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ARTICLE INFO ABSTRACT

Keywords: Despite the importance of Agulhas Bank (AB) marine productivity in supporting South African coastal fisheries
Net primary 'PrOd“CtiO“ and shelf ecosystems, there are relatively few regional-scale assessments of its spatial and temporal variability,
Remote sensing and most productivity studies have been limited in scale. Here we use satellite-derived Net Primary Production
El;ﬁ?:::;tzﬁel ¢ (NPP) rates calculated using the Vertically Generalized Production Model (VGPM) to examine the spatial and
Upwelling temporal dynamics of NPP over the 21-year satellite record (1998-2018) on the AB. In calculating VGPM NPP we

used the OCCI Chlorophyll-a product, SST from Operational-Sea-Surface-Temperature-and-Sea-Ice-Analysis
(OSTIA) and PAR from GlobColour level-3 mapped products as these represent the longest datasets that fit
our extended study period. We examine spatial trends between the eastern and central AB, as well as three areas
of the bank (around Port Alfred, the Tsitsikamma coast, and the ‘cold ridge’) that have been previously identified
as contributing significantly to the overall productivity of the AB. The AB shows only a moderate degree of
seasonality in NPP calculated from the VGPM, with NPP being highest in austral summer (1.7-1.8 g Cm™2d™1)
and lowest in winter (0.9-1.0 g C m~2 d1), and remains relatively high (>1 g C m~2 d~!) throughout the year,
contrasting sharply with other shelf systems. Considered annually, NPP on the bank was 516 g C m~2 yr ! (38
Mt C yr~! when scaled to the total shelf area) which is higher than many other shelf systems though lower than
the neighbouring Benguela system and is indicative of a moderately productive shelf system fuelled by perennial
NPP. Comparing different sections of the AB from east to central bank, and including the three upwelling areas,
highlighted that spatial differences in NPP were relatively limited; that these three upwelling areas made similar
contributions to their relative proportion of the total shelf area, and that average rates of NPP are spatially
similar across the bank, though notable high rates occur in some coastal upwelling areas. Interannual variability
in NPP was relatively modest, varying between years by only ~15% over the two decades assessed. Over the 21-
year data set, there was a slight (~0.26% yr ™) statistically-significant decline in calculated NPP over time for the
AB as a whole, which, when examined on a pixel-by-pixel basis, indicated that most of the decline was on the
central bank between 100 m and 200 m isobaths. In summer, an increase in NPP occurred on the EAB
(26.5-28°E). In conclusion, the AB is a significant site of perennial moderate levels of NPP, varying little
interannually and with only a slight decline in NPP over time. These factors lead to a stable environment in terms
of ecosystem productivity so that the AB makes a significant contribution to the productivity of South African
regional fisheries.

Vertically generalized production model

1. Introduction representing ~10% of the global ocean and ~15-30% of global primary
production (Bauer et al., 2013; Lohrenz et al., 2002; Muller-Karger et al.,
Continental shelf seas are important areas that play a major role in 2005). Shelf seas generate biological production that supports over 90%

global ocean primary production (Simpson and Sharples, 2012), of global fish catches (Pauly et al., 2002), and therefore represent key
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systems in supporting economic activities (Watson and Pauly, 2001).
Primary production is crucial to sustaining marine food webs, from
zooplankton to higher trophic levels, such as fish and marine mammals.
Coastal and shelf seas are also important net sinks of atmospheric carbon
dioxide (globally 0.4 Pg C yr™%; e.g., Thomas et al., 2004). The Agulhas
Bank (AB) is considered one of the most productive shelf seas in the
Southern Indian Ocean, with high chlorophyll-a concentrations (>2 mg
m™>), and is of significant economic importance to South Africa, sup-
porting major spawning grounds for commercially important species
including anchovy, sardine, squid, hake, kingklip, sole and yellowtail
(Hutchings, 1994; Hutchings et al., 2002). After spawning on the AB,
some fish larvae and juveniles are transported toward the southwestern
African coast where they grow within the nutrient-rich and productive
waters of the Benguela upwelling system (Hutchings et al., 2002).

The AB is described as a ‘triangular shape’ that ranges from Cape
Point (18 °E) in the west to East London, 800 km to the east (Probyn
etal., 1994) (Fig. 1). On the western side of the AB, the Benguela current
flows in a northward direction. On the eastern side of the AB, parallel to
the 200 m isobath, flows the Agulhas Current (AC), one of the strongest
western boundary currents in the world (Lutjeharms, 2006a) which
transports large amounts of warm (>18 °C), salty and nutrient-poor
surface waters southwards from the Indian Ocean. The AC retroflects
southwest of the AB, creating an off-shelf area of intense eddy activity
composed of meanders, eddies and filaments (Gordon, 2003).

Due to current-driven upwelling along the continental slope, some-
times termed ‘Ekman veering’ (Chapman and Largier, 1989), deep,
relatively cold nutrient-rich waters are advected up the slope and onto
the shelf, leading to strong on-shelf transport along the whole east and
central AB. On the narrow eastern AB (EAB), this leads to a strong
thermocline with temperature differences of 8-10 °C, frequently termed
a “double layer system” (e.g., Swart and Largier, 1987). The influence of
the AC is often more pronounced on the EAB, potentially reaching as far
on-shelf as the coast (Lutjeharms, 2006b) rather than further west where
the shelf is broader (Fig. 1; Jury, 1994). In summer, stratification is
intensified by increasing solar radiation and an increase in the speed of
the AC, leading to more advection of cold bottom waters onto the bank
(Hutchinson et al., 2018). The surface layer of the AB results from the
mixing of Sub-Tropical Indian Waters and AC waters (McMurray, 1989),
while the bottom water originates from intermediate South Indian
Ocean Central Water with cool temperatures (<12 °C) and is relatively
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nutrient-rich (Lutjeharms, 2006a). Further to the west, stratification is
enhanced by cyclonic frontal eddies which force further warm
Sub-Tropical Indian Waters and cold South Indian Ocean Central Water
onto the shelf (Swart and Largier, 1987). The winter situation has been
much less studied and only Eppley et al. (1985) have described a
well-mixed water column in winter, but the degree to which there is
winter overturning of the water column on the AB is unclear. Swart and
Largier (1987) suggested that stratification breaks down in winter over
much of the AB, apart from on the EAB and the outer shelf where it is
sustained the whole year round due to Ekman veering and interaction
with the AC.

While the outer shelf is influenced by oceanic forces, the inner bank
is affected by coastal wind-driven processes (Boyd and Shillington,
1994). Due to the orientation of the coast, winds with an easterly
component, which are more prevalent in summer, favour the upwelling
of cold nutrient-rich waters near Port Alfred and in the capes of Algoa
Bay and St Francis Bay, as well as along the Tsitsikamma coast, while
westerly winds are more common in winter (Boyd and Shillington,
1994). Over most of the outer AB, the flow is in a south-westward di-
rection and is parallel to the isobath of the bank (Boyd et al., 1992). This
general flow is interrupted by mesoscale, short-lived structures, such as
cyclonic eddies and meanders, which can induce counter-currents on the
AB (Lutjeharms, 2006a). On the inner shelf of the central AB (CAB),
several studies have shown that the current is mostly eastwards, espe-
cially along the Tsitsikamma coast (Boyd et al., 1992; Hutchings, 1994;
Roberts and van den Berg, 2005). These differences in currents between
the outer and inner shelf may also produce areas of recirculation and
water retention (Schumann, 1987; Boyd and Shillington, 1994).

Phytoplankton growth and primary production are primarily
controlled by the availability of nutrients and irradiance (e.g., Beardall
et al., 2001; McQuatters-gollop et al., 2011), while mortality factors
such as zooplankton grazing and viral lysis are important loss processes.
Areas of enhanced primary productivity, such as continental shelves, are
often the product of increased nutrient inputs from oceanic deep water,
as well as riverine input. In the case of the AB, riverine nutrient sources
are likely to be minimal due to low rainfall over the continent (SAWS,
2020), so nutrient supply to the AB is mainly through the upwelling of
South Indian Ocean Central Water onto the shelf and nutrient cycling
and retention in the bottom water layers.

