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Uneven response of microbial
communities to intense dust
deposition across the coastal
transition zone off Mauritania

Clàudia Pérez-Barrancos1,2*, Marı́a D. Gelado-Caballero3,
Nauzet Hernández-Hernández1, Isabel Baños1,
Markel Gómez-Letona1, Marı́a F. Montero1,
Jesús M. Arrieta2 and Javier Arı́stegui1*

1Instituto de Oceanografı́a y Cambio Global (IOCAG), Universidad de Las Palmas de Gran Canaria,
Las Palmas, Spain, 2Centro Oceanográfico de Canarias, Instituto Español de Oceanografı́a (IEO),
Consejo Superior de Investigaciones Cientı́ficas (CSIC), Santa Cruz de Tenerife, Spain,
3Departamento de Quı́mica, Universidad de Las Palmas de Gran Canaria, Las Palmas, Spain
The eastern North Atlantic region receives large Saharan dust deposition inputs,

providing nutrients and trace metals to the surface waters. We assessed the

effects of intense dust deposition on phytoplankton and bacteria cell

abundances, metabolic activity, and community structure, along a surface

productivity gradient in the Mauritanian-Senegalese upwelling system. Dust

concentrations above 4 mg L-1 were added to triplicate microcosms in four

bioassay experiments, each lasting three days, increasing nitrate, phosphate

and, to a lesser extent, silicate seawater concentrations. Even though dust

deposition enhanced both heterotrophic and photosynthetic activity, bacterial

production responded faster and stronger than primary production, especially

as oligotrophic conditions increased. Bacterial production rates in oligotrophic

waters almost tripled one day after the enrichment. However, such favorable

response could not be observed on the total organic carbon production until a

lag phase of 2 days and whilst under moderate eutrophic conditions. Dust

enrichment benefited the presence of certain planktonic groups over others

according to their nutrient requirements. Indicator species analysis revealed

that our dust-treated microcosms were consistently characterized by Raphid-

pennate diatoms, as well as byHyphomonas genus of Alphaproteobacteria and

several species of Alteromonas Gammaproteobacteria. Yet, changes in

microbial community structure and composition were primarily shaped by

the starting conditions of each experiment. These findings indicate that
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increasing dust deposition events and the weakening of the Mauritanian-

Senegalese upwelling system under climate change may result in a more

heterotrophic system, particularly in oligotrophic waters, reducing its

potential to function as an atmospheric carbon sink.
KEYWORDS

dust bioassay, primary production, bacterial production, plankton community,
molecular diversity, eastern North Atlantic, Mauritanian-Senegalese upwelling
Introduction

Every year about 450 teragrams of atmospheric dust are

deposited on the world’s oceans, of which 43% reaches the

Atlantic Ocean (Jickells et al., 2005). Almost half of the global

dust production arrives from North Africa, where the arid

regions of the Sahara and the Sahel make up the largest

sources of mineral dust (Prospero and Lamb, 2003). Although

dust deposition provides the surface ocean with new inorganic

nutrients, trace metals and organic carbon (Guieu et al., 2002;

Pulido-Villena et al., 2008; Jickells et al., 2016), the bioavailability

of these and the extent of their fertilizing effect on microbial

communities remains uncertain (e.g., Chien et al., 2016).

Past studies on the role of dust inputs on ocean

biogeochemistry have focused on the impact on autotrophic

productivity, given their potential to enhance the efficiency of

the biological pump and hence ocean carbon sequestration.

Some bioassay studies have shown that phytoplankton

biomass, primary production and N2 fixation may increase

after dust additions (Bonnet et al., 2005; Herut et al., 2005;

Duarte et al., 2006; Ridame et al., 2011; Herut et al., 2016; Rahav

et al., 2018). However, further studies combining field and

experimental approaches also denoted a significant increase in

bacterial abundance and metabolic rates following dust

additions (2014; Herut et al., 2005; Pulido-Villena et al., 2008;

Lekunberri et al., 2010; Marañón et al., 2010; Guieu et al., 2014;

Herut et al., 2016; Rahav et al., 2018; Gazeau et al., 2021). Indeed,

under suitable conditions bacteria can outcompete

phytoplankton for inorganic nutrients (Joint et al., 2002; Mills

et al., 2008; Hale et al., 2017). Yet, the potential uptake of

inorganic nutrients and organic carbon by heterotrophic

bacteria during dust bioassays may be masked under the

impact of grazing exerted by predators such as heterotrophic

flagellates, ciliates and dinoflagellates (Pitta et al., 2017) and, to a

lesser extent, by viral lysis (Tsiola et al., 2017).

Although the northeast Atlantic Ocean is among the highest

receivers of Saharan dust fluxes in the world, few bioassay

studies on dust fertilization have been conducted in the region
02
(Blain et al., 2004; Duarte et al., 2006; Hill et al., 2010; Marañón

et al., 2010; Langlois et al., 2012). Most of these studies focused

on the response of microbial community abundance and

metabolic activity without considering the shifts in community

structure. Only Marañón et al. (2010) addressed the concurrent

effects of dust inputs on phytoplankton and bacteria using

conventional molecular techniques along a latitudinal transect

in the central Atlantic Ocean.

In our study, we assessed the effects of intense dust deposition

on surface-ocean microbial communities (phytoplankton and

bacteria) in the Mauritanian-Senegalese area, characterized by

recurrent dust intrusions (Jickells et al., 2005) and high particle

export rates (Nowald et al., 2015). Four dust bioassays were

conducted at four stations along a zonal trophic gradient

stretching from the eutrophic coastal upwelling region to the

oligotrophic open ocean. The differential effects of dust-derived

nutrients on phytoplankton and bacteria were assessed in terms of

cell abundances, autotrophic and heterotrophic production, and

community structure.
Materials and methods

Aerosol collection

Total suspended particles were sampled at Pico de la Gorra

(1930 m above sea level; 27° 56’N, 15° 33’W), as part of a long-

term aerosol monitoring program in the Canary Islands (Torres-

Padrón et al., 2002; Gelado-Caballero et al., 2012; López-Garcıá

et al., 2013). High-volume aerosol collectors (60 m3 h-1, 24 h;

MCV, model CAV-A/M) were used to collect dry material for (1)

chemical composition analyses on acid-washed cellulose filters

(Whatman 41) and (2) measuring gravimetrically total suspended

particles concentrations on glass-fiber filters (Whatman GF/A).

