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Keywords: Understanding the response of phytoplankton to climate change is crucial for predicting shifts in marine eco-
Satellite

systems. Despite the Benguela being the world’s most productive eastern boundary upwelling system, the dis-
tribution and susceptibility of its phytoplankton functional groups (PFGs) to climate change remain poorly
. understood. Here, we use 20 years (2003—2022) of daily MODIS-Aqua satellite data to uncover distinct spatial,
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Climate change seasonal and multidecadal trends in key PFGs (diatoms, dinoflagellates, flagellates, coccolithophores). PFGs
MODIS-aqua exhibit strong regional and seasonal variability in their Spatial Extent and Frequency of dominance, with evidence
Namibia of niche conditions favoring particular PFGs. Multidecadal trends reveal strong spatial variability in PFG ad-
justments, which are closely aligned with major upwelling cells. Some cells show increasing diatom dominance
coupled with declines in coccolithophores, dinoflagellates and flagellates, while others exhibit the opposite
trend. Seasonal transitions are also evident, with diatom-to-dinoflagellates shifts in Summer and enhanced
diatom dominance in Autumn. Overall, PFGs increased in Spatial Extent and Frequency of dominance at distinct
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seasonal timings, except for declining coccolithophores. The link between alongshore equatorward winds and
PFG trends strongly suggests an altered nutrient supply-driven response. Diatoms, significant carbon exporters,
exhibit pronounced adjustments, highlighting their sensitivity to environmental changes. These findings are
indicative of potential impacts on biogeochemical cycling and higher trophic levels, affecting carbon export and
marine services. These insights provide a critical foundation for identifying climate-sensitive regions and sea-
sonal windows of ecological vulnerability, supporting the development of early warning systems for adaptive

conservation efforts.

1. Introduction

Marine phytoplankton form the base of the aquatic food-web sus-
taining higher trophic levels and lucrative fisheries. In addition,
phytoplankton production and export modulate biogeochemical cycling
with important impacts on climate regulation (Charlson et al., 1987;
Field et al., 1998). These photosynthetic microorganisms are concep-
tually grouped into phytoplankton functional groups (PFGs) according
to common ecological traits (Reynolds et al., 2002). Diatoms are
considered effective exporters of carbon to the deep ocean and to higher
trophic levels (Allen et al., 2005) while smaller dinoflagellates and
calcifying coccolithophores are important producers of the climatically
active dimethyl sulfide (DMS) gas, which seeds aerosol and cloud for-
mation and impacts climate (Charlson et al., 1987). Collectively,
phytoplankton occupy key roles in ecosystem functioning, food security
and climate, which makes them ideal indicators of overall ecosystem
health and trophic status (Tweddle et al., 2018). Phytoplankton com-
munity composition and succession are intricately tied to a complex
interplay of physical and biogeochemical factors that dictate the char-
acteristics of their environment (e.g. temperature, water column sta-
bility, light and nutrient availability) (Aratjo et al., 2022). Continued

environmental forcing mechanisms that promote or constrain phyto-
plankton growth (Calvin et al., 2023), with evidence of change already
apparent in bloom phenology (Thomalla et al., 2023), frequency and
spatial occupation (Dai et al., 2023) and abundance (Van Oostende
et al., 2023), with far reaching implications for marine ecosystem ser-
vices. Understanding long-term spatiotemporal trends in phytoplankton
dynamics, particularly in highly productive ocean regions, is funda-
mental to our ability to detect early ecosystem disturbances and predict
the magnitude and direction of ecosystem shifts. Such knowledge is vital
for informed decision-making and the implementation of effective
conservation and management strategies for sustainable ecosystems and
the preservation of the key services that they elicit.

Eastern Boundary Upwelling Systems (EBUS) are coastal oceanic
regions characterized by equatorward wind-driven upwelling of cold
nutrient-enriched subsurface waters to the euphotic zone where they
fuel high rates of primary production that manifest as phytoplankton
blooms (Kampf and Chapman, 2016). Although comprising <7 % of the
global ocean, EBUS offer great socio-economic services by accounting
for ~2 % of global ocean production and ~ 20 % of global fisheries
yields (Carr and Kearns, 2003). The Benguela upwelling system (BUS)
off South West Africa (Fig. 1) is divided into its northern (nBUS) and
southern (sBUS) components and is considered the most productive of
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Fig. 1. Study area, mean phytoplankton abundance as well as long term dynamics of key climate drivers.

a, The Benguela upwelling system along the south western tip of the African continent (inset) shared between South Africa, Namibia and Angola (shown in bold) with
its northern (nBUS) and southern (sBUS) subsystems indicated by dashed gray boxes. Upwelling centers in the nBUS are indicated as gray shaded areas, the Angola-
Benguela frontal zone (ABFZ) is indicated by the purple shaded area. The cold Benguela current is shown by the blue arrow whereas the warm Agulhas and Angola
(AC) currents are shown by the red arrows. b, Mean equatorward winds speed (Wgq) at 10 m above sea surface with wind direction (black arrows) overlaid,
computed from the zonal (U) and meridional (V) wind components (European Union-Copernicus Marine Service, 2017). ¢, Sea surface temperature (SST) climatology
(MODIS-Aqua, Level-3 4 km), with gray shaded areas in b and c also representing upwelling cells. d, Long-term trends in key climate drivers, SST and Wgq, showing
the imprint of climate change manifested as warming and wind acceleration. The red and purple solid lines represent mean annual SSTs and Wy, respectively, with
dotted lines indicating long-term annual trends. Trends are considered statistically significant when P < 0.05. Climatological means of Chl-a, Wgq and SST (a, b, ¢) as
well as annual means for trends analysis (d) were computed from daily satellite observations between 01 January 2003-31 December 2022.
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the four main EBUS (Carr, 2001). The nBUS off Namibia and Angola is
progressively being impacted by climate change via increasing sea sur-
face temperatures (Fig. 1d), intensifying equatorward winds (Fig. 1d),
expanding oxygen-minimum zones (Monteiro et al., 2008) and altered
wind-driven upwelling (Lamont et al., 2018) in addition to human-
induced activities such as overfishing (Cury and Shannon, 2004).
Plankton communities at the base of this key marine ecosystem are
likely to be impacted by these altered climate dynamics with conse-
quential changes expected in their composition and distribution patterns
with cascading ramifications for ecosystem function. For example,
increasing SST coupled with decreasing dissolved oxygen concentrations
have been reported to constrain vertical plankton distributions and the
survival of early life-cycle stages of fish (Auel and Verheye, 2007; Ekau
and Verheye, 2005).

