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Abstract

Autumn productivity is key to the large marine ecosystems of the Agulhas Bank, which support numerous economically
important regional fisheries. Despite such importance, data is sparce on plankton composition in terms of primary or secondary
producers, or on trophic transfer. While investigating autumn plankton composition we found that nanophytoplankton (2-20
um) dominated carbon stocks, with lower contributions from picophytoplankton (<2 pum) and microphytoplankton (>20 ym).
While picoplankton biomass exhibited a relationship with warm nutrient poor waters, nanoplankton showed no clear relationship
to environmental parameters. The dominance of nanophytoplankton biomass on the Agulhas Bank highlights a critical role for
micro-zooplankton grazing as a trophic transfer between these small plankton, meso-zooplankton and the higher trophic levels
that make the bank so important for regional fisheries. Outside of localized coastal upwelling on the Agulhas Bank, this study

highlights a significant role for nanoplankton and micro-zooplankton in supporting the bank’s large marine ecosystems.



Figure 3. Phytoplankton group contributions (%) to total carbon biomass for surface waters (a)
and integrated euphotic zone (b), and for integrated size fractionated Chl (c). PRO, SYN, PICO,
NANO and CRYPTO. (c) size fractionated Chl (Poulton et al., 2022) for picoplankton (0.2-2
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pum) and nanoplankton (2-20 pm) in the euphotic zone.
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Figure 1. Phytoplankton biomass distribution on the Agulhas Bank in autumn. (a) Surface
calibrated-fluorescence FChl (mg m™) superimposed on an 8-day composite (28/2/2019 —
06/3/2019) of satellite Chl (4 km Ocean Colour Climate Change Initiative (OCCI) data); euphotic
zone integrated biomass (g C m) of each group (b) PRO, (c) SYN, (d) PICO, (E) NANO, and (F)
CRYPTO. Bathymetry marks the 200 m isobath.
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Figure 2. Boxplots of biomass (g C m ) in surface waters, the sub-surface chlorophyll maximum
(SCM) and at the base of the euphotic depth (Ze) for each group (a) PRO, (b) SYN, (c) PICO, (d)
NANO, and (¢)CRYPTO. The boxplots indicate values of median (solid horizontal line), 25" and

75™ percentiles (box ranges), confident intervals (whiskers), and outliers (black dots).
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Key points:

Nanoplankton dominate carbon (>80% total) biomass in autumn on the Agulhas
Bank.

Nanoplankton dominance highlights micro-zooplankton grazing for trophic transfer.

Nanoplankton and micro-zooplankton key to productive Agulhas Bank ecosystems.
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Abstract

Autumn productivity is key to the large marine ecosystems of the Agulhas Bank, which support
numerous economically important regional fisheries. Despite such importance, data is sparce
on plankton composition in terms of primary or secondary producers, or on trophic transfer.
While investigating autumn plankton composition we found that nanophytoplankton (2-20
pm) dominated carbon stocks, with lower contributions from picophytoplankton (<2
pm) and microphytoplankton (>20 pm). While picoplankton biomass exhibited a
relationship with warm nutrient poor waters, nanoplankton showed no clear relationship
to environmental parameters. The dominance of nanophytoplankton biomass on the Agulhas
Bank highlights a critical role for micro-zooplankton grazing as a trophic transfer between
these small plankton, meso-zooplankton and the higher trophic levels that make the bank so
important for regional fisheries. Outside of localized coastal upwelling on the Agulhas Bank,
this study highlights a significant role for nanoplankton and micro-zooplankton in supporting

the bank’s large marine ecosystems.

Plain Language Summary

Phytoplankton support productive marine ecosystems through provision of primary
production and biomass, with their size-structure determining the efficiency of transfer of
energy through the ecosystem. Dominance of small phytoplankton (<20 um) leads to longer
food chains and transfer of energy and biomass to higher trophic levels. Observations of
the Agulhas Bank plankton community in autumn, a period of important primary
productivity for the region, found a dominance of small nanoplankton (2-20 um) in terms
of biomass. Nanoplankton dominance has important implications for how the Agulhas
Bank ecosystem function, highlighting a significant role for micro-zooplankton. The
Agulhas Bank is a data sparce environment currently no research on micro-zooplankton
has focused on the Agulhas Bank and this is an obvious important group to study further
to better understand how the marine ecosystem supports the key regional fisheries that rely

on this area.
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1. Introduction

Phytoplankton support marine food webs and the carbon cycle, accounting for ~50% of global
net primary production (Field et al., 1998). Plankton size structure constrains ecosystem
productivity (Marafidn, 2015), determining the proportion of production passed to higher
trophic levels, recycled or exported to the deep sea (Acevedo-Trejos et al., 2015).
Phytoplankton may be split into different size categories (Sieburth, 1979): picoplankton (cell
diameters 0.2-2 um), nanoplankton (2-20 um) and microplankton (>20 pum). The small cell
diameters of pico- and nano-plankton are not grazed by meso-zooplankton (>200 um) (Huggett
et al., 2023, Mitra et al., 2023), and instead are predated by micro-zooplankton (20-200 pm)
who then may be grazed by larger zooplankton.

Picoplankton are made up of the cyanobacteria Prochlorococcus (PRO) and Synechococcus
(SYN) (Waterbury et al., 1979; Chisholm et al., 1988; Rajaneesh et al., 2017), and a diverse set
of pico-eukaryotes (PICO) (Wbrden, 2006). SYN and PICO favor light and nutrient rich waters
(Moore et al., 2003; Rajaneesh et al., 2015). Nanoplankton (NANO, 2-20 um) include a diverse
number of taxa, including Haptophytes, Pelagophytes, and Cryptophytes (CRYPTO) (Flander-
Putrle et al., 2021), with haptophytes often dominating (Liu et al., 2009). Larger microplankton
(>20 pm) are most frequently associated with diatoms and dinoflagellates (Rajaneesh et al.,
2017; Lamont et al., 2018).

PRO and SYN have overlapping ecological niches of warm low-nutrient waters and
may contribute up to 80% of phytoplankton biomass and productivity (Scanlan et al., 2009;
Wang et al., 2022), despite their relatively small size (0.5-0.7 pum and 0.7-1.2 um,
respectively) and cell carbon content (Tarran et al., 2006). PICO are typically less abundant
than PRO or SYN by at least an order of magnitude (Flombaum et al., 2020), though
they contribute more to biomass due to their larger cell size (0.2-3 um) and carbon content
(Moran, 2015).

Shelf seas make a disproportional contribution to primary production compared to their areal
extent (Field et al., 1998), supporting ~ 90% of economically important fisheries (Pauly et al.,
2002). Shelf seas are often regarded as microplankton dominated, though little is known of the

smaller plankton in these systems (van Dongen-\ogels et al., 2011, 2012; Daneri et al., 2012).
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The Agulhas Bank (AB) is a moderately productive shelf (Mazwane et al., 2022) that supports
complex trophic structures and numerous commercially harvested marine resources (Hutchings
et al., 2009; Lamont et al., 2018). Analysis of satellite and pigment data from the AB has
highlighted microplankton dominance in inner shelf waters, with nanoplankton in the adjacent
ocean (Barlow et al., 2010; Lamont et al., 2018; Sonnekus, 2022), though such studies have

focused on the eastern AB rather than the wider bank.

