
Journal Pre-proof

Primary production dynamics on the Agulhas Bank in autumn

Alex J. Poulton, Sixolile L. Mazwane, Brian Godfrey, Filipa Carvalho, Edward Mawji,
Juliane U. Wihsgott, Margaux Noyon

PII: S0967-0645(22)00138-2

DOI: https://doi.org/10.1016/j.dsr2.2022.105153

Reference: DSRII 105153

To appear in: Deep-Sea Research Part II

Received Date: 22 June 2021

Revised Date: 1 July 2022

Accepted Date: 12 July 2022

Please cite this article as: Poulton, A.J., Mazwane, S.L., Godfrey, B., Carvalho, F., Mawji, E., Wihsgott,
J.U., Noyon, M., Primary production dynamics on the Agulhas Bank in autumn, Deep-Sea Research Part
II (2022), doi: https://doi.org/10.1016/j.dsr2.2022.105153.

This is a PDF file of an article that has undergone enhancements after acceptance, such as the addition
of a cover page and metadata, and formatting for readability, but it is not yet the definitive version of
record. This version will undergo additional copyediting, typesetting and review before it is published
in its final form, but we are providing this version to give early visibility of the article. Please note that,
during the production process, errors may be discovered which could affect the content, and all legal
disclaimers that apply to the journal pertain.

© 2022 Published by Elsevier Ltd.

https://doi.org/10.1016/j.dsr2.2022.105153
https://doi.org/10.1016/j.dsr2.2022.105153


Author contributions 

Alex J Poulton: Funding acquisition, Conceptualization, Investigation, Formal analysis, Writing – 

original draft, Writing – review and editing; Sixolile L Mazwane: Conceptualization, Investigation, 

Formal analysis, Writing – review and editing; Brian Godfrey: Data curation, Investigation, Formal 

analysis, Writing – review and editing; Filipa Carvalho: Data curation, Investigation, Formal analysis, 

Writing – review and editing; Juliane Wihsgott: Data curation, Investigation, Formal analysis, Writing 

– review and editing; Edward Mawji: Data curation, Investigation, Formal analysis, Writing – review 

and editing; Margaux Noyon: Conceptualization, Investigation, Formal analysis, Writing – original 

draft, Writing – review and editing. 

 

Jo
urn

al 
Pre-

pro
of



 

1 
 

Primary production dynamics on the Agulhas Bank in autumn 1 

 2 

 3 

Alex J. Poultona,*, Sixolile L. Mazwaneb, Brian Godfreyb, Filipa Carvalhoc, Edward Mawjic, Juliane U. 4 

Wihsgottd, Margaux Noyonb 5 

 6 

 7 

a The Lyell Centre for Earth and Marine Science and Technology, Heriot-Watt University, Edinburgh, EH14 8 

4AS, UK 9 

b Nelson Mandela University, Gqeberha, 6001, South Africa  10 

c National Oceanography Centre, Southampton, SO14 3ZH, UK 11 

d National Oceanography Centre, Liverpool, L69 3GP, UK 12 

 13 

* Corresponding author. Lyell Centre, Heriot-Watt University, Edinburgh, EH14 4AS, UK 14 

E-mail address: a.poulton@hw.ac.uk (A.J. Poulton). 15 

 16 

 17 

Highlights: 18 

 19 

• Net primary production (NPP) ranged from 0.3 to 1.1 g C m-2 d-1 during March on the Agulhas Bank. 20 

• Surface mixed layers on the bank had abundant irradiance and nitrate to support NPP rates. 21 

• Subsurface chlorophyll maxima (SCM) occurred at 47% of sites, containing 1.7 to 10.3 mg m-3. 22 

• SCM deepened east-to-west, linked to in-situ growth (east) and photo-acclimation (west). 23 
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ABSTRACT  25 

 26 

The Agulhas Bank is a productive shelf sea, supporting important fish stocks, nursery grounds, and spawning 27 

sites. Few studies have examined the dynamics of primary production and the physio-chemical conditions that 28 

support this productivity during autumn. We report from a 14-day, 51-station survey of the central and eastern 29 

(21-27oE) Agulhas Bank in March 2019, during which we examined water-column structure, macronutrients, 30 

chlorophyll-a (total and size-fractionated), diatom cell counts and Net Primary Production (NPP). East to west 31 

trends were observed, with surface mixed layers (SML) and stratification increasing to the west. Euphotic 32 

zones were deeper than the SML, with SML irradiance conditions indicative of favorable light conditions for 33 

NPP. On average, surface waters contained ~1.2 µmol N L-1 of nitrate (nitrate+nitrite; NO3) and ~3 µmol Si 34 

L-1 of silicic acid, which contrasts with nutrient deficient subtropical source waters. Surface chlorophyll-a 35 

ranged from 0.3 to 5.1 mg m-3, with high values inshore and near the shelf break. Nanoplankton (2-20 µm) 36 

dominated size-fractionated chlorophyll-a, with microplankton contributions increasing to the west. 37 

Measurements of NPP were collected at seven stations, ranging from 0.3 to 1.1 g C m-2 d-1, with a statistically 38 

significant relationship between integrated NPP and surface chlorophyll-a allowing further estimates of NPP 39 

(0.1 to 1.1 g C m-2 d-1). We estimated nitrogen-demand to support NPP, with a comparison to surface NO3 40 

indicating ample nutrients to support daily NPP. Around half of the stations possessed a Subsurface 41 

Chlorophyll Maximum (SCM), with chlorophyll-a ranging from 1.7 to 10.3 mg m-3. Characteristics of the 42 

SCM (depth, light level, chlorophyll-to-carbon ratios) showed east to west variability, implying that the 43 

mechanisms of SCM formation ranged from in-situ growth (east) to photo-acclimation (west).  44 

 45 

Keywords: Phytoplankton; upwelling; western boundary current; shelf sea.  46 
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1.  Introduction 47 

 48 

Autumn represents a key period of marine production in temperate and high-latitude shelf seas (Wihsgott et 49 

al., 2019), with shelf seas annually representing ~10 to 30% of global primary production (Field et al., 1998) 50 

and high proportions of global carbon sequestration, despite representing less than 10% of the ocean area 51 

(Bauer et al., 2013). Coastal waters are key sites for phytoplankton growth and primary production, and the 52 

organic matter produced by these phytoplankton communities fuels marine ecosystems. Due to the high rates 53 

of primary and secondary production associated with shelf seas, they also play host to economically important 54 

fisheries and support ~90% of global fish catches (Pauly et al., 2002).  55 

 56 

The Agulhas Bank is considered a productive shelf sea, with surface chlorophyll-a (Chla) concentrations often 57 

greater than 2 mg m-3, and supports major spawning grounds for commercially important marine species (e.g., 58 

Agulhas sole, Cape anchovy, chokka squid, hake and kingklip) (Boyd et al., 1992; Hutchings, 1994; Probyn 59 

et al., 1994; Hutchings et al., 2002). Applying the Vertically Generalized Production Model (VGPM) to 60 

estimate Net Primary Production (NPP) from satellite data, Mazwane et al. (this issue) found that monthly 61 

mean productivity on the central and eastern Agulhas Bank (33-37oS, 21-28oE; Fig. 1) was relatively high all 62 

year-round (1998-2018 average ± standard deviation: 1.4 ± 0.4 g C m-2 d-1), with little seasonality compared 63 

to other temperate shelf seas. These observations agree with a previous satellite-chlorophyll based study using 64 

a broad-band light transmission model to estimate NPP on the Agulhas Bank by Demarcq et al. (2008) (1997-65 

2003 average: 1.2 g C m-2 d-1).  66 

 67 

With an annual magnitude of variability in satellite-derived Chla of only ~1 mg m-3 (from 0.5-1.5 mg m-3; see 68 

also: Demarcq et al., 2003; Lamont et al., 2018), despite seasonal changes in Photosynthetically Available 69 

Radiation (PAR) of 20 to 60 mol photons m-2 d-1 and a seasonal temperature range of ~5oC, the Agulhas Bank 70 

sustains high levels of annual NPP (in-situ estimates: 681 g C m-2 yr-1, Brown et al., 1991; 656 g C m-2 d-1, 71 

Probyn et al., 1994; satellite estimates: 438 g C m-2 yr-1, Demarcq et al., 2008; 514 g C m-2 yr-1, Mazwane et 72 

al., this issue). High NPP occurs in late spring and early summer (November-December), with lower NPP in 73 

autumn (March-May) and lowest NPP in winter (June-July), although the amplitude of seasonal variability is 74 

only ~0.5 to 1.0 g C m-2 d-1 (Demarcq et al., 2008; Mazwane et al., this issue). To sustain such relative seasonal 75 

stability and high annual NPP, which is higher than global averages for most shelf systems (e.g. 385 g C m-2 76 

yr-1, Longhurst et al., 1995), the Agulhas Bank must have efficient and seasonally stable nutrient supplies and 77 

recycling mechanisms.  78 

 79 

In many temperate shelf seas, the phenology of primary production is dominated by a spring bloom, triggered 80 

by stratification and optimum light conditions (Hopkins et al., 2021), with weaker rates during the stratified 81 

summer, which is then terminated by increased autumn mixing (Wihsgott et al., 2019). During summer, 82 

phytoplankton adapt to low surface nutrients and low light at the base of the surface mixed layer (SML), 83 

forming a subsurface chlorophyll maximum (SCM) at the thermocline to take advantage of vertical fluxes of 84 
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inorganic nutrients from bottom waters (Holligan et al., 1984a; Carter et al., 1987; Sharples et al., 2001; 85 

Hickman et al., 2012; Cullen, 2015). Phytoplankton in the SCM adapt to the low light levels by increasing 86 

cellular pigmentation, which leads to increases in chlorophyll-to-carbon (Chl:C) ratios (Geider et al., 1998; 87 

Cullen, 2015). The SCM can represent a maximum in terms of NPP through a combination of in-situ growth, 88 

elevated nutrient fluxes, and high light availability (Cullen, 1982, 2015). Weakening stratification in autumn 89 

is often associated with a secondary peak in biomass, considered an ‘autumn bloom’, which may reflect 90 

elevated production and/or the redistribution of SCM material (Painter et al., 2016; Wihsgott et al., 2019). On 91 

the Agulhas Bank, a lack of pronounced spring peaks (September-October) in Chla or NPP, with high levels 92 

seen from spring through to late summer, with only a moderate peak in autumn (Demarcq et al., 2008; Lamont 93 

et al., 2018; Mazwane et al., this issue), implies that the phenology of marine production on the Bank responds 94 

differently to other shelf seas.      95 

 96 

The Agulhas Current, one of the strongest western boundary currents, flows close to the shelf break of the 97 

Agulhas Bank, carrying large amounts of warm (>18oC), saline and relatively nutrient-poor water from the 98 

Indian Ocean (Goschen et al., 2012; Lutjeharms, 2006). Subtropical surface water from the Agulhas Current 99 

helps to form the surface waters on the Agulhas Bank, with low concentrations of nitrate (2-8 µmol N L-1), 100 

phosphate (0.2-0.8 µmol P L-1) and silicic acid (<2 µmol Si L-1) (Lutjeharms et al., 1996). As the Agulhas 101 

Current moves along the shelf break, it drives cold (6-14oC), nutrient-rich deeper waters (South Indian Ocean 102 

Central Water; Lutjeharms et al., 1996; Lutjeharms, 2006) onto the shelf (Largier and Swart, 1987; Swart and 103 

Largier, 1987; Chapman and Largier, 1989; Jackson et al., 2012; Malan et al., 2018). Relative to surface waters, 104 

South Indian Ocean Central Water has elevated nutrients concentrations of 8 to 18 µmol N L-1 of nitrate, 0.8 105 

to 2.0 µmol P L-1 of phosphate and 4 to 7 µmol Si L-1 of silicic acid (Lutjeharms et al., 1996). Subsequent 106 

upwelling of this deep nutrient-rich water to the surface supports NPP on the bank (Hutchings, 1994; Jackson 107 

et al., 2012) and contributes to the Agulhas Bank being more biologically productive than many other shelf 108 

systems (Probyn et al., 1994; Lutjeharms, 2007).  109 

 110 

Advection of these cold, deep waters onto the Agulhas Bank exhibits seasonality, related to seasonal changes 111 

in stratification and Agulhas Current speed (Hutchinson et al., 2018) and is key to the formation and 112 

maintenance of a strong thermocline across the bank (Largier and Swart, 1987; Swart and Largier, 1987). The 113 

relationship between the Agulhas Bank and the Agulhas Current is complex, with various meanders (e.g. Natal 114 

Pulses) and eddies that may intrude onto the bank (Boyd and Shillington, 1994; Lutjeharms, 2006; Jackson et 115 

al., 2012; Malan et al., 2018), with a concomitant export of material off the shelf (Jackson et al., 2012). While 116 

the general current direction on the bank is westwards (Jackson et al., 2012), meanders of the Agulhas Current 117 

onto the shelf can alter or even reverse the surface currents (Lutjeharms, 2006).  118 