Continuous environmental monitoring programmes provide long-
term datasets that are essential to ecosystem assessment for effective
environmental management efforts (Benway et al., 2019). Shipboard
observations are severely constrained both spatially (distinct geographic
transects) and temporally (monthly to seasonal occupations), making an
ecosystem-wide response of phytoplankton communities to climate
variability difficult to detect. Satellite remote sensing has advanced our
ability to observe and monitor surface ocean dynamics at high temporal
(daily, spanning years to decades) and spatial (300 m, global coverage)
scales. While spatial and temporal trends in chlorophyll a (Chl-a) con-
centration (Demarcq, 2009), Chl-a size fractions (Lamont et al., 2019)
and bloom occurrence (Dai et al., 2023) have been examined in the BUS,
much less is known about the dynamics of specific phytoplankton
functional groups (PFGs) over climate-relevant time scales. In partic-
ular, the response of PFGs to climate-driven changes such as warming
and shifting wind patterns, remains poorly constrained in the Benguela
upwelling system, the world’s most productive EBUS. This gap is crit-
ical, as PFGs play distinct roles in biogeochemical cycling, food web
dynamics, and carbon export. Moreover, the lack of long-term, spatially
explicit assessments of PFG climatology and variability hampers our
ability to predict how marine ecosystems may respond to ongoing
climate change. To address this gap, we utilize 20 years of daily MODIS-
Aqua satellite data to characterize the seasonal patterns of key PFGs
(diatoms, dinoflagellates, flagellates, and coccolithophores) and assess
their long-term trends in the context of the physical climate drivers of
SST and equatorward wind patterns in the nBUS. The hypothesis being
that shifts in environmental drivers will lead to changes in the relative
abundance of PFGs, with certain groups gaining dominance as they
become better suited to the emerging conditions. By doing so, this study
provides new insights into the spatial and seasonal dynamics of key PFGs
and their links to physical drivers, with implications for ecosystem
functioning and climate resilience.

2. Methods
2.1. Study region

The BUS is situated on the southwestern coast of the African conti-
nent, stretching from Cape Agulhas in South Africa along the Namibian
coast and northwards into Angola (Fig. 1a). The BUS is unique to other
EBUS in that it is bound by two warm water masses, the Agulhas current
in the south and the Angola current in the north (Fig. 1a) (Kampf and
Chapman, 2016). Of the four EBUS, the BUS is estimated to be the most
productive (Carr, 2001). The study was conducted in the northern
Benguela Upwelling System (nBUS), situated off the coast of Namibia
(Fig. 1a). The nBUS is influenced by two different water masses: The
dominant surface currents are the poleward flowing warm Angola
Current (AC) and its northward flowing cold Benguela Current (BC)
counterpart, which converge at the Angola Benguela Frontal Zone
(ABFZ) with a seasonally and interannually variable geolocation be-
tween 15 and 18°S that separates the oligotrophic tropical ecosystem to
the north from the nutrient-rich BUS to the south (Fig. 1a) (Kampf and
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Chapman, 2016).

The nBUS is characterized by strong and seasonally variable equa-
torward alongshore wind jets that induce coastal upwelling of the deep,
cold and nutrient-rich waters to the sunlit ocean surface (Kampf and
Chapman, 2016). Once upwelled, the nutrient-enriched surface waters
fuel marine primary production, which manifests in the form of phyto-
plankton blooms (Louw et al., 2016). There are four upwelling cells in
the nBUS, viz. The Kunene, Northern, Central and lastly the largest, most
intense, and perennial Liideritz upwelling cell located at ~26°S that
partitions the BUS into its northern (nBUS) and southern (sBUS) sub-
systems (Fig. 1a).

2.2. Ocean color satellite remote sensing data

Daily level-3 (L3) ocean color remote sensing data with 4 km spatial
resolution from the Moderate Resolution Imaging Spectroradiometer
aboard NASA’s aqua satellite (MODIS-Aqua) were obtained from the
NASA Ocean Color web (https://oceancolor.gsfc.nasa.gov/). Ocean
color data were obtained for the normalized fluorescence line height
(nFLH, mW m 2 prn_1 st~ 1), remote sensing reflectance (Rrs, A; st at
443 (Rrs443), 488 (Rrs488), 531 (Rrs531), 547 (Rrs547), 667 (Rrs667)
and 678 (Rrs678) nm wavebands as well as sea surface temperature
(SST, °C) and chlorophyll-a (Chl-a, pg.1™1). The daily ocean color remote
sensing data spanned the period from January 2003 to December 2022,
with a total of 65,619 daily satellite data files.

2.3. PFG remote sensing detection proxies

The regional algorithm derived for MODIS-Aqua application of
Moloto et al. (2023) was applied for the detection of phytoplankton
functional group dominance (diatoms, flagellates, and low and high
biomass dinoflagellates) in the northern Benguela upwelling system.
Dominance, according to the algorithm, is acquired when a PFG con-
tributes more than 50 % to the total phytoplankton community biomass
at any given time and location. In cases where no single PFG contributes
more than 50 % to the total community, the algorithm classifies the
assemblage as a mixed community. The strength of this approach lies in
its ability to represent ecologically plausible scenarios of co-dominance;
however, a limitation is that it does not specify which groups comprise
the mixed assemblage. The authors used statistical thresholds based on
dual band ratios of spectral bands in the green, red and near-infrared
regions (531, 547, 667 and 748 nm) as well as spectral band differ-
ence (nFLH) proxies to exploit small variations in Rrs characteristics of
waters associated with dominance of PFGs. In the current study, we
combine the low and high biomass dinoflagellates and report them as
one dinoflagellate PFG.