To explore the gap in knowledge of the AB plankton in terms of pico- and nano-plankton, we
undertook flow cytometry (Marie et al., 1997; van Dongen-\ogels et al., 2011) of the small
phytoplankton (<20 pm) during an autumn (2019) cruise (Figure 1a). Our objectives were to
determine the (1) pico- and nano-plankton composition and distribution, (2) contribution of
these groupings to carbon biomass, and (3) explore whether variability in composition and

biomass were related to prevailing hydrographic gradients.
2. Material and Methods
2.1. Sampling

Sampling occurred on the AB onboard the RV Ellen Khuzwayo (cruise EK188, Noyon
(2019), 21 March to 2 April 2019; n = 28) (Figure 1a). A Seabird 911+ V2 CTD system
with rosette sampler was deployed, with water samples collected using 8 L Niskin bottles
(OTE: Ocean Test Equipment), and sampling depths determined from temperature and
fluorescence (WET Labs) profiles. Processing and calibration of CTD data followed

standard procedures (see Noyon, 2019).

A CTD-mounted quantum PAR sensor (LiCor Inc., USA) determined the underwater light
field and vertical attenuation coefficient of PAR (K4, m™?), with the depth of the euphotic zone
as the depth that 1% surface irradiance penetrates (Poulton et al. 2022). Sea-surface
Temperature (SST) was measured in-situ using a CTD-mounted temperature sensor. The
surface mixed layer (SML) was determined as the depth of the maximum buoyancy
frequency (Carvalho et al, 2017), with the maximum (N? max.) value used as a
stratification index (Poulton et al., 2022). Average SML irradiance (EsmL) was determined

using a combination of Kq and SML (Poulton et al., 2011).
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2.2. Flow Cytometry

Flow cytometry samples were collected from 4-5 depths, including sub-surface waters (~3
m), the beginning, maximum and lower limit of the fluorescence maximum, and below
the strongest temperature gradient (thermocline). Seawater samples were pre-filtered through
200 pm mesh to remove zooplankton, and 2 mL triplicate aliquots were fixed in
0.25% glutaraldehyde (v/v, final concentration), flash frozen and stored (-800C) prior to

analysis.

Cell abundances (after Marie et al., 1997; van Dongen-Vogels et al., 2011) were determined
on a LSRII (Becton Dickinson) flow cytometer with a 488-nm excitation laser and standard
filter set (Campbell, 2001). FlowJo® software calculated PRO and SYN cell abundances.
PICO, NANO and CRYPTO were measured through their respective signals emitted in
orange (PE: 585/42 band pass) versus red (PC: 661/16 band pass) wavelengths. SYN
abundance was distinguished from PICO and PRO through higher (per cell)
phycoerythrin signals. The samples were thawed at room temperature and transferred to
glass tubes and analyzed. Data were acquired at a medium flow rate with a threshold of
~10,000 events per run and the LSRII was calibrated daily using 3.0 pm Rainbow beads
(Spherotech).

Cell abundances (cells mL™) were calculated from the mean of the triplicate samples, with
relative standard deviations between triplicates ranging from 1-54% (average: 20%). Cell
abundances were converted to cell biomass using literature values (Bgrsheim and Bratbak,
1987; Tarran et al., 2006): 2.7 fmol C cell’}, Prochlorococcus (PRO); 8.58 fmol C cell?,
Synechococcus (SYN); 36.67 fmol C cell™* for pico-eukaryotes (PICO); 0.26 pmol C cell™* for
nanoeukaryotes (NANO); 0.26 pmol C cell?, for cryptophytes (CRYPTO).

For this study, the biomass integrations were calculated for the euphotic depth and MLD (see
Table S1). The conversion values were chosen as values previously used for shelf waters
rather than the open ocean. For NANO and CRYPTO, we used values from Bgrsheim and
Bratbak (1987). Using Tarran et al. (2006) values would increase the NANO and CRYPTO

biomass by 6.8% without changing the biomass patterns.
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2.3. Size-fractionated Chlorophyll-a and Nutrients

Size-fractionated chlorophyll-a (Chl) concentrations (mg m) were measured on 0.2 L water
samples sequentially filtered through 20 pm, 2 pm and 0.2 pm 47-mm NucleoporeTM filters
and extracted in 6 mL 90% acetone (Sigma-Aldrich, UK) at 40C for 18-24 hr (Poulton et al.,
2022). Chl fluorescence was measured on a Turner Designs TrilogyTM fluorometer using a

non- acidification unit calibrated with solid and pure Chl standards (Sigma-Aldrich, UK).

Water samples for macronutrient concentrations were collected into acid-cleaned 50 mL
HDPE bottles, which were frozen (-20°C) onboard and kept frozen until analysis (see Poulton
et al., 2022). Concentrations (umol L-1) of nitrate + nitrite (NOz), phosphate (PO4) and silicic
acid (Si(OH)s) were measured with a SEAL QuAAtro39 auto-analyzer following standard
protocols (Becker et al., 2020). Certified reference materials were used daily (KANSO,
Japan) and analytical procedures followed International GO-SHIP recommendations (Becker
et al., 2020). The typical uncertainty of the analytical results were between 0.5% and 1%, and
the limits for detection for NOs and PO, were 0.02 umol L, while Si(OH)4 was always
higher than the detection limit (0.05 umol Si L™). Deficiencies of NOs relative to PO, and
Si(OH)s were described relative to the Redfield (1958) ratio, with N* (= NO3 — (16 x POa);
Moore et al., 2009), and relative to the 1:1 ratio of Si(OH)s to NOsz uptake in diatoms
(Brzezinski, 1985) through Si* (= Si(OH)s — NOs; Bibby and Moore, 2011).

3. Results
3.1. Agulhas Bank Hydrography

A comprehensive overview of the hydrography of the AB during autumn (2019) is provided
by Poulton et al. (2022), with the data included in Supplementary Table S1. SST ranged from
17-22°C (average (z standard deviation): 20 (£ 1) °C) across the AB, with offshore stations
generally showing higher SST (Table S2). SML in autumn showed an east (<10 m) to west
(>20 m) deepening (Table S2), with the deepest SML at 27 m (average: 15 (x 5) m). SML
deepening was related to warming of the SML, linked to the westward SST increase (Poulton
et al., 2022). No clear or consistent inshore-offshore trends in the SML depth or SST were

observed.

Euphotic zone depths ranged from 23-53 m (Table S2), with an average of 33 m (= 7 m) and
no clear east to west or inshore-offshore trend was observed. ESML indicated that

phytoplankton in the SML received irradiances ranging from 26-63% (average: 44 (= 10) %)
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of the incidental irradiance (Table S2). An east to west trend was observed, with the

irradiance decreasing towards the west as the SML deepened (Table S1, Poulton et al., 2022).

The maximum value of the buoyancy frequency (N> max.), an indicator of water column
stratification, showed an east to west strengthening (Table S2), from values <4 x 102 s in the
east to ~5 x 10 s? in the west. Increasing stratification from east to west likely relates to
warming of SST, and interactions with the Agulhas Current (Poulton et al., 2022).