 119 

The Agulhas Bank experiences several different types of upwelling of deep nutrient-rich water to support 120 

elevated annual NPP: (a) upwelling at the shelf edge via interactions between the shelf break and the Agulhas 121 

Current; (b) meander-induced upwelling on the inshore side of the Agulhas Current; and (c) wind-driven 122 
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upwelling in near-shore coastal waters (Chapman and Largier, 1989; Boyd and Shillington, 1994; Probyn et 123 

al., 1994; Jackson et al., 2012; Lutjeharms, 2006; Lutjeharms et al., 1996; Malan et al., 2018; Swart and 124 

Largier, 1987). Unlike the shelf break, the inner coastal waters of the Agulhas Bank, dominated by capes and 125 

headlands, are strongly wind-driven (Schumann et al., 1982), with westerlies dominant throughout the year, 126 

while summer and autumn are associated with increased easterly wind events (Hutchings, 1994; Schumann et 127 

al., 1982) which support localised coastal upwelling of nutrient-rich shelf waters (Boyd and Shillington, 1994; 128 

Lutjeharms et al., 1996; Lutjeharms, 2006).  129 

 130 

Water-columns on the Agulhas Bank exhibit steep vertical temperature and density gradients, with strong 131 

vertical transitions in temperature (up to 1-2oC m-1) leading to strong stratification of the water column (Carter 132 

et al., 1987; Largier and Swart, 1987). The thermocline on the Agulhas Bank is formed and maintained through 133 

the combined processes of coastal upwelling, advection of warm surface and cold deep waters from the 134 

Agulhas Current, and surface water heating (Largier and Swart, 1987; Swart and Largier, 1987; Lutjeharms, 135 

2006). Strong stratification of the water-column on the Agulhas Bank exerts a significant control on the 136 

availability of nutrients to surface waters away from coastal and shelf-break upwelling locations, and is 137 

associated with widespread SCM (Probyn et al., 1994; Lutjeharms et al., 1996). These SCM on the bank are 138 

considered light limited features, important for zooplankton feeding and the spawning success of local fish 139 

populations (Carter et al., 1987; Verheye et al., 1994).  140 

 141 

To further understand the phytoplankton dynamics during autumn on the central and eastern Agulhas Bank, 142 

we undertook a 14-day research cruise sampling from east to west across the bank (Fig. 1). Our objectives 143 

were to: (1) investigate in-situ rates of daily NPP; (2) explore the potential limiting factors for NPP (light, 144 

nutrients, grazing); and (3) analyze the distribution and characteristics of SCM. When examining the SCM on 145 

the Agulhas Bank, our specific research question related to whether the SCM represented a deep peak in NPP, 146 

as observed by other studies on the Bank (Carter et al., 1987; Probyn et al., 1994; Barlow et al., 2010), as well 147 

as to explore the factors involved in its formation and maintenance.   148 

 149 

2.  Methods 150 

2.1. Sampling 151 

 152 

Sampling occurred on the central and eastern Agulhas Bank onboard the RV Ellen Khuzwayo (cruise EK188, 153 

21 March to 2 April 2019; Noyon, 2019) along several inshore-offshore transects from east to west (Fig. 1). 154 

During the cruise, 51 stations were sampled over a 7-day survey (23 to 30 March) through deployment of a 155 

Seabird 911+ V2 CTD system with rosette sampler equipped with twelve 8 L Niskin bottles (OTE: Ocean Test 156 

Equipment). Processing and calibration of CTD data followed standard procedures and are detailed in Noyon 157 

(2019).  158 

 159 
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At all 51 stations the CTD system was deployed to measure full depth vertical profiles of temperature, salinity, 160 

density, chlorophyll-fluorescence, and oxygen. Discrete water samples were collected from all stations (n = 161 

51) from 6 to 12 depths (depending on water depth) for determination of macronutrient concentrations 162 

(nitrate+nitrite [NO3], phosphate [PO4], silicic acid [Si(OH)4]). Water samples from a smaller number of 163 

stations and depths were collected for the analysis of phytoplankton biomass (total Chla; n = 34, 6 depths), 164 

community composition (size-fractionated Chla (n = 32, 6 depths), phytoplankton cell counts (n = 29, 2 165 

depths), and the composition of particulate material (n = 29, 6 depths; particulate organic carbon [POC], 166 

particulate nitrogen [PN], biogenic silica [bSiO2])). At a limited number of stations (n = 7), measurements of 167 

daily NPP (dawn to dawn) were made using the tracer 13C. Location of the productivity stations was determined 168 

by the pre-dawn sampling location each day of the survey.   169 

 170 

Transects were numbered from 1 to 12 from east to west (Fig. 1), and sequentially from inshore (e.g. 1.1, 5.1, 171 

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, 172 

due to sudden bad weather, with 9.1b slightly to the east of 9.1 (see Fig. 1). A number of mooring stations 173 

were also visited during the cruise, with one station (CR4) sampled as part of the grid survey to the northeast 174 

of station 10.5 (see Fig. 1).  175 

 176 

Depth of the surface mixed layer (SML) was determined from density profiles from the CTD, by identifying 177 

where potential density increased by 0.125 kg m-3 above the surface (5 m) value (Hopkins et al., 2021) and 178 

density profiles were visually checked. An alternative expression of the SML and pycnocline was examined 179 

in terms of the vertical buoyancy frequency (Brunt-Väisälä frequency, N2), with the depth of its maximum 180 

value (Carvalho et al., 2017) showing good agreement in most cases to the SML depth (see Supplementary 181 

Fig. S1), with some notable exceptions (see Results). Bottom mixed layer (BML) depth was defined as an 0.02 182 

kg m-3 decrease in potential density from the deepest value (Hopkins et al., 2021) and BML thickness was 183 

determined as the difference between BML depth and bottom depth (i.e., in our case the deepest CTD depth).  184 

 185 

Fluorescence from the CTD was calibrated against discrete measurements of Chla (see Section 2.2) using a 186 

linear regression (r = 0.859, p<0.001, n = 167; FChl = (Fl - 0.07) * 14.47, where Fl is the raw CTD 187 

fluorescence) (Noyon, 2019). Comparison of day and nighttime surface values showed no consistent pattern 188 

of quenching of surface fluorescence signals, with variability between CTD-fluorescence and discrete Chla 189 

during both day and night. Vertical profiles of calibrated CTD-fluorescence (FChl) were examined to 190 

determine the value and depth of maximum Chla concentration in each profile. A rigid definition for the SCM 191 

was adopted to attempt to identify stations which had well-defined SCM rather than just variable vertical FChl 192 

profiles. In this case, SCM were identified as being present when SCM FChl values were 1.5-times greater 193 

than surface FChl values, and this definition identified SCM at 24 of the 51 stations sampled. It is possible that 194 

other stations had weak SCM present (i.e. <50% increase from surface Chla), but a conservative approach was 195 

preferred to avoid misinterpretation of phytoplankton dynamics across the Agulhas Bank.  196 

 197 
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A LI-COR Biospherical PAR Sensor on the CTD was used to determine downwelling irradiance and the 198 

vertical attenuation coefficient of PAR (Kd(PAR), m-1) during daytime CTD casts using the relationship 199 

describing the exponential decline of downwelling irradiance with depth (Kirk, 1983). For night-time casts, 200 

Kd(PAR) was estimated from a cruise-specific relationship between surface FChl and Kd(PAR) (linear regression; 201 

Kd(PAR) = 0.109 + 0.0185FChl; r = 0.71, n = 27, p<0.001). Depth of the euphotic zone (Zeup) was calculated as 202 

the depth to which 1% surface irradiance penetrates. Average SML irradiance (ĒSML), which describes the 203 

mean irradiance experienced by a particle mixed within the mixed layer, was determined following Poulton et 204 

al. (2011) using a combination of Kd and SML. 205 

  206 

2.2. Total and size-fractionated chlorophyll-a 207 

 208 

Total Chla concentrations (mg m-3) were measured on 0.2 L water samples filtered onto 25 mm Fisherbrand 209 

MF300 glass-fibre filters. Size-fractionated Chla (fractions: 0.2-2, 2-20, >20 µm) was determined through 210 

sequential gravity filtering 0.2 L water samples through 20 µm and 2 µm 47 mm Nucleopore filters, and then 211 

through a 0.2 µm 47 mm Nucleopore filter under gentle vacuum. All filters were extracted in 6 mL 90% 212 

acetone (Sigma-Aldrich, UK) at 4oC for 18 to 24 hr, with Chla fluorescence then measured on a Turner Designs 213 

TrilogyTM fluorometer using a non-acidification module (after Welschmeyer, 1994) calibrated with solid and 214 

pure Chla standards (Sigma-Aldrich, UK).  215 

 216 

2.3. Macronutrient concentrations 217 

 218 

Water samples for macronutrient concentrations were collected into acid-cleaned 50 mL HDPE bottles, which 219 

were immediately frozen (-20oC) onboard and kept frozen until analysis. Concentrations (µmol L-1) of 220 

nitrate+nitrite (NO3), phosphate (PO4) and silicic acid (Si(OH)4) were measured with a SEAL QuAAtro39 221 

auto-analyzer following standard protocols (Becker et al., 2020). Certified reference materials were used daily 222 

(KANSO, Japan) and analytical procedures followed International GO-SHIP recommendations (Becker et al., 223 

2021). The typical uncertainty of the analytical results were between 0.5% and 1%, and the limits of detection 224 

for nitrate and phosphate were 0.02 µmol L-1, while Si(OH)4 was always higher than the detection limit (0.05 225 

µmol Si L-1). Deficiencies of NO3 relative to PO4 and Si(OH)4 were described relative to the Redfield (1958) 226 

ratio with N* (= NO3 - (16 x PO4); Moore et al., 2009) and relative to the 1:1 ratio of Si(OH)4 to NO3 uptake 227 

in diatoms (Brzezinski, 1985) through Si* (= Si(OH)4 - NO3; Bibby and Moore, 2011).  228 

 229 

2.4. Net primary production 230 

 231 

Daily rates (dawn to dawn, 24 h) of net primary production (NPP) were determined using the 13C stable 232 

isotope method (Legendre and Gosselin, 1996) following Daniels et al. (2015). Water samples were collected 233 

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 234 

case of the station with samples from 3 depths (5.1), these included the depths of 55, 4.5 and 1% incidental 235 
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irradiance, while stations with 6 depths included the depths of 55%, 33%, 20%, 7%, 4.5%, and 1% of 236 

incidental irradiance. Sampling depths were determined by estimating that the bottom of the SML occurred 237 

at the 4.5% irradiance level and the Kd(PAR) back-calculated.   238 

 239 

Water samples were collected from the six depths in 1.2 L polycarbonate (NalgeneTM) bottles and inoculated 240 

with 500 µmol L-1 of 13C labelled sodium bicarbonate, representing ~11% of the ambient dissolved inorganic 241 

carbon pool (assumed to be ~2318 µmol C L-1). Samples were incubated in on-deck incubators, chilled with 242 

sea surface water, and light depths were replicated using combinations of optical filters (misty-blue and neutral 243 

density, LEE™ Filters) after Poulton et al. (2013). Incubations were terminated after 24 h by filtration onto 244 

pre-ashed (>400°C, >4 h) Fisherbrand MF300 glass-fibre filters. Acid-labile particulate inorganic carbon (PIC) 245 

was removed by adding a few drops of 1% HCl to the filter followed by extensive rinsing with freshly filtered 246 

(Whatman GFF) unlabelled seawater (Daniels et al., 2015). Filters were oven dried (40 °C, 8-12 h) and stored 247 

in cryotubes. A parallel 55% E0 bottle for size-fractionated NPP (<20 µm) was also incubated, with the 248 

incubation terminated by pre-filtration through 20 µm polycarbonate (NucleoporeTM) filters and the filtrate 249 

subsequently filtered as above. Isotopic analysis was performed on an automated nitrogen and carbon analysis 250 

preparation system with a 20-20 stable isotope analyser (PDZ Europa Scientific Instruments). The 13C-fixation 251 

rate were calculated using the equations described in Legendre and Gosselin, (1996). The >20 µm NPP fraction 252 

was calculated as the difference between total NPP and <20 µm NPP.  253 

 254 

2.5. Particulate biogenic silica (bSiO2), particulate organic carbon (POC) and nitrogen (PN)  255 

 256 

Particulate silica concentrations (bSiO2; µmol Si kg-1) were made on 0.5 L water samples filtered onto 0.8 µm 257 

polycarbonate (NucleoporeTM) filters, rinsed with pH-adjusted MilliQ (pH >8), oven-dried at 40 to 50oC for 258 

10 to 12 h and stored in 15 mL HDPE tubes. For analysis, filters were digested in 0.2 M NaOH at 85oC for 1 259 

h, neutralized with 0.2 M HCl (Ragueaneau and Tréguer, 1994) and analyzed on a SEAL analytical AACE 260 