Several Whatman GF/A filters were also collected on board the

FLUXES I cruise (CAV-A/mb model; MCV). Trace-metal clean

techniques were strictly followed throughout the aerosol collection

and manipulation (Supplementary Methods).
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Microcosm setup

Four dust addition experiments were performed at four

stations during the FLUXES I cruise on board the R/V

Sarmiento de Gamboa (Table 1, Figure 1). The sampling

locations were distributed along the coastal transition zone

from the open-ocean Atlantic waters to the upwelling off

Mauritania. Surface seawater samples (10-20 m depth) were

collected using acid-cleaned Niskin bottles with external

closure mounted on a SBE 38 rosette sampler equipped with

a Sea-Bird 911+ CTD system. At each station, the surface

seawater samples were homogenized, prefiltered through a 250

µm mesh size and transferred to 15L acid-cleaned microcosms

(made of polyvinylchloride) before the start of the experiment

(Table 1). Prior to dust addition, seawater was sampled for all

measured parameters (0 h of sampling time) using an acid-

washed silicone tube. Each experiment comprised three

replicate control microcosms (C1, C2 and C3) and three

replicate dust-treated microcosms (D1, D2, D3) placed in an

on-deck incubator. The dust treatment consisted in a single

addition of a dust stock solution (Supplementary Methods)

that resulted in concentrations between 4.2 and 6.7 mg dust L-1

(Table 2). The amendment provided an average of 0.16, 0.02,

and 0.01 µmol of nitrate, phosphate and silicate per mg of dust,
Frontiers in Marine Science 03
as estimated from fluxes already reported through the Canary

Region (López-Garcıá et al., 2021). These conditions simulate a

cumulative event of intense dust deposition (~5500 µg TSP

m-3, Gelado-Caballero et al., 2012) over 20 days in the upper 30

m mixed layer in the northeast Atlantic Ocean. Likewise, a

control stock solution (without dust) was poured into the

control microcosms.

During the experiments, each lasting three days, the

microcosms were attached to a weight, covered with a three-

layer neutral-density mesh lid (~48.6%) and subjected to a

continuous flow of surface seawater (25 ± 1.5 °C) to reproduce

natural conditions. Most parameters were sampled 24 and 72 h

after the addition of dust, although depending on the parameter

an additional sampling after 48 h was performed.
Nutrient analysis

Samples (15 mL) were collected in polypropylene tubes and

frozen upright at -20°C until analyzed. Concentrations were

determined using a 4-channel Skalar San++ continuous flow

autoanalyzer for nitrate and nitrite (NOx) (Cd reduction method),

phosphate (PO3−
4 ) and silicate (Si (OH)4) (molybdate blue method).

The instrumental limit of quantification was 0.001 µM.
TABLE 1 Station properties and initial characteristics of the surface waters used to conduct each experiment.

Experiment name

FL01 FL02 FL03 FL04

Experiment duration (2017) 21-24 July 2-5 August 17-20 July 6-9 August

Sampling station 12 26 5 33

Longitude 25° 59.46’ 20° 48.02’ 20° 9.03’ 18° 34.19’

Latitude 23° 00.01’ 17° 20.01’ 23° 0.03’ 20° 41.99’

Sampling depth 10 m 20 m 10 m 12 m

Mixed layer depth 40 m 25 m 25 m 20 m

Temperature 24.6°C 24.0°C 23.1 °C 21.1°C

Salinity 36.97 35.99 35.90 36.05

Nitrate (µmol L-1) 0.01 0.80 0.15 3.09

Phosphate (µmol L-1) 0.10 0.32 0.12 0.45

Silicate (µmol L-1) 0.53 0.55 0.50 0.87

Nitrate/Phosphate 0.10 2.50 1.25 6.87

Nitrate/Silicate 0.02 1.45 0.30 3.55

Phosphate/Silicate 0.19 0.58 0.24 0.52

Chlorophyll a (µg L-1) 0.02 0.78 1.33 7.96

Microphytoplankton abundance (cells mL-1) 10 384 405 959

Nanophytoplankton abundance (cells mL-1) 24 175 424 738

Picophytoplankton abundance (105 cells mL-1) 1.09 1.40 4.72 0.51

Bacterial abundance (105 cells mL-1) 4.49 8.60 25.65 15.72

Total primary production (µg C L-1 h-1) 0.06 1.13 2.36 7.64

Bacterial production (µg C L-1 h-1) 0.04 0.19 0.76 2.44
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Chlorophyll a

Samples (500 mL) were filtered on board through 25 mm

diameter, 0.7 µm pore size Whatman GF/F glass-fiber filters.

Pigments were extracted overnight in cold acetone (90% v/v) at

-20°C in the dark. Chlorophyll a (Chl a) concentration was

estimated fluorometrically by means of a Turner Designs bench

fluorometer (Holm-Hansen et al., 1965).
Microbial abundance

Samples (125 mL) were fixed and preserved in acidic Lugol

solution to 1% final concentration and settled in sedimentation
Frontiers in Marine Science 04
chambers for 24-48 hours. Large phytoplankton (>20 µm) was

identified and enumerated by inverted microscopy (Utermöhl,

1958) at 20x magnification.

