 1967). These
simple estimates indicate a lack of proximate nitrate limitation of pri-
mary production on the Agulhas Bank in autumn and highlight the po-
tential for an abundance of organic matter for higher trophic levels (or
export to depth) during this time. Particulate N:C ratios on the bank at
the time of sampling (average: 0.14 + 0.02 mol mol~!; see Fig. 6b) were
between both the Redfield ratio (0.15 mol mol_l; Redfield, 1958) and
that of nutrient replete phytoplankton (0.13 mol mol~; Geider and La
Roche, 2002), showing only moderate enrichment in C (min. 0.12 mol
mol ™)), implying that the particulate material formed was relatively
N-rich, further supporting a lack of direct NO3 limitation and a high
f-ratio; both of which would have decreased particulate N:C ratios.

Whilst the availability of nitrogen (and phosphorus) controls the
distribution and activity of the entire phytoplankton community, silicic
acid is a key limiting nutrient for diatoms, which tend to characterize
more productive coastal ecosystems (Tréguer and De La Rocha, 2013).
On the Agulhas Bank in March, Si(OH)4 concentrations were generally
higher than the notional 2 pmol Si L1 concentration believed to limit
diatom productivity (Egge and Aksnes, 1992), with most surface waters
having positive Si* values higher than 2 (Fig. 3g) and indicative of re-
sidual silicic acid concentrations (Bibby and Moore, 2011). There was
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also an inshore to offshore trend in the SML Si* values, with offshore
values becoming lower and, in some cases, negative (especially transects
5, 6 and 7), a clear signal of the low Si(OH)4 concentrations (<2 pmol Si
L’l) of the subtropical source waters (see Results 3.3). Whilst this
pattern of offshore negative Si* did not correspond to particulate silica
(bSiO3) distribution (Fig. 6d), it was noticeable that diatom abundances
in surface waters were higher offshore near the shelf break than they
were inshore (Fig. 6f). Elevated diatom abundance near the shelf break
likely relate to localized upwelling and frontal interactions with the
Agulhas Current (Boyd and Shillington, 1994; Probyn et al., 1994;
Jackson et al., 2012; Lutjeharms, 2006; Malan et al., 2018).

4.2.3. Mortality

Whilst a few studies have examined meso-zooplankton (>200 pm)
biomass on the Agulhas Bank (Verheye et al., 1994; Peterson and
Hutchings, 1995; Noyon et al., 2022), none have measured grazing rates
or the potential of zooplankton to have a strong grazing impact on
phytoplankton communities.

During March 2019, Noyon et al. (2022) measured secondary pro-
duction by meso-zooplankton at the same CTD stations sampled in this
study, with a comparison of secondary production (‘zooplankton C-de-
mand’) and our estimated NPP showing that 29% of the stations sampled
had zooplankton C-demand exceeding NPP, while around half of sta-
tions had C-demand ~50% of estimated NPP. The results of Noyon et al.
(2022) imply that meso-zooplankton exert a strong control on rates of
NPP across the Agulhas Bank in autumn and support our conclusions
about abundant organic material for higher trophic levels and a poten-
tially high f-ratio characterizing the phytoplankton communities on the
Bank. Hutchings (1994), Verheye et al. (1994) and Peterson and
Hutchings (1995) estimate that Agulhas Bank zooplankton could
consume approximately 20-60% of NPP, with dense copepod concen-
trations exerting a strong grazing control on NPP and being strongly
correlated to Chla concentrations (including the SCM).

To summarize, the SML of the Agulhas Bank in autumn appears to
have ample irradiance and nitrate to support observed and estimated
rates of daily NPP, with only a few stations (18%) requiring alternative
nitrogenous sources (ammonium, urea). Nitrate-depletion relative to
phosphate (negative N*) are characteristic of Bank waters, and likely
inherited from the subtropical source water for the SML (see Results
3.3). Support for NPP from NOs3 on the Agulhas Bank in autumn implies
that ‘new production’ (sensu Dugdale and Goering, 1967) characterizes
production on the Bank (Carter et al., 1987), with relatively N-rich
particulate material supporting the idea that recycling is of limited
importance during autumn. Moreover, N-rich particulate material and
NPP supporting estimates of zooplankton production (Noyon et al.,
2022) indicate that the Agulhas Bank in autumn is a productive system
for both primary and secondary producers. Residual silicic acid con-
centrations were common on the Agulhas Bank at the time of sampling,
indicating other factors (e.g. selective grazing, competition for nitrate)
limited diatom production on the Bank.