7.03 autoanalyzer using standard techniques. Measurements of particulate organic carbon (POC) and nitrogen 261 

(PN) were made by filtering seawater samples (1 L) onto pre-ashed (>450oC, >4 h) 25 mm MF300 262 

FisherbrandTM filters. Acid-labile particulate inorganic carbon (PIC) was removed by adding a few drops of 263 

1% HCl to the filter followed by extensive rinsing with freshly filtered (Whatman GFF) unlabelled seawater 264 

(Daniels et al., 2015). The filters were then oven dried at 40 to 50oC for 10 to 12 h, stored dry and analyzed 265 

using the same equipment as for 13C analysis.  266 

 267 

2.6. Phytoplankton enumeration 268 

 269 

For phytoplankton enumeration, 100 mL water samples were preserved with acidic Lugol’s solution (2% final 270 

solution) in 100 mL amber glass bottles. Diatom cells were counted in 50 mL Hydro-Bios chambers after a 24 271 

to 48 h settling period using a Zeiss AxioObserver A1 inverted microscope (magnification X200).   272 

 273 
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3.  Results 274 

3.1. Water column structure 275 

 276 

The depth of the SML in autumn showed an east to west deepening, from <10 m in the east to >20 m in the 277 

west (Fig. 2a), though the deepest SML across the Agulhas Bank was only 27 m (average ± standard deviation: 278 

15 ± 5 m). Deepening of the SML was related to warming of the SML, with sea-surface (<5 m) temperatures 279 

generally warming from east to west (Fig. 2b). There were no clear or consistent inshore-offshore trends in 280 

depth or temperature of the SML. In March 2019, surface water temperatures ranged from 17 to 22oC (Fig. 2b; 281 

average: 20 ± 1oC), with salinities ranging from 34.7 to 35.3 (Table S1).  282 

 283 

Vertical density profiles were also assessed in terms of buoyancy frequency (Brunt-Väisälä frequency, N2), 284 

with the depth of the maximum buoyancy frequency compared to the SML depth and the maximum value of 285 

the buoyancy frequency used as information of the degree of stratification in the water column (Carvalho et 286 

al., 2017). The depth of the maximum buoyancy frequency showed the same strong east to west deepening as 287 

the SML depth (Figs. 2a and 2c). The value of the maximum buoyancy frequency also showed an east to west 288 

strengthening trend (Fig. 2d), from values of <4 x103 s-2 in the east to values ~5 x103 s-2 in the west. Increasing 289 

stratification from east to west likely relates to warming of sea-surface waters (Fig. 2b), as well as other 290 

physical factors related to widening of the shelf and interactions with the Agulhas Current. 291 

 292 

The depth of the BML ranged from 23 to 271 m across the Agulhas Bank (Fig. 2e), with deepening of the 293 

BML from <50 m to >100 m from inshore to offshore stations as bottom depth also deepened. BML thickness 294 

showed a clear east to west trend with generally much wider BML in the west (>30 m) than in the east (<30 295 

m) (Fig. 2f). The range of BML temperatures and salinities was 8 to 14oC and 34.7 to 35.2 (Table S1), 296 

respectively, which corresponds with the reported temperature and salinity range for South Indian Ocean 297 

Central Water (i.e., ~6-14oC, ~34.6-35.2; Fig. S2; Swart and Largier, 1987; Chapman and Largier, 1989).   298 

 299 

3.2. Light regime 300 

 301 

Measured values for Kd(PAR) ranged from 0.09 to 0.20 m-1 (average: 0.14 ± 0.03 m-1) for daytime CTD casts, 302 

with estimated Kd(PAR) values from surface CTD calibrated-fluorescence Chla measurements (see Methods) 303 

ranging from 0.12 to 0.20 m-1 (average: 0.15 ± 0.02 m-1). Euphotic zone depths, here defined as the depth of 304 

penetration of 1% of surface irradiance (E0) ranged from 18 to 62 m (average: 33 ± 8 m), with no clear east to 305 

west or inshore-offshore trend (Fig. 3a). During autumn, none of the sampling stations had euphotic zones 306 

shallower than the SML, with euphotic zone to SML ratios between 1 and 8. Estimates of the average irradiance 307 

in the SML (ĒSML; Fig. 3b) indicate that particles (e.g. phytoplankton) in Agulhas Bank SMLs during March 308 

received 26 to 76% of incidental irradiance (average: 44 ± 12%). An east to west trend of declining ĒSML was 309 

observed, with SML for the Agulhas Bank east of 25oE having values greater than 60% of incidental irradiance 310 

(E0) while values to the west (<25oE) were generally less than 40% of incidental irradiance (Fig. 3b).   311 
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 312 

3.3. Nutrient regime 313 

 314 

Average SML NO3 concentrations ranged from 0.1 to 6.2 µmol N L-1 (average: 1.2 ± 1.4 µmol N L-1) across 315 

the Agulhas Bank in autumn, with generally similar concentrations in the east and west (Fig. 3c). High average 316 

SML values (>4-6.2 µmol N L-1) were found at several offshore stations along transects 5, 6 and 7 (Fig. 3c). 317 

Average SML PO4 concentrations ranged from 105 to 522 nmol P L-1 (average: 233 ± 97 nmol P L-1), with a 318 

similar east to west declining trend (Table S1) and a significant (p<0.005) correlation with NO3 (Pearson’s 319 

product moment, r = 0.90, n =51).  320 

 321 

Average SML NO3 and PO4 concentrations are similar to values previously reported for Subtropical Surface 322 

Water (see Fig. S2) (NO3 2-8 µmol N L-1, PO4 200-800 nmol P L-1; Lutjeharms et al., 1996) associated with 323 

the Agulhas Current. The relative concentration of SML average NO3 to PO4, represented here by N*, was 324 

negative at all sites, ranging from -1.6 to -5.2 (average: -2.5 ± 0.7) (Fig. 3d) and is indicative of ‘nitrate-325 

depletion’ relative to phosphate on the Agulhas Bank in March. These N* values are in close agreement with 326 

N* estimated for the source waters of the Agulhas Bank, using values from Lutjeharms et al. (1996) (calculated 327 

N* range: -1.2 to -4.8, median N* -3.0), highlighting depleted nitrate (relative to phosphate) of subtropical 328 

source waters (see Fig. S2) for the Bank. Strongly negative N* values, less than -3.0, were limited to inshore 329 

stations between 24 and 26oE on the Agulhas Bank (1.1, 5.1, 5.2, 6.1, 7.1, 8.1) (Fig. 3d).  330 

 331 

Average SML Si(OH)4 concentrations ranged from 0.6 to 5.1 µmol Si L-1 (average: 3.0 ± 1.0 µmol Si L-1) 332 

(Table S1) and showed only a moderate correlation with average SML NO3 (Pearson’s product moment, r = 333 

0.40, p<0.005, n = 51). For the subtropical source waters of the Agulhas Bank, reported Si(OH)4 concentrations 334 

are lower (<2 µmol Si L-1) than many of the concentrations reported here, highlighting the importance of 335 

coastal upwelling (Lutjeharms et al., 1996), SML retention (through bSiO2 dissolution; e.g. Brzezinski et al., 336 

2003), and/or cross-thermocline fluxes of nutrients for the availability of Si in surface waters. The relative 337 

concentration of average SML Si(OH)4 to NO3, represented here by Si*, gave generally positive SML values 338 

(0 to 3.9) in surface waters (Fig. 3f), which differs to estimated Si* values (Si* 0 to -6, median Si* -3) based 339 

on the range of NO3 and Si(OH)4 concentrations reported for the subtropical source waters (see Lutjeharms et 340 

al., 1996). This contrast largely stems from the higher SML average Si(OH)4 concentrations observed on the 341 

Bank during March 2019 (average: 3.0 ± 1.0 µmol Si L-1) relative to the subtropical source waters (<2 µmol 342 

Si L-1). 343 

 344 

Interestingly, there was a noticeable trend of offshore stations having low or negative SML Si* values (0 to -345 

1), with this pattern following the width of the shelf from east to west so that negative Si* values covered more 346 

of the shelf in the east than west (Fig. 3f). Low SML Si* values near the shelf edge are likely a proximate 347 

signal of the subtropical source waters for the Agulhas Bank, with their negative Si* values. Stations with 348 

negative Si* (indicating ‘silicic acid depletion’) had relatively high SML NO3 concentrations (>2.6  µmol N 349 
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L-1) indicating that it was not low Si(OH)4 at these stations but rather high NO3 that led to this pattern. This 350 

pattern of negative Si* was not found at all stations with high NO3 but was limited to stations on transects 2, 351 

5, 6 and 7 (Fig. 3f). Strongly positive SML Si* values (>1) found more inshore and to the west of the sampling 352 

grid on the Bank indicate ‘nitrate-depletion’ relative to Si(OH)4 for diatoms on the Agulhas Bank in March or, 353 

put another way, residual Si(OH)4 in surface waters.   354 

 355 

Bottom water average NO3 concentrations in the BML ranged from 14.3 to 26.9 µmol N L-1 (average: 20.5 ± 356 

2.9 µmol N L-1) with low values (<18 µmol N L-1) generally to the east around transect 1 (~27oE) and towards 357 

the shelf break in the west (~22-23oE), while most stations had deep values between 18 and 22 µmol N L-1 358 

(Fig. 3d). Reported NO3 concentrations for the South Indian Ocean Central Water (Fig. S2) that intrudes onto 359 

the Bank are 8 to 18 µmol N L-1 (Lutjeharms et al., 1996), indicating that there must be NO3 retention and/or 360 

another source of NO3 to bottom waters of the Bank (e.g. sedimentary nitrification). High BML average NO3 361 

concentrations (>22 µmol N L-1) were limited to the offshore parts of the transects around 25oE (5 and 6) and 362 

towards the inner shelf waters on the western section of the sampling grid (transects 11 and 12). Values of N* 363 

for the BML were also negative (N* range -1.9 to -14.7, average N* -3.3 ± 2.0) (Fig. 3g), indicating depletion 364 

of NO3 relative to PO4 in bottom waters of the Agulhas Bank. Estimates of N* for South Indian Ocean Central 365 

Water, based on the nutrient values given by Lutjeharms et al. (1996), are also strongly negative (N* range -366 

4.8 to -14.0, median N* -9.4). The slight discrepancy of N* values between BML and South Indian Ocean 367 

Central Water potentially also highlight a local source of NO3 (independent of PO4) to deep shelf waters (e.g. 368 

sedimentary nitrification). An inshore-offshore pattern was observed with strongly negative N* values (less 369 

than -4) inshore close to the coast and increasing N* values (-4 to -2) towards the shelf break (Fig. 3g). Strongly 370 

negative N* values were also noticeable on the inner shelf to the west on transects 11 and 12. These patterns 371 

in N* distribution potentially relate to a sedimentary source of NO3 towards the inner Agulhas Bank, as 372 

retention of remineralized organic matter would generate both N and PO4 (and no pattern in N*).  373 

 374 

In the case of BML Si*, there was a strong contrast to SML values, with Si* in the BML generally negative 375 

(Si* range 2.4 to -8.5, average Si* -4.0 ± 2.6; Fig. 3h), indicative of ‘silicic acid depletion’ relative to NO3 in 376 

bottom waters. Negative Si* values are to be expected as South Indian Ocean Central Water is depleted in 377 

Si(OH)4 relative to NO3 (Si* range -4.0 to -14.0, median Si* -9.0; estimated using values from Lutjeharms et 378 

al., 1996), with the discrepancy between BML Si* and source water Si* again highlighting a potential local 379 

(sedimentary) source of NO3. Only 3 stations had positive Si* values in the BML (5.4, 5.5, 6.1), and these 380 

were concentrated on the inshore-offshore transects near 25oE alongside negative values from -0.2 to -3; more 381 

negative values (down to -8) were found offshore to the west of transects 5 and 6 while inshore waters had less 382 

negative Si* values (Fig. 3h). As inshore BML waters had strongly negative N*, indicative of a local NO3 383 

source, positive Si* values are likely related to a proximate source of Si(OH)4 that remains unidentified at this 384 

time. 385 

 386 

3.4. Phytoplankton biomass: Total and size-fractionated chlorophyll-a   387 
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 388 

Surface concentrations of Chla, from calibrated CTD fluorescence (FChl; see Methods), showed a patchy 389 

distribution across the Agulhas Bank in March (Fig. 4a). Values ranged from 0.3 mg m-3 to as high as 5.1 mg 390 

m-3 in surface waters across the sampling stations (average: 2.0 ± 1.1 mg m-3), with high values (>3.1 mg m-3) 391 

restricted to inshore waters around transect 7 and a few offshore stations near the shelf break. The range of 392 

these Chla concentrations (FChl; 0.3-5.1 mg m-3) agree with previous reviews and studies of the Agulhas Bank 393 

