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ARTICLE INFO ABSTRACT

Keywords: The Benguela upwelling system (BUS) is frequently subject to dust deposition from southern Africa, which
BUS supplies macronutrients and trace metals to the ocean. The impact of these nutrients on chlorophyll-a (Chl-a) in
Southern African dust the BUS was investigated using the first-ever mesocosm study from 29 September to October 12, 2022. The study
Macronutrients employed a single triplicate treatment where mesocosms were seeded with dust (DG) from the Kuiseb ephemeral
riverbed, one of the leading dust sources in southern Africa and one unamended control (CM). All mesocosms
were also seeded with equal amounts of Chaetoceros, Pavlova, and Tetraselmis, species of phytoplankton
commonly found in the BUS. Temporal dynamics in Chl-a, iron (Fe), nitrate (NO3), silicon (Si), orthophosphate
(PO3"), and light intensity were measured. The data suggests that adding dust from the Namib desert elicited a
positive response from the phytoplankton in the BUS, as evidenced by higher Chl-a concentrations in the DG
compared to the CM. This study demonstrates the likely importance of southern African dust emission and
deposition for phytoplankton productivity in the adjacent BUS.

Trace metals
Chl-a

1. Introduction seasonal upwelling signal (Hutchings et al., 2009), which peaks in spring

(September, October, and November) and summer (December, January,

Eastern boundary upwelling systems (EBUS) cover only 1% of the
Earth’s ocean surface, yet they are among the most productive regions
globally (Pauly and Christensen, 1995; Carr, 2001; Dansie et al., 2022).
The Benguela upwelling system (BUS) is one of these regions located
along the west coast of South Africa, Namibia, and Angola between 19
and 34°S (Hutchings et al., 2009). The BUS is in the South Atlantic
tropical gyre, known for its high production of diatoms, dinoflagellates,
and small flagellates that fuel a lucrative fishing industry (Louw et al.,
2016). The BUS is divided into two subsystems (the northern and
southern BUS), which are separated by the Liideritz upwelling cell at
26°S (Duncombe Rae, 2005; Hutchings et al., 2009; Flohr et al., 2014).
These two subsystems have different characteristics (in seasonality and
variability, etc.), implying that other mechanisms influence them
(Hutchings et al., 2009; Verheye et al., 2016). The southern BUS has a
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and February) (Shannon and Nelson, 1996; Romero et al., 2003;
Hutchings et al., 2009). During this period, the prevailing south-east
trade winds and consequent Ekman spiral offshore induces upwelling
of nutrient-rich waters that fuels phytoplankton productivity (Shannon,
1985; Lutjeharms and Meeuwis, 1987; Louw et al., 2016). The northern
BUS does not express a strong seasonal cycle with more consistent and
intense upwelling that is about an order of magnitude larger than the
southern BUS counterpart (Rixen et al., 2021). Although the upwelled
nutrient-rich waters drive productivity in both the northern and south-
ern upwelling systems, there is a noteworthy difference in the charac-
teristics of phytoplankton productivity (Carr and Kearns, 2003). This
difference implies that other factors like phytoplankton fertilisation
from dust addition may play a vital role in explaining the differences in
productivity (Dansie et al., 2022). Despite high productivity, the region
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is considered an HNLC region since primary production is less than the
potential from upwelled nitrate supply (Capone and Hutchins, 2013).
This suggests another factor that is limiting the maximum production
capacity. Iron (Fe) has been suggested as a reason for the limited pro-
ductivity in the BUS (Messié and Chavez, 2015). Dust is vital in trans-
porting biologically essential macronutrients such as nitrogen (N) and
phosphorous (P) and micronutrients such as Fe to the ocean in support of
primary productivity (Okin et al., 2011). Although the exact biogeo-
chemical role of N, P, and Fe in various marine environments is still
uncertain (Achterberg, 2014), the overall contribution of dust to
nutrient loading is considered as being crucial for primary productivity
in many aquatic systems (Mahowald et al., 2008; Zehr and Kudela, 2011;
Bouwman et al., 2013).