4.3. Does the subsurface chlorophyll maximum contribute to production?

Around half of the stations sampled on the Agulhas Bank in March
possessed a clearly definable SCM (Fig. 4d) where Chla concentrations at
depth where more than 1.5-times higher than in surface waters. It is thus
a reasonable question to ask whether these SCM also represented deep
productivity maximum, as seen for SCM in other shelf seas (e.g. Holligan
et al., 1984a, b; Hickman et al., 2012) and previously observed on the
Agulhas Bank (Carter et al., 1987; Probyn et al., 1994; Barlow et al.,
2010). The clear east to west trend of deepening SCM (Fig. 4d), asso-
ciated with a decline in SCM irradiance levels (Fig. 4f), also implies that
different processes may be important in the formation and maintenance
of the SCM (Cullen, 1982, 2015). Relatively high absolute irradiances at
the SCM allow elevated nitrate uptake (new production) relative to light
limited SCM (Cullen, 1982, 2015; Carter et al., 1987; Hickman et al.,
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2012), although the absolute irradiance experienced relative to the
vertical gradient in nitrate is a key determinant (Cullen, 2015). While
the SCM deepened across the Bank, vertical gradients in nitrate (0.9-1.4
pmol NO3 L' m™?) and the density of the nitracline (24.9-26.1 kg m™>)
were similar (Table 2).

SCM may form by in-situ growth and productivity, sinking of surface
biomass onto a density discontinuity, photo-adaptation of phyto-
plankton deep in the water column in association with deep nutrient
pools, or some combination of these (Cullen, 1982, 2015; Carter et al.,
1987). Deep measurements of NPP were only made at six sites across the
Agulhas Bank, and of these only three had SCM present (Table 2); two
inshore sites to the east (1.1, 5.1) and one inshore site in the west (CR4).
At these three sites, and indeed for all the stations sampled for NPP,
surface rates of NPP were similar (range: 25.1-37.2 mg C m > d™1),
while SCM NPP rates were different between eastern (1.6-8.1 mg C m3
d’l) and western (0.4 mg C m~3 d’l) stations. Deep NPP rates, where
measured, were 3- to 16-times lower than surface rates in the east, and
80-times lower in the west, whereas the assimilation number (PP) lacked
such east to west differences; P® ranged from 0.1 to 0.3 g C (g FChl)~!
h7! in the east and from <0.1 to 0.2 gC (g FChD)™! h7! in the west
(Table 2). These are lower than the values reported by Carter et al.
(1987) on the Agulhas Bank in summer when SCM were strong pro-
ductivity maxima (0.6-2.9 g C (g Ch)~* h™1) or by Barlow et al. (2010)
in spring (>5g C (g chp™! h’l), and indicate that the SCM sampled in
March 2019 were associated with low rates of production per unit
(chlorophyll) biomass.

For the SCM on the Agulhas Bank to represent a deep NPP maximum,
or equal surface NPP (average: 35 + 15mgC m~3 dfl; Table 2), it would
need to have equivalent P? to surface waters and contain ~13 mg Chla

Table 2
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m~ or if depth-dependent patterns of P? remained it would need to
contain at least 145 mg m~? of Chla. Thus, for SCM to represent deep
NPP maxima they require both high P® and relatively high Chla con-
centrations (>10 mg m’3; see Holligan et al., 1984a, b; Carter et al.,
1987; Barlow et al., 2010) — a pattern not seen in autumn but observed
by other Agulhas Bank studies. Two stations on the western Agulhas
Bank in March 2019 possessed SCM with Chla concentrations ~10 mg
m 3 (Stations 12.5, CR4; Fig. 4e) but both had low relative light levels in
the SCM (~0.4%), potentially highlighting the role of light limitation in
deep productivity in the west. Carter et al. (1987) observed SCM con-
taining 5-10 mg m~> during summer on the central Agulhas Bank
(20-23°E) while Barlow et al. (2010) observed SCM of 2-5 mg m~3
around the eastern Agulhas Bank in spring. Both Carter et al. (1987) and
Barlow et al. (2010) identified the SCM as making important contribu-
tions to integrated productivity (see also Probyn et al., 1994), linking
SCM productivity to deep photo-physiology, although photosynthetic
rates remained higher in surface waters.