SML NO3 ranged from 0.1-6.2 pmol N L (average: 1.1 (= 1.4) umol N L), with similar
concentrations in the east and west (Table S2). Relative to POs, as indicated by N* values,
NOz was always deficient (always negative) relative to Redfield (1958) (Table S2, Poulton et
al., 2022). Strong negative values (-6 to -2.5) were related to the subtropical source waters for
the AB (Poulton et al., 2022). SML Si(OH)4 ranged from 0.6-5.1 pmol Si L (average: 2.9 (+
1.1) umol Si L) (Table S2), higher than those found in the subtropical source water and
highlighting the role of coastal upwelling in (re)supplying and retaining Si on the AB
(Poulton et al., 2022). SML Si* values were mostly positive on the AB indicating residual

silicic acid relative to NOz in autumn (Table S2).

3.2. Spatial Distribution of Phytoplankton Biomass

Satellite Chl concentrations ranged from <0.1-4.0 mg m-3 during autumn, with higher
concentrations from east to west (Figure 1a). Surface in-situ Chl ranged from 0.3-4.7 mg m-3
(average: 2.1 (£ 1.1) mg m-3) (Figure 1a). Around 46% of sampling stations had Chl >2 mg
m-3 and no consistent spatial distribution was observed.

In terms of euphotic zone integrated biomass, PRO biomass ranged from 0.002-0.16 g C m™
(average: 0.05 (+ 0.04) g C m) (Figure 1b). SYN biomass ranged from 0.002-0.05 g C m™
(0.01 (+0.01) and was relatively high (>0.02 g C m) at some of the inshore stations (e.g.,
transects 7, 9 and 12), while offshore stations exhibited lower (<0.01 g C m) biomass
(Figure 1c). Of all the groups, SYN biomass was the lowest. PICO biomass ranged from
0.006-0.13 g C m2 (average: 0.04 (+ 0.03) g C m™) (Figure 1d). NANO dominated biomass,
with estimates ranging from 0.19-4.99 g C m™ (average: 1.4 (+ 1.2) g C m™) (Figure 1e).
NANO biomass was much higher (>0.3 g C m) than the other groups at ~100% of stations.
CRYPTO biomass ranged from 0.002 to 1.09 g C m (average: 0.12 (+ 0.22) g C m™) (Figure
1f). No clear spatial patterns were observed for PRO, SYN, PICO, or NANO (Figures 1b-e),
though there was a noticeable increase in CRYPTO biomass from east to west (Figure 1f).
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Figure 1. Phytoplankton biomass distribution on the Agulhas Bank in autumn. (a) Surface
calibrated-fluorescence FChl (mg m) superimposed on an 8-day composite (28/2/2019 —
06/3/2019) of satellite Chl (4 km Ocean Colour Climate Change Initiative (OCCI) data);
euphotic zone integrated biomass (g C m) of each group (b) PRO, (c) SYN, (d) PICO, (E)
NANO, and (F) CRYPTO. Bathymetry marks the 200 m isobath.

3.3. \ertical Distribution of Phytoplankton Biomass

A sub-surface Chl maximum (SCM) occurred at ~50% of the stations sampled on the AB
(Poulton et al., 2022), ranging in depth from 9 to 41 m and exhibiting no clear spatial pattern
between stations. Generally, the vertical distribution of the different groups in terms of biomass
was variable amongst the sampled stations. The depth of maximum biomass varied throughout
the sampled stations and between the different groups. To examine the vertical distribution of
small phytoplankton biomass, box-and-whisker plots of group biomass concentrations for
surface waters, the SCM and at the base of the euphotic zone (Zeu) are presented in Figure 2.
None of the five groups examined (PRO, SYN, PICO, NANO, CRYPTO) showed any general
depth preferences (Kruskal-Wallis t-tests, p > 0.05 for all groups and depth), though the

median biomass for all groups was slightly higher in the SCM than surface or deeper waters

28°E
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(Figures 2a-e). Overall, NANO exhibited higher biomass (>0.05 g C m'3; Figure 2d) than

all the other groups for the depths examined (Figures 2a-e).
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Figure 2. Boxplots of biomass (g C m?) in surface waters, the sub-surface chlorophyll
maximum (SCM) and at the base of the euphotic depth (Zeu) for each group (a) PRO, (b)

SYN, (c) PICO, (d) NANO, and () CRYPTO. The boxplots indicate values of median

(solid horizontal line), 25t and 75th percentiles (box ranges), confident intervals
(whiskers), and outliers (black dots).

3.4. Size-structure of the Phytoplankton Community

In surface waters, NANO dominated (average: 85 (£ 9.9) %) community biomass (Figure 3a),
with lower and more similar average contributions from PRO (5.1 (= 5.8) %), CRYPTO (4.4
(= 5.4) %) and PICO (4.0 (= 3.6) %), and much lower contributions from SYN (1.3 (£ 0.9)

%). NANO contributions to surface phytoplankton biomass were always >70%, while PRO



244
245
246

247
248
249
250
251
252
253
254

255
256
257
258
259
260
261
262

contributions were always <15% and only at 6 stations were the contributions >5% (Figure
3a). SYN contributions to surface phytoplankton biomass were always <3%, while PICO and

CRYPTO were always less than 20% and 15%, respectively.

For euphotic zone integrated biomass (Figure 3b), NANO were again dominant (87 (x 5.7)
%), with lower and more similar contributions from CRYPTO (4.9 (x 4.1) %), PRO (3.6 (+
2.8) %) and PICO (3.3 (= 2.4) %), and SYN contributions ~1% (1.1 (£ 0.7) %). PRO biomass
contribution decreased on average from east to west (5.0 to 2.8%) while CRYPTO
contributions increased east to west (2.8 to 6.2%), whereas no clear trend was evident for the
other groups. Low (<2%) contributions for SYN were a consistent feature in both surface
waters (Figure 3a) and integrated biomass over the euphotic zone on the AB in autumn
(Figure 3b).

Whether in carbon (Figures 3a & b) or Chl-a biomass (Figure 3c; Poulton et al., 2022), the
nanoplankton (2-20 um) were the dominant size class on the AB in autumn. On average,
nanoplankton Chl (NANO+CRYTO) represented 63.1 (£ 11.9) % of total Chl-a, while
picoplankton Chl (PRO+SYN+PICO) represented 36.9 (+ 11.9) % (Figure 3c). Picoplankton
contributions to total Chl-a increased east to west (30.4 to 41.0%), while nanoplankton Chl
decreased east to west (69.6 to 59.0%). Measurements of microplankton Chl (>20 um;
Poulton et al., 2022) showed low contributions (<30%) across most of the AB, with few

stations characterised by microplankton dominance (not shown).
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264  Figure 3. Phytoplankton group contributions (%) to total carbon biomass for surface waters
265 () and integrated euphotic zone (b), and for integrated size fractionated Chl (c). PRO, SYN,
266  PICO, NANO and CRYPTO. (c) size fractionated Chl (Poulton et al., 2022) for picoplankton
267  (0.2-2 pm) and nanoplankton (2-20 pm) in the euphotic zone.