Coccolithophore blooms were detected using an adaptation of the
approach of Smith et al. (2023), which utilizes the distinctive blue-green
reflectance peak caused by coccolithophore blooms. The original
detection technique operates on the Sea-viewing Wide Field-of-view
Sensor (SeaWiFS) data and calculates the integral of Rrs between 490
and 510 nm. SeaWiFS however has a limited temporal coverage
(September 1997 to December 2010), thus limiting its suitability for this
study. Accordingly, we adopted the algorithm for application to MODIS-
Aqua observations. In the absence of MODIS-Aqua Rrs490 and Rrs510
wavebands, our adaptation instead calculates the integral of Rrs be-
tween 488 and 531 nm. An integral threshold of 0.26 was used since it
corresponds to a minimum threshold of approximately 2 mmol m— of
particulate inorganic carbon (PIC) in the MODIS-Aqua PIC product in
confirmed offshore bloom areas (data not shown). A PIC of 2 mmol m 3
is often used as a threshold for detecting coccolithophore blooms (He
et al., 2022). Additional classification criteria included excluding pixels
from potentially suspended sediment-laden waters with a peak in the
green spectral band (Rrs488 > Rrs547) and the exclusion of pixels
potentially affected by anomalously elevated reflectance in the blue
spectral band (Rrs488 > Rrs443). Near-shore coccolithophore-like
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features in Namibia have been demonstrated to be a result of hydrogen
sulfur (HyS) eruptions in the shelf (< 200 m depth) (Ohde et al., 2007),
which have similar spectral features to coccolithophores (Siegel et al.,
2007). In order to avoid misclassification of these events as coccoli-
thophore blooms, we masked out the pixels where the bathymetry
(GEBCO Bathymetric Compilation Group 2023, 2023) was less than 200
m.

2.4. PFG quantitative indices

Two quantitative indices were derived following application of the
PFG algorithms to allow for a spatiotemporal analysis of the 7291 daily
satellite observations in the nBUS. These included 1) Frequency —
calculated as the number of days of dominance per pixel by each PFG on
an annual or seasonal time scale (days per year/season), and 2) Spatial
Extent — defined as the area dominated by each PFG, calculated as the
sum of all 4-km pixels dominated by each PFGs and converted to area
(km?) by accounting for the spatial resolution of the MODIS-Aqua pixels.

2.5. Equatorward winds

The Global Ocean Daily Gridded Reprocessed level-3 (L3) Sea Sur-
face Winds from Scatterometer (European Union-Copernicus Marine
Service, 2017) was selected as the best (of four) wind data product for
the region from a comparison with QuickSCAT (see Supplementary
Material for detailed comparative study). The meridional (V) and zonal
(U) wind vector components at 10 m above sea surface were used to
compute equatorward winds (Wgq).

2.6. Trends analysis

Annual and seasonal Frequency, Spatial Extent, SST and Wgq time
series datasets were computed from daily satellite observations and
constitute the main material to compute linear trends analysis. Prior to
trends analysis, we applied quality control measures to mitigate the
influence of missing data and outliers (anomalous data) to minimize
error and bias following the approach of Thomalla et al. (2023). Firstly,
pixels with less than 50 % of the total time series (i.e. < 10 years) of valid
observations were excluded from statistical trend analysis to ensure
temporal robustness and minimize bias from data gaps. Secondly, the
datasets were tested for normality of their distribution. If the data were
normally distributed, then linear regressions were performed using the
robust Huber-Regression (epsilon (¢) = 1.35). The Huber regression
analysis is considered to be robust as it is less sensitive to outliers and
limits their impact on trends estimates. If the data were not normally
distributed, then linear regression analysis was performed using the non-
parametric Mann-Kendall (MK) test.

2.7. Correlation of trends on PFGs with SST and equatorward winds

To assess the correlation between long-term changes in key climate
drivers of SST and Wgq with PFGs, we first regridded Wk onto the 4 km
MODIS-Aqua grid using the nested2gd method of the xESMF python
package (version v0.8.2). Then we linearly correlated the PFG indices (i.
e. Spatial Extent, Frequency) against SST and Wgq and quantified the
strength of their association using Pearson’s correlation coefficient (r).

3. Results
3.1. Climatological patterns and environmental drivers of PFGs

The occurrence and distribution of PFGs in the nBUS is primarily
mediated by nutrient supply, temperature, light and turbulence (Hansen
et al., 2014). Equatorward winds (Wgq) drive coastal upwelling, which
impacts temperature, turbulence, water column structure, nutrient and
light supply (Mohrholz et al., 2014). As such, these winds play a key role
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in determining the physicochemical environment that supports phyto-
plankton production, with different PFGs outcompeting others in the
spectrum of conditions that vary both regionally (i.e. inshore/offshore,
north/south) and temporally (i.e. on event/seasonal/annual and multi-
decadal time scales) (Hansen et al., 2014; Louw et al., 2016; Siegel et al.,
2007).

In this study, we use Frequency (days yr’l) and Spatial Extent (km?) as
metrics to study spatiotemporal variability in PFG dominance. Clima-
tological maps from the past 20 years of annual mean Frequency
(Fig. 2A) reveal that diatoms dominate most frequently (< 80 days
yr™ 1), followed by flagellates and mixed communities (< 30 days yr—1)
with moderate frequency of dominance by dinoflagellates (< 16 days
yr 1) and infrequent coccolithophore dominance (< 2 days yr™!). A
poleward gradient of increasing Frequency is observed for all PFGs, with
the highest frequencies occurring South of 20°S (Fig. 2A), consistent
with a poleward decrease in SST (Fig. 1c), that is typically aligned with
increased nutrient supply to the euphotic zone from Wgq-driven up-
welling (Fig. 1B). Diatoms show a classical inshore-offshore gradient
(Fig. 2A) that is consistent with Chl-a (Fig. S1 of the Supplementary
Material), with the highest Frequencies observed in high Chl-a coastal
waters. Diatoms are highly competitive in cold, nutrient-rich environ-
ments following upwelling and are regular blooming PFGs that, together
with dinoflagellates, contribute the largest proportion to phytoplankton
Chl-a biomass in the nBUS (Fig. S1 of the Supplementary Material). In
contrast, flagellates, dinoflagellates, coccolithophores and mixed
phytoplankton communities tend to dominate in offshore waters coin-
cident with moderate to low Chl-a concentrations (Fig. 2A, Fig. S1 of the
Supplementary Material).