(Brown et al., 1991; Probyn et al., 1994; Barlow et al., 2010), including the observation of higher inshore and 394 

shelf break concentrations. No relationship was found between average SML NO3 and SML FChl (Pearson 395 

product moment, p = 0.11, n = 51), highlighting that high surface Chla occurred at both low (<1 µmol N L-1) 396 

and high (>4 µmol N L-1) NO3 concentrations. This implies that different ecological dynamics were occurring 397 

in surface waters in autumn, ranging from ‘post-bloom’ (high Chla, low nutrients) to ‘pre-bloom’ (low Chla, 398 

high nutrients) or ‘non-bloom’ (low Chla, low nutrients). Despite the trend of deepening of the SML from east 399 

to west (Fig. 2a), there was no similar trend in surface FChl (Fig. 4a).   400 

 401 

Integrated full water column (i.e., surface to seabed) Chla (FChl0-bot), ranged from 22 to 196 mg m-2 (Fig. 4b; 402 

average: 69 ± 33 mg m-2) and showed an east to west pattern. High values (>100 mg m-2) were found inshore 403 

at the shallow station 1.1 (~27oE), towards the shelf break on transects 7 and 8 and were common at deep 404 

stations on transects 11 and 12 (Fig. 4b). In the east, high integrated water-column Chla was associated with 405 

shallow water-columns (<60 m) whereas in the west high values were associated with deep water-columns 406 

(~200 m). A comparison of integrated Chla over the euphotic zone (FChlEup) with water-column integrated 407 

Chla (FChl0-bot) showed that on average 85 ± 13% (range: 41-100%) of integrated Chla was contained within 408 

the euphotic zone (i.e. shallower than the depth of penetration of 1% of incidental irradiance) (Fig. 4c). Stations 409 

with less than 70% of their total water column FChl in the euphotic zone were generally found on the most 410 

western sampling transects (11 and 12).  411 

 412 

Across the eastern and central Agulhas Bank, 47% of stations possessed a definable SCM (i.e., sub-surface 413 

FChl greater than 1.5-times surface values; see Methods; Fig. 4d). Stations in the west with SCM corresponded 414 

to ones with less than 70% of total Chla in the euphotic zone (Figs. 4c and 4d). According to our definition of 415 

a SCM, SCM on the Agulhas Bank varied in depth from 9 to 41 m (average: 22 ± 9 m), with generally shallow 416 

SCM (<20 m) east of ~23oE and deeper SCM to the west (>25 m; Fig. 4d). Peak FChl concentrations within 417 

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 418 

(average: 5 ± 7) more Chla at depth in the SCM than in the overlying surface waters. Stations with SCM 419 

containing more than 10-times surface FChl values were restricted to transects 11 and 12 (stations: 11.1, 12.3, 420 

12.5). Comparing SML and SCM depths (see Figs. 2a and 4d) shows that in general the SCM in autumn were 421 

at similar depths to the SML, with SCM in the east closer in depth to the SML than in the west. The percentage 422 

of surface irradiance (E0) reaching the SCM (Fig. 4f), estimated using Kd(PAR) and SCM depths, ranged from 423 

0.4 to 31.8% (average: 8.7 ± 8.2%), with a strong east to west trend and SCM west of ~23oE generally receiving 424 

lower amounts of surface irradiance (0.4-6% of E0).  425 
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 426 

Size-fractionated Chla can be used as a simple indicator of the size-structure of the phytoplankton community, 427 

in our case giving the relative chlorophyll-biomass of picoplankton (0.2-2 µm), nanoplankton (2-20 µm) and 428 

microplankton (>20 µm). In surface waters across the Agulhas Bank in March, size-fractionated Chla showed 429 

a patchy distribution of picoplankton relative biomass (as a percentage of total Chla) (Fig. 5a), ranging from 430 

2 to 80% (average: 29 ± 20%) with the highest contributions at one coastal (1.2) and two offshore stations (8.6 431 

and 12.6). Nanoplankton relative chlorophyll-biomass ranged from 11 to 67% of total Chla (average: 45 ± 432 

20%), with most stations having 40 to 70% nanoplankton biomass (Fig. 5b). In contrast to picoplankton and 433 

nanoplankton relative chlorophyll-biomass, microplankton relative chlorophyll-biomass showed a noticeable 434 

east to west trend, with microplankton increasing in biomass in the west (Fig. 5c). Despite this east to west 435 

trend, microplankton only made up 4 to 45% (average: 26 ± 10%) of total chlorophyll-biomass, increasing 436 

from less than 20% in the east to 30 to 40% in the west.  437 

 438 

3.5. Particulate organic carbon (POC), particulate nitrogen (PN), particulate silica (bSiO2) and diatom 439 

cell abundance 440 

 441 

Surface water concentrations of POC ranged from 86 to 570 mg C m-3 (average: 222 ± 106 mg C m-3), with a 442 

slight east to west trend of stations with higher surface POC concentrations (>328 mg C m-3) east of ~25oE and 443 

no clear or consistent inshore-offshore pattern (Fig. 6a). Surface PN concentrations ranged from 10 to 71 mg 444 

N m-3 (average: 32 ± 13 mg N m-3; Table S1), showing a statistically significant relationship with surface POC 445 

concentrations (Pearson’s product moment; r = 0.94, p<0.001, n = 29). Surface ratios of PN to POC (N:C) 446 

ranged from 0.10 to 0.17 mol mol-1 (average: 0.14 ± 0.02 mol mol-1), indicating that in general particulate 447 

material had a similar ratio to the Redfield (1958) ratio of N to C (0.15 mol mol-1), with values patchily 448 

distributed on the shelf (Fig. 6b). Comparison of surface Chla (FChl) to POC concentrations, through the Chl:C 449 

ratio, showed that surface values ranged from 4 to 40 mg g-1 (average: 13 ± 8 mg g-1), with no clear inshore-450 

offshore or east to west pattern in the surface (Fig. 6c).  451 

 452 

Surface water concentrations of bSiO2 ranged from 0.10 to 4.51 µmol Si L-1 (average: 0.8 ± 0.9 µmol Si L-1), 453 

with higher values (>2 µmol Si L-1) limited to inshore stations on transects 2 (2.3) and 6 (6.1) and no clear 454 

pattern overall (Fig. 6d). Ratios of bSiO2 to POC (Si:C; Fig. 6e) ranged from 0.01 to 0.18 mol mol-1 (average: 455 

0.05 ± 0.05 mol mol-1), with ratios higher than 0.13 mol mol-1 (the average diatom cellular Si:C ratio; 456 

Brzezinski, 1985) limited to stations 2.3, 6.1, 12.6 and 12.2. Diatom cell counts in surface waters (Fig. 6f) 457 

ranged from 520 to 12,000 cells L-1, with the highest cell counts (>8,000 cells L-1) limited to offshore stations 458 

rather than inshore stations on transects 8, 9, 10, 11 and 12. Whilst no statistically signification relationships 459 

existed between diatom cell numbers, POC and bSiO2 (Pearson correlations, p > 0.1), there was a significant 460 

relationship of diatom abundance with >20 µm Chla (r = 0.75, p<0.001, n = 25), indicating that ~56% of the 461 

variance in microplankton Chla was related to diatom abundance.  462 

 463 
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3.6. Net Primary Production: Total and microplankton (>20 µm) NPP 464 

 465 

At the six stations where daily rates of total net primary production (NPP) was measured for the euphotic zone 466 

(see Fig. 1), euphotic zone integrated NPP ranged from 0.3 to 1.1 g C m-2 d-1 (Table 1) with the highest 467 

integrated NPP found at station 8.6. Integrated measurements of microplankton (>20 m) NPP showed 42 to 468 

52% relative contributions apart from station 12.6, which had a microplankton contribution to NPP of 79% 469 

(Table 1). Microplankton contributions to total NPP were not the same as for their integrated contributions to 470 

total Chla. Microplankton integrated Chla ranged from 17 to 76% of total Chla (Table 1), with station 12.6 471 

having the highest contribution of microplankton to integrated Chla (76%) and integrated NPP (79%). 472 

Generally, there was good agreement between euphotic zone integrated total Chla and integrated total NPP, 473 

with stations with high NPP having high integrated Chla (Table 1). However, the exception was station 1.1, 474 

which had the highest integrated Chla (106 mg m-2) of the stations where NPP was measured but the lowest 475 

integrated NPP (0.3 g C m-2 d-1). Clearly, the phytoplankton dynamics at station 1.1 where quite distinct from 476 

that at other stations and are examined in more depth in the discussion (see section 4.3).  477 

 478 

Plotting surface Chla (FChl) against euphotic zone integrated NPP shows a strong positive linear relationship 479 

(Fig. 7) for most of the sampled stations (see Table 1), with the notable exception of station 1.1 which sits well 480 

removed from the linear relationship. The relationship between surface Chla (FChl) and integrated NPP can 481 

be described by a statistically significant (p<0.005) Modell II linear regression (Fig. 7). This regression can be 482 

used to estimate integrated NPP rates for sampling sites where NPP was not measured (Fig. 8), giving a total 483 

range of estimated integrated NPP in March of 0.1 to 1.1 g C m-2 d-1 (average: 0.4 ± 0.2 g C m-2 d-1). Stations 484 

with high estimated NPP (>0.5 g C m-2 d-1) were patchily distributed on the Agulhas Bank, though stations 485 

with low estimated NPP (<0.2 g C m-2 d-1) where generally restricted to west of 25oE (Fig. 8).  486 

 487 

4.  Discussion 488 

 489 

4.1. Net Primary Production on the Agulhas Bank  490 

 491 

Measured NPP rates ranged from 0.3 to 1.1 g C m-2 d-1 for the six stations sampled (Table 1), with NPP based 492 

on surface calibrated fluorescence (FChl) concentrations ranging from 0.1 to 1.1 g C m-2 d-1 (average: 0.4 ± 493 

0.2 g C m-2 d-1; see Fig. 8) and showing a similar patchy distribution as FChl (Fig. 4a). Chlorophyll-normalized 494 

NPP (PB; assimilation number), indicating production per unit chlorophyll-biomass, ranged from 0.3 to 1.5 g 495 

C (g Chl)-1 h-1 (Table 1), implying relatively low-to-moderate productivity, for example the global average 496 

maximum value is 3.1 g C (g Chl)-1 h-1 (Bouman et al., 2018). Assimilation numbers (PB) vary with nutrient 497 

status and photo-acclimation, as well as temperature (Bouman et al., 2018), with the former factors likely 498 

important drivers of NPP on the Agulhas Bank (Carter et al., 1987; Probyn et al., 1994).  499 

 500 
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In-situ measurements of NPP on the Agulhas Bank have a sporadic spatial and temporal coverage, with studies 501 

often focusing on the upwelling cells in the east (e.g., Barlow et al., 2010; Lamont and Barlow, 2015) or the 502 

Benguela upwelling on the west coast (e.g., Brown et al., 1991; Barlow et al., 2009). By comparison, few 503 

studies have examined the central and eastern Agulhas Bank (20-27oE) (e.g. Carter et al., 1987; Probyn et al., 504 

1994). Carter et al. (1987) reported primary production on the central and eastern Agulhas Bank, deploying 505 

short (<6 h) 14C incubations to measure a range of 0.4 to 15 g C m-2 d-1 across five stations on the central Bank 506 

in March. High rates at one station (~15 g C m-2 d-1) were associated with a SCM containing >40 mg m-3 of 507 

Chla, while most stations had surface concentrations ~1 mg m-3 and SCM containing 2 to 6 mg m-3 (Carter et 508 

al., 1987), conditions more similar to the stations sampled in March 2019 (Fig. 4a, e). A review of primary 509 

productivity measurements by Probyn et al. (1994), also of short (<6 h) 14C incubations, gave an area-weighted 510 

mean rate for the whole Agulhas Bank of 2 g C m-2 d-1 for summer. Taking the March measurements in Probyn 511 

et al. (1994), we estimate geometric means across the 95% confidence intervals reported of 1.7 g C m-2 d-1 512 

(range: 0.1-14.7 g C m-2 d-1) for the central Bank and 4.3 g C m-2 d-1 (range: 0.6 to 20.2 g C m-2 d-1) for the 513 

eastern Bank. More recently, Barlow et al. (2010) measured primary production in spring on the central and 514 

eastern Agulhas Bank (22-29oE) ranging from 0.3 to 3.7 g C m-2 d-1, with Lamont and Barlow (2015) further 515 

to the northeast on the KwaZulu-Natal shelf measuring rates of 0.4 to 9.9 g C m-2 d-1.  516 

 517 

Whilst there is some degree of overlap between our NPP measurements in March 2019 and those reported 518 

previously, especially at the lower end of the ranges, the highest NPP observed in our study was only 1.1 g C 519 

m-2 d-1 (Table 1). While we did not sample the chlorophyll rich SCM seen in several previous studies (Carter 520 

et al., 1987; Barlow et al., 2010), which could explain our lower NPP range, another important difference 521 

between studies were the techniques used (e.g. short-term versus 24 hr incubations, 14C versus 13C). 522 