Heterotrophic bacteria, nano- and picoeukaryotes, and

Prochlorococcus sp. and Synechococcus sp. type of cyanobacteria,

were enumerated using a FACScalibur (Becton and Dickinson)

flow cytometer. Samples for microbial abundance (2 mL) were

fixed with paraformaldehyde to a final concentration of 2%,

refrigerated 30 minutes at 4°C, frozen in liquid nitrogen

(-190°C) and stored at -80°C until analysis. Subsamples (400

µL) were stained with 4 µL of SYBR Green I, Molecular Probes

Inc. (final concentration 1000x dilution of the commercial

product) for bacteria analysis. High nucleic-acid content (HNA)

bacteria and low nucleic-acid content (LNA) bacteria were
TABLE 2 Dust microcosm concentration (mg dust L-1) and released soluble inorganic nutrient concentrations (µmol L-1) in each experiment.

Experiment name

FL01 FL02 FL03 FL04

Dust (mg L-1) 4.2 4.6 6.7 4.8

Nitrate (µmol L-1) 0.692 0.758 1.104 0.791

Phosphate (µmol L-1) 0.084 0.092 0.134 0.096

Silicate (µmol L-1) 0.046 0.051 0.074 0.053
frontiers
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FIGURE 1

(A) Eight-day mean Chl a concentration (mg m-3) during FLUXES I cruise. Data provided by The Copernicus Marine Environment Monitoring
Service (http://marine.copernicus.eu/). White points show the sampled stations to conduct each experiment. (B) Vertical sections (0-200 m) of
temperature (°C) and Chl a (µg L-1) for the northern, (C) southern and (D) eastern cruise transects. Stations are indicated at the top of the upper
panels. White points show the depths sampled to perform each numbered experiment (see Table 1).
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identified in bivariate scatter plots of side scatter versus green

fluorescence. Cyanobacteria and eukaryotes were discriminated in

plots of orange fluorescence versus red fluorescence.
Microbial community structure

Samples for amplicon sequencing were collected from each

microcosm at time zero and at the end of the experiments.

Approximately 2 L of seawater were filtered through a 0.22 µm

pore-size Sterivex filter (Millipore), immediately frozen into

liquid nitrogen and stored at -80°C.

DNA extracts were obtained using the standard phenol-

chloroform method (Sambrook and Russell, 2001). The V4

region of the prokaryotic 16S rDNA genes (~390 bp) was

amplified by PCR using the 515F (5’-GTGYCAGCMG

CCGCGGTAA-3 ’) and 806R (5 ’- GGACTACNVGGG

TWTCTAAT-3’) primer pair sequences (Apprill et al., 2015;

Parada et al., 2016). The same DNA extracts were used to

amplify the V9 region of the eukaryotic 18S rDNA genes

(~260± 50 bp) using primers 1391F (5’-GTACACACC

GCCCGTC-3’) and 1510R (5’-TGATCCTTCTGCAGGTTCA

CCTAC-3’) (Amaral-Zettler et al., 2009; Stoeck et al., 2010).

Sample processing, library preparation, and sequencing were

performed by the Earth Microbiome Project (Thompson et al.,

2017; https://earthmicrobiome.org/) at Argonne National

Laboratory (Lemont, IL, USA; https://www.anl.gov/).

In both V4 and V9 amplicon datasets, raw reads were filtered

and trimmed to remove amplification primers with Cutadapt

v1.18 (Martin, 2011) and processed using the software package

DADA2 v1.24 (Callahan et al., 2016) with the parameters truncQ

2, truncLen 140,130 and maxEE 4,5. Sequences from all samples

were pooled together for sample inference and bimera

identification. For each dataset, an amplicon sequence variant

(ASV) table was generated. After the taxonomic assignation of

prokaryotes according to Silva SSU version 138.1, sequences

classified as eukaryote, mitochondria and chloroplast were

removed from the V4 dataset. Eukaryotic taxonomy was then

assigned using the PR2 database (Guillou et al., 2013), from

which bacterial and archaeal sequences were removed. In this

occasion, those sequences belonging to the Opisthokonta

supergroup of eukaryotes were also excluded from the V9

dataset since were considered non-relevant for the purpose of

our study. To avoid library size differences, each amplicon

dataset was rarefied using the function rarefy_even_depth

(phyloseq package v1.40; McMurdie and Holmes, 2013).

Species richness (Chao 1 index) and diversity (Shannon index)

were estimated using phyloseq.
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14C-Based primary production

Primary production (PP) was determined by the 14C

method. Three culture flasks per microcosm (50 mL) were

inoculated with 5 mCi of 14C-labeled NaH14CO3 solution.

Labelled samples were incubated for 24 hours in the same

deck incubator as the microcosms, remaining one of the three

under complete darkness to measure the dark carbon uptake. At

the end of the incubations, 5 mL of the water sample were

filtered through 0.2 µm pore size polycarbonate filters under low

vacuum pressure. To measure the particulate organic carbon

production (PPPOC), filters were placed in 6 mL scintillation

vials, after exposure to concentrated HCl fumes overnight to

remove inorganic carbon. A volume of 5 mL of the filtrate was

transferred to a 20 mL scintillation vial to determine the amount

of fixed 14C released into the dissolved organic carbon fraction

(PPDOC). Liquid samples were acidified with 100 µL of HCl 6 N

and placed in an orbital oscillator for 24 hours. Finally,

scintillation cocktail was added to every sample to quantify the

remaining radioactivity using a Liquid Scintillation Counter.

The total primary production (PPTOC) was determined from the

sum of the two size fractions considering the isotopic dilution of

the tracer.
Bacterial production

Bacterial production (BP) was estimated from rates of

protein synthesis determined by the incorporation of tritiated

leucine [3H] using the centrifugation method (Smith and Azam,

1992). For each microcosm, four replicated seawater samples (1

mL) were inoculated with 20 nM warm leucine of final

concentration. Two trichloroacetic acid (TCA)-killed controls

were established by adding 100 µL of 50% TCA. Samples,

including controls, were incubated in the dark for 4-7 h at the

same deck incubator as the microcosms and terminated by

adding 100 µL of 50% TCA. Centrifugation was carried out at

12000 rpm for 20 minutes, followed by aspiration of the

supernatant. Then, 1 mL of 5% TCA was added to each

sample and centrifuged again. Once removed the supernatant,

1 mL of scintillation cocktail was placed in each sample. Leucine

incorporation rates were then estimated from the mean

disintegrations per minute (DPM) of the samples after

subtracting the DPM of the TCA-killed controls from the

corresponding samples. BP was calculated by leucine

incorporation rates (Kirchman and Ducklow, 1993), assuming

no isotopic dilution and using a carbon conversion factor of 1.5

kg C mol leucine-1 (Simon and Azam, 1989).
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Statistical analyses

Analyses were conducted in R v4.2.1 (R Core Team, 2021)

and mostly performed using tidyverse v1.3.2 (Wickham

et al., 2019).