Net Primary Production (NPP) represents total (or gross) primary
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Fig. 1. Map of the Central and Eastern Agulhas Bank, South Africa and its bathymetry (grey lines). The vertical dashed black line at 24°E shows the separation
used in this study to separate the eastern and central Agulhas Bank. The Southernmost boundary of the bank domain considered is the 200m isobath.
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production minus the losses due to phytoplankton respiration and the
release of dissolved organic carbon (Behrenfeld et al., 2006; Muller--
Karger et al., 2005). NPP is the primary source of organic matter for
export to higher trophic levels. Due to the sparsity of in-situ measure-
ments of NPP in the ocean, it is difficult to fully resolve spatial and
temporal variability using field measurements alone. Primary produc-
tion can be determined in various ways, using different methodologies
or combinations of data, including satellite chlorophyll-a, sea surface
temperature (SST), Photosynthetically Active Radiation (PAR) and
in-situ chlorophyll-a (e.g., Balkanski et al., 1999; Smyth et al., 2004; Lee
et al.,, 2015; Ma et al., 2014). There are several satellite products
available for surface chlorophyll-a concentrations which vary in terms of
length of the record and are often blended products from multiple
satellite-based sensors. Individually, ocean colour sensors have different
lifespans and sensitivities, causing inherent bias and occasionally mak-
ing comparisons difficult (Racault et al., 2017), leading to the need for
blending of multiple products to obtain a long-term dataset. The OC-CCI
chlorophyll-a product that was used in this study (OC-CCIv4.2), for
instance, blends five single sensors to allow for a 21-year (1997-2012)
global scale, climate-quality controlled, bias-corrected, and error char-
acterised data record of ocean colour (Sathyendranath et al., 2020).

In this study we applied the Vertically Generalized Production Model
(VGPM) of Behrenfeld and Falkowski (1997). The VGPM is considered to
provide reasonable estimates of NPP at both global and regional scales
(e.g., Behrenfeld and Falkowski, 1997; Kahru et al., 2009; Muller-Karger
et al, 2005; Yamada et al., 2005) when compared to other
satellite-based NPP models (Kahru et al., 2009; Cervantes-Duarte et al.,
2021). For example, a comparative study of various NPP models (i.e.,
the Eppley Square Root (ESQRT) (Eppley et al., 1985), the VGPM, the
Kameda and Ishizaka (2005) (KI) model, the Marra et al. (2003) model
(MARRA), the Carbon-based Production Model (CbPM) (Behrenfeld
et al., 2005), and a version of the VGPM after linear regression
(VGPM-CAL) (Kahru et al., 2009) revealed that the VGPM was the most
accurate model when compared to in-situ data (Kahru et al., 2009; Deng
et al., 2017). It has also been used successfully to assess NPP in several
other shelf seas (e.g., Lomas et al., 2012; Cervantes-Duarte et al., 2021).

In addition to allowing reasonable estimates of NPP for regional-
scale studies, the VGPM has the advantage of being a relatively simple
model to apply, and all the parameters used in the model can be directly
or indirectly derived from remotely-sensed data (Mizobata and Saitoh,
2004; Kameda and Ishizaka, 2005; Yamada et al., 2005; Li et al., 2020).
However, the VGPM does have recognized limitations, mainly being that
it ignores photo-acclimation and simply equates chlorophyll-a concen-
tration to phytoplankton standing (carbon) biomass (Taboada et al.,
2019). Another recognized limitation is that it estimates the maximum
rates of productivity through a simple relationship with SST rather than
factoring in the effects of nutrients or variable community composition
(Behrenfeld and Falkowski, 1997).

To date, very few studies have used satellite-derived data to deter-
mine the magnitude and/or variability of NPP on the AB (e.g., Demarcq
et al., 2008). Previous in-situ measurements of NPP on the AB are scarce
and only available from relatively short-term (<1 month) research
cruises. Of the limited number of coastal studies on the CAB and EAB,
most were made in the late 1980s and 1990s (Brown, 1984; McMurray,
1989; Hutchings, 1994; Probyn et al., 1994), with a few recent studies in
the early 2000s (Barlow et al., 2010). In summer, in-situ studies indicate
that the western AB usually has lower subsurface chlorophyll-a con-
centrations (0.5-6 mg m ) compared to the EAB (1-15 mg m3)
(McMurray, 1989). Daily in-situ measurements of NPP on the AB vary
from 0.27 t0 9.6 g C m~2d ! (Brown, 1984; Hutchings, 1994; Probyn
et al., 1994; Barlow et al., 2009, 2010; Boyd et al., 2014) which is in the
range of other shelf seas (e.g., Benguela, Barlow et al., 2009; North
western European Shelf, Poulton et al., 2014; Celtic Sea, Poulton et al.,
2019), though these measurements are all spatially and temporally
biased.

In-situ NPP observations on the AB indicate strong spatial and

Deep-Sea Research Part II 199 (2022) 105079

temporal variability, ranging from 0.3 to 1.1 g C m~2 d™! associated
with localized areas of high productivity, such as the ‘cold ridge’, Port
Alfred upwelling cell (Lutjeharms, 2006a) and the Tsitsikamma coast
(Duncan et al., 2019). Also, amongst the few shelf-wide studies that have
measured NPP across the EAB and CAB (e.g., Barlow et al., 2010), there
has been a bias towards spring and summer periods (Probyn et al.,
1995). A synoptic view of the AB is currently lacking though there has
been a previous satellite-based assessment of NPP which was included in
a wider assessment and comparison of the western, southern and eastern
shelf systems of South Africa (Demarcq et al., 2008). The study by
Demarcq et al. (2008), based on satellite data from September 1997 to
August 2003 and using a broad-band light transmission model for esti-
mating NPP, found that NPP ranged from 0.7 to 2.4 g Cm~ 2 d~! on the
AB. Demarcq et al. (2008) concluded that the AB exhibited little sea-
sonal variability and was less productive (0.75-1.5 g C m~2 d!) than
the Benguela upwelling system on the west South African coast, but
more productive (1-2 g C m~2 d 1) than the eastern shelf (20—-25°E).

As the AB supports considerable socio-economically important fish-
eries and marine ecosystems, understanding the spatial and temporal
(seasonal, interannual) variability of NPP is a high priority. Gaining a
synoptic overview of NPP on the AB, contrasting the dynamics of the
shelf with other shelf systems, and comparing a regional view with
patchy in-situ NPP measurements from the literature, are all key objec-
tives to assess NPP on the AB and elucidate how it supports a productive
marine ecosystem. With this in mind, we set out to address the following
specific research questions: (1) What is the magnitude and spatial dis-
tribution of NPP on the AB? (2) What is the magnitude of interannual
and seasonal variability of NPP on the AB? (3) How does a synoptic
satellite view of NPP on the AB compare with the previous spatially and
temporally biased in-situ measurements? and (4) How do the dynamics
of NPP on the AB compare with other shelf systems at a similar latitude?
Using freely available satellite data from 1998 to 2018, we directly
address these key research questions for the AB.

2. Material and methods
2.1. Primary production model

The Vertically Generalized Production Model (VGPM) proposed by
Behrenfeld and Falkowski (1997) was used in this study. The algorithm
requires several variables that can be obtained from in-situ and satellite
observations.

E
PP,,=0.66125 x P’ x 0

opt E +41 X Zru X Copl X Dirr (1)
0 .

where PPeu is the euphotic zone integrated primary production (mg C
m2d™, ngt is the maximum primary production per unit of chloro-
phyll-a in the vertical profile (mg C (mg Chl-a~!) hr™1), Eq is the daily
PAR (Em 2 d™!) at the sea surface, Z,, is the depth of the euphotic zone
(m) calculated using Kq490 (i.e. Kavg = In(0.01)/Z,,), Cop is the sea
surface chlorophyll-a concentration (mg m™>), and Dy, is day length
(hrs). ng[ is expressed by Behrenfeld and Falkowski (1997) as a 7th
order polynomial of temperature (T) as follows:

PPopt= —3.27 x 107877 + 3.4132 x 107°7°-1.348 x 107*T3
+ 2462 x 1073T* - 0.02057° + 0.0617T > + 0.2749T + 1.2956 (2)

The accuracy of the VGPM model has been tested by comparing the
algorithm estimates to 1*C based NPP estimates and other satellite-based
productivity algorithms (Campbell et al., 2002), and it has been used to
study global primary production over both relatively short intra-annual
(e.g., Behrenfeld et al., 2001) and decadal scales (e.g., Gregg et al.,
2003), as well as being widely used for ocean primary production esti-
mates (e.g., Behrenfeld and Falkowski, 1997; Deng et al., 2017).
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2.2. Satellite data

The satellite-derived variables considered in this study are chloro-
phyll-a, downwelling light attenuation coefficient at 490 nm (Kq490),
used to calculate the depth of the euphotic zone in equation (1),
Photosynthetically Active Radiation (PAR), and Sea Surface Tempera-
ture (SST) fields. The chlorophyll-a and K4490 datasets were obtained
from the Ocean-Colour Climate Change Initiative project (OC-CCI
version 4.2; http://www.esaoceancolour-cci.org/) at a spatial resolution
of 4 km and on a monthly basis from January 1998 to December 2018.

