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Abstract

The Benguela Upwelling System (BUS) is one of the world’s most productive ecosystems, supporting globally relevant pelagic
fisheries. BUS marine community can change as a function of nutrients and omega-3 long chain polyunsaturated fatty acids
(hereafter, omega-3) availability. Phytoplankton growth is supported by upwelled nitrate, a new source of nitrogen (N), or by
recycled N forms such as ammonium. Preferential assimilation of one N form over another may lead to differences in omega-
3 production between high and low food-quality species. This study evaluates how upwelling and the N source(s) used by
phytoplankton influence omega-3 production. Sampling was conducted in the BUS at an anchor station sampled daily for 10
consecutive days. An upwelling event on days 5-6-7 supplied high concentrations of nutrients to surface waters, while pre- and
post- upwelling the water column was well-stratified with low nutrient concentrations. Omega-3 and phytoplankton concen-
trations declined to zero during the upwelling event. Nanoplankton (2.7-10um) were responsible for most of the productivity
(30-95%) and relied on nitrate for their growth. Omega-3 concentrations at the surface reached peaks of 215.5 and 175.3ugL-1
pre- and post-upwelling, which were up to 10-times higher than previous measurements from the BUS. Pre-upwelling, non-
diatom trophic markers were dominant, with a rapid switch (over just two days) to diatom trophic markers post-upwelling.
This study defines the key role of upwelling in promoting phytoplankton omega-3 production, which is tightly coupled to the
introduction of new-N during upwelling. The high concentrations of omega-3 reported suggest that global omega-3 production

is largely underestimated.
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Key Points:

e Upwelling promoted phytoplankton omega-3 production, which was tightly coupled

to the introduction of new-nitrogen during upwelling

e Pre-upwelling, non-diatom trophic markers were dominant, with a rapid switch within

just two days to diatom trophic markers post-upwelling

e Omega-3 concentrations were 10-times higher than previous reports, suggesting that

global omega-3 production is largely underestimated
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Abstract

The Benguela Upwelling System (BUS) is one of the world’s most productive ecosystems,
supporting globally relevant pelagic fisheries. BUS marine community can change as a
function of nutrients and omega-3 long chain polyunsaturated fatty acids (hereafter, omega-3)
availability. Phytoplankton growth is supported by upwelled nitrate, a new source of nitrogen
(N), or by recycled N forms such as ammonium. Preferential assimilation of one N form over
another may lead to differences in omega-3 production between high and low food-quality
species. This study evaluates how upwelling and the N source(s) used by phytoplankton
influence omega-3 production. Sampling was conducted in the BUS at an anchor station
sampled daily for 10 consecutive days. An upwelling event on days 5-6-7 supplied high
concentrations of nutrients to surface waters, while pre- and post- upwelling the water
column was well-stratified with low nutrient concentrations. Omega-3 and phytoplankton
concentrations declined to ~zero during the upwelling event. Nanoplankton (2.7-10um) were
responsible for most of the productivity (30-95%) and relied on nitrate for their growth.
Omega-3 concentrations at the surface reached peaks of 215.5 and 175.3ugL™" pre- and post-
upwelling, which were up to 10-times higher than previous measurements from the BUS.
Pre-upwelling, non-diatom trophic markers were dominant, with a rapid switch (over just two
days) to diatom trophic markers post-upwelling. This study defines the key role of upwelling
in promoting phytoplankton omega-3 production, which is tightly coupled to the introduction
of new-N during upwelling. The high concentrations of omega-3 reported suggest that global

omega-3 production is largely underestimated.

Plain Language Summary

Omega-3 are fatty acids commonly found in several kind of food (e.g., fish), and are also
extremely important for human health. Human and most animals however, cannot produce
omega-3 in sufficient quantity to satisfy their health requirements and must thus acquire them

through the diet. In the ocean, the main source of omega-3 is represented by phytoplankton
2
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with different species being able to produce a different quantity and kind of omega-3.
Phytoplankton growth is also dependent on nutrient availability, including nitrogen (N), and
assimilation of a new source of N such as upwelled-nitrate or a recycled source such as
ammonium, may lead to a phytoplankton community that produce different amounts of
omega-3. This study evaluates how upwelling and the N source(s) used by phytoplankton
influence omega-3 production. From our 10-day investigation conducted off the west coast of
South Africa, we found that upwelling promoted phytoplankton omega-3 production, and this
community relied on upwelled-nitrate as main N source. The community compositions
changed rapidly during the investigation, which was reflected in the amount and kind of
omega-3 produced. Generally, the concentrations we found were 10-times higher than
previous measurements for the system, suggesting that the global omega-3 production is

largely underestimated.

Key words: fatty acid, nitrogen cycling, food web, phytoplankton, productivity,

nanoplankton
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1. INTRODUCTION

Omega-3 long chain polyunsaturated fatty acids (hereafter omega-3) are essential nutritional
components for all living organisms including humans and are sourced predominantly from
fish and other seafood (Hicks et al., 2019; Tocher et al., 2019). Omega-3 have several
essential roles, including maintaining membrane function (Parrish, 2013) and enhancing the
growth, development and reproduction output of several organisms (e.g., Mourente, 2003;
Garrido et al., 2007; Ravet et al., 2010), as well as constituting a major component of
aquaculture feeds (Tacon & Metian, 2009; Tocher, 2015). In the ocean, the main producers of
omega-3 are phytoplankton, while consumers are unable to synthetize omega-3 in sufficient
quantities to meet their health requirements, such that omega-3 must be acquired through
their diet (Arts et al., 2001; Dalsgaard et al., 2003; Litzow et al., 2006). Plankton community
composition is the main factor regulating the amount of omega-3 produced by a given system
(Galloway & Winder, 2015; Canavate, 2019; Jonasdottir, 2019). Diatoms, dinoflagellates and
haptophytes are considered high food-quality species, producing high amounts of omega-3, in
particular eicosapentaenoic-acid (20:5n-3, EPA) by diatoms and docosahexaenoic-acid
(22:6n-3, DHA) by the latter two groups (Dalsgaard et al., 2003; Remize et al., 2020). In
contrast, low food-quality species, such as cyanobacteria and chlorophyceae, yield low
amounts of omega-3 and instead produce mostly short-chain polyunsaturated FA (PUFA)
(i.e., <C18 PUFA,; Caiiavate, 2019).

The Benguela upwelling system (BUS) off the western coast of Southern Africa is one of
the four major Eastern Boundary Upwelling Systems (EBUS), which together cover only 2 %
of global ocean area while supporting 8 % of marine primary production and almost 20 % of
the global marine fish catch (Pauly & Christensen, 1995). As such, EBUS support many of
the world’s most important pelagic fisheries (e.g., small-pelagic fisheries; Cury & Roy, 1989;
Ward et al., 2006). The BUS is divided into two subsystems, the northern and southern BUS
(NBUS and SBUS, respectively), separated by a permanent upwelling cell located off

Lideritz (Hutchings et al., 2009), and both supports high rates of primary and secondary
4
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production (Shannon, 1985; Huggett et al., 2009; Flynn et al., 2020). Upwelling favors
phytoplankton production through a succession of known producers of high amounts of
omega-3, with communities dominated first by diatoms and then by
dinoflagellates/haptophytes (Pitcher et al., 1991; Puccinelli, et al., 2016b; Burger et al.,
2020). As such, EBUS may represent hot-spot regions for omega-3 production.

In EBUS, nitrate (NOs~) upwelled from depth is the main nitrogen (N) source fuelling
primary production (supporting “new production”) and has been estimated to support over
50% of phytoplankton growth (Waldron & Probyn, 1992; Messié et al., 2009; Gonzalez-
Galisteo et al., 2019). The higher-than-average concentrations of iron that are supplied to
surface waters by upwelling lead to the preferential consumption by phytoplankton of
upwelled NO;~ over recycled N forms (e.g., ammonium (NHy")), the consumption of which
supports “regenerated production” (Dugdale & Goering, 1967). NO;~ assimilation usually
promotes the growth of large phytoplankton including diatoms (Kudela & Dugdale, 2000;
Fawcett & Ward, 2011), while smaller phytoplankton including cyanobacteria tend to utilise
NH," (Probyn & Painting, 1985; Fawcett et al., 2011). It is therefore possible that the
assimilation of one N source over another (i.e., NO3~ over regenerated N), each of which is
associated with a different phytoplankton community, will be reflected in omega-3
production in a particular system.

