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Marine ecosystems are expected to be increasingly affected by climate change, impacting their physical and
biogeochemical environment. Changes in primary production, temperatures and hence species distribution, may
lead to critical consequences for fishery exploitation. Therefore, future projections are essential to develop
sustainable strategies and climate change adaptation plans for fisheries, and fishery-dependent societies. In this
study, we focus on the Agulhas Bank, a broad extension of the continental shelf of the South African coast, along
which flows the western boundary Agulhas Current. The Agulhas Bank is known for being biologically pro-
ductive and is an important nursery ground for many commercially exploited fish species, including the chokka

squid fishery, a vital source of income for many people in the Eastern Cape Province. Squid catches manifest
strong interannual fluctuations, at times causing fishery crashes. Additional impacts due to climate change will
have significant socio-economic consequences for this all-important fishery. To investigate future variations of
the physical and biogeochemical environment on the Agulhas Bank, we used the global ocean model NEMO-
MEDUSA, forced by the high emissions scenario RCP8.5. Our simulations show a significant increase in sea
surface temperature and bottom temperature, but limited changes in primary production. Projections highlight
an increase in current velocity on the Agulhas Bank throughout the course of this century, induced by an onshore
shift of the Agulhas current. This current shift may pose a threat to squid recruitment success as a large fraction of
squid paralarvae may be removed from their shelf feeding grounds and lost to the greater ocean via the Agulhas
current. The results further show that planktonic food for the paralarvae is less likely to become the main limiting
factor in the future, while increasing temperatures may affect growth rates and spawning success.

1. Introduction The productive waters of the coastal zone of South Africa provide an

important source of food, jobs and livelihoods for tens of thousands of

The marine environment around southern Africa is diverse, complex
and very variable (Lutjeharms et al., 2001) but also vulnerable to the
impacts of climate change. Based on historical observations of sea sur-
face temperature (SST), South Africa was identified as one of the 24
marine regions where observed warming was faster than the rest of the
ocean and likely to continue in the future (Hobday and Pecl, 2014).
Many of the marine hotspots are areas where human dependence on
marine resources is very high. Thus, the impact of climate change on
ocean dynamics could lead to potential changes in marine resource
distribution or abundance and have a socio-economic impact on the
population dependent on fisheries (Hobday and Pecl, 2014).

* Corresponding author.
E-mail address: sarah.asdar@gmail.com (S. Asdar).

https://doi.org/10.1016/j.dsr2.2022.105092

people living in the coastal areas (Cochrane et al., 2015). In the Eastern
Cape, a province located in the southeastern part of South Africa and one
of the most impoverished, the chokka squid (Loligo vulgaris reynaudii)
fishery plays an important role in the economy of the region as a local
employer (Roberts et al., in this issue). As the fourth most important
fishery in South Africa, it employs around 3,000 people and is vital for
around 25,000 people who are economically dependent on the perfor-
mance of the fishery (Cochrane et al., 2014). The fishery is susceptible to
periods of very low catches, which cause socio-economic strife in the
region, for example in 1992 and 2001 (Ntola, 2010; Roberts, 2005). In
2013, the largest crash of the South African squid fishery was recorded
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and led to devastating consequences in the Eastern Cape (Joyner, 2015;
Roberts et al., in this issue). The collapse is believed, by local fishermen,
to be due to environmental changes as opposed to overfishing (Joyner,
2015).

Footprints of climate change have been reported for nearly all major
marine ecosystems around the world (Hoegh-Guldberg and Bruno,
2010; Okey et al., 2014; Pecl et al.,, 2014; Wassmann et al., 2011),
impacting their physical and biogeochemical environment. Such
changes affect ecosystem processes and alter food webs (Brierley and
Kingsford, 2009; Brown et al., 2010; Poloczanska et al., 2007), which
consequently impact the distribution and abundance of species in some
areas (Frusher et al., 2014; Mathis et al., 2015; Poloczanska et al., 2016).

Rouault et al. (2009) have shown that, since the 1980s, the SST of the
Agulhas Current system has increased significantly. Moreover, based on
satellite altimetry observations from 1993 to 2009, an intensification of
the mesoscale activity of the Agulhas current has been highlighted
(Backeberg et al., 2012) and it has been found that the current has
broadened as a result of increased eddy activity (Beal and Elipot, 2016).
Potts et al. (2015) suggest that changes in environmental conditions in
the Agulhas Bank region will likely alter the migration of some species,
affect the metabolism of the resident species and have negative impli-
cations in their recruitment. For example, an eastward shift in anchovy
spawning distribution on the Agulhas Bank was suggested to be driven
by a sudden change in SST in the region (Roy et al., 2007). This could
have negative effects at higher trophic levels as it is an important prey
for many fishes, birds and marine mammals (Cury et al., 2000).