The OC-CCI chlorophyll-a product (OC-CCIv4.2; 1997-present) is a
blended product built by merging measurements from the Sea-viewing
Wide Field-of-View Sensor (SeaWIFS, 1997-2010), Medium Resolution
Imaging Spectrometer (MERIS, 2002 to 2012), Moderate Resolution
Imaging Spectroradiometer (MODIS, 2002-present), Visible Infrared
Imaging Radiometer Suite (VIIRS, 2012-present), and the Sentinel-3
Ocean and Land Color Instrument (OLCI-3A, 2016-present). The OC-
CCI chlorophyll-a data are the most consistent timeseries of multi-
satellite global ocean colour data currently available (Racault et al.,
2017; Sathyendranath et al., 2020). This chlorophyll-a product provides
more than 21 years of observations which is considered of the highest
quality and suitable for analysis of long-term variability (Sathyen-
dranath et al., 2020; Kulk et al., 2021). The OC-CCI product is consid-
ered especially reliable given that this is a longer merged dataset than
single sensor timeseries and additionally features corrected drift in the
MODIS sensor (Jackson et al., 2020). The multi-sensor OC-CCI product
also features MERIS which gets closer to the coasts than the other ocean
colour sensors and provides, overall, an improved performance in Case-2
(coastal) waters, as well as Case-1 open waters (Jackson et al., 2020).

Chlorophyll-a observations may be overestimated in shallow opti-
cally complex Case II waters, where suspended sediments and/or col-
oured dissolved organic matter do not covary in a predictable manner
with chlorophyll-a (IOCCG, 2000). As the majority of the AB comprises
Case-I open waters (Morel et al., 2006; Zhang et al., 2006; Demarcq
et al., 2008), this issue likely affects only a small proportion of the data
(i.e., the areas shallower than ~30 m and thus representing a very
narrow coastal band; see bathymetry on Fig. 1). The CCI K4490 data is
derived using the Lee et al. (2005) equation and backscattering coeffi-
cient of pure water (bbw) from Zhang and Hu (2009), following the
SeaDAS Kd_Lee algorithm. The algorithm was designed for optically
deep waters, and thus is generally limited in its applicability for mea-
surements contaminated by bottom reflectance (Barnes et al., 2013),
such as shallow (<30 m) coastal waters.

Photosynthetically Active Radiation (PAR) (E m 2 d1) data was
obtained from GlobColour level-3 mapped products (http://hermes.acri.
fr/index.php?class=archive) and represents the mean daily photon flux
density in the visible range (400-700 nm) that can be used for photo-
synthesis (Hooker et al., 2003). As per the other two datasets, the
monthly PAR data from January 1998 to December 2018 is used in this
study.

The SST data used in this study is the reprocessed L4 product ac-
quired from the Operational-Sea-Surface-Temperature-and-Sea-Ice-
Analysis (OSTIA). This is a multi-satellite global dataset that is freely
downloadable from the Copernicus Marine Environment Monitoring
Service (CMEMS) (http://marine.copernicus.eu/services-portfolio/
access-to-products/). The SST data are provided daily at a spatial reso-
lution of 5 km, and from 1985 to 2018. Although this SST product spans
the period 1985 to 2018, only the period 1998 to 2018 was used here to
be consistent with the remotely sensed chlorophyll-a and K4490 data-
sets. We computed monthly means over the AB region during the study
period of 1998-2018.

To examine the winds on the AB, we used the ERA-5 reanalysis of 10
m zonal and meridional winds produced by the European Centre for
Medium-Range Weather Forecasts (ECMWF). This dataset was obtained
from the Climate Data Store (CDS) dataset (https://cds.climate.copern
icus.eu/cdsapp#!/dataset/reanalysis-era5-single-levels-monthlymean
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s? tab = overview; Hersbach et al., 2020) at a horizontal spatial reso-
lution of 25 km as monthly averages from 1979 to present. We consid-
ered the period 1998 to 2018 to calculate the climatological means of
wind fields to match the NPP data. We included the average wind speed,
as well as the meridional (v; E to W) and zonal (u; N to S) components.
Wind speed was calculated as the square root of the sum of u squared
and v squared components (Grange, 2014), and all three variables were
averaged identically as the NPP.

2.3. Spatial analysis

The AB in this study is delimited to the south by the 200 m isobath
and excludes the western AB, which is part of the Benguela upwelling
system. This work forms part of a larger project (SOLSTICE-WIO; Rob-
erts, this issue), in which a consistent delimitation between the EAB and
CAB was selected at 24 °E (see also Chang, 2008) to ensure consistency
between studies. In the literature, hotspots of enhanced chlorophyll-a
biomass, linked to upwelling areas on the AB, have been identified and
we investigated these in detail in this study. Based on previous studies
(Carter et al., 1987; Swart and Largier, 1987; Probyn et al., 1994; Malan,
2013) highlighting several high chlorophyll-a regions on the AB, we
selected three regional boxes to examine in detail: Port Alfred on the
EAB, the Tsitsikamma coast and the cold ridge area on the CAB (Fig. 2a).

3. Results
3.1. Net Primary Production on the Agulhas Bank

Over the 21-year period of satellite data, monthly average daily NPP
(gCm 2d 1) on the AB ranged from 0.12 t0 11.08 g Cm~2 d !, with an
overall timeseries average (+ standard deviation) of 1.04 (+0.29) g C
m~2d™L. The average daily NPP was statistically higher on the EAB than
on the CAB (Table 1; p < 0.001, Wilcoxon rank sum test). Comparison
between the three upwelling sites showed timeseries average daily NPP
in the Port Alfred region (see Fig. 2) of 1.69 (+0.15) g C m~2d7!, with
1.59(+0.13)gC m~2d! on the Tsitsikamma coast and 1.38 (+0.09) gC
m 2 d! in the cold ridge area (Table 1). These rates of average daily
NPP are statistically different from each other (p < 0.001, Wilcoxon rank
sum tests), indicating dissimilar levels of daily NPP between these three
regions of interest.

Monthly averages of daily NPP were scaled to annual NPP (g C m ™2
yr~1) for the 21-year study period for the entire AB (Fig. 2) and each
specified region of the bank (Table 1). Across the 21-year study period,
the annual NPP on the AB ranged from 300 to 770 g Cm™2 yr !, with a
timeseries average annual NPP of 516 (+77) g Cm 2 yr '. High average
annual NPP was observed along the coast on both the CAB and EAB
(>600 g C m~2 yr~!) (Fig. 2a). The EAB showed significantly higher
annual NPP (596 + 45 g Cm ™2 yr~ 1) compared with the CAB (493 + 68
g Cm 2 yr~1) (Table 1, see also Fig. 2a, p < 0.001, Wilcoxon rank sum
test). There was elevated NPP (relative to the open ocean) off the AB,
along the shelf edge, although the values were lower (average of waters
deeper than 200 m: 331 g Cm ™2 yr~1) than the average estimated for the
AB (<200m). The coefficient of variation of annual NPP shows ~1-5%
variability on the EAB and 5-12% on the CAB (Fig. 2b). Port Alfred and
the Tsitsikamma coast showed a higher range of annual NPP (488-656 g
C m~2 yr!) compared to the cold ridge (~400-570 g C m~2 yr 1)
(Table 1; p < 0.001, Wilcoxon rank sum tests; see Fig. 2a).