Recent studies have indicated that the global supply of omega-3 is declining, with current
predictions indicating that the supply will soon become insufficient for the growing human
population (Hixson & Arts, 2016; Colombo et al., 2020), Indeed, it has been estimated that
of the 1.4 Mt annual requirement of EPA+DHA, only 0.8 Mt are currently available
(Hamilton et al., 2020). Moreover, 90% of the global phytoplankton EPA+DHA supply is
thought to be lost between primary producers and higher trophic levels (Hamilton et al.,
2020). However, information on the omega-3 supply from upwelling systems remains scarce

(Puccinelli et al., 2021).
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With a specific focus on the SBUS, the broad objective of this work is to improve our
knowledge of omega-3 production in upwelling systems. This study aims first to i) determine
the main source(s) of N used by phytoplankton during upwelling and then ii) evaluate the
amount of omega-3 produced by these phytoplankton that is ultimately available for higher

trophic levels.

2. MATERIAL AND METHODS
2.1. Study area and sampling design

Sampling took place aboard the MA-RE1 7.3 m Gemini inflatable craft over 10
consecutive days in late austral summer (1 1"-20™ March 2020) during the upwelling season
at an anchor station site in Elandsbaai in the SBUS (32.308°S; 18.275°E; bottom depth of

~30m; Burger et al., 2020) (Fig 1).

e 5m

Elandsbaai

Cape Columbine
1000 m

1500 m

2500m
3000 m

3500m

16.5°E 1T°E 17.5°E 18°E 18.5°E 19°E 19.5°E

Fig 1 Map of the study area in the southern Benguela upwelling system showing the location
of the anchor station in Elandsbaai (red dot) where the study was conducted. The coloured
shading indicates bathymetry (m).

Upwelling in the SBUS is wind-driven and occurs seasonally, predominantly during
austral summer (Shannon & Nelson, 1996; Hutchings et al., 2009). Wind-driven upwelling
events in the vicinity of Cape Columbine (see Fig 1 for location) supply cold, nutrient-rich
Subantarctic Mode Water (SAMW) to the surface (Lamont et al., 2015; Flynn et al., 2020),

which is then advected northwards, including into Elandsbaai (Bailey & Chapman, 1991).
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Such events result in the mixing of the water column in Elandsbaai and the advection of
nutrients into the surface layer.

Wind data between the 15" of February and 15™ of April 2020 were used to investigate
the potential for upwelling events in the sampling region before and after sampling (Table
S.1). During the 10-day experiment, seawater samples were collected daily using a hand-held
5L Niskin bottle from seven depths over the water column: surface (0 m), sub-surface (5 m),
deep (10 m, 15 m, 20 m, 25 m and bottom ~ 30 m), unless otherwise specified. Hydrographic
data (temperature and salinity) were generated using a Seabird conductivity-temperature-
depth (CTD) profiler. The mixed layer depth (MLD; m) was determined from potential
density derived from CTD temperature and salinity following de Boyer Montegut et al.
(2004). The diffuse attenuation coefficient of photosynthetically active radiation (Kd(PAR))
was estimated using a Secchi disk (Idso and Gilbert, 1974; Table S.2) and then used to
estimate the depth of the euphotic zone (Zeu, m; (Kirk, 1994).
2.2.Sample collection

Seawater samples were collected for the analysis of oxygen, nutrient- (nitrate, nitrite,
ammonium, phosphate, silicic acid) and chlorophyll a concentrations, phytoplankton
taxonomy and flow cytometry, nitrate isotope ratios, stable isotopes (SI) of particulate
organic matter (N and C), rates of net primary productivity (NPP) and N (as NO; and NHy")
uptake, and phytoplankton fatty acid composition.

2.2.1. Oxygen and nutrient concentrations

Duplicate seawater samples for oxygen analysis were collected in Biological Oxygen
Demand (BOD) bottles and immediately fixed and stored in the dark until analysis, which
occurred less than Shr later. In the laboratory, the dissolved oxygen concentrations were
measured using the Winkler titration method (Carpenter, 1965; Grasshoff, 1976).

Nutrients were collected in duplicate in 50 mL Falcon tubes and frozen at -20°C until
analysis. Nitrate + nitrite and silicic acid concentrations ([(NOs;~ + NO;7)] and [Si(OH)4])

were measured using a Lachat QuickChem flow injection analysis platform (Grasshoff, 1976;
7
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Diamond, 1994). The detection limit for both nutrients was 0.1 uM. Phosphate and nitrite
concentrations ([PO43‘] and [NO;]) were measured manually using standard colorimetric
methods (Parsons et al., 1984), with a detection limit of 0.05 pM. The NO;3~ concentrations
were calculated by subtracting [NO;, ] from [NO3;+NO;]. Aliquots of a certified reference
material (CRM; JAMSTEC; Lot CG) were analysed during auto-analyser and manual runs to
ensure measurement accuracy. The fluorometric method (Holmes et al., 1999) was used to
analyse NH;  concentrations ([NH,']), with a detection limit of 0.05 uM. The [NH;']
measurements were corrected for the matrix effect (ME) (Saxberg & Kowalski, 1979).

2.2.2. Chlorophyll a and phytoplankton taxonomy

Seawater (1 L from each depth) was collected in opaque high-density polyethylene
bottles for chlorophyll a analysis. From each depth, 300 mL of seawater was filtered through
a combusted (all glass fibre filters (GF/F) were ashed at 450°C for Shr) 0.3 um GF/F, 300 mL
through a 2.7 pym GF/F, and the remaining 400 mL through a 10 pm nylon mesh for the
determination of chlorophyll a concentrations of different phytoplankton size classes
(picoplankton: 0.3-2.7 pm; nanoplankton: 2.7-10 pm; microplankton: >10 pm). The
chlorophyll a on each filter was extracted in 90 % acetone for 24hr at -20°C in the dark, after
which fluorescence was determined following Welschmeyer (1994). The chlorophyll a
concentrations ([Chl a]) of the pico- and nanoplankton were then determined by subtraction:
[Chl a]picoplankton = [Chl @] on the 0.3 pum filter — [Chl a] on the 2.7 um filter; [Chl a]nanoplankton
= [Chla] on the 2.7 pm filter — [Chl a] on the 10 pm filter. The microplankton [Chl a] was
taken to be the [Chl a] on the 10 pm filter.

Two approaches were used to investigate phytoplankton community compositions. For
identification and enumeration of larger phytoplankton, samples were collected using a
plankton net (50 um mesh size and 25 cm diameter) deployed at 5 m (total volume of water
filtered ~245 L). The contents were transferred to a Falcon tube and immediately fixed with

200 pL of a 25 % glutaraldehyde solution. Phytoplankton were enumerated from subsamples
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using an inverted microscope (640 x magnification), with identification to the highest
taxonomic level possible.

For identification and enumeration of the smaller phytoplankton community, triplicate
seawater samples (2 mL) were collected in cryovials and immediately fixed with 20 puL of a
glutaraldehyde solution (glutaraldehyde 0.3 % final concentration) for flow cytometry (FC),
then frozen at -80°C until analysis. The following phytoplankton groups were identified (FC-
picoplankton (~0.5- <3 um), FC-nanoplankton (~2-20 um), Synechococcus-like cells (~1-3
um), and cryptophyte-like cells (~10-30 pum)). Green-fluorescent polystyrene bead solution
("Flow Check", Polyscience, 1 % in sterile 0.2 um filtered seawater) was used as the internal
standard. Results are expressed as cellmL”. The biovolume of each group was calculated
following Bouvier et al. (2001).