Shapiro-Wilk test of normality and Levene’s test for

homogeneity of variance were checked across all variables by

groups of treatment and/or experiments (rstatix package v.0.7;

Kassambara, 2021). Single tailed, non-parametric Mann-

Whitney-Wilcoxon tests were computed by applying

alternative = “less” to test whether the treatment effect was

greater on dust than control microcosms at each sampling

time. Pairwise comparisons between all dust-treated

microcosms were assessed with Kruskal-Wallis test and

Conover-Iman post-hoc analyses (conover.test package v.1.1.5;

Dinno, 2017). Two-way ANOVA tests were performed on

microbial richness and diversity estimates to assess the

interaction between treatment and experiment variables at the

end of the incubations (rstatix package v.0.7; Kassambara, 2021).

One-way ANOVA and Tukey post-hoc analyses were computed

to determine the differences between experiments, being

displayed with ggpubr v.0.4 (Kassambara, 2020).

A non-metric multidimensional scaling (NMDS) was

performed from Bray-Curtis dissimilarities (phyloseq package

v1.40; McMurdie and Holmes, 2013). PERMANOVA tests were

then computed on treatment and experiment variables at the end

of the incubations, as well as its interaction (vegan package

v2.6.2; Oksanen et al., 2019). To assess the uncertainty in

hierarchical cluster analyses, a multiscale bootstrap resampling

was performed on the Bray-Curtis dissimilarity data matrix

(pvclust package v.2.2; Suzuki et al., 2019) and displayed as a

dendrogram with ggtree v.3.4.2 (Yu, 2020). Finally, an indicator

species analysis was computed to determine which species

characterized certain treatments (indicspecies package v.1.7.12;

De Cáceres and Legendre, 2009).
Results

Initial characteristics of surface waters

Table 1 and Figure 1 illustrate the variable biogeochemical

conditions of the surface waters collected to carry out the

experiments. The surface water used to fill the FL01

microcosms was characterized by being typically oligotrophic

(Chl a < 0.5 mg L-1, NOx < 0.2 µM), whereas the remaining

experiments displayed a range of increasing eutrophic properties

(FL02, FL03 and FL04, lowest to highest), as indicated by Chl a

and productivity rates.

Temperature, salinity, oxygen and Chl a concentration at the

sampling site from 0 to 200 m (Figure 1) showed that the
Frontiers in Marine Science 06
northern section (23°N) was influenced by a coastal meandering

westward Cape Blanc (station 5) separating the nutrient-rich

upwelled water from the warmer, stratified offshore water. While

the Cape Blanc coastal upwelling was the principal supplier of

nitrate in the FL03 experiment (station 5), total inorganic

nitrogen was almost depleted in FL01 (station 12). Thus, the

offshore PP and BP might be limited by nitrate concentration

among other variables (Table 1). Similar initial phosphate and

silicate concentrations were found in both stations. Surface Chl a

concentration (~10 m) presented an abrupt drop from values

above 1-2 mg L-1 near the coast to 0.02 mg L-1 in the open-ocean

following the decrease in phytoplankton abundances with

increasing oligotrophy (from 4.72 × 105 cells mL-1 to 1 × 105

cells mL-1). Picophytoplankton (<2 mm) always showed the

highest abundances, although micro (>20 mm) and nano (2-20

mm) phytoplankton size fractions were also abundant in the

most productive waters. Among the photosynthetic

picophytoplankton (Supplementary Figure 1), Synechococcus

was always numerically dominant, except in the oligotrophic

experiment in which Prochlorococcus were the most abundant

cyanobacteria. Diatoms were the dominant microphytoplankton

group in coastal waters, while dinoflagellates dominated the

FL01 experiment (Supplementary Figure 2). Bacterial abundance

was one order of magnitude lower at FL01 compared with the

coastal stations.

The southern transect (17°N), where the FL02 experiment

was performed (station 26), also presented some variability

throughout the large offshore extension (Figure 1). Waters

with high Chl a deepened at stations 26-27 until station 19, as

colder waters persisted along the water column. Inorganic

nutrients were higher than those observed in the northern

section, with nitrate concentrations of about 0.80 µM

(Table 1). The community structure remained similar to that

in FL03, although with lower values of microbial abundance

and production.

The last experiment FL04 (station 33) was conducted in the

eastern section (18°W), where the greatest influence by upwelled

waters occurred (Figure 1). The highest inorganic nutrient

concentrations were found on this eutrophic area, along with

the greatest Chl a concentration (above 7 µg L-1) and metabolic

activity rates (PPTOC, 7.64 µg C L-1 h-1; BP, 2.44 µg C L-1 h-1)

(Table 1). Nanophytoplankton and diatom abundance were

highest compared with the rest of stations (Table 1;

Supplementary Figure 2).
Nutrient dynamics

Dust addition increased an average of +0.8 µM of nitrate and

+0.1 µM of phosphate seawater concentrations in all incubations

(Table 2; Supplementary Figure 3). FL01 and FL02 took 48 to 71
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hours after dust addition to drive nitrate concentrations back to

control levels (NOx < 0.05 µM). FL03 and FL04 exhibited a sharp

decline following dust addition albeit similar between control

and dust-treated microcosms. The same pattern was observed in

phosphate concentrations since the decrease was consistent

between treatments and experiments.