3.2. Seasonal variability of Net Primary Production on the Agulhas Bank

The AB climatology of NPP over the 21-year time series reveals that
monthly averages of daily NPP ranged from 0.9 to 1.8 g Cm 2 d!
(Fig. 3), with an annual average of 1.04 (+0.3) g C m~2d ! (Table 1) for
the AB. The absolute variability of average monthly NPP for the AB is
~1gcC m2d! (range: 0.8-1 g C m 2 d’l); (Fig. 3). The seasonal
pattern in the three upwelling cells followed the same general seasonal
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Fig. 2. Distribution of (a) monthly-average annual Net Primary Production (g C
m? yr‘l), (b) variability in terms of the coefficient of variation on the Agulhas
Bank (1998 - 2018), and (c) seasonal variability in terms of the coefficient of
variation on the Agulhas Bank. The average annual NPP (a) over the whole shelf
is 516 g C m~2 yr~!, with variability (b) taken as the standard deviation of the
annual NPP for each year divided by the mean of the annual values over the
whole time series for each pixel. Grey and black lines indicate the 100 m (inner
shelf) and 200 m (outer shelf) bathymetric lines, respectively. The different
coloured boxes in (a) represent the selected upwelling cells on the bank for this
study: black is Port Alfred, green is the Tsitsikamma coast, and blue is the cold
ridge. White pixels close to the coastline indicate no data.

trend as for the whole AB, with peak values in January of ~2.2 g C m ™2
d! on the Tsitsikamma coast and ~2.4 g C m 2 d ! in Port Alfred in
December, while the cold ridge was relatively lower at ~1.8 gCm~2d ™!
(Fig. 3). Overall, the NPP values on the cold ridge across the whole year
were more similar in magnitude to the whole AB, whereas Port Alfred
and the Tsitsikamma coast were consistently higher by 0.1-0.2 g C m™2
d™!, and even more so during the summer upwelling season (up to ~0.6
gCm 2d}, Fig. 3).

In summer, relatively high NPP (>2 g Cm~2 d™!) occurs across much
of the Agulhas Bank (Fig. 4). The NPP distribution in autumn is rela-
tively similar in distribution to the summer but at a lower general level
of NPP (1.2-1.5g m~2 d_l). During both summer and autumn, relatively
high NPP is constrained to the eastern side of the AB with slightly higher
NPP around the cold ridge area compared with the rest of the bank. In
contrast to the other months, winter has low levels of NPP throughout
the AB (Fig. 4). Spring NPP is relatively similar throughout the AB (~1.5
g C m~2 d_l), similar to summer and autumn, although of an
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Table 1

Satellite Net Primary Production (NPP) estimates (1998-2018) using the VGPM
Model (Behrenfeld and Falkowski, 1997) for the Agulhas Bank (AB), separated
into CAB and EAB, and the specific upwelling regions (cold ridge, Tsitsikamma
Coast, Port Alfred). Included in the table is the area of each region (km?), the
timeseries-average daily NPP (g Cm~2d ! + SD) and annual NPP (g Cm 2 yr~*
+ SD), and the areal average annual NPP per region (Mt C yr’1 4 SD). Values in
brackets give the percentage contribution for each region to the total area of the
Agulhas Bank and total areal NPP.

Region Region Daily Average Areal annual
area, km? NPP, g C Annual NPP, g NPP, Mt C
(%) m2d! Cm2yr! yrt (%)
Agulhas Bank 75,120 1.04 £ 516 + 77 380+1.4
(AB) (100) 0.29 (100)
Central Agulhas 57, 856 1.37 + 493 + 68 28.1+1.3
Bank (CAB) 77) 0.19 (75)
Eastern Agulhas 17, 264 1.67 £ 596 + 45 9.8 £0.3(25)
Bank (EAB) (23) 0.11
Cold Ridge 10, 928 1.38 £ 497 + 36 5.4+0.3(14)
15) 0.09
Tsitsikamma 10, 864 1.59 + 570 + 50 6.9 £0.2(16)
Coast a4 0.13
Port Alfred 3,296 (4) 1.69 £ 608 + 53 2.0 £0.04 (5)
0.15

intermediate magnitude between the other two seasons (Fig. 4).
Comparing the average percentage contributions (+ standard de-
viations) for each season in terms of annual NPP (Table 2), summer NPP
contributes 30.2 + 1.5% (range: 28-31%), with autumn contributing
26.8 + 1.0% (26-28%) and spring and winter NPP representing lower
contributions to annual NPP of 20.0 £ 1.3% (19-22%) and 23.0 £ 1.1%
(22-24%), respectively. These contributions of seasonal NPP to annual
NPP highlight that there are almost equal contributions for the different
seasons (i.e., close to 25% for each season). Examining how this seasonal
variability was spatially distributed, the seasonal coefficient of variation
showed 25%-40% variation, with a distinct increasing gradient along
the coast from east to west (Fig. 2¢). The NPP on the central CAB along
the cold ridge area showed 25% variability between seasons and low
variability (10%-20%) was observed further west on the central CAB,
between ~21 °E and 22°E.

3.3. Interannual variability of NPP on the Agulhas Bank

To examine temporal variability in NPP across the AB from 1998 to
2018, we plotted a Hovmoller diagram that shows a clear longitudinal
pattern in NPP throughout the 21 years (Fig. 5), with higher NPP from
approximately 22 °E to 27.5 °E compared to the western side of the CAB.
The east-west pattern is even more apparent during the productive
summer months (December—February). Across the 21-year dataset there
was noticeable variability, with a geographic restriction of the produc-
tive waters in some years (i.e., restricted to the EAB; see e.g., 2006 and
2017, Fig. 5 and Supplementary Fig. S1) or reduced NPP in the winter
and spring months (e.g., 2012 and 2013). The year 2009 was particu-
larly interesting as it had one of the highest daily NPP in summer,
combined with the lowest winter daily NPP recorded over the 21-year
period (Fig. 5; see also Fig. S1). Several years had high NPP on the
EAB all the way west of 22 °E, sometimes even extending to 20 °E (e.g.,
end 2008), reaching values up to ~ 2.8 g Gm~2d™. In this case, several
of these years also seemed to have experienced a more productive spring
period compared to others (e.g., 2011 and 2016), while other years had
extremely intense summer periods of NPP (e.g., 1999, 2009 and 2010;
Fig. 5; see also Fig. S1).

To further examine how such interannual variability in the spatial
extent and magnitude of NPP influenced the annual productivity on the
AB, we scaled the annual NPP on the AB to the entire shelf. Between
1998 and 2018, annual NPP for the whole AB ranged from 35 to 40 Mt C
yr~1, with an average of 38.0 (+:1.1) Mt C yr~! (Table 1; Fig. 6a). When
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Fig. 3. Monthly average-derived daily NPP (g C m~2 d~1) for the AB and the different upwelling regions of the Agulhas Bank examined in this study, averaged from

1998-2018. Seasonal extents are indicated with vertical dashed lines.
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Fig. 4. Seasonal maps showing spatial pattern of NPP (g C m-2 d-1) on the AB for the 21-year study period (1998 — 2018).

plotted for each year over the 21-year dataset, annual NPP exhibited a
statistically significant decrease (linear regression: y = —0.103x +
244.27, R? = 0.18, p = 0.05), declining by ~ 0.26% (~0.10 Mt C) each
year (Fig. 6a) or ~5.5% over the entire time series. Delineating the
whole AB into different regions showed, unsurprisingly, that the larger
CAB had higher annual NPP (28.1 + 1.31 Mt C yr_l; ~75% of total AB
productivity) compared to the smaller EAB (9.8 + 0.25 Mt C yr}; ~25%
of total), following the proportion of the surface area of each section of
the bank (23% and 77%, respectively, Table 1). In terms of the three
regions of interest, the smaller Port Alfred region had the lowest annual
NPP (2.0 + 0.04 Mt C yr_l; 5% of total NPP), while the cold ridge and
Tsitsikamma coast had higher and similar levels of NPP (5.4 + 0.28 and
6.9 & 0.24 Mt C yr !, respectively; 14% and 16%, respectively (Table 1;

Fig. 6b).

