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The combined use of satellite-derived environmental data and a dynamic energy budget (DEB) model to
determine Pacific oyster growth potential was adapted for the South African marine environment. Study areas
consisted of the West Coast (high-chlorophyll, low temperature) and the South Coast (variable chlorophyll,
higher temperature) ecoregions. Chlorophyll-a and sea surface temperature products from the Moderate Reso-
lution Imaging Spectroradiometer (MODIS) were used to simulate yearly growth for 18 years. Average growth
performance at the end of the culture period was mapped and compared for prominent sectors. Industry-relevant
growth indicators, “days to reach commercial weight” and “optimal culture period length” were also established.

High growth potential was found in eastern nearshore sectors of the South Coast, particularly Plettenberg Bay,
where oysters reached a median total weight (TW) of 271 g within 9 months. Other sectors in the region yielded
Large commercial size within 150 days. However, South Coast growth hotspots were found to be highly variable,
with transient unfavourable growth conditions leading to low flesh mass relative to TW. Growth potential was
favourable in northern sectors of the West Coast, where oysters reached a median TW of up to 148 g in 9 months,
Large commercial size within 200 days, and contained high flesh mass relative to TW.

Current oyster production sites were not found to be optimal for growth. Higher-growth sites coincide with
areas in economic decline or with high levels of poverty. However, due to constraints of applying DEB models
over large spatial scales, these results are considered preliminary and await in situ verification, as well as a spatial
multi-criteria analysis, before investment and development.

1. Introduction

While aquaculture has overtaken capture fisheries as a global sea-
food supply (Brugere et al., 2019; Naylor et al., 2021; Pernet and
Browman, 2021), in South Africa aquaculture still contributes less than
1% to the country’s seafood supply despite declining fish stocks (DAFF,
2014). Considering the high primary productivity of South African
coastal waters, particularly in the Benguela upwelling area (Pitcher and
Jacinto, 2019), such aquaculture production is paradoxically extremely
low.

Pacific oyster was introduced to South African shores in the late
1970 s for aquaculture purposes (Haupt et al., 2010; Keightley et al.,
2015; Robinson et al., 2005). Although it is considered a highly invasive
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species elsewhere (Troost, 2010), wild populations of C. gigas have only
been established on the South Coast, where temperatures and food
sources are sufficient for survival, and high enough for spawning to
occur (Keightley et al., 2015; Robinson et al., 2005). The high temper-
ature on the East Coast, due to the warm Agulhas Current, does not allow
for survival. On the West Coast, the Benguela upwelling system provides
cool waters and abundant phytoplankton - an environment optimal for
oysters and where studies have reported the highest recorded Pacific
oyster growth rates in the world to date (Nel et al., 2014; Pieterse et al.,
2012). Interestingly, along the West Coast, seawater temperature is too
low for reproduction to occur and wild populations to establish (Bernard
et al., 2011; Castanos et al., 2009; Dutertre et al., 2009; Haupt et al.,
2010). The South African coastal environment thus provides an
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interesting location for the cultivation of this alien species, specifically
on the West Coast where there is less overlap of range with native oyster
species (Pinctada capensis, Striostrea margaritacea, Ostrea algoensis and
Ostrea atherstonei) and where it can be cultivated with a lower risk of
becoming invasive.

Despite unprecedented growth rates in multiple locations, there has
been little success in expanding the oyster aquaculture sector, evident
when comparing South African and global production estimates.
Although in 2016 it was reported that there were eight farms in South
Africa collectively producing 277 tons of Pacific Oyster (DAFF, 2017a),
in 2019 only five farms remained. There is thus a need to find suitable
sites for marine shellfish cultivation in South Africa. To ensure the
viability and longevity of any oyster cultivation venture, a scientifically
informed determination of potential grow-out sites and subsequent
marine spatial planning is required.

Traditional site selection for aquaculture has been broadly based on
either selecting for areas known to be environmentally suitable for the
species, or areas where the species’ cultivation has been historically
documented (Krause and Stead, 2017). While this explicates where
aquaculture is possible, it may not give insight into where aquaculture is
optimal, nor does it uncover new sites. For the discovery of new and
optimal cultivation areas, including those offshore, a combined
approach of Earth Observation (EO) and ecophysiological growth
models is advantageous. Observation of the spatio-temporal variability
in the growth of many aquaculture species using this approach informs
the optimal locations and periods for cultivation (Barillé et al., 2020;
Bertolini et al., 2021; Palmer et al., 2020). The use of EO makes it
possible to measure environmental variables relevant for aquaculture
site selection such as sea surface temperature (SST), suspended partic-
ulate matter (SPM), and chlorophyll-a (chl-a) concentration across a
variety of temporal and spatial scales (Gernez et al., 2017; Snyder et al.,
2017). Gernez et al. (2021) outlined the latest use of EO to inform
aquaculture planning, development, and management, noting its utility
in site-selection, harmful algal bloom (HAB) monitoring and growth
monitoring. This approach has been applied to South Africa for the
purpose of HAB detection using Envisat/MERIS and Sentinel3/OLCI
satellite missions (Pitcher et al., 2019; Smith et al., 2018; Smith and
Bernard, 2020; Smith and Pitcher, 2015), but has not yet been used as a
site-selection tool. By applying EO data to ecophysiological models such
as the Dynamic Energy Budget (DEB) model (Palmer et al., 2020, 2021),
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the spatio-temporal extent of Pacific oyster potential growth can be
more precisely established.

The objective of this study is to determine optimal sites for mari-
culture of C. gigas in the South African coastal waters using a combined
EO-DEB model approach. The DEB model was calibrated and validated
using in situ oyster growth data. Then, nearly two decades of satellite SST
and chl-a observations (2002-2020) for South African coastal waters
were used as inputs of DEB simulations to investigate the spatio-
temporal variability in oyster growth, identify the most performing
sites, and determine the optimal culture period duration through
different model scenarios.