According to some estimates, around 477 Tg of dust is emitted from
continental sources annually (Mahowald et al., 2010) and transported to
oceanic regions. The South Atlantic receives the sixth highest amount at
17 Tg yr~, of which approximately 0.11-0.32 Tg is soluble Fe (Jickells
et al., 2005). These dust supplies are generally from human-driven
changes in land surfaces, desert regions, and ephemeral dry lakes or
riverbeds (Mahowald et al., 2003). Despite these significant dust inputs,
research suggests that the main input pathway of Fe is from continental
shelves and ocean plateaus through lateral advection and upwelling of
sediments (Meskhidze et al., 2007; Chever et al., 2010). However, the
previous studies were conducted in subpolar regions far from significant
coastal influences, where sediment resuspension and lateral advection
are the primary Fe sources. The BUS is different in that it and major dust
sources like the Namib desert, which contribute substantial dust inputs
to the system (Eckardt and Kuring, 2005; Vickery and Eckardt, 2013). As
such, it is not considered a likely contender for Fe limitation of
maximum capacity for utilisation of available nitrate. Nonetheless,
Dansie et al. (2017a; 2017b, 2022) suggested it as a possibility, but it has
not been tested meaningfully. One of the most commonly used methods
for testing Fe limitation is to measure the response of phytoplankton to
Fe addition in incubation studies (e.g. Liu et al., 2013; Zhang et al.,
2018; Zhang et al., 2019).

Similarly, mesocosm experiments that utilise much larger volumes of
water to avoid possible bottle effects can also be used to examine phy-
toplankton’s response to dust addition. An example is the positive
response in primary productivity to Saharan Desert dust addition
observed in the Cretan Sea (Herut et al., 2016; Pitta et al., 2017; Tsa-
garaki et al., 2017). However, a few studies have observed a negative
relationship between dust addition and phytoplankton growth. Some
research has shown that metals in aerosols can have a toxic effect on
phytoplankton, resulting in negative growth responses (Paytan et al.,
2009). This relationship appears species-specific, with Prochlorococcus
particularly susceptible to Cu or Al toxicity (e.g. the northern Red Sea
(Mescioglu et al., 2019) and the western Atlantic (Borchardt et al.,
2020). The foremost dust emitters for the BUS are the Makgadikgadi and
Etosha pans (Mahowald et al., 2005) and the Kuiseb, Huab, Tsauchab,
and Omaruru ephemeral riverbeds, all of which are rich in Fe, N, and P
(Dansie et al., 2017b) (with the Huab consisting of 0.5% Copper (von
Holdt, 2018)). Despite the potential importance of dust inputs from
these sources to the BUS, relatively little is known about the effects of
this dust on phytoplankton productivity. A dust monitoring and chlo-
rophyll (Chl-a) remote sensing study (Dansie et al., 2022) has observed
enhanced Chl-a concentrations in response to dust deposition events at
the daily timeframe, which alludes to the possibility of dust playing an
important role. Past research has also investigated the response of
phytoplankton to single nutrient treatments of FeCls and KoHPO4 in the
northern BUS (Wasmund et al., 2014), which showed a positive response
to P. To our knowledge, the response of phytoplankton from the BUS to a
composite dust sample has yet to be investigated. To address this
knowledge gap, we conducted the first mesocosm study in the BUS to
examine the impacts of Kuiseb riverbed dust on phytoplankton biomass.
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2. Materials and methods
2.1. Experimental Design and sampling

The mesocosm study was conducted at the University of Namibia’s
Sam Nujoma campus (S22°5'42”; E14°15'34"), on the coast of Henties
Bay, between 29 September and October 12, 2022 (Fig. 1). Given its
location, the town is placed right next to the northern BUS. The campus
is situated southwest of the Etosha Pan and Huab riverbeds, northwest of
the Kuiseb and Tsauchab riverbeds, and adjacent to the Omaruru
riverbed. The experimental setup consisted of four mesocosms made
entirely of plastic. One was used as a control mesocosm (referred to as
CM), and the other three as the experimental triplicate group subject to
dust seeding (referred to as DG (Dust Group): mesocosm experiment
EX1, mesocosm experiment EX2, and mesocosm experiment EX3)
(Fig. 2).