Besides warming, acidification, deoxygenation and changes in pri-
mary productivity, considered as the key climatic stressors of ocean
ecosystems induced by anthropogenic emissions of COy (Bopp et al.,
2013), more recent studies suggest that changes to ocean circulation in
response to global warming is also a significant stressor (Popova et al.,
2016; van Gennip et al., 2017; Jacobs et al., 2021). In this context,
important changes have been observed in the strength and locations of
some western boundary currents such as the East Australian Current, the
Agulhas Current or the Kuroshio Current (Popova et al., 2016; Wu et al.,
2012) with consequences for ecosystems beginning to emerge (Banks
et al., 2010; Matear et al., 2013; Popova et al., 2016).

In this paper, we focus on the Eastern Agulhas Bank, the only area
that provides optimal conditions to chokka squid for spawning (Roberts,
2005). This region is sustained by semi-permanent and intermittent
coastal upwellings (Jacobs et al., in this issue), occurring between Port
Alfred and Tsitsikamma (Downey et al., 2010) and is located east of a
feature named the “Cold Ridge”, commonly associated with high level of
primary and secondary production (Boyd and Shillington, 1994). This
feature is an upwelling filament resulting from an intense coastal up-
welling along the Tsitsikamma coast combined with the
westward-flowing mid-shelf current (Boyd and Shillington, 1994; Rob-
erts, 2005; Jacobs et al., in this issue). It is considered an important
nursery ground for squid paralarvae (Boyd and Shillington, 1994;
Hancke, 2010). Roberts (2005) suggests that the westward current on
the shelf transports the paralarvae towards this food source, known as
the “Western Transport Hypothesis”, which could mean that the vari-
ability of the local circulation patterns may have an impact on chokka
squid recruitment (Hancke, 2010).

The aim of this study is to explore the projected changes on the wider
Agulhas Bank region under the Representative Concentration Pathway
8.5 (RCP8.5) climate change scenario, in the high resolution coupled
physical-biogeochemical model NEMO-MEDUSA. We focus our analysis
on the climatic stressors of potential importance for the chokka squid
population. The rest of the paper is organised as follows: the model
simulation and observations used in this study are described in section 2,
the performances of the model on the Agulhas Bank and the future
projections are presented in section 3. The results are summarised and
discussed in section 4.
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2. Material and methods
2.1. Ocean model configuration

The coupled physical-biogeochemical model (hereafter, NEMO-
MEDUSA) is a configuration developed in the Regional Ocean Acidifi-
cation Modeling project (Yool et al., 2015). The projection analysed in
this study was performed using version 3.5 of the Nucleus for European
Modelling of the Ocean (NEMO) model. This is comprised of an ocean
general circulation model, OPA (Madec, 2008), coupled with a sea-ice
model, LIM2 (Timmermann et al., 2005). The horizontal resolution is
approximately 1/4° and the model has 75 vertical levels increasing from
1 m thickness at the surface to 200 m at abyssal depths. Biogeochemistry
in NEMO is represented by the plankton ecosystem model MEDUSA- 2
(Yool et al., 2013a; Yool et al., 2013b). This is a size-based, intermediate
complexity model that divides the plankton community into “small” and
“large” portions and which resolves the elemental cycles of nitrogen,
silicon, and iron. The “small” portion of the ecosystem is intended to
represent the microbial loop of picophytoplankton and micro-
zooplankton, while the “large” portion covers microphytoplankton
(specifically diatoms) and mesozooplankton (see Yool et al., 2013a for a
full description of MEDUSA.). The model is forced at the surface by a
simulation of the HadGEM2-ES Earth system model developed by the UK
Meteorological Office (UKMO) which includes representations of the
terrestrial and oceanic carbon cycles, atmospheric chemistry and aero-
sols (Collins et al., 2011). This simulation was performed as part of the
UKMO'’s input to the Coupled Model Intercomparison Project 5 (CMIP5)
(Jones et al., 2011) and Assessment Report 5 (AR5) of the Intergov-
ernmental Panel on Climate Change (IPCC). The 1/4° simulation ran
from start-1860 to end-2005 under historical atmospheric pCO, con-
centrations, and then from start-2006 to end-2099 under the IPCC
RCP8.5 (Riahi et al., 2011). RCP8.5 is a scenario where CO, emissions
increase over the 21st century, resulting in an additional radiative
forcing of approximately 8.5 W m™2 by the end of the century. The
physical part of the model is initialized using the same initial state as
HadGEM2-ES and biogeochemistry is initialized from World Ocean Atlas
(nutrients and oxygen) and GLODAP (dissolved inorganic carbon and
alkalinity) climatology products. Due to its high computational cost, the
model was initialized in 1975 from a 1° “twin” run from 1860 to 1975
under the same forcing dataset. Then, the model was integrated to
end-2099. It does not allow any atmospheric feedback. Further details
about model implementations can be found in Yool et al. (2013a, 2013b,
2015) and Popova et al. (2010).

2.2. AR5 comparison

Here, the biogeochemistry is analysed in a suite of CMIP5 models
(Taylor et al., 2012) to assess where the NEMO-MEDUSA future pro-
jections belong in the multi-model ensemble for the southwest Indian
Ocean, following (Jacobs et al., 2021). First, skill metrics are applied to
compare observational data with the models in order to identify an
“inner ensemble” of models that simulate the observations best. This
inner ensemble is then used to frame the assessment of future projections
from 2006 to 2100 under the RCP8.5 experiment. The selection of
CMIP5 models used here (Table 1) is based on those that include the
dissolved inorganic nitrogen (DIN) and Integrated primary production
(PP).