2. Materials and methods
2.1. Study areas

The South African Exclusive Economic Zone (EEZ) encompasses a
range of climatic conditions, from tropical in the Indian Ocean to
temperate in the Atlantic (Griffiths et al., 2010; Sink et al., 2018). For the
purposes of Pacific oyster cultivation, the West and South Coasts were
chosen due to their environmental suitability for this temperate species -
low enough temperatures and sufficient phytoplankton concentration
(Fig. 1). These are also areas where oyster aquaculture currently occurs
or has historically been practised. As each coast is composed of distinct
ecoregions, and thus have vastly different environmental characteristics,
the model was calibrated and applied separately to the South and West
coasts. This resulted in two study areas: the West Coast (28.60°S,
14.50°E; 35.75°S, 20.00°E), broadly encompassing the Southern Ben-
guela Shelf Ecoregion (Fig. 1b), and the South Coast (33.30°S, 20.00°E;
36.50°S, 27.00°E), broadly encompassing the Agulhas Shelf Ecoregion
(Fig. 1c). Despite falling within the Agulhas Shelf Ecoregion, False Bay
was included in the West Coast study area due to its similarity in tem-
perature and chlorophyll-a levels with Southern Benguela bays.

The Southern Benguela Shelf Ecoregion is a highly productive area
characterised by large-scale upwelling from the equatorward Benguela
current (Fig. 1), giving rise to high levels of phytoplankton and reduced
water temperatures. Average annual chlorophyll-a (chl-a) concentration
in the area ranges from 1 to 10 pg. L™}, although levels can reach well
over 40 pg. L1 depending on the region and prevailing oceanographic
conditions (Brown, 1992; Demarcq et al., 2007; Weeks et al., 2006). The
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Fig. 1. Study areas with major surface currents (AR: Agulhas rings. BCC: Benguela Counter Current) and ecoregions (blue: Southern Benguela Shelf Ecoregion, green:
Agulhas Shelf Ecoregion, orange: Natal Shelf Ecoregion)). Waters deeper than 200 m are masked due to infeasibility beyond this depth (Gentry et al., 2017). Sectors
of interest indicated by black points (Table A3). Sectors of current C. gigas culture: AB (Algoa Bay) and SB (Saldanha Bay). Red points indicate main ports. A) Location
of study area within the African continent, b) West Coast study site, ¢) South Coast study site.

Adapted from Kampf and Chapman (2016), Picther and Jacinto (2020) and Gordon (2003).
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mean annual SST in the Southern Benguela Ecoregion ranges from 9 to
18 °C, with the occurrence of cold-water (9-13 °C) upwelling cells
particularly increasing in nearshore areas in the spring and summer
(Griffiths et al., 2010; Weeks et al., 2006).

The South Coast is located between the Benguela current and the
warm poleward Agulhas current on the East coast (Fig. 1). The envi-
ronmental characteristics in the area are thus moderate, with mean
annual chl-a concentration ranging from 0.1 to 6 pg. L™* (Demarcq et al.,
2003) and mean annual temperatures ranging from 14 to 22°C
(Demarcq et al., 2003; Schumann et al., 2005). The occurrence of salty
warm-water eddies (Agulhas rings) from the Agulhas Retroflection lead
to small-scale variations in surface temperature and salinity (Schumann
et al., 2005). The South Coast is relatively oligotrophic compared to the
West Coast, but contains several seasonal upwelling cells, most apparent
when South-Westerly winds blow (Goschen et al., 2012; Mbambo,
2014). The region is also home to the native oyster and pearl oyster
species, Striostrea margaritacea, Pinctada capensis, and Ostrea atherstonei,
and has a limited number of wild Pacific oyster populations (Haupt
et al., 2010; Keightley et al., 2015; Robinson et al., 2005).

Within each of the study areas, sectors of interest (Fig. 1) were
chosen based on the presence of prominent coastal bays and in-
dentations (particularly for the South Coast), the presence of relevant
infrastructure (e.g., road access), and regular spacing to ensure a greater
extent of the coastline was sampled. For a full list of coordinates for each
sector refer to Appendix A (Table A3).

2.2. Earth Observation data

All forcing data were obtained from satellite observations. Chl-a
concentration, a proxy for food availability, and SST were used as in-
puts of the ecophysiological model (see 2.4.1). SPM or particulate
inorganic matter (PIM) was not used as a forcing variable, as PIM con-
centration was less than 50 mg L™! for both Saldanha and Algoa Bay,
with a negligible impact on oyster ecophysiology and growth (Barillé
et al.,, 1997; Luger et al., 1998; Luger and van Ballegooyen, 2000;
Mbambo, 2014).

In order to reduce the number of observation gaps, 8-day composites
at a spatial resolution of 4 km? were selected. Both chl-a concentration
and SST were measured by the Moderate Resolution Imaging Spectro-
radiometer (MODIS) onboard the Aqua satellite mission. The near-
surface chl-a concentration (https://oceancolor.gsfc.nasa.gov/atbd/ch
lor_a/) was computed using a merged algorithm which switches be-
tween the standard ocean colour band ratio (OC4, O’Reilly et al., 1998)
and the colour index (CI, Hu et al., 2012) to improve the accuracy of
chl-a retrievals in clear waters. SST was computed using a long-wave
infrared algorithm based on MODIS’s 11 um spectral band (https://oc
eancolor.gsfc.nasa.gov/atbd/sst/). For compatibility with the DEB
model, which runs on daily input data, the 8-day chl-a and SST data
were converted to daily data via linear interpolation. Missing values due
to cloud cover were also estimated using linear interpolation. The pro-
portion of missing values due to cloud cover was 13% across all 18 years
and showed no seasonal effect.

2.3. In situ data

For the DEB model validation, in situ oyster growth measurements,
Chl-a concentration, and SST were acquired from Saldanha Bay
(33.00°S, 18.00°E) and Algoa Bay (33.95°S, 25.60°E), using data from
Pieterse et al. (2012) and Nel et al. (2014). Saldanha Bay and Algoa Bay
both contain Aquaculture Development Zones (ADZs) deemed suitable
for Pacific oyster production (CSIR et al., 2019), with four farms
occurring in Saldanha Bay and one in Algoa Bay as of 2019. The studies
were performed for grow-out periods from May 2010 to March 2011 and
June 2011 to July 2012 respectively. Growth measurements consisted of
bi-monthly dry flesh mass (DFM) and total weight (TW) readings from
40 oysters per cohort in each area. Data were from 4-month-old (initial
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TW: 4 g) and 6-month-old (initial TW: 19 g) cohorts in Pieterse et al.
(2012), and a 2-month-old cohort (initial TW: 0.5 g) in Nel et al. (2014).
Since both in situ studies produced oysters at different depths, only
measurements from those grown at a depth of 1.5 m were used, ensuring
that environmental conditions better correspond to surface satellite
measurements. For each of the three cohorts per area, average and
standard deviation of the bi-monthly DFM and TW were calculated. As
raw growth data was only provided from Nel et al. (2014), growth
measurements from Pieterse et al. (2012) were obtained through a plot
digitiser. In situ Chl-a and water temperature readings were also ob-
tained from these studies. Although raw data were not available, daily
average chl-a and water temperature measurements were likewise ob-
tained by digitising plots from both papers.