Examining the full 21-year dataset, of the regions examined only the
EAB, Tsitsikamma coast and cold ridge had statistically significant long-
term changes (declines) in NPP (y = —0.0185x + 46.92; R? = 0.21;p <
0.05 and y = —0.0209x + 48.31; R = 0.29; p < 0.01 and y = —0.0019x
+ 43.96; R? = 0.18; p = 0.05, respectively), while the CAB and Port
Alfred region showed no statistically significant trend over time (Fig. 6a
and b). In terms of magnitude, the decline on the EAB was of the order of
0.05% yr~! (~0.02 Mt C yr 1) and on the Tsitsikamma Coast the trend
was ~0.06% yr ! (~0.02 Mt C yr1). To gain further spatial insights into
these trends of NPP, a pixel-by-pixel analysis was also performed. For
each pixel, a linear regression was fitted on the 21 years of NPP values (g
C m~2 d™ 1), with only the significant slopes shown (p-value > 0.05)
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Table 2
Annual Net Primary Production (g C m 2 yr~! + SD) and seasonal percentage
contributions for different regions and upwelling sites on the bank.

Region Annual Seasonal contributions (%)
NPP (g C - -
m-2 yr’l) Summer Autumn Winter Spring
(DJF) (MAM) JJA) (SON)
Agulhas Bank 516 + 77 31 26 19 24
Central Agulhas 493 + 68 32 26 19 24
Bank (CAB)
Eastern Agulhas 596 + 45 29 28 21 22
Bank (EAB)
Cold Ridge (CR) 497 + 36 31 26 19 24
Tsitsikamma 570 + 50 30 27 20 22
Coast
Port Alfred 608 + 53 28 28 22 22
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Fig. 5. Hovmoller diagram of NPP (g C m~2d!) over the AB shelf (0 —200 m)
from 20°S to 28.25°S for the period January 1998 to December 2018.

(Fig. 6¢). Examining these long-term trends in NPP on a pixel-by-pixel
basis showed a declining trend in the deeper waters (>100 m) of the
CAB between 22°E and 24 °E, also west of 21°E, whereas no significant
trends were detected for the rest of the AB. In summer, on the EAB
(26.5°E to 28°E) there was an increase in NPP over time and a decline
between 100 m and 200m isobath from 22°E to 26.5°E. In winter and
spring, there was a decline in the NPP over time, mostly limited between
100 m and 200 m isobaths (Fig. S2).

4. Discussion
4.1. Net Primary Production on the Agulhas Bank

This is the first study based on satellite derived NPP using the VGPM
to examine long-term (21 years) spatial and temporal trends of NPP on
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the central and eastern AB. In-situ NPP measurements on the CAB and
EAB, using 13¢ and MC methods, are relatively rare (see Table 2), with
far more NPP studies focusing on the western coast of South Africa (i.e.,
the Benguela upwelling). Of the limited number of coastal studies on the
CAB and EAB, most were made in the late 1980s and 1990s (Brown,
1984; McMurray, 1989; Hutchings, 1994; Probyn et al., 1994) though
several more recent studies have occurred in the last decade (Barlow
etal., 2010; Poulton et al., this issue). Our monthly average-derived daily
estimates of NPP satellite-derived (based on VGPM) for the AB (0.9-1.8
g Cm~2d™Y) fall well within the range of NPP measurements from in-situ
studies (Table 2). For example, NPP of 0.3-3.6 g C m 2 d~! were found
on the southeast coast, 0.3-3.7 g Cm~2 d~? for the Natal Bight (Barlow
et al., 2010), and 0.1-1.1 g C m~2 d~! for the AB in autumn (Poulton
et al., this issue) (see Table 3). Compared to the neighbouring Benguela
ecosystem, our satellite-derived NPP estimates from the AB were lower
than in-situ measurements in summer (2.4 g C m—2 d’l) but more similar
or slightly higher than in winter (0.9 g Cm™2 d™1) (Barlow et al., 2010).

Considering satellite-derived NPP, Demarcq et al. (2008) used a
broad-band light transmission model to derive NPP for the three shelf
systems of South Africa and their values (0.6-2.5 g C m2 d™!) agree
well with our VGPM-derived values (Fig. 3). Further, Demarcq et al.
(2008) found that the seasonal variability of the AB had a lower
magnitude (0.9-1.4 g C m~2 d™!) than the other sectors of the South
African coastline, such as the Benguela upwelling (1.2-2.1 gCm~2d1).
The climatology of NPP on the AB over the 21 years shows a range in
NPP from 0.9 to 1.8 g Cm 2 d ™! (Fig. 3), with the highest values found
during summer (Fig. 3). When compared with other shelf systems, from
various latitudes, where the NPP has also been derived from remote
sensing, we see comparable levels of NPP. For example, Curran et al.
(2018) examined the Northwestern European shelf and found NPP es-
timates ranging from 0.2 to 0.9 g C m 2 d™! from winter to autumn,
while a similar study by Joint et al. (2001) found annual NPP ranging
from 0.2 to 1.4 g Cm~2 d~L. On the Northwest Iberian Margin, Beca--
Carretero et al. (2019) estimated NPP to range from 0.4 to 1.4 g C m 2
d™!, throughout the year. In contrast, satellite studies on the Chilean
shelf by Testa et al. (2018) observed lower winter NPP (0.2-0.8 g C m—2
dYHand higher summer NPP (1.8-6.4gC m2d™) compared to the AB.
Similarly, in Southeast Australia, monthly NPP showed low winter NPP
(<2.0 g C m2 d!) and high summer NPP (~8.0 g C m 2 d°})
(Thompson and Mcdonald, 2020). While the AB does not experience the
extremely high NPP observed in other locations (e.g., Chilean Shelf,
Southeast Australia, Benguela), it does have similar NPP to many other
shelf systems (e.g., Northwestern European Shelf, Northwest Iberian
Margin), although there is a limit to the number of comparisons possible
due to only a small number of shelf systems being studied by remote
sensing.

Annual NPP for the AB in this study was 516 g C m~2 yr ! (Fig. 2,
Table 1), with a range of 300-677 g C m~2 yr~! across the AB (Fig. 2a).
In general, the annual NPP for the AB is higher than those determined for
the global coastal zone by Longhurst et al. (1995) of 385 g Cm ™2 yr ! or
by Boyd et al. (2014) of 250-300 g Cm 2 yr!, implying that NPP in the
shelf waters of the AB is 1.3-2 times higher than many other coastal
areas. Demarcq et al. (2008) estimated an annual average NPP for the AB
that was also higher than many coastal areas (438 g Cm ™2 yr 1), though
lower than our estimates. In contrast, using limited in-situ measure-
ments, Probyn et al. (1994) estimated annual estimates for the whole AB
of 656 g Cm 2 yr~! from 1981 to 1992 (~30 measurements), which are
more similar in magnitude to our estimates, although at the high end.
Compared to the southern Benguela system, Lamont (2011) found sur-
prisingly higher annual mean NPP estimates (799 and 1032 g C m 2
yr~!, based on satellite data) than on the AB. For example, in Bahia de La
Paz (Mexico, 24-25 °N), the annual average NPP were more similar to
global averages at 350 g Cm ™2 yr~! (Verdugo-Diaz et al., 2014) and 432
gC m2 yr’1 (Cervantes-Duarte et al., 2021). In summary, the AB is as
productive as many other shelf seas, with winter NPP relatively high
compared to the summer NPP (i.e., weak seasonal difference). However,
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on a global scale, it only represents 0.3% of coastal NPP (based on an
estimate of global NPP for the coastal province of 14 Gt C yr'; Long-
hurst et al., 1995).

4.2. Spatial variability of Net Primary Production on the Agulhas Bank

We observed an east-to-west trend of declining production (Fig. 5;
see also Fig. S1), with higher NPP on the eastern part of the AB
throughout the year (average of 1.67 g Cm~2 d ™! in the EAB relative to
1.37 ¢ Cm 2 d™! in the CAB). This confirms previous spatially limited
surveys that have observed a strong east-to-west gradient in NPP (e.g.,
Hutchings, 1994; Probyn et al., 1994, Demarcq et al., 2008; Poulton
et al., this issue). The same pattern was also observed by Demarcq et al.

(2008) where these authors estimated an average NPP close to 1.5 g C
m~2d ! on the eastern bank (including the central bank), while Poulton
et al. (this issue) observed patchy NPP across the entire AB, although the
CAB had lower NPP in general.