Statistical metrics are employed to score the models on how well
they reproduce the spatial pattern of DIN over the southwest Indian
Ocean. DIN has been chosen because of good observational data
coverage (here from the World Ocean Atlas, 2013; WOA13, Garcia et al.,
2013) and because the key role played by macronutrients in framing
marine productivity makes it a good indicator of the quality of a model’s
skills in respect to biogeochemistry. All models are linearly interpolated
onto a standard 1° grid, to ensure consistency, and averaged over the
first decade of the future projection run from 2006 to 2015. Over an
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Table 1

List of CMIP5 models (and NEMO-MEDUSA) and their corresponding skill metric
scores; the correlation coefficient, r, and the root mean square error, RMSE,
when compared to climatological DIN from WOA13. Models in bold are not in
the inner ensemble and are excluded from further analysis.

Modelling Centers Model name T RMSE x1072
[mmol.m 3]
National Oceanographic Center NEMO- 0.78  0.68
Southampton MEDUSA
Canadian Centre for Climate Modelling CanESM2 0.61 0.76

and Analysis

Centro Euro-Mediterraneo sui
Cambiamenti Climatici

Centre National de Recherches
Météorologiques/Centre Européen de
Recherche et Formation avancée de
Calcul Scientifique

NOAA Geophysical Fluid Dynamics

CMCC-CESM 0.77 0.6

CNRM-CM5 0.12 6.7

GFDL-ESM2G 0.67  0.53

Laboratory GFDL- 0.77  0.41
ESM2M
NASA Goddard Institute for Space Studies ~ GISS-E2-H- 0.6 0.75
CC
GISS-E2-R-CC 0.64 0.59
Met Office Hadley Center HadGEM2- 0.72  0.57
CC
HadGEM2-ES 0.71 0.58
Institut Pierre-Simon Laplace IPSL-CM5A- 0.76 0.65
LR
IPSL-CM5A- 0.74 0.5
MR
IPSL-CM5B- 0.72  0.42
LR

MIROC-ESM 0.66  0.54
MIROC-ESM- 0.66  0.55
CHEM

Japan Agency for Marine-Earth Science
and Technology/Atmosphere and
Ocean Research Institute (The
University of Tokyo)/National Institute
for Environmental Studies

Max-Planck-Institut fiir Meteorologie MPI-ESM-LR 0.78 0.81

MPI-ESM-MR 0.71 0.43

MRI-ESM1 0.69  0.43

NorESM1-MR 0.61 1.1

Meteorogical Research Institute
Norwegian Climate Center

extended region around southern Africa, most models represent the
spatial distribution of DIN well, with realistic transition from greater
concentrations in the Southern Ocean and in the Benguela upwelling
system, to lower concentrations south of Madagascar (Supplementary
Fig. 1). Despite this, there are some models that do not capture this large
scale gradient while others underestimate DIN concentrations over the
Agulhas Bank. To quantify this, skill metrics are calculated between the
decadal mean of each model and WOA13 over the southwest Indian
Ocean (38°S-25°S, 19-45°E). It is important to assess a region larger than
the Agulhas Bank to ensure a realistic representation of the large-scale
pattern by these relatively coarse resolution models. At the same time,
the boundaries are restricted so that the metrics are not skewed by the
steep gradient of nutrient concentrations in the Southern Ocean, which
may skew the metrics towards models correctly reproducing this
gradient, rather than relatively low background values of the subtropical
Indian Ocean. The western boundary is also placed at 19°E to avoid the
Benguela upwelling system, which is highly variable across the models
and is outside the focus of this study. The metrics used are Pearson’s
correlation coefficient, r:

P 1 ()
V=07 /S - 97

where x and y are the observed and modelled data points respectively,
and the root mean square error (RMSE):

n 2
RMSE = ZM
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where n is the number of grid points. Combined, they capture the ten-
dency of each model to vary with the observations and the magnitude of
the discrepancies between them (Stow et al., 2009). The analysis here
complements prior studies to provide model assessment for the tropical
Indian Ocean (as in Allen et al., 2007; Stow et al., 2009; Bopp et al.,
2013; Ilyina et al., 2013; Séférian et al., 2013; Cabré et al., 2015; Rickard
and Behrens, 2016; Bao and Li, 2016; Mohan and Bhaskaran, 2020;
Jacobs et al., 2021).

Table 1 lists the r and RMSE for each model. A large spread exists
across both metrics with NEMO-MEDUSA and MPI-ESM-LR achieving
the highest r, 0.78, and CNRM-CM5 the lowest, 0.12. CNRM-CM5 also
has the largest RMSE, 6.7 x 1073, while GFDL-ESM2M has the lowest
RMSE, 0.41 x 1073, Just one model, CNRM-CMS5, falls outside the range
of two standard deviations for each metric and is considered the “outer
ensemble”. The remaining models are characterised as the “inner
ensemble” and are used to analyse the future projections of DIN and PP.
The projected changes in DIN (averaged over the southwest Indian
Ocean from 38°S-25°S, 19-45°E) are shown in Fig. 1. Besides CMCC-
CESM projecting an increase of 429%, the rest of the models project
an average decrease of 41% (ranging from 15 to 71%), with NEMO-
MEDUSA projecting a reduction of 57%.