2.2.3. Nitrate isotopes

The 3N (8"N, in %o vs. N in air, = [(""N/'"*N)sampte/("N/"*N)er 1] x 1000) and §'°0
(8"0, in %o vs. VSMOW, = [("*0/"°0)sampie/('*0/°0)res —1] x 1000) of seawater nitrate
(SISNN03 and 6180N03) were measured using the denitrifier method (Sigman et al., 2001;
Casciotti et al., 2002). Prior to isotopic analysis, samples were treated with sulfamic acid to
remove NO;™ (Granger & Sigman, 2009; Fawcett et al., 2015). The N and O isotope ratios of
the N,O were measured using a Delta V Advantage isotope ratio mass spectrometer (IRMS).
Results were referenced to atmospheric N, and VSMOW using the CRMs, IAEA-NO-3 (8°N
= 4.7 + 0.2%o; Gonfiantini et al., 1995 and §'*0 = 25.6 + 0.4%o; Bdhlke et al., 2003) and
USGS-34 (8"°N = -1.8 £ 0.1%o0 and 5'*0 = -27.9 + 0.3%o; Béhlke et al., 2003). The analytical
precision for repeat 8'°Nyos and 8'*Ono3 measurements was <0.1%o and <0.2%o, respectively.
2.2.4. Particulate organic matter

Seawater (1L from each depth) was collected in opaque high-density polyethylene bottles
for particulate organic N (PON) and carbon (POC) analysis following pre-filtration through a
200 pm mesh to remove large grazers. At each depth, as per the chlorophyll a analyses, 300

mL of seawater was filtered through a 0.3 pm GF/F, 300 mL through a 2.7 pm GF/F, and the
9
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remaining 400 mL through a 10 pm nylon mesh. The material on the 10 um nylon mesh was
re-suspended in filtered seawater (<0.2 um), then collected on a 0.3 um GF/F Filters were
stored in ashed foil at -20°C pending analysis.

In the laboratory, filters were oven-dried at 40°C for 24hr and pelletised in tin capsules.
Samples were analysed for PON and POC content and 8'"°N and 8"°C using a Flash Elemental
Analyzer 1112 Series coupled to a Delta V Plus IRMS. A protocol blank (unused pre-
combusted filter + tin capsule) was run after every 10-20 samples and laboratory standards
calibrated to TAEA CRMs were run after every five samples. The detection limit was 2 pg C
and 1pug N, and analytical precision was <0.1%o for 3"°C and 8'°N. The PON and POC of the
pico- and nanoplankton size classes was calculated by subtraction as for chlorophyll a. Their
8N and 8"C were then calculated, accounting for the concentration of PON and POC in
each size class: 8"°N or 8"C picoplankton = [(8"°N or §"°C x PON or POC on the 0.3 pm
filter) — (8"°N or 8"°C x PON or POC on the 2.7 um filter)] / (PON or POC on the 0.3 pm
filter — PON or POC on the 2.7 pm filter); 8"°N or 8"°C nanoplankton = [(§'°N or §"*C x PON
or POC 2.7 pm filter) — (6"°N or 8"°C x PON or POC 10 pm filter)] / (PON or POC 2.7 pm
filter — PON or POC 10 pm filter). The 8"°N or 8"°C of microplankton (>10 pm) was
represented by the measured 8'°N or 8'°C of the 10 pm filter.

2.2.5. Rates of NPP and N uptake

Daily simulated in sifu experiments were conducted to determine the rates (WM h™) of C
fixation (NPP) and N uptake (as NO;~ and NH,"; pNO;3~ and pNH4+) at five depths: 0 m, 5 m,
10 m, 15 m and 20 m. At each depth, seawater was pre-filtered (200 um) into four 1 L clear
polycarbonate bottles. Two bottles (duplicates) were amended with K'°NO; and NaH">CO;
(final >N- and "C concentration of 0.5 uM and 100 uM, respectively) and two bottles with
"NH,CI (final "*N concentration of 0.05 pM). Bottles were incubated in situ for 4hr by
attaching them to an anchored rope, with each bottle fastened at its depth of collection.
Experiments were terminated via filtration of the 1L bottle contents: 300 mL through a 0.3

um GF/F, 300 mL through a 2.7 um GF/F, and 400 mL through a 10 pum nylon mesh. The
10
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material on the 10 um nylon mesh was re-suspended in filtered seawater (<0.2 pum), then
collected on a 0.3 um GF/F. Filters were stored in ashed foil at -20°C until analysis. The
incubation filters were analysed for PON and POC content and N and C isotopes as described
for the PON and POC samples. NPP, pNO;~ and pNH;" were then calculated following

Dugdale and Wilkerson (1986):

. (Rxs)
Equation 1: p, = (m

) x PON or POC

where x is C, NH4" or NO5~; Ry is the measured N or '*C atom % in the PON or POC
minus the natural abundance atom % (F, = 0.366 % for "N and 1.07 % for °C), Ren is the
atom % of "N or "°C in the incubation seawater directly following tracer addition (calculated
for '’N and assumed for °C to be 5%), and T is the incubation length (hr). The NPP, pNOs
and pNH," associated with the pico- and nanoplankton were calculated by subtraction as for
the chlorophyll @, PON and POC, with the microplankton rates derived from the material
collected on the 10um filters.

2.2.6. Fatty acids

Seawater (4 L) for FA analysis was pre-filtered (200 pm) and collected in triplicate from
four depths: 0 m, 5 m, 10 m and 30 m. The seawater was filtered through 0.3 um GF/F, then
immediately stored in liquid nitrogen and subsequently at -80°C until analysis. Samples were
lyophilised for 48hr upon arrival in the laboratory.

Lipids were extracted using a modification of the Folch et al. (1957) procedure through
homogenisation in 6mL of a fresh solution of methanol and chloroform (2/1; v/v) and closed
under N, atmosphere. FA methyl esters (FAME) were obtained after acidic transesterification
by the addition of a H,SO4/methanol solution (3.4 %; v/v) and heating at 100°C for 10min.
FAME composition was determined using a Varian CP8400 Gas Chromatograph equipped
with a ZBWAX column with hydrogen as the carrier gas. Peaks were identified by
comparison with retention times of external standards (Supelco37, PUFA No.l and No.3,

Bacterial Acid Methyl Ester Mix; Sigma). FAME peak area was converted into pg of FA

11
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based on the peak area of the internal standard (23:0). Concentrations are expressed in pgL ™.
FA are reported using the notation A:Bn-x, where A is the number of carbon atoms, B is the
number of double bonds, and x indicates the position of the first double bond relative to the
terminal methyl group (Puccinelli et al., 2016 b). Among the common FA trophic markers
(TM), omega-3 constitutes the sum of long chain n-3, including 20:3n-3, 20:4n-3, 20:5n-3,
21:5n-3, 22:5n-3 and 22:6n-3. The sum of 16:1n-7, 16:2n-4, 16:2n-7,16:3n-4, 16:4n-1 was
used as a diatom TM and the sum of 18:1n-9, 18:4n-3, 18:5n-3 as a non-diatom TM (i.e.,
haptophyte/dinoflagellate; Parrish et al., 2000). The ratio of EPA/DHA can be used to
identify communities mostly supported by non-diatoms (ratio<l) or by diatoms (ratio>1)
(Dalsgaard et al., 2003). The FA data were also used to estimate the nutritional quality of
phytoplankton for higher trophic levels using the FA-based nutritional quality index (NQI)
developed by Cafiavate (2019). The NQI was calculated as follows:

Equation 2: NQI = [(15 * DHA + 10 * EPA + 2 * ARA) = 0.8 + (1.8 * XC18PUFA)] *

logC=)

Where DHA, EPA and ARA (20:4n-6) are expressed as % of total FA (TFA). ZC18PUFA is
the sum of the 18:2n-4, 18:2n-6, 18:3n-1, 18:3n-2, 18:3n-3, 18:4n-3, 18:3n-6, 18:4n-1, 8:4n-
3, 18:4n-6 and 18:5n-3 percentages, while n-3/n-6 is the ratio of n-3 PUFA to n-6 PUFA.
2.3.Data analysis

A multivariate permutational analysis (PERMANOVA; Anderson & Clarke, 2008) was
performed to test for differences in the phytoplankton FA composition with depth (n=4) and
day (n=10). Canonical analyses of principal coordinates (CAP) were used to explore
differences in the phytoplankton FA composition between Depth and Day, focussing on the
Om and 5m where most of the FA were recorded. FA analyses were based on Euclidian
dissimilarities calculated from percentage data. The analyses were conducted using the

PERMANOVA+ add-on package of PRIMER v6 (Anderson & Clarke, 2008).