By contrast, the addition of silicate through dust was minor

(+0.06 µM). FL04 silicate concentrations decreased over the

experimental time, reaching lower concentrations than those of

the control 71 hours after the addition (~0.6 µM). In the

remaining experiments, dust-treated microcosms had on

average silicate concentrations significantly higher than control

values (about +0.3 µM of Si(OH)4 above the control) for the

most part of the experiments (Supplementary Table 1).
Phytoplankton abundance and
production

The abundance of microphytoplankton in the dust-treated

microcosms significantly increased over 5-fold in FL01 (from 10

to 50 cells mL-1) and about 1.5-fold in FL04 (from 900 to 1,500
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cells mL-1) 24 hours after dust addition (Figure 2A). However,

no significant differences were observed in the remaining

experiments until 71 hours of incubation. The enhancement in

FL01 was associated with the increase of dinoflagellates, while in

FL02, FL03 and FL04 with diatoms (Supplementary Figure 2).

Dust addition also induced an increase on nanophytoplankton

abundance throughout the incubation period, which was

significantly larger in dust-treated microcosms of FL01 (+116

cells mL-1) and FL03 (+160 cells mL-1) when compared to

control (Figure 2B). In addition to the micro- and

nanophytoplankton size fractions, picophytoplankton response

also differed among experiments and groups of organisms

(Figure 2C; Supplementary Figure 1). Synechococcus and

picoeukaryotes abundance increased through the dust-treated

microcosms of FL01 (2,309 to 6,705 and 1,117 to 1,898 cells

mL-1, respectively), while Prochlorococcus decreased regardless

of the treatment (105,944 to 40,913 cells mL-1 in dust-treated

microcosms, and to 40,054 cells mL-1 in controls). Synechococcus

abundance was also significantly greater in FL02 towards 48

hours after dust addition (+44,983 cells mL-1, 1.4-fold versus the

control). Lastly, significant variances in picoeukaryotes

abundance were noticed in FL03 and FL04 towards the end of
B

C

A

FIGURE 2

Phytoplankton abundance (cells mL-1) by size fraction: (A) microphytoplankton (> 20 µm), (B) nanophytoplankton (2–20 µm), and (C)
picophytoplankton (< 2 µm), in the control (white bars) and dust-treated microcosms (black bars). The vertical line indicates the dust addition
time. Each data point represents the average and standard deviation of three replicated microcosms. The asterisk denotes where the value of
dust triplicates was significantly greater than control (p < 0.05, Wilcoxon test). The abbreviation n.d. (no-data) indicate the absence of data at
that time of the experimental incubation. Note that different scales were used.
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the experiments (about +1,262 and +38,070 cells mL-1,

respectively, in dust-treated microcosms).

No early responses could be observed in Chl a

concentration or PP during the first 24 hours in most

incubations (Figure 3), yet both were significantly enhanced

by dust 48 hours onwards. The FL03 experiment displayed the

most significant responses precisely at that time, in which Chl

a was 2.3-fold greater than control (1.49 versus 0.65 µg L-1)

and PPTOC rates were 1.3-fold above (3.51 versus 2.73 µg C L-

1 h-1). The overall hourly-integrated PPTOC rates over the

ent ire durat ion of the incubat ions evidenced that

phytoplankton tend to thrive in the presence of dust. Other

than a modest change of 2% in FL02, dust induced an increase

in the whole hourly-integrated total primary production rates

of 23% to 28% with respect to the control. Lastly, pair-wise

comparisons among all dust-treated microcosms confirmed

the substantial variation in the response of phytoplankton to

dust addition according to the initial hydrographic conditions

(Supplementary Table 2). The differences in phytoplankton

stocks, Chl a concentration and metabolic rates were

statistically significant between the eutrophic experiments

and when compared to the oligotrophic experiment.
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Bacterial abundance and production

The dynamics of total bacterial abundance (Figure 4A) and

the proportion of HNA and LNA cells (Figure 4B) over the

course of the experiments remained similar between control and

dust-treated microcosms, supported by the general absence of

statistical differences (Supplementary Table 1). Conversely, the

metabolic rates of bacteria displayed major changes upon dust

addition as the trophic gradient decreased (Figure 4C). BP in

FL01 displayed a sharp increase 24 hours after the enrichment

(from 0.045 to 2.39 µg C L-1 h-1), nearly tripling the rates

observed in the control. At the same time, FL02 and FL04

were stimulated 14-fold (from 0.19 to 2.85 µg C L-1 h-1) and

1.4-fold (from 2.45 to 3.23 µg C L-1 h-1), respectively. However,

no statistical differences were observed between treatments apart

from the FL01 experiment. The overall metabolic rates at the end

of the incubations were greater than the initial ones, suggesting a

positive reaction not only in magnitude but also in duration.

Indeed, hourly-integrated BP over the entire incubation period

evidenced dust as one of the main factors fueling heterotrophic

activity. Specifically, dust induced an enhancement of about

190% compared to control in FL01, yet between 14% and 31% in
B

C

A

FIGURE 3

Time evolution of (A) Chl a concentration (µg L-1), (B) primary production (µg C L-1 h-1) in the total particulate fraction (PPPOC), and (C) total
organic fraction (PPTOC), in the control (white bars) and dust-treated microcosms (black bars). The vertical line indicates the dust addition time.
Each data point represents the average and standard deviation of three replicated microcosms. The asterisk denotes where the value of dust
triplicates was significantly greater than control (p < 0.05, Wilcoxon test). The abbreviation n.d. (no-data) indicate the absence of data at that
time of the experimental incubation. Note that different scales were used.
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FL02 and FL03, respectively. Non-significant shifts were

observed in integrated BP rates in FL04 (-3% relative to

the control).

Pair-wise comparisons among all dust-treated microcosms

(Supplementary Table 2) showed that the highest differences in

bacterial abundance and production were found between the

experiments FL01 and FL03, as compared to the differences

between FL02 and FL04.
Microbial community structure and
diversity

Eukaryotic 18S samples counted for a total of 422,390 reads

by 1,026 ASVs, in which 73 class-level taxa and 216 family-level

taxa was determined. Meanwhile, prokaryotic 16S samples

contained 446,856 reads by 1,275 ASVs, and comprised 36

class-level and 132 family-level taxa.