While the SCM have FChl concentrations over 1.5-times higher than
surface values (roughly 2-times higher for the eastern sites and 5-times
higher in the west), surface and deep POC concentrations were similar
(Table 2). This implies that the SCM Chl:C ratio was different than in
surface waters, and indeed the SCM Chl:C (FChl:POC) ratio in the east
was 6-13 mg g~ !, which is similar to the range generally seen in surface
waters (5-12 mg g’l; Fig. 6¢), while in the SCM in the west it was
roughly doubled (~17-22 mg g™ 1). A previous estimate of SCM Chl:C
ratios for the Agulhas Bank found an average ratio of ~15 (+5) mg g~}
(Carter et al., 1987). Changes in Chl:C ratios indicate photo-acclimation
as cellular levels of pigmentation increase to enhance light harvesting at
low light (Gieder et al., 1998; Cullen, 2015). As Chl:C ratios are similar

Surface mixed layer (SML) and subsurface chlorophyll maximum (SCM) characteristics in terms of phytoplankton biomass and composition, net primary production,
particulate material, stoichiometric ratios, and nitrate and light availability. For stations for which no SCM was present (8.6, 9.1b, 10.2, and 12.6) in-situ sampling
concentrated on the base of the SML and NPP incubations were at the 4.5% surface irradiance level (see Methods).

Parameter Sampling sites

1.1 5.1 8.6 9.1b 10.2 12.6 CR4 Units
Surface Mixed Layer
Chlorophyll-a (FChl) 2.9 1.0 2.9 0.9 1.3 3.3 2.0 [mg m~3]
Net Primary Production (NPP) 25.0 26.3 68.7 30.5 26.8 37.2 32.2 [mgCm3d1]
Microplankton (>20 ym) NPP 26 48 54 37 50 68 59 [%]
Particulate silica (bSiO5) 0.8 0.8 1.5 ND 0.3 1.2 ND [pmol Si L]
Chl-normalised NPP 0.7 2.2 2.0 2.8 1.7 0.9 1.3 [gC(gFCh)1h1]®
Chl:C (FChl:POC) 5 4 12 ND 5 28 11 [mgg ]
Si:C (bSiO2:POC) 0.02 0.03 0.07 ND 0.01 0.12 0.01 [mol:mol]
N:C (PN:POC) 0.12 0.17 0.15 ND 0.17 0.13 0.14 [mol:mol]
NO3 0.2 1.2 0.1 0.8 0.5 0.5 0.1 [pmol N L
N-demand " 0.3 0.3 0.9 0.4 0.3 0.5 0.4 [pmol NL1d 1]
NO3/N-demand 0.7 3.5 0.1 2.0 1.5 1.0 0.3 [days]
Average SML irradiance (Esy) 56 63 53 45 48 31 29 [%]
Subsurface Chlorophyll Maximum or 4.5% Surface irradiance (Eo) incubations
Depth of the CM (ZCM) 20 9 - - - - 39 [m]
Sampling depth 21 8 10 18 14 16 26 [m]
Chlorophyll-a (FChl) 6.4 1.7 3.8 0.9 1.6 3.8 3.3 [mg m~3]
Net Primary Production (NPP) 8.1 2.1 13.5 ND 3.2 7.7 0.4 [mgCm3d]
Microplankton (>20 pm) NPP 79 25 19 ND 0 54 ND [%]
Particulate silica (bSiO5) 2.6 ND 1.2 ND ND ND 0.9 [pmol Si L
FChl-normalised NPP 0.1 0.1 0.3 ND 0.2 0.2 <0.1 [gC(gFCh)1h17?
Chl:C (FChL:POC) 13 6 14 4 8 22 17 [mg g
Si:C (bSiO2:POC) 0.06 0.03 0.04 0.06 ND ND 0.06 [mol:mol]
N:C (PN:POC) 0.14 0.17 0.19 0.17 0.18 0.16 0.16 [mol:mol]
NO; 0.7 1.3 2.8 1.2 6.7 0.5 9.0 [pmol N L1
NOj; gradient © 1.3 1.4 0.9 1.4 1.2 1.2 1.4 [pmol NO3 L™ m™1]
Density of NOs-gradient ¢ 26.1 25.5 25.8 25.8 25.4 24.9 25.6 [kg m~3]
N-demand " 0.1 <0.1 0.2 ND <0.1 0.1 <0.1 [umol NL1d ]
NO3/N-demand 7 49 16 ND 166 6 1772 [days]
Relative Irradiance (Eq) 4 31 20 21 16 7 0.3 [%]

@ Calculated assuming a 12-h day.

b Calculated as NPP divided by 12 (to correct for moles) and then by 0.13 (average N:C ratio following Geider and La Roche (2002)).