Examining PFGs Frequency in the context of SST and Wgq (Fig. 2B,
Fig. S2 of the Supplementary Material) reveals evidence of niche con-
ditions favoring different PFGs. Diatoms are more frequently associated
with cold conditions and rarely dominate in temperatures greater than
17 °C. Although they occupy a broad range of Wgq, their maximum
frequencies are associated with less windy (<7 m.s~ 1) conditions. In
contrast, dinoflagellates most frequently dominate in warmer
(16-19 °C) conditions, although a few instances of high Frequency were
also evident in cold (<14 °C) and windy (>8 m.sY) conditions. Fla-
gellates and mixed communities occupy a broad SST and W range but
prevail in conditions that are relatively cooler than dinoflagellates
(<17 °C) and windier than diatoms (>7 m.s~'). The few occasions of
coccolithophore dominance tend to coincide with moderate tempera-
ture (16-19 °C) and wind (>6.5 m.s 1) conditions (Fig. 2B, Fig. S2 of the
Supplementary Material).

All PFGs characteristically increase in Spatial Extent with increasing
latitude from 15°S to ~25°S, consistent with decreasing SST and
increasing Wgq (Fig. 3A). This is followed by a sharp decline at
approximately 25-28°S that coincides with maximum Wgq speeds (>
8.5 m.s~!) near the Liideritz upwelling cell (Fig. 3A, Fig. 1B). This
decline in PFG Spatial Extent results from the cumulative effect of
enhanced turbulence and dynamic circulation that acts as a biological
boundary constraining phytoplankton growth and biomass accumula-
tion (Agenbag and Shannon, 1988). An assessment of the seasonal cycle
in Spatial Extent in the context of SST and Wgq climatologies reveals
differences in the magnitude and timing of PFG peaks (Fig. 3B, red stars)
that reflects a seasonal succession of community dominance. Di-
noflagellates are the first to peak in April (early-autumn) during high
Wgq speeds (Fig. 3B, blue line), followed by diatoms in May (late-
Autumn) coinciding with a relaxation of Wgq and declining tempera-
tures. Flagellates peak in June (early-winter), while mixed communities
in July (mid-winter) and finally coccolithophores in November (late-
Spring). Except for coccolithophores, all PFGs exhibit a seasonal mini-
mum between September and March (warmer periods) coinciding with
peak summer SSTs and minimum Wgq (Fig. 3B). Coccolithophores
flourish in warmer summer waters (Fig. 3B). Despite differences in the
seasonal timing of Spatial Extent peaks, diatoms remain spatially domi-
nant throughout the annual cycle and are not succeeded by any other
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Fig. 2. Spatial climatological patterns of phytoplankton groups in the nBUS between 2003 and 2022.

a, Spatial climatological annual mean Frequency of dominance by PFGs from daily MODIS-Aqua satellite observations. Only observations at depths >200 m are shown
for coccolithophores to the exclusion of coastal hydrogen sulfide (H,S) eruption plumes which have the same spectral features as offshore coccolithophore blooms
(Siegel et al., 2007). b, Scatter plot of spatial climatological mean sea surface temperatures (SST, °C) and equatorward winds speed (Wgq, m.s~*) with annual mean
Frequency overlaid (color bar) to highlight mean PFG niche occupations of SST and Wgq on 20-year climatological time scales.

PFG (Fig. S3 of the Supplementary Material). Seasonal succession in
Spatial Extent is however observed in March and April when flagellate
spatial dominance overtakes dinoflagellates and mixed populations
respectively, with dinoflagellates recovering Spatial Extent dominance
over flagellates in July (Fig. S3 of the Supplementary Material).

These results provide a more comprehensive and previously unob-
served synoptic-scale account of regional and seasonal variability of key
PFGs in the nBUS at unprecedented spatiotemporal scales. The observed
regional and seasonal patterns reveal niche SST and W affinities that
are favorable to the dominance of distinct PFGs in both time (seasonal
succession) and space (north/south - inshore/offshore gradients).

Mapping the spatio-temporal variability of key PFGs provides critical
insights into ecosystem dynamics.

3.2. Evidence of warming and altered equatorward winds

The nBUS is impacted by general warming of 0.02 °C yr™! (Fig. 1D),
with the most northerly region (near the Kunene cell) warming at a
faster rate of up to 0.1 °C yr~ ! (Fig. 4A), amounting to maximum tem-
perature changes of as much as 2 °C over the 20-year time period. This
general warming trend is consistent across all seasons, however small
patches of coastal cooling (—0.1 °C yr~ 1) are observed off the Kunene



T.M. Moloto et al.

a Diatoms b

Science of the Total Environment 999 (2025) 180217

N
IN

Spatial extent (km?)
N

L
=}
L

(o
ul
L

o
=}
L

- 23 - 8.5

19 7.5

L 15 L 6.5

23 - 8.5

19 7.5

NE L 15 L 6.5
24 & 23 r85
2 o »
o — E
F12 g 19l 75 3
4= 1%} W
% =

©

g - 15 L 6.5

126 23 - 8.5

=~ 06 | 1o 7.5

- 0.0

L 15 L 6.5

- 23 - 8.5

19 7.5

L 15 L 6.5

28°S 24°S 20°s 16°S
Latitude (°S)

Fig. 3. PFGs Spatial Extent climatology in the past two decades (2003-2022).