Two major clusters were distinguished in both eukaryotic

and prokaryotic taxonomic composition according to

experiment location (Figure 5). The microbial composition of

the oligotrophic FL01 experiment clearly differed from those

most eutrophic (FL02, FL03 and FL04). In turn, the FL03 and
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FL04 experiments clustered together and were distant from the

FL02 experiment. NMDS plots confirmed not only the clear

separation between experiments’microbial composition but also

between treatments regardless of the incubation time

(Supplementary Figures 4, 5). The dissimilarities between

control and dust-treated microcosms three days after the

enrichment were smaller as eutrophic conditions increased.

Almost 60% of the eukaryotic community variance recorded at

the end of the experimental period was explained by the

experiment physicochemical characteristics (df = 3, r2 = 0.594;

F = 14.68, p < 0.001, PERMANOVA test), followed by the

differences in treatment (6%; df = 1, r2 = 0.061; F = 4.5, p < 0.01,

PERMANOVA). Prokaryotic test results also revealed the

variable “experiment” as the main community structuring

parameter rather than “treatment”, explaining 61.5% and

8.8% of the variance (Experiment: df = 3, r2 = 0.615; F = 11.3,

p < 0.001; Treatment: df = 1, r2 = 0.088; F = 4.81, p < 0.001,

PERMANOVA), respectively. In addition, the interaction

between “treatment” and “experiment” variables played a key

role, as defined 15% of the eukaryotic variance (df = 3, r2 = 0.15;

F = 3.84, p < 0.001, PERMANOVA) and a marginal 6% of the

prokaryotic differences (df = 2, r2 = 0.06; F = 1.68, p < 0.1,

PERMANOVA).
B
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FIGURE 4

Time evolution of (A) bacterial abundance (cells mL-1), (B) percentage of HNA bacteria, and (C) production (µg C L-1 h-1) over the incubation
time. in the control (white bars) and dust-treated microcosms (black bars). The vertical line indicates the dust addition time. Each data point
represents the average and standard deviation of three replicated microcosms. The asterisk denotes where the value of dust triplicates was
significantly greater than control (p < 0.05, Wilcoxon test). The abbreviation n.d. (no-data) indicate the absence of data at that time of the
experimental incubation. Note that different scales were used.
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The relative abundance of each taxonomic group also

displayed a distinct distribution between experiments and

dust-treated microcosms (Figure 5). The natural eukaryotic

communities under eutrophic conditions were dominated by

Bacillariophyta (diatoms), ranging from 51% to 78% of relative

abundance (Supplementary Figure 6A). The family Polar-

centric-Mediophyceae accounted for more than 50% of diatom

abundances and showed little changes in response to dust

addition (Figure 5A). As opposed to the control microcosms

(Supplementary Table 3), the indicator species analysis revealed

a significant association of the Raphid-pennate diatom’s family
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with the overall dust-treated microcosms (p = 0.01, stat = 0.79)

(Supplementary Table 4), reaching no more than 15% at the end

of all incubations. Other eukaryotic groups, such as

Dinophyceae and Syndiniales (dinoflagellates) , and

Prymnesiophyceae (haptophytes), showed higher relative

abundances (37%, 10% and 8% respectively) under natural

oligotrophic conditions. While dinoflagellates consistently

decreased regardless of the treatment and experiment, several

members of marine stramenopiles, haptophytes and ciliates

thrived upon dust addition under oligotrophic conditions.

Particularly, Chrysochromulina rotalis (p = 0.02, stat = 0.80)
B

A

FIGURE 5

Hierarchical clustering and relative abundance of family-classified (A) eukaryotes and (B) prokaryotes. Groups are ordered by decreasing median
relative abundances. Histograms colours were assigned for all phyla detected with a relative abundance ≥ 0.5% and/or ≥ 2%. Data represent the
initial time (SW) of the incubations, and control (C) and dust-treated (D) triplicate microcosms at the end of the experiments.
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and Labyrinthulomycetes sp. (p = 0.03, stat = 0.82) species were

significantly related to the dust treatment, accounting for less

than 1% of eukaryotic relative abundances. On the other hand,

natural prokaryotic communities were almost similar at class-

level among the four experiments (Supplementary Figure 6B).

Alpha- and gamma-Proteobacteria showed the highest relative

abundances (>30%), followed by Cyanobacteria (>20%) and

Bacteroidia (<15%). Changes in the bacterial community

structure among experiments or following dust addition were

observed at family-level (Figure 5B). The Cyanobiaceae family

was responsible for most of the natural cyanobacterial

populations, in which Synechococcus relative abundance was

higher under eutrophic condit ions (~22-27%) and

Prochlorococcus genus under the oligotrophic one (~30%).

Overall, the former cyanobacterial group increased towards

dust addition, while the latter decreased. However, the most

striking responses were found in Alteromonadaceae family of

Gammaproteobacteria, since several members of this family

significantly increased in dust-treated microcosms (p < 0.05,

stat > 0.75; Supplementary Table 4). The indicator species

analysis also indicated several families of Alphaproteobacteria,

such as Hyphomonadaceae , Sphingomonadaceae and

Rhodobacteraceae, as organisms significantly related to dust (p

< 0.05, stat > 0.75). Particularly, Alteromonas and Hyphomonas

genera were always present after dust addition, with relative
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abundances ranging from 6% to 20% and 0.4% to

14%, respectively.