The mesocosms were cleaned with filtered seawater mixed with
granular pool chlorine at 14:00 on 27 September and left until the
following day at 09:00 to eliminate any previous experiment residues.
The mesocosms were then rinsed twice by flushing with filtered
seawater and finally cleaned with a high-pressure cleaner from fresh tap
water. The mesocosms were supplied with seawater extracted from 5 to
10 m from the low water mark at <2 m depth during high tide with a
plastic hose. Before being introduced into the mesocosms, the seawater
underwent filtration through a series of 4 inline filters that ranged from
a coarse 25 pm to a fine 1 pm filter (Fig. 3). Each mesocosm was seeded
with 2 L of Chaetoceros, 1 L of Pavlova, and 1 L of Tetraselmis. This mix
reflects species commonly occurring in the Benguella region, with
Chaetoceros representing diatoms, Pavlova representing haptophytes,
and Tetraselmis representing Chlorodendrales. The phytoplankton spe-
cies were added at 16:30 on 28 September and left to mix with the
seawater. Turbulence was created in the mesocosms by a constant
airflow through plastic pipes at the bottom of each mesocosm to prevent
stratification. While this approach ensured homogeneity within the
mesocosms, it differs from natural conditions in the BUS, where strati-
fication and variable mixing are common features. These oxygenated
conditions likely surpressed key biogeochemical processes such as
denitrification and sedimentary Fe mobilisation, potentially under-
estimating their contributions to nutrient availability. Temperature
measurements were taken at 10-min intervals within the mesocosms
using three vacuum-sealed Thermochron temperature iButtons distrib-
uted within each mesocosm.

Additionally, three temperature iButton sensors were installed
outside each mesocosm and programmed to measure ambient temper-
ature at 10-min intervals. The sensors were programmed to store up to
2048 temperature readings at a resolution of +0.5 °C, with a measure-
ment range of —40 °C-85 °C. To minimise contamination, the tubing
used for sampling was secured and not removed between sampling
sessions. The exposed ends of the sampling tubes were sealed between
each sampling session. All sampling vials were pre-washed with 10%
HCI and rinsed thrice with deionised water. Evidence of contamination
during sampling or storage was present in the Fe results of day 9 in EX3
(32.57 nM), deemed an outlier and subsequently excluded from further
analysis. The initial conditions in the mesocosms were sampled on 29
September at 09:20 after allowing the phytoplankton to mix with the
seawater overnight. Dust was added to the experimental mesocosms at
approximately 11:00 on the same day. This mixture of 9 g Kuiseb dust
and 100 ml seawater was made several hours before the experiment
started. Experimental sub-sampling occurred daily at 09:00 for 14 days
after the dust addition.

Subsamples for nutrients: total silicate (SiO4), orthophosphate (PO%),
nitrite (NO3) and nitrate (NO3) were collected in 100 ml High-Density
Polyethylene (HDPE) bottles and stored frozen until analysis. Samples
for total Fe samples were passed through a 0.22 pm Millex-GS sterile
syringe filter and immediately acidified with 65% HNO3 (200 pl) under
laminar flow in a laboratory. Total Fe and total Si were analysed using
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Fig. 1. The location of the Sam Nujoma campus, the northern BUS, and some of the foremost Namibian dust-emitting sources.

Fig. 2. Experimental setup of mesocosms during the experiment. To the far left is the control mesocosm, and right next to it are the three experimental mesocosms

that were subject to dust addition.

an aliquot of a homogenised sample that was acid-digested before
analysis using inductively coupled plasma optical emission spectroscopy
(ICP-OES) (EPA, 1996). NO5 and PO% were analysed using a portion of a
homogenised sample that was treated with specific reagents before a
timed incubation and colour development in Gallery Plus Discrete

Analyser (American Public Health Association, 1998). NOs was deter-
mined by calculating the difference between combined NO3/NO; con-
tent and NO; content. The syringe filter size of 0.2 pm is recommended
as the 0.45 pm filter does not remove all bacteria and plankton (Becker
etal., 2020). 500 ml subsamples were collected for Chl-a in glass bottles.
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Fig. 3. Filtration system through which seawater was filtered before being pumped into the mesocosms, from right to left: 25 pm, 10 pm, 5 pm and 1 pm.