12



301

302

303

304

305

306

307

308

309

310

311
312
313
314
315
316
317

318

319

320

321

322

323

324

325

326

3. RESULTS
3.1. Hydrography

The upper water column (~5-10 m) was well stratified over much of the sampling period,
except on days 5, 6 and 7 when an upwelling event occurred. During these three days, a
decrease in temperature, density, oxygen and chlorophyll a concentrations was observed,
coincident with an increase in the NO;~ concentration (Fig 2, 3a and 4a-c). Pre- and post-
upwelling, surface temperature (Om) was >17°C, dropping as low as 13°C during upwelling,
while oxygen concentrations decreased from 360 uM pre- upwelling to a minimum of 220
UM during upwelling (Fig 2, Table S.3).

b) c)

Potential density anomaly og

Oxygen Temperature
P it

- (uM)

30

L 2 3 4,5 6 7,8 9 10, L 2 3 4,5 6 7 8 9 10 i 2 3 4,5 6 7,8 9 10,
pre- upwelling — upwelling post- upwelling pre- upwelling — upwelling post- upwelling pre- upwelling — upwelling post- upwelling

Day Day Day

Fig 2 Vertical profiles of a) oxygen concentrations, b) temperature, and c¢) the potential
density anomaly (o) sampled over 10 consecutive days at the anchor station in the southern
Benguela upwelling system in March 2020. The black dots in panel a show the discrete
sampling depth. The dashed black lines in panel c indicate the isopycnals separating the main
water masses present in the study region: Subantarctic Mode Water (SAMW), South Atlantic
Subtropical Mode Water (SASTMW) and Modified Upwelled Water (MUW).

The wind direction during the 10-day investigation was variable; however, south-south-
westerly winds were the most prevalent. These winds were also prevalent for the months
prior to and after the study period (Table S.1). Wind speed was significantly higher on days
5,6 and 9 (4.9, 3.6 and 3.6 m s, respectively) than on the other days (speed <3 m s'l).
Additionally, high wind speeds were recorded 12 days and three days prior to the study
period (6.1 ms™ and 4.1 ms™, respectively).
3.2.Nutrient concentrations

The nutrient profiles followed the same temporal pattern as the physical parameters (Figs

2 and S.1, Table S.3). Pre- and post- upwelling, most nutrient concentrations were higher
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below the mixed layer (>5-10 m), with [NO; ] and [Si(OH)4] as high as 27.9 uM and 30.0
uM, and [PO43 “] and [NO; ] reaching 3.0 uM and 1.4u M, respectively. During the upwelling
period, mixed-layer nutrient concentrations were elevated, with the highest surface
concentrations measured on day 7, of 14.9 uM (NOs"), 13.1 uM (SiO4"), 3.0 uM (PO,) and
1.5 uM (NOy"). The [NH,4'] showed a different trend from the other nutrients. While [NH;']
was generally low (<2 uM) throughout the study, water-column concentrations were higher
during the non-upwelling period (maximum of 1.9 uM at 20 m on day 4). Maximum surface
(<5 m) [NH,'] was measured during upwelling on day 6 (1.8 pM), while the lowest values

were measured on days 7 and 10 (<0.1 pM).
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Fig 3 Vertical profiles of a) nitrate (NO;) and b) ammonium (NH;") concentrations for
samples collected over 10 consecutive days at the anchor station in the southern Benguela
upwelling system in March 2020.
3.3.Chlorophyll a and phytoplankton community composition

The chlorophyll a concentrations were dominated by the nanoplankton throughout the
study, followed by the microplankton and picoplankton (Fig 4a-c). Nanoplankton showed the
highest chlorophyll a concentrations pre- and post- upwelling at Om and 5m (5.6 + 0.3 pg L™";
68.5 £ 17.4 % of total chlorophyll @), with nanoplankton chlorophyll @ decreasing to
<2.6 ],LgL'1 during the wupwelling event. Microplankton showed low chlorophyll a
concentrations pre- and during upwelling (0.9 + 0.2 pg L™'; 15.0 £ 7.2 %), which increased
post- upwelling to 3.6 + 0.3 pg L™ (25.6 £ 10.6 %). Picoplankton contributed least to total

chlorophyll a, with low concentrations throughout the investigation (0.2 + 0.1 pg L™; 11.2 +

5.3 %).
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Fig 4 Profiles of picoplankton (0.3-2.7 um), nanoplankton (2.7-10 pm) and microplankton (>
10pm) a-c) chlorophyll a concentrations, d-f) particulate organic nitrogen (PON)
concentrations and g-i) SISNPON for samples collected over 10 consecutive days at the anchor
station in the southern Benguela upwelling system in March 2020. The grey shading indicates
depths and days where concentrations and 8 °Npoy were below the methodological detection
limits. The black dots indicate discrete sampling depths. We note that the colour bar is the
same for panels g-i.

Microscopy analyses (phytoplankton >50 pm) indicated differences in phytoplankton
abundances in the pre- (4.5 + 2.2 10* cell L"), during (33.8 + 19.7 10* cell L) and post-
upwelling (103.0 + 63.4 10% cell L") samples, with the highest abundances measured post-
upwelling (228.2 10* cell L™ on day 9). Apart from day 1 when samples contained near-
exclusively dinoflagellates (>90 % total cell count), diatoms dominated the phytoplankton

assemblage throughout the study period, with Chaetoceros spp. and Pseudo-nitzschia spp.

being the most abundant species (Fig 5, Table S.4a).
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Fig 5 a) Cell counts (cellL™") and b) relative contributions (% of total cells counted) of the
various phytoplankton species identified via light microscopy over 10 consecutive days at the
anchor station in the southern Benguela upwelling system in March 2020. The most common
diatoms (Chaetoceros spp., Pseudo-nitzschia spp.) and dinoflagellates (7riopos spp.,
Protoperidinium spp.) are highlighted in bold in the figure legend.
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Flow cytometry analyses indicated that heterotrophic bacteria were the most abundant
small plankton group (0.5-3 um) present throughout the investigation, with particularly high
abundances pre- and during upwelling on days 4 and 5 (maximum of 9 10° cell mI™). This
group was followed by Synechococcus-like cells, which were particularly abundant on days
2, 3 and 4 (pre- upwelling) between the surface and 10 m (2.4 £ 1.2 x 10% cell ml; 63.9 + 8.5
% of FC cells counted; Fig S.2, Table S.4b). FC-picoplankton, FC-nanoplankton and
cryptophyte-like cells were generally less abundant (<1.8 10% cell ml'; <37 % of FC cells
counted), although FC-nanoplankton had higher concentrations pre- upwelling compared to
during and post- upwelling (1.1 + 0.5 10 vs. 4.8 + 2.8 10% cellml™; 22.1 £ 8.2 vs. 13.0 £ 6.2
%). The biovolume was dominated by cryptophytes-like cells pre- and during upwelling
(maximum of 4.9 10° pm’; 90 % of total biovolume of FC cells counted) and by FC-
nanoplankton post- upwelling (maximum of 3.0 10> um’; 99 %), with all other groups
contributing minimally (Fig S.2, Table S.4 b).
3.4.Isotopes of nitrate and particulate organic matter

As for the other parameters, 8 Nnos was clearly different pre-, during and post-
upwelling, and varied significantly with depth (Fig S.3, Table S.5). The highest 8'°Nnos was
measured at the surface and 5m pre- and post- upwelling (11.9 + 2.6%0). At all other depths
and at the surface during the upwelling event, the average 5'°Nyo3 was 7.3 + 0.9%o. 8'*Onos
followed the same trend as 815NN03, with values of 12.5 £ 3.4%0 observed pre- and post-
upwelling at the surface vs. 5.8 + 1.3%o at depth on all days, as well as at the surface during
upwelling.