2.4. Pacific oyster DEB model

2.4.1. Model description

The model follows the basic structure of the generic DEB model first
described by Kooijman (2000) (Fig. A1; For more detail see Appendix A).
Spawning is controlled by two parameters: a gonado-somatic index
(GSI) threshold of 0.4 and a temperature threshold of 20 °C, below
which spawning will not occur. Oysters were assumed to be under 100%
immersion as culture techniques in South Africa comprises long-line and
raft culture and do not make use of intertidal areas.

The final outputs of DFM and Shell Length (L) are determined by
equations that relate structural volume to weight and length. An
industry-relevant output of TW was then determined using the empiri-
cally derived equation TW = 0.081 L3, As in situ length data was not
available, this equation was formulated by nonlinear regression anal-
ysis, using C. gigas growth data across French localities from the RESCO
REMORA database for 2010-2013 (Fleury et al., 2021) (Fig. A3).

Model parameters were all taken from Palmer et al. (2020) and
Thomas et al. (2016), unless otherwise specified. These model param-
eters were previously based on works from van der Veer et al. (2006),
Pouvreau et al. (2006), Bacher and Gangnery (2006), Bourles et al.
(2009) and Bernard et al. (2011). For a full list of model parameters refer
to Appendix A (Table Al).

2.4.2. Individual-based model simulations

To better account for differences in performance between individual
oysters in a population, initial DFM, initial L, and half-saturation coef-
ficient (Xi) values were randomised before applying the model. Each of
the three input variables were randomised around the mean value 10
times, with a standard deviation for each variable (Table A2), thus
giving 10 model iterations for each scenario, i.e., acting as 10 simula-
tions of individual oysters for each year and study area. To determine the
final model outputs for a given year, averages were taken across the 10
individuals along with standard deviation.

2.4.3. Model calibration & validation

Model calibration was performed using in situ DFM and TW data for
the 6-month-old cohort (Pieterse et al., 2012) and the 2-month-old
cohort (Nel et al.,, 2014). Satellite data points for calibration were
33.9226°S, 25.8005°E for Algoa Bay and 33.1113°S, 17.8376°E for
Saldanha Bay, thus slightly offshore compared to the in situ measure-
ments. This was due to interference within the coastal zone generating
numerous undefined chl-a values. Satellite coordinates were thus
selected to be as close as possible to in situ coordinates. Daily mean water
temperature and chl-a measurements were compared to their
satellite-derived equivalents via a Spearman’s correlation and a linear
regression against a 1-to-1 relationship to ensure agreement.

Calibration was carried out separately for the two study sites: the
South Coast, of which Algoa Bay is assumed to be representative, and the
West Coast, of which Saldanha Bay is assumed to be representative
(Fig. 1). This was done by calibrating the following model parameters:
the half-saturation coefficient related to the feeding processes (Xy), the
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shape parameter (§), and the minimum spawning temperature
threshold. Calibration involved fitting the modelled growth outputs to
the in situ growth measurements by manipulating Xy, 8, and the
spawning temperature threshold. Initial parameters used were those
from Thomas et al. (2016), with modifications to the shape parameter
and spawning temperature guided by Bourles et al. (2009).

The shape parameter, describing the relationship between the Vol-
ume (i.e., DFM) and Length of oysters, was modified as in situ data
showed that the previous relationship was not consistent for C. gigas in
South African environments. The spawning threshold was modified as
the 18-20 °C value used for European waters (Thomas et al., 2016) was
triggering spawning events in the simulations in contradiction with the
in situ observations, suggesting the need for a higher value. It was
modified to 25 °C for oysters in the Agulhas Ecoregion, as in situ data
indicated that spawning did not occur, despite adequate GSI values and
temperature values over 20 °C. This spawning thermic threshold
initially determined for the West European Atlantic coast can indeed be
higher in warmer waters such as Mediterranean lagoons (Ubertini et al.,
2017).

The fit was initially considered to be suitable when the overlap be-
tween the in situ means + SD and the range of the model outputs (DFM
and TW) were maximised throughout the entire growth period. To
confirm that the in situ and simulated values matched, Spearman’s
correlation and linear regression against a 1-to-1 line were performed.
The root mean squared error (RMSE) and normalised mean bias (NMB)
values for both Algoa and Saldanha Bay were calculated for each cali-
bration result.

Model validation was performed using in situ DFM and TW data for
the 4-month-old cohort (Pieterse et al., 2012), using the model param-
eters shown in Table 1. The simulations were first considered to be ac-
curate when overlap between the in situ means + SD and the range of the
model outputs occurred throughout the entire growth period. The model
results were then compared to their in situ equivalents by correlation and
linear regression, weighed against a 1-to-1 relationship, to further
evaluate the model’s performance. The RMSE and NMB were also
calculated for each validation result.

2.4.4. Model application and industry-relevant growth indicators

The individual-based model application involved applying the vali-
dated Algoa Bay parameters for the Agulhas Ecoregion and Saldanha
Bay parameters for the Southern Benguela Ecoregion to 18 years of
forcing data (2002-2020).

To provide insight into which areas have the highest growth poten-
tial, the model was applied to 4-month-old oyster juveniles (4 g TW)
annually, from July, for a total grow-out period of 9 months (shown to
be the period of best overlap with in situ measurements after validation).

Table 1

Input parameters for the Pacific oyster DEB model, parameterised for Algoa Bay
and Saldanha Bay, South Africa, as a result of model calibration with 16 in situ
TW and DFM data points for each region. Calibration statistics are from tests of
model vs. in situ data for the 2-month old and 6-month-old cohorts combined.
95% significance level is indicated by ***.