T T
Apr Aug Dec

Time of year (month)

a, Annual mean cross-shelf latitudinal distribution in Spatial Extent (solid black line) of PFG dominance. The shaded areas represent the degree of interannual
variability in Spatial Extent calculated as the standard deviation. b, Corresponding annual cycle of Spatial Extent in PFG dominance (solid black line) showing the
typical PFG seasonal succession in the timing of peak Spatial Extent (red stars) and degree of variability (gray shaded areas, determined as standard deviation). The
red (dotted) and blue (dashed) lines in panels a and b represent annual mean sea surface temperatures (SST) and equatorward winds speed (Wgq) respectively. All
annual mean values were computed from daily satellite observations between January 2003 — December 2022. Note the varying scales of the Spatial Extent in panels a

and b as well as among PFGs.

cell in Summer and the Liideritz cell in spring (Fig. S4 of the Supple-
mentary Material). Trends in W are overwhelmingly positive (Fig. 1D,
0.028 m s~ ! yr 1), with coherent offshore increasing trends contrasting
with the notable heterogeneity in alongshore trend patterns (Fig. 4B).
Strong positive Wg( trends are observed inshore off Kunene and Central
cells (< 0.1 m s~} yr 1) while smaller regions of negative trends are
constrained to the coastlines of the Northern and Liideritz cells (< —0.5
m.s~!yr~) (Fig. 4B). This spatial distribution in Weq trends is relatively
consistent across all seasons but exacerbated in certain regions and
seasons. For example, positive trends in Wgq are dominant in Spring and
Summer off the Kunene cell but in Autumn off the Central cell while the
negative trends are largely absent in all seasons except Autumn (Fig. S4
of the Supplementary Material).

3.3. Multidecadal trends in PFGs

With the application of PFT algorithms to satellite ocean color data,
we are now able to investigate the synoptic scale response of specific
PFGs to adjustments in key environmental variables over two decades. A
trends analysis of the annual Frequency (Fy.ng) and Spatial Extent (SEgrend)
of PFGs reveals a heterogeneous distribution of significant (P < 0.05)
positive and negative trends, with evidence of regional cohesiveness in
trend direction (Fig. 5 and Fig. 6). While Fy.nq reflects an increase or
decrease in the frequency of dominance of PFGs (Fig. 5A), the SEgng is
indicative of a tendency to either expand (Fig. 6A, red circles) or shrink

(Fig. 6A, blue circles) in spatial occupation. Over the region as a whole,
there are equal areas affected by positive and negative trends in diatoms
Firena (Fig. 5C). These trends are relatively consistent across inshore/
offshore gradients (Fig. 5A) but alternate with latitude between positive
and negative trends (Fig. 5B), with the Kunene and Central upwelling
cells associated with increasing Fy.nq of diatom dominance, while the
Northern and Liideritz cells are instead associated with a decline.
Notably, the increasing trends off the Kunene cell in the north are more
prominent inshore, while the increasing trends further South (e.g. off the
Central cell) are more conspicuous offshore. For SEg.nq, the area
impacted by positive trends surpass that of negative trends for diatoms
(Fig. 6B), with the alternating latitudinal pattern still evident, most
notably the decline in diatom SEepq off the Northern Cell compared to a
more typical increase in SEgenq off the Kunene and Central cells
(Fig. 6A).

For dinoflagellates, flagellates and mixed communities, there is a
dominance of positive Frequency trends over negative, which display
both latitudinal (Fig. 5B) and cross-shore (Fig. 5A) variability. The
dominance in positive trends for these PFGs is particularly prominent
when looking at spatial extent (Fig. 6B), which reflects the expansion of
their regional occupation. Coccolithophores are the only PFG that show
an overall decline in Frequency (Fig. 5C) and a shrinkage in their Spatial
Extent (Fig. 6B), which is constrained to offshore waters (Fig. 6A) in the
south (~24-27°S) (Fig. 5B and Fig. 6A). The observed Fyenq imply a
poleward offshore and equatorward inshore shift in diatoms,
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Fig. 4. Trends in key climate drivers in the northern Benguela upwelling system.
Annual mean trends in a) sea surface temperatures (SST, °C yr’l) and b) equatorward winds (Wgq, m.s ! yr’l) derived from daily satellite observations between 01
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equatorward shifts in dinoflagellates, flagellates and mixed communities
with coccolithophores showing no obvious spatial shifting patterns.
Perhaps the most striking result is that diatoms are adjusting at rates
double (or more) that of other PFGs, underlining their sensitivity to
changing environmental conditions. Such shifts signal possible major
restructuring of the plankton community composition and diversity,
whose magnitude cannot be assessed from changes in Frequency and
Spatial Extent of dominance alone.

Examining trends in Frequency and Spatial Extent in a seasonal
context (as opposed to annually averaged) unveils discrepancies in
where and when community adjustments in PFG dominance may be
occurring (Fig. S5, Fig. S6 of the Supplementary Material). For example,
a latitudinal band may display both significant positive and negative
trends for a particular PFG depending on the season, which partially
offset each other when annually averaged. This is the case for SEgenq in
diatoms which are positive in Autumn (~23 and 27 °S) but negative
SErend for the same latitudinal band in Summer. Interrogating the trends
through a seasonal lens also highlights instances of multi-decadal PFG
succession. For example, in summer and winter there is a co-expansion
and increase in Fyenqg between dinoflagellates, flagellates and mixed
communities that coincides with decreasing diatoms. Conversely in
Autumn, diatom expansion and an increase in Frequency is coincident
with decreasing Fyeng and SEgeng (or no trends) in other PFGs. The
dominance of decreasing Firenq and SEg.nq trends for coccolithophores
are most prevalent in Spring while increased trends in Summer (Fig. S5,
Fig. S6 of the Supplementary Material). Overall, with the remarkable
exception observed in coccolithophores, there is a net increase in Fre-
quency and Spatial Extent of PFGs in the nBUS over the past 2 decades
(Figs. 5 and 6).