The majority of the PON was attributed to nanoplankton, while micro- and picoplankton
contributed minimally (<25 pgL" of N; Fig 4d-f, Table S.5). Nanoplankton PON
concentrations were particularly high at the surface and subsurface (i.e., 0 m and 5 m) pre-
and post- upwelling, in contrast to at the other depths and during upwelling (41.9 £ 4.4 vs.
6.7 £ 0.1 pgL™ of N). The 8"°Npoy of the nanoplankton averaged 6.9 + 0.3%o pre- and post-

upwelling vs. 5.4 £ 0.3%o during upwelling. The picoplankton PON had a relatively high
16
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8" Npon at depth during upwelling (peak of 15%o on day 7); however, due to the low N
content of the samples, for most of the depths and days it was not possible to make reliable
8"*Npon measurements for both pico- and microplankton (Fig 4g-i).

As for PON, most of the POC was attributed to nanoplankton, with the highest
concentrations occurring pre- and post- upwelling at 0 m and 5 m (223.3 +27.4 vs. 41.6 £5.5
ugL™! of C; Fig S.4, Table S.5). 8"°Cpoc varied minimally among the phytoplankton size
classes, with microplankton showing slightly lower values than the two other classes (-22.2 &
1.9%o vs. -19.8 £ 2.7%o). There was no clear effect of upwelling on the 5t Croc.

3.5. Rates of N uptake and NPP

The highest rates of N uptake and NPP were observed for the nanoplankton size class,
while pico- and microplankton contributed minimally, with their rates in most cases below
the methodological detection limit (p)NO3<0.9 uMhr™'; pNH,"<0.1 pMhr™'; NPP<1.2 uMhr™";
Fig 6, Table S.6). As such, only the nanoplankton rate data are discussed in detail below (i.e.,
Fig 6b, e and h).

All the uptake rates varied with depth and were higher pre- and post- upwelling when the
water column was strongly stratified, with lower rates measured during active upwelling and
when the water column was weakly stratified (Fig 6). Throughout the study, pNO3;~ was
generally higher than pNH,', with maximum measured rates of 1.7 and 0.3 uMhr'l,
respectively (Table S.6). pPNOs™ reached a maximum pre- upwelling at the surface/subsurface
(<5 m), especially on day 1 (1.7 uMhr™") and day 3 (1.4 uMhr"). Post- upwelling surface and
5 m values of pNOs~ were generally low (<0.2 pMhr"), with rates for the deeper samples and
on the other days that were at or below the detection limit (Fig 6 b). pPNH," showed a slightly
different pattern from pNOj;™ in relation to upwelling, with the highest rates measured at 0 m
(and in some cases at 5 m) throughout the investigation (0.2 + 0.1 uMhr™") except on days 7-
8-9 when the surface and 5 m pNH," decreased to 0.1 + 0.0 pMhr™' (Fig 6e). For the other

depths and days, pNH," was either near or below the detection limit.
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NPP was an order of magnitude higher pre- and post- upwelling at 0 m and 5 m compared
to deeper samples and on the other days (2.9 + 0.9 uMhr'1 vs. 0.2 = 0.1 uMhr'l). The
maximum rate of NPP was recorded at the surface on day 1 (8.0 uMhr™") followed by surface

measurements made on days 3 and 8 (both 5.1 pMhr’'; Fig 6 h, Table S.6).

a), Picoplankton b), . Nanoplankton o) Microplankton
(uM bt}
2
= 15
- F1
PNOa = 1
=
o 0.5
Q20 ()
i 2 3 4 5 6 7 8 9 10 1 2 3 &4 5 6 7 6 9§ 40 1 2 3 2 5 6 7 B8 3 10
d) o e) f
(BM b
0.3
pNH4+ El[) 0.2
£ 0.1
g
1 2 3 4 5 6 7 8 9 10 1 2 3 4 5 6 7 8 9 10 1 2 3 4 5 6 7 8 9 10
g o h, | i)
(1M bt
8
= - {2
NPP £
= 1
:‘J- 2
o 20 (]

1 2 3 4,5 6 7,48 9 10, 41 2 3 4,45 6 7,486 9 10, (L 2 3 4,5 6 7,,8 9 10
pre- upwelling  upwelling post- upwelling pre- upwelling pwelling post- upwelling pre- upwelling — upwelling post- upwelling
Day Day Day

Fig 6 Size-fractionated (picoplankton, 0.3-2.7 um; nanoplankton, 2.7-10 um; microplankton,
>10 um) rates of a-c) nitrate uptake (pNOs"), d-f) ammonium uptake (pNH4") and g-i) net
primary production (NPP) measured at five depths (0 m, 5 m, 10 m, 15 m and 20 m) over 10
consecutive days at an anchor station in the southern Benguela upwelling system in March
2020. The grey shading indicates depths and days where the rates were below the
methodological detection limit.
3.6.Fatty acids

The concentrations of phytoplankton TFA showed the same pre- and post- upwelling
trends as the other parameters, with values during the upwelling event that were close to 0
ngL™" throughout the water column (Fig 7, Table S.7). TFA concentrations were high at 0 m
and 5 m pre- and post- upwelling, reaching maxima of 185.0 + 35.4 pgL™" and 148.0 + 24.1
ugL‘l, respectively. These TFA maxima coincided with peaks in the total POC
concentrations, which reached 429 and 240 pgL"' pre- and post- upwelling, respectively.
Omega-3 followed the same pattern, with the highest concentrations recorded at the surface
on day 3 (49.5 + 6.1 pgL™") and at 5m on days 8 and 9 (29.3 + 2.2 ugL™). Most of TFA

sampled pre- upwelling was attributed to non-diatom TM, such as ZC18-PUFA (>50 % of

TFA), in particular 18:5n-3, which alone represented up to 20 % of the TFA (Figs S.6 and
18
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S.7). By contrast, post- upwelling diatom TM made up as much as 60 % of TFA and XC16-
PUFA constituted 15 % of TFA. While 18:5n-3 was present predominantly pre-upwelling,
18:4n-3 was evenly distributed pre- and post-upwelling (Fig S.7, f and g). Peaks of TFA and
omega-3 were also observed for the deepest samples on days 4, 5 and 10 (TFA 101.2 + 6.1
pel™! 79.8 £ 1.8 pgL™, 148.0 + 24.2 pgL ' respectively), with non-diatom TM dominating

on days 4-5 and diatom TM on day 10 (Fig 7, Table S.7).
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Fig 7 Fatty acid (FA) composition (ugL'l) of phytoplankton samples collected from four
depths (0 m, 5 m, 10 m, 30 m) over 10 consecutive days at an anchor station in the southern
Benguela upwelling system in March 2020. a) Total FA, b) Omega-3 (20:3n-3, 20:4n-3,
20:5n-3, 21:5n-3, 22:5n-3, 22:6n-3), c) diatom TM (Trophic Markers :16:1n-7, 16:2n-4,
16:2n-7, 16:3n-4, 16:4n-1), d) non-diatom TM (18:3n-3, 18:4n-3, 18:5n-3), ¢) EPA/DHA
(20:5n-3/22:6n-3), f) NQI = nutritional quality index (equation 2). The grey shading
indicates depths and days where values were below the methodological detection limit.