Site Algoa Bay Saldanha Bay

0.175 (van der Veer et al., 0.22
2006)
2.94+0.1pg L' chl-a

Shape parameter (8)

Half saturation coefficient 5.5+ 0.1 pg. L~ lchl-

Xk) a

Spawning temperature 25°C 20 °C (Pouvreau,
2006)

Calibration statistics (model vs. in situ ) for 2mo + 6mo cohorts

R? (DFM) 0.86%** 0.86%**

RMSE (DFM) 1.18¢g 1.22¢g

NMB (DFM) 1.37 g

R? (TW) 0.88%**

RMSE (TW) 25.55¢g

NMB (TW) -12.07 g
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Outputs included maps portraying the spatial variation of DFM, L and
TW across the study areas at the end of the grow-out period. Average
final DFM, L and TW (& standard deviation) were calculated for the 18-
year period and mapped.

Industry-relevant indicators of TW commercial size classes and
average “time to commercial weight”, as described by Palmer et al.
(2020) (Fig. A2), were then calculated for the 18-year period and
mapped across the study areas along with the standard deviations. The
time to reach a substantial commercial size of 100 g (Haupt et al., 2010;
Knysna Oyster Company; Viking Aquaculture; Table 2) was specifically
computed to determine if grow-out periods could be shortened to avoid
HAB peak-seasons occurring in the late summer and early autumn
(Pitcher and Jacinto, 2019).

To determine to what extent a shorter and earlier grow-out period
would cause differences in final average DFM and TW, three different
culture period lengths were assessed (150 days, 200 days, and 250 days),
starting in July of each of the 18 years. The mean and standard deviation
of all growth metrics were mapped across the study areas.

For each sector, DFM, L and TW were extracted from 1 pixel for each
of the 10 individual simulations, for each of the 18 years, giving a total
of 180 data points per sector for each growth metric. After testing for
normality and homoscedasticity, a Welch’s One-Way Analysis of Means
was performed, which accounted for unequal variances, in addition to a
post-hoc Games-Howell Multiple Comparisons Test to determine if final
measurements differ statistically among sectors. This statistical analysis
was also applied to DFM and TW outputs of the three culture periods to
determine if final measurements differ statistically among sectors.

3. Results
3.1. Forcing data

3.1.1. 18-year average Chl-a and SST

MODIS data for the period 2002-2020 reflected results expected
from the Agulhas and Benguela Ecoregions. The mean 18-year chl-a
concentration was shown to be highest within 25 km of the shore
along the West Coast, particularly between St. Helena Bay and Lambert’s
Bay, as well as Alexander Bay (Fig. 2a). On the South Coast, localised
chl-a hotspots were observed within bays east of Mossel Bay (Fig. 2a).
Chl-a hotspots near Plettenberg Bay, Lambert’s Bay and St. Helena Bay,
show high standard deviation, indicating that although chl-a concen-
tration is high, it is also more variable in these areas (Fig. 2b). Average
SST values confirmed a strong temperature delineation between the
West, South, and East coasts of South Africa, with the mean temperature
ranging from 13 to 18 °C on the West coast, 15-20 °C on the South
Coast, and 20-25 °C on the East Coast (Fig. 2¢). While the South Coast is
slightly warmer than the West Coast, it also shows greater variability
(Fig. 2d).

Table 2

Shortest culture period length (150 days, 200 days, or 250 days) required for
oysters to reach each of the seven commercial size classes (measured according
to total weights), indicated by sector and/or study area. For a full list of sectors
refer to Table A3.

Size class Total weight Sector/Study area (days to reach weight)
(€3]
Cocktail/ 40-49 g All sectors (150 days)
Champagne

Medium 50-69 g All sectors (200 days), South Coast (150 days), LB
(150 days), SHB (150 days)

Large 70-90 g All sectors (250 days), South Coast (150 days),
LB (200 days), SHB (200 days)

X-Large 91-110 g All sectors ex. Y (150 days), MB (200 days), JB
(200 days), PB (200 days)

XX-Large/ 111-130 g PB (200 days), JB (200 days), MB (200 days), LB

Giant (250 days), SHB (250 days), AB (250 days)
Super Giant 200-380 g JB (250 days), PB (250 days)
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Fig. 2. 18-year a) mean and b) standard deviation of MODIS 8-day chl-a product, and 18-year c¢) mean and d) standard deviation of MODIS 8-day SST product within
the South African marine environment for the period July 2002 — June 2020. Sector labels are indicated in white.

3.1.2. Comparison of satellite and in situ Chl-a and Temperature

Comparison of in situ and satellite-derived chlorophyll concentration
across the calibration and validation periods showed a comparable
range in both Algoa and Saldanha Bay. However, many mismatches of
chlorophyll peak and trough timing were observed (Fig. Bla). Linear
regression and correlation between satellite and in situ chl-a showed a
weak non-significant relationship in Saldanha Bay (Spearman’s R =
0.06, p > 0.05), and a weak significant relationship in Algoa Bay
(Spearman’s R = 0.29, p < 0.05). In situ and satellite data were better
matched for temperature measurements and within a comparable range
(Fig. B1b). Correlation showed moderate and significant relationships: R
= 0.54, p < 0.05 and R = 0.59, p < 0.05 for Saldanha Bay and Algoa
Bay respectively.

3.2. Model calibration and validation

3.2.1. Calibration: model parameters & model output versus in situ
measurements

Model parameters resulting from calibration can be found in Table 1.
To optimally match both in situ DFM and TW values, different shape
parameters, half-saturation coefficients, and spawning temperatures
were needed for Algoa and Saldanha Bay. The higher shape parameter
utilised in Saldanha Bay allowed greater DFM growth with lower shell/
TW growth, and the inverse for oysters grown in Algoa Bay. Half-
saturation coefficients between Algoa and Saldanha Bay differed quite
markedly, with a higher value required for Saldanha Bay, due to the
higher food availability.