3.4. PFGs adjustments in the context of warming and altered equatorward
winds

Evaluating phytoplankton community adjustments in the context of
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warming and altered Wk, reveals strong positive and negative correla-
tions that varied regionally (Fig. S7 and S8 of the Supplementary Ma-
terial). It is worth noting that these analyses do not include additional
physicochemical variables that may influence PFGs (e.g. river/land in-
puts, interactions with other biota and human-induced dynamics). In
addition, different environmental variables may be acting antagonisti-
cally, additively or otherwise in driving PFG trends, making it chal-
lenging to identify the dominant driver of the observed multi-decadal
variability. These relationships may also reflect correlation rather than
causation, given the complex interactions and linkages between trophic
levels in the upper ocean. With this in mind, we use a qualitative
approach to examine the long-term driver-response relationships be-
tween PFGs against SST and Wgq, achieved by grouping statistically
significant (P < 0.05) trends in PFGs (Fgeng and SEgenq) with their
respective significant trends (or absence thereof) in SST and Wgq
(Fig. 7). Each grouping is assigned a color, with warm colors denoting an
increasing trend in the PFG, while cool colors indicate a decline.
Coccolithophores aside, the largest coincident driver response in
Firend (Fig. 7C) is an increase in PFGs coincident with warming and Wiy,
(most notably for dinoflagellates - orange bar; and less so for diatoms -
blue bar). The same combination of drivers (i.e. warming and increased
Wgq,) is similarly coincident with a large decline in Fpeng (Fig. 7C),
however the spatial distribution patterns differ considerably for each
PFG (see Fig. 7A; red dots versus dark green dots). Warming alone also
coincides with a large proportion of increasing Fyeng (Fig. 7A; magenta
dots). For driver response in SEnq, there is an overwhelming domi-
nance of increasing trends for all PFGs (except coccolithophores) that
are notably associated with both warming (magenta dots) and cooling
(maroon dots), but with different regional expressions. A combination of
warming and increased winds (red dots) also coincides with a large in-
crease in Spatial Extent (Fig. 7B, D), however less so for dinoflagellates
(orange bar). Coccolithophores are the only PFG that show a dominance
in decreasing SEenq (Fig. 7D; red bar), the majority of which are aligned
with an increase in Wgq together with warming (dark green dots) or an
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Fig. 5. Trends in PFGs Frequency of dominance in the past two decades (2003-2022).

a, Spatial patterns of annual trends in Frequency of dominance (Fynq) of key PFGs. Only statistically significant (P < 0.05) Fi.ng are shown. b, Latitudinal variation in
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impacted by statistically significant negative (blue) and positive (red) trends.
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among the PFGs.

increase in Wgq alone (black dots).

Fig. 8 shows multidecadal trends in Chl-a and co-trends between
PFGs and alongshore Wgq by zooming in on three key subregions asso-
ciated with upwelling, specifically the Northern (S2 inset box) and
Central (S1 and S3 inset boxes) upwelling cells. This focused analysis
highlights how localized variability in physical drivers shapes the spatial
response of phytoplankton communities. In the Central cell, intensifying
alongshore Wgq coincides with increasing Chl-a and diatoms, declines in
coccolithophores and dinoflagellates and no changes in flagellates and
mixed communities (Fig. 8a, S1). In contrast, the Northern upwelling
cell shows declining alongshore Wgq, Chl-a, diatoms trends but
increasing trends in dinoflagellates, flagellates and coccolithophores
(Fig. 8b, §2). Region S3 shows similar Wgq, Chl-a and PFG trends to S1
but weaker in magnitude (Fig. 8c, S3).

4. Discussion
4.1. Climatological patterns and environmental drivers

Understanding climatological patterns in PFGs is essential for inter-
preting the timing, composition, and dynamics of primary production,
which in turn supports marine food webs and influences biogeochemical
cycles (Hubert et al., 2025). Our results reveal well-defined spatial and
seasonal structures in PFG distribution across the nBUS, strongly aligned
with wind forcing and SST. Diatoms dominated the cooler, nutrient-

enriched coastal regions, particularly during peak upwelling months,
while non-diatom groups (flagellates, dinoflagellates, coccolithophores)
were more prevalent in warmer, oligotrophic offshore waters (Figs. 2, 3
and S2, S3 of the Supplementary Material). These findings are in
agreement with in situ studies conducted in the nBUS, which observed
similar spatial zonation and succession patterns in phytoplankton
composition in response to upwelling-driven nutrient, SST and water
column stability dynamics associated with wind patterns (Hansen et al.,
2014; Louw et al., 2016; Mohrholz et al., 2014; Siegel et al., 2007).
Whereas previous work has largely relied on in situ datasets at specific
locations or short temporal windows, a key advancement of our study is
the spatially and temporally explicit, large-scale characterization of
PFGs climatology and variability using two decades of daily satellite
observations.

4.2. Climate change in the nBUS

The nBUS has been a focus of several studies that documented
ongoing warming, expanding oxygen-minimum zones, altered wind
patterns and upwelling trends as some of key long-term climate vari-
ability (Sweijd and Smit, 2020; Monteiro et al., 2008; Lamont et al.,
2018). The observed warming trends (Fig. 1D, 4A and Fig. S4 of the
Supplementary Material) are likely to influence the metabolic rates of
phytoplankton, with specific functional groups likely outcompeting
others under warmer conditions (Soulié et al., 2022). Similarly, trends in
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nearshore Wgq bear profound implications for upwelling dynamics, a
pivotal process governing nutrient replenishment to the euphotic zone
which impacts phytoplankton productivity and community structure
(Mohrholz et al., 2014). Specifically, increasing nearshore Wg trends
relative to the Central and Kunene upwelling cells imply increased
nutrient flux (through longer upwelling periods and/or increased up-
welling strength) and vice versa for decreasing alongshore Wgq observed
at the Northern and Liideritz cells, with downstream implications for the
success of phytoplankton communities and the marine food web. Pre-
vious studies suggest cumulative (overall) decreasing upwelling in the
nBUS (Lamont et al., 2018). Our study shows regional variability in
alongshore Wk trends relative to upwelling cells which suggest that the
Liideritz and Northern upwelling cells are likely the most impacted by
decreasing upwelling and may be driving the observed overall reduction
in upwelling reported by Lamont et al. (2018).