150 ml of the 500 ml samples were filtered through 47 mm Munktell
MGQC filters following sampling, and the Chl-a pigment was extracted
with 90% acetone (10 ml) for 12-24 h at —20 °C. The Chl-a raw fluo-
rescence was measured with a Turner Trilogy fluorometer and converted
to Chl-a concentration using a standard dilution calibration. On the last
sampling day, additional Chl-a samples were taken at the mesocosms’
front, middle, and back, just below the surface and at the bottom of each
mesocosm, to investigate homogeneity. For microscopy, 100 ml of the
remaining 350 ml Chl-a samples were stored in brown 100 ml HDPE
bottles and preserved with Lugol’s solution. After storing for about a
week in the dark, cells were counted under a microscope with a Neu-
bauer haemocytometer (0.100 mm depth on a 0.0025 grid) by
dispensing 1 ml of the sample. Light intensity inside each mesocosm was
measured at noon daily, at the front, back, and middle of each mesocosm
with an LI-COR LI-185 B Quantum/Radiometer/Photometer.

2.2. Production of dust

Each mesocosm (1000 L) was supplemented with 9 g of dust from the
Kuiseb ephemeral river. The dust samples’ particle size distribution,
mineralogy, chemical composition, and Fe bioavailability are described
elsewhere (Kangueehi, 2017; von Holdt and Eckardt, 2018). Briefly, the
samples contained about 57.2 g/kg of Fe, with a solubility of 0.002%
atfter 18 h. So as to obtain enough representative dust, soil sediment
samples were collected from two transects of an identical terrace and
combined to make a composite sample. However, the original composite
sample did not yield enough of the <20 pm size fraction. Therefore, the
composite sample was crushed with a granite pestle and mortar, and the
<20 pm size fraction was enhanced by intense dry-sieving on a vibrating
column using three Nylon mesh sheets (20, 40 and 100 pm) for 12-36 h.
It has been suggested that this laboratory crushing and sieving of the soil
mimics the effects of mechanical wind processes, such as saltation
(Guieu et al., 2010). To avoid contamination, all materials used to
handle the soil before the experiment were plastic or Nylon, cleaned
with 10% HCI and rinsed thoroughly with deionised water. The meshes
were cleaned regularly with a brush to prevent clogging.

2.3. Statistical analysis

The statistical significance of the results was assessed using a Levene
test to verify the equality of variances between the CM and DG. A Stu-
dent’s t-test was applied for data with equal variance, while a Welch’s t-
test was used for data with unequal variances (p < 0.05). Linear
regression and ANOVA analysis were performed at p < 0.05 to examine
the Pearson correlation between Chl-a and each of total Fe, PO3~, total

Si, and NOg3 in both CM and DG. For all stations where Fe was below the
detection limit, we assigned a maximum value of 2.42 nM by the
methodology’s detection limit (EPA, 1996). We used these values to
calculate the control mean further and plot the temporal changes during
the experiment.

All statistical analyses were performed using the open-source pandas
v1.5.3, NumPy v1.23.5, and SciPy v1.10.0 packages in Python, with the
code developed and tested in the Spyder IDE.

3. Results
3.1. Initial conditions

Before the dust was added at timestep 0, two samples were collected
from each mesocosm to establish the initial conditions: one for total Fe
and the other for total Si, NO3, NO3, and POz . The CM had an initial
total Fe concentration of 3.87 nM, while the DG had a marginally higher
total Fe concentration of 4.3 + 0.95 nM. The initial total Si concentra-
tion was 65.16 nM for the CM and was higher at 86.17 + 5.33 nM for the
DG. The initial NO3 concentration for both the CM and DG were below
the detection limit of 4.03 nM. These concentrations remained below the
detection limit for most of the experiment, except for at timestep 3,
where the concentration in the CM reached 14.53 nM, possibly due to
contamination. For PO3~, the initial concentration was 3.79 nM for the
CM and 2.60 + 0.99 nM for the DG. Chl-a concentrations were 3.84 mg/
m® in the Control mesocosm and 4.94 mg/m° in the Dust mesocosm.