PP is shown as a decadal average over the first decade (2006-2015)
of the future projection runs and from the observational product in
Supplementary Fig. 2. Over the wider Agulhas Current region, the
models generally simulate the spatial pattern of observed PP well, with
elevated productivity in the Benguela upwelling system, while lower
rates of production are found east of South Africa which is consistent
with DIN availability. However, most models underestimate produc-
tivity over the Agulhas Bank, with observed values reaching 1.25 gC m >
d—.

When calculating skill metrics, extra uncertainty is added when
using observationally-estimated PP, which uses satellite-derived obser-
vations of chlorophyll and temperature together with productivity
models rather than direct measurements (Anav et al., 2013). Thus, we
use the same “inner ensemble” based on the skill metrics calculated for
DIN. The projected changes in PP over the southwest Indian Ocean are
shown in Fig. 2. Besides a projected increase of 56% by CMCC-CESM,
consistent with a considerable DIN increase, and a smaller projected
increase (3%) by GFDL-ESM2M, the inner ensemble models project a
mean reduction of 18% (ranging from 1 to 38%) by 2100. With a
decrease of 26% over the century, NEMO-MEDUSA is consistent with the
“inner ensemble” projections.

For both variables, projected reductions in NEMO-MEDUSA are well
within the range across all models. It also has higher baseline values for
DIN and PP (2000-2010) that are actually closer to the observed mean,
which could be due to its higher resolution leading to a more effective
resolution of smaller-scale processes. HadGEM2-ES, used as the surface
forcing for NEMO-MEDUSA, is one of the central ensembles and shows
similar reductions to NEMO-MEDUSA (—38% and —58% for PP and DIN
respectively). Overall, this analysis reveals that future projections of
annual mean PP and DIN in NEMO-MEDUSA are consistent with CMIP5
models in the wider Agulhas Current region, which is consistent with the
global ocean (Bopp et al., 2013; Kwiatkowski et al., 2020).

2.3. Observational datasets

In order to assess and validate the model, the following observational
products are used. Decadal (2000-2009), annual (2005) and monthly
(May 2005) means of modelled surface currents are compared to the
Ssalto/Duacs altimeter product produced and distributed by the
Copernicus Marine and Environment Monitoring Service (CMEMS). The
zonal and meridional components of surface geostrophic velocities are
derived from Absolute Dynamic Topography, which combine the Sea
Level Anomalies with the CNES-CLS13 Mean Dynamic Topography (Rio
et al., 2014). The data used in this study are derived from monthly
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Fig. 1. Future projections of DIN (mmol m~) in the southwest Indian Ocean (38°S-25° S, 19°E—45°E) from 2006 to 2100 in the “inner ensemble” models, the WOA
entry is the climatological mean from WOA13. The % change from 2006 to 2100 for each model is based on the overlaid trend lines.
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overlaid trend lines.

averaged velocity fields (spatial resolution: 1/4) and cover the period
from January 2000 to December 2009.

The decadal-averaged (2000-2009) modelled SST fields are
compared to the NOAA 1/4" daily Optimum Interpolation SST (OISST),
version 2. The OISST product is an analysis constructed by combining
observations from different platforms (satellites, ships, buoys) on a
regular global grid (Banzon et al., 2016). A spatially complete SST map
is produced by interpolating to fill in gaps. We use monthly data from
2000 to 2009.

The seasonal cycle of modelled depth-integrated PP is compared to
the average of three datasets estimated by three empirical models: the
VGPM (Behrenfeld and Falkowski, 1997), Eppley-VGPM (Carr et al.,
2006) and CbPM (Westberry et al., 2008) productivity models. The
seasonal cycle from monthly estimates from 2000 to 2009 is computed
and used for this study.

The seasonal cycle of modelled DIN concentration is compared to in-
situ nitrate concentrations from the World Ocean Database 2018
(WOD2018, Boyer et al., 2019), a product of NOAA’s National Centers
for Environmental Information (NCEI). The WOD is a collection of
scientifically quality-controlled ocean profiles that include measure-
ments of nitrate. Nitrate measurements are scarce and not homogeneous

in space or time (Supplementary Fig. 3). Hence, observations are not
restricted to the period 2000-2009 but all data available on the Agulhas
Bank (from 1963 to 2019) is used.

The seasonal cycle of modelled Mixed Layer Depth (MLD), which is
calculated as the first depth that the temperature is 0.1 °C different from
the surface, is compared to that from the global annual climatology
distributed by IFREMER/LOS (www.ifremer.fr/cerweb/deboyer/mld).
This climatology is estimated from 5 million temperature profiles
(measured from 1990 to 2008) using the method described in de Boyer
Montégut et al. (2004). The global data is computed on a 2° resolution
grid.