¢ NOgz-gradient calculated as maximum change in NO3 concentration with depth.

4 Median density over depth range where maximum NOg-gradient observed.
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to surface values in the SCM in the east (Table 2, Fig. 6c),
photo-acclimation may play a minor role in formation of the SCM there,
whereas the 2-times higher Chl:C ratios in the SCM in the west relative to
surface values (Table 1) implies photo-acclimation is important in the
formation of the SCM in the west. Declining irradiance in the SCM from
east to west (Fig. 4f: average east of 25°E, 16 + 9%; average west of
25°E, 6 + 6%) confirm an increasing importance of light harvesting
against a trend of declining light availability.

For most stations sampled across the Agulhas Bank, SML average
NOj concentrations appear sufficient to support surface NPP rates
(Fig. 9), with notable exceptions in inshore waters. In the case of the
SCM (Table 2), NOs concentrations are similar, or slightly higher, in the
east and 90-times higher than surface values in the west. Gradients of
NOj3 and average density associated with the nitracline are similar be-
tween sites in the east and west (Table 2). Comparing N-demand to
support deep NPP rates, in a similar way as with surface waters (see
Fig. 9), shows that the SCM in both the east and west have sufficient NO3
to support SCM NPP (Table 2); the SCM is not nutrient limited, but
appears differentially light-limited east and west.

SCM are important sites for ‘new production’ and nitrate-uptake due
to proximity to high nitrate fluxes (Dugdale and Goering, 1967; Holligan
et al., 1984b; Carter et al., 1987; Sharples et al., 2001; Letelier et al.,
2004; Hickman et al., 2012; Cullen, 2015), and this appears true of the
SCM on the Agulhas Bank, which are found with relatively high NO3
concentrations and NOg gradients (1-9 pmol N L™! and 0.9-1.4 pmol N
Lt mfl; Table 2). Beyond the concentration of nitrate at the SCM, the
flux of nutrients into the SCM and SML is another key determinant of the
processes involved in SCM formation and its role in new production
(Dugdale and Goering, 1967; Holligan et al., 1984b; Carter et al., 1987;
Sharples et al., 2001; Hickman et al., 2012; Cullen, 2015); shallow SCM
in the east may receive higher fluxes of nitrate, and support higher new
production, whereas deep SCM in the west may be rate limited by the
flux of nitrate and the strong thermoclines occurring there (Fig. 2d).

For March 2019, a paradox exists between ‘sufficient’ NO3 to support
NPP in the SML and the presence of SCM. How can a SCM associated
with N-uptake co-occur with high surface NO3 concentrations? Reex-
amining the stations with SCM, median SML NOj3 concentrations were
~0.3 pmol N L™} (range: 0.1-4.8 pmol N L™1), with only four stations
with NOs over 1 pmol N L1 (5.1, 5.5, 9.2, 12.5), and median NPP rates
for stations with SCM were ~0.2 g C m~2 d!. Generally, stations with
SCM were associated with low SML NOs and low NPP, although there
were exceptions. The presence of a SCM despite elevated SML NO3
highlights dynamic processes within the thermocline. For example,
cross-thermocline fluxes of 1-3 mmol N m 2 d~! have been estimated in
the Celtic Sea (Sharples et al., 2001), which over a 20-30 m SML equate
to 0.03-0.15 pmol N L™! d~! if the SCM was unable to utilize this flux.
With SML NOg3 of ~0.3 pmol N L’l, such fluxes could replenish SML NO3
in only 2-10 days (assuming no uptake in the SCM or SML).