Flowing along the shelf edge of the AB is the warm oligotrophic
Agulhas Current, which has a strong influence on the oceanography of
the AB (e.g., Jackson et al., 2012; Goschen et al., 2015). Generally, NPP
was higher on the AB (<200 m) than off-shelf in the Agulhas Current
(>200 m isobath) (Fig. 2). There was slightly elevated NPP observed
along the shelf edge and beyond the 200 m isobath, but these levels of
NPP were still lower than that of waters shallower than 200 m (Fig. 2).
This was also observed by Demarcq et al. (2008) on both the eastern and
central AB, where they estimated values less than 1 g Cm™2 d~! in the
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Table 3
Estimates of NPP (g C m2dhH along the South African coast.
Region Season Daily NPP (g~ Method Reference
cm2d™h
Agulhas Bank Summer 1.8 VGPM This study
Autumn 1.4
Winter 1.0
Spring 1.6
Agulhas Bank Autumn 0.3-1.1 In-situ Poulton et al.,
0.1-1.1 Chl-a this issue
Agulhas Bank Summer 2.0 In-situ Probyn et al.
(1994)
Agulhas Bank Summer 1.4 Integrated Chl-a Demarcq et al.
Autumn 1.0 and light model (2008)

Winter 0.9

Spring 1.4
Eastern Summer  4.8-9.6 Hutchings
Agulhas (1994)
Bank
Eastern Spring 0.5-0.8 In-situ Brown (1984)
Agulhas
Bank
South east Spring 0.3-3.6 In-situ Barlow et al.
coast of SA (2010)
Natal Bight Spring 0.3-3.7 In-situ Barlow et al.
(2010)
Benguela Summer 2.4 In-situ Barlow et al.
Ecosystem Winter 0.9 (2009)

Agulhas Current and higher values on the AB (up to 3 g Cm™2 d™1).
Nutrients to support NPP can either be brought up to the surface by
coastal upwelling or from external sources such as river input. In com-
parison to the nutrient-rich underlying South Indian Ocean Water, the
surface water of the Agulhas Current is considered to be nutrient-poor,
so that when it encroaches onto the shelf, it brings very little nutrients
but warms the surface waters (Lutjeharms et al., 1996). Rather, the
Agulhas Current induces current-driven upwelling of this nutrient-rich
South Indian Central Water into the bottom layer of the South African
continental shelf, thereby increasing the nutrient concentrations avail-
able to be upwelled into the surface waters and thus stimulating primary
production (Lutjeharms, 2006b).

The higher productivity on the EAB is linked to the topography of the
shelf and the presence of the Agulhas Current. The EAB, compared to
further west, is narrow and thus the nutrient-enriched waters pushed
onto the shelf along the shelf break, due to the current-driven upwelling
(i.e., Ekman veering), are spread over the whole width of the narrow
bank, all the way to the coast (Hutchings, 1994; Lutjeharms, 2006a,
2006b; Goschen et al., 2015). This nutrient-enriched water is then
brought to the surface due to wind-driven upwelling during easterlies, or
the thermocline may be shallow enough to penetrate the euphotic layer
and thus enhance primary production (Goschen et al., 2012; Duncan
et al., 2019). The divergence of isobaths away from the coast as the shelf
widens southwards of Port Alfred also contributes to this upwelling (Gill
and Schumann, 1979). The Tsitsikamma coast also presented high NPP
and is known as a region of coastal upwelling induced by easterly winds
(Roberts and van den Berg, 2005; Goschen and Schumann, 2011; Dun-
can et al., 2019).

The line of a continuous coastal maximum of NPP observed on the AB
(Fig. 2) may be the result of coastal wind-driven upwelling along the
coast near Port Alfred, Cape padrone (Goschen et al., 2015) and Tsitsi-
kamma (Duncan et al., 2019). A similar coastal maximum of chlor-
ophyll-a was observed by Probyn et al. (1994) from in-situ
measurements. This continuous coastal maximum is mostly visible in
summer and autumn, and coincides with easterly winds that occur in
summer, resulting in wind-driven upwelling along the Tsitsikamma
coast and Port Alfred area.

On the CAB, along the 100 m isobath, high NPP was observed in
some years in the area identified previously as the ‘cold ridge’ (CR,
Fig. S1). Boyd and Shillington (1994) suggested that where the bank
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widens, the flow on the inner shelf, influenced by wind-driven forcing
and the Agulhas Current flowing on the outer shelf, creates a divergence
contributing to the upwelling of a tongue of cold water enriched in
nutrients in the area of the CR. Later, based on remote sensing obser-
vations of surface temperatures, this phenomenon (CR) was hypothe-
sized to be coupled with the coastal wind-driven upwelling off the
Tsitsikamma coast and was referred to as a ‘filament’ (Walker, 1986;
Roberts, 2005) though it was noted that the CR does not occur for each
coastal upwelling event. Lutjeharms (2006a) suggested that cold water
was being upwelled on the EAB and then transported on the shelf to-
wards the west. A 1/4° resolution ROMS model revealed that without
any Agulhas Current, the CR disappears from simulations, and
concluded that the CR was most likely under an oceanic influence
(Chang, 2008). Using a 1/12° high-resolution ocean model, Jacobs et al.
(this issue) found that the highest productivity on the CAB occurs when
there are strong easterly winds, initiating upwelling on the EAB, and fast
currents on the AB which advect nutrient-rich water westward, initi-
ating phytoplankton blooms in the vicinity of the CR.

Whether the mechanisms involved are linked to localized enriched
upwelled water or just due to the circulation pattern on the shelf, this
study shows that, over most of the year, the region along the 100 m
isobath of the CAB has high NPP (Fig. 2a) which agrees with previous
observations (Carter et al., 1987; Probyn et al., 1994; Swart and Largier,
1987). This also coincides with a high-resolution ocean model with
average values ranging from 0.8 to 1.3 g Cm ™2 d™! (Jacobs et al., this
issue). It is worth noting that a tongue of cold water, that is the CR, has,
however, not been observed in seasonal sea surface temperature
(Fig. S4). This highlights that the CR is not necessarily linked to the
upwelling of cold water, or that the phenomenon does not reach the
surface, or that monthly averages (in NPP) are not adequate to show
upwelling that lasts only a few days. If this region of enhanced NPP was
visible on annual estimates using monthly averages, it would indicate
that this region has enhanced NPP most of the time.

Finally, it is interesting to note that on the inner bank, where the
shelf is at its widest (i.e., west of Mossel Bay and shallower than 100 m),
annual NPP is low (<500 g Cm~2yr™, see Fig. S1). This region has been
hypothesized to be a region of re-circulation, with eastward currents
(Boyd and Shillington, 1994; Goschen and Schumann, 1994). If low NPP
often occurs in this zone, on the inshore side of the CR, this might also
contribute to the shape of the so-called CR as a tongue of NPP sur-
rounded by the Agulhas Current on one side and a cyclonic recirculation
cell on the inside, both low in NPP.

One of our objectives was to test whether previously identified NPP
hotspots contributed significantly to the overall NPP of the bank, as
implied in much of the literature. Comparison of the areal (cumulative)
annual NPP for the different sections of the AB highlights that differ-
ences between zones are due to both significantly higher NPP rates and
also differences in the areal extent of each zone (Table 1). The sparse in-
situ NPP estimates observed in the past give a partly biased image of the
NPP on the AB as they have mainly concentrated on the upwelling areas
as the main sites of NPP for the AB. The satellite observations of NPP
shown here highlight that the upwelling sites, despite having higher NPP
rates, make up a minor fraction of the total NPP on the whole AB and
have a limited impact on the whole shelf NPP. In effect, the satellite data
shows that the AB as a whole is a productive environment, not just the
specific upwelling sites (e.g., Port Alfred upwelling) highlighted in the
literature (e.g., Probyn et al., 1994; Malan, 2013). This finding reframes
our understanding of NPP and ecosystem productivity of the AB, shifting
the focus from specific regional sites to a more holistic shelf-wide view of
enhanced production in support of marine food webs and
socio-economically important fisheries.