268 3.5. Phytoplankton Biomass and Agulhas Bank Hydrography

269 To explore the relationship between environmental conditions and phytoplankton
270  composition, variability in hydrography (SST, Esmi, N?> max., and SML average nutrient
271 concentrations [NOz, Si(OH)4]) was assessed with a Principal Component Analysis (PCA) (R
272 vegan package). PC1 explained 44% of the variance between stations, while PC2 explained
273 27% and three next PCs explained less than 15% each. PC1 describes an inverse relationship
274  between SST and nutrient (NOgz, Si(OH)4) concentrations (Table 1); warmer waters were
275  more nutrient poor on the AB. PC2 describes an inverse relationship between stratification
276  (N? max.) and EsmL (Table 1); with stronger stratification leading to shallower SML and

277  higher average irradiances.

278  Though PC1 and PC2 reflected the spatial variability in hydrographic conditions across the
279  AB (see also Poulton et al., 2022), Pearson correlation showed that there was limited co-
280  variability with phytoplankton biomass or community composition (Table 1). Only the
281  absolute biomass of PICO and SYN showed (negative) statistically significant (p<0.05)
282  correlations with PC1; no statistically significant correlations were observed with the biomass
283  of the other groups present on the AB (Table 1). This highlights higher biomass of PICO and
284  SYN warmer, more nutrient poor waters on the AB. No correlations were observed between

285  either PCs and the percentage contribution of the different groups to total biomass (Table 1).

286  Table 1. Results of Principal Component Analysis (PCA), including eigenvalues and Pearson
287  correlation coefficients for the relationships between PC scores, hydrographic variables, and
288  absolute and relative phytoplankton group biomass (n = 28). *p < 0.05; **p < 0.01; ***p <
289  0.005.

Hydrography SST EsmL N2 max. SML NO; SML Si(OH)4
PC-1 -1.4 (-0.92***) 0.44 (0.29) -0.39 (-0.26) 1.30 (0.85***)  1.06 (0.70***)
PC-2 -0.28 (-0.19)  -1.04 (-0.68***)  1.14 (0.75***) -0.26 (-0.17) 0.79 (0.52**)
PRO SYN PICO NANO CRYPTO

Absolute Biomass

PC-1 -0.36 -0.41* -0.45* -0.27 -0.28
PC-2 -0.09 0.2 -0.004 -0.06 0.06
Relative Biomass

PC-1 -0.02 -0.10 -0.1 0.29 -0.32
PC-2 -0.26 0.17 -0.07 0.03 0.16

290
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4. Discussion

The average integrated biomass for the pico- and nanoplankton on the AB in autumn was 1.6
g C m (range:0.2 to 6.4 g C m) which agrees well with a value of 1.9 g C m™ for the global
ocean (Buitenhuis et al., 2012) and ~2.2 g C m* for similar regional shelf sea studies (e.g.,
Agusti et al., 2019; Wei et al., 2020; Chen et al., 2021). Overall, NANO showed the highest
contribution (average: 87%; range: 73 to 96%) to the total carbon biomass in surface, SCM
and integrated over the water column, with all other groups contributing less than 5%.
Dominance of phytoplankton biomass by nanoplankton agrees well with the size fractionated
pigment data from Poulton et al. (2022), highlighting higher contributions to total Chl of

nanoplankton than either pico- or microplankton.

On the east coast of South Africa, Barlow et al. (2002, 2020) reported elevated biomass and
a co-dominance between diatoms and haptophytes on the far eastern stations between 26.5
and 27.5 °E due to the upwelling of nutrient rich waters. This is indicative of the
nanoplankton dominance in the region upstream (east) of our sampling area. Lamont et al.
(2018) also highlighted nanoplankton as important to the AB despite showing a lower
contribution than microplankton. The nano-sized group has been observed to be more
prominent in warmer shelf waters, where they are able to take advantage of high nutrient
concentrations (Barlow et al., 2001, 2017).

Despite the highly stratified nature of the AB (Carter et al., 1987; Largier and Swart, 1987),
the distribution of pico- and nanoplankton biomass for the different groups showed no
strong vertical patterns (Figure 2). Though biomass of all groups was slightly higher in the
SCM, these differences were not statistically significant and the SCM did not represent a
strong biomass maximum as found in other shelf sea systems (e.g., Mena et al., 2019;
Barnett et al., 2019). During autumn on the AB, light availability in the SCM decreased
from east to west (Poulton et al., 2022), this is likely linked to peak biomass observed on
some stations on the west, and thus may have prevented strong biomass maxima forming at

depth. Previous studies on the central AB have observed SCM with considerable Chl

concentrations (>10 mg m_3) and phytoplankton biomass (Carter et al., 1987), though such
high Chl SCM were not observed during autumn in 2019.

While the AB had identifiable gradients in hydrographic conditions, as recognised in the PCA
(Table 1) and other related studies (Poulton et al., 2022; Noyon et al., 2022), there were few
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clear relationships between phytoplankton group biomass or community composition. Only
PRO and SYN biomass correlated with PC1, indicating that these groups had higher biomass
in warmer, more nutrient impoverished waters, potentially linked to the offshore Agulhas
Current (Probyn et al., 1994; Jackson et al., 2012; Malan et al., 2018). This lack of linkage
between phytoplankton biomass and composition potentially relates to non-limiting nutrient
and light conditions (Poulton et al., 2022) across the section of the bank sampled in autumn

2019 (i.e., not near coast or off shelf waters).

Alternatively, nanoplankton dominance on the AB in autumn may be linked to the importance
of grazing in controlling community composition. Indeed, a strong link between NPP and
secondary production was observed in autumn 2019 (Noyon et al., 2022; Poulton et al.,
2022), and an importance of microzooplankton as active grazers and agents of trophic transfer
on the bank has been highlighted before (Huggett et al., 2023). Globally, ~64% of
phytoplankton daily primary production is grazed by micro-zooplankton, with the smaller
pico- and nanoplankton readily grazed by planktonic ciliates, heterotrophic flagellates, and
small zooplankton (Calbet and Landry, 2004; Mayers et al., 2019).

With the warming of the ocean, it is expected that the phytoplankton will shift from large-
species dominance to smaller nano-sized phytoplankton (Bopp et al., 2005; Lomas et al.,
2012; Dutkiewicz et al., 2013; Henson et al., 2021). This will in turn have a large impact on
the grazers, suggesting a decrease in food quality and a shift in the size structure of
zooplankton from large to smaller groups (Safi et al., 2023). Our study further highlights the
importance of microzooplankton on the AB in autumn, warranting further attention on these

organisms in supporting the ecosystems of the AB.