3.2. Temporal changes in temperature

During the experiment, the temperature of the seawater varied be-
tween 13.5 and 24.5 °C (Fig. 4). Time is in days where Time 0 is the
initial conditions before dust addition. The average temperature was
calculated from three temperature measurements within each meso-
cosm. These averages were then calculated across the three DG meso-
cosms, and the error bar represents the variability in these
measurements. Notably, there was a substantial rise in temperature from
06 October until the experiment’s conclusion. Although both mesocosms
were of a similar temperature at the start (+18 °C), the temperature in
the DG was typically 0.63 °C higher than that of the CM for the duration
of the experiment. While both mesocosm groups were covered with lids,
minimising direct exposure to environmental conditions, the addition of
dust in the DG likely contributed to the observed temperature increase.
Dust particles, especially larger ones, tend to settle at the bottom of the
mesocosms, altering the thermal properties of the water. The presence of
dust may have influenced the water’s heat retention or conduction,
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Fig. 4. The temperature evolution in the mesocosms during the experiment. The error bars indicate the standard deviation in the DG group temperatures.

potentially leading to localised warming in the DG. Additionally, the DG
could have introduced slight variations in internal dynamics, such as
differences in the way heat is distributed or retained, compared to the
single CM mesocosm.

3.3. Temporal changes in Chl-a

Chl-a concentrations for both the CM and the DG were relatively low
at the start of the experiment, registering values of 3.84 mg/m°® and 5.03
mg/m® and cell densities of 2.05 x 10° cells/ml and 1.61 x 10° cells/ml,
respectively (Fig. 5). Chl-a concentrations in both the CM and DG
increased steadily from the start of the experiment reaching a maximum
at timestep 6 in the CM and timesteps 6-9 in the DG. Notably, maximum
concentrations reached in the DG (39.95 + 0.64 mg/m3) were sub-
stantially higher and longer lasting than that of the CM (26.55 mg/m®).
Following this, the CM concentration slowly reduced until step 13,
ending at 14.15 mg/m® and a cell density of 1.35 x 10° cells/ml.

The DG’s peak was higher and lasted longer than the CM’s peak.
However, the DG did reach a second peak at timestep 8 with a slightly
higher concentration of 40.04 + 5.86 mg/m°. Following the peak, Chl-a
concentrations in both the DG and CM decreased steadily until the end of

the experiment (time step 13), ending with a final concentration of
18.79 + 1.41 mg/m® and 14.15.mg/m? in the DG and CM, respectively.
At the beginning of the experiment, the Chl-a concentrations were
comparable but diverged to a maximum difference of 13.40 &+ 0.79 mg/
m® at the peak at timestep 6. The maximum difference in Ch-la between
the DG and CM was 13.40 mg/m>, observed during the peak on day 8. A
Welch’s t-test revealed that the experiment means in Chl-a was signifi-
cantly higher in the DG than the CM (p < 0.005).

3.4. Temporal changes in dissolved nutrients

Total Si concentration in both the CM and DG showed considerable
day-to-day variation (Fig. 6). Like the CM, the total Si concentration in
the DG never depleted completely. Still, it exhibited a more noticeable
overall decline over time with some fluctuations. Despite the day-to-day
variation, a significant decrease in Si is observed from the fitted trend-
line for the DG. Although reasonably stable for the first few days, the
decline was most evident after day 6, following which it again remained
at similar concentrations for the rest of the experiment.

Table 1 presents the correlation and ANOVA results between Chl-a
and the considered nutrients and light intensity. None of the

40
r,‘," 30
=
g © CM
= & DG
r_p 201
C
O
10+
0.

0 1 2 3 4 5 6

7 8 9 10 11 12 13

Time(d)

Fig. 5. Chl-a concentration each group for the duration of the experiment. Time (days) = 0 indicates the initial conditions before dust addition, while Time = 1
represents the first measurement taken after dust addition to the DG. The error bars in the graph represent the standard deviation from the mean concentration.
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Fig. 6. Total Si concentration in each group for the duration of the experiment. Time (days) = 0 indicates the initial conditions before dust addition, while Time =1
represents the first measurement taken after dust addition to the DG. The error bars in the graph represent the standard deviation from the mean concentration. The
blue and orange trend lines show the general change over time for the DG and CM, respectively. (For interpretation of the references to colour in this figure legend,

the reader is referred to the Web version of this article.)

Table 1
Correlation between Chl-a and each nutrient concentration and light intensity
during the experiment.