Light availability in the SCM controls N-uptake (Letelier et al., 2004;
Hickman et al., 2012; Cullen, 2015) so that variability in irradiance
could lead to slightly elevated SML NOj3. While average incidental
irradiance in March 2019 was ~42 + 7 mol photons m 2 d! (range:
16-47 mol photons m 2 d~!; GlobColour project), at times it dropped to
<20 mol photons m~2 d~?, which in the SCM would equate to only ~1.8
mol photons m~2 d~2, based on the SCM receiving an average of ~9% of
surface irradiance. This average value is close to estimates of the
compensation irradiance (1.2-3.0 mol photons m~2 d~}; Siegel et al.,
2002; Venables and Moore, 2010; Wihsgott et al., 2019) indicating that
the SCM could become severely light limited on occasion, allowing NO3
to accumulate in the SML. Conversely, when irradiance reaches 47 mol
photons m~2 d~? this would equate to ~3.7 mol photons m~2 d~?, which
highlights that the SCM on the Agulhas Bank may at times also have high
light availability, strengthening N-uptake and NPP.

Based on limited observations from March on the Agulhas Bank,
where sampled, the SCM was not a productivity maximum but varied
from east to west in terms of whether it was a maximum in
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phytoplankton biomass or pigment, respectively. Moderate NPP and
irradiance, and low Chl:C, imply that the eastern SCM are biomass
maxima associated with elevated productivity, although maximum NPP
remained in surface waters (Table 2). Low (<1 mg C m3 d’l) NPP rates,
high Chl:C and low irradiance imply that the SCM in the west is a
pigment maximum, formed through photo-acclimation, with maximum
NPP occurred in surface waters (Table 2). Of the stations sampled, only
47% had SCM, while the rest had uniform or only slight increases in Chla
concentrations in the SML. Of those where a SCM was present, we only
sampled three for NPP and hence there is a need to sample a far wider
number of SCM across the Agulhas Bank to fully examine east to west
gradients in SCM formation, maintenance, and productivity. However,
based on the east to west gradients in SML depth (Fig. 2a), buoyancy
frequency (Fig. 2d), NO3 concentration (Fig. 3c) and SCM irradiance
(Escm; Fig. 4f), it appears reasonable to assume that the longitudinal
trends in our small number of stations reflects the larger-scale pattern.
Without higher levels of deep biomass and irradiance, it appears un-
likely that the SCM on the Agulhas Bank in autumn represent deep
productivity maxima, though they may remain important contributors
to integrated NPP and new production.

4.4. Phytoplankton community composition

Across the Agulhas Bank in autumn, nanoplankton (2-20 pm)
dominated total Chla (average: 45% =+ 20%), with picoplankton (0.2-2
pm) slightly more abundant than microplankton (>20 pm) (averages:
29% + 20% and 26% + 10%, respectively). Despite the low relative
contribution to total Chla, microplankton were the only phytoplankton
size class to show a clear east to west trend of increasing contributions
(Fig. 5c). Phytoplankton size-structure has important implications for
pelagic ecosystem dynamics, with microplankton (diatoms, di-
noflagellates) important for the transfer of material to higher trophic
levels (zooplankton, fish larvae). Despite low relative and absolute levels
of microplankton Chla (<30% and 0.06-0.66 mg m >, respectively),
there was close coupling between primary production and zooplankton
secondary production on the bank in autumn (Noyon et al., 2022).
Hence, either zooplankton were reliant on nanoplankton production
(Huggett and Richardson, 2000) or there was an efficient trophic
transfer between small phytoplankton and zooplankton (Verheye et al.,
1994; Calbet and Landry, 2004; Schmoker et al., 2013). Further, at the 6
stations where integrated NPP was measured (Table 1), microplankton
contributions to NPP were relatively high (average: 51% + 14%; range:
42-79%) and matched the zooplankton C demands (Noyon et al., 2022).
Clearly, further measurements are needed to explore these patterns
during the productive late summer and autumn periods.

