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Abstract The Benguela Upwelling System (BUS) is among the most productive ecosystems globally,
supporting numerous fisheries and ecosystem services in Southern Africa. Sea‐viewing Wide Field‐of‐view
Sensor and Moderate‐resolution Imaging Spectroradiometer‐Aqua chlorophyll a (Chla) concentrations
between September 1997 and February 2018 were used to investigate long‐term trends in phytoplankton
biomass and size structure (microphytoplankton [>20 μm], nanophytoplankton [2–20 μm], and
picophytoplankton [<2 μm]) in the Northern Benguela, Southern Benguela (SB), and Agulhas Bank (AB)
shelf and open ocean regions of the BUS. Trends in upwelling and correlations with Chla and size structure
were examined. Increasing Chla and microphytoplankton trends occurred in the Northern Benguela shelf
and open ocean, while decreases were evident on the SB shelf in all seasons. In the SB open ocean, small
increases occurred during austral winter, with a decrease in spring. On the AB shelf, increases in Chla and
microphytoplankton occurred in summer with decreases during the other seasons. Patterns differed in the
AB open ocean, with increases in winter and spring and decreases in summer and autumn. Although R2

values indicated that linear trends accounted for a reasonable portion of the variance, and most trends were
statistically significant, they showed only small changes on the shelf domains and little to no change in the
open ocean. Strong correlations between upwelling, Chla, and the size classes were observed, but distinct
seasonal differences occurred in each region. This is the first 20‐year analysis of phytoplankton biomass and
community structure in the BUS and provides a baseline against which future changes can be monitored.

Plain Language Summary Two satellite ocean color data products were combined and used to
examine trends in chlorophyll a and the proportions of microphytoplankton, nanophytoplankton, and
picophytoplankton in three subregions of the Benguela Upwelling System, namely, the northern Benguela,
southern Benguela, and Agulhas Bank. These trends were related to trends in upwelling‐favorable winds
and significant correlations were observed but with distinct seasonal differences in each region. Linear
trends were mostly significant and accounted for a reasonable portion of the variance, but they showed only
small changes on the shelf domains and little to no change in the open ocean regions. This study
provides the first 20‐year analysis of phytoplankton biomass and community structure in the Benguela
Upwelling System and provides a baseline against which future changes can be monitored.

1. Introduction

Forming the base of marine food webs, phytoplankton are known to exert a considerable influence on the
functioning of marine ecosystems, on biogeochemical cycling, and on several other processes including,
for instance, the vertical distribution of solar heating (Chassot et al., 2010; Field et al., 1998;
Sathyendranath et al., 2017). In Eastern Boundary Upwelling Ecosystems (EBUE), such as the Benguela
Upwelling System (BUS; Figure 1), the role of phytoplankton is critically important, owing to the unique
significance of these systems to global fisheries and climate modulation (IPCC, 2014; Pauly &
Christensen, 1995). It is now understood that different phytoplankton groups and types have distinctly
different influences on ecosystems and biogeochemical cycles (Cermeño et al., 2006; IOCCG, 2014), thus
making it extremely important to gain a better understanding of the structuring of phytoplankton
communities in EBUE and their variations.

The BUS differs from other EBUE in that both its northern and southern boundaries are bordered by
warmer waters (Hutchings et al., 2009; Shillington et al., 2006). Exchange of certain biota between the
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northern and southern subsystems is said to be curbed by perennial
upwelling at Lüderitz (27.5°S) which is believed to form an
environmental barrier (Hutchings et al., 2009; Lett et al., 2007;
Verheye et al., 2016). These regions exhibit differences in their primary
modes of variability, suggesting contrasting forcing mechanisms
between the two subsystems (Hutchings et al., 2009). While the
Northern Benguela (NB) experiences perennial upwelling, the
Southern Benguela (SB) exhibits strongly seasonal upwelling with max-
ima in austral spring and summer (Hutchings et al., 2009; Shillington
et al., 2006). Benguela Niños, analogous to the Pacific El Niño, are
known to strongly influence the atmospheric circulation over the NB
system but have little to no impact on the SB (Florenchie et al., 2004;
Rouault et al., 2003). Detailed reviews of the influence of large‐scale
modes of variability in these systems have been presented by
Shillington et al. (2006) and Reason et al. (2006), among others. South
of South Africa, the Agulhas Bank (AB; Figure 1) is ecologically and
economically important since it comprises the major spawning grounds
for numerous fish species which recruit to the west coast (Hutchings
et al., 2009; Kirkman et al., 2016). Large‐scale climate modes, such as
El Niño Southern Oscillation and the Antarctic Annual Oscillation,
are known to impact these regions, but their effects are not always
clearly discernible (Reason et al., 2006; Rouault et al., 2010). El Niño
Southern Oscillation has been observed to be significantly and positively
correlated with sea surface temperature (SST) in the SB and AB regions
from February to May, with El Niño conditions enhancing upwelling
and La Niña conditions suppressing upwelling along the coast
(Rouault et al., 2010). In contrast, correlations between SST and the
Antarctic Annual Oscillation were less clear (Pohl et al., 2010; Rouault
et al., 2010).

Long‐term data sets are an essential requirement to adequately monitor and understand changes in marine
ecosystems. To date, ocean color measurements provide the longest and most spatially and temporally
coherent observations of chlorophyll a (Chla) concentrations in most parts of the global ocean, and these
have been used in numerous studies to investigate spatial variations as well as seasonal, interannual, and
longer‐term changes in phytoplankton biomass. Numerous regions of the global ocean have been reported
to show long‐term warming trends (Belkin, 2009), and previous studies have shown an inverse relationship
between SST and Chla in many subtropical regions, with Chla showing decreases as temperatures increase
and vice versa (Behrenfeld et al., 2006; Martinez et al., 2009; Siegel et al., 2013). It has been proposed that at
high latitudes, where phytoplankton are often light‐limited, they will benefit from ocean warming due to
decreased vertical mixing enhancing the levels of solar radiation in the upper mixed layer and promoting
an increase in Chla (Behrenfeld et al., 2006; Doney, 2006). In contrast, at lower latitudes, where phytoplank-
ton are often nutrient‐limited, a warmer ocean would result in decreased Chla as a result of stronger strati-
fication and reduced vertical nutrient fluxes (Boyce et al., 2010; Chavez et al., 2011; Gregg et al., 2005;
Polovina et al., 2008). Furthermore, at these low latitudes, the structure of phytoplankton communities is
expected to shift from large species dominance to smaller nanophytoplankton and picophytoplankton as
warming occurs and subtropical gyres expand (Henson et al., 2013).

In the BUS, recent studies have shown that despite strong interannual and decadal variability, a significant
linear increase in upwelling‐favorable winds suggestive of coastal cooling has occurred on the AB (Lamont,
García‐Reyes, et al., 2018; Rouault et al., 2010; Tim et al., 2015). While there was a tendency toward
increased upwelling in the SB and less upwelling in the NB in recent years, the linear trends in these regions
were not significant (Jarre et al., 2015; Lamont, García‐Reyes, et al., 2018, Tim et al., 2015). Although there
have been several studies that have examined the seasonal and longer‐term changes in satellite Chla
(Demarcq, 2009; Demarcq et al., 2003, 2007; Jarre et al., 2015; Verheye et al., 2016), those investigating var-
iations in satellite‐derived phytoplankton size structure have been limited to describing large‐scale spatial

Figure 1. Long‐term (2002–2017) mean MODIS‐Aqua chlorophyll a (mg/
m3) in the Benguela Upwelling System with demarcated regions. (NB [15–
29°S; 8–16.8°E], SB [29–34.3°S; 12–18.5°E], AB [33.3–37.5°S; 18.5–27°E]).
Black solid contour indicates the 1 mg/m3 isoline, and the dotted black
contour indicates the GEBCO 1,000‐m isobath (Becker et al., 2009). In each
region, the area between the coast and the 1,000‐m isobath (dotted black
contour) is referred to as the shelf domain, while the area seaward of the
1,000‐m isobath is referred to as the open ocean domain. NB = Northern
Benguela; SB = Southern Benguela; AB = Agulhas Bank.
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differences and the seasonal cycle (Hirata et al., 2009; Lamont, Brewin, et al., 2018). In this study, we use the
Sea‐viewing Wide Field‐of‐view Sensor (SeaWiFS) and Moderate‐resolution Imaging Spectroradiometer
(MODIS)‐Aqua satellite data sets to examine the long‐term temporal variations in the seasonal mean Chla
and phytoplankton size structure in various subregions of the BUS. Specifically, we investigated (1) the dif-
ferences between the SeaWiFS and MODIS‐Aqua data sets, and whether a single contiguous time series
could be derived from these data sets in the BUS, and (2) if there was a significant linear trend in Chla
and/or the proportions of microphytoplankton, nanophytoplankton, and picophytoplankton over the period
between 1997 and 2018 during austral summer, autumn, winter, and spring, and (3) if there was a significant
relationship between the trends in upwelling and the trends in Chla and the size structure.