Group Parameter Correlation R? F P n
Equation
CM total Fe y = —5.322x + 0.076 0.991 p> 14
27.374 0.05
total Si y = 0.052x + 0.030 0.376 p> 14
10.064 0.05
PO3~ y = 0.454x + 0.147 2.076 p> 14
10.616 0.05
Light y =0.002x +9.007 0.063 0.812 p> 14
intensity 0.05
DG total Fe y=0.171x + 0.004 0.158 p> 13
21.647 0.05
total Si y = —0.167x + 0.080 3.478 p> 14
34.059 0.05
PO3~ y = 0.572x + 0.041 1.700 p> 14
17.516 0.05
Light y = 0.004x + 0.046 1.937 p> 14
intensity 15.416 0.05

correlations were statistically significant at the 95% confidence level (p
> 0.05), implying that the observed relationships could have occurred
randomly.

PO3~ concentrations in the CM remained below 6 nM for the first
four days of the experiment (Fig. 7). The concentration then gradually
rose to 11.16 nM on day 7, followed by a sharp increase to its peak of
26.53 nM on day 8. The concentration then sharply fell to its lowest
point of 1.05 nM on day nine and stayed below 6 nM for the rest of the
experiment.

No real change was evident in the DG PO~ concentrations, which
fluctuated between 2.01 and 13.06 nM over the incubation. The most
significant fluctuation was an increase from the initial concentration to
12.78 + 1.01 nM on day 1. After that, the concentrations generally
remained stable below 12 nM.

The total Fe concentration in the CM generally stayed beneath the
detection limit of 2.42 nM, with minor increases observed on days 8 and
10, where they peaked at 2.9 and 2.74 nM, respectively (Fig. 8). In the
DG, the average total Fe concentrations (3.84 + 2.01 nM) were typically
57.14% higher than those in the CM. Fe concentrations peaked at the
start of the time series for the two days after the dust was added (5.21 +

3.31 nM and 5.21 + 2.78 nM). Following this, the concentrations
dropped on the third day and stayed relatively low for the remainder of
the incubation period, ranging from 2.53 & 0.19 nM to 4.46 + 2.51 nM.

4. Discussion

The BUS is frequently exposed to substantial aeolian dust inputs from
sources such as the Kuiseb, Huab, Tsauchab, and Omaruru ephemeral
riverbeds (Vickery and Eckardt, 2013). While these inputs are
well-documented, their impact on phytoplankton biomass remains less
understood. In our mesocosm experiment conducted near the Namibian
continental shelf, where dust deposition and upwelling coexist, it was
plausible to expect nutrient-replete conditions for phytoplankton.
Despite this, our results revealed significantly (p < 0.005) higher Chl-a
concentrations in the DG compared to the CM. This response un-
derscores the potential for dust, rich in micronutrients like Fe, to alle-
viate Fe limitation or stress, thereby enhancing the utilisation of
macronutrients such as nitrate. This finding aligns with previous sug-
gestions that Fe can regulate nitrate uptake and productivity in HNLC
regions (Messié and Chavez, 2015; Capone and Hutchins, 2013).

The positive response in biomass in the DG was consistent but varied
temporally, with Chl-a peaking before declining. This suggests that
while Fe supplied by dust may have initially stimulated growth, other
limiting factors eventually constrained phytoplankton biomass. Phyto-
plankton growth can be co-limited by multiple nutrients or influenced
by environmental factors, such as light availability, grazing pressure,
and nutrient depletion rates (Dubourg et al., 2015). Moreover, the
decline in Chl-a following its peak suggests that the Kuiseb dust’s low Fe
solubility (0.002%; Kangueehi, 2017) could have restricted sustained Fe
availability, emphasising the importance of dust bioavailability in
mediating phytoplankton responses. Recent research by Desboeufs et al.
(2024) highlighted significant variability in the fractional solubility of
Fe in dust along the Namibian coast, ranging from 1.3% to 20%, with an
average of 7.9% during intense dust events. This variability in Fe solu-
bility provides important context for understanding how Fe release from
dust particles fluctuates over time and may influence phytoplankton
dynamics in coastal systems.

