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Abstract
Atmospheric aerosol deposition into the low latitude oligotrophic ocean is an important source of new

nutrients for primary production. However, the resultant phytoplankton responses to aerosol deposition events,
both in magnitude and changes in community composition, are poorly constrained. Here, we investigated this
with 19 d of field and satellite observations for a site in the subtropical North Atlantic. During the observation
period, surface dissolved aluminum concentrations alongside satellite-derived aerosol and precipitation data
demonstrated the occurrence of both a dry deposition event associated with a dust storm and a wet deposition
event associated with strong rainfall. The dry deposition event did not lead to any observable phytoplankton
response, whereas the wet deposition event led to an approximate doubling of chlorophyll a, with
Prochlorococcus becoming more dominant at the expense of Synechococcus. Bioassay experiments showed that
phytoplankton were nitrogen limited, suggesting that the wet deposition event likely provided substantial
aerosol-derived nitrogen, thereby alleviating the prevalent nutrient limitation and leading to the rapid observed
phytoplankton response. These findings highlight the important role of wet deposition in driving rapid
responses in both ocean productivity and phytoplankton community composition.

Atmospheric aerosol deposition into the surface ocean can
impact marine phytoplankton growth by supplying both nutri-
tious and toxic elements, with important consequences for oce-
anic carbon sequestration and, ultimately, climate (Duce
et al. 1991; Jickells and Moore 2015; Hamilton et al. 2022).
Assessing the impact of aerosol deposition on phytoplankton
under different biogeochemical settings is thus a key part of
understanding the Earth System and its response to anthropo-
genically induced changes (Guieu et al. 2014).

Direct assessments of the impact of aerosol deposition on
phytoplankton have been made via on-deck aerosol addition
experiments (Hamilton et al. 2022 and references therein;
Yuan et al. 2023). Such experiments have demonstrated that
while positive phytoplankton growth responses following arti-
ficial aerosol addition are common, negative impacts or lim-
ited responses have also been observed. This variability has
highlighted the importance of both the specific aerosols and
the biogeochemistry of the receiving seawater in determining
the response of phytoplankton to aerosol deposition (Guieu
et al. 2014; Martino et al. 2014; Hamilton et al. 2022).

Due to the highly episodic and geographically patchy
nature of aerosol deposition, in situ field observations of their
impacts on natural, unincubated phytoplankton communi-
ties, particularly in remote ocean areas, are a challenge. To
address this, most studies have utilized satellite- and/or
model-derived estimates of aerosol deposition and phyto-
plankton biomass (Bishop et al. 2002; Tang et al. 2021; Ardyna
et al. 2022). Some studies have also accumulated evidence
through assessment of in situ chlorophyll a (Chl a) in
response to aerosol deposition events (DiTullio and Laws 1991;
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Kramer et al. 2020; Milinkovi�c et al. 2022). Although all of
these studies emphasized the general patterns of increased
phytoplankton biomass with elevated aerosol deposition, the
causative link between them was not always clear. This is
partly due to the potential impact of several environmental
factors, including alternative nutrient supply routes, and
changes in temperature, light availability, and mixed layer
depth, which all potentially contribute to any changes in
phytoplankton biomass alongside aerosol supply (Boyd
et al. 2010; Mahadevan et al. 2012; Mignot et al. 2018).

Few studies have considered the importance of the aerosol
deposition pathway, either through dust storms (dry deposi-
tion) or rainfall events (wet deposition; Ridame et al. 2014;
Van Wambeke et al. 2021), despite them potentially differing
in terms of aerosol acidity (lower pH under wet deposition)
and settling efficiency in the air (elevated under wet deposi-
tion), which is expected to have a critical impact on the mag-
nitude of nutrient supply (Baker et al. 2007, 2010; Jung
et al. 2011). In addition, we know comparatively little about
how aerosol deposition affects specific phytoplankton groups
(DiTullio and Laws 1991; Kramer et al. 2020), despite this
potentially having important implications for carbon export;
for instance, phytoplankton blooms dominated by diatoms
are more likely to trigger enhanced export of faster-sinking
particulate organic carbon to the ocean interior (Martin
et al. 2011; Leblanc et al. 2018).

The North Atlantic Subtropical Gyre (NASG) is character-
ized by the depletion of both dissolved inorganic nitrogen
and phosphate, which constrains phytoplankton growth
(Marañ�on 2005; Moore et al. 2013). Aerosol deposition of
these deficient nutrients, primarily nitrogen (N) and to a
lesser extent phosphorus (P), could potentially stimulate pri-
mary productivity by alleviating these limitations (Baker
et al. 2010; Zamora et al. 2013). In addition, aerosol deposi-
tion can also provide iron (Fe), which can be (co-)limiting to
diazotrophs (N2-fixing microbes) in this system, in turn con-
tributing to an input of N into the system and enhancing pri-
mary productivity (Mills et al. 2004; Moore et al. 2009;
Schlosser et al. 2014). However, aerosols in this region have
been shown to have multiple potential sources, including
the Sahara Desert, Continental Europe, North America, or
from the remote ocean, which could result in strong differ-
ences in their chemical composition and thereby effective-
ness as a nutrient supply mechanism (Baker et al. 2006; Patey
et al. 2015). Collectively, differences in deposition magni-
tude, pathway, and the biogeochemistry of the receiving sea-
water complicate accurate prediction of phytoplankton
response to aerosol deposition.