The CAP analysis revealed a clear pattern of separation among samples collected pre-,
during and post- upwelling, a trend ascribed to non-diatom TM pre- upwelling and diatom
TM post- upwelling (Fig 8). The same trend was evident in the EPA/DHA ratio, which was
significantly higher post- upwelling, indicating the presence of a phytoplankton community

comprising mostly diatoms, with values of 0.7 + 0.1, 1.3 £ 0.1, and 2.5 + 0.1 for pre-, during

and post- upwelling, respectively (Fig 7e, Table S.7).
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The nutritional quality index (NQI) based on FA followed the same trend as the other
parameters, with higher values at 0 m and 5 m pre- and post- upwelling (216.5 £ 15.3)
compared to at the other depths and during upwelling (89.7 = 13.5; Fig 7f, Table S.7). The
exception to this pattern was the bottom water samples collected on days 4, 5 and 10 for
which we derived NQI values of 157.8 +£23.2, 244.5 + 10.7 and 297.9 + 24.8, respectively.
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Fig 8 a) Canonical analysis of principal coordinates (CAP) performed on the fatty acid
composition of phytoplankton samples collected over 10 consecutive days at an anchor
station in the southern Benguela upwelling system in March 2020. Only 0 and 5 m samples
were used for the analysis. Colour shading indicates different stages of upwelling, as
indicated by the environmental data: green = pre- upwelling (days 1- 4), pink = during
upwelling (days 5-7), blue = post- upwelling (days 8-10). Each symbol in panel a) represents
a single sample. b) Distribution of eigenvalues for each factor (fatty acids). BAME =
Bacterial Fatty Acids.

4. DISCUSSION

This study aimed to provide the first estimates of phytoplankton omega-3 concentrations
for the SBUS and to investigate the potential role of N cycling in influencing their
production. We found that omega-3 concentrations were extremely high at both Om and 5m,
pre- and post- upwelling, when the NOs~ uptake rates reached a maximum. Furthermore, the
omega-3 concentrations were much higher (~10 times) than the estimates currently available
for the SBUS (Puccinelli et al., 2021). Below, we explore possible explanations for the
upwelling related patterns that we observed and discuss the implications for omega-3
availability to higher trophic levels.

4.1. Upwelling event and the N sources available to phytoplankton
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During the 10-day investigation, we recorded an upwelling event on days 5-6-7, which
drove a decrease in the mixed-layer temperature and oxygen concentration coincident with an
increase in the nutrient concentrations. This phase occurred between pre- (days 1-4) and post-
(days 8-10) upwelling periods that were associated with a well-stratified upper (~5 m) water
column and a shallow mixed layer, consistent with expectations for the SBUS during periods
of relaxation (Bailey & Chapman, 1991; Zhang et al., 2015; Aristizébal et al., 2017; Burger et
al., 2020). During the non-upwelling periods, NPP and chlorophyll a reached a maximum at
Om and 5m, facilitated by favourable conditions for phytoplankton growth, including high
nutrient- and light availability. The values recorded here (54.1 + 12.1 uMd™! and 6.8 + 3.5
pgL™" for NPP and chlorophyll a, respectively) are similar to previous observations made in
Elandsbaai in summer (45 pMd™" and 9-15 pgL™; Pitcher et al., 1991; Burger et al., 2020),
with elevated phytoplankton productivity generally occurring immediately following the
cessation of upwelling (i.e., at the onset of relaxation), highlighting the pivotal role of the
upwelling cycle in modulating productivity in this region.

The two main N sources in the system, NO3~ and NH.", were delivered to surface waters
during upwelling, yielding a surface [NOs] that was two-fold higher than the [NH4'] (Fig 2,
Table S.3). Elevated [NO;37] is typically supplied to the surface by the upwelling of SAMW,
the ultimate source of nutrients to the SBUS (Lamont et al., 2015; Flynn et al., 2020).
Additionally, in a shallow regions of the SBUS such as Elandsbaai (maximum depth of 30
m), nutrients (including NOs") tend to accumulate in bottom waters during the non-upwelling
season as a result of stratification, high rates of remineralization, and water-mass retention
(i.e., "nutrient trapping"; Flynn et al., 2020); these nutrients are then supplied to the surface
layer when upwelling and/or wind-driven mixing ventilates the bottom waters. The higher
[NH,'] at the surface during the upwelling period can be also explained by water column
mixing given that [NH4'] was elevated at depth (1.5-2.0 uM at > 15m) during much of our
investigation. By contrast, [NH;'] was extremely low in surface waters pre- and post-

upwelling, presumably due to rapid NH," uptake by phytoplankton (Dortch, 1990) and the
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fact that shallow stratification prevented its upward supply. The high [NH;'] at depth was
likely the result of NH,  production in excess of it consumption during organic matter
decomposition (i.e., heterotrophic NH;" production in excess of NH," oxidation), as well as
NH," efflux from the sediments following organic matter remineralization (Dugdale et al.,
2006; Burger et al., 2020; Flynn et al., 2020). Indeed, the flow cytometry analyses indicate
that heterotrophic bacteria were particularly abundant throughout the water column (Fig S.2),
promoting NH4 production.

While NH, " should theoretically be the preferred N source to phytoplankton given its low
oxidation state (-3), which makes its assimilation energetically favourable (Dortch, 1990), its
euphotic zone concentration was too low (on average <<l puM) to support the rates of
productivity observed in Elandsbaai. In contrast, high pNO;~ are commonly recorded for
phytoplankton in upwelling regions, especially when diatom- dominated (Bode et al., 1997;
Glover et al., 2007). In Elandsbaai, the rapid increase in pNOs~ within just two days of
upwelling, and the co-incident decline in surface NOs~, Si(OH), and PO4>~ concentrations, is
typical of the response of diatoms to a nutrient supply event (Kudela & Dugdale, 2000;
Fawcett & Ward, 2011). Diatoms are able to increase both their nutrient uptake and growth
rates very quickly, which allows them to consume a disproportionate fraction of the newly-
available nutrients and outpace their grazers ( Fawcett & Ward, 2011; Van Oostende et al.,
2015; Burger et al., 2020). Diatoms can also accumulate excess NO;3™ intracellularly to use
when nutrients become depleted (Kudela & Dugdale, 2000). Combined, these strategies
allow diatoms to dominate the biomass following upwelling. Our microscopy data are
consistent with this idea, indicating a general dominance of diatoms throughout the
investigation, which strengthened post-upwelling (Fig 5).

Regardless of the parameters investigated (N uptake rates, NPP, chlorophyll @, PON,
POC), most of the production in the system was associated with the middle plankton size
class — the nanoplankton. Nanoplankton dominance has previously been observed for this

system, and in other upwelling regions with similar features to the SBUS (Probyn, 1992;
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Bode et al., 1997; Burger et al., 2020). It has been suggested that this group can thrive in such
systems because of their intermediate size, being large enough to avoid predation but small
enough to remain in the euphotic zone during periods of relaxation (Burger et al., 2020),
which exposes them to high nutrient- and light availability. Smaller cells are also less
susceptible to light limitation (Finkel, 2001) and have a high affinity for nutrients, resulting
in a rapid growth rate (Litchman, 2007).

The dominance of the nanoplankton size class was at least partially reflected in the flow
cytometry data, which show that cryptophyte-like cells (<30 pm) followed by FC-
nanoplankton contributed most to biovolume. In contrast, the microscopy data indicated a
general higher predominance of large diatoms (>50 pm) throughout the investigation (except
on day 1), particularly the chain-forming Chaetoceros spp., with concentrations progressively
increasing post- upwelling. The two techniques record different phytoplankton size ranges,
with microscopy conducted on samples collected in a 50 pm-mesh net, while the maximum
cell-size that the flow cytometers could analyse was 30 um. Nonetheless, the results of both
techniques support the idea of a dominant role for nanoplankton. Chaetoceros spp. can exist
as single cells (typically of ~10 um) or as chains, and thus could have been present in both
the flow cytometry and microscopy samples. Chaetoceros spp. has been shown to dominate
the biomass and productivity of Elandbaai during mid-summer upwelling, which appears to
be due to the ability of their group to leverage the advantages of being both relatively small
(nanoplankton-sized single cells) and large (once aggregated as chains) (Burger et al. 2020).
It is likely that similar dynamics were ongoing during our late-summer investigation.