In natural BUS conditions, dust deposition is only one of many
drivers of primary production. Upwelling intensity, which governs the
delivery of macronutrients like NO3, P03, and SiOy4 from deeper wa-
ters, remains a dominant control on productivity. Furthermore, the
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Fig. 7. Concentration of PO3 in each group for the duration of the experiment. Time (days) = 0 indicates the initial conditions before dust addition, while Time = 1
represents the first measurement taken after dust addition to the DG. The error bars in the graph represent the standard deviation from the mean concentration. The
blue and orange trend lines show the general change over time for the DG and CM, respectively. (For interpretation of the references to colour in this figure legend,

the reader is referred to the Web version of this article.)

Total Fe (nM)

Fig. 8. Total Fe concentration in each group for the duration of the experiment. Time (days) = 0 indicates the initial conditions before dust addition, while Time = 1
represents the first measurement taken after dust addition to the DG. The error bars in the graph represent the standard deviation from the mean concentration. The
blue and orange trend lines show the general change over time for the DG and CM, respectively. The minimum data are sensor limits and not measured values. (For
interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)

interaction between aeolian Fe supply and upwelling-driven nutrient
inputs must be considered. Aeolian dust inputs may act synergistically
with upwelled macronutrients, particularly in regions where NO3 and
SiO4 are abundant but Fe is limiting (Winckler et al., 2016). The influ-
ence of water masses, such as the nutrient-rich South Atlantic Central
Water (SACW) and the less productive Eastern SACW (ESACW), could
also modulate phytoplankton responses by altering baseline nutrient
concentrations (Claude, 1993). For instance, SACW is typically associ-
ated with higher NO3 and SiO4 levels, which could amplify the effects of
dust deposition compared to ESACW-dominated regions (Mohrholz
et al., 2008; Lass and Mohrholz, 2005).

The role of additional environmental factors, such as eddies, fila-
ments, and oxygen dynamics, cannot be overlooked. Eddies and fila-
ments can redistribute nutrients and phytoplankton, creating spatial
heterogeneity in productivity (Nagai et al., 2015). These features can

introduce variability in the distribution of nutrients and affect how
phytoplankton respond to dust deposition. In contrast, mesocosm ex-
periments generally lack such dynamic oceanographic features, which
means they might not fully capture how these spatial processes influence
phytoplankton growth. Oxygen concentrations, including events of
hypoxia and anoxia, may influence nutrient cycling and the availability
of trace metals like Fe (Ani and Robson, 2021). In the mesocosm setup,
oxygen levels are typically regulated and may not reflect the natural
fluctuations observed in the open ocean, where oxygen depletion could
limit iron availability, even if dust deposition increases nutrient input. In
natural systems, periods of low oxygen may negate the benefits of
nutrient enhancement from dust, thus reducing productivity despite
nutrient availability. Additionally, the pH of the water column, which
affects the solubility and speciation of Fe, may play a critical role in
determining its bioavailability to phytoplankton (Shi et al., 2010). In
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mesocosms, pH is often controlled to mimic typical conditions, but in the
natural BUS, fluctuations in pH due to biological activity, upwelling, and
carbon chemistry can alter iron bioavailability and influence phyto-
plankton response to dust. The relationship between dust, nutrients, and
phytoplankton growth is thus more complex in the BUS, where pH shifts
could limit or enhance iron availability, depending on the prevailing
conditions. The interplay between these factors highlights the
complexity of transferring mesocosm findings to the natural BUS
environment.

Our study also observed an inverse relationship between total Si
concentrations and Chl-a, suggesting a potential link between SiO4
availability and diatom growth. Diatoms like Chaetoceros are known to
rely heavily on dissolved Si, and their ability to store nutrients during
periods of abundance (Salmaso and Tolotti, 2021) may have contributed
to their high initial growth rates. The eventual decline in Chl-a con-
centrations after day eight could indicate Si limitation, consistent with
the partial depletion of Si observed in both mesocosms. However, in
natural BUS waters, the interplay between dust-derived Fe and upwelled
Si may support sustained diatom growth over longer periods, provided
other conditions remain favourable (Hutchins et al., 2002).