4.3. PFG adjustments in relation to environmental drivers

In the nBUS, seasonal diatom blooms are typically associated with
cooler, nutrient-rich waters following upwelling events, whereas di-
noflagellates and flagellates exhibit broader ecological flexibility,
thriving in both nutrient-rich upwelled waters and warmer, stratified
oligotrophic conditions (Hansen et al., 2014). The observed shifts in
diatoms toward areas of accelerating alongshore Wgq (Kunene and
Central cells, Figs. 5, 6, 8 and Fig. S5, S6 of the Supplementary Material)
implies a shift to analogous environments of higher nutrient
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concentrations, while decreasing trends that align with decelerating
alongshore Wgq (Northern cell) may be attributed to limited nutrient
supply from decreased upwelling and/or an intensification of warming
induced stratification. This is particularly evident in specific seasons
where increasing Fygeng and SEgenq in diatoms are coupled with
decreasing Fyeng and SEpenq in flagellates and dinoflagellates (e.g.
Autumn) and vice versa (Summer) (Fig. S5 and S6 of the Supplementary
Material), which can be attributed to competitive advantage (Pitcher
et al., 1991). These observations imply that competition for resources,
particularly with diatoms, may be serving as a mechanism constraining
flagellates and dinoflagellates intensification and expansion during pe-
riods of increased nutrient flux. Beyond competitive exclusion, physio-
logical stress associated with colder, turbulent, and nutrient-rich
upwelled waters due to enhanced upwelling may also limit the prolif-
eration of more motile or light-sensitive groups such as flagellates, di-
noflagellates and coccolithophores, which typically perform better
under stratified, more stable conditions (Ross and Sharples, 2007).
Additionally, shifts in nutrient stoichiometry [e.g. elevated Si:N ratios
favoring diatom growth (Allen et al., 2005) or potential imbalances in
the Redfield C:N:P ratio] could differentially affect growth and meta-
bolic efficiency across functional groups, as previously shown in the
nBUS (Mashifane, 2021). These combined factors likely interact to shape
the observed shifts in dominance patterns, particularly across gradients
of upwelling cells and offshore distance. These findings align with
broader global patterns of phytoplankton community restructuring
under climate change, as reported in other major EBUS. For example, in
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Fig. 8. Regional co-trends between PFGs and environmental drivers in the nBUS.
Panels (a)-(c) show multidecadal trends (2003-2022) in diatoms (blue), dinoflagellates (black), flagellates (brown), coccolithophores (red), chlorophyll-a (Chl-a,
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Each subplot highlights the direction and magnitude of trends in PFGs (Frequency) alongside corresponding changes in Wgq. Solid lines show the annual means
whereas trends are shown by the dotted straight lines. Equatorward winds (Wgq) were computed from the purple boxes relative to boxes S1-S3. Statistically sig-
nificant (P < 0.05) trends are indicated by an asterisk. (d) shows statistically significant spatial Chl-a multidecadal trends.

the California Current System, studies have documented a shift toward
flagellates and dinoflagellates during periods of reduced upwelling in-
tensity and warming events (Di Lorenzo and Ohman, 2013). Similarly,
the Humboldt Current has shown regional-scale variability in phyto-
plankton composition in response to long-term changes in wind forcing
(Weidberg et al., 2020). These parallels suggest that the PFG adjust-
ments observed in the nBUS are part of a larger trend of ecosystem re-
sponses to changing upwelling regimes globally.

On the other hand, coccolithophores thrive in stable and well strat-
ified waters associated with low wind speeds and high solar radiation
(Siegel et al., 2007). It is not surprising that their declines are associated
with increased offshore Wg, (notably in Spring; Fig. S6 of the
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Supplementary Material), which may be amplifying turbulence and
disrupting water column stability.

While there’s general warming in the nBUS (Fig. 1D, 6A and Fig. S4
of the Supplementary Material), the observed Fyeng and SEgeng likely
stem more from adjustments in alongshore Wgq adjustments relative to
upwelling centers, highlighting the dominant role of wind-driven
nutrient replenishment, while warming may increase their ability to
exploit events of enhanced nutrient availability (Benedetti et al., 2021)
and likely drive changes in species diversity (Henson et al., 2021).
Overall, with the remarkable exception observed in coccolithophores,
there is a net increase in Frequency and Spatial Extent of PFGs in the nBUS
over the past 2 decades (Figs. 5, 6). In this respect, our results (apart



T.M. Moloto et al.

from coccolithophores) support the observations of Dai et al. (2023)
who reported bloom intensification and expansion in the past 20 years
(2003-2022) for the BUS region as part of a global coastal bloom
analysis, albeit not resolving the blooms by PFGs. By focusing on PFGs,
our study provides a more nuanced approach to disentangling phyto-
plankton multidecadal dynamics, which is of particular importance
given the varying ecological roles that different functional groups have
for ecosystem services. The value of this approach is accentuated by an
ability to discern the specific regions and seasons of varying trends in
PFGs (Fig. S5 and Fig. S6 of the Supplementary Material). Together,
these results enrich our understanding of the underlying mechanisms
steering community structure adjustments and highlights the complex
associations and competitive interactions among PFGs, potentially
serving as a driving force behind the observed spatiotemporal shifts and
adjustments in phytoplankton communities.

4.4. Ecological implications of observed adjustments in PFGs

The observed widespread adjustments in phytoplankton community
dominance signify possible shifts in energy transfers and biogeochem-
ical cycling within the ecosystem with significant multifaceted ecolog-
ical implications. These changes can affect primary consumers and
cascade to higher trophic levels such as krill, fish, marine mammals and
birds, thereby impacting local biodiversity and fisheries yields that
sustain local economies in this coastal region. Regions of increased
trends in Fyeng and SEpenq can potentially benefit commercial fish
breeding grounds and food web biodiversity, depending on the func-
tional group that is changing, while the opposite may be true for
negative trends. Such adjustments may compel some species to adapt to
new diets or result in migration of species that rely on specific phyto-
plankton to align with their preferred food source. For instance, de-
creases in energy transfer efficiencies have been associated with a
collapse in anchovy laval fish populations in the California current up-
welling system and vice versa, stressing the need for sustained quality
foods for larval fish survival (Swalethorp et al., 2023). Increasing trends
in dinoflagellates are also of concern given their contributing role in the
formation of harmful algal blooms, which have the potential to cause
devastating economic losses in the aquaculture and fisheries industries
through accumulation of biotoxins and anoxia following collapse of high
biomass blooms (Ndhlovu et al., 2017). In the current study, Fyeng may
also signal possible shifts in the phenology of PFGs since the Frequency
metric relies on counting the number of days of PFG dominance.
Increasing Fyeng would thus imply PFG dominance that lasts longer and
vice versa, which could reflect adjustments in PFGs phenology (e.g.
through earlier or delayed bloom initiation, longer or shorter bloom
durations). Such shifts in PFG phenologies (e.g. bloom initiation in
particular) can potentially desynchronize the timing of food production
and important life stages of higher trophic levels, affecting the survival
of zooplankton and reproductive success of fish larvae (Cushing, 1990;
Platt et al., 2003). A phenology-focused study as a next step is necessary
to fully constrain the occurrence and implications of these scenarios in
the nBUS.