The 8"Nnos and 8"Onos were high at Om and 5m pre- and post- upwelling and
consistently lower (>5%o difference) at depth and throughout the water column during
upwelling. The deep 8'*Nnos of 7.3 £ 0.9%o is slightly higher than the 8'°Nyo3 of SAMW, the
ultimate source water to the SBUS (515NN03 = 6.6 = 0.2%0), and similar to that of South
Atlantic Subtropical Mode Water (SASTMW; SISNN03 = 7.2 £ 0.3%0), which derives from

SAMW and can also upwell in the SBUS (Flynn et al., 2020). The high 8'°Nyos3 in surface
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waters (11.9 £ 2.6%o) is indicative of photosynthetic NOs~ assimilation as phytoplankton
preferentially consume 14N—bearing NOs-, leaving the residual NO;~ pool enriched in °N
(Mariotti et al., 1981; Sigman et al., 1999). The coincident rise in 8" 0nos in shallow waters
(Fig S.3) is consistent with this interpretation as NO;~ assimilation causes 815NN03 and
8]80N03 to increase in unison (Granger et al., 2010). In contrast, the decline in 8]80N03 at
depth that coincides with almost no change in 8'°Nyos (Fig S.3) is characteristic of
nitrification (i.e., NOs~ regeneration; Flynn et al., 2020). During nitrification, the 8'*Nyo3 of
the produced NOj~ is set by the SISNN(B of the organic matter being remineralized (itself set
by the N sources consumed by phytoplankton), while its 8'*Onos is set by that of water
(8180N03 of ~0%o) plus an isotopic offset of ~1%o (Sigman et al., 2009; Buchwald et al., 2012;
Boshers et al., 2019). The 815NN03 and 6180N03 observed at depth and during upwelling could
also have been influenced by coupled nitrification-denitrification at the sediment-water
interface (i.e., benthic-pelagic coupling). This pathway drives a loss of low-8""N-N (as Ny
gas), which raises the 8'°N of the remaining NO;~ pool while coincidentally decreasing its
8180N03 (Granger et al., 2011; Flynn et al., 2020). It is difficult to characterize the extent to
which coupled nitrification-denitrification may have been ongoing in Elandsbaai at the time
of our sampling given that the 8'*°Nos of the bottom samples (25 m and 30 m) was ~6.6-
6.9%o, which is very similar to the 8'*°Nxos of SAMW (Flynn et al., 2020). Regardless, the
NO;™ isotope data point to rapid nutrient recycling at depth, which generates high
concentrations of recycled nutrients that, once supplied to the surface during mixing, can
augment the offshelf (i.e., SAMW) nutrient supply, enhancing SBUS productivity (Bailey,
1991; Tyrrell & Lucas, 2002). One consequence of these dynamics, however, is a decline in
bottom-water oxygen concentrations, often to hypoxic levels (Pitcher & Calder, 2000;
Monteiro et al., 2011; Flynn et al., 2020).

The preferential consumption by phytoplankton of NO;~ (over NH;") was not only
evident in the pNO;~, but also in the 515NP0N of nanoplankton. This group had a 515NP0N in

the surface layer that was ~5%o lower than the measured 8'°Nyo3 (8" Npon of ~7%o, &' Nno3
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of ~12%o; Fig 4). The 8" Npoy is set by the 8'°N of the assimilated N sources and by the
extent of their consumption (Fawcett et al., 2011, 2014; Treibergs et al., 2014). Given an
isotope effect for NOs~ assimilation of~5%. (Wada & Hattori, 1978; Sigman & Fripiat, 2019),
our data suggest that the main N source used by nanoplankton was NO;~ since its
consumption would yield PON with a 8'°N that was ~5%o lower than the 8'° Nno3, as was
observed. In the surface layer of the ocean, NH," is generally low in 8'°N (<0%o) because of
isotope fractionation associated with the metabolic processes that result in its production
(Checkley & Miller, 1989). At the same time, the isotope effect of NH, " assimilation appears
to be negligible when NH," concentrations are <5 pM (Pennock et al., 1996; Liu et al., 2013).
Thus, if phytoplankton were relying predominantly on NH," to fuel production, we should
have observed lower values of 815NPON, which was not the case. We thus conclude that the
nanoplankton 8'*Npoy indicate sustained reliance by this size class on NO5.

While we have almost no reliable microplankton &' °Npox data, the picoplankton &'°Npox
was relatively high at the surface pre-upwelling and at depth post-upwelling, reaching 15%o
(Fig 4g). This high 8'"°Npox suggests the assimilation by picoplankton of a '"N-enriched N
source. Since nanoplankton in upwelling systems can take up nutrients extremely rapidly
once they become available (Tilstone et al., 1999; Leblanc et al., 2018), outcompeting the
picoplankton, coupled with the fact that the higher surface area-to-volume ratio of
picoplankton endows them with a high affinity of low-concentration nutrients, the high
picoplankton SISNPON may be the result of their reliance on more >N-enriched NO;™ (i.e.,
following its near-complete consumption by nanoplankton when its 8'°N would have been
very high and its concentration very low). Alternately, and perhaps a more likely explanation
for the deeper picoplankton 8'*Npoy, is that this group consumed NH," that was high in 8"°N.
The partial nitrification of subsurface NH,", which occurs with a large isotope effect (14-
19%o; Casciotti et al., 2003), generates residual NH," that can be very high in 3'°N. The
assimilation of this NH4" by picoplankton would result in their 8 °Npon being similarly high

since NH," assimilation occurs without isotopic fractionation (Liu et al., 2013). We note,
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however, that the picoplankton PON concentrations were generally very low, often falling
below the methodological detention limit, such that their 615NPON should be interpreted with
caution. Regardless, our data strongly suggest very different nutrient acquisition strategies for
nano- vs. picoplankton, which presumably contribute to their relative abundance and success
in the SBUS.

In summary, the data presented above clearly record a pre-/ during / post- upwelling
cycle, with NOs™ supplied from depth being the main source of N to the (nano)phytoplankton
community. This study also shows the remarkable speed of the phytoplankton response to
upwelling-driven changes, with the community then returning to a pre-upwelling state within
two to three days of the upwelling event.

4.2.0mega-3 production in the SBUS

As for most of the parameters investigated, TFA and omega-3 concentrations were higher
pre- and post- upwelling at 0 m and 5 m, while their concentrations decreased to near-zero at
depth and during upwelling, apart from bottom-water samples collected on days 4, 5 and 10
(see below). Omega-3 in the ocean are largely produced by phytoplankton (e.g., Dalsgaard et
al., 2003) and we thus expected to find them in the euphotic zone during periods of
relaxation. While we did observe higher omega-3 concentrations pre- and post- upwelling,
our study also revealed two novel findings regarding omega-3: 1) extremely high
concentrations of FA and omega-3 in SBUS phytoplankton, and 2) the speed with which the
community changed from pre- to post- upwelling, and the (related) rapid production of FA
and omega-3 post- upwelling.