A shift in the global trends of phytoplankton size structure from large to smaller sized
phytoplankton has previously been observed and is projected in the future (Bopp et al., 2005;
Lomas et al., 2012; Dutkiewicz et al., 2013; Henson et al., 2021). This is mainly attributed to
the warming of the oceans and a depletion of nutrient supplies, giving advantage to the nano-
and picoplankton communities to flourish. The dominance of nanoplankton biomass on the
AB shelf ecosystem is comparable to other shelf regions. A similar shift in the community
from the larger phytoplankton to the smaller phytoplankton was also indicated by Huggett et
al. (2023). On the AB, where there has been a scarcity of in-situ sampling of the plankton
community, shifts in size structure may have severe implications for the ecosystems

supported by AB productivity and there is an urgent need for further studies.
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Table 1. Results of Principal Component Analysis (PCA), including eigenvalues and Pearson

correlation coefficients for the relationships between PC scores, hydrographic variables, and

absolute and relative phytoplankton group biomass (n = 28). *p < 0.05; **p < 0.01; ***p <

0.005.
Hydrography SST Esvr N? max. SML NO; SML Si(OH),
PC-1 -1.4 (-0.92**%*) 0.44 (0.29) -0.39 (-0.26) 1.30 (0.85***)  1.06 (0.70***)
PC-2 -0.28 (-0.19)  -1.04 (-0.68***)  1.14 (0.75***) -0.26 (-0.17) 0.79 (0.52**)
PRO SYN PICO NANO CRYPTO

Absolute Biomass

PC-1 -0.36 -0.41* -0.45* -0.27 -0.28
PC-2 -0.09 0.2 -0.004 -0.06 0.06
Relative Biomass

PC-1 -0.02 -0.10 -0.1 0.29 -0.32
PC-2 -0.26 0.17 -0.07 0.03 0.16




Figurel.



Figure 1. Phytoplankton biomass distribution on the Agulhas Bank in autumn. (a) Surface
calibrated-fluorescence FChl (mg m™) superimposed on an 8-day composite (28/2/2019 —
06/3/2019) of satellite Chl (4 km Ocean Colour Climate Change Initiative (OCCI) data); euphotic
zone integrated biomass (g C m2) of each group (b) PRO, (c) SYN, (d) PICO, (E) NANO, and (F)
CRYPTO. Bathymetry marks the 200 m isobath.
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Figure 2. Boxplots of biomass (g C m ) in surface waters, the sub-surface chlorophyll maximum
(SCM) and at the base of the euphotic depth (Z.,) for each group (a) PRO, (b) SYN, (c¢) PICO, (d)
NANO, and (¢)CRYPTO. The boxplots indicate values of median (solid horizontal line), 25" and

75" percentiles (box ranges), confident intervals (whiskers), and outliers (black dots).
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Figure 3. Phytoplankton group contributions (%) to total carbon biomass for surface waters (a)
and integrated euphotic zone (b), and for integrated size fractionated Chl (¢). PRO, SYN, PICO,
NANO and CRYPTO. (c) size fractionated Chl (Poulton et al., 2022) for picoplankton (0.2-2

um) and nanoplankton (2-20 um) in the euphotic zone.
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Key points:

Nanoplankton dominate carbon (>80% total) biomass in autumn on the Agulhas
Bank.

Nanoplankton dominance highlights micro-zooplankton grazing for trophic transfer.

Nanoplankton and micro-zooplankton key to productive Agulhas Bank ecosystems.
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Abstract

Autumn productivity is key to the large marine ecosystems of the Agulhas Bank, which support
numerous economically important regional fisheries. Despite such importance, data is sparce
on plankton composition in terms of primary or secondary producers, or on trophic transfer.
While investigating autumn plankton composition we found that nanophytoplankton (2-20
pm) dominated carbon stocks, with lower contributions from picophytoplankton (<2
pm) and microphytoplankton (>20 pm). While picoplankton biomass exhibited a
relationship with warm nutrient poor waters, nanoplankton showed no clear relationship
to environmental parameters. The dominance of nanophytoplankton biomass on the Agulhas
Bank highlights a critical role for micro-zooplankton grazing as a trophic transfer between
these small plankton, meso-zooplankton and the higher trophic levels that make the bank so
important for regional fisheries. Outside of localized coastal upwelling on the Agulhas Bank,
this study highlights a significant role for nanoplankton and micro-zooplankton in supporting

the bank’s large marine ecosystems.

Plain Language Summary

Phytoplankton support productive marine ecosystems through provision of primary
production and biomass, with their size-structure determining the efficiency of transfer of
energy through the ecosystem. Dominance of small phytoplankton (<20 um) leads to longer
food chains and transfer of energy and biomass to higher trophic levels. Observations of
the Agulhas Bank plankton community in autumn, a period of important primary
productivity for the region, found a dominance of small nanoplankton (2-20 um) in terms
of biomass. Nanoplankton dominance has important implications for how the Agulhas
Bank ecosystem function, highlighting a significant role for micro-zooplankton. The
Agulhas Bank is a data sparce environment currently no research on micro-zooplankton
has focused on the Agulhas Bank and this is an obvious important group to study further
to better understand how the marine ecosystem supports the key regional fisheries that rely

on this area.
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1. Introduction

Phytoplankton support marine food webs and the carbon cycle, accounting for ~50% of global
net primary production (Field et al., 1998). Plankton size structure constrains ecosystem
productivity (Marafidn, 2015), determining the proportion of production passed to higher
trophic levels, recycled or exported to the deep sea (Acevedo-Trejos et al., 2015).
Phytoplankton may be split into different size categories (Sieburth, 1979): picoplankton (cell
diameters 0.2-2 um), nanoplankton (2-20 um) and microplankton (>20 pum). The small cell
diameters of pico- and nano-plankton are not grazed by meso-zooplankton (>200 um) (Huggett
et al., 2023, Mitra et al., 2023), and instead are predated by micro-zooplankton (20-200 pm)
who then may be grazed by larger zooplankton.

Picoplankton are made up of the cyanobacteria Prochlorococcus (PRO) and Synechococcus
(SYN) (Waterbury et al., 1979; Chisholm et al., 1988; Rajaneesh et al., 2017), and a diverse set
of pico-eukaryotes (PICO) (Wbrden, 2006). SYN and PICO favor light and nutrient rich waters
(Moore et al., 2003; Rajaneesh et al., 2015). Nanoplankton (NANO, 2-20 um) include a diverse
number of taxa, including Haptophytes, Pelagophytes, and Cryptophytes (CRYPTO) (Flander-
Putrle et al., 2021), with haptophytes often dominating (Liu et al., 2009). Larger microplankton
(>20 pm) are most frequently associated with diatoms and dinoflagellates (Rajaneesh et al.,
2017; Lamont et al., 2018).

PRO and SYN have overlapping ecological niches of warm low-nutrient waters and
may contribute up to 80% of phytoplankton biomass and productivity (Scanlan et al., 2009;
Wang et al., 2022), despite their relatively small size (0.5-0.7 pum and 0.7-1.2 um,
respectively) and cell carbon content (Tarran et al., 2006). PICO are typically less abundant
than PRO or SYN by at least an order of magnitude (Flombaum et al., 2020), though
they contribute more to biomass due to their larger cell size (0.2-3 um) and carbon content
(Moran, 2015).

Shelf seas make a disproportional contribution to primary production compared to their areal
extent (Field et al., 1998), supporting ~ 90% of economically important fisheries (Pauly et al.,
2002). Shelf seas are often regarded as microplankton dominated, though little is known of the

smaller plankton in these systems (van Dongen-\ogels et al., 2011, 2012; Daneri et al., 2012).
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The Agulhas Bank (AB) is a moderately productive shelf (Mazwane et al., 2022) that supports
complex trophic structures and numerous commercially harvested marine resources (Hutchings
et al., 2009; Lamont et al., 2018). Analysis of satellite and pigment data from the AB has
highlighted microplankton dominance in inner shelf waters, with nanoplankton in the adjacent
ocean (Barlow et al., 2010; Lamont et al., 2018; Sonnekus, 2022), though such studies have

focused on the eastern AB rather than the wider bank.