In this study, we present direct evidence on how pulsed
aerosol inputs affect phytoplankton in the subtropical North
Atlantic, by carrying out a detailed field investigation of the
temporal variability of aerosol depositions, water column
physics and biogeochemistry, and changes in phytoplankton
biomass and community composition.

Methods
Study location and sampling

Sample collection and experiments were conducted on the
RV Meteor cruise M176/2, a GEOTRACES process study, in
the period from 01 September 2021 to 06 October 2021 in the
NASG. Samples for vertical profiles were collected daily over
19 consecutive days (only Chl a samples were measured on
23 September 2021), using 24 � 12-liter trace-metal-clean
Niskin-X bottles (Ocean Test Equipment) on a titanium con-
ductivity-temperature-depth rosette frame. Surface seawater
for the bioassay experiments was collected using a custom-
built towed-fish located at 2–3 m depth, fitted with acid-
washed tubing, with suction provided by an acid-washed Tef-
lon bellows pump (Dellmeco A15). All samples were collected
in a dedicated clean-air laboratory container with positive air
pressure maintained via inward airflow passed through a high-
efficiency particulate air filter. Mixed layer depth (MLD) was
calculated as the depth of the 0.2�C temperature difference
relative to a reference temperature at 10 m depth (de Boyer
Montégut et al. 2004).

Macronutrient concentrations
Macronutrient samples for nitrate plus nitrite (hereafter simply

referred to as nitrate) and phosphate were collected in duplicate
in 15-mL acid-washed polypropylene tubes. One of the aliquots
was analyzed on board using a segmented flow injection nutrient
autoanalyzer (QuAAtro, Seal Analytical) and was checked against
certified reference material distributed by KANSO Technos, Japan.
The detection limits for this standard method were nitrate
= 0.033 μmol L�1 and phosphate = 0.005 μmol L�1. The other
aliquots were frozen immediately at �20�C and analyzed upon
return to a land-based laboratory using a low-level method with a
custom-assembled system with an analyzer (QuAAtro, Seal Ana-
lytical) equipped with 2 m waveguides (World Precision Instru-
ments Inc.) as described by Patey et al. (2008). Detection limits
for this low-level method were nitrate = 7 nmol L�1 and
phosphate = 3 nmol L�1. The low-level method was employed
for those samples whose concentrations were initially identified
as being below 0.1 μmol L�1 for either nitrate or phosphate via
the standard method.

Dissolved trace metal concentrations
Dissolved trace metal samples were collected through a

0.8-/0.2-μm filter capsule (AcroPak, Pall) into 125-mL acid-
clean Nalgene low-density polyethylene bottles and acidified
to pH 1.9 with ultrapure hydrochloric acid (UpA, Romil). Con-
centrations of dissolved Fe (DFe) and dissolved copper (DCu)
were analyzed following preconcentration on a SeaFAST
device using inductively coupled plasma mass spectrometry
(ICP-MS; Element XR, Thermo Scientific), with quantification
via isotope dilution (Rapp et al. 2017). Certified reference sea-
water materials GSP (2009 GEOTRACES Pacific surface seawa-
ter) and GSC (2009 GEOTRACES coastal surface seawater)
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were routinely analyzed alongside seawater samples, with GSP
producing concentrations of 0.178 � 0.035 nmol L�1 DFe and
0.580 � 0.037 nmol L�1 DCu (mean � SD, n = 28), and GSC
producing concentrations of 1.522 � 0.135 nmol L�1 DFe and
1.099 � 0.149 nmol L�1 DCu (mean � SD, n = 38), which
agree with the consensus values (https://www.geotraces.org/
standards-and-reference-materials/).

Concentrations of dissolved aluminum (DAl) were mea-
sured using a modified Al-lumogallion complex method fol-
lowing Ren et al. (2001). Briefly, 5 μL o-phenanthroline
solution (16 mmol L�1) and 30 μL Be2+ solution
(50 mmol L�1) were added to 10 mL seawater samples to
remove the interferences from Fe and fluorine in seawater.
The samples were buffered with ammonium acetate
(2 mol L�1; prepared by dissolving 11 mL acetic acid [UpA,
Romil] and 15 mL NH4OH (Optima grade) in deionized water
[MilliQ, Millipore], and then diluted to 100 mL). Atlantic sur-
face seawater (with a background DAl concentration of
< 3 nmol L�1) was used to prepare the solutions for the standard
calibrations. The Al-lumogallion fluorescence was analyzed with
a Carey Eclipse fluorometer (excitation wavelength 500 nm,
emission wavelength 570 nm) and the detection limit of DAl
was below 1 nmol L�1.