Methodological differences can cause important differences, for example, our daily incubations would have 523 

measured NPP whereas shorter incubations (e.g. <6 h) scaled to daylength are more representative of gross 524 

primary production (Cullen, 2001). Satellite based measurements of NPP on the Agulhas Bank give average 525 

values for March of ~1 g C m-2 d-1 (Demarcq et al., 2008) and 1.2 to 1.9 g C m-2 d-1 (Mazwane et al., this issue), 526 

which are higher than this study (0.1-1.1 g C m-2 d-1; average: 0.4 ± 0.2 g C m-2 d-1).  527 

 528 

Mazwane et al. (this issue) suggest that the Agulhas Bank ecosystem is more productive on an annual basis 529 

than other mid-latitude shelf sea systems (see also Probyn et al., 1994; Lutjeharms, 2007). Comparing our 530 

autumn measurements with similar in-situ measurements from mid-latitude systems shows similar NPP rates; 531 

for example, Poulton et al. (2019b) found NPP rates of 0.2 to 0.6 g C m-2 d-1 during autumn in the Celtic Sea 532 

(Northwest European Shelf), with similar rates during summer and higher rates during the spring bloom (0.7-533 

6.4 g C m-2 d-1; average: 2.4 ± 1.9 g C m-2 d-1). The Agulhas Bank appears to lack a distinctive spring bloom 534 

of such intense productivity, though NPP remains relatively high and similar throughout the year (Demarcq et 535 

al., 2008; Mazwane et al., this issue), implying that continuously moderate NPP on the Agulhas Bank supports 536 

sustained production of the ecosystem. High NPP (>5 g C m-2 d-1) appears more related to inshore upwelling 537 

zones along the South African coast than during seasonal bloom events (Mazwane et al., this issue), and 538 
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appears to have been missed by our sampling in March 2019. In contrast, compared to the neighboring 539 

Benguela upwelling, the Agulhas Bank has a lower productivity, for example Barlow et al. (2009) measured 540 

in-situ rates in the Benguela upwelling during late summer (February - March) of 0.4 to 8.2 g C m-2 d-1.    541 

Barlow et al. (2009) also highlighted variable relationships between in-situ measurements of Chla and NPP, 542 

with stronger relationships in summer than winter in the Benguela upwelling. In our study we were restricted 543 

by the shortness of the autumn cruise in allowing only 7 daily measurements of NPP and while our relationship 544 

between surface FChl and NPP was statistically significant (p<0.001), this omitted one sampling station (1.1, 545 

~27oE). Ideally, more sampling stations (e.g. >20) would lead to a more confident estimate of NPP from FChl. 546 

Station 1.1 had high FChl (2.9 mg m-3) and low NPP (0.3 g C m-2 d-1), with the chlorophyll-based NPPest twice 547 

as high as that measured (0.6 g C m-2 d-1). This discrepancy may relate to a previous high productivity 548 

(upwelling) event which had depleted surface NO3 (<0.2 µmol N L-1) (see Giering et al., this issue, for further 549 

discussion), and highlights how the dynamic oceanography of the eastern Agulhas Bank impacts productivity 550 

on short timescales.  551 

 552 

In the future, more NPP measurements, alongside the kind of ancillary data collected here (e.g. size-553 

fractionated Chla, nutrients), and potentially using higher resolution techniques (e.g. fast-repetition-rate-554 

fluorometry; Barlow et al., 2010) are needed to fully understand the spatial and temporal variability of the 555 

productivity of the central and eastern Agulhas Bank. Such NPP measurements would need to be collected 556 

following a standard protocol to allow for comparison between similar measurements and to account for 557 

important differences between techniques (Cullen, 2001). A level of confidence in our limited dataset can be 558 

found by the general agreement of our in-situ measurements with historical data (Carter et al., 1987; Probyn 559 

et al., 1994) and satellite-based estimates (Demarcq et al., 2008; Mazwane et al., this issue); however, we 560 

appeared to have missed the more elevated NPP often associated with coastal waters and intensive SCM on 561 

the Agulhas Bank. 562 

 563 

4.2. What controls primary production on the Agulhas Bank in March?  564 

 565 

4.2.1 Light availability: Light is a major driver of photosynthetic rates, with a strong decline in light with 566 

increasing depth. In autumn on the Agulhas Bank, despite euphotic zones varying by ~40 m (from 18 to 62 m; 567 

Fig. 3a), none of the sampled stations had SML depths greater than the euphotic zone and hence phytoplankton 568 

in the SML across the Bank always experienced more than 1% of incident irradiance. This contrasts with 569 

Barlow et al. (2010) in spring on the Agulhas Bank, where SML depths were 10 to 30 m deeper than euphotic 570 

zones. Estimates of the average irradiance a particle would encounter within the mixed layer (ĒSML) ranged 571 

from 26 to 76% (average: 44 ± 12%), with a decline in these values from east to west (Fig. 3b). Given an 572 

average of ~40 mol photons m-2 d-1 of incidental irradiance during March (see Mazwane et al., this issue), this 573 

range in ĒSML equates to 10 to 30 mol photons m-2 d-1 (average: 18 ± 5 mol photons m-2 d-1) of PAR. Estimates 574 

of the compensation irradiance, where photosynthetic rates equate to respiratory losses, range from 1.2 to 3.0 575 
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mol photons m-2 d-1 (Siegel et al., 2002; Venables and Moore, 2010; Wihsgott et al., 2019), which are ~10 576 

times lower than the irradiance levels experienced by phytoplankton in the SML in March. These estimates of 577 

ĒSML compare well with similar estimates in summer on the Patagonian Shelf (6-41 mol photons m-2 d-1; 578 

Poulton et al., 2013) or in the Celtic Sea in spring and summer (10-18 and 9-20 mol photons m-2 d-1, 579 

respectively), while autumn is much lower (<1 to 6 mol photons m-2 d-1) (Poulton et al., 2019a, 2019b). 580 

Shallower SML than euphotic zone depths and considerable levels of SML irradiance indicate that light 581 

limitation was not an important factor limiting NPP in the SML during autumn on the Agulhas Bank, in contrast 582 

to other shelf seas.  583 

 584 

While SML irradiance conditions were relatively high, around half of the stations sampled had a SCM which 585 

ranged in depth from east to west from ~10 to 40 m (Fig. 4d). The amount of surface irradiance reaching the 586 

SCM was only ~9% on average (range: 0.4-32%; Fig. 4f), lower than that experienced in the SML, with SCM 587 

in the west experiencing less than 6%. Previous work on the Agulhas Bank have found SCM, often with high 588 

rates of NPP, at the 3 to 7% surface irradiance depth (Carter et al., 1987), which is similar to our observations. 589 

Based on an incidental irradiance of ~40 mol photons m-2 d-1 (Mazwane et al., this issue), these equate to an 590 

average of ~3.6 mol photons m-2 d-1 (range: 0.2-13 mol photons m-2 d-1), a value close to estimates of the 591 

compensation irradiance (1.2 to 3.0 mol photons m-2 d-1; Siegel et al., 2002; Venables and Moore, 2010; 592 

Wihsgott et al., 2019) and indicating potential light limitation of the SCM. Irradiance data from March 2019 593 

(GlobColour project; https://hermes.acri.fr/merged) averaged ~42 mol photons m-2 d-1 (range: 16-47 mol 594 

photons m-2 d-1) which agrees well with the climatology of Mazwane et al. (this issue). While light limitation 595 

is not likely to influence NPP in the SML, it becomes more important when considering NPP in the SCM of 596 

the Agulhas Bank. Previously, Carter et al. (1987) found SCM at ~1% surface irradiance in summer on the 597 

central Agulhas Bank and concluded that the SCM on the bank were exclusively light limited.  598 

 599 

4.2.2 Nutrient availability: As with the open ocean (Moore et al., 2013), nitrate appears to be a major limiting 600 

factor for NPP on the Agulhas Bank in autumn with the relative abundance of nitrate to phosphate showing 601 

depletion in nitrate relative to the Redfield (1958) ratio of 16:1, as shown by the negative N* values in surface 602 

waters across the Bank (Fig. 3e). Persistent negative N* values across the Bank contrast with the high surface 603 

NO3 concentrations (>4-6.2 µmol N L-1) found at several sampling sites offshore along transects 5, 6 and 7 604 

(Fig. 3c). Such high surface nutrient levels are surprising, with the expectation that phytoplankton would 605 

rapidly deplete such levels and thus some additional process may be involved. Examination of the maximum 606 

buoyancy frequency values (N2) across the Agulhas Bank (Fig. 2d) show that stations on transects 5, 6 and 7 607 

had low N2 values (<2 x103 s-1), implying that weaker stratification at these stations relates to the elevated 608 

surface NO3.      609 

 610 

Negative N* values indicate nitrate depletion relative to phosphate, but do not necessarily confirm proximate 611 

nitrate limitation of surface NPP. Rather, the availability of NO3 relative to the N requirements to support NPP 612 

(i.e. ‘N-demand’) gives an idea of whether NO3 is sufficient to support the observed rates of NPP. The N-613 
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demand to support NPP can be estimated by converting NPP rates into N units, and here we use the N:C ratio 614 

(0.13 mol mol-1) from nutrient-replete phytoplankton (Geider and La Roche, 2002) to convert NPP. Due to the 615 

unknown contribution of detrital and/or bacterial biomass to the bulk POC values measured, a phytoplankton-616 

specific N:C is more appropriate than the value for particulate material on the Bank (0.14 mol mol-1) or the 617 

global average from Redfield (1958) (0.15 mol mol-1).  618 

 619 

Plotting N-demand against average SML NO3 concentrations shows most stations (n = 45) fall below the 1:1 620 

unity line (Fig. 9) with SML NO3 sufficient to support instantaneous rates of measured and estimated NPP; 621 

however, there are several exceptions (n = 12) where surface NO3 appears insufficient to support NPP. These 622 

stations include inshore stations to the east (1.1, 5.2, 7.1) and west (12.1, CR4) and offshore stations in the 623 

middle (8.3, 8.4, 8.5, 8.6) of the sampling grid. To support NPP rates at these stations, alternative nitrogenous 624 

compounds (ammonium, urea) are required, although differences between N-demand and SML NO3 at these 625 

stations are often <0.2 µmol N L-1 (Fig. 9). Even if N-demand were to be doubled (e.g., higher rates of NPP, 626 

higher N:C ratios), many stations would still have NO3 concentrations >1 µmol N L-1 above the estimated N-627 

demand. For example, if the Redfield (1958) N:C ratio (0.15 mol mol-1) was used to estimate N-demand, there 628 

is no change in the number of stations which are considered to have sufficient NO3 to support NPP (n = 45; 629 

see Fig. S3).  630 

 631 

That only 21% of stations required additional sources of N, whereas SML NO3 concentrations were able to 632 

support NPP rates at the other 79%, is a surprising observation and implies that sufficient NO3 was found in 633 

the SML at most stations on the Agulhas Bank in autumn. Moreover, calculating the turnover time of SML 634 

average NO3 based on our estimates of N-demand gives an average of ~11 ± 12 days (range: 1-60 days), 635 

implying that surface phytoplankton communities have sufficient NO3 to support continued rates of NPP for 636 

around another week before they are dependent on alternative sources (e.g. coastal and shelf-edge upwelling, 637 

vertical fluxes through the thermocline). During our autumn survey of the Bank, we did not observe strong 638 

upwelling of deep waters, with strong stratification maintained at many of the inshore sites associated with 639 

upwelling cells (Fig. 2d). The pycnocline in autumn was characterized by high values (>4 x 10-3 s-2) of 640 

buoyancy frequency (Fig. 2d) and steep gradients in temperature (1-2oC m-1; Largier and Stewart, 1987; Swart 641 

and Largier, 1987; Carter et al.,1987; Lutjeharms, 2006). Such a strong thermocline will regulate vertical fluxes 642 

of nutrients such as nitrate (Probyn et al., 1994; Sharples et al., 2001), with bottom waters replenished with 643 

nutrients from the South Indian Central Water advected onto the shelf (Fig. S2; Lutjeharms et al., 1996; 644 

Jackson et al., 2012). While SML NO3 concentrations appear sufficient to continue to fuel NPP for short 645 

periods, away from the coastal upwelling sites, vertical diffusive fluxes of nutrients regulated by the stability 646 

of the thermocline will be key to maintaining NPP. There is thus a need to understand the mixing and 647 

thermocline phytoplankton dynamics (e.g., Sharples et al., 2001) of the Agulhas Bank to address seasonal 648 

production. 649 

     650 
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Sufficient NO3 to support rates of NPP for many stations across the Agulhas Bank in autumn implies a reliance 651 

on NO3 for much of the NPP, and hence high ‘f-ratios’ (sensu Dugdale and Goering, 1967). These simple 652 

estimates indicate a lack of proximate nitrate limitation of primary production on the Agulhas Bank in autumn 653 

and highlight the potential for an abundance of organic matter for higher trophic levels (or export to depth) 654 

during this time. Particulate N:C ratios on the bank at the time of sampling (average: 0.14 ± 0.02 mol mol-1; 655 

see Fig. 6b) were between both the Redfield ratio (0.15 mol mol-1; Redfield, 1958) and that of nutrient replete 656 

phytoplankton (0.13 mol mol-1; Geider and La Roche, 2002), showing only moderate enrichment in C (min. 657 