To explore the gap in knowledge of the AB plankton in terms of pico- and nano-plankton, we
undertook flow cytometry (Marie et al., 1997; van Dongen-\ogels et al., 2011) of the small
phytoplankton (<20 pm) during an autumn (2019) cruise (Figure 1a). Our objectives were to
determine the (1) pico- and nano-plankton composition and distribution, (2) contribution of
these groupings to carbon biomass, and (3) explore whether variability in composition and

biomass were related to prevailing hydrographic gradients.
2. Material and Methods
2.1. Sampling

Sampling occurred on the AB onboard the RV Ellen Khuzwayo (cruise EK188, Noyon
(2019), 21 March to 2 April 2019; n = 28) (Figure 1a). A Seabird 911+ V2 CTD system
with rosette sampler was deployed, with water samples collected using 8 L Niskin bottles
(OTE: Ocean Test Equipment), and sampling depths determined from temperature and
fluorescence (WET Labs) profiles. Processing and calibration of CTD data followed

standard procedures (see Noyon, 2019).

A CTD-mounted quantum PAR sensor (LiCor Inc., USA) determined the underwater light
field and vertical attenuation coefficient of PAR (K4, m™?), with the depth of the euphotic zone
as the depth that 1% surface irradiance penetrates (Poulton et al. 2022). Sea-surface
Temperature (SST) was measured in-situ using a CTD-mounted temperature sensor. The
surface mixed layer (SML) was determined as the depth of the maximum buoyancy
frequency (Carvalho et al, 2017), with the maximum (N? max.) value used as a
stratification index (Poulton et al., 2022). Average SML irradiance (EsmL) was determined

using a combination of Kq and SML (Poulton et al., 2011).
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2.2. Flow Cytometry

Flow cytometry samples were collected from 4-5 depths, including sub-surface waters (~3
m), the beginning, maximum and lower limit of the fluorescence maximum, and below
the strongest temperature gradient (thermocline). Seawater samples were pre-filtered through
200 pm mesh to remove zooplankton, and 2 mL triplicate aliquots were fixed in
0.25% glutaraldehyde (v/v, final concentration), flash frozen and stored (-800C) prior to

analysis.

Cell abundances (after Marie et al., 1997; van Dongen-Vogels et al., 2011) were determined
on a LSRII (Becton Dickinson) flow cytometer with a 488-nm excitation laser and standard
filter set (Campbell, 2001). FlowJo® software calculated PRO and SYN cell abundances.
PICO, NANO and CRYPTO were measured through their respective signals emitted in
orange (PE: 585/42 band pass) versus red (PC: 661/16 band pass) wavelengths. SYN
abundance was distinguished from PICO and PRO through higher (per cell)
phycoerythrin signals. The samples were thawed at room temperature and transferred to
glass tubes and analyzed. Data were acquired at a medium flow rate with a threshold of
~10,000 events per run and the LSRII was calibrated daily using 3.0 pm Rainbow beads
(Spherotech).

Cell abundances (cells mL™) were calculated from the mean of the triplicate samples, with
relative standard deviations between triplicates ranging from 1-54% (average: 20%). Cell
abundances were converted to cell biomass using literature values (Bgrsheim and Bratbak,
1987; Tarran et al., 2006): 2.7 fmol C cell’}, Prochlorococcus (PRO); 8.58 fmol C cell?,
Synechococcus (SYN); 36.67 fmol C cell™* for pico-eukaryotes (PICO); 0.26 pmol C cell™* for
nanoeukaryotes (NANO); 0.26 pmol C cell?, for cryptophytes (CRYPTO).

For this study, the biomass integrations were calculated for the euphotic depth and MLD (see
Table S1). The conversion values were chosen as values previously used for shelf waters
rather than the open ocean. For NANO and CRYPTO, we used values from Bgrsheim and
Bratbak (1987). Using Tarran et al. (2006) values would increase the NANO and CRYPTO

biomass by 6.8% without changing the biomass patterns.
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2.3. Size-fractionated Chlorophyll-a and Nutrients

Size-fractionated chlorophyll-a (Chl) concentrations (mg m) were measured on 0.2 L water
samples sequentially filtered through 20 pm, 2 pm and 0.2 pm 47-mm NucleoporeTM filters
and extracted in 6 mL 90% acetone (Sigma-Aldrich, UK) at 40C for 18-24 hr (Poulton et al.,
2022). Chl fluorescence was measured on a Turner Designs TrilogyTM fluorometer using a

non- acidification unit calibrated with solid and pure Chl standards (Sigma-Aldrich, UK).

Water samples for macronutrient concentrations were collected into acid-cleaned 50 mL
HDPE bottles, which were frozen (-20°C) onboard and kept frozen until analysis (see Poulton
et al., 2022). Concentrations (umol L-1) of nitrate + nitrite (NOz), phosphate (PO4) and silicic
acid (Si(OH)s) were measured with a SEAL QuAAtro39 auto-analyzer following standard
protocols (Becker et al., 2020). Certified reference materials were used daily (KANSO,
Japan) and analytical procedures followed International GO-SHIP recommendations (Becker
et al., 2020). The typical uncertainty of the analytical results were between 0.5% and 1%, and
the limits for detection for NOs and PO, were 0.02 umol L, while Si(OH)4 was always
higher than the detection limit (0.05 umol Si L™). Deficiencies of NOs relative to PO, and
Si(OH)s were described relative to the Redfield (1958) ratio, with N* (= NO3 — (16 x POa);
Moore et al., 2009), and relative to the 1:1 ratio of Si(OH)s to NOsz uptake in diatoms
(Brzezinski, 1985) through Si* (= Si(OH)s — NOs; Bibby and Moore, 2011).

3. Results
3.1. Agulhas Bank Hydrography

A comprehensive overview of the hydrography of the AB during autumn (2019) is provided
by Poulton et al. (2022), with the data included in Supplementary Table S1. SST ranged from
17-22°C (average (z standard deviation): 20 (£ 1) °C) across the AB, with offshore stations
generally showing higher SST (Table S2). SML in autumn showed an east (<10 m) to west
(>20 m) deepening (Table S2), with the deepest SML at 27 m (average: 15 (x 5) m). SML
deepening was related to warming of the SML, linked to the westward SST increase (Poulton
et al., 2022). No clear or consistent inshore-offshore trends in the SML depth or SST were

observed.

Euphotic zone depths ranged from 23-53 m (Table S2), with an average of 33 m (= 7 m) and
no clear east to west or inshore-offshore trend was observed. ESML indicated that

phytoplankton in the SML received irradiances ranging from 26-63% (average: 44 (= 10) %)
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of the incidental irradiance (Table S2). An east to west trend was observed, with the

irradiance decreasing towards the west as the SML deepened (Table S1, Poulton et al., 2022).

The maximum value of the buoyancy frequency (N> max.), an indicator of water column
stratification, showed an east to west strengthening (Table S2), from values <4 x 102 s in the
east to ~5 x 10 s? in the west. Increasing stratification from east to west likely relates to
warming of SST, and interactions with the Agulhas Current (Poulton et al., 2022).