2. Data and Methods
2.1. Phytoplankton Size Class Model

A global abundance‐based Phytoplankton Size Class model was developed to estimate the Chla concentra-
tions of three phytoplankton size classes (microphytoplankton [>20 μm], nanophytoplankton [2–20 μm],
and picophytoplankton [<2 μm]) as a function of the total Chla concentration (C; Brewin et al., 2010). The
model was parameterized by coefficients determined from the relationship between High Performance
Liquid Chromatography (HPLC)‐derived biomarker pigments and total Chla (Uitz et al., 2006), with addi-
tional refinements according to Brewin et al. (2010) and Devred et al. (2011). Application and validation of
the model with independent in situ data has been conducted in various ocean regions (Brewin et al., 2010,
2012; Brewin, Raitsos, et al., 2015, Brewin, Sathyendranath, et al., 2015; Brito et al., 2015; Ward, 2015), and
a detailed description of the global model and its parameterization can be found in Brewin,
Sathyendranath, et al. (2015).

For application to the BUS, the parameterization of the global model was refined using in situ HPLC data
from the southern African marine environment, as described by Lamont, Brewin, et al. (2018). Samples were
matched in time and space to daily level 3 MODIS‐Aqua Chla (v2014.0) data according to Bailey andWerdell
(2006). A total of 374 samples was used to refine the parameterization of themodel, and a standard, nonlinear,
least‐squares method with relative weighting was used to retrieve model parameters, while 33 satellite match-
ups were used for independent validation (Brewin, Sathyendranath, et al., 2015; Lamont, Brewin, et al., 2018).
The refined model was found to have significantly higher slopes in model parameters, indicating a higher
contribution of small cells at low total Chla concentrations (Lamont, Brewin, et al., 2018), when compared
to previous global and Atlantic studies (Brewin et al., 2010, Brewin, Sathyendranath, et al., 2015), thus
justifying the regional refinement of model parameters.

Picophytoplankton Chla (Cp) was determined using zeaxanthin, total chlorophyll b, and a portion of the 19′‐
hexanoyloxyfucoxanthin pigment at total Chla concentrations ≤0.08 mg/m3. Nanophytoplankton Chla (Cn)
was computed from 19′‐hexanoyloxyfucoxanthin, 19′‐butanoyloxyfucoxanthin, alloxanthin, and by assign-
ing some of the fucoxanthin pigment to the nanophytoplankton pool, in line with Devred et al. (2011).
Microphytoplankton Chla (Cm) was computed using the remaining fucoxanthin (attributed to themicrophy-
toplankton size class) and peridinin (Brewin, Sathyendranath, et al., 2015; Devred et al., 2011). Further
details of the refinement, parameterization, and application of the retuned model to the Southern African
marine environment are described in Lamont, Brewin, et al. (2018) and Lamont, Barlow, et al. (2018).

2.2. Satellite Data Analysis

Standard monthly averaged SeaWiFS (NASA Goddard Space Flight Center et al., 2018a) and MODIS‐Aqua
Chla concentrations (NASA Goddard Space Flight Center et al., 2018b), with a spatial resolution of 9 km,
for the 1997–2018 period, were used to generate seasonal means of Chla and the fractional contributions of
microphytoplankton, nanophytoplankton, and picophytoplankton in three regions of the BUS, namely, the
NB, SB, and AB (Figure 1). These regions were delineated on the basis of spatial variations in physical driving
forces, biological responses, and trophic structuring (Hutchings et al., 2009; Kirkman et al., 2016). SeaWiFS
data for the period from September 1997 to December 2007 were used, while MODIS‐Aqua data covered the
period from July 2002 to February 2018. In contrast to Lamont, Brewin, et al. (2018), who used the 1 mg/m3

Chla contour, in this study the GEBCO 1,000‐m isobath (Becker et al., 2009) was used to separate between the
higher biomass shelf and lower biomass open ocean areas in each of these regions (Figure 1).
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Although Chla concentrations above 1 mg/m3 extend beyond the 1,000‐m contour in the central and north-
ern parts of the NB shelf region (Figure 1; Demarcq et al., 2007; Lamont, Brewin, et al., 2018), using the
1,000‐m isobath to separate between shelf and open ocean regions ensured that areas selected for averaging
were consistent and comparable between the SeaWiFS and MODIS‐Aqua data sets (Figure 1). Similar to
Lamont, Brewin, et al. (2018), in each of the shelf and open ocean regions, seasonal means were computed
by averaging the data over a 3‐month period for each season, defined as austral summer (December,
January, and February), austral autumn (March, April, and May), austral winter (June, July, and August),
and austral spring (September, October, and November). Austral summer means have been labeled as the
year in which the season starts (e.g., austral summer 1997 includes the December 1997, January 1998, and
February 1998 monthly data).

The relationship between the measured Chla and the fractional contributions of microphytoplankton, nano-
phytoplankton, and picophytoplankton for the two platforms (SeaWiFS and MODIS‐Aqua) were explored.
As shown in Figures 2 and 3, with the exception of some seasons in the NB region, there was a strong linear
relationship between the Chla and the fractional contributions obtained from the two platforms. This indi-
cated the potential to reconstruct these time series from the MODIS‐Aqua platform back in time, so as to
obtain a single coherent data set from which the long‐term trends and interannual variations could be
described. In this study the time series reconstruction was done within the framework of a Generalized
Linear Model (GLM), using MODIS‐Aqua as the reference data set since it composed of more years of data
than SeaWiFS. Although some regional studies have shown better performance of SeaWiFS than MODIS‐
Aqua when compared to in situ data (Djavidnia et al., 2010; Werdell et al., 2009), when using the
SeaWiFS data set as a reference, reconstructed Chla values were overall lower (results not shown), but the
pattern of variability was the same as that obtained when using the MODIS‐Aqua data set as a reference.
It is acknowledged that more sophisticated methods exist for combining these satellite time series
(Maritorena & Siegel, 2005; Mélin & Sclep, 2015; Signorini et al., 2015) and that merged time series are avail-
able (Grant et al., 2017). However, the latest merged data (v3.1) are currently only available until the end of
2016 and are based on older reprocessing versions of the SeaWiFS and MODIS‐Aqua data sets (http://www.
esa‐oceancolour‐cci.org/), acknowledging that future versions will incorporate these updated reprocessings.

Analysis of Variance (ANOVA) tests were conducted to determine the influence of three independent cate-
gorical factors (platform, year, and season) and their interactive effects on the Chla concentration and the
fractional contributions of microphytoplankton, nanophytoplankton, and picophytoplankton in each of
the regions. Analyses for Chla were conducted in log10 space, while those for the fractional contributions
were conducted in linear space. Factors identified as significant in the ANOVA were then entered into the
GLM, assuming a Gaussian distribution. The specific form of the GLM used to reconstruct the time series
is given below:

Chlaiysp ¼ αþ βiyY i þ βisSi þ βipPi þ βispSi : Pi þ εi; (1)

where Chlaiysp is the Chla concentration measured by the platform (P) in a given season (S) and year (Y), α is
the intercept, βi is the modeled coefficient estimate corresponding to each categorical factor (i.e., platform,
season, and year), Si : Pi is the season and platform interaction, and εi is the error term at time i. This same
form of GLM was used to reconstruct the time series of fractional contributions of microphytoplankton,
nanophytoplankton, and picophytoplankton.

Examination of model diagnostic plots (fitted values vs. residuals and quantile‐quantile plots) indicated no
violation of model assumptions and good performance of the GLM, and the predict function in R v3.4.4 (R
Core Team, 2018) was then used to reconstruct the time series of Chla (Lamont et al., 2019a, 2019b, 2019c)
and the fractional contributions of microphytoplankton (Lamont et al., 2019d, 2019e, 2019f), nanophyto-
plankton (Lamont et al., 2019g, 2019h, 2019i), and picophytoplankton (Lamont et al., 2019j, 2019k, 2019l),
from the fitted GLM. The reconstructed (predicted) Chla time series was obtained as follows:

Chlaiysp ¼ αþcYi þ bSi þ dPiref þ bSi : bPi ; (2)

where Chlaiysp is the reconstructed (predicted) Chla concentration for a given year, season, and platform,cYi

is the estimated year effect, bSi is the estimated season effect, dPiref is the estimated platform effect for the refer-
ence platform (in this case, MODIS‐Aqua), and bSi : bPi is the estimated season and platform interaction at
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time i. The same formulation was used to reconstruct (predict) the fractional contributions of
microphytoplankton, nanophytoplankton, and picophytoplankton. The reconstructed (predicted) time
series were then used to examine the long‐term trends of Chla (Lamont et al., 2019a, 2019b, 2019c) and
the fractional contributions of microphytoplankton, nanophytoplankton, and picophytoplankton (Lamont
et al., 2019d, 2019e, 2019f, 2019g, 2019h, 2019i, 2019j, 2019k, 2019l) in each of the shelf and open ocean
regions of the BUS during austral summer, autumn, winter, and spring.