Our trends analysis reveals a notable seasonal shift in PFGs, with
increasing diatoms coinciding with declines in dinoflagellates, flagel-
lates, and coccolithophores in Autumn, and vice versa in Summer
(Fig. S5 and S6 of the Supplementary Material). The autumn rise in di-
atoms may enhance vertical carbon flux and enhance nutritional support
to higher trophic levels, particularly zooplankton and pelagic fish that
rely on diatom blooms (Moline et al., 2004). In contrast, the summer
shifts from diatoms to an expansion of smaller, motile groups like di-
noflagellates may lead to reduced carbon sequestration efficiency, as
these groups are more prone to recycling in the upper ocean and are less
readily grazed by key zooplankton (Moline et al., 2004). These may shift
energy flow toward the microbial loop, potentially affecting food web
dynamics and fisheries yields at those times of the year.

Given phytoplankton’s roles in driving carbon export and air-sea gas
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exchanges, adjustments in community composition are likely to affect
their role in climate regulation. Diatoms are the most dominant PFG in
the nBUS (Figs. 2 and 3) and key role players in the biological carbon
pump (BCP) (Allen et al., 2005). Our findings suggest that diatoms are
particularly sensitive to climate adjustments, raising concerns for the
ecological impact that these changes may elicit. For instance, it is pre-
dicted that shifts away from diatom-dominated communities would
negatively impact the efficiency of the BCP export and positively feed-
back into climate change dynamics (Cermeno et al., 2008). Calcification
and the downward flux of calcium carbonate (CaCO3) by coccolitho-
phores also plays a key role in regulating the carbonate pump (Rost and
Riebesell, 2004), which is likely to be negatively impacted by the sig-
nificant declines in coccolithophores (Figs. 5, 6 and Fig. S5, S6 of the
Supplementary Material). Coccolithophores and dinoflagellates also
contribute to the global sulfur cycle as prominent dimethylsulfonio-
propionate (DMSP) producers (Yoch, 2002). DMSP supports up to 13 %
of bacterial carbon and sulfur demand while its cleavage to DMS gas
enhances aerosol and cloud formation (Kiene et al., 2000). As such,
trends in these key species (declines in coccolithophores but notable
increases in dinoflagellates) are likely to alter localized sulfur budgets
and DMS emissions with impacts on albedo and climate regulation.

4.5. Limitations of the study

While this study offers valuable insights into the spatial and temporal
dynamics of PFGs and their climate-driven responses in the nBUS over
the past two decades, several limitations are acknowledged. Firstly,
satellite-based detection of phytoplankton is challenged in optically
complex waters, particularly in nearshore regions where high concen-
trations of suspended sediments, chromophoric dissolved organic matter
(CDOM), and other particulate matter influence the spectral reflectance.
These interferences can obscure phytoplankton signals, potentially
resulting in misclassification or underrepresentation of certain groups.
The algorithm of Moloto et al. (2023) somewhat accounts for some of
these effects through bio-optical parameterization and empirical ad-
justments, but residual uncertainty remains. Secondly, atmospheric
interference from persistent cloud cover, fog, aerosols, and dust, which
are common in the region, leads to gaps in satellite observations. These
interruptions reduce the number of valid observations, which in turn can
underestimate the frequency (daily occurrence) and spatial extent (area
coverage) of PFGs. This is particularly problematic for time-series ana-
lyses, where consistent temporal coverage is essential for robust trend
detection. In this study, we mitigated this issue by applying data
screening thresholds and excluding regions or time periods with less
than 10 years of data from statistical trend analysis. Thirdly, the current
algorithm focuses on dominant and detectable functional groups (di-
atoms, dinoflagellates, flagellates, coccolithophores, and mixed com-
munities), but does not resolve smaller or less optically distinct groups
such as cyanobacteria or green algae. As a result, the ecological con-
tributions of important picophytoplankton taxa, particularly in offshore
or oligotrophic regions, are unaccounted for. This constraint reflects the
spectral limitations of MODIS-Aqua and the challenges of resolving
small-celled taxa from ocean color data. Future studies leveraging up-
coming hyperspectral missions (e.g. NASA’s PACE mission) may
improve classification accuracy and allow inclusion of a more compre-
hensive range of phytoplankton groups. Lastly, uncertainties in the
environmental forcing datasets (e.g. satellite-derived sea surface tem-
perature and wind stress) also influence the interpretation of PFG trends.
These drivers are subject to their own limitations in spatial resolution
and atmospheric corrections, which may introduce biases in correlating
physical conditions with biological responses. Despite these limitations,
the study provides robust evidence of climate-associated changes in
phytoplankton communities and establishes a valuable baseline for
ongoing monitoring and future modeling efforts.
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5. Conclusions

Our 20-year analysis of PFGs in the nBUS characterizes the regional
and seasonal distribution of PFGs and reveals significant multidecadal
shifts in response to changes in key physical drivers, notably upwelling-
driving Wgq and SST. Seasonal expansions, contractions, and latitudinal
redistributions in dominant PFGs highlight the dynamic and climate-
sensitive nature of this ecosystem. These changes have major implica-
tions for biogeochemical cycling, food web dynamics, and the sustain-
ability of ecosystem services. Comparisons with previous studies from
the southern Benguela and other Atlantic upwelling systems suggest that
similar phytoplankton community restructuring is occurring under
broader global climate change. Our findings demonstrate the critical
value of long-term, high-resolution satellite monitoring for detecting
early ecological responses and emphasize the need for continued
observation to guide adaptive management. Understanding phyto-
plankton responses to changing upwelling dynamics provides essential
insight for conservation planning, and the development of climate-
resilient marine protected areas. These findings can help in identifying
climate-sensitive regions and vulnerable seasonal windows where
ecosystem shifts are most likely. Targeting these hotspots in marine
spatial planning will help develop effective climate-resilient strategies to
safeguard the functioning and services of upwelling systems into the
future.
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