SML NO3 ranged from 0.1-6.2 pmol N L (average: 1.1 (= 1.4) umol N L), with similar
concentrations in the east and west (Table S2). Relative to POs, as indicated by N* values,
NOz was always deficient (always negative) relative to Redfield (1958) (Table S2, Poulton et
al., 2022). Strong negative values (-6 to -2.5) were related to the subtropical source waters for
the AB (Poulton et al., 2022). SML Si(OH)4 ranged from 0.6-5.1 pmol Si L (average: 2.9 (+
1.1) umol Si L) (Table S2), higher than those found in the subtropical source water and
highlighting the role of coastal upwelling in (re)supplying and retaining Si on the AB
(Poulton et al., 2022). SML Si* values were mostly positive on the AB indicating residual

silicic acid relative to NOz in autumn (Table S2).

3.2. Spatial Distribution of Phytoplankton Biomass

Satellite Chl concentrations ranged from <0.1-4.0 mg m-3 during autumn, with higher
concentrations from east to west (Figure 1a). Surface in-situ Chl ranged from 0.3-4.7 mg m-3
(average: 2.1 (£ 1.1) mg m-3) (Figure 1a). Around 46% of sampling stations had Chl >2 mg
m-3 and no consistent spatial distribution was observed.

In terms of euphotic zone integrated biomass, PRO biomass ranged from 0.002-0.16 g C m™
(average: 0.05 (+ 0.04) g C m) (Figure 1b). SYN biomass ranged from 0.002-0.05 g C m™
(0.01 (+0.01) and was relatively high (>0.02 g C m) at some of the inshore stations (e.g.,
transects 7, 9 and 12), while offshore stations exhibited lower (<0.01 g C m) biomass
(Figure 1c). Of all the groups, SYN biomass was the lowest. PICO biomass ranged from
0.006-0.13 g C m2 (average: 0.04 (+ 0.03) g C m™) (Figure 1d). NANO dominated biomass,
with estimates ranging from 0.19-4.99 g C m™ (average: 1.4 (+ 1.2) g C m™) (Figure 1e).
NANO biomass was much higher (>0.3 g C m) than the other groups at ~100% of stations.
CRYPTO biomass ranged from 0.002 to 1.09 g C m (average: 0.12 (+ 0.22) g C m™) (Figure
1f). No clear spatial patterns were observed for PRO, SYN, PICO, or NANO (Figures 1b-e),
though there was a noticeable increase in CRYPTO biomass from east to west (Figure 1f).
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Figure 1. Phytoplankton biomass distribution on the Agulhas Bank in autumn. (a) Surface
calibrated-fluorescence FChl (mg m) superimposed on an 8-day composite (28/2/2019 —
06/3/2019) of satellite Chl (4 km Ocean Colour Climate Change Initiative (OCCI) data);
euphotic zone integrated biomass (g C m) of each group (b) PRO, (c) SYN, (d) PICO, (E)
NANO, and (F) CRYPTO. Bathymetry marks the 200 m isobath.

3.3. \ertical Distribution of Phytoplankton Biomass

A sub-surface Chl maximum (SCM) occurred at ~50% of the stations sampled on the AB
(Poulton et al., 2022), ranging in depth from 9 to 41 m and exhibiting no clear spatial pattern
between stations. Generally, the vertical distribution of the different groups in terms of biomass
was variable amongst the sampled stations. The depth of maximum biomass varied throughout
the sampled stations and between the different groups. To examine the vertical distribution of
small phytoplankton biomass, box-and-whisker plots of group biomass concentrations for
surface waters, the SCM and at the base of the euphotic zone (Zeu) are presented in Figure 2.
None of the five groups examined (PRO, SYN, PICO, NANO, CRYPTO) showed any general
depth preferences (Kruskal-Wallis t-tests, p > 0.05 for all groups and depth), though the

median biomass for all groups was slightly higher in the SCM than surface or deeper waters

28°E
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(Figures 2a-e). Overall, NANO exhibited higher biomass (>0.05 g C m'3; Figure 2d) than

all the other groups for the depths examined (Figures 2a-e).
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Figure 2. Boxplots of biomass (g C m?) in surface waters, the sub-surface chlorophyll
maximum (SCM) and at the base of the euphotic depth (Zeu) for each group (a) PRO, (b)

SYN, (c) PICO, (d) NANO, and () CRYPTO. The boxplots indicate values of median

(solid horizontal line), 25t and 75th percentiles (box ranges), confident intervals
(whiskers), and outliers (black dots).

3.4. Size-structure of the Phytoplankton Community

In surface waters, NANO dominated (average: 85 (£ 9.9) %) community biomass (Figure 3a),
with lower and more similar average contributions from PRO (5.1 (= 5.8) %), CRYPTO (4.4
(= 5.4) %) and PICO (4.0 (= 3.6) %), and much lower contributions from SYN (1.3 (£ 0.9)

%). NANO contributions to surface phytoplankton biomass were always >70%, while PRO
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contributions were always <15% and only at 6 stations were the contributions >5% (Figure
3a). SYN contributions to surface phytoplankton biomass were always <3%, while PICO and

CRYPTO were always less than 20% and 15%, respectively.

For euphotic zone integrated biomass (Figure 3b), NANO were again dominant (87 (x 5.7)
%), with lower and more similar contributions from CRYPTO (4.9 (x 4.1) %), PRO (3.6 (+
2.8) %) and PICO (3.3 (= 2.4) %), and SYN contributions ~1% (1.1 (£ 0.7) %). PRO biomass
contribution decreased on average from east to west (5.0 to 2.8%) while CRYPTO
contributions increased east to west (2.8 to 6.2%), whereas no clear trend was evident for the
other groups. Low (<2%) contributions for SYN were a consistent feature in both surface
waters (Figure 3a) and integrated biomass over the euphotic zone on the AB in autumn
(Figure 3b).

Whether in carbon (Figures 3a & b) or Chl-a biomass (Figure 3c; Poulton et al., 2022), the
nanoplankton (2-20 um) were the dominant size class on the AB in autumn. On average,
nanoplankton Chl (NANO+CRYTO) represented 63.1 (£ 11.9) % of total Chl-a, while
picoplankton Chl (PRO+SYN+PICO) represented 36.9 (+ 11.9) % (Figure 3c). Picoplankton
contributions to total Chl-a increased east to west (30.4 to 41.0%), while nanoplankton Chl
decreased east to west (69.6 to 59.0%). Measurements of microplankton Chl (>20 um;
Poulton et al., 2022) showed low contributions (<30%) across most of the AB, with few

stations characterised by microplankton dominance (not shown).
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264  Figure 3. Phytoplankton group contributions (%) to total carbon biomass for surface waters
265 () and integrated euphotic zone (b), and for integrated size fractionated Chl (c). PRO, SYN,
266  PICO, NANO and CRYPTO. (c) size fractionated Chl (Poulton et al., 2022) for picoplankton
267  (0.2-2 pm) and nanoplankton (2-20 pm) in the euphotic zone.