Chl a concentrations
Samples for Chl a were filtered (100 mL) onto 25-mm diam-

eter Fisher MF300 glass microfibre filter (GF/F) filters, extracted
in the dark for 16–24 h in 10 mL 90% (by volume) acetone at
�20�C, and analyzed on a precalibrated Turner Designs Tril-
ogy laboratory fluorometer (Welschmeyer 1994). The concen-
trations of Chl a were used as an indicator of total
phytoplankton biomass (implicitly assuming a constant car-
bon to Chl a ratio).

Diagnostic phytoplankton pigment concentrations
Samples for phytoplankton pigment analyses were filtered

(4 liters) onto 25-mm diameter Fisher MF300 GF/F filters and
frozen immediately at �80�C. Upon return to land, pigments
were extracted in 90% acetone in plastic vials by homogeniza-
tion of the filters using glass beads in a cell mill, centrifuged
(10 min, 5200 rpm, 4�C), then the supernatant was filtered
through 0.2-μm polytetrafluoroethylene filters (VMR Interna-
tional) and subsequently quantified by reverse-phase high-
performance liquid chromatography (HPLC, Dionex UltiMate
3000 LC system, Thermo Scientific; Van Heukelem and
Thomas 2001). Pigment standards were from Sigma-Aldrich
and the International Agency for 14C Determination. The ana-
lyzed pigments included Chl a, divinyl Chl a, Chl b, Chl c2,
Chl c3, peridinin, 190-butanoyloxyfucoxanthin, fucoxanthin,
violaxanthin, 190-hexanoyloxyfucoxanthin, diatoxanthin,
alloxanthin, zeaxanthin, neox, α-carotene, and β-carotene.
These pigment assemblages were used to associate the frac-
tions of 11 phytoplankton groups to the total Chl a (TChl a,
the sum of Chl a and divinyl Chl a) via CHEMTAX using

published field-derived starting pigment ratios (Mackey
et al. 1996; Veldhuis and Kraay 2004). These phytoplankton
groups were diatoms, dinoflagellates, Synechococcus, high-light
(HL) and low-light (LL) subpopulations of Prochlorococcus,
prymnesiophytes type4 (T4), chrysophytes, prasinophytes,
cryptophytes, Trichodesmium, and chlorophytes.

Flow cytometry
Flow cytometry samples (2 mL) were fixed with paraformal-

dehyde at a 1% final concentration (methanol-free 16%
10-mL glass ampules, Alfa Aesar/Thermo Fisher), mixed with a
vortex, left for 10 min at room temperature in the dark, and
then directly frozen at �80�C. Samples were analyzed upon
return to shore using a FACSCalibur flow cytometer (Becton
Dickenson). Cell counts were carried out in CellQuest software
(Becton Dickenson). Plots of orange fluorescence vs. red fluo-
rescence were used to identify and enumerate Synechococcus
from other picophytoplankton, and plots of side scatter
vs. red fluorescence (with Synechococcus gated out) were used
to enumerate Prochlorococcus.

Bioassay experiments
Three nutrient amendment bioassay experiments were con-

ducted, with seawater collection and experiment initiation on
the 17 September 2021, 18 September 2021, and 26 September
2021, respectively. Experiments directly followed previously
published protocols (Browning et al. 2017). Seawater was col-
lected with the towed-fish around local midnight in 1-liter
trace-metal-clean Nalgene polycarbonate bottles. One bottle
was sampled immediately for initial measurement of Chl
a concentration, with the remaining bottled seawater samples
spiked in triplicate with P, Fe, or P + Fe for � 24-h incubation
(Experiments 1 and 3), and N, P, Fe, N + P, N + Fe, P + Fe,
or N + P + Fe for � 50-h incubation (Experiment 2) along
with non-nutrient-amended controls. Treated bottles were spiked
to the following nutrient concentrations: N = 1 μmol L�1

NaNO3 + 1 μmol L�1 NH4Cl; P = 0.2 μmol L�1 NaH2PO4; and
Fe = 2 nmol L�1 FeCl3 (from a solution stabilized in 0.01 mol L�1

HCl). N and P treatment solutions were previously passed
through a prepared Chelex 100 column to remove trace metal
contaminations. Bottles were placed in an on-deck incubator
flushed with continuously replenished surface waters from the
ship’s underway flow-through system to maintain temperatures.
The incubator was screened with Blue Lagoon screening (Lee
Filters), which maintained irradiance at � 30% of that of the sur-
face ocean. Following the incubation period, bottles were
subsampled for analysis of Chl a.