0.12 mol mol-1), implying that the particulate material formed was relatively N-rich, further supporting a lack 658 

of direct NO3 limitation and a high f-ratio; both of which would have decreased particulate N:C ratios.  659 

 660 

Whilst the availability of nitrogen (and phosphorus) controls the distribution and activity of the entire 661 

phytoplankton community, silicic acid is a key limiting nutrient for diatoms, which tend to characterize more 662 

productive coastal ecosystems (Tréguer and De La Rocha, 2013). On the Agulhas Bank in March, Si(OH)4 663 

concentrations were generally higher than the notional 2 µmol Si L-1 concentration believed to limit diatom 664 

productivity (Egge and Aksnes, 1992), with most surface waters having positive Si* values higher than 2 (Fig. 665 

3g) and indicative of residual silicic acid concentrations (Bibby and Moore, 2011). There was also an inshore 666 

to offshore trend in the SML Si* values, with offshore values becoming lower and, in some cases, negative 667 

(especially transects 5, 6 and 7), a clear signal of the low Si(OH)4 concentrations (<2 µmol Si L-1) of the 668 

subtropical source waters (see Results 3.3). Whilst this pattern of offshore negative Si* did not correspond to 669 

particulate silica (bSiO2) distribution (Fig. 6d), it was noticeable that diatom abundances in surface waters 670 

were higher offshore near the shelf break than they were inshore (Fig. 6f). Elevated diatom abundance near 671 

the shelf break likely relate to localized upwelling and frontal interactions with the Agulhas Current (Boyd and 672 

Shillington, 1994; Probyn et al., 1994; Jackson et al., 2012; Lutjeharms, 2006; Malan et al., 2018).   673 

 674 

4.2.3 Mortality: Whilst a few studies have examined meso-zooplankton (>200 µm) biomass on the Agulhas 675 

Bank (Verheye et al., 1994; Peterson and Hutchings, 1995; Noyon et al., this issue), none have measured 676 

grazing rates or the potential of zooplankton to have a strong grazing impact on phytoplankton communities.  677 

During March 2019, Noyon et al. (this issue) measured secondary production by meso-zooplankton at the same 678 

CTD stations sampled in this study, with a comparison of secondary production (‘zooplankton C-demand’) 679 

and our estimated NPP showing that 29% of the stations sampled had zooplankton C-demand exceeding NPP, 680 

while around half of stations had C-demand ~50% of estimated NPP. The results of Noyon et al. (this issue) 681 

imply that meso-zooplankton exert a strong control on rates of NPP across the Agulhas Bank in autumn and 682 

support our conclusions about abundant organic material for higher trophic levels and a potentially high f-ratio 683 

characterizing the phytoplankton communities on the Bank. Hutchings (1994), Verheye et al. (1994) and 684 

Peterson and Hutchings (1995) estimate that Agulhas Bank zooplankton could consume approximately 20 to 685 

60% of NPP, with dense copepod concentrations exerting a strong grazing control on NPP and being strongly 686 

correlated to Chla concentrations (including the SCM).  687 

 688 
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To summarize, the SML of the Agulhas Bank in autumn appears to have ample irradiance and nitrate to support 689 

observed and estimated rates of daily NPP, with only a few stations (18%) requiring alternative nitrogenous 690 

sources (ammonium, urea). Nitrate-depletion relative to phosphate (negative N*) are characteristic of Bank 691 

waters, and likely inherited from the subtropical source water for the SML (see Results 3.3). Support for NPP 692 

from NO3 on the Agulhas Bank in autumn implies that ‘new production’ (sensu Dugdale and Goering, 1967) 693 

characterizes production on the Bank (Carter et al., 1987), with relatively N-rich particulate material supporting 694 

the idea that recycling is of limited importance during autumn. Moreover, N-rich particulate material and NPP 695 

supporting estimates of zooplankton production (Noyon et al., this issue) indicate that the Agulhas Bank in 696 

autumn is a productive system for both primary and secondary producers. Residual silicic acid concentrations 697 

were common on the Agulhas Bank at the time of sampling, indicating other factors (e.g. selective grazing, 698 

competition for nitrate) limited diatom production on the Bank. 699 

 700 

4.3. Does the Subsurface Chlorophyll Maximum contribute to production? 701 

 702 

Around half of the stations sampled on the Agulhas Bank in March possessed a clearly definable SCM (Fig. 703 

4d) where Chla concentrations at depth where more than 1.5-times higher than in surface waters. It is thus a 704 

reasonable question to ask whether these SCM also represented deep productivity maximum, as seen for SCM 705 

in other shelf seas (e.g. Holligan et al., 1984a, b; Hickman et al., 2012) and previously observed on the Agulhas 706 

Bank (Carter et al., 1987; Probyn et al., 1994; Barlow et al., 2010). The clear east to west trend of deepening 707 

SCM (Fig. 4d), associated with a decline in SCM irradiance levels (Fig. 4f), also implies that different 708 

processes may be important in the formation and maintenance of the SCM (Cullen, 1982, 2015). Relatively 709 

high absolute irradiances at the SCM allow elevated nitrate uptake (new production) relative to light limited 710 

SCM (Cullen, 1982, 2015; Carter et al., 1987; Hickman et al., 2012), although the absolute irradiance 711 

experienced relative to the vertical gradient in nitrate is a key determinant (Cullen, 2015). While the SCM 712 

deepened across the Bank, vertical gradients in nitrate (0.9-1.4 µmol NO3 L-1 m-1) and the density of the 713 

nitracline (24.9-26.1 kg m-3) were similar (Table 2).   714 

 715 

SCM may form by in-situ growth and productivity, sinking of surface biomass onto a density discontinuity, 716 

photo-adaptation of phytoplankton deep in the water column in association with deep nutrient pools, or some 717 

combination of these (Cullen, 1982, 2015; Carter et al., 1987). Deep measurements of NPP were only made at 718 

six sites across the Agulhas Bank, and of these only three  had SCM present (Table 2); two inshore sites to the 719 

east (1.1, 5.1) and one inshore site in the west (CR4). At these three sites, and indeed for all the stations sampled 720 

for NPP, surface rates of NPP were similar (range: 25.1-37.2 mg C m-3 d-1), while SCM NPP rates were 721 

different between eastern (1.6-8.1 mg C m-3 d-1) and western (0.4 mg C m-3 d-1) stations. Deep NPP rates, where 722 

measured, were 3- to 16-times lower than surface rates in the east, and 80-times lower in the west, whereas the 723 

assimilation number (PB) lacked such east to west differences; PB ranged from 0.1 to 0.3 g C (g FChl)-1 h-1 in 724 

the east and from <0.1 to 0.2 g C (g FChl)-1 h-1 in the west (Table 2). These are lower than the values reported 725 

by Carter et al. (1987) on the Agulhas Bank in summer when SCM were strong productivity maxima (0.6-2.9 726 
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g C (g Chl)-1 h-1) or by Barlow et al. (2010) in spring (>5 g C (g Chl)-1 h-1), and indicate that the SCM sampled 727 

in March 2019 were associated with low rates of production per unit (chlorophyll) biomass.  728 

 729 

For the SCM on the Agulhas Bank to represent a deep NPP maximum, or equal surface NPP (average: 35 ± 730 

15 mg C m-3 d-1; Table 2), it would need to have equivalent PB to surface waters and contain ~13 mg Chla m-731 

3 or if depth-dependent patterns of PB remained it would need to contain at least 145 mg m-3 of Chla. Thus, for 732 

SCM to represent deep NPP maxima they require both high PB and relatively high Chla concentrations (>10 733 

mg m-3; see Holligan et al., 1984a, b; Carter et al., 1987; Barlow et al., 2010) – a pattern not seen in autumn 734 

but observed by other Agulhas Bank studies. Two stations on the western Agulhas Bank in March 2019 735 

possessed SCM with Chla concentrations ~10 mg m-3 (Stations 12.5, CR4; Fig. 4e) but both had low relative 736 

light levels in the SCM (~0.4%), potentially highlighting the role of light limitation in deep productivity in the 737 

west. Carter et al. (1987) observed SCM containing 5 to 10 mg m-3 during summer on the central Agulhas 738 

Bank (20-23oE) while Barlow et al. (2010) observed SCM of 2 to 5 mg m-3 around the eastern Agulhas Bank 739 

in spring. Both Carter et al. (1987) and Barlow et al. (2010) identified the SCM as making important 740 

contributions to integrated productivity (see also Probyn et al., 1994), linking SCM productivity to deep photo-741 

physiology, although photosynthetic rates remained higher in surface waters.  742 

 743 

While the SCM have FChl concentrations over 1.5-times higher than surface values (roughly 2-times higher 744 

for the eastern sites and 5-times higher in the west), surface and deep POC concentrations were similar (Table 745 

2). This implies that the SCM Chl:C ratio was different than in surface waters, and indeed the SCM Chl:C 746 

(FChl:POC) ratio in the east was 6 to 13 mg g-1, which is similar to the range generally seen in surface waters 747 

(5-12 mg g-1; Fig. 6c), while in the SCM in the west it was roughly doubled (~17-22 mg g-1). A previous 748 

estimate of SCM Chl:C ratios for the Agulhas Bank found an average ratio of ~15 (± 5) mg g-1 (Carter et al., 749 

1987). Changes in Chl:C ratios indicate photo-acclimation as cellular levels of pigmentation increase to 750 

enhance light harvesting at low light (Geider et al., 1998; Cullen, 2015). As Chl:C ratios are similar to surface 751 

values in the SCM in the east (Table 2, Fig. 6c), photo-acclimation may play a minor role in formation of the 752 

SCM there, whereas the 2-times higher Chl:C ratios in the SCM in the west relative to surface values (Table 753 

1) implies photo-acclimation is important in the formation of the SCM in the west. Declining irradiance in the 754 

SCM from east to west (Fig. 4f: average east of 25oE, 16 ± 9%; average west of 25oE, 6 ± 6%) confirm an 755 

increasing importance of light harvesting against a trend of declining light availability. 756 

 757 

For most stations sampled across the Agulhas Bank, SML average NO3 concentrations appear sufficient to 758 

support surface NPP rates (Fig. 9), with notable exceptions in inshore waters. In the case of the SCM (Table 759 

2), NO3 concentrations are similar, or slightly higher, in the east and 90-times higher than surface values in the 760 

west. Gradients of NO3 and average density associated with the nitracline are similar between sites in the east 761 

and west (Table 2). Comparing N-demand to support deep NPP rates, in a similar way as with surface waters 762 

(see Fig. 9), shows that the SCM in both the east and west have sufficient NO3 to support SCM NPP (Table 763 

2); the SCM is not nutrient limited, but appears differentially light-limited east and west.  764 
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 765 

SCM are important sites for ‘new production’ and nitrate-uptake due to proximity to high nitrate fluxes 766 

(Dugdale and Goering, 1967; Holligan et al., 1984b; Carter et al., 1987; Sharples et al., 2001; Letelier et al., 767 

2004; Hickman et al., 2012; Cullen, 2015), and this appears true of the SCM on the Agulhas Bank, which are 768 

found with relatively high NO3 concentrations and NO3 gradients (1-9 µmol N L-1 and 0.9-1.4 µmol N L-1 m-769 

1; Table 2). Beyond the concentration of nitrate at the SCM, the flux of nutrients into the SCM and SML is 770 

another key determinant of the processes involved in SCM formation and its role in new production (Dugdale 771 

and Goering, 1967; Holligan et al., 1984b; Carter et al., 1987; Sharples et al., 2001; Hickman et al., 2012; 772 

Cullen, 2015); shallow SCM in the east may receive higher fluxes of nitrate, and support higher new 773 

production, whereas deep SCM in the west may be rate limited by the flux of nitrate and the strong thermoclines 774 

occurring there (Fig. 2d).  775 

 776 

For March 2019, a paradox exists between ‘sufficient’ NO3 to support NPP in the SML and the presence of 777 

SCM. How can a SCM associated with N-uptake co-occur with high surface NO3 concentrations? Reexamining 778 

the stations with SCM, median SML NO3 concentrations were ~0.3 µmol N L-1 (range: 0.1-4.8 µmol N L-1), 779 

with only four stations with NO3 over 1 µmol N L-1 (5.1, 5.5, 9.2, 12.5), and median NPP rates for stations 780 

with SCM were ~0.2 g C m-2 d-1. Generally, stations with SCM were associated with low SML NO3 and low 781 