Model calibration showed a good agreement between model simu-
lations and in situ DFM and TW measurements for the 2-month-old
C. gigas cohort throughout the growth trajectory (2011-2012)
(Fig. B2). However, in Saldanha Bay, modelled DFM and TW at the end
of the culture period appear to underperform compared to in situ mea-
surements. A good agreement was also obtained for the 6-month-old

cohort (2010-2011). Linear regressions between observed and
modelled DFM and TW revealed reasonably strong one-to-one re-
lationships when considering both the 6-month-old and 2-month-old
cohorts (Table 1). The RMSE values for both Algoa and Saldanha Bay
DFM were less than 1.22 g. However, NMB suggested that, overall,
modelled TW for Algoa Bay may be underestimated, whereas slight
overestimations were observed for Saldanha Bay (Table 1).

3.2.2. Validation: model output versus in situ measurements

The DEB model DFM outputs were validated using the 4-month-old
cohort, and significant relationships close to the 1-to-1 line were ob-
tained between observed in situ and simulated DFM data (Fig. 3). The
same was observed for TW. Some discrepancies were observed, with
model outputs toward the end of the culture period higher than their in-
situ equivalents (Fig. 3b). The NMB was also shown to be negative when
assessing the fit of DFM, and positive when assessing TW, suggesting a
trade-off between good DFM and good TW fit (Fig. 3). RMSE values for
DFM were less than 1.5 g for both Saldanha and Algoa Bay. These values
were expectedly higher for TW. However, the RMSE for Algoa Bay TW
(45.5 g) was three times higher than that of Saldanha Bay TW (14.8 g).
Due to this overestimation of TW and DFM towards the end of the cul-
ture period, a shorter 9-month culture period was applied during model
application.

3.3. Model application

3.3.1. Growth potential in the South Coast (Agulhas Ecoregion)

At the end of the 9-month culture period South Coast median oyster
TW ranged from 117.65 g to 271.10 g in for Infanta-Bree River Estuary
and Plettenberg Bay respectively (Fig. 4a, b). Statistically significant
differences were found between mean TW of all South Coast sectors
(Fig. 4a; Welch’s One-Way Analysis of Means, F = 21.46, p < 0.01). The
current C. gigas production sector, Algoa Bay, was found to have a lower
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Fig. 3. Validation of the DEB parametrization for Algoa and Saldanha bays. Model outputs of oyster DFM (a,c) and TW (b,d) for Saldanha Bay and Algoa Bay,
compared to in-situ measurements for a 4-month-old C. gigas cohort (initial DFM: 0.5 g, initial TW: 4 g). Grow-out period commenced in May 2010 and measurements
were recorded bi-monthly from August 2010 to March 2011. In-situ measurements are shown in red. Normalised Mean Bias (NMB), Root Mean Square Error (RMSE)
& coefficient of determination (R?) are indicated. Statistical significance is indicated at a 99% level (***).

median TW of 162.5 g relative to high-growth sectors Plettenberg Bay &
Jeffrey’s Bay (216.59 g), yet higher than Infanta-Bree River Estuary &
Mossel Bay (135.76 g) (Games-Howell Multiple Comparisons Test;
p < 0.01). Generally, the closer to the shore, the greater the final
weights, with elevated-growth areas located within bays on the east.
Specific TW growth hotspots were observed in Plettenberg Bay, Jeffrey’s
Bay, Mossel Bay, and Algoa Bay. Elevated standard deviation around the
mean in these growth hotspots indicated that variation in final weight is
substantial, with standard deviation of TW values being comparable to
mean TW values in extreme coastal areas of Plettenberg Bay and Jef-
frey’s Bay (Fig. B3).

Similar patterns were found for mean DFM (Fig. B3a, B3b), with
higher values concentrated in the extreme nearshore areas east of Mossel
Bay. High variation in coastal areas of Plettenberg Bay was also observed
(Fig. B3c). Median final DFM ranged from 5.16 g (Infanta-Bree River
Estuary) to 12.40 g (Plettenberg Bay).

3.3.2. Growth potential in the West Coast (Benguela Ecoregion)

At the end of the 9-month culture period median TW values ranged
from 80.67 g (Alexander Bay & Hondeklip Bay) to 148.27 g (St. Helena
Bay & Lambert’s Bay) (Figs. B4a, 5a). Overall, significant differences in
TW between West Coast sectors was found (Fig. 5a; Welch’s One-Way
Analysis of Means, F =178.98, p < 0.01). The median TW values were

significantly higher for Lambert’s Bay and St. Helena Bay compared to
all other sites (Games-Howell Multiple Comparisons Test; p < 0.01).
Alexander Bay, Hondeklip Bay, Yzerfontein, and Saldanha Bay were
lower-growth areas and not statistically different from one another.

The trend of nearshore-areas yielding higher final weights held for
the West Coast, however, a large growth hotspot was observed directly
north of the Cape Columbine peninsula (32.8°S, 17.85°E). Contrary to
the South Coast, in the West Coast higher growth tends to occur slightly
offshore, seen along the coastal areas south of Hondeklip Bay and north
of Cape Columbine (Fig. 5b). The tendency of high-growth areas to have
a high standard deviation is not observed here, with West Coast TW
showing consistently low standard deviation (Fig. 5¢c).

Mean final DFM growth patterns corresponded to those of TW
(Fig. B4a, B4b), however the standard deviation was less homogenous,
with higher values found in high-growth hotspots (Fig. B4c). Median
final DFM ranged from 6.25 g (Alexander Bay & Hondeklip Bay) to
12.39 g (Lambert’s Bay & St Helena Bay).

3.3.3. Assessment of industry-relevant growth indicators

In both the Agulhas Ecoregion and Benguela Ecoregion a commercial
weight of 100 g was achieved within 9 months for the majority of sites
within 50 km of the shore (Figs. 4a, 5a). Exceptions to this are areas
adjacent to the southernmost point of Africa, Cape Agulhas (34.83°S,
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Fig. 4. a) South Coast intra- and inter-sector variability of
simulated C. gigas Total Weight (TW) at the end of the
yearly culture period (1 July-1 April) from 2002 to 2020,

starting with a 4-month-old cohort (initial TW: 4 g). Letters
indicate significant differences at a 99% level after a
Welch’s One-Way ANOVA (p < 0.01). Spatial variability of

b) mean according to size class and c) standard deviation of
TW at the end of yearly culture period, d) mean time to
reach 100 g TW. Areas further than 100 km from the shore
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20.01°E), in both the South Coast and West Coast study areas. The
number of days required to reach commercial weight generally
increased with distance offshore (Figs. 4d, 5d). The standard deviation
for the mean number of days to reach 100 g commercial weight was
5-10 days for both study areas. Coastal sections from Mossel Bay to
Plettenberg Bay on the South Coast allow commercial weight to be
attained within 150 days. This was also observed in the centre of Jef-
free’s Bay, and particular areas east of Algoa Bay. The West Coast
showed consistent growth rates within the first 50 km from the shore,
where oysters were able to reach commercial weight within 150 days.
Areas further offshore showed slower growth rates. However, com-
mercial weight was still achieved within 300 days, except for areas south
of False Bay which were unable to reach 100 g at all.