Satellite observations
Daily and monthly composites of 0.5� resolution Aqua

Moderate Resolution Imaging Spectroradiometer (Aqua/
MODIS) aerosol optical thickness (AOT) for September 2021
were downloaded from the NASA Earth Observations (https://
neo.gsfc.nasa.gov/). Daily accumulated precipitation at 0.1�
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resolution (Global Precipitation Measurement) was downloaded
from GIOVANNI (https://giovanni.gsfc.nasa.gov/giovanni/).
Daily sea-level anomaly (SLA) at 0.25� resolution was obtained
from the Copernicus Marine Data Store (L4 product downloaded
from: https://data.marine.copernicus.eu/). Daily satellite-derived
Chl a at 4 km resolution was downloaded from the NASA Ocean
Color website (standard Aqua/MODIS L3 product, https://
oceancolor.gsfc.nasa.gov). Seven-day air mass backward trajecto-
ries were calculated from the NOAA’s Air Resources Laboratory
using the Hybrid Single-Particle Lagrangian Integrated Trajectory
model (HYSPLIT) at the starting height level of 1000 m (https://
www.ready.noaa.gov/hypub-bin/trajasrc.pl). The 7-d trajectory
choice was a balance between long enough durations to clearly
indicate potential source regions and the increasing uncertainty
in trajectories with increasing time.

Calculation of daily dust deposition fluxes
Aluminum, a major component of eolian dust, is not read-

ily depleted from surface waters as a result of its restricted
uptake by microbes, and therefore is considered a quantitative
tracer to constrain dust deposition fluxes (Measures and
Brown 1996; Barraqueta et al. 2019; Benaltabet et al. 2022). In
this study, the satellite-derived AOT and precipitation showed
high consistency with the daily surface DAl concentrations
(see Fig. 2f, Supporting Information S3, S4); we therefore used
DAl to make approximate estimates of dust deposition fluxes
via the Measurement of Aluminum for Dust Calculation in
Open Waters (MADCOW) model (Measures and Brown 1996),
shown in the following equation:

G¼DAl�MLD
τ�S�D

ð1Þ

where G is the total dust deposition flux (g m�2 yr�1), DAl is
the average concentration in the mixed layer, MLD is the
depth of the mixed layer (m), τ is the Al residence time (yr),
which is defined as the quotient between the total DAl inven-
tory in the mixed layer and the rate of input or removal, S is
the fractional solubility of Al in dust (%), and D is the concen-
tration of Al in dust (8.1% by weight, equal to 3000 μmol g�1).
Previous studies have indicated that biological processes,
including passive absorption onto biogenic particles and active
biological uptake by diatoms, dominate the removal of DAl in
the remote open ocean (Moran and Moore 1988; Middag
et al. 2015), with negligible contributions from non-biogenic
particles (< 10% of the total particles; Emerson et al. 1997). As a
result, the residence time is inferred to be proportional to the
biological productivity, which is closely tied to phytoplankton
biomass (assumed proportional to Chl a).

Statistical analyses
All statistical analyses were performed in R 4.1.2

(R Development Core Team 2021) and particularly functions
embedded in the “vegan” package (Oksanen et al. 2022). The

dissimilarities in phytoplankton community structure were
assessed with the Bray–Curtis dissimilarity index. Principal
component analysis (PCA) was used to identify possible clus-
ters. The contribution of different environmental factors to
the PCA ordination plot was assessed using an envfit analysis
(R function envfit used with 999 permutations, “vegan” pack-
age). The obtained coefficient of determination (R2) gives the
proportion of the main variability (i.e., the main dimensions
of the ordination) that can be attributed to environmental
factors.

Results
Study location conditions

The field sampling was performed at a daily frequency in the
oligotrophic NASG within a study area of 30 � 37 km (Fig. 1a;
Supporting Information Fig. S1), which we assume to be equiv-
alent to a single location time-series observation. During the
observation period, satellite-derived SLA indicated relatively
modest eddy activity, with SLA increasing from � 8 to � 12 cm,
reflecting persistent convergence of surface waters (Fig. 1b;
Supporting Information Fig. S2). Although highest AOT over
the study site occurred on 15 September and 17 September
(Supporting Information Fig. S3), highest rainfall at the study
site was observed on 23 September to 24 September, with a
maximum precipitation rate of up to 61 mm d�1 (Fig. 1c;
Supporting Information Fig. S4). The mean, shipboard-
determined concentrations of Chl a in the mixed layer
remained relatively stable until 23 September to 24 September,
when a significant increase (0.20 � 0.01 μg L�1) was observed,
approximately doubling the concentration seen in the preced-
ing days (0.11 � 0.01 μg L�1, n = 14 d); this concentration then
declined slightly to 0.17 � 0.01 μg L�1 on 25 September to
27 September (n = 3 d; Fig. 1c). Although satellite coverage on
23 September to 24 September was poor, satellite-derived sur-
face Chl a concentrations on 25 September also demonstrated a
broad-scale increase around the study site (Supporting Informa-
tion Fig. S5).