The information available on omega-3 production for the BUS (North-BUS+SBUYS) is
limited (Puccinelli et al., 2021), with the only published data being the omega-3 content of
suspended organic matter (1-5 pgL™) collected from a rocky shore environment in the SBUS
(Puccinelli et al., 2016 b). Here, we report TFA concentrations of up to 215.5 and 175.3 pgL”
"and omega-3 of ~50 and ~30 pgL™" pre- and post- upwelling, respectively (Fig 7). That is,

we measured omega-3 concentrations that are ten-times higher than previously reported for
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the SBUS. The discrepancy between the two studies may be due to the sampling location,
with Puccinelli et al. (2016b) focused on a rocky shore environment, in contrast to the open
water site investigated here. In Elandsbaai, elevated mixing during upwelling that supplied
nutrients to the surface layer favoured high omega-3 production by phytoplankton
immediately following upwelling, an effect that is likely limited in nearshore/rocky shore
regions. The magnitude of the discrepancy between the two studies is nonetheless very large.
The concentrations of TFA and omega-3 measured in this study are higher than those
observed in other EBUS, with TFA of 50-70 and 2-70 pgL™ and omega-3 of 8-11 and 1-18
ngL™" reported for the California and Humboldt upwelling systems, respectively (Gutiérrez et
al., 2012; Fischer et al., 2014), while no information is available for the Canary system
(Puccinelli et al., 2021). Among the studies investigating omega-3 production by
phytoplankton in EBUS, ours is the first to account for temporal variability and/or to
investigate the effect(s) of the upwelling cycle. Snapshot experiments will record omega-3
production under specific conditions only (i.e., partway through the upwelling or relaxation
phase). For instance, if sampling were conducted on a day of active upwelling, we would
have recorded omega-3 concentrations close to 0 pgL™. This value is orders of magnitude
lower than the concentrations we measured during the relaxation periods, such that if it were
taken as broadly representative of our system, it would have led us to strongly underestimate
omega-3 production. We thus suggest that omega-3 production in the SBUS, and in
upwelling systems more broadly, has previously been considerably underestimated, likely
due to sampling limitations.

The second novel finding of this work is how rapidly the phytoplankton community
composition changed over the upwelling cycle, and how the TFA and omega-3
concentrations returned to pre-upwelling levels within just two days of the upwelling event.
All FA analyses indicate a clear separation among samples from pre-, during and post-
upwelling. The pre- upwelling community was mostly characterized by non-diatom TM,

including haptophyte and dinoflagellate TM (together >50 % of TFA), while the post-
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upwelling assemblage was dominated by diatom TM (>60 % of TFA; Fig 7). During
upwelling, no clear TM was identified. It is well known that phytoplankton community
composition is the main factor driving variability in FA profiles (Galloway & Winder, 2015).
Diatoms are usually the first phytoplankton group to proliferate post- upwelling as they are
NO;™ specialists that respond rapidly to a pulse of new nutrients (Kudela & Dugdale, 2000;
Fawcett & Ward, 2011; Van Oostende et al., 2015) and are able to cope under variable light
conditions (Guerrero et al., 1981; Syrett, 1981). The diatom bloom is generally succeeded by
dinoflagellates, typically once the micro- and macro- nutrients essential for diatom
production are depleted (Martin-Jézéquel et al., 2000; Tilstone et al., 2000). Additionally
some dinoflagellates in the SBUS are mixotrophs, such that they can proliferate under the
reduced nutrient conditions typical of a post- upwelling bloom (e.g., Pitcher, 2008; van der
Lingen et al., 2016). Diatom TM were also present pre- upwelling, albeit at lower
concentrations than the non-diatom TM (20 % vs. 50 % of TFA), even though the
microscopy data suggest that large diatoms (>50 um) were not abundant pre- upwelling. The
diatom Chaetoceros spp. was the main type of phytoplankton identified by microscopy and
was present in extremely high numbers post- upwelling (Fig 5). Since this species can occur
in chains and as single cells (Stoermer & Julius, 2003), it could also have been present in
relatively high abundances pre-upwelling but not represented in the microscopy samples.
While the succession of diatoms by dinoflagellates is frequently observed in upwelling
systems (Pitcher et al., 1991; Hansen et al., 2014; Puccinelli, et al., 2016a), the speed with
which the FA content of the community changed (i.e., from TFA of 131.4 ugL" on day 4, to
~0 on day 6 and to 109.8 ugL" on day 8) is nonetheless remarkable. Our data suggest that
both diatoms and non-diatoms produce large amounts of omega-3 in Elandsbaai. The EPA
produced by diatoms and the DHA produced by haptophytes and dinoflagellates (Dalsgaard
et al., 2003; Remize et al., 2020) are the two most important omega-3 in the ocean, essential
for higher trophic levels including humans (Hicks et al., 2019; Tocher et al., 2019). Our study

shows that the dominant phytoplankton groups that proliferate immediately post- upwelling
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and thereafter are important for omega-3 production, and additionally highlights the pivotal
role of upwelling in omega-3 production in the SBUS.

The NQI, which aims to quantify the nutritional value of a phytoplankton community
based on FA (Cafavate, 2019), was in the range of 216.5 £ 15.3 pre- and post- upwelling, but
decreased strongly at depth and during upwelling to 89.7 + 13.5. The highest NQI values
derived here are similar to those reported in studies conducted in the open waters of the
Subtropical and Subantarctic Zones of the Southern Ocean and Antarctic coastal waters
(Nichols et al., 1991; Mayzaud et al., 2007; Wilson et al., 2010; Canavate, 2019) but lower
than in a study conducted on the Kerguelen Plateau (Remize et al., 2022). The high
phytoplankton NQIs computed for Elandsbaai can be ascribed to the phytoplankton groups
that dominated pre- and post- upwelling (haptophytes/dinoflagellates and diatoms,
respectively), which are the main producers of the nutritious DHA and EPA (Dalsgaard et al.,
2003; Galloway & Winder, 2015; Canavate, 2019). Our results indicate that the production of
both types of omega-3 was responsible for the high NQI, indicating that the phytoplankton
community of the SBUS constitutes a highly nutritious food source for higher trophic levels.
In contrast, the omega-3 concentrations recorded at depth (>10 m) and during upwelling were
low, generally <10 pgL™ (with the exception of days 4, 5 and 10). These values can be
explained by the low abundance of phytoplankton, which reduced the NQI. Additionally,
omega-3 can easily degrade with depth or be consumed (Conte et al., 1995; Budge et al.,
2006), with these effects reducing the nutritional value of omega-3 available during the
upwelling period.

The high TFA and omega-3 concentrations, and NQI, observed at depth on days 4, 5 and
10 (Fig 7) could be linked to phytoplankton sinking and the formation of phytoplankton
resting spores at the sediment-water interface (Pitcher, 1986; Pitcher et al., 1991). This
benthic-pelagic coupling may represent an important process that supplies FA to the benthos
in Elandsbaai, including to the commercially relevant rock lobster, which is one of the most

important fisheries on South Africa’s west coast (Bailey & Chapman, 1991). While this study
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did not focus on the benthos, our results suggest that the effects of upwelling on FA
production may extend to benthic communities, with further studies needed to clarify the
connections and implications.
Implications for omega-3 availability to higher trophic levels

This work highlights the key role that upwelling plays in promoting a phytoplankton
community in the SBUS that produces high concentrations of high-quality omega-3. Indeed,
the measured concentrations of omega-3 were considerably higher than the current estimates
available for any of the EBUS. The SBUS phytoplankton community largely relied on NO3~
supplied to the surface by upwelling, indicating the presence of a tight link between new
NOs~ and omega-3 production in this system. Phytoplankton form the base of the food chain
and are the main producers of omega-3 in the ocean, as such, investigating the relationship of
omega-3 concentrations to phytoplankton production with depth and over time is a suitable
way to evaluate the amount of omega-3 available in the system at present and in the future.

Current omega-3 production estimates, based mainly on meta analyses and
laboratory/mesocosm experiments, indicate that the global omega-3 supply may soon become
insufficient for a growing human population (Hixson & Arts, 2016; Colombo et al., 2020;
Hamilton et al., 2020), which is predicted to reach 11 billion by 2100 (Roser, 2013). The
results of our study indicate that this may not be the case, as we measured omega-3
concentrations that were 10-times higher than previous estimates from the SBUS. The
general lack of information available on omega-3 production in upwelling systems, combined
with our new concentrations for the SBUS, suggest that global omega-3 production may be
significantly underestimated. Similar studies focussing on the productive EBUS regions are
needed to better quantify the stock of omega-3 available for higher trophic levels across the

global ocean.
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