268 3.5. Phytoplankton Biomass and Agulhas Bank Hydrography

269 To explore the relationship between environmental conditions and phytoplankton
270  composition, variability in hydrography (SST, Esmi, N?> max., and SML average nutrient
271 concentrations [NOz, Si(OH)4]) was assessed with a Principal Component Analysis (PCA) (R
272 vegan package). PC1 explained 44% of the variance between stations, while PC2 explained
273 27% and three next PCs explained less than 15% each. PC1 describes an inverse relationship
274  between SST and nutrient (NOgz, Si(OH)4) concentrations (Table 1); warmer waters were
275  more nutrient poor on the AB. PC2 describes an inverse relationship between stratification
276  (N? max.) and EsmL (Table 1); with stronger stratification leading to shallower SML and

277  higher average irradiances.

278  Though PC1 and PC2 reflected the spatial variability in hydrographic conditions across the
279  AB (see also Poulton et al., 2022), Pearson correlation showed that there was limited co-
280  variability with phytoplankton biomass or community composition (Table 1). Only the
281  absolute biomass of PICO and SYN showed (negative) statistically significant (p<0.05)
282  correlations with PC1; no statistically significant correlations were observed with the biomass
283  of the other groups present on the AB (Table 1). This highlights higher biomass of PICO and
284  SYN warmer, more nutrient poor waters on the AB. No correlations were observed between

285  either PCs and the percentage contribution of the different groups to total biomass (Table 1).

286  Table 1. Results of Principal Component Analysis (PCA), including eigenvalues and Pearson
287  correlation coefficients for the relationships between PC scores, hydrographic variables, and
288  absolute and relative phytoplankton group biomass (n = 28). *p < 0.05; **p < 0.01; ***p <
289  0.005.

Hydrography SST EsmL N2 max. SML NO; SML Si(OH)4
PC-1 -1.4 (-0.92***) 0.44 (0.29) -0.39 (-0.26) 1.30 (0.85***)  1.06 (0.70***)
PC-2 -0.28 (-0.19)  -1.04 (-0.68***)  1.14 (0.75***) -0.26 (-0.17) 0.79 (0.52**)
PRO SYN PICO NANO CRYPTO

Absolute Biomass

PC-1 -0.36 -0.41* -0.45* -0.27 -0.28
PC-2 -0.09 0.2 -0.004 -0.06 0.06
Relative Biomass

PC-1 -0.02 -0.10 -0.1 0.29 -0.32
PC-2 -0.26 0.17 -0.07 0.03 0.16

290
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4. Discussion

The average integrated biomass for the pico- and nanoplankton on the AB in autumn was 1.6
g C m (range:0.2 to 6.4 g C m) which agrees well with a value of 1.9 g C m™ for the global
ocean (Buitenhuis et al., 2012) and ~2.2 g C m* for similar regional shelf sea studies (e.g.,
Agusti et al., 2019; Wei et al., 2020; Chen et al., 2021). Overall, NANO showed the highest
contribution (average: 87%; range: 73 to 96%) to the total carbon biomass in surface, SCM
and integrated over the water column, with all other groups contributing less than 5%.
Dominance of phytoplankton biomass by nanoplankton agrees well with the size fractionated
pigment data from Poulton et al. (2022), highlighting higher contributions to total Chl of

nanoplankton than either pico- or microplankton.

On the east coast of South Africa, Barlow et al. (2002, 2020) reported elevated biomass and
a co-dominance between diatoms and haptophytes on the far eastern stations between 26.5
and 27.5 °E due to the upwelling of nutrient rich waters. This is indicative of the
nanoplankton dominance in the region upstream (east) of our sampling area. Lamont et al.
(2018) also highlighted nanoplankton as important to the AB despite showing a lower
contribution than microplankton. The nano-sized group has been observed to be more
prominent in warmer shelf waters, where they are able to take advantage of high nutrient
concentrations (Barlow et al., 2001, 2017).

Despite the highly stratified nature of the AB (Carter et al., 1987; Largier and Swart, 1987),
the distribution of pico- and nanoplankton biomass for the different groups showed no
strong vertical patterns (Figure 2). Though biomass of all groups was slightly higher in the
SCM, these differences were not statistically significant and the SCM did not represent a
strong biomass maximum as found in other shelf sea systems (e.g., Mena et al., 2019;
Barnett et al., 2019). During autumn on the AB, light availability in the SCM decreased
from east to west (Poulton et al., 2022), this is likely linked to peak biomass observed on
some stations on the west, and thus may have prevented strong biomass maxima forming at

depth. Previous studies on the central AB have observed SCM with considerable Chl

concentrations (>10 mg m_3) and phytoplankton biomass (Carter et al., 1987), though such
high Chl SCM were not observed during autumn in 2019.

While the AB had identifiable gradients in hydrographic conditions, as recognised in the PCA
(Table 1) and other related studies (Poulton et al., 2022; Noyon et al., 2022), there were few
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clear relationships between phytoplankton group biomass or community composition. Only
PRO and SYN biomass correlated with PC1, indicating that these groups had higher biomass
in warmer, more nutrient impoverished waters, potentially linked to the offshore Agulhas
Current (Probyn et al., 1994; Jackson et al., 2012; Malan et al., 2018). This lack of linkage
between phytoplankton biomass and composition potentially relates to non-limiting nutrient
and light conditions (Poulton et al., 2022) across the section of the bank sampled in autumn

2019 (i.e., not near coast or off shelf waters).

Alternatively, nanoplankton dominance on the AB in autumn may be linked to the importance
of grazing in controlling community composition. Indeed, a strong link between NPP and
secondary production was observed in autumn 2019 (Noyon et al., 2022; Poulton et al.,
2022), and an importance of microzooplankton as active grazers and agents of trophic transfer
on the bank has been highlighted before (Huggett et al., 2023). Globally, ~64% of
phytoplankton daily primary production is grazed by micro-zooplankton, with the smaller
pico- and nanoplankton readily grazed by planktonic ciliates, heterotrophic flagellates, and
small zooplankton (Calbet and Landry, 2004; Mayers et al., 2019).

With the warming of the ocean, it is expected that the phytoplankton will shift from large-
species dominance to smaller nano-sized phytoplankton (Bopp et al., 2005; Lomas et al.,
2012; Dutkiewicz et al., 2013; Henson et al., 2021). This will in turn have a large impact on
the grazers, suggesting a decrease in food quality and a shift in the size structure of
zooplankton from large to smaller groups (Safi et al., 2023). Our study further highlights the
importance of microzooplankton on the AB in autumn, warranting further attention on these

organisms in supporting the ecosystems of the AB.

A shift in the global trends of phytoplankton size structure from large to smaller sized
phytoplankton has previously been observed and is projected in the future (Bopp et al., 2005;
Lomas et al., 2012; Dutkiewicz et al., 2013; Henson et al., 2021). This is mainly attributed to
the warming of the oceans and a depletion of nutrient supplies, giving advantage to the nano-
and picoplankton communities to flourish. The dominance of nanoplankton biomass on the
AB shelf ecosystem is comparable to other shelf regions. A similar shift in the community
from the larger phytoplankton to the smaller phytoplankton was also indicated by Huggett et
al. (2023). On the AB, where there has been a scarcity of in-situ sampling of the plankton
community, shifts in size structure may have severe implications for the ecosystems

supported by AB productivity and there is an urgent need for further studies.
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