Physical and chemical parameters
Over the study period, the range of MLD varied between

19 and 40 m (Supporting Information Table S1). Water col-
umn profiles of temperature showed persistently strong verti-
cal gradients, which decreased sharply from approximately
25�C at the surface to as low as 16�C at 120 m, with no clear
temporal variation (Fig. 2a). In contrast, salinity exhibited
much larger temporal fluctuations (Fig. 2b): a distinct decline
in surface mixed layer salinity was observed to coincide with
the episodic rainfall event on 24 September. The distribution
of density was generally consistent with temperature (Fig. 2c).
Concentrations of nitrate and phosphate were uniformly low
in the mixed layer (1–68 nmol L�1 for nitrate and 4–
27 nmol L�1 for phosphate; Fig. 2d,e) with no clear temporal
trends. Vertical profiles of DAl showed distinct variations with
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depth (Fig. 2f). A minimum DAl concentration of
� 7 nmol L�1 was consistently observed between 40 and
100 m depth, apart from samples collected on 16 September
to 18 September, where elevated concentrations extended to
the full depth profiles. This feature also coincided with
enhanced atmospheric aerosol loading on 15 September and
17 September, as inferred from the satellite-derived AOT
(Supporting Information Fig. S3). Surface DAl concentrations
markedly increased (to � 15 nmol L�1) starting from
24 September 24, consistent with the elevated precipitation
rate on that day (Fig. 1c; Supporting Information Fig. S4).
Likewise, the enhanced wet deposition also corresponded to
increased surface DFe concentrations (Fig. 2g). However,
across the dataset as a whole surface DFe and DAl were
poorly correlated (R2 = 0.12, p = 0.154). Vertical profiles of
DCu showed a similar pattern to that of DFe, except during
the wet deposition event when they were found to be
decoupled, with no clear rise in surface DCu concentrations
(Fig. 2h).

Estimated daily dust deposition fluxes
Given that the surface Chl a concentrations remained rela-

tively constant before the episodic rainfall event (on average
0.11 � 0.01 μg L�1), we assumed that the residence time of Al
during this period was identical to previously reported values,
5 yr (Measures and Brown 1996), with the remaining days lin-
early scaled to the corresponding surface Chl a concentrations
(range of calculated residence times of 2.8–3.4 yr). Assuming
the total fractional solubility of 6% in the study region (Baker

et al. 2013), and in combination with the observed MLD and
DAl, daily dust deposition fluxes using the MADCOW model
were estimated to range between 0.5–3.0 mg m�2 d�1

(Supporting Information Table S1). Although this calculation
is subject to significant uncertainties associated with residence
time and fractional solubility (Measures and Brown 1996;
Barraqueta et al. 2019), which will subsequently propagate to
deposition flux estimates, this range is generally consistent
with previous observations in the region (Fig. 1a; Albani
et al. 2014) and results from other models (Han et al. 2008;
Xu and Weber 2021). Notably, two significant increases in
model-derived deposition fluxes were found on 17 September
(1.6 mg m�2 d�1) and on 24 September to 25 September (2.1
and 3.0 mg m�2 d�1, respectively).

Phytoplankton community structure
The vertical distribution of TChl a was typical for the oligo-

trophic ocean, with a pronounced subsurface maximum rang-
ing from 0.12 to 0.25 μg L�1 between 66 and 95 m depth. The
average TChl a in the mixed layer remained fairly uniform
across the observation period, with the exception of
24 September, where it increased 1.8-fold compared to average
values (Figs. 3, 4; Supporting Information Fig. S6). This
increase in TChl a was contributed largely by an increase in
Prochlorococcus (HL subpopulation; contribution of 58% to the
TChl a increase), followed by additional contributions from
the other phytoplankton groups, including prymnesiophytes
(27%), cryptophytes (16%), chrysophytes (13%), Prochlorococcus
(LL subpopulation; 9%), and chlorophytes (3%), while

Fig. 1. Field sampling location and environmental conditions during the cruise. (a) Map of the North Atlantic showing the sampling station (blue
triangle) on a background of September 2021 average AOT. Observed dust deposition fluxes from Albani et al. (2014) are shown as circles (g m�2 yr�1).
Gray lines indicate the main surface ocean currents (Talley et al. 2011). (b) Daily satellite-derived SLA at the study site during the sampling period. (c)
Daily satellite-derived precipitation (black circles) and shipboard Chl a in the mixed layer (green dots = individual values; green line = mean values) at
the study site during the sampling period.
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Synechococcus reduced (�22% relative to the TChl a increase).
The increased dominance of Prochlorococcus over Synechococcus
inferred from the pigment analysis was independently
supported by the sharp increases in their cell abundance ratios,
as determined by flow cytometry analysis (Fig. 3a). In addition
to the variabilities in total biomass, vertical differences in com-
munity composition were also observed. Prochlorococcus
(HL subpopulation), Synechococcus, and prymnesiophytes col-
lectively dominated the phytoplankton community in terms of
chlorophyll biomass in the surface (accounting for > 70% of
the TChl a), apart from 24 September, when the fraction of Syn-
echococcus was largely substituted by Prochlorococcus. The domi-
nant groups in the deeper layers shifted toward Prochlorococcus
(particularly LL subpopulation), prymnesiophytes, and chryso-
phytes, which collectively comprised > 80% of the TChl a.