A summary of the results of the final simulated TW achieved at each
culture period (150 days, 200 days and 250 days) for each sector can be
found in Table 2. These simulations showed that on average all sectors
are able to reach Cocktail and Medium sizes in 150 and 200 days
respectively. The more popular Large size can be reached in all sectors

26

26

and deeper than 200 m are masked in grey. For full sector
names refer to Table A3.

0

0

within a 250-day culture period, with shorter culture periods possible in
South Coast sites, as well as Lambert’s Bay and St Helena Bay in the West
Coast. The Yzerfontein site in the West Coast showed the slowest growth
rates.

In the South Coast, most areas East of Mossel Bay and within 50 km
of the coast can reach the popular Large and X-Large sizes within 250
days. The same trend is observed in the West Coast; however, a greater
proportion of the offshore region can meet these popular size-class tar-
gets within 250 days. High-growth areas are again highlighted as St
Helena Bay and Lambert’s Bay, plus False Bay and offshore Alexander
Bay to a lesser extent.

4. Discussion
4.1. Oyster growth potential in South Africa

Following the 2018 Aquaculture Development Bill, the Department
of Agriculture Forestry and Fisheries (DAFF; now, the Department of
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Fig. 5. a) West Coast intra- and inter-sector variability of simulated C. gigas Total Weight (TW) at the end of the yearly culture period (1 July-1 April) from 2002 to
2020, starting with a 4-month-old cohort (initial TW: 4 g). Letters indicate significant differences at a 99% level, after a Welch’s One-Way ANOVA (p < 0.01). Spatial
variability of b) mean according to size class and c) standard deviation of TW at the end of yearly culture period, d) mean time to reach 100 g TW. Areas further than
100 km from the shore and deeper than 200 m are masked in grey. For full sector names refer to Table A3.

Environment, Forestry and Fisheries) proposed eight marine Aquacul-
ture Development Zones (ADZs), six of which were noted to be suitable
for Pacific oyster cultivation (CSIR et al., 2019). This selection was
largely based on previous oyster culture sites and temperature suit-
ability. ADZs are in development in Saldanha Bay (an already estab-
lished mussel and oyster aquaculture area) and Algoa Bay (a less
productive, but historically prominent site of shellfish cultivation) (CSIR
et al., 2019; DAFF, 2017b). Pacific oysters grown in these areas have
reported 10-month growth of 0.4-8.9 g and 0.2-9.2 g DFM in Algoa Bay
and Saldanha Bay respectively (Pieterse et al., 2012). In terms of TW,
this corresponded to 3.0-150 g and 3.4-105 g. This high growth was
confirmed with modelling here, where 18-year averages centred around
the higher end of this range in Algoa and Saldanha Bay, and even higher
for other sectors. The present study elucidates the additional influence of
chlorophyll and mechanistically demonstrates how chlorophyll,
together with temperature, predicts C. gigas growth.

Chlorophyll-a concentration was confirmed to be the greatest pre-
dictor of oyster growth potential (Bourles et al., 2009; Monaco et al.,
2019; Sara et al., 2012), where high-chlorophyll areas showed the
greatest increases in TW, L and particularly DFM. As expected,
high-chlorophyll areas indicated in forcing data coincide with areas of
upwelling. Results here also maintained that any offshore development
of oyster mariculture should ideally be within 30 km from the shore and
not further than 50 km, after which growth begins to decline.

Due to reasons outlined in Section 4.2., caution should be taken
when interpreting the absolute growth values presented in the Results.
We can, however, make spatial comparisons of growth within each
ecoregion, and by doing so can deduce that current oyster cultivation

sites (Algoa Bay and Saldanha Bay) have a relatively low growth po-
tential within their respective ecoregions. Instead, our study shows that,
when only considering the DEB outputs of final TW and DFM values,
C. gigas mariculture would be better suited to Lambert’s Bay (West
Coast), St. Helena Bay (West Coast), and Plettenberg Bay (South Coast).

The higher variability in DFM and TW in South Coast hotspots match
prevailing oceanographic conditions in the Agulhas Ecoregion. The
combination of coastal, wind-driven upwelling near Jeffrey’s Bay and
Plettenberg Bay, divergent upwelling east of Algoa Bay, and the influ-
ence of warm-water eddies from the Agulhas current leads to highly
variable environmental conditions (Demarcq et al., 2003; Goschen et al.,
2012; Goschen and Schumann, 2010; Roberts, 2005; Schumann et al.,
2005). Conversely, when observing the West Coast (specifically the
northern Benguela Ecoregion) the large-scale and nearly constant up-
welling leads to considerably less variability (Demarcq et al., 2003;
Lockerbie and Shannon, 2019; Probyn et al., 2000; Roberts, 2005). Upon
examining the inter-annual variability of growth potential during the
study period, outliers of high DFM and TW appear for each study area,
influenced by two years of anomalously high chlorophyll concentration
(2008 for South Coast; 2012 for West Coast). Consistency in growth is an
important factor for aquaculture ventures, as aquaculture is already
considered a high-risk investment. Therefore, mariculture sites on the
West Coast are preferred. Although South Coast oysters can reach
greater TW values, preference for the West Coast is reinforced by higher
DFM values. The discrepancy between TW and DFM (see 4.2.4) growth
is important to note since as a food source the actual flesh of the oyster is
principal.

This study also shows that by moving oyster mariculture to high-
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growth areas, the culture period length can be drastically reduced from
300 days to 150 days, while still producing Large size oysters. Since both
the West and South coasts of South Africa experience regular HAB
outbreaks (Mbambo, 2014; Olivier et al., 2013; Pitcher et al., 2011;
Pitcher and Jacinto, 2019; Pitcher and Probyn, 2016), this reduction in
growing period could be used to shift culture periods within the year to
avoid HAB season in late summer/autumn and may also make tempo-
rary farm closures less of a hindrance.