Particulate silica (bSiO5), an indicator of siliceous diatom biomass,
was low (<1 pmol Si L™1) across the Agulhas Bank (Fig. 6d) with par-
ticulate Si:C ratios lower (Fig. 6e) than average diatom Si:C ratios (0.13
mol molfl; Brzezinski, 1985). Low Si:C ratios and low contributions of
microplankton Chla to total Chla (<30%) indicate that most of the
particulate material was not associated with diatom cells, though there
were a couple of notable exceptions with ratios greater than 0.13 mol
mol ! (stations 2.3, 7.1, 12.2, 12.6) where diatoms may have contrib-
uted more to the particulate pool (Fig. 6e). Diatom cell counts showed
little relationship with bSiO, or Si:C ratios, with highest diatom cell
counts towards the shelf break rather than inshore (Fig. 6f). However,
there was a statistically significant relationship between microplankton
Chla and diatom cell counts (r = 0.75, p > 0.001, n = 25), indicating that
diatoms were related to ~56% of the spatial variability in micro-
plankton Chla and there were higher diatom contributions to the west. A
lack of a similar pattern in bSiO2 and Si:C ratios implies that diatoms on
the Agulhas Bank had more variable Si:C ratios than the average diatom
ratio (0.13 mol mol~}; Brzezinski, 1985) and may have been lightly
silicified. Diatom taxa such as Chaetoceros and Pseudonitzschia have Si:C
ratios ~0.03-0.05 mol mol ! (Brzezinski, 1985), much closer to the
ratios measured on the Agulhas Bank in autumn (<0.06 mol mol };
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Fig. 6e). In fact, light microscope observations of diatoms across the
Agulhas Bank during our study were dominated by genera such as
Pseudonitzschia and Navicula.

5. Conclusions

Our measurements and estimates of NPP on the Agulhas Bank in
March 2019 ranged from 0.1 to 1.1 ¢ C m 2 d~!, which were in
reasonable agreement with historical in-situ and satellite measurements
during summer and autumn. While stations with high Chla and NPP
were patchily distributed on the Agulhas Bank, there was a trend for
western stations to have lower Chla and NPP. SCM were detected at
around half of the sampling stations, though no extremely chlorophyll-
rich SCM (>10 mg m~3) were observed, with these features historically
being associated with deep productivity maximum and/or as significant
contributors to integrated NPP on the Agulhas Bank.

Surface mixed layers on the Agulhas Bank had sufficient light for
photosynthesis during March, with daily irradiance conditions in the
SML more similar to spring and summer conditions in other temperate
systems. Nutrient conditions in the SML were estimated to be adequate
to support observed rates of NPP, despite often low NO3 concentrations,
although the strong thermocline characteristic of the Agulhas Bank may
limit diffusive nutrient fluxes and influence NPP dynamics over longer
timescales and away from sites of coastal and shelf edge upwelling.

The SCM of the Agulhas Bank are regarded as important contribu-
tions to NPP and N-cycling, though previous studies have highlighted
the potential for light-limitation of SCM productivity. Our survey in
March 2019 observed a strong east to west gradient in the dynamics of
the SCM, including the potential for light-limitation, their role as sites of
deep new production, and their contribution to integrated NPP. For the
SCM sampled in this study, the conditions for them to represent deep
maxima of NPP appear not to have been met (e.g. high chlorophyll-
biomass >10 mg m 3, high assimilation numbers), although we only
examined a few SCM in detail and thus there is clearly a need for fuller
examination of SCM dynamics across the Agulhas Bank in autumn (and
summer) to elucidate their role in ecosystem productivity and nutrient
cycling. Moreover, due to the potentially limiting nature of the strong
thermocline on the bank for nutrient fluxes, dynamic processes (e.g.
mixing due to internal tides, reduced irradiance due to cloudy days)
need to be examined further to understand the control(s) on NPP in
autumn.

While nanoplankton appear to dominate biomass across the Agulhas
Bank in autumn, microplankton were present, and, while only repre-
senting a third of chlorophyll-biomass, they often represented over 50%
of NPP. A strong correlation between diatoms cell counts and variability
of the microplankton Chla fraction indicate that diatoms are important
contributors to microplankton biomass. Examination of particulate Si:C
ratios indicate that lightly silicified diatoms (e.g., Chaetoceros, Pseudo-
nitzschia, Navicula) are present on the Agulhas Bank, which is surprising
as there were significant levels of residual Si(OH)4 in the SML across the
bank. Such residual Si(OH)4 contrasts strongly with the silica-depleted
nature (negative Si*) of the subtropical surface water for the SML (Si*
—3) and the deeper South Indian Ocean Central Water (Si* —4) which is
advected into the bottom waters of the Bank. Indeed, the sources and
cycling processes of Si in the waters of the Agulhas Bank are another
interesting future research question due to the importance of diatoms in
supporting secondary production.
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