Environmental factors associated with variations in
phytoplankton community structure

To assess temporal differences in phytoplankton commu-
nity composition, a Bray–Curtis dissimilarity index was
applied to data from the upper mixed layer. Both taxa- and
pigment-derived Bray–Curtis dissimilarity-based dendrograms
showed that the samples across these days could be assigned
to two clusters, with the phytoplankton community composi-
tion on 24 September clearly distinguished from the remain-
der (Fig. 4; Supporting Information Fig. S7). In line with the
clusters made for Bray–Curtis dissimilarities, the variability of
community compositions visualized by PCA exhibited the
same separation, with two corresponding clusters (Fig. 5a).
Analyses of a range of environmental factors characterizing
the community compositions (PCA ordination) across the

Fig. 2. Depth profiles of physical and chemical parameters. (a) Temperature, (b) salinity, (c) potential density anomaly (σt), (d) nitrate, (e) phosphate,
(f) DAl, (g) DFe, and (h) DCu. Dots show sampling depths on each day, and black solid lines indicate the mixed layer depth. Data on 23 September
2021 were not collected.
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observations demonstrated that precipitation was the most
important contributor (R2 = 0.76, p = 0.046), followed by DAl
(R2 = 0.65, p = 0.001), and salinity (R2 = 0.55, p = 0.001),

while temperature, SLA, nitrate, phosphate, DFe, and DCu
were not significantly correlated (Fig. 5b). However, correla-
tions differed among phytoplankton groups when defining

Fig. 3. Phytoplankton community structure. (a) Near-surface cell concentrations of Prochlorococcus and Synechococcus (bars), and their associated cell
concentration ratios (line). (b) Depth profiles of community composition and biomass (TChl a). Pie chart size is proportional to TChl a, and composition
reflects the pigment-derived taxonomic contributions to TChl a.

Fig. 4. Bray–Curtis dissimilarity-based dendrogram showing the clustering of pigment-derived taxonomic composition and biomass (TChl a) in the
mixed layer. Major clusters are indicated by the colors of the branches.
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environmental factors separately for each group (Fig. 5c). In
this case, precipitation was found to be significantly and posi-
tively correlated with the dominant Prochlorococcus (including

both HL and LL subpopulation) and prymnesiophytes frac-
tional contribution to TChl a, as well as the less abundant
chrysophytes, cryptophytes, and chlorophytes, but significantly

Fig. 5. Ordination and the importance of environmental factors to the pigment-derived community composition in the mixed layer. (a) PCA ordination
of the phytoplankton community composition with different colors (ellipses) denoting different clusters. Percentages of total variance are explained by
PC1 and PC2, accounting for 61.4% and 17.9%, respectively. (b) The contribution of environmental factors to the PCA ordination plot, with coefficient
of determination (R2) indicating the contributed proportion. (c) Pairwise correlations between environmental factors and phytoplankton groups with a
color gradient denoting Pearson’s correlation coefficient. Asterisks represent the statistical significance (***p < 0.001, **p < 0.01, *p < 0.05).
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negatively correlated with the contribution of Synechococcus to
TChl a. No significant correlations with precipitation were found
for diatoms, dinoflagellates, prasinophytes, or Trichodesmium. In
contrast, DAl and salinity were only significantly correlated with
prasinophytes (negative correlation with salinity) and
Trichodesmium (negative correlation with both). None of the
concentrations of nitrate, phosphate, DFe, or DCu were signifi-
cantly correlated with any of the phytoplankton groups.

Phytoplankton responses to nutrient amendment
Two nutrient amendment bioassay experiments (Experiments

1 and 2) were conducted before the episodic rainfall while one
(Experiment 3) was conducted after this event (Fig. 6). Collec-
tively, additions of either P or Fe alone or in combination failed
to stimulate any significant increase in Chl a relative to the con-
trols for any of the experiments. In contrast, the addition of N
alone resulted in a 2.6-fold Chl a increase over the controls,
whereby the supplementary addition of P produced a further
Chl a increase (6.2-fold over the controls).

Discussion
Nutrient limitation pattern at the study site

The bioassay experiments conducted suggested, (1) primary
N limitation of the overall phytoplankton community, with P
playing a secondary limiting role (Fig. 6), consistent with the
well-established patterns of nutrient limitation in the tropical
and subtropical North Atlantic (Moore et al. 2013; Browning
et al. 2017); and (2) unresolvable enhancement in Chl
a associated with any potential P and/or Fe stimulation of N2

fixation by diazotrophs, which are expected to be limited by P
and/or Fe availability (Sañudo-Wilhelmy et al. 2001; Mills
et al. 2004; Moore et al. 2009). The lack of enhancement in
Chl a following P and/or Fe additions in Experiment 3, which

was conducted 2 d after the rainfall event, also indicated that
the primary N limitation was not fully alleviated by any N
supplied by the wet deposition event, consistent with the
observation of depleted surface nitrate concentrations.