3. Results
3.1. Model validation on the Agulhas Bank

Before analysing the future projections, the model performance is
validated over the wider Agulhas Current region and on the Agulhas
Bank. Fig. 3 shows the surface currents as a decadal mean (2000-2009),
an annual mean (2005) and a monthly mean (May 2005) in the model
(right panels) and from satellite (left panels). Decadal-averaged values
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Fig. 3. Observational (left) and NEMO-MEDUSA
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highlight persistent features without being complicated by short-term
variability (Fig. 3a and b). At this time scale, the model is able to
simulate the Agulhas Current position well with flow running along the
east coast of South Africa and along the Agulhas Bank, following the 200
m isobath, before being retroflected at 21°E to become the Agulhas
Return Current. At an annual time scale (Fig. 3c and d), the model
simulates the Agulhas Current accurately but with evidence of interan-
nual variability in the position of mesoscale features which we do not
expect the model to reproduce precisely, due to the stochastic compo-
nent of the mesoscale variability (Jacobs et al., 2020; Robinson et al.,
2016; Srokosz et al., 2015). At a monthly scale (Fig. 3e and f), it is able to
simulate typical scales and topology of the mesoscale features and
several Agulhas rings are also evident. However, at about 25°E there is a
slight overshoot of the current for the three different time scales. There is
also a second but weaker retroflection west of the main one occurring at
21°E. Correct placement of the Agulhas Current retroflection is known
as one of the largest challenges in modelling the Agulhas Current and is
better represented in a higher resolution model (see Jacobs et al., in this
issue). However, it is unclear whether the correct positioning of this
feature would impact the Agulhas Bank ecosystem.

East of 25°E, the strength of the Agulhas Current is represented well
in the model, although velocities are slightly overestimated (with
maximum values up to 1.7 m s}) compared with satellite altimetry data
(upto 1.3 m s~1). However, west of 25°E, the model tends to underes-
timate the Agulhas Current surface velocity.

Decadal-averaged (2000-2009) SST from the model and from ob-
servations are presented in Fig. 4. Fig. 4c, illustrating the difference
between the two datasets, shows the largest anomaly in the Benguela
upwelling and highlights an SST warmer in NEMO-MEDUSA than in the
observations. In agreement with the observations (Fig. 4a), modelled
SST fields (Fig. 4b) show the warmer surface waters of the Agulhas
Current flowing along the Agulhas Bank with cooler water on the

Agulhas Bank. Generally, observed and modelled values exhibit a
similar distribution despite the fact that the model overestimates SST by
up to 1 °C on the Agulhas Bank and in the Agulhas Current.

Fig. 5 shows the seasonal cycles of depth-integrated PP, surface DIN
concentrations and MLD for the decade 2000-2009 from the model
compared with observations. Seasonal cycles are computed on the
Central Agulhas Bank (20°E—23°E, hereafter CAB), influenced by the
cold ridge, and the Eastern Agulhas Bank (23°E—27°E, hereafter EAB)
influenced by coastal upwellings and characterised by high concentra-
tions of chlorophyll (Downey et al., 2010). These two areas of the
Agulhas Bank are shown on Fig. 4.

PP estimates (Fig. 5a and b) are available for the same period as the
model, whereas the MLD climatology has been computed from in-situ
data measured over the period 1990-2008 (Fig. 5e and f). As nitrate
data are scarce on the Agulhas Bank, we use all available data which
span from 1953 to 2016 rather than a selection of points for the
2000-2009 period.

The satellite-derived PP displays a seasonal cycle more pronounced
on the EAB than on the CAB, with values ranging from 0.73 to 1.36 gC.
m~2.d"! on the CAB and from 1 to 2.05 gC.m~2.d ! on the EAB (Fig. 5a
and b). A minimum, around July, and two maximums, March-April and
October-November, are evident. A smaller seasonal range exists in the
model across the whole Agulhas Bank, with a minimum from June-July
and maximums in November and January. The modelled values range
from 0.73 to 1.14 gC.m~2.d ! on the CAB and from 0.86 to 1.29 gC.m 2.
d~! on the EAB. Even though the model struggles to catch the seasonal
cycle on the EAB, likely due to shelf-edge and coastal dynamics not
being parametrized well in NEMO-MEDUSA, the seasonal cycle on the
CAB is fairly well represented. Note that satellite-derived PP is not
represented by a direct observation but is an average of three estimates
derived from remote sensing algorithms (VGPM, Eppley-VGPM and
CbPM) hence it has to be taken with caution. Moreover, due to the
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absence of riverine nutrient input and the coarse resolution of the model,
the productivity on the Agulhas Bank may be underestimated due to
being unable to resolve coastal and shelf processes adequately.

As we are reliant on in-situ measurements of DIN, all available ob-
servations across the Agulhas Bank are shown with the modelled DIN
seasonal cycle (Fig. 5¢c and d). The in-situ data are extremely variable
with observations clustered in certain months: April, May, September,
October for the CAB and May and September for the EAB. This could
indicate a considerable interannual variability in addition to the het-
erogeneous spatial distribution (illustrated on Supplementary Fig. 3). In
the model, the maximum DIN concentration occurs in austral winter
(July-August) across the Agulhas Bank, with a minimum of around 0.3
mmolN.m ™3 in austral summer-spring (from December to April). The
scarcity and unbalanced distribution of in-situ data makes it difficult to
effectively validate the details of the modelled DIN in this region;
however, the modelled values are within the observed range.