4.2. Improvements to model performance

4.2.1. Need for a South African TW-L ratio

While the high TW values and short time to commercial size are
among the most remarkable results of this study, there is some uncer-
tainty associated with the TW-L relationship, which was obtained using
oysters grown in France because such relationship is not available for
the study area. Although these results can show the spatial variation of
oyster growth reasonably well, the lack of a region-specific TW-L ratio
means that actual values may differ and in situ verification is necessary.

The exceptionally high TW growth rate (in excess of 150 g in 9
months) can be partly attributed to the French TW-L relationship
showing a strong exponential curve which relates moderate length with
elevated TW (Fig. A3). This notion is supported by observing the L re-
sults for both study areas (Fig. B5, B6), where it is shown that oysters do
not reach simulated lengths above 20 cm despite having such increased
TW. Consequently, there is likely an overestimation of TW for oysters
from 12 to 20 cm L. This is captured by the RMSE and NMB during
model validation, showing that TW overestimations are more pro-
nounced in the South Coast and explaining some of the presumably
excessive TW values in South Coast sites.

Other factors that may explain differences in growth rate and TW-L
ratio between French and South African C. gigas include husbandry
practices. Oysters from the South African dataset were grown in open-
sea suspended culture within lantern cages, whereas the French oys-
ters were grown in the intertidal zone in off-bottom culture within mesh
bags. Suspended culture has been reported to lead to shell deformities,
including flattening and elongation (Marshall and Dunham, 2013),
which may explain the discrepancy in TW between French and South
African oysters. Differences in stocking densities were also present, with
French stocking densities being approximately 3 times higher than those
of the South African dataset (Fleury et al., 2001a; Pieterse et al., 2012).
South African oysters were also graded every 2 months to ensure that
each layer of the lantern cage did not exceed 650 g TW (Nel et al., 2014;
Pieterse et al., 2012). High stocking densities have been shown to have
both a positive and negative effect on oyster condition (Honkoop et al.,
2002; Evans and Langdon, 2006; Marshall and Dunham, 2013; Capelle
etal., 2020; Tan et al., 2021), thus should be investigated further for the
South African context.

4.2.2. Calibration and validation: in situ data

The foremost issue that appeared when applying the DEB oyster
model to South Africa was the lack of in-situ, aquaculture-centred
growth studies. The two papers utilised in this study for their in-situ
data (Nel et al., 2014; Pieterse et al., 2012) are at present the only
growth data available for non-feral populations of Pacific oyster in South
Africa. While these studies provide a good assessment of potential in-
fluences on oyster growth by examining the effect of location, age class,
and hatchery origin in current mariculture sites (Algoa Bay and Salda-
nha Bay), their scalability to larger ecoregions remain to be further
validated. For the DEB model to be more accurately calibrated and more
successfully validated to account for both spatial and temporal vari-
ability (on a seasonal and inter-annual scale), additional studies in
newly identified potential sites are necessary. Moreover, the bi-monthly
growth measurements from the in-situ data used in this study were too
infrequent to provide insight into spawning events. In situ growth
studies to be used for calibration and validation of DEB models should
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therefore employ monthly measurements or at least more frequent
measurements during the spawning season. The error observed during
the validation for TW results in the South Coast (Fig. 3) again indicate
that the model likely overestimates these measurements, emphasising a
need for comprehensive in situ validation in this area.

4.2.3. Forcing data

Some discrepancies between in situ and satellite-derived forcing data
were expected due to the offset of satellite coordinates, differences in
spatial scale (4 km? pixel vs. discrete seawater sample), and the 1.5 m
depth difference between field sampling and surface remote sensing.
Although chl-a satellite data did show some mismatches with in-situ
data, the overall similarity in range of chl-a concentration as well as the
consistent spatial distribution and overall temporal dynamics confirmed
that satellite values were acceptable for the purposes of this exploratory
study.

MODIS 8-day chl-a and SST products were utilised as forcing data as
they provide a standard product for a long enough time-series, have
been validated globally, and have the same accuracy in both ecoregions
(thus showing no regional bias). Significant improvements in the pre-
cision of satellite-derived chl-a data can only be made through region-
specific chl-a retrieval algorithms (Smith et al., 2018; Pitcher et al.,
2019), which could defeat the purpose of having a standardised forcing
dataset that is applicable to a large region. It may be the case that until
such a dataset is available, DEB models should be applied regionally, or
when applied over larger scales, to act as a general guide rather than a
source of exact values.

There is also the importance of incorporating food quality as well as
quantity. Previous applications of DEB models have utilised phyto-
plankton cell number instead of chlorophyll concentration as a better
gauge of food concentration (Alunno-Bruscia et al., 2011; Bernard et al.,
2011; Bourles et al., 2009; Pouvreau et al., 2006). This is especially
important for South Africa, as many bloom-forming phytoplankton
species in these areas are known HAB species — occurring even during
the calibration period (Mbambo, 2014; Pitcher and Louw, 2021). Thus,
although growth is promising, these oysters may be commercially
inviable. Recently developed EO algorithms to detect HABs may thus be
applicable to DEB modelling regarding the detection of chlorophyll
signals from specific phytoplankton species (Caballero et al., 2020;
Smith and Bernard, 2020; Wolny et al., 2020).

4.2.4. Spatial stationarity in DEB modelling and issues of uncertainty

Spatial stationarity refers to the assumption that the initial param-
eter estimates of the model are applicable when applying the model to
other locations and populations (Monaco et al., 2019) and should be a
consideration when interpreting results of species-specific mechanistic
models. While stationarity has proven justifiable when applying the
model regionally (i.e., within the same national borders or water body;
Alunno-Bruscia et al., 2011), the model could yield a higher degree of
uncertainty when applied over larger spatial scales (Monaco et al.,
2019). Besides environmental differences, the non-fulfilment of spatial
stationarity can be due to unaccounted energy costs (e.g., parasitism,
wave exposure, anaerobic metabolism (Monaco et al., 2019), freshwater
flooding, suboptimal food sources (Keightley et al., 2015; Robinson
et al., 2005)) or genetic variability which can lead to differences in
growth.