Phytoplankton stimulated by wet deposition of aerosols
Elevated aerosol deposition fluxes (1.6 mg m�2 d�1) derived

from DAl concentrations, together with elevated satellite-derived
AOT (Supporting Information Fig. S3), were simultaneously pre-
sent on 17 September, suggestive of a dry deposition event asso-
ciated with a dust storm. Even higher deposition fluxes were
observed on 24 September to 25 September (2.1 and 3.0 mg m�2

d�1, respectively), coinciding with a precipitation event
(Supporting Information Fig. S4), suggestive of a wet aerosol
deposition event. Across the 19-d study period, only on
24 September was there an anomalous increase in phytoplank-
ton biomass and a shift in community composition (Figs. 3, 4;
Supporting Information Fig. S6). Our bioassay experiments rev-
ealed that N was the proximal limiting nutrient for the overall
phytoplankton community at this site (Fig. 6). As no major
decrease in loss processes (e.g., grazing) were expected to be asso-
ciated with the precipitation event, an extra influx of N was thus
required to support the observed phytoplankton enhancement.
Multiple mechanisms leading to an increase in N supply could
potentially be invoked. First, transient upwelling of deeper,
N-riched waters to the surface could supply limiting nutrients
and fuel-enhanced phytoplankton growth (Wilson 2021); how-
ever, the persistently positive SLA suggested overall downwelling
of the N-depleted surface waters (Fig. 1b) and the depth profiles
of relevant hydrological parameters also showed no evidence of
an uplifted isosurface (Fig. 2a–c). Enhanced N supply from
greater depths was therefore unlikely. Second, lateral advection
and mixing of waters from elsewhere could potentially

Fig. 6. Chl a responses to nutrient additions at the start and end points of experiments. (a–c) Experiments 1–3. Bars are means of replicates with individ-
ual values shown as points, n = 3 for all except where indicated by an asterisk (n = 2). The horizontal dashed lines indicate initial time measurements.
Treatment means are compared using a one-way ANOVA and followed by a post hoc Tukey HSD means comparison test (statistically indistinguishable
means are labeled with the same letter, p < 0.05; NS is “not significant”). Experiments 1 and 3 were ran for � 24 h and Experiment 2 for � 50 h.
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supply N, but this is also considered unlikely due to the consis-
tency of N-depleted surface waters throughout the region
(Fig. 2d). Finally, this could have been driven by wet aerosol
deposition associated with the rainfall event. This could have, in
turn, occurred via two mechanisms. First, wet deposition likely
enhanced the supply rate of DFe (Fig. 2g; Buck et al. 2006; Baker
et al. 2013; Schlosser et al. 2014), which might have stimulated
N2 fixation activity and therefore increased supply of bioavail-
able N into the system (Schlosser et al. 2014). However, supply
of DFe and/or phosphate in the bioassay incubation experiments
led to no such increase in Chl a over 2 d of incubation (Fig. 6),
which was longer than the natural response time of in situ Chl
a to the rainfall event (Fig. 1c). This therefore suggested that any
enhancement in N2 fixation activity was either too slow or too
low in magnitude to drive the observed Chl a enhancement.
This thus points towards a direct increase in aerosol N supply
due to the episodic rainfall as the predominant driving mecha-
nism behind the observed phytoplankton enhancement. This
mechanism is further reinforced by our envfit analysis and
pairwise comparisons, which indicate precipitation to be the pri-
mary controlling factor in shaping the unique community com-
position on 24 September relative to the other days (Fig. 5b,c).

We calculated the approximate amount of N required to
support the observed increase in Chl a (determined as the dif-
ference between enhancement and pre-enhancement) within
the MLD (26 m), assuming an average Chl a-to-carbon ratio of
0.02 (by weight; Behrenfeld et al. 2005) and a carbon-
to-nitrogen molar ratio of 6.6 in phytoplankton elemental stoi-
chiometry (Redfield et al. 1963). We found that the required N
flux was 1.48 mmol m�2 d�1. Based on a precipitation rate of
61 mm d�1 (Fig. 1c), we then estimated the required N concen-
tration in rainwater to be approximately 24.2 μmol L�1.
Acknowledging high levels of uncertainty in our calculation,
this value was generally consistent with, but on the higher end
of, previously observed rainwater nitrate plus ammonium con-
centration around this region (30–40�W, 30–40�N) with the
range of 1.8–24.7 μmol L�1 (https://www.bodc.ac.uk/solas_
integration/implementation_products/group1/aerosol_rain/).