PO3~ concentrations in the BUS are generally non-limiting (Flohr
et al., 2014), as supported by our observation that PO3~ levels increased
in the DG without constraining phytoplankton growth. Nonetheless, the
fluctuations in total Si and PO}~ during the experiment may reflect the
balance between nutrient uptake by growing cells and remineralisation
from decomposing phytoplankton (Manzoni et al., 2010; Hattich et al.,
2022). The weak correlations between Chl-a and Fe, total Si, PO%’, and
light suggest that factors beyond these nutrients may drive the vari-
ability in phytoplankton biomass. For instance, episodic changes in wind
intensity, which influence upwelling strength and nutrient delivery, are
known to drive short-term fluctuations in productivity in coastal up-
welling systems (Botsford et al., 2006). The authors found that high
winds can sometimes reduce new phytoplankton production, which
contradicts the assumption that increased upwelling always enhances
biological productivity. In other words, in actual BUS conditions, the
influence of dust and upwelling on phytoplankton is likely to be
modulated by wind intensity, which can cause variability in nutrient
availability and phytoplankton growth (Claude, 1993). While the pre-
sent study’s mesocosm results suggest a clear enhancement of phyto-
plankton growth under dust-enriched conditions, the interaction
between upwelling and wind intensity in the BUS means that this rela-
tionship may not always be straightforward. High winds could reduce
the benefits of nutrient availability, leading to periods of reduced pro-
ductivity despite the presence of dust.

Although the mesocosm setting provides a controlled environment
that isolates the effects of dust on phytoplankton dynamics, it inherently
limits the ability to fully replicate the complexity of real-world condi-
tions, such as the influence of zooplankton or deep-water oxygen min-
imum zones (Meiritz et al., 2024). The observed enhancement of
phytoplankton growth under dust-enriched conditions in the mesocosm
suggests that dust may indeed influence particle flux by promoting the
ballast effect, where the presence of mineral particles like dust increases
the sinking rate of organic particles. However, the mesocosm environ-
ment likely doesn’t fully capture the variability in biological cycles and
physical processes, such as resuspension and advective fluxes, that
would be present in the open ocean (Francois et al., 2002). In the natural
environment, these factors would modulate the contribution of dust to
the overall particle flux and biological pump efficiency.

In coastal upwelling systems like the BUS, dust fluxes could be highly
variable, influenced by factors such as local biological productivity,
oxygen levels, and zooplankton activity, all of which could affect the
magnitude and efficiency of the ballast effect (Bory and Newton, 2000;
Meiritz et al., 2024). Thus, while the mesocosm experiment provides
valuable insights into the potential role of dust in enhancing the sinking
rate of organic particles, future studies in natural systems should
consider the full range of factors influencing the biological pump, such
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as upwelling intensity, wind-driven dynamics, and the presence of ox-
ygen minimum zones. It is essential to consider that the mesocosm setup,
while informative, represents a simplified system that cannot fully
replicate the complexities of the natural BUS. The low solubility of
Kuiseb dust Fe observed in our experiment highlights the need for
further research on the chemical composition and bioavailability of dust
inputs to the BUS. Future studies should also explore the synergistic
effects of dust deposition, upwelling, and oceanographic features like
eddies and filaments on primary production to better assess the broader
implications of dust-derived nutrients for the BUS.

5. Conclusions

One of the critical gaps in knowledge is the exact impact of Namib
desert dust on phytoplankton productivity in the BUS. To shed some
light on this, this study, for the first time, investigated this relationship
in a land-based mesocosm study. The data suggests that adding dust
from the Namib desert elicited a positive response from the phyto-
plankton in the Benguela current, as evidenced by the higher Chl-a
concentrations in the DG compared to the CM. The study revealed a
significant increase in Chl-a concentrations in response to dust addition
in the mesocosm experiments, indicating a potential alleviation of Fe
limitation on phytoplankton biomass. While an apparent positive reac-
tion was observed, the temporal variability in biomass suggests multi-
faceted influences on phytoplankton growth, including factors like
bioavailability of Fe and other nutrients such as total Si and POz .
Future research should investigate the mechanisms underlying the
observed variability in phytoplankton responses to dust deposition to
build on these findings. Investigating the bioavailability of iron and
other nutrients in dust samples from different sources, alongside
comprehensive nutrient dynamics studies, will provide critical insights.
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