The MLD in the model and from de Boyer Montegut’s climatology (de
Boyer Montégut et al., 2004) exhibit a similar seasonal cycle on the CAB,
especially during the austral winter with a deeper mixed layer of 48-50
m (Fig. 5e). In summer, the mixed layer becomes more shallow with a
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modelled mixed layer closer to the surface (around 15 m) than in the
observations (25 m). On the EAB (Fig. 5f), the MLD is shallower than on
the CAB but it exhibits a similar seasonal cycle with its deepest mixed
layer in winter and its shallowest in summer. The model tends to pro-
duce a shallower mixed layer compared with de Boyer Montégut’s
climatology on the EAB.

Whilst higher spatial resolution is required to resolve small-scale
dynamics on the Agulhas Bank, NEMO-MEDUSA (1/4°) is able to
simulate key aspects of ocean dynamics and biogeochemistry on the
Bank.

3.2. Future projections

Annual means of SST, bottom temperature, integrated PP, surface
DIN and MLD from 2000 to 2099 are illustrated in Fig. 6. Our analysis is
based on Popova et al. (2016) and Jacobs et al. (2021) who analysed
future trends of climatic stressors by looking at if those climatic stressors
fall outside of the range of their “baseline variability”. This baseline is a
fixed period and is defined as the decadal average value over this period
plus or minus two standard deviations from the mean which represent
the range of variability. Here, we consider the period 2000-2009 as the
baseline. A considerable increase in SST, of about 0.27 °C per decade, is
evident on both parts of the Agulhas Bank, with values outside of the
range of natural variability almost immediately (Fig. 6a). However,
regarding gobal projections, this increase is slower compared with most
of the ocean regions, especially the Northern Indian Ocean (Fig. 1c in
Popova et al., 2016).

Bottom temperature (Fig. 6b) also experiences an increase, faster on
the CAB but less substantial than the surface temperatures (0.17 °C/
decade on the CAB and 0.10 °C/decade on the EAB), which implies an
increase in stratification. Bottom temperature is projected to be outside
the range of natural variability from 2030, later than SST.

Besides considerable interannual variability, especially on the CAB,
projected changes in the MLD also indicate a slow shoaling of 0.4 m and
0.2 m per decade on the CAB and EAB respectively (Fig. 6¢). After 2070,
the MLD is consistently outside of the range of “baseline variability”,
projecting shallower values (above 15 m). These findings are in line with
current literature that commonly associates ocean surface warming with
a more stratified ocean (Capotondi et al., 2012; Li et al., 2020; Yama-
guchi and Suga, 2019).

The constant shoaling of the mixed layer after 2070 is accompanied
by a decrease in DIN concentration over the Agulhas Bank (Fig. 6d).
However, although DIN concentrations fall below the baseline from
2060, this decrease is not enough to produce any significant response in
PP (Fig. 6e). An initial increase in PP is projected until 2020 before
declining until the end of the century but it remains inside the range of
the baseline variability. Even though a constant MLD shoaling and a
decrease in surface nitrate concentration is observed in the model, the
decrease in PP that we might expect is not found. It is, however,
important to note the differences with Fig. 2 which shows a significant
negative trend of PP over the wider Southwest Indian Ocean domain
(38°S-25°S, 19°E—45°E). This highlights that while the Southwest In-
dian Ocean might experience a negative trend of PP, as seen in Fig. 2,
this is not necessarily representative of what really happens on the
Agulhas Bank which seems to respond differently to long-term changes.
Nonetheless, the lack of significant decrease in PP could be the fact that
phytoplankton growth rate and, consequently, primary production in-
crease with temperature (Yool et al., 2013a, 2013b). By the end of the
century, DIN concentrations are still above 0.3 mmolN.m 3, which in-
dicates that the region is still not nutrient-limited and provides enough
DIN to enable the PP. Thus, these two opposing factors (increase of
temperature and decrease of DIN) cancel each other out.

The change in the spatial distribution of PP is also examined at the
beginning and the end of the century (Fig. 7a and b). Fig. 7b reveals
weak anomalies over the Agulhas Bank: positive anomalies of about 0.01
gC.m’z.d’1 on the CAB (around 21°E—36°S) and negative anomalies of
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d’l), (c,d) dissolved inorganic nitrogen (mmolN.m3) and (e,f) mixed layer depth (m) for 2000-2009. The modelled PP seasonal cycle is compared to an average of
PP seasonal cycle estimated from three empirical models (VGPM, Eppley-VGPM and CbPM) and computed for the period 2000-2009. DIN observations are from the
World Ocean Database (WOD). Rather than computing the seasonal cycle of in-situ nitrate, all observations (1963-2019) are shown because of their scarcity. The
“observational” seasonal cycle of MLD comes from the global annual climatology distributed by IFREMER/LOS using temperature profiles from 1990 to 2008. Left
and right panels display seasonal cycles on the Central Agulhas Bank and the Eastern Agulhas Bank respectively (see delimited areas on Fig. 2b). The vertical lines

show the range of values in the model for each month.