Figure 2. Relationship between monthly values (July 2002 to December 2007) of SeaWiFS and MODIS‐Aqua (a–c) chlorophyll a (mg/m3) and the fractional con-
tribution of (d–f) microphytoplankton, (g–i) nanophytoplankton, and (j–l) picophytoplankton, in the Northern Benguela (NB), Southern Benguela (SB), and
Agulhas Bank (AB) shelf regions.
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Daily averaged National Centers for Environmental Prediction‐Department of Energy (NCEP‐DOE)
Reanalysis 2 wind vectors (Kanamitsu et al., 2002) were used to compute daily values of cumulative
Ekman transport (cubic meters per second) per 100 m of coastline, as an index of upwelling in the shelf
regions, according to the procedures detailed in Lamont, García‐Reyes, et al. (2018). Monthly values of
the total cumulative upwelling were then computed by summing all daily cumulative offshore Ekman trans-
port, and seasonal means were calculated by averaging data over a 3‐month period (Lamont et al., 2019m,
2019n, 2019o), as described above. Seasonal means of the total cumulative upwelling (Lamont et al.,

Figure 3. Relationship between monthly values (July 2002 to December 2007) of SeaWiFS and MODIS‐Aqua (a–c) chlorophyll a (mg/m3) and the fractional con-
tribution of (d–f) microphytoplankton, (g–i) nanophytoplankton, and (j–l) picophytoplankton, in the Northern Benguela (NB), Southern Benguela (SB), and
Agulhas Bank (AB) open ocean regions.
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2019m, 2019n, 2019o), as well as the Chla (Lamont et al., 2019a, 2019b, 2019c) and fractional contributions of
microphytoplankton, nanophytoplankton, and picophytoplankton (Lamont et al., 2019d, 2019e, 2019f,
2019g, 2019h, 2019i, 2019j, 2019k, 2019l), in the shelf regions were low‐pass filtered to remove interannual
and decadal variability, and the trends in the time series were determined as the slope of the linear regres-
sion. Spectral analysis of total cumulative upwelling by Lamont, García‐Reyes, et al., (2018; see their supple-
mentary material) showed energy peaks at periods of less than 10 years for the NB and SB systems, but an
energy peak at 14.77 years was observed in the AB region. Thus, two low‐pass filters, one with a cutoff period
of 10 years and the other with a cutoff period of 15 years, were applied to the data in the current study. Both
filters yielded similar results for all seasons in all shelf regions, although the 15‐year filter showed slightly
higher R2 and p values. In addition, these filters were applied to the anomalies (computed by subtracting
the time series mean) of each time series, but the estimated trends were the same for both the absolute values
as well as the anomalies of each time series. Thus, we have included only the results for the low‐pass filter,
with a 15‐year cutoff period, applied to the absolute values of each time series.

3. Results
3.1. Chla and Size Structure Data Set Comparisons

Figures 4–6 illustrate the seasonal mean Chla for SeaWiFS andMODIS‐Aqua in the NB, SB, and AB regions,
respectively. In all shelf regions, SeaWiFS Chla was consistently lower thanMODIS‐Aqua Chla, with the lar-
gest differences observed in the NB and the smallest in the AB region. A similar seasonal pattern was found
in each of the shelf regions, with differences between platforms being the largest in austral spring (up to
2.17 mg/m3 in the NB, 1.28 mg/m3 in the SB, and 0.55 mg/m3 in the AB region) and the smallest during aus-
tral summer (up to 0.28 mg/m3 in the NB, 0.62 mg/m3 in the SB, and 0.21mg/m3 in the AB region; Figures 4–
6). In contrast, the differences between SeaWiFS and MODIS‐Aqua were considerably smaller in the open
ocean regions of the NB (up to 0.55 mg/m3), SB (up to 0.02 mg/m3), and AB (up to 0.06 mg/m3). Similar
to the shelf regions, the open ocean domains of the SB and AB showed the largest differences in austral
spring, while the NB had the largest differences in both austral autumn and spring. In contrast to the shelf
regions, the SB open ocean region showed the smallest differences in austral winter (Figure 5), while the NB
and AB open ocean regions had the smallest differences in austral summer and winter (Figures 4 and 6).

Despite the systematic differences between SeaWiFS than MODIS‐Aqua Chla in each of the regions
(Figures 4–6), regressions between log10 monthly values of SeaWiFS and MODIS‐Aqua during the
overlapping period (July 2002 to December 2007) showed clear, strong, and statistically significant linear
relationships during all seasons in the shelf and open ocean areas of the SB and AB regions, indicating good
agreement between these data sets (Figures 2b and 2c and 3b and 3c). This good agreement is also clearly
evident in Figures 5 and 6, with both SeaWiFS and MODIS‐Aqua Chla showing very similar patterns of
variability between 2002 and 2007, despite the differences in the absolute Chla values. Overall, the
relationships were stronger in the open ocean than in the shelf regions, and there were some small seasonal
differences in the slopes of these relationships in the shelf areas, particularly during austral spring (Figures 2
and 3). The weakest relationships between SeaWiFS andMODIS‐Aqua were observed in spring and summer
in the NB region (Figures 2a and 3a).

ANOVA tests conducted to determine the influence of three independent factors (platform [i.e., SeaWiFS or
MODIS‐Aqua], year, and season) and their interactive effects on the monthly mean Chla concentrations in
each of the regions indicated that the effects of platform, year, and season on Chla were all significant in the
NB and SB shelf regions, while only platform and season were significant in the AB shelf region (supporting
information Table S1). In addition, in the NB shelf region, the interaction between platform and season was
also significant, indicating differences in the Chla values between SeaWiFS and MODIS‐Aqua for a given
season. This is also evident from the seasonal regressions for the NB shelf region (Figures 2a and 3a). In con-
trast, in the SB and AB shelf regions, the interaction between year and season was significant, reflecting
interannual differences in these regions for a given season (Table S1). In the open ocean domain, the effects
of year and season were significant in all regions (Table S2). In the NB open ocean region, the interactive
effects of platform and season, as well as year and season, were also significant, while in the SB open ocean
region, the interactive effect of year and season was significant (Table S2). Importantly, in all the shelf and
open ocean regions (Tables S1 and S2), the interaction between platform, year, and season was not
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significant, indicating that there were no significant differences between the monthly values of SeaWiFS and
MODIS‐Aqua in these regions. These ANOVA results confirm the regression results (Figures 2a–2c and
3a–3c) and the patterns observed in Figures 4–6. However, some caution is warranted when comparing
these data sets in NB region, particularly during austral summer and spring, since these seasons showed
the largest differences between the platforms (Figures 2a and 3a).

ANOVA tests on the size classes indicated similar results to the Chla, with the same factors showing a sig-
nificant effect on the proportions in each of the regions (Tables S3–S8). Both data sets showed similar

Figure 4. Seasonal mean chlorophyll a (mg/m3) for SeaWiFS and MODIS‐Aqua in the Northern Benguela (NB) shelf and open ocean regions during austral (a)
summer, (b) autumn, (c) winter, and (d) spring and seasonal mean total cumulative upwelling (m−3·s−1·100 m−1) during austral (e) summer, (f) autumn, (g)
winter, and (h) spring, for the period 1997 to 2017. Solid and dashed black and orange vertical lines indicate the standard deviation for MODIS‐Aqua and SeaWiFS,
respectively. Reconstructed (predicted) seasonal mean chlorophyll a in the shelf and open ocean regions are indicated as black and white dots, respectively,
and the 95% confidence interval for the predicted values are indicated as light gray shaded areas. Horizontal dotted black lines indicate the time series mean
reconstructed (predicted) chlorophyll a and total cumulative upwelling in each season.
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proportions of each size class, and overall, there was a much closer match between SeaWiFS and MODIS‐
Aqua for the fractional contributions of microphytoplankton, nanophytoplankton, and picophytoplankton
during all seasons in the shelf and open ocean regions of the NB, SB, and AB (Figures 7–12), than was
observed for Chla (Figures 4–6). This is also evident in the regressions of the various size classes between
the two platforms (Figures 2d–2l and 3d–3l). In the shelf regions, microphytoplankton fractions showed
very similar differences between the platforms to those observed for Chla, likely due to the larger
contribution of the microphytoplankton to the total Chla. In each of the shelf and open ocean regions, the

Figure 5. Seasonal mean chlorophyll a (mg/m3) for SeaWiFS and MODIS‐Aqua in the Southern Benguela (SB) shelf and open ocean regions during austral (a)
summer, (b) autumn, (c) winter, and (d) spring and seasonal mean total cumulative upwelling (m−3·s−1·100 m−1) during austral (e) summer, (f) autumn, (g)
winter, and (h) spring, for the period 1997 to 2017. Solid and dashed black and orange vertical lines indicate the standard deviation for MODIS‐Aqua and SeaWiFS,
respectively. Reconstructed (predicted) seasonal mean chlorophyll a in the shelf and open ocean regions are indicated as black and white dots, respectively,
and the 95% confidence interval for the predicted values are indicated as light gray shaded areas. Horizontal dotted black lines indicate the time series mean
reconstructed (predicted) chlorophyll a and total cumulative upwelling in each season.
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reconstructed (predicted) Chla values (Figures 4–6), as well as the predicted proportions of
microphytoplankton, nanophytoplankton, and picophytoplankton (Figures 7–12), are higher than the
original SeaWiFS values between 1997 and 2002. As explained earlier, this was due to the fact that the
MODIS‐Aqua data set was used as a reference for reconstructing the values during the SeaWiFS period.
Most importantly, all the reconstructed (predicted) values illustrated the same pattern of variability as the
SeaWiFS values between 1997 and 2002 and the MODIS‐Aqua values between 2002 and 2017, thus giving

Figure 6. Seasonal mean chlorophyll a (mg/m3) for SeaWiFS andMODIS‐Aqua in the Agulhas Bank (AB) shelf and open ocean regions during austral (a) summer,
(b) autumn, (c) winter, and (d) spring and seasonal mean total cumulative upwelling (m−3·s−1·100 m−1) during austral (e) summer, (f) autumn, (g) winter, and
(h) spring, for the period 1997 to 2017. Solid and dashed black and orange vertical lines indicate the standard deviation for MODIS‐Aqua and SeaWiFS,
respectively. Reconstructed (predicted) seasonal mean chlorophyll a in the shelf and open ocean regions are indicated as black and white dots, respectively, and the
95% confidence interval for the predicted values are indicated as light gray shaded areas. Horizontal dotted black lines indicate the time series mean reconstructed
(predicted) chlorophyll a and total cumulative upwelling in each season.
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credence to the use of these reconstructed values for determining the long‐term trends and interannual var-
iations in each of the regions.