NPP, although there were exceptions. The presence of a SCM despite elevated SML NO3 highlights dynamic 782 

processes within the thermocline. For example, cross-thermocline fluxes of 1 to 3 mmol N m-2 d-1 have been 783 

estimated in the Celtic Sea (Sharples et al., 2001), which over a 20 to 30 m SML equate to 0.03 to 0.15 µmol 784 

N L-1 d-1 if the SCM was unable to utilize this flux. With SML NO3 of ~0.3 µmol N L-1, such fluxes could 785 

replenish SML NO3 in only 2 to 10 days (assuming no uptake in the SCM or SML).  786 

 787 

Light availability in the SCM controls N-uptake (Letelier et al., 2004; Hickman et al., 2012; Cullen, 2015) so 788 

that variability in irradiance could lead to slightly elevated SML NO3. While average incidental irradiance in 789 

March 2019 was ~42 ± 7 mol photons m-2 d-1 (range: 16-47 mol photons m-2 d-1; GlobColour project), at times 790 

it dropped to <20 mol photons m-2 d-1, which in the SCM would equate to only ~1.8 mol photons m-2 d-2, based 791 

on the SCM receiving an average of ~9% of surface irradiance. This average value is close to estimates of the 792 

compensation irradiance (1.2-3.0 mol photons m-2 d-1; Siegel et al., 2002; Venables and Moore, 2010; Wihsgott 793 

et al., 2019) indicating that the SCM could become severely light limited on occasion, allowing NO3 to 794 

accumulate in the SML. Conversely, when irradiance reaches 47 mol photons m-2 d-1 this would equate to ~3.7 795 

mol photons m-2 d-1, which highlights that the SCM on the Agulhas Bank may at times also have high light 796 

availability, strengthening N-uptake and NPP.  797 

 798 

Based on limited observations from March on the Agulhas Bank, where sampled, the SCM was not a 799 

productivity maximum but varied from east to west in terms of whether it was a maximum in phytoplankton 800 

biomass or pigment, respectively. Moderate NPP and irradiance, and low Chl:C, imply that the eastern SCM 801 

are biomass maxima associated with elevated productivity, although maximum NPP remained in surface 802 
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waters (Table 2). Low (<1 mg C m-3 d-1) NPP rates, high Chl:C and low irradiance imply that the SCM in the 803 

west is a pigment maximum, formed through photo-acclimation, with maximum NPP occurred in surface 804 

waters (Table 2). Of the stations sampled, only 47% had SCM, while the rest had uniform or only slight 805 

increases in Chla concentrations in the SML. Of those where a SCM was present, we only sampled three for 806 

NPP and hence there is a need to sample a far wider number of SCM across the Agulhas Bank to fully examine 807 

east to west gradients in SCM formation, maintenance, and productivity. However, based on the east to west 808 

gradients in SML depth (Fig. 2a), buoyancy frequency (Fig. 2d), NO3 concentration (Fig. 3c) and SCM 809 

irradiance (ESCM; Fig. 4f), it appears reasonable to assume that the longitudinal trends in our small number of 810 

stations reflects the larger-scale pattern. Without higher levels of deep biomass and irradiance, it appears 811 

unlikely that the SCM on the Agulhas Bank in autumn represent deep productivity maxima, though they may 812 

remain important contributors to integrated NPP and new production.  813 

 814 

4.4. Phytoplankton community composition 815 

 816 

Across the Agulhas Bank in autumn, nanoplankton (2-20 µm) dominated total Chla (average: 45% ± 20%), 817 

with picoplankton (0.2-2 µm) slightly more abundant than microplankton (>20 µm) (averages: 29% ± 20% 818 

and 26% ± 10%, respectively). Despite the low relative contribution to total Chla, microplankton were the only 819 

phytoplankton size class to show a clear east to west trend of increasing contributions (Fig. 5c). Phytoplankton 820 

size-structure has important implications for pelagic ecosystem dynamics, with microplankton (diatoms, 821 

dinoflagellates) important for the transfer of material to higher trophic levels (zooplankton, fish larvae). 822 

Despite low relative and absolute levels of microplankton Chla (<30% and 0.06-0.66 mg m-3, respectively), 823 

there was close coupling between primary production and zooplankton secondary production on the bank in 824 

autumn (Noyon et al., this issue). Hence, either zooplankton were reliant on nanoplankton production (Huggett 825 

et al., 2000) or there was an efficient trophic transfer between small phytoplankton and zooplankton (Verheye 826 

et al., 1994; Calbet and Landry, 2004; Schmoker et al., 2013). Further, at the 6 stations where integrated NPP 827 

was measured (Table 1), microplankton contributions to NPP were relatively high (average: 51% ± 14%; 828 

range: 42-79%) and matched the zooplankton C demands (Noyon et al., this issue). Clearly, further 829 

measurements are needed to explore these patterns during the productive late summer and autumn periods. 830 

 831 

Particulate silica (bSiO2), an indicator of siliceous diatom biomass, was low (<1 µmol Si L-1) across the 832 

Agulhas Bank (Fig. 6d) with particulate Si:C ratios lower (Fig. 6e) than average diatom Si:C ratios (0.13 mol 833 

mol-1; Brzezinski, 1985). Low Si:C ratios and low contributions of microplankton Chla to total Chla (<30%) 834 

indicate that most of the particulate material was not associated with diatom cells, though there were a couple 835 

of notable exceptions with ratios greater than 0.13 mol mol-1 (stations 2.3, 7.1, 12.2, 12.6) where diatoms may 836 

have contributed more to the particulate pool (Fig. 6e). Diatom cell counts showed little relationship with 837 

bSiO2 or Si:C ratios, with highest diatom cell counts towards the shelf break rather than inshore (Fig. 6f). 838 

However, there was a statistically significant relationship between microplankton Chla and diatom cell counts 839 

(r = 0.75, p>0.001, n = 25), indicating that diatoms were related to ~56% of the spatial variability in 840 
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microplankton Chla and there were higher diatom contributions to the west. A lack of a similar pattern in 841 

bSiO2 and Si:C ratios implies that diatoms on the Agulhas Bank had more variable Si:C ratios than the average 842 

diatom ratio (0.13 mol mol-1; Brzezinski, 1985) and may have been lightly silicified. Diatom taxa such as 843 

Chaetoceros and Pseudonitzschia have Si:C ratios ~0.03 to 0.05 mol mol-1 (Brzezinski, 1985), much closer to 844 

the ratios measured on the Agulhas Bank in autumn (<0.06 mol mol-1; Fig. 6e). In fact, light microscope 845 

observations of diatoms across the Agulhas Bank during our study were dominated by genera such as 846 

Pseudonitzschia and Navicula.  847 

 848 

5. Conclusions 849 

 850 

Our measurements and estimates of NPP on the Agulhas Bank in March 2019 ranged from 0.1 to 1.1 g C m-2 851 

d-1, which were in reasonable agreement with historical in-situ and satellite measurements during summer and 852 

autumn. While stations with high Chla and NPP were patchily distributed on the Agulhas Bank, there was a 853 

trend for western stations to have lower Chla and NPP. SCM were detected at around half of the sampling 854 

stations, though no extremely chlorophyll-rich SCM (>10 mg m-3) were observed, with these features 855 

historically being associated with deep productivity maximum and/or as significant contributors to integrated 856 

NPP on the Agulhas Bank.   857 

 858 

Surface mixed layers on the Agulhas Bank had sufficient light for photosynthesis during March, with daily 859 

irradiance conditions in the SML more similar to spring and summer conditions in other temperate systems. 860 

Nutrient conditions in the SML were estimated to be adequate to support observed rates of NPP, despite often 861 

low NO3 concentrations, although the strong thermocline characteristic of the Agulhas Bank may limit 862 

diffusive nutrient fluxes and influence NPP dynamics over longer timescales and away from sites of coastal 863 

and shelf edge upwelling.  864 

 865 

The SCM of the Agulhas Bank are regarded as important contributions to NPP and N-cycling, though previous 866 

studies have highlighted the potential for light-limitation of SCM productivity. Our survey in March 2019 867 

observed a strong east to west gradient in the dynamics of the SCM, including the potential for light-limitation, 868 

their role as sites of deep new production, and their contribution to integrated NPP. For the SCM sampled in 869 

this study, the conditions for them to represent deep maxima of NPP appear not to have been met (e.g. high 870 

chlorophyll-biomass >10 mg m-3, high assimilation numbers), although we only examined a few SCM in detail 871 

and thus there is clearly a need for fuller examination of SCM dynamics across the Agulhas Bank in autumn 872 

(and summer) to elucidate their role in ecosystem productivity and nutrient cycling. Moreover, due to the 873 

potentially limiting nature of the strong thermocline on the bank for nutrient fluxes, dynamic processes (e.g. 874 

mixing due to internal tides, reduced irradiance due to cloudy days) need to be examined further to understand 875 

the control(s) on NPP in autumn. 876 

 877 
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While nanoplankton appear to dominate biomass across the Agulhas Bank in autumn, microplankton were 878 

present, and, while only representing a third of chlorophyll-biomass, they often represented over 50% of NPP. 879 

A strong correlation between diatoms cell counts and variability of the microplankton Chla fraction indicate 880 

that diatoms are important contributors to microplankton biomass. Examination of particulate Si:C ratios 881 

indicate that lightly silicified diatoms (e.g., Chaetoceros, Pseudonitzschia, Navicula) are present on the 882 

Agulhas Bank, which is surprising as there were significant levels of residual Si(OH)4 in the SML across the 883 

bank. Such residual Si(OH)4 contrasts strongly with the silica-depleted nature (negative Si*) of the subtropical 884 

surface water for the SML (Si* -3) and the deeper South Indian Ocean Central Water (Si* -4) which is advected 885 

into the bottom waters of the Bank. Indeed, the sources and cycling processes of Si in the waters of the Agulhas 886 

Bank are another interesting future research question due to the importance of diatoms in supporting secondary 887 

production.    888 
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TABLES 1105 

Table 1. Hydrography and euphotic zone integrals for phytoplankton biomass and composition, net primary 1106 

production, particulate material, and stoichiometric ratios. 1107 

 1108 

Table 2. Surface mixed layer (SML) and subsurface chlorophyll maximum (SCM) characteristics in terms of 1109 

phytoplankton biomass and composition, net primary production, particulate material, stoichiometric ratios, 1110 

and nitrate and light availability. For stations for which no SCM was present (8.6, 9.1b, 10.2, and 12.6) in-1111 

situ sampling concentrated on the base of the SML and NPP incubations were at the 4.5% surface irradiance 1112 

level (see Methods). 1113 

 1114 

FIGURES 1115 

 1116 

Fig. 1. Sampling stations along inshore-offshore transects from east to west on the Agulhas Bank (March 1117 

2019) superimposed on a satellite composition (6/3/19-22/4/19) of surface Chla concentration (4-km MODIS 1118 

Aqua data). The diversity of sampling at each station is indicated in the key, with transects numerated east to 1119 

west and from inshore (low digits) to offshore (high digits). Bathymetry contours (black lines) for 200 m and 1120 

100 m are provided. 1121 

 1122 

Fig. 2. Hydrological characteristics of the sampling stations: (a) Surface Mixed Layer (SML) depth (m); (b) 1123 

Seasurface temperature (oC); (c) Depth of the buoyancy frequency maximum (N2, m); (d) Maximum 1124 

buoyancy frequency (N2, x 10-3 s-2); (e) Bottom Mixed Layer (BML) depth (m); and (f) BML thickness (m). 1125 

Panel (a) indicates the numbering from east to west of the inshore-offshore sampling transects. 1126 

 1127 

Fig. 3. Light and macronutrient regimes: (a) Depth of the euphotic zone (ZEup, m); (b) SML average 1128 

irradiance (ĒSML, % of surface irradiance, E0); (c) SML average NO3 (µmol N L-1); (d) BML average NO3 1129 

(µmol N L-1); (e) SML average N*; (f) SML average Si*; (g) BML average N*; and (h) BML average Si*. 1130 

Panel (a) indicates the numbering from east to west of the inshore-offshore sampling transects. 1131 

 1132 

Fig. 4. Chlorophyll-a distribution and Subsurface Chlorophyll Maximum (SCM): (a) Surface calibrated-1133 

fluorescence (FChl, mg m-3); (b) Water-column integrated FChl0-bot (mg m-2); (c) Fraction of FChlEup / FChl0-1134 

bot; (d) Depth of the SCM (ZSCM, m); (e) SCM FChl (mg m-3); and (f) Irradiance at the depth of SCM (ESCM) 1135 

as a percentage of surface irradiance (E0). Empty circles in d-f indicate that no SCM was present (see 1136 

Methods). Panel (a) indicates the numbering from east to west of the inshore-offshore sampling transects. 1137 