0.04 gC.m 2.d"! on the EAB. Interestingly, the Agulhas Current reveals
a different situation, showing a decline in productivity of ~20% from
26°E—35°S by the end of the century. Regarding the concentration of
DIN, Fig. 7c and d project a general decrease across the entire domain.
By the end of the 21st century, surface DIN concentrations are projected
to reduce by about 33% on the Agulhas Bank: by 0.6 mmolN.m > and by
0.4 mmoIN.m ™3 over the CAB and EAB respectively. This decrease in
DIN could partially be explained by a shoaling of the mixed layer over
the Agulhas Bank, highlighted in Fig. 7e and f. Indeed, reduced mixing
prevents the nutrients from being entrained from the deeper layers and
reaching the surface but this is unlikely the only factor impacting DIN
concentrations. It has been documented that wind-driven upwelling
occurring along the coast and a shelf-break upwelling induced by the
strong Agulhas Current bring nutrients to the surface (Goschen et al.,
2015; Jackson et al., 2012; Lutjeharms et al., 1996, 2000; Malan et al.,
2018).

On the southernmost point of the CAB, by the 2090s, the mixed layer
has shoaled by up to 5 m and by about 1-2 m on the EAB. However, in
the core of the Agulhas Current, the mixed layer deepens by about 1 m.
Clearly, such an insignificant shoaling in the Agulhas Current cannot
explain the projected decline of nutrients, and the explanation probably
lies with non-local advective impacts. However, a full investigation of
the mechanism of nutrient decline in Agulhas Current is outside of the

scope of this study.

To assess changes in circulation, surface current velocities are ana-
lysed for the 2000s and 2090s (Fig. 8a and b). The difference between
these two decades is also computed (Fig. 8c). The most notable change is
an onshore (north-westward) shift of the Agulhas Current, indicated by
the positive anomalies on the inshore side of the Agulhas Current and
negative anomalies on the offshore side of the Agulhas Current. This is
further demonstrated by the grey and pink dashed lines, which represent
the 0.5 m s~! contour for the 2000s and 2090s respectively. Fig. 8c
clearly exhibits a shift of the 0.5 m s~ contour onto the Agulhas Bank by
the 2090s, which occurs along most of its path but is most apparent from
22 to 24°E. This could increase the likelihood of Agulhas Current water
on the Agulhas Bank, affecting the temperature and surface currents,
which may have implications for various species. Considerable changes
are also projected in the Agulhas Return Current (southeast of 36°S,
24°E) but this is outside the scope of this study.

4. Discussion and conclusions

The waters of the Agulhas Bank are projected to undergo many
changes over the course of the 21st century. In order to analyse these
changes on the Agulhas Bank, future projections from the coupled model
NEMO-MEDUSA are used in this study. While the model is able to
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represent the main dynamics and biogeochemistry reasonably well,
including the Agulhas Current, the spatial resolution (1/4°) is unable to
resolve some small-scale dynamics on the Bank e.g. the Cold Ridge and
coastal upwelling. Additionally, since we cannot compute uncertainty
estimates as the output is from a single model, care must be taken when
putting these projections into the context of marine ecosystem man-
agement. As the spatial resolution of these Earth Systems Models in-
creases, smaller-scale processes are more likely to be resolved, which
will provide better understanding of future changes in this region.
Despite these potential drawbacks, the model does a reasonably good
job at simulating the location and strength of the Agulhas Current whilst
also capturing some mesoscale variability on monthly timescales. Thus,
we deem it a good choice for our study.

Popova et al. (2016) looked at future projections of some climatic
stressors over multiple hotspot regions, including a wide region around
South Africa (50°S-20°S, 10°E—40°E) using NEMO-MEDUSA. The au-
thors found an increase of about 3 °C through the century, which is
lower than projections for other hotspots (e.g. 4-5 °C for the Indian, east
Australian and Mozambique Channel hotspots). Here, we show that
projections for the Agulhas Bank are even smaller at 2 °C, which could
indicate that it may be a refuge for marine species. The PP for the wider
South African region is also projected to undergo a greater decline than
the Agulhas Bank by 2100, giving further evidence that it could be a
potential refuge. The projected SST increase of about 2 °C contrasts with
bottom temperature projections of an increase by about 1.5 °C on the
CAB and by 1 °C on the EAB. This surface warming, combined with a
shoaling in MLD, leads to intensified stratification on the Agulhas Bank,

while a deepening of the mixed layer is observed in the core of the
Agulhas Current. In addition to the shallower MLD on the Bank, the
model projects a reduction of surface DIN concentrations all across the
Agulhas Bank and in the Agulhas Current. Despite this reduction in DIN,
the model does not predict any significant change in PP on the Agulhas
Bank. Poulton et al. (in this issue) shows that the phytoplankton in the
upper layer of the Agulhas Bank is nitrate-limited but suggests this
limitation is most likely due to the limited amount of nutrients that can
penetrate the euphotic layer as nutrients are available in the bottom
layer. The limited PP changes can be explained by an increase in sub-
surface fraction of the primary production driven by the deeper, rather
than the surface nutrient concentration, and/or increase in the phyto-
plankton growth rate driven by the temperature increase.