The association between microbial richness (Chao 1 index)

and local productivity in natural samples displayed a hump-

shaped relationship and peaked at intermediate productivity

levels (Figure 6A). The diversity (Shannon index) of

eukaryotes declined with increasing productivity, and that of

prokaryotes was similar albeit highest between eutrophic

conditions (Figure 6B). The relationship between alpha

diversity and productivity showed little change throughout the

experimental incubations Figures 6C, D; Supplementary

Figure 7). No responses to dust addition were observed in

prokaryotic alpha diversity when compared to the controls

(DChao1 and DShannon). In this context, dust specially

benefited eukaryotic alpha diversity under oligotrophic

conditions, and strongly stimulated BP over PPTOC. Yet, in the

dust-treated microcosms, greater microbial richness was

observed with increasing eutrophic conditions, as opposed to

the diversity estimates (Supplementary Figure 7). Therefore,

dust inputs unevenly altered microbial alpha diversity among

experiments (p < 0.001, One-way ANOVA; Supplementary

Figure 7). The greatest variations in the response of microbial

alpha diversity were found between the oligotrophic experiment

and the most eutrophic. Two-way ANOVA results underlined

that microbial richness and diversity were primarily modulated
B

C D

A

FIGURE 6

(A) Estimated richness (Chao 1) and (B) diversity (Shannon) versus primary production (PPTOC; µg C L-1 h-1) and bacterial production (BP; µg C L-1 h-1) at
the beginning of the incubations. Difference between control and dust-treated microcosms in (C) richness and (D) diversity estimates at the end of the
experiments against the hourly-integrated primary and bacterial production rates (µg C L-1). Each point colour represents an experiment whereas the
shape indicates the eukaryotes (circle) and prokaryotes (triangle) datasets. Note that different scales were used.
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by the starting conditions of the incubations (p < 0.005, Two-

way ANOVA; Supplementary Table 5). Nonetheless, the

interaction between dust addition and each experiment

singularity had a significant impact on the diversity of

eukaryotes (p < 0.05, Two-way ANOVA).
Discussion

Metabolic rates

Microbial metabolic rates showed greater changes in

response to dust addition than total microbial cell abundances.

The uncoupling between cell abundances and metabolic

processes was most evident in oligotrophic waters, which was

consistent with earlier findings during nutrient (Martıńez-

Garcıá et al., 2010) and dust bioassays (Marañón et al., 2010)

along latitudinal transects in the central Atlantic Ocean.

Marañón et al. (2010) presented evidence that the

predominant type of metabolic response following dust

deposition in the central Atlantic Ocean depended on the

ecosystem’s degree of oligotrophy and was modulated by the

competition for nutrients between microbial communities. The

authors observed that primary production response to dust

tended to decrease with increasing oligotrophy, whereas the

response of bacterial production showed the opposite pattern.

Our results agree with their observations in terms of a greater

stimulation of bacterial production as oligotrophy increases but

differ on the response of phytoplankton metabolism based on

the initial environmental conditions. Primary production rates

in our experiments showed a lag phase as short as 2 days under

moderate and low levels of nutrient concentrations, which was

consistent with observations in other oligotrophic areas

worldwide (Gazeau et al., 2021; Maki et al., 2021). We

assumed that changes in primary production were mediated

by a stimulation in the relative contribution of larger

phytoplankton cells and picoeukaryotic and picocyanobacterial

communities to total abundance and production, as well as by

the interactions across microbial communities. Dust bioassays

conducted on the Mediterranean Sea underlined the importance

of the composition and metabolic state of the initial microbial

community on the potential positive effect of dust deposition on

microbial metabolism (Dinasquet et al., 2021; Gazeau et al.,

2021). While it is true that intense dust deposition induced a

favorable effect on the overall autotrophic productivity in our

experiments, bacterial production response to dust treatment

was sharper than that of primary production. Integrated PPTOC
rates in dust-treated microcosms increased between 2% to 28%

above the controls, while the ones of BP ranged from ≤31% in

the eutrophic experiments to 190% in the oligotrophic

experiment. Given the current trend of increased dust

deposition (Jickells et al., 2005) and weakening of the

Mauritanian-Senegalese upwelling system under climate
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change (Sylla et al., 2019), future dust deposition in the region

may result in a more heterotrophic system and the decrease in

carbon sequestration.

Several nutrient bioassays revealed that autotrophic

productivity over the Atlantic Ocean was primarily limited by

nitrogen concentration over short timescales (Mills et al., 2004;

Davey et al., 2008; Mills et al., 2008; Moore et al., 2008), while

heterotrophic productivity was likewise limited by available

phosphate and carbon substrates (Mills et al., 2008; Martıńez-

Garcıá et al., 2010). Because Saharan dust deposition provides

simultaneous additions of nutrients, such as nitrate, phosphate,

iron and organic carbon (Guieu et al., 2002; Pulido-Villena et al.,

2008; this study), one might speculate that the plausible

metabolic response would be dependent on the C:N and C:P

ratios of dust inputs in the Atlantic Ocean. In this context,

integrated PPPOC rates in our experiments converted to P (using

a 6.6 C:P molar ratio; Martiny et al., 2014) showed that

phosphate addition through dust (+0.1 µmol L-1) exceeded

phytoplankton P requirements in the oligotrophic incubation

(~0.004 µmol P L-1) and barely covered those under eutrophic

conditions (~0.1 µmol P L-1, on average). These estimations

suggest that the decrease in phosphate seawater concentration

right after dust addition was primarily driven by heterotrophic

bacteria, particularly under low nutrient concentrations.

Nutrient input in the context of an intense dust deposition

event would therefore not be sufficient to sustain both the fast

response of heterotrophic bacteria and the delayed one of

primary producers, which lends support to previous findings

in the Mediterranean Sea (Gazeau et al., 2021). Earlier studies

found that the apparent success of these bacteria was also related

to sources of organic carbon derived from dust deposition

(Pulido-Villena et al., 2008). Their smaller cells showing larger

surface-to-volume ratios, among other mechanisms, help

bacteria access nutrients more efficiently under low nutrient

concentrations (Young, 2006). The extent to which

phytoplankton was benefited from our pulse of dust

deposition was hence influenced by the competition for

nutrients between microbial communities.
Cell abundances, structure, and
composition of microbial communities

Dust enrichment favored the presence of certain planktonic

groups over others, even though phytoplankton and bacteria

total abundances barely changed compared to controls. This

result correlates favorably with previous observations in the

Atlantic Ocean (Marañón et al., 2010; Chien et al., 2016).