 1138 

Fig. 5. Size-fractionated Chla as a percentage (%) of total chlorophyll-a in surface waters; (a) Picoplankton 1139 

(0.2-2 µm) Chla; (b) Nanoplankton (2-20 µm) Chla; and (c) Microplankton (>20 µm) Chla. Empty circles 1140 

indicate no measurements. Panel (a) indicates the numbering from east to west of the inshore-offshore 1141 

sampling transects. 1142 
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 1143 

Fig. 6. Particulate material and diatoms in surface waters; (a) Particulate organic carbon (POC, mg C m-3); 1144 

(b) Particulate nitrogen to carbon ratio (N:C, mol:mol); (c) Chla to carbon ratio (mg:g); (d) Particulate silica 1145 

(bSiO2, mmol Si L-1), (e) Particulate silica to carbon ratio (Si:C, mol:mol); and (f) Surface diatom cell 1146 

abundances (cells L-1). Empty circles indicate no measurements. Panel (a) indicates the numbering from east 1147 

to west of the inshore-offshore sampling transects. 1148 

 1149 

Fig. 7. Scatter plot between surface Chla (FChl; mg m-3) and euphotic zone integrated NPP (g C m-2 d-1). 1150 

Individual stations are identified, and Model II Linear regression presented.  1151 

 1152 

Fig. 8. Estimated Net Primary Production (g C m-2 d-1) from surface Chla measurements. Inshore-offshore 1153 

sampling transects are labelled and numerated from east to west. 1154 

 1155 

Fig. 9. Comparison of surface NO3 concentrations (µmol N L-1) with estimates of N-demand (µmol N L-1d-1) 1156 

based on using Geider and La Roche’s (2002) nutrient-replete phytoplankton N:C ratio (0.13 mol mol-1) to 1157 

convert surface rates of NPP. Note log-log scale with dashed line indicating 1:1 ratio. Open circles represent 1158 

estimates from sampled stations (Table 1) while grey circles are NPP estimates from surface Chla using the 1159 

regression in Figure 7. Sampling sites above the 1:1 line indicate potential TON limitation of NPP rates, 1160 

whereas sites below the dashed line are considered TON replete.  1161 

 1162 

SUPPLEMENTARY TABLE 1163 

 1164 

Table S1. Surface and deep physio-chemical data from the Agulhas Bank, including surface mixed layer 1165 

(SML) silicic acid (Si(OH)4), SML phosphate (PO4), surface particulate nitrogen (PN), SML average 1166 

salinities, bottom mixed layer (BML) average temperature, BML average salinity, BML phosphate (PO4), 1167 

and BML silicic acid (Si(OH)4).   1168 

 1169 

SUPPLEMENTARY FIGURES 1170 

 1171 

Fig. S1. Scatter plot of Surface Mixed Layer depth (m) defined by a 0.125 kg m-3 difference between surface 1172 

and deep values against the depth (m) of the maximum buoyancy frequency (N2). Dashed line indicates 1173 

unity. Pearson production moment correlation statistics are given. 1174 

 1175 

Fig. S2. Temperature-Salinity diagram of CTD data from the Agulhas Bank in March 2019. Panel A) shows 1176 

all profile data; and B) shows profile data from CTD casts along three inshore-offshore transects along the 1177 

Agulhas Bank (see Fig. 1 for transect locations). Dominant water masses are indicated in terms temperature 1178 

ranges as Agulhas Bank water masses have similar salinity ranges (after Jackson et al., 2012). 1179 
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Fig. S3. Comparison of surface NO3 concentrations (µmol N L-1) with estimates of N-demand (µmol N L-1 d-1181 

1) based on using the Redfield (1958) N:C ratio (0.15 mol mol-1) to convert surface rates of NPP. Note log-1182 

log scale with dashed line indicating 1:1 ratio. Open circles represent estimates from sampled stations (Table 1183 

1) while grey circles are NPP estimates from surface Chla using the regression in Figure 7. Sampling sites 1184 

above the 1:1 line indicate potential NO3 limitation of NPP rates, whereas sites below the dashed line are 1185 

considered NO3 replete.  1186 
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Table 1. 

 

 Sampling sites  

Parameter 1.1 5.1 8.6 10.2 12.6 CR4 Units 

        

Latitude (oS) 33o38’ 34o00’ 34o43’ 34o28’ 35o35’ 34o52’  

Longitude (oE) 26o54’ 25o13’ 23o43’ 22o20’ 22o06’ 22o42’  

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 [g C m-2 d-1] 

Microplankton NPP 44 46 52 42 79 44 [%] 

Assimilation number (PB) 0.3 1.2 1.5 1.5 0.9 0.6 [g C (g Chl)-1 h-1] 
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Table 2.  

 

 Sampling sites  

Parameter 1.1 5.1 8.6 9.1 b 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 [mg C m-3 d-1] 

Microplankton (>20 µm) NPP 26 48 54 37 50 68 59 [%] 

Particulate silica (bSiO2) 0.8 0.8 1.5 ND 0.3 1.2 ND [µmol Si L-1] 

Chl-normalised NPP 0.7 2.2 2.0 2.8 1.7 0.9 1.3 [g C (g FChl)-1 h-1] a 

Chl:C (FChl:POC) 5 4 12 ND 5 28 11 [mg g-1] 

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 [µmol N L-1] 

N-demand b 0.3 0.3 0.9 0.4 0.3 0.5 0.4 [µmol N L-1 d-1] 

NO3/N-demand  0.7 3.5 0.1 2.0 1.5 1.0 0.3 [days] 

Average SML irradiance (ĒSML) 56 63 53 45 48 31 29 [%] 

         

Subsurface Chlorophyll Maximum or 4.5% Surface irradiance (E0) 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 [mg C m-3 d-1] 

Microplankton (>20 µm) NPP 79 25 19 ND 0 54 ND [%] 

Particulate silica (bSiO2) 2.6 ND 1.2 ND ND ND 0.9 [µmol Si L-1] 

FChl-normalised NPP 0.1 0.1 0.3 ND 0.2 0.2 <0.1 [g C (g FChl)-1 h-1] a 

Chl:C (FChl:POC) 13 6 14 4 8 22 17 [mg g-1] 

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] 

NO3 0.7 1.3 2.8 1.2 6.7 0.5 9.0 [µmol N L-1] 

NO3 gradient c   1.3 1.4 0.9 1.4 1.2 1.2 1.4 [µmol NO3 L-1 m-1] 

Density of NO3-gradient d 26.1 25.5 25.8 25.8 25.4 24.9 25.6 [kg m-3] 

N-demand b 0.1 <0.1 0.2 ND <0.1 0.1 <0.1 [µmol N L-1 d-1] 

NO3/N-demand 7 49 16 ND 166 6 1772 [days] 

Relative Irradiance (E0) 4 31 20 21 16 7 0.3 [%] 

         

         
a calculated assuming a 12-hour 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)); c NO3-gradient calculated as maximum change in NO3 concentration 

with depth; d median density over depth range where maximum NO3-gradient observed. 
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Figure 1. 
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Figure 2. 
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Figure 3. 
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Figure 4.  
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Figure 5.  
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Figure 6. 
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Figure 7 
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Figure 8. 
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Figure 9. 
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Supplementary Table S1. 

 

Station 

ID 

Lat. Long. SML 

Si(OH)4 

SML 

PO4 

Surface 

particulate 

nitrogen (PN) 

SML 

average 

salinities 

BML 

average 

temperature 

BML 

average 

salinity 

BML 

PO4 

BML 

Si(OH)4 

   [µmol 

Si L-1] 

[nmol 

P L-1] 

[mg N m-3]  [oC]  [nmol 

P L-1] 

[µmol Si 

L-1] 

1.1 -33.64 26.92 2.5 219 71 35.26 13.4 35.24 1210 13.2 

1.2 -33.71 26.98 0.8 120 ND 35.24 11.7 35.11 1160 10.3 

1.3 -33.78 27.04 2.0 228 ND 35.38 11.1 35.05 1210 11.0 

1.4 -33.86 27.11 1.4 192 35 35.37 10.1 34.95 1320 13.3 

2.3 -34.02 26.73 2.4 316 ND 35.38 10.9 35.03 1240 11.4 

5.1 -34.01 25.23 5.1 385 45 35.23 10.0 34.95 1600 20.6 

5.2 -34.11 25.29 3.6 202 ND 35.29 9.9 34.93 1520 18.2 

5.3 -34.22 25.35 3.4 209 44 35.32 9.1 34.86 1560 20.1 

5.4 -34.32 25.41 3.7 399 ND 35.30 7.8 34.77 1800 26.8 

5.5 -34.43 25.47 3.6 433 32 35.25 7.6 34.75 1850 29.3 

6.5 -34.56 25.18 2.0 251 49 35.32 8.1 34.78 1710 23.2 

6.4 -34.47 25.11 2.0 239 ND 35.30 8.0 34.77 1710 23.3 

6.3 -34.36 25.05 3.5 348 ND 35.26 8.0 34.78 1730 24.9 

6.2 -34.25 25.00 4.4 355 ND 35.31 9.2 34.87 1540 19.6 

6.1 -34.15 24.93 4.2 298 29 35.27 13.0 35.04 1410 18.7 

7.1 -34.14 24.37 3.5 343 21 35.22 10.0 34.95 2290 20.4 

7.2 -34.27 24.34 4.9 378 ND 35.25 9.4 34.87 1440 15.8 

7.3 -34.40 24.33 4.5 522 19 35.29 9.0 34.83 1460 15.5 

7.4 -34.54 24.31 4.1 478 ND 35.29 9.3 34.86 1400 13.9 

7.5 -34.66 24.29 3.2 303 ND 35.26 9.8 34.91 1340 12.9 

7.6 -34.81 24.26 1.4 182 10 35.29 8.7 34.80 1510 16.9 

8.6 -34.72 23.73 3.0 127 37 35.37 9.0 34.83 1480 15.6 

8.5 -34.58 23.75 3.2 142 ND 35.36 9.7 34.89 1340 12.2 

8.4 -34.45 23.77 3.1 109 45 35.33 9.8 34.92 1350 13.8 

8.3 -34.32 23.79 3.6 147 28 35.35 9.7 34.92 1410 15.6 

8.2 -34.18 23.81 3.7 161 ND 35.35 9.4 34.89 1500 17.8 

8.1 -34.05 23.84 3.2 204 42 35.14 9.6 34.90 1600 20.0 

9.1 -34.27 22.89 2.6 166 ND 35.27 10.1 34.95 1260 12.1 

9.1 -34.27 22.90 2.8 206 ND 35.33 10.0 34.94 1450 16.0 

9.2 -34.41 22.98 3.7 274 31 35.28 9.5 34.90 1470 17.3 

9.3 -34.56 23.08 3.6 196 34 35.36 9.9 34.93 1350 13.4 

9.4 -34.71 23.18 3.6 199 ND 35.38 9.7 34.91 1360 12.9 

9.5 -34.86 23.28 3.4 208 ND 35.35 8.7 34.79 1510 15.7 

10.6 -35.01 22.83 2.7 250 ND 35.33 8.8 34.80 1490 14.9 

10.5 -34.88 22.71 3.3 206 ND 35.34 8.7 34.80 1360 12.8 

10.4 -34.75 22.59 3.6 225 17 35.35 9.8 34.91 1360 13.3 

10.3 -34.61 22.47 3.1 194 ND 35.28 9.6 34.90 1510 17.4 

10.2 -34.48 22.35 3.3 191 41 35.24 9.9 34.94 ND ND 

10.1 -34.35 22.23 3.3 171 ND 35.27 9.9 34.93 1600 19.2 

11.1 -34.73 21.61 2.0 126 18 35.37 10.1 34.94 1890 21.8 

11.2 -34.83 21.77 1.5 105 ND 35.38 10.0 34.92 1930 23.1 

11.3 -34.93 21.93 3.3 205 32 35.24 10.1 34.94 1540 17.8 

11.5 -35.13 22.25 2.8 170 ND 35.37 9.5 34.88 1220 10.3 

11.6 -35.23 22.42 2.2 263 22 35.34 9.8 34.90 1200 8.5 

12.6 -35.59 22.11 0.7 163 16 35.43 11.2 35.06 1010 5.8 

12.5 -35.49 21.95 2.0 266 ND 35.35 9.8 34.91 1270 10.8 

12.4 -35.39 21.80 3.9 251 28 35.21 10.4 34.98 1360 14.9 

12.3 -35.28 21.63 2.4 154 ND 35.27 9.7 34.91 1780 21.7 

12.2 -35.18 21.47 0.6 115 19 35.31 9.8 34.92 1670 18.6 

12.1 -35.08 21.31 2.7 145 29 35.17 10.1 34.95 1760 19.5 

CR4 -34.87 22.70 2.7 163 26 35.36 10.5 34.99 1160 8.7 
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Supplementary Figure 1. 
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Supplementary Figure 2. 
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Supplementary Figure 3.  
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