3.2. Chla, Size Structure, and Upwelling Variations

In the NB shelf region, the highest seasonal mean Chla values were observed in austral autumn, winter, and
spring, while the lowest were noted in austral summer, and considerable interannual changes were notable
during all seasons (Figures 4a–4d). Standard deviations were higher in winter and spring, indicating greater
variability in these months than during summer and autumn. An increasing trend in Chla from 1997 to 2017
was evident during summer, autumn, and winter. In contrast, during spring, Chla showed increasing values
from 1997 to 2005, followed by a decreasing pattern until 2013, and higher values in recent years, suggesting
decadal‐scale changes in Chla. Although upwelling occurred throughout the year on the NB shelf, seasonal
variation was evident, with more upwelling occurring in summer and autumn and less during winter and
spring (Figures 4e–4h). During the early part of the time series, upwelling was substantially greater, exceed-
ing the long‐term mean during most years. In contrast, substantially lower values were observed between
2009 and 2016 (Figures 4e–4h). While upwelling has increased above the long‐term mean during summer,
winter, and spring of 2017, the upwelling during autumn 2017 was still well below the long‐term mean.
Linear regressions indicated that the decreasing upwelling trends were significant during all seasons
(Table 1), while those for Chla in the NB shelf and open ocean domains were positive and significant in sum-
mer, autumn, and winter only (Tables 1 and S9). Notably, Chla trends during all seasons were very small,
with the largest increase (0.042 ± 0.006 mg·m−3·year−1) observed during autumn in the shelf region
(Table 1). Chla trends in the NB open ocean domain were even smaller (Table S9).

Seasonal mean Chla and standard deviations in SB and AB shelf regions were the highest during spring and
autumn (Figures 5 and 6). Chla values in these open ocean domains were elevated throughout autumn, win-
ter, and spring and showed much less variation throughout the 1997–2017 period (Figures 5 and 6), in con-
trast to the NB open ocean region where substantial interannual differences were observed in some years,
especially during winter and spring (Figure 4). A similar seasonal pattern was observed for upwelling in
the SB and AB shelf regions, with upwelling being strongest in summer and weakest in winter, and both
regions exhibited substantial interannual variability (Figures 5 and 6). In the SB shelf region, upwelling
showed an increasing trend in summer and winter and a decrease in autumn and spring (Figures 5e–5h),
but only the decrease in autumn was statistically significant (Table 2). Although the Chla trends on the
SB shelf were less clear, there appeared to be an overall decrease, with lower values during all seasons in
recent years, while a very slight increase was seen in the open ocean domain (Figures 5a–5d). However, only
the Chla decreases during winter and spring on the SB shelf and the decrease in spring (increase in winter) in
the SB open ocean domain were significant (Tables 2 and S10). In contrast to the SB shelf region, upwelling
on the AB shelf showed small increases during all seasons (Figures 5e–5h), with only those in winter and
spring being significant (Table 3). Chla in the AB shelf region appeared to increase during summer, showing
overall higher values during the latter half of the time series, while the opposite pattern was observed in win-
ter, autumn, and spring, with a general decreasing tendency since 2004 (Figures 6a–6d). However, linear
regression showed that only the Chla increase in summer and the decrease in autumn were significant
(Table 3), and similar to the NB shelf, substantial interannual and multiyear variability was observed in both
the SB and AB shelf regions (Figures 5a–5d and 6a–6d). In the AB open ocean domain, Chla values appeared
to be increasing during winter and spring, while a general decreasing pattern occurred in summer and
autumn. Although the Chla trends in the AB open ocean domain were statistically significant during all sea-
sons, these values were very small (Table S11).

In general, elevated Chla concentrations were associated with higher microphytoplankton proportions, and
the increases in microphytoplankton proportions were accompanied by concomitant decreases in nanophy-
toplankton and picophytoplankton in all shelf and open ocean regions. Microphytoplankton were dominant
(>50%) during all seasons in the NB shelf region throughout the 1997 to 2017 period, with nanophytoplank-
ton being of secondary importance (~30–35%) and picophytoplankton contributing less than 12% to the total
Chla (Figure 7). Accompanying the increasing trend in Chla (Figure 4), there appeared to be an overall sig-
nificant, albeit small (≤0.003 ± 0.000 year−1), increase in the microphytoplankton and a decrease in the
nanophytoplankton and picophytoplankton proportions on the NB shelf during summer, autumn, and win-
ter (Figure 5 and Table 1). However, during spring, only the nanophytoplankton showed a small but
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significant decrease (Table 1). In contrast to the NB shelf domain, the NB open ocean exhibited the opposite
pattern with generally lower microphytoplankton and elevated nanophytoplankton and picophytoplankton
proportions (Figures 8a and 8b). While there was frequent interchange between the dominance of
nanophytoplankton and picophytoplankton during summer, the nanophytoplankton fraction remained
dominant throughout the time series in autumn, with only a few years showing elevated
microphytoplankton proportions (Figures 8a and 8b). During winter and spring, the picophytoplankton
fraction was the smallest, and the nanophytoplankton fraction was the largest, except for a few years
during winter when microphytoplankton proportions were higher (Figures 8c and 8d). Although
significant, the trends for the various size classes in the NB open ocean were either very small
(≤0.002 ± 0.000 year−1), or indicated no change (Figure 8 and Table S9).

Similar to the NB shelf, microphytoplankton in the SB shelf also contributed the largest proportions to the
total Chla, while the nanophytoplankton and picophytoplankton proportions averaged ~30% and 10%,
respectively, during summer, autumn, and spring (Figures 9a, 9b, and 9d). Although the microphytoplank-
ton (nanophytoplankton) proportions were overall lower (higher) during winter on the SB shelf, microphy-
toplankton remained dominant during all seasons, throughout the time series (Figure 9c). However, there
were more years (2001–2003, 2005, 2007–2008, and 2012–2014) showing roughly equal microphytoplankton
and nanophytoplankton proportions during winter. Picophytoplankton proportions were also generally
higher in winter than during the other seasons. While there appeared to be a tendency toward lower micro-
phytoplankton and higher nanophytoplankton and picophytoplankton fractions in the latter part of the time
series, only the microphytoplankton and nanophytoplankton trends during spring and the picophytoplank-
ton trend during autumn were significant in the SB shelf region (Figure 9), showing either very small values
(≤0.001 ± 0.000 year−1) or indicating no change (Table 2).

Figure 7. Seasonal mean fractional contribution of microphytoplankton, nanophytoplankton, and picophytoplankton to
SeaWiFS andMODIS‐Aqua chlorophyll a (mg/m3) in the Northern Benguela (NB) shelf region during austral (a) summer,
(b) autumn, (c) winter, and (d) spring, for the period 1997 to 2017. Solid and dashed vertical lines indicate the standard
deviation for MODIS‐Aqua and SeaWiFS, respectively. Reconstructed (predicted) seasonal mean microphytoplankton,
nanophytoplankton, and picophytoplankton are indicated as black dots, white dots, and white squares, respectively, and
the 95% confidence interval for the predicted values are indicated as light gray shaded areas. Horizontal dashed‐dotted
black lines indicate the time series mean reconstructed (predicted) microphytoplankton, nanophytoplankton, and pico-
phytoplankton in each season.
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In the AB shelf region, microphytoplankton were mostly dominant during autumn and spring, except for a
few years (2000, 2004–2006, 2010–2012, and 2016), when microphytoplankton and nanophytoplankton pro-
portions were either very similar or nanophytoplankton exceeded the microphytoplankton fraction. During
summer and winter, there was more frequent switching betweenmicrophytoplankton and nanophytoplank-
ton dominance throughout the time series, and picophytoplankton proportions were elevated during these
seasons (Figure 11). A decreasing (increasing) pattern was evident for microphytoplankton (nanophyto-
plankton and picophytoplankton) fractions during autumn, winter, and spring, while no real change was
evident in summer (Figure 11 and Table 3).

Picophytoplankton were the largest contributors to the total Chla throughout the time series, with slightly
lower nanophytoplankton and minimal microphytoplankton proportions observed in the SB and AB open
ocean regions in summer (Figures 10a and 12a). The opposite pattern was observed in these regions during
winter and spring, when the nanophytoplankton fraction was the greatest and picophytoplankton propor-
tions were slightly lower (Figures 10c and 10d and 12c and 12d). During autumn in the SB open ocean area,
dominance regularly alternated between nanophytoplankton and picophytoplankton (Figure 10c), while
there were only a few years when the picophytoplankton exceeded (or was roughly equal to) the nanophy-
toplankton fraction during autumn in the AB open ocean (Figure 12c). There appeared to be a small increase
in microphytoplankton and nanophytoplankton proportions during summer, autumn, and winter in the SB
open ocean, as well as winter and spring in the AB open ocean, but the pattern was reversed during spring in
the SB open ocean and during summer and autumn in the AB open ocean (Figures 10 and 12). Linear regres-
sion showed that, despite being significant during autumn, winter, and spring in the SB open ocean and dur-
ing all seasons in the AB open ocean, the trends were either very small (≤0.001 ± 0.000 year−1) or indicated
no change (Tables S10 and S11).