4.3. Seasonal variability of Net Primary Production on the Agulhas Bank

The monthly climatology of NPP on the AB showed a clear seasonal
cycle with higher NPP in summer (1.9 g C m~2 d™1), and lower NPP in
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winter (0.9 g C m2d"). Demarcq et al. (2008) observed a similar
pattern to this, with the lowest NPP occurring in winter (0.9 g C m™2
d™1) and the highest occurring in summer (1.4 g C m~2 d™1). The pa-
rameters driving the NPP estimated using the VGPM, are chlorophyll-a,
light and SST which all show a clear seasonal cycle (Fig. 7). Overall
chlorophyll-a was higher (~0.8-1 mg m ™) in autumn and spring than in
summer and winter for the AB (Fig. 7a). In terms of the specific zones of
the AB, this trend in chlorophyll-a was similar for the cold ridge area,
but with lower concentrations, while Tsitsikamma showed more
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difference between the minimums and maximums (~0.6 mg m~3). This
pattern was quite different for the Port Alfred region with the highest
values (~1.4 mg m~>) from November to December (late spring/early
summer), ~1.5 mg m~2 in March (autumn), and the lowest values from
July to August (~0.8 mg m~>) (Fig. 7a). High light levels (PAR) were
observed in summer and spring, with decreasing light levels (as low as
20 Em~2d!) in autumn and winter, with no difference between the AB
and any of the three specific upwelling zones (Fig. 7b). Warmer surface
waters were observed in summer (>20 °C) and spring, with colder
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Fig. 7. Monthly climatology for Chlorophyll-a (mg m~>) (a), PAR (Einstein m 2 d™!) (b) and SST (°C) (c) for the AB and specific upwelling cells on the Agulhas bank

shelf for the years 1998 to 2018.
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waters in winter on the AB and specific upwelling zones (Fig. 7c). The
Port Alfred area also showed higher SST than the other areas (Fig. 7c),
likely linked to the proximity of the warm Agulhas Current (Lutjeharms,
2006a).

The AB oceanography is also known to be strongly influenced by
surface winds which show seasonality in their strength and direction
(Fig. 8). Over the 21-year period, higher wind speeds were observed in
winter (2-4.5 ms™!) on the AB and for all the upwelling zones, compared
to summer (1.5-3 ms’l) (Fig. 8a). The main wind direction also shifts
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between seasons, with winters dominated by north-westerly winds,
while summers have stronger south-easterly winds (Fig. 8b and c). This
climatology of the winds on the AB (Fig. 8) matches with shorter-term
studies (e.g., Malan, 2013) and those which predate the availability of
satellite-derived wind data (e.g., Swart and Largier, 1987; Hutchings,
1994).

Seasonal changes in the NPP are caused by changes in phytoplankton
biomass and the environmental factors that control their growth, such as
light, temperature and nutrient availability, which all influence the

-o-Cold Ridge —o- Tsitsikamma coast —¢—Port Alfred =€—Agulhas Bank
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Fig. 8. Climatology of (a) wind speed, (b) E-W component (U) and (c) N-S component (V) for the AB shelf and specific upwelling zones on the AB shelf for the 21-
year period (1998 — 2018). The negative values in plot (b) indicate east to west winds and the positive values indicate west to east winds, in plot © the negative values
indicate north to south winds and the positive values indicate the south to north winds.
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physiology of phytoplankton (e.g., Kong et al., 2019). During dark
winter conditions, the strong north-westerly winds (Fig. 8) result in a
deepening of the mixed layer (80-90 m) (Swart and Largier, 1987;
Hutchings, 1994; Boyd and Shillington, 1994) which induces mixing of
the deep nutrient-rich waters into the upper water column. This will
allow phytoplankton to grow as soon as the light and temperature levels
increase in late winter/early spring. The low chlorophyll-a values on the
AB during summer have been recorded in this study (Fig. 7a) as well as
by Brown (1992), and are attributed to nutrient-limitation caused by a
stronger stratification of the water column (De Villiers, 1998). Strong
stratification also leads to an increase of biomass at depth (Subsurface
Chlorophyll-a Maximum), close to the nutricline and at low light levels
(Carter et al., 1987; Poulton et al., this issue), which is not considered
using remote sensing data.

The NPP difference between seasons was relatively low and
restricted to ~1 g Cm~2d ™! (Fig. 3; Table 2). The AB does not seem to
experience the strong seasonal changes in NPP seen in other shelf sys-
tems, mostly due to the relatively high NPP in winter (~1 gCm 2d 1)
compared to many other shelf seas which have much lower NPP in
winter (0.2-0.4g C m~2d~! based on remote sensing estimations) (e.g.,
Curran et al., 2018; Thompson and Mcdonald, 2020; Joint et al., 2001;
Curran et al., 2018; Beca-Carretero et al., 2019; Cervantes-Duarte et al.,
2021). On the North-western European Shelf, for instance, NPP only
increases above 1 g Cm 2 d! for 3 months of the year (May, June and
September) (Joint et al., 2001; Curran et al., 2018) while NPP never goes
below this value on the AB. Similarly, annual NPP on the Northwest
Iberian Margin remains below 1 g C m~2d ! for 7 months (October to
April) (Beca-Carretero et al., 2019), while in Bahia De La Paz (Mexico,
24-25 °N), the seasonal NPP remains below 1 g Cm~2 d ™! for 6 months
(July to November) (Cervantes-Duarte et al., 2021). The annual average
NPP estimation on the AB (516 g C m~2 yr_l) is higher in comparison to
other shelf seas (see section 4.1). Even if the AB does not have extremely
high monthly average NPP values as mentioned above, the
semi-constant NPP throughout the seasons explains its overall high
annual productivity compared with other shelf systems (e.g., 385 g C
m~2 yr’l; Longhurst et al., 1995).

A possible explanation for the lack of strong seasonality on the AB,
with NPP remaining >1 g Cm~2 d ™! for much of the year, may lie in the
oceanographic dynamics of the AB which are driven by a feature unique
to the AB — the Agulhas Current. As well as stabilizing and strengthening
the AB thermocline through the provision of warm surface water (Jury,
1994; Lutjeharms, 2006a, 2206b), the Agulhas Current also supports the
encroachment of nutrient-rich South Indian Central Water into the shelf
bottom waters (Lutjeharms, 2006a, 2006b); thus, the Agulhas Current
reinforces both the thermal stratification of the shelf waters and the
vertical nutrient gradient. To support relatively high productivity
throughout the year, as observed by this study, the sunlit surface waters
of the AB must be fed by regular inputs of nutrients. Coastal upwelling is
well known on the AB (e.g., Roberts and van den Berg, 2005; Goschen
and Schumann, 2011; Duncan et al., 2019), supplied by the continuously
enriched shelf bottom waters, and thermocline dynamics, be it internal
waves or phytoplankton growing at depth in the Subsurface Chlor-
ophyll-a Maximum (Poulton et al., this issue), will control the supply of
nutrients to the upper productive waters. Some in-situ observations in
the CAB have suggested that while the thermocline deepens in winter, it
does not completely disappear (Carter et al., 1987) and the system ap-
pears to remain stratified.

With an annual amplitude of variability of chlorophyll-a of only 0.3
mg m > (Fig. 7a) and NPP of only 1 g Cm ™2 d~! (Fig. 3), the AB does not
appear to exhibit strong seasonal blooms in spring or autumn, with NPP
remaining >1 g Cm 2 d ™! for much of the year. In many shelf systems,
these seasonal blooms are a result of wintertime overturning of the
water column, resetting nutrient levels to high pre-spring levels (e.g.,
Poulton et al., 2019). With the continuous reinforcement of the AB
thermocline by the Agulhas Current, it seems reasonable to hypothesize
that the AB does not experience a wide-spread wintertime breakdown of
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stratification, resetting nutrients to high levels, but experiences a steady
flux of nutrients across the thermocline (potentially regulated by inter-
nal dynamics of the thermocline; Poulton et al., this issue) that supports a
continuous, moderate level of NPP all year around. A severe lack of
wintertime measurements of nutrients, water column structure or
phytoplankton productivity inhibits further testing of this hypothesis;
clearly, understanding the annual cycle of oceanographic dynamics on
the AB is thus an important step forward.