These predicted oceanographic changes are likely to play an
important role in recruitment of chokka squid. Roberts & van den Berg
(2002) suggest that food availability on the Bank is unlikely to be a
critical parameter for squid paralarvae survival, as copepods, one of the
possible preys for squid paralarvae, are widely distributed across the
Agulhas Bank. However, recent research has found evidence that the
chokka squid catch is positively correlated to surface chlorophyll con-
centrations, a proxy for phytoplankton abundance (Jebri et al., in this
issue). The results of this study do not show a major reduction in PP and
therefore one could speculate that food is unlikely to become more
limiting in the future than it is at the present day.

Warmer temperatures are likely to impact the chokka squid spawn-
ing on the Agulhas Bank. Hatching of squid eggs is temperature-
dependant, with development abnormalities observed in the
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laboratory at temperatures less than 12 °C and greater than 15 °C, and at
water temperatures less than 9 °C and greater than 21 °C when abnor-
malities greatly increased (Oosthuizen et al., 2002). The developmental
time of eggs will also be faster at a higher temperature. A shorter time
span of egg and paralarvae stages, meaning that the adult stage is
reached sooner, may have a positive impact on squid recruitment as the
greater loss by advection or predation is during the early developmental
stage. Despite this, the increased temperatures projected in this model
predict a substantial decline in the chokka squid catch over the coming
decades (see Gornall et al., in this issue). Additionally, the spawning
areas on the CAB and EAB might decrease inshore spatially, causing a
negative economic impact. Spawning further offshore might also lead to
increased losses of paralarvae due to offshore advection. Hence, any
increase in bottom water temperature is likely to impact spawning
success in ways that are not yet understood and require further research.

One of the key stressors for marine ecosystems is changes to the
ocean circulation (e.g. Popova et al., 2016). Rather than major changes
in the speed of the Agulhas Current, here we find evidence of a projected
onshore (north-westward) shift of the Agulhas Current, inducing faster
flow on the Agulhas Bank. This could lead to a number of secondary
changes on the Agulhas Bank. The Agulhas Current initiates shelf-edge
upwelling onto the Agulhas Bank (Swart and Largier, 1987), with a
faster current leading to enhanced flow of cold, nutrient-rich water onto
the shelf (e.g. Russo et al., 2019), priming it for wind-driven upwelling
(e.g. Leberet al., 2017). An Agulhas Current that is in closer proximity to
the Bank may also enhance this shelf-edge upwelling. Current shifts have
previously been found to cause changes in the distribution of species (e.

g. Coleman et al., 2013; Cetina-Heredia et al., 2015). A shift of the
Agulhas Current onto the Bank could be detrimental for chokka squid
and many other pelagic species that spawn on the EAB and CAB.
Although faster currents on the Bank enable a greater likelihood of
paralarvae reaching the feeding grounds on the CAB, i.e. the Cold Ridge
(e.g. Downey-Breedt et al., 2016; Jacobs et al., in this issue; Huggett
et al., in this issue), there is also an enhanced risk of offshore losses
(Jacobs et al., in this issue). Although there is a greater chance of the
paralarvae reaching the feeding grounds, Jacobs et al. (in this issue)
there is also a higher risk that they will get advected past the CAB and off
the shelf before they have developed sufficiently to control their own
movement. Additionally, the Agulhas Current being in closer proximity
to the Bank will increase the interaction of Agulhas Bank waters with
mesoscale features associated with the current, e.g. Natal Pulses, me-
anders and plumes, further increasing the risk of offshore losses. To
understand the implications of changes in Agulhas Current position,
Lagrangian experiments should be conducted in a high-resolution model
(>1/12°), which is not yet available for future projections.

The combination of the increase of velocity on the Bank along with
an increase in water temperature is likely to impact the distribution of
various species in the long-term via impact on their growth and
recruitment success. Although our approach was limited by the spatial
resolution of the model which was too coarse to resolve all the key
processes on the Agulhas Bank (such as wind-driven upwelling, shelf-
edge upwelling or the Cold Ridge which are important features for the
upward flux of nutrients), this future projection is the only one currently
available for the region at resolution of 1/4°.
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Despite the uncertainties, the NEMO-MEDUSA projections of mean
PP and DIN are consistent with CMIP5 models over the wider Agulhas
Current region and provide some further insights into the consequences
of climate change in this region not possible from coarser resolution
climate models. The projections of temperature and current patterns
highlighted here will have complex biological, physiological and
behavioural implications for chokka squid that are difficult to predict
and may lead to serious consequences for the chokka squid fishery in-
dustry which is based in the already impoverished Eastern Cape.
Improving our understanding of future changes on the Agulhas Bank by
using even higher resolution models that resolve all the key processes on
the Bank is critical in order to implement conservation and management
plans for the region.
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