Figure 8. Seasonal mean fractional contribution of microphytoplankton, nanophytoplankton, and picophytoplankton to
SeaWiFS and MODIS‐Aqua chlorophyll a (mg/m3) in the Northern Benguela (NB) open ocean region during austral (a)
summer, (b) autumn, (c) winter, and (d) spring, for the period 1997 to 2017. Solid and dashed vertical lines indicate the
standard deviation for MODIS‐Aqua and SeaWiFS, respectively. Reconstructed (predicted) seasonal mean microphyto-
plankton, nanophytoplankton, and picophytoplankton are indicated as black dots, white dots, and white squares,
respectively, and the 95% confidence interval for the predicted values are indicated as light gray shaded areas. Horizontal
dashed‐dotted black lines indicate the time series mean reconstructed (predicted) microphytoplankton, nanophyto-
plankton, and picophytoplankton in each season.
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Seasonal differences in the relationship between upwelling and Chla, as well as the size classes, were
observed in each of the shelf regions. In the NB shelf region, during summer, autumn, and winter, signifi-
cant negative correlations were observed between upwelling and Chla and between upwelling and micro-
phytoplankton proportions, with decreases in Chla and microphytoplankton related to increases in
upwelling (Table 4). In contrast, during spring, these correlations were poor and not significant.
Nanophytoplankton and picophytoplankton proportions showed the opposite pattern, with increases in
the proportions associated with increases in upwelling. In the SB shelf region, Chla andmicrophytoplankton
proportions exhibited a significant positive relationship during summer and autumn, where increases in
upwelling were associated with increases in Chla. In contrast, a negative correlation was observed in the
SB shelf region during winter, with an increase in upwelling corresponding to a decrease in Chla. Similar
to the NB shelf region, the correlation between upwelling and Chla was poor and not significant during
spring (Table 4). Correlations in the AB shelf region were overall weaker, and the only significant negative
correlation between upwelling and Chla was observed in autumn (Table 4). While the picophytoplankton
proportion showed a significant negative correlation with upwelling in summer on the AB shelf, during win-
ter the microphytoplankton (nanophytoplankton and picophytoplankton) proportions showed significant
negative (positive) correlations (Table 4).

4. Discussion

Comparisons between Chla values from the SeaWiFS and MODIS‐Aqua platforms in the shelf and open
ocean regions of the NB, SB, and AB revealed a good agreement, with data from both platforms displaying
similar patterns of variability during the overlapping periods (Figures 2–6). These findings are in agreement
with previous studies which have demonstrated a high level of consistency between the standard Chla

Figure 9. Seasonal mean fractional contribution of microphytoplankton, nanophytoplankton, and picophytoplankton to
SeaWiFS andMODIS‐Aqua chlorophyll a (mg/m3) in the Southern Benguela (SB) shelf region during austral (a) summer,
(b) autumn, (c) winter, and (d) spring, for the period 1997 to 2017. Solid and dashed vertical lines indicate the standard
deviation for MODIS‐Aqua and SeaWiFS, respectively. Reconstructed (predicted) seasonal mean microphytoplankton,
nanophytoplankton, and picophytoplankton are indicated as black dots, white dots, and white squares, respectively, and
the 95% confidence interval for the predicted values are indicated as light gray shaded areas. Horizontal dashed‐dotted
black lines indicate the time series mean reconstructed (predicted) microphytoplankton, nanophytoplankton, and pico-
phytoplankton in each season.
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products from the SeaWiFS and MODIS‐Aqua platforms (Brewin et al., 2014; Mélin et al., 2017; Signorini
et al., 2015). Despite the good agreement between the patterns of variability observed from the two
platforms, MODIS‐Aqua values were consistently higher than those from SeaWiFS in the shelf regions,
and regional variations were evident with the largest differences occurring in the NB and the smallest in
the AB shelf region, while minimal differences were noted in the open ocean domains (Figures 2–6).
These results are similar to the findings of Marrari et al. (2017) for Large Marine Ecosystems around
South and Western Central America, where MODIS‐Aqua was also found to overestimate Chla compared
to SeaWiFS.

While it is beyond the scope of the current study to identify and describe all potential sources of the discre-
pancies between the SeaWiFS and MODIS‐Aqua data sets, some of those more pertinent to the BUS are
briefly discussed. The tighter relationships in the open ocean domains as opposed to the shelf regions were
expected, since the standard Chla algorithms applied to the SeaWiFS and MODIS‐Aqua data sets were
designed for open ocean (case 1) waters (Morel & Prieur, 1977). While the majority of the shelf waters in
the BUS can be classified as case 1, there are certain event‐scale conditions where this classification may
not hold and could account for some of the differences observed between the two platforms. In shallow
(<25 m) waters in the California upwelling system, Kudela et al. (2006) demonstrated that during strong
upwelling, while fluorescence was low, the optical signature of newly upwelled water was dominated by
high backscatter from inorganic particles. This is also likely to be true for the BUS, where intense upwelling
events are common and the associated rapid offshore advection of newly upwelled water under persistently
strong upwelling‐favorable winds, as observed in the NB shelf region (Figure 4; Lamont, García‐Reyes, et al.,
2018), could result in the Chla retrievals over large areas being impacted. The NB, SB, and AB shelf regions of
the BUS are all subject to occasional very high biomass phytoplankton blooms (Louw et al., 2016; van der

Figure 10. Seasonal mean fractional contribution of microphytoplankton, nanophytoplankton, and picophytoplankton to
SeaWiFS and MODIS‐Aqua chlorophyll a (mg/m3) in the Southern Benguela (SB) open ocean region during austral (a)
summer, (b) autumn, (c) winter, and (d) spring, for the period 1997 to 2017. Solid and dashed vertical lines indicate the
standard deviation for MODIS‐Aqua and SeaWiFS, respectively. Reconstructed (predicted) seasonal mean microphyto-
plankton, nanophytoplankton, and picophytoplankton are indicated as black dots, white dots, and white squares,
respectively, and the 95% confidence interval for the predicted values are indicated as light gray shaded areas. Horizontal
dashed‐dotted black lines indicate the time series mean reconstructed (predicted) microphytoplankton, nanophyto-
plankton, and picophytoplankton in each season.
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Lingen et al., 2016; Verheye et al., 2016), and the intensity of absorption (or scattering in some cases) by these
blooms can often be problematic for accurate atmospheric correction and result in poor Chla retrieval
(Gordon & Wang, 1994; M. Wang, 2006).

Additionally, extensive occurrence of fog/low clouds and large aerosol dust plumes from the Namib Desert,
as well as sulfur eruptions, further hamper Chla retrieval, especially in the NB shelf region, and the effects of
these vary seasonally. Although fog/low clouds can occur throughout the year, it is usually most extensive
and frequent during spring and summer (Cermak, 2012), and the diurnal variations, with more occurrences
during the mornings, are likely to impact SeaWiFS (local morning overpass) more than MODIS‐Aqua (local
afternoon overpass). Dust plumes commonly occur during strong easterly/northeasterly wind conditions
during the austral winter months (Vickery et al., 2013), while sulfur eruptions are most prevalent during late
summer and early autumn (Ohde & Dadou, 2018). Furthermore, there are several other platform‐specific
contrasts which also contribute to the discrepancy between SeaWiFS and MODIS‐Aqua retrievals, and these
may or may not be apparent, depending on the choice of statistical comparison (Brewin et al., 2014;
Djavidnia et al., 2010). Among these, the sensor tilt of ~22° performed by SeaWiFS to avoid sun glint during
the summer months, versus the sun glint flagging applied to MODIS‐Aqua data during processing, may
result in substantial differences in Chla retrieved from the two platforms (Barnes & Hu, 2016; Feng &
Hu, 2016).

It is likely that some combination of the above‐mentioned factors is responsible for the weaker relationships
observed between SeaWiFS and MODIS‐Aqua in the NB shelf region, particularly during spring and sum-
mer (Figures 2–6). Nonetheless, the overall good agreement between the platforms, particularly in the SB
and AB regions, is encouraging and supports the merging of the various data sets, similar to previous global
studies (Brewin et al., 2014; Mélin et al., 2017). The use of a GLM to reconstruct the time series over the
SeaWiFS period effectively removed the systematic biases between the SeaWiFS and MODIS‐Aqua Chla

Figure 11. Seasonal mean fractional contribution of microphytoplankton, nanophytoplankton, and picophytoplankton to SeaWiFS and MODIS‐Aqua chlorophyll
a (mg/m3) in the Agulhas Bank (AB) shelf region during austral (a) summer, (b) autumn, (c) winter, and (d) spring, for the period 1997 to 2017. Solid and dashed
vertical lines indicate the standard deviation for MODIS‐Aqua and SeaWiFS, respectively. Reconstructed (predicted) seasonal mean microphytoplankton, nano-
phytoplankton, and picophytoplankton are indicated as black dots, white dots, and white squares, respectively, and the 95% confidence interval for the
predicted values are indicated as light gray shaded areas. Horizontal dashed‐dotted black lines indicate the time series mean reconstructed (predicted) microphy-
toplankton, nanophytoplankton, and picophytoplankton in each season.
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and size classes while still retaining the temporal variability observed over the SeaWiFS period and provided
a contiguous 20‐year time series for the description of long‐term trends in the BUS.