The model was able to reconstruct in situ growth curves reasonably
well. However, incorporating different mean Xy, spawning temperatures
and shape parameters (8) for each ecoregion suggests full spatial sta-
tionarity cannot be assumed for South Africa‘s C. gigas distribution and
denotes further work required on determining site-specific parameters
for each region (again, limited by the availability of corresponding in situ
data). Given that Xy values are inherently dependent on the phyto-
plankton concentration of the region (Alunno-Bruscia et al., 2011;
Thomas and Bacher, 2018), the use of satellite forcing data may be
beneficial to incorporate spatialised X values based on each pixel’s
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chl-a and PIM concentrations.

The high number of unique marine ecosystem types in South Africa’s
EEZ (Harris et al., 2018; Sink et al., 2018) anticipate that the spawning
temperature and shape parameter will be regionally specific due to
phenotypic and behavioural plasticity in reproductive and growth
strategies. The mismatch between TW and DFM for the Algoa Bay
calibration-validation could be attributed to the combination of
high-temperature and low-food periods where a higher proportion of
energy is allocated to shell growth, disproportionately increasing TW
(Brown and Hartwick, 1988; Pieterse et al., 2012). Likewise, despite
previous studies setting oyster DEB model spawning temperature
thresholds at 18-20 °C, field-based studies have reported C. gigas pop-
ulations with spawning temperatures of up to 26 °C in environments
similar to Algoa Bay (Castanos et al., 2009; Dridi et al., 2007; Shpigel,
1989; Ubertini et al., 2017), as well as spawning temperatures as low as
14 °C (Shelmerdine et al., 2017).

While being cautious of the risk of over-parameterization, it may be
beneficial to include additional unaccounted factors within future DEB
models. DEB models have been adapted to incorporate the effect of too
high SPM concentration on oyster gill saturation (Dutertre et al., 2007;
Palmer et al., 2020; Thomas et al., 2016), the influence of biotoxins
(Pousse et al., 2019) and other energy-expensive external forcing, and
the effect of oysters on nutrient dynamics (Dabrowski et al., 2013). Not
yet integrated into the oyster DEB model is selection efficiency.
Although the mechanisms of oyster particle selection are not fully un-
derstood in vivo, EO techniques used in HAB detection (Melet et al.,
2020; Pitcher et al., 2019; Smith and Bernard, 2020) could be developed
to inform models whether preferred food species are present in forcing
data, further explicating food quality in terms of Xy. Including more
parameters could thus overcome the concern of spatial stationarity that
occurs with the use of more generalised models, instead focusing on
localised models that would have to be calibrated regionally.

4.3. Spatial multi-criteria analyses

To fully determine the best sites for oyster culture, a spatial multi-
criteria analysis is needed which considers other environmental, so-
cial, and economic characteristics of the area (Graham et al., 2020).
Current sites of shellfish cultivation tend to overlap with touristic and
conservation areas. For example, Saldanha Bay is saturated with other
users of the marine environment such as the extensive West Coast Na-
tional Park MPA network, tourist resorts, sailing and kitesurfing routes,
as well as an oil and gas terminal. The carrying capacity of Saldanha Bay
to sustain intensified shellfish production has also been in question
(Santa Marta et al.,, 2020). The results presented further urge the
aquaculture industry to reconsider current sites, as although Algoa Bay
and Saldanha Bay have reported above-average growth globally, they
fall on the lower end of the growth potential scale when the entire West
and South Coasts are considered. If feasible, mariculture sites should be
established in the northwest and southeast nearshore regions. Feasibility
needs to be efficiently assessed and the need for DEB-integrated marine
spatial planning (MSP) for aquaculture is critical - especially in South
Africa where environmental conditions already constrain the number of
relevant sites (Haupt et al., 2010; Santa Marta et al., 2020).

There are many factors not considered by the model that should be
investigated before further aquaculture development: disease risk
(Thomas et al., 2018; Pernet and Browman, 2021), HAB risk (a signifi-
cant problem in South Africa), wave height (important for offshore
development and able to reach 7 m in South African waters; Rothman
et al., 2017; Velimirov et al., 1977), current speed and the threat of
invasiveness of C. gigas (Miossec et al., 2009). While Benguela waters are
currently too cold for spawning, and feral populations are in decline in
the Agulhas ecoregion, climate change and reproductive plasticity make
this a relevant consideration.

High levels of inequality in South Africa necessitate attention to
socio-economic factors. These may range from primary logistical
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considerations (the availability of harbours, road connectivity and a
nearby workforce), to the presence of other marine users, to national
development goals like poverty alleviation and job creation in priority
economic development areas (Falconer et al., 2016; Vianna et al., 2018).

The sparsely populated Northern Cape Province (northern West
Coast) suffers from a low workforce. However, oyster growth potential is
high and the area is currently in economic decline (Statistics South Af-
rica, 2021), making it a priority economic development area. And,
although the variable oyster growth in the Eastern Cape (southern East
Coast) makes it less favourable production-wise, this area is logistically
suitable and currently shows the highest levels of inequality in the
country (Statistics South Africa et al., 2019). If sites and culture tech-
niques could be developed to minimise the effect of this variation, this
becomes a priority region for aquaculture development. While these are
only broad considerations, further MSP should incorporate these factors
in addition to baseline growth data from the DEB model to prioritise
oyster mariculture sites.

5. Conclusions and Recommendations

The Pacific oyster DEB model was successfully applied in South Af-
rica to provide a preliminary site selection assessment. While the
approach implemented here could be refined, it highlighted the poten-
tial for faster oyster growth in South African waters than previously
reported, particularly for sites along the northwest and southeast coasts.
West coast sites, such as Lambert’s Bay and St Helena Bay, should be
prioritised due to less variability in food supply than in southeast sites.
Compared to these latter sites, current mariculture sites in Saldanha Bay
and Algoa Bay were found to be suboptimal. When considering offshore
aquaculture, future ventures should focus on development within 30 km
from the coast for optimal growth.

Suggested areas coincide with priority economic development areas
and should be flagged for further research. However, other factors must
be considered, necessitating a Spatial Multi-Criteria Analysis and Marine
Spatial Planning before any development and investment.
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