Despite only a moderate amplitude of seasonal variability of NPP on
the AB, it was stronger along the coast and on the EAB than on the CAB
(Fig. 2¢). This may be related to the functioning of the EAB. The EAB is
relatively narrow and might be more influenced by the shelf break up-
welling than the CAB (Lutjeharms, 2006a; Malan, 2013; Krug et al.,
2014). This is in agreement with the lack of seasonality of the Agulhas
Current in terms of its position relative to the shelf (Krug and Tournadre,
2012). However, some studies have also shown changes in the speed of
the Agulhas Current with greater flow in austral spring/summer (Lut-
jeharms, 2006a; Krug and Tournadre, 2012; Hutchinson et al., 2018),
with a possible influence on the amount of shelf-edge upwelling. The
coastal areas of the AB are prone to wind-driven upwelling which are
triggered by easterly winds dominant in the summer months (Fig. 8; e.g.,
Boyd and Shillington, 1994; Goschen and Schumann, 2011; Duncan
et al.,, 2019). This has been shown especially for the coastal bays
(Goschen et al., 2015) and could explain the seasonality of the NPP we
observed in the inshore grounds of Tsitsikamma (Fig. 4). For Port Alfred,
however, Malan (2013) showed that wind is not the primary driver of
the upwelling and that other mechanisms might be at play (e.g., vari-
ability in bottom water encroachment onto the shelf).

4.4. Temporal variability of Net Primary Production on the Agulhas Bank

With 21 years of satellite data available, it is now possible to examine
long-term decadal trends in NPP on the AB, in terms of both the
magnitude of interannual variability (Fig. 6) and long-term trends
(Fig. 6¢). In this study we used a blended chlorophyll-a product
(OC-CCI) which is the most consistent record throughout the time,
particularly when considering both periods, before and after 2002
(Couto et al., 2016). The merged product can, however, overestimate
chlorophyll-a in coastal areas, as noted by Sathyendranath et al. (2020).
However, in their study, Couto et al. (2016) found that the OC-CCI is still
amongst the “best” and consistent products for chlorophyll-a. The
OC-CCI product is considered especially reliable given that this is a
longer merged dataset than single sensor timeseries and additionally
features corrected drift in the MODIS sensor (Jackson et al., 2020). The
multi-sensor OC-CCI product also features MERIS which gets closer to
the coast than the other ocean colour sensors, and provides overall an
improved performance in Case-2 (coastal) waters as well as Case-1 open
waters (Jackson et al., 2020). NPP calculated using the MODIS chlor-
ophyll-a product was dissimilar to that calculated using OC-CCI chlor-
ophyll-a. Therefore, NPP estimation based on satellite may vary slightly,
depending on the chlorophyll-a product used (single or multi-mission
sensors). Years with low annual NPP (Fig. S1) generally have low NPP
across the entire AB (Fig. S1), with a slight tendency for higher NPP off
Port Alfred. In contrast, during years with high NPP, specific hotspots
can be observed in different areas of the bank, mostly (<100 m). For
example, the low NPP observed in 2004, 2007 and 2012 was more
common over the eastern side of the shelf, whereas when the NPP was
high in 2008, 2011 and 2014, there was high NPP over the entire shelf,
extending to the cold ridge area (Fig. S1). This indicates that there were
most likely more upwelled cold nutrient-enriched waters during these
years on the bank, suggesting strong bottom-up (resource) control dur-
ing these periods.

The long-term annual changes in the NPP on the AB were analysed
pixel by pixel (Fig. 6¢) and showed a clear decline in the NPP over time
on the CAB (20-24°E) between the 100 and 200 m isobath. Demarcq
et al. (2008) observed an increase in winds from 1998 to 2007 on the AB,
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which can be related to the decline in the NPP over time. Further
investigation into the long-term variability of NPP for different seasons
showed that these long-term trends do not occur during all seasons
(Fig. S2), suggesting that different oceanographic processes are taking
place. This implies that the drivers of the long-term trend in NPP differ
spatially along the bank, as does the influence, for example, the Agulhas
Current and the way it interacts with the bank waters in both the surface
and deep layers. In winter, a long-term decrease occurs along most of the
shelf break of the AB (Fig. S2) which could be linked to the position
and/or intensity of the Agulhas Current. However, as mentioned above,
it is not clear whether the Agulhas Current has a clear seasonal trend, or,
indeed, if its influence on the AB has a seasonal component, and thus this
hypothesis would not explain why these long-term changes are only
happening in winter. In the summer months, the area around Port Alfred
(26.5-28 °E) showed an increasing trend in the NPP (Fig. S2) in stark
contrast to the trend seen elsewhere on the bank. Such an increasing
trend might be linked to the easterly winds which are dominant during
the summer months (Fig. 7) and can thus trigger coastal wind-driven
upwelling. This is in agreement with Lamont et al. (2018) who found
an increase in the number of wind-driven upwelling days from 1979 to
2015 on the whole AB, although caution should be taken as the region
highlighted here is relatively small and localized.

To fully examine these processes, one would need to investigate
anomalies against the different potential drivers (e.g., SST, wind speed,
wind direction, wind curl) and the dynamics of the large-scale oceano-
graphic features further afield that directly influence the AB (e.g.,
Agulhas Current flow and meanders, Agulhas Current temperature
anomalies, which could influence the AB thermocline). That several of
these drivers are involved in the VGPM algorithm (SST, PAR) further
complicates any potential analysis of the long-term trend in NPP.

Many marine ecosystems are considered threatened through
declining NPP (e.g., North Sea, Australian region) (Capuzzo et al., 2017;
Thompson and Mcdonald, 2020) as a result of climate change, with
ocean warming enhancing stratification and reducing nutrient avail-
ability. Over the last 21 years, NPP on the AB has only declined by 0.26%
per year, a small reduction compared with the declines seen in other
marine environments (e.g., 12% in the Australian region; Thompson and
Mecdonald, 2020). A reduced decline in the NPP could be due to various
mechanisms associated with how nutrients are supplied to the AB, such
as the deep advection of South Indian Central Water related to the
strength and variability of the Agulhas Current. In this study, the data
only covers two decades (21 years) which might also be too short to
properly assess long-term climatic trends. The seminal work of Henson
et al. (2013) states that “at least 40 years of satellite data is needed to
detect anthropogenic signals from natural variability”, and hence there
is a need to gather more data on the AB to fully examine changes over
long-time scales.

4.5. Implications for ecosystem productivity

The findings of this study indicate that the AB is a moderately pro-
ductive shelf-system, higher in terms of annual NPP than many other
shelf-seas, mostly due to its high NPP values in winter (>0.5 g C m 2
d™1), though not as productive as upwelling environments. Seasonality
on the AB in terms of NPP has a small annual magnitude (~1 g C m™2
d™1), with only slightly higher NPP occurring in summer and autumn
than during winter. Such small-scale seasonal variability provides an
environment that is relatively productive all year round, and hence there
is an abundance of primary production to fuel marine ecosystems across
the AB throughout the year. The remarkable magnitude and seasonal
stability of NPP on the AB likely underpins its importance for supporting
regional fish stocks and, in turn, economically important local fisheries.
Over the length of the satellite record (1998-2018) examined here, there
is also only a minor decline in NPP (0.26% yr_l), with important spatial
and temporal variations. Primary production on the AB appears
decoupled from large-scale climatic phenomena that are known to
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influence other marine ecosystems. The importance of the dynamics of
the Agulhas Current, one of the largest western Boundary Currents in the
world (e.g., transports 70 x 10 m® s~! of water; Bryden and Beal, 2001;
Casal et al., 2009), for nutrient supply may help to stabilize the NPP
dynamics of the AB. However, Asdar et al. (this issue) have shown po-
tential future variability in the Agulhas Current which will have
important impacts on the AB. These authors found that, while integrated
nutrients are projected to decline on the AB, this will not affect NPP
significantly, with a fairly stable time-series projected until 2100,
especially on the CAB. They also observed an onshore shift of the
Agulhas Current which has implications for upwelling on the shelf,
affecting the current flow on the AB itself. Future studies need to focus
on the dynamics of NPP on the entire shelf — not just on specific regional
upwelling sites — as well as the central and eastern regions. There are
numerous potential avenues for continuous monitoring of NPP on the AB
at both short and long-timescales through the application of
satellite-derived NPP.
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