The most striking shift in community composition associ-
ated with the rainfall event was an increase in both cell num-
ber and biomass of Prochlorococcus (HL subpopulation) at the
expense of Synechococcus (Figs. 3, 4). Several mechanisms can
be hypothesized to have driven this community shift. First,
Prochlorococcus, the smallest phytoplankton with a diameter of
0.5–0.7 μm, has been reported to have relatively lower P
requirements and is capable of efficient P utilization (Heldal
et al. 2003; Van Mooy et al. 2006; Martiny et al. 2009), poten-
tially allowing them to outcompete Synechococcus when
exposed to aerosols with high N: P ratios. This generally mat-
ched well with a previous modeling study, which suggested
that high cellular N : P ratios of Prochlorococcus (25 : 1), com-
pared to Synechococcus (21 : 1), enabled them to become more
competitive, especially in the high aerosol loading portion of
the NASG (Chien et al. 2016). Although we did not measure

the chemical compositions of aerosols in this study, previous
measurements have shown that the ratios of N : P in the solu-
ble fraction of aerosols (� 500–5000) were far higher than the
ratio typically required by phytoplankton of 16N : 1P (Baker
et al. 2010; Zamora et al. 2013). Second, the likely high pro-
portion of ammonium and soluble organic nitrogen compared
to nitrate in these aerosols, for example, accounting for over
50% of total aerosol N at Bermuda (Altieri et al. 2016), may
have further benefited the predominance of Prochlorococcus
over Synechococcus (García-Fern�andez et al. 2004). Finally, the
potentially elevated concentrations of other trace elements,
such as DCu, could potentially suppress Synechococcus,
whereas the HL subpopulation of Prochlorococcus is known to
be more resistant to copper toxicity (Mann et al. 2002; Paytan
et al. 2009). Arguing against the latter were the measured sur-
face DCu concentrations, which were 0.86 nmol L�1 during the
rainfall event in comparison to higher average background con-
centrations of 1.35 � 0.47 nmol L�1 (although noting that
DCu speciation might be important in regulating toxicity; Mac-
key et al. 2012). In addition to the increase in Prochlorococcus,
the modest 3–27% estimated increase in the Chl a biomass of
larger phytoplankton groups including prymnesiophytes,
cryptophytes, chrysophytes, and chlorophytes could also be
associated with enhanced N supply from wet aerosol deposi-
tion. No detected stimulation of even larger phytoplankton
groups (diatoms, dinoflagellates) could be explained by their
initially very low biomass (Supporting Information Fig. S6).

Contrasting phytoplankton responses between wet and dry
deposition

Despite the dust storm (dry deposition) being calculated to
have a similar aerosol deposition flux as the wet deposition
event (1.6 and 2.6 mg m�2 d�1, respectively and noting uncer-
tainties associated in their calculation), it contrasted with the
wet deposition event in not matching up with any observable
change in phytoplankton biomass or community composi-
tion. We hypothesize that this discrepancy in biological
response could be attributed to two factors. First, it could be
due to the varying N content and bioavailability in aerosols of
different origins, which can have divergent physicochemical
compositions and different atmospheric processing (Mackey
et al. 2012; Guieu et al. 2014). Specifically, within our field
observation period, air mass back-trajectories indicated that
the air over our study location mostly originated from North
America and the open ocean, with the exception of those on
23 September, 24 September, and 27 September, which had
previously traversed North Africa and southern Europe
(Fig. 7). The latter source likely entrained more bioavailable
nutrients due to the reported higher N loading from the Saha-
ran dust and industrialized regions of Europe (Baker
et al. 2010; Baker and Jickells 2017), as well as a shorter trans-
port distance, a factor known to control the magnitude of
deposition flux (Lawrence and Neff 2009). Second, the subse-
quent deposition pathway (dry or wet deposition) may further
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determine the amounts of accessible N for phytoplankton in
the receiving seawaters. In the wet deposition scenario, rain-
water can enrich more N into aerosols via mixing with nitric
acid (Meskhidze et al. 2003; Guieu et al. 2010), as well as
introducing zero-salinity rainwaters driving enhanced stratifi-
cation of the near surface water (Fig. 2b), thereby, retaining
N-rich rainwaters in the surface ocean for a longer period.

Conclusions
Using 19 d of field observations at a site in the subtropical

North Atlantic, we find contrasting phytoplankton responses
between dry and wet aerosol deposition events: the wet depo-
sition event led to a rapid accumulation of phytoplankton
and a shift in phytoplankton community toward a greater
contribution of Prochlorococcus at the expense of Synechococcus,
while the dry deposition event did not lead to any observable
phytoplankton response. We attribute these differences in
responses to both the wet or dry deposition pathways as well
as the aerosol source locations (Sahara Desert and Continental
Europe for the wet deposition event, North America and open
ocean for the dry deposition event) resulting in different sup-
ply rates of bioavailable N to seawater. Our findings under-
score the importance of both deposition mode and source
location in regulating phytoplankton responses, for example,

when evaluating the impact of aerosol N input in biogeo-
chemical model simulations (Krishnamurthy et al. 2007;
Jickells et al. 2017). This is particularly pertinent given that
projected warming and stratification of the upper ocean
(Fu et al. 2016), alongside increased aerosol N deposition
(Jickells et al. 2017) and extreme rainfall frequencies (Westra
et al. 2014) are expected to increase the importance of aerosol
fertilization of the low latitude oceans. Alongside other factors
(Flombaum et al. 2013), our results also suggest that such
changes may furthermore contribute to regulating the relative
abundance of Prochlorococcus over Synechococcus in the low-
latitude subtropical oceans.

Data availability statement
Data are stored and available on Zenodo via the doi: 10.

5281/zenodo.7989871.
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