While surface Chla measurements are considered to be reasonably representative of phytoplankton biomass
in the euphotic zone of the NB and SB shelf regions (Barlow et al., 2005, 2006; Brown et al., 1991; Lamont,
Brewin, et al., 2018; Louw et al., 2016), subsurface Chla maxima commonly occur on the AB shelf (Brown &
Cochrane, 1991; Brown et al., 1991; Probyn, 1992; Probyn et al., 1994), as well as in the open ocean domains
of each of these regions (Lamont, Brewin, et al., 2018). Thus, the variations of satellite Chla and size struc-
ture presented in this study are considered to represent the surface layer only. In the NB shelf region, in situ
integrated Chla data off Walvis Bay (23°S) showed a decline from 2001 to 2006, followed by an increase with
the highest values observed during 2009–2011 (Jarre et al., 2015; Muller‐Karger et al., 2017). A similar pat-
tern was illustrated by Louw et al. (2016, see their Figure 5), but the paucity of in situ measurements, parti-
cularly after 2005, may be aliasing this observed pattern to some degree. Comparable long‐term in situ Chla
time series have not been sustained in the SB shelf region, but monthly values integrated across the shelf in
the St. Helena Bay (32°S) area between 2000 and 2008 show strong seasonal and interannual variations, with
no clear long‐term trend (Hutchings et al., 2009; Muller‐Karger et al., 2017), and suggest that the increase in
the in situ Chla during the 1980s and early‐mid 1990s reported by Verheye (2000) has not continued to the
2000s (Jarre et al., 2015). In the AB shelf region, there are even fewer published long‐term records of in situ
Chla against which satellite time series can be compared (Muller‐Karger et al., 2017), but an investigation of
Chla values between 1971 and 1989 showed a marked seasonal cycle, with a slight overall decline in mean
annual Chla (Brown & Cochrane, 1991).

Although previous studies have described a good agreement between in situ and satellite Chla with regard to
seasonal and shorter‐term changes and spatial variations (e.g., Lamont, Barlow, et al., 2018; Lamont,
Brewin, et al., 2018), it is difficult to relate the interannual and long‐term in situ patterns described above

Figure 12. Seasonal mean fractional contribution of microphytoplankton, nanophytoplankton, and picophytoplankton to SeaWiFS and MODIS‐Aqua chlorophyll
a (mg/m3) in the Agulhas Bank (AB) open ocean region during austral (a) summer, (b) autumn, (c) winter, and (d) spring, for the period 1997 to 2017. Solid
and dashed vertical lines indicate the standard deviation for MODIS‐Aqua and SeaWiFS, respectively. Reconstructed (predicted) seasonal mean microphyto-
plankton, nanophytoplankton, and picophytoplankton are indicated as black dots, white dots, and white squares, respectively, and the 95% confidence interval for
the predicted values are indicated as light gray shaded areas. Horizontal dashed‐dotted black lines indicate the time series mean reconstructed (predicted) micro-
phytoplankton, nanophytoplankton, and picophytoplankton in each season.
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to those observed from satellite data. This is primarily due to the spatial
and temporal differences in the sampling resolution between the in situ
and satellite data. Most of the in situ data sets described above are com-
posed of samples collected once per month, and thus any interannual or
long‐term patterns described from them are likely to be aliased by high
event‐scale (6–10‐day cycles) variability of phytoplankton responses, as
well as the highly varied pulsed nature of upwelling, particularly in the
southern BUS (Hutchings et al., 2012, 2009, 2006). In contrast, the
monthly satellite averages include observations throughout each month,
depending on availability of data free from cloud and other contamina-
tion. Furthermore, the in situ data sets are often very localized in space,
being collected along single transects (Hutchings et al., 2009; Louw
et al., 2016), or within very limited areas on the shelf (Brown &
Cochrane, 1991; Hutchings et al., 2012; Jarre et al., 2015; Verheye,
2000), while the large satellite data sets often need to be condensed in
some way, usually by temporal and/or spatial averaging or by generating
indices, to facilitate presentation of patterns and processes (Demarcq
et al., 2003, 2007, 2012; Lamont, Brewin, et al., 2018, Weeks et al., 2006).
Another reason contributing to the difficulty in comparing interannual
and long‐term in situ and satellite trends is that in situ data sets are often
integrated vertically (Jarre et al., 2015; Louw et al., 2016), while satellite
observations are considered representative of only surface phytoplankton
populations and likely do not fully detect subsurface communities.

Numerous studies have documented long‐term trends and interannual
variations in satellite Chla at global scales, with findings varying from
declining trends (Behrenfeld et al., 2006; Boyce et al., 2010, 2014;
Doney, 2006) to increasing trends (Gregg et al., 2005). These changes have
been related to climate‐driven fluctuations in environmental conditions,
with increases in Chla associated with warming at high latitudes and
the reverse occurring at low latitudes (Behrenfeld et al., 2006; Martinez

et al., 2009; Polovina et al., 2008). However, Vantrepotte and Mélin (2009) demonstrated that Chla at high
(low) latitudes does not always increase (decrease) as expected in response to ocean warming (also see
Raitsos et al., 2015), and it has been postulated that cancellation of positive and negative trends in different
seasons was likely responsible for this, and several studies (Chavez et al., 2011; Hammond et al., 2017;
Martinez et al., 2009) have shown that there were regional differences with both positive and negative trends
observed across the global ocean.

While regression analyses were significant during most seasons, the trend values indicated little to no
change in the long‐term linear trends of Chla and proportions of microphytoplankton, nanophytoplankton,
and picophytoplankton over the 1997–2018 period in the NB, SB, and AB regions (Figures 7–12 and
Tables 1–3). This may be due to the reversal of trends from the SeaWiFS to MODIS‐Aqua periods in each
of the regions. This is evident during most seasons in the NB, SB, and AB shelf and open ocean regions
for Chla (Figures 4–6), as well as the size fractions (Figures 7–12), where significant increases or decreases
during the SeaWiFS period are replaced by the opposite or no trend during the MODIS‐Aqua period. This
reversal of trends has also been observed in the global ocean where primarily negative SeaWiFS trends
(Behrenfeld et al., 2006; Chavez et al., 2011; Polovina et al., 2008; Vantrepotte & Mélin, 2009) have been
replaced by positive or no clear MODIS‐Aqua trends (Mélin et al., 2017). The current study also revealed
regional differences in the patterns and trends, often with opposing trends being observed during the various
seasons in the BUS. In agreement with the findings of Vantrepotte and Mélin (2009), these opposing seaso-
nal trends are neutralized when examining annual means (data not shown), yielding a lack of discernible
long‐term trends.

Mesoscale variability in the form of eddies and fronts are known to have a substantial influence on phyto-
plankton biomass and production through their ability to either uplift nutrient‐rich waters to the euphotic
zone, in the case of cyclonic eddies, or subduct warmer surface waters resulting in the deepening of the

Table 1
Linear Regression Analysis Results, Showing the Trend ± Standard Error
(Std. error) per Year for the 15‐Year Low‐Pass Filtered Upwelling (m3·
s−1·100 m−1), Chlorophyll a (Chla, mg/m3), and the Proportions of
Microphytoplankton, Nanophytoplankton, and Picophytoplankton in the
Northern Benguela (NB) Shelf Domain

NB shelf Trend ± Std. error F1,20 R2 p

Summer Upwelling −21,475 ± 2,674 64.523 0.773 <0.001

Chla 0.040 ± 0.004 100.413 0.841 <0.001

Micro 0.002 ± 0.000 67.845 0.781 <0.001

Nano −0.002 ± 0.000 56.519 0.748 <0.001

Pico −0.001 ± 0.000 76.550 0.801 <0.001

Autumn Upwelling −56,353 ± 2,701 435.153 0.958 <0.001

Chla 0.042 ± 0.006 50.829 0.728 <0.001

Micro 0.003 ± 0.000 126.823 0.870 <0.001

Nano −0.002 ± 0.000 119.381 0.863 <0.001

Pico −0.001 ± 0.000 138.909 0.880 <0.001

Winter Upwelling −17,004 ± 1,513 126.354 0.869 <0.001

Chla 0.039 ± 0.001 850.366 0.978 <0.001

Micro 0.003 ± 0.000 1,063.191 0.982 <0.001

Nano −0.002 ± 0.000 1,074.056 0.983 <0.001

Pico −0.001 ± 0.000 773.202 0.976 <0.001

Spring Upwelling −8,204 ± 1,583 26.848 0.586 <0.001

Chla 0.017 ± 0.009 3.824 0.168 0.065
Micro 0.001 ± 0.000 4.281 0.184 0.052

Nano −0.001 ± 0.000 7.675 0.288 0.012

Pico 0.000 ± 0.000 0.206 0.011 0.655

Note. F1,20 indicates the F statistic and degrees of freedom. Gray shading
indicates significant results, and bold values indicate negative trends.
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nutricline, as in the case of anticyclonic eddies (Falkowski et al., 1991;
Gaube et al., 2015; Oschlies & Garçon, 1998). Various responses in phyto-
plankton biomass and productivity have also been documented at eddy
peripheries in relation to stronger vertical velocities, enhanced mixing,
as well as advection and entrainment (Lévy et al., 2012; Mahadevan,
2016; Quartly & Srokosz, 2004). However, in Eastern Boundary
Upwelling Systems, mesoscale eddies are often observed to have a nega-
tive impact, with mixing and stirring (Rossi et al., 2008, 2009; Y. Wang
et al., 2018), as well as offshore transport and subduction of biomass
(Rubio et al., 2018; Y. Wang et al., 2018) and nutrients (Gruber et al.,
2011), resulting in a reduction of phytoplankton biomass and production
in shelf regions. Since we investigated seasonal means of Chla and phyto-
plankton size classes, we could not examine the direct impacts of mesos-
cale features in the current study. However, previous investigations in
the Benguela system have documented substantial offshore transport
associated with eddies (Chaigneau et al., 2009; Hall & Lutjeharms, 2011;
Rossi et al., 2008, 2009; Rubio et al., 2009), as well as their influence in
reducing phytoplankton biomass and production (Gruber et al., 2011;
Hernández‐Carrasco et al., 2014; Lachkar & Gruber, 2012). Similarly, stu-
dies on the impacts of filaments on the Benguela ecosystem have also been
infrequent, but they have been observed to extend considerable distances
offshore and have been associated with substantial offshore transport of
shelf waters (Duncombe Rae, Boyd, et al., 1992, Duncombe Rae,
Shillington, et al., 1992; Lutjeharms et al., 1991; Shannon & Nelson,
1996; Shillington et al., 1992). Recent modeling studies in the California
upwelling system have predicted that future increases in eddy activity,
together with changes in upwelling‐favorable alongshore winds, as well
as wind stress curl, will result in increased nutrient fluxes in both the
coastal and offshore regions and yield spatially variable

increases/decreases in phytoplankton biomass and production, as well as changes in community structure
(Xui et al., 2018).

A recent study of the impact of zooplankton abundance on export fluxes of two different phytoplankton
populations revealed that copepod grazing decreased the export efficiency in diatom‐dominated mesocosms
by altering the phytoplankton community structure and/or preventing their aggregation (Moriceau et al.,
2018). In contrast, copepods increased phytoplankton growth, aggregation, and fecal pellet production in
flagellate‐dominated mesocosms (Moriceau et al., 2018). While their study illustrated the importance of con-
sidering the influence of zooplankton when trying to understand variations in phytoplankton biomass and
community structure, patterns of variability in phytoplankton and zooplankton populations determined
from field observations are not always easy to reconcile. This is especially true for the BUS, where it has been
proposed that the observed changes in zooplankton abundance and community structure result from the
combined effects of bottom‐up control (oceanographic and lower trophic biological processes) and top‐down
control, primarily through the effect of predation by anchovy and sardine (Huggett et al., 2009; Verheye,
2000; Verheye et al., 1998, 2016, 2017; Verheye & Richardson, 1998).

Concomitant with overall decreases in zooplankton abundance, there has been a pronounced shift in dom-
inance from larger to smaller species in the NB, SB, and AB shelf regions, suggesting a long‐term change
from a cooler to a warmer ecosystem (Huggett et al., 2016; Verheye, 2000; Verheye et al., 1998, 2016,
2017). Strong evidence of bottom‐up control on zooplankton communities was presented by Verheye
(2000), with concomitant long‐term increases in nutrient enrichment, surface phytoplankton biomass,
and zooplankton abundance during the 1980s and early‐mid 1990s. There seems to be a general agreement
between the long‐term trends in phytoplankton biomass and size structure presented in the current study
and published zooplankton trends for autumn in the SB and for spring in the AB shelf region (Huggett
et al., 2016, 2009; Verheye et al., 1998, 2016, 2017), with overall decreasing patterns in Chla and microphy-
toplankton fractions corresponding to decreases in zooplankton abundance and community structure

Table 2
Linear Regression Analysis Results, Showing the Trend ± Standard Error
(Std. error) per Year for the 15‐Year Low‐Pass Filtered Upwelling (m3·
s−1·100 m−1), Chlorophyll a (Chla, mg/m3), and the Proportions of
Microphytoplankton, Nanophytoplankton, and Picophytoplankton in the
Southern Benguela (SB) Shelf Domain

SB shelf Trend ± Std. error F1,20 R2 p

Summer Upwelling 511 ± 419 1.484 0.072 0.238
Chla −0.003 ± 0.002 1.843 0.088 0.191
Micro 0.000 ± 0.001 0.070 0.004 0.794
Nano 0.000 ± 0.000 1.592 0.077 0.222
Pico 0.000 ± 0.000 0.444 0.023 0.513

Autumn Upwelling −3,942 ± 999 15.572 0.450 0.001

Chla −0.002 ± 0.004 0.179 0.009 0.677
Micro −0.001 ± 0.000 4.303 0.185 0.052
Nano 0.000 ± 0.000 2.082 0.099 0.165

Pico 0.000 ± 0.000 17.511 0.480 0.001

Winter Upwelling 18 ± 18 1.016 0.051 0.326

Chla −0.007 ± 0.002 12.120 0.389 0.002

Micro 0.000 ± 0.000 0.426 0.022 0.522
Nano 0.000 ± 0.000 1.074 0.053 0.313
Pico 0.000 ± 0.000 0.097 0.005 0.759

Spring Upwelling −90 ± 136 0.436 0.022 0.517

Chla −0.023 ± 0.004 31.819 0.626 <0.001

Micro −0.001 ± 0.001 4.636 0.196 0.044

Nano 0.001 ± 0.000 13.626 0.418 0.002

Pico 0.000 ± 0.000 0.837 0.042 0.372

Note. F1,20 indicates the F statistic and degrees of freedom. Gray shading
indicates significant results, and bold values indicate negative trends.
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(Figures 5, 6, 9, and 11 and Tables 2 and 3). In contrast, the decreases in
zooplankton abundance and community structure in summer on the AB
shelf (Huggett et al., 2016, 2009; Verheye et al., 1998, 2016, 2017) appear
to be associated with a small but significant increase in Chla (Table 3).
The same applies to the NB shelf region, where observed long‐term
changes in phytoplankton show general increases in Chla and microphy-
toplankton proportions (Figures 4 and 7 and Table 1), while annual mean
zooplankton patterns indicate an opposing trend with decreases in overall
abundances and larger species dominance (Verheye et al., 2016, 2017).

Increasing Chla and microphytoplankton proportions in the NB shelf
region (Figures 4 and 7) appears to be related to the overall decrease in
upwelling‐favorable wind conditions in recent years (Figure 4 and
Table 3; Lamont, García‐Reyes, et al., 2018), and indeed, these parameters
seem to be strongly correlated (Table 4). Despite the substantial recent
decrease, upwelling in the NB region is still an order of magnitude larger
than that in the SB region (Figures 4 and 5; Lamont, García‐Reyes, et al.,
2018), and thus, it is possible that nutrient input to the euphotic zone is
still sufficient to sustain elevated levels of phytoplankton, together with
the associated reduction in turbulence and mixing (Jarre et al., 2015;
Lamont, García‐Reyes, et al., 2018; Tim et al., 2015) and the diminished
grazing pressure from the lower zooplankton abundances (Verheye
et al., 2016, 2017) possibly contributing to the observed increases in
Chla and microphytoplankton fractions. On the AB shelf, the increase
in Chla and microphytoplankton proportions during summer is in agree-
ment with the observed increase in summer upwelling‐favorable winds
(Figure 6 and Tables 3 and 4; Lamont, García‐Reyes, et al., 2018), which
are likely yielding elevated nutrient concentrations more suitable to phy-
toplankton growth in the euphotic zone and favoring larger‐celled phyto-
plankton, with lower zooplankton abundance exerting less grazing

pressure on phytoplankton communities (Huggett et al., 2016; Verheye et al., 2017). In contrast, the corre-
spondence between the long‐term observations of upwelling (Lamont, García‐Reyes, et al., 2018) and phyto-
plankton biomass and size structure variations in the SB region (Figures 5, 9, and 10 and Tables 2 and 4) is
more variable, with positive correlations with Chla in summer and autumn and a negative correlation in
winter. Despite the strong correlations between upwelling and Chla, as well as the size classes in the NB,
SB, and AB shelf regions, it is important to note that while the long‐term decreases (increases) in upwelling,
particularly in the NB shelf region, have been remarkably large and significant, the long‐term increases
(decreases) in Chla and size structure have been very small in comparison, suggesting the influence of addi-
tional mechanisms, such as zooplankton grazing and light availability, controlling the Chla and size struc-
ture in these regions. Furthermore, this study has highlighted seasonal differences in the relationship
between upwelling and Chla in each of the shelf regions, with the strongest correlations observed in sum-
mer, autumn, and winter in the NB and SB shelf regions and only during autumn on the AB shelf.

In addition to changes in upwelling frequency and intensity (Jarre et al., 2015; Lamont, García‐Reyes, et al.,
2018; Tim et al., 2015), shifts in the properties of upwelling source waters have also been noted in the South
Atlantic (de Souza et al., 2018; Karstensen & Quadfasel, 2002; Salt et al., 2015; Venegas et al., 1998). While
the impacts of such changes have not been described for the BUS, increased biomass and production in the
California upwelling system have been related to elevated nitrate levels in source waters (Bograd et al., 2015;
Rykaczewski and Dunne, 2010). Recent model experiments have demonstrated the strong influence of the
Agulhas Current on the BUS through the intensification of shelf‐edge currents which result in the uplift
of cooler, less saline waters into the surface layers (Veitch & Penven, 2017). Projected increases in the input
of Agulhas Current waters into the South Atlantic (Beal et al., 2011; Biastoch et al., 2009) are likely to alter
the properties of Central waters in the South Atlantic, not only by increases in temperature and salinity but
also by resulting in decreases in nutrient and dissolved oxygen content, and thus have the potential to
decrease the productivity of the Benguela ecosystem.

Table 3
Linear Regression Analysis Results, Showing the Trend ± Standard Error
(Std. error) per Year for the 15‐Year Low‐Pass Filtered Upwelling (m3·
s−1·100 m−1), Chlorophyll a (Chla, mg/m3), and the Proportions of
Microphytoplankton, Nanophytoplankton, and Picophytoplankton in the
Agulhas Bank (AB) Shelf Domain

AB shelf Trend ± Std. error F1,20 R2 p

Summer Upwelling 65 ± 36 3.245 0.146 0.088

Chla 0.009 ± 0.002 30.222 0.614 <0.001

Micro 0.000 ± 0.000 1.152 0.057 0.296

Nano 0.000 ± 0.000 8.155 0.300 0.010

Pico 0.000 ± 0.000 0.043 0.002 0.838
Autumn Upwelling 7 ± 12 0.294 0.015 0.594

Chla −0.018 ± 0.005 11.457 0.376 0.003

Micro −0.003 ± 0.000 49.758 0.724 <0.001

Nano 0.002 ± 0.000 39.595 0.676 <0.001

Pico 0.002 ± 0.000 61.780 0.765 <0.001

Winter Upwelling 13 ± 4 13.713 0.419 0.002

Chla −0.003 ± 0.003 0.971 0.049 0.337

Micro −0.001 ± 0.000 6.553 0.256 0.019

Nano 0.000 ± 0.000 1.881 0.090 0.186

Pico 0.001 ± 0.000 16.812 0.469 0.001

Spring Upwelling 41 ± 9 23.479 0.553 <0.001

Chla −0.002 ± 0.001 1.345 0.066 0.261

Micro −0.001 ± 0.000 46.044 0.708 <0.001

Nano 0.000 ± 0.000 5.997 0.240 0.024

Pico 0.001 ± 0.000 96.371 0.835 <0.001

Note. F1,20 indicates the F statistic and degrees of freedom. Gray shading
indicates significant results, and bold values indicate negative trends.
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Although numerous investigations have shown the utility of ocean color
measurements and demonstrated good agreement with in situ observa-
tions, with regard to spatial and seasonal changes, as well as shorter‐term
variations (Lamont, Barlow, et al., 2018; Lamont, Brewin, et al., 2018),
several inconsistencies with longer‐term variations and trends have been
highlighted, with in situ and satellite time series in some cases showing
seemingly contradictory patterns (Jarre et al., 2015). As discussed by
Verheye et al. (2016), in light of the limited availability of in situ data, vali-
dation of the long‐term temporal changes identified from ocean color time
series is challenging, particularly in regions such as the BUS and sur-
rounding open ocean. The fact that satellite‐derived Chla and size struc-
ture are considered to represent the surface layers only (Lamont,
Barlow, et al., 2018; Lamont, Brewin, et al., 2018) highlights a critical
gap in the sampling of phytoplankton communities from space and
emphasizes the necessity of sustained accurate long‐term subsurface mea-
surements, for instance, through autonomous platforms such as biogeo-
chemical Argo floats (Claustre et al., 2010). Nevertheless, these ocean
color observations, together with the application of models to assess varia-
tions in size structure, as presented in this study, among others (Brewin
et al., 2010, 2014; Hirata et al., 2009; Lamont, Barlow, et al., 2018;
Lamont, Brewin, et al., 2018) provide new data sets which afford the
opportunity for more detailed investigations of phytoplankton commu-
nities, as well as their responses to climate change and variation. Since
phytoplankton communities form the base of marine ecosystems
(Chassot et al., 2010; Field et al., 1998; Sathyendranath et al., 2017), such
as the highly productive BUSwhich supports large fisheries and other eco-
system goods and services of substantial economic value (Kirkman et al.,
2016; Verheye et al., 2016), understanding and monitoring variations in
phytoplankton biomass and community structure is crucial to evaluating
the functioning and health status of these ecosystems. To adequately
monitor and understand ecosystem variability and change, long‐term data
sets are essential. Although the approach of using a GLM to reconstruct
the time series over the SeaWiFS period in the current study is simpler
than most existing methods (Grant et al., 2017; Maritorena & Siegel,
2005; Mélin & Sclep, 2015; Signorini et al., 2015) of combining SeaWiFS
and MODIS‐Aqua data, it yielded a contiguous 20‐year data set by remov-
ing the systematic differences between SeaWiFS and MODIS‐Aqua Chla
and size fractions, without impacting the observed temporal variability
over the SeaWiFS period.

In this study, a significant increase in Chla and microphytoplankton frac-
tions was observed during all seasons in the NB shelf region and during

summer in the AB shelf region, while the opposite was noted during winter and spring on the SB shelf
and in autumn on the AB shelf. As suggested by the R2 values, most of these long‐term linear trends explain
a reasonably large proportion of the variance in each time series in the NB and AB regions but are generally
much weaker in the SB region. The largest and most notable signal in each of the regions was the substantial
interannual changes in both Chla and the size fractions. These findings are in agreement with various mod-
eling studies which have demonstrated that long‐term changes in physical properties were small in compar-
ison to their interannual and decadal‐scale variability and speculated that these gradual shifts would yield
similarly slow changes in phytoplankton populations (Bopp et al., 2001; Boyd et al., 2008). Similarly,
Henson et al. (2010) and Beaulieu et al. (2013) demonstrated that the magnitude of interannual to
decadal‐scale changes in satellite Chla time series is similar (or greater in some cases) to the magnitude of
the long‐term trends and concluded that these changes are not yet discernible from each other due to the
relatively short length of the available contiguous observations. It was further demonstrated that in the

Table 4
Correlation Coefficients and Significance (p) Values Between the 15‐Year
Low‐Pass Filtered Upwelling (m3·s−1·100 m−1) and the 15‐Year Low‐Pass
Filtered Chlorophyll a (Chla, mg/m3) and Proportions of
Microphytoplankton, Nanophytoplankton, and Picophytoplankton in the
NB, SB, and AB Shelf Domains

NB shelf
upwelling Chla Micro Nano Pico

Summer r = −0.877 r = −0.781 r = 0.796 r = 0.715

p < 0.001 p < 0.001 p < 0.001 p < 0.001

Autumn r = −0.880 r = −0.961 r = 0.955 r = 0.970

p < 0.001 p < 0.001 p < 0.001 p < 0.001

Winter r = −0.921 r = −0.916 r = 0.909 r = 0.928

p < 0.001 p < 0.001 p < 0.001 p < 0.001

Spring r = 0.184 r = 0.159 r = −0.012 r = −0.493

p = 0.424 p = 0.493 p = 0.960 p = 0.023

SB shelf
upwelling Chla Micro Nano Pico

Summer r = 0.556 r = 0.735 r = −0.566 r = −0.850

p = 0.009 p < 0.001 p = 0.007 p < 0.001

Autumn r = 0.797 r = 0.956 r = −0.914 r = −0.979

p < 0.001 p < 0.001 p < 0.001 p < 0.001

Winter r = −0.798 r = −0.647 r = 0.597 r = 0.613

p < 0.001 p = 0.002 p = 0.004 p = 0.003

Spring r = 0.302 r = 0.438 r = −0.364 r = −0.485

p = 0.184 p = 0.047 p = 0.105 p = 0.026

AB shelf
upwelling Chla Micro Nano Pico

Summer r = 0.420 r = 0.414 r = −0.052 r = −0.540

p = 0.058 p = 0.062 p = 0.822 p = 0.011

Autumn r = −0.754 r = −0.382 r = 0.427 r = 0.331

p < 0.001 p = 0.087 p = 0.053 p = 0.142

Winter r = −0.408 r = −0.691 r = 0.463 r = 0.870

p = 0.066 p = 0.001 p = 0.035 p < 0.001

Spring r = 0.385 r = −0.335 r = 0.082 r = 0.416
p = 0.084 p = 0.138 p = 0.723 p = 0.061

Note. Gray shading indicates significant results, and bold values indicate
negative correlations. NB = Northern Benguela; SB = Southern
Benguela; AB = Agulhas Bank.
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Equatorial and South Atlantic Ocean, an average of 32–36 years of observations is required to be able to dis-
tinguish long‐term climate‐driven trends from interannual to decadal variations in Chla (Henson et al.,
2010). In upwelling systems, such as the Benguela, where interannual to decadal changes are often much
larger than those in more oligotrophic regions, as illustrated above, substantially more years of observations
may be required before these various effects can be adequately distinguished. The current study presents the
first 20‐year analysis of long‐term variations in surface phytoplankton biomass and community structure in
the BUS and provides a necessary baseline against which future changes can be monitored and assessed.
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