The release of nutrients through dust enhanced larger

phytoplankton cells, associated with either the abundance of

diatoms under eutrophic conditions or dinoflagellates in

oligotrophic conditions. While the relative abundance of

Dinophyceae and Syndiniales (dinoflagellates) decreased
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throughout the experiments, Bacillariophyta (diatoms) benefited

from the dust input. Previous bioassay studies had already

underlined the role of diatoms as the main contributors in

total phytoplankton biomass (and primary production)

following dust deposition, even under oligotrophic conditions

where diatoms initially had minor populations (Duarte et al.,

2006; Maki et al., 2021). The diatom community in our

experiments was dominated by the family Polar-centric-

Mediophyceae, who commonly describes phytoplankton

functional assemblages (Medlin and Kaczmarska, 2004).

However, it was the Raphid-pennate family who took

advantage from the dust addition, with a consistent increase of

almost 15% of relative abundance throughout the incubations.

Although the two families are closely related, Raphid-pennate

differs in its high motility and ability to glide over surfaces and

through sediment (Adl et al., 2019). The large proportion of

soluble nitrate in aerosols in this region (López-Garcıá et al.,

2021; this study) might have supported the growth of these

microphytoplankton organisms, especially under low nutrient

environments. The apparent utilization of nitrate by diatoms

could explain the observed decline in nitrate seawater

concentrations, which was faster with increasing eutrophic

conditions. Previous findings in the literature showed that

members of the Raphid-pennate family could display a

widespread symbiosis with marine diazotroph organisms

under persistent nitrate depletion (Schvarcz et al., 2022). Shifts

in dissolved silicate concentrations in our dust-treated

microcosms could be related to this diatom assemblage, but

also to other identified siliceous protists (such as radiolarians

and sil icoflagellates) and potential ly Synechococcus

cyanobacteria (Baines et al., 2012). Certain bacteria could also

accelerate silica dissolution in seawater by enzymatically

degrading diatom organic matter, like Flavobacteriaceae,

Alteromonadaceae and Vibrionaceae groups (Bidle and Azam,

2001). Therewithal, our approach evidenced that intense dust

deposition could not only sustain the proliferation of diatoms

(consistent with previous findings, e.g., Maki et al. (2021)) but

could also regulate their community structure and composition

no matter the initial trophic conditions.

Other members of marine stramenopiles also thrived in our

dust-treated microcosms, including heterotrophic protists and

several MAST lineages comprising heterotrophic nanoflagellates

(such as MAST-1 and -7) (Massana et a l . , 2004;

Massana et al., 2006). This would imply that total bacteria and/

or picophytoplankton abundances in our experiments may be

limited by grazing pressure. Nonetheless, our results suggest that

changes in total picophytoplankton abundance were driven

primarily by picocyanobacterial responses. Synechococcus cell

abundance increased over the experimental time, being

especially significant after 2-3 days, whereas Prochlorococcus

decreased. Hill et al. (2010) presented evidence that the

metabolic activity of Prochlorococcus strains in the tropical

northeast Atlantic Ocean was inhibited in the presence of either
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natural dust or dust-leachate additions. This cyanobacterial genus

did not respond strongly to neither nutrient or dust amendments

in the oligotrophic ocean off Barbados (Chien et al., 2016), yet the

authors identified that the length of time some Prochlorococcus

strains stayed in stationary phase was a function of the N:P ratio.

Their study suggests that the high atmospheric deposition rates

and high N:P ratios sustain P limitation in low-nutrient low-

chlorophyll areas and favor phytoplankton with low P

requirements and efficient P acquisition mechanisms, such as

Prochlorococcus. The inability of Prochlorococcus to assimilate

nitrate is in fact an important factor underlying its distribution

(Martiny et al., 2009), which could explain the low abundance of

these cyanobacteria in our study region. Since the oligotrophic

waters off the Mauritanian-Senegalese region were not only

depleted in P but more severely in N, it seems unlikely that

Prochlorococcuswould benefit from elevated dust-leached nutrient

concentrations considering that these high quantities of nutrients

and dust may be toxic to this microorganism (Paytan et al., 2009).

The lack of many regulatory proteins for nutrient uptake in

Prochlorococcus (Martiny et al., 2009) may also prevent this

population to outcompete more abundant picocyanobacterial

organisms in the area, like Synechococcus. In a time-series study

in the western Atlantic, Borchardt et al. (2020) observed an

increase in picoeukaryote cellular abundance preceded by a

picocyanobacterial peak upon highly processed dust deposition.

In contrast, Marañón et al. (2010) reported the concurrent

decrease of both cyanobacteria populations following dust

deposition in the central North Atlantic while picoeukaryotes

abundance increased. Our results confirm those of earlier nutrient

bioassays conducted in the tropical North Atlantic Ocean (Davey

et al., 2008; Moore et al., 2008), where not only both

picocyanobacterial populations but also picoeukaryotes

increased after combined N and P or N and Fe additions.

Furthermore, smaller cells reached higher responses to

dust addition under low levels of nutrient concentrations.

Experiments conducted in the Mediterranean Sea highlighted

haptophytes in the response of active picoeukaryotes to the

addition of Saharan dust or European aerosols (Wu et al.,

2018). In line with this observation, the relative abundance of

Haptophyta (most ly Prymnes iophyceae) increased

throughout our dust-treated microcosms (<12% of relative

abundance), where the species Chrysochromulina rotalis was

found to be indicative of dust treatment (<0.5% in dust-

treated microcosms). Interestingly, the Chrysochromulina

genus has been previously identified as one of the most

abundant grazers of Prochlorococcus cyanobacteria in the

upper euphotic zone (Li et al., 2022). However, since their

abundance was markedly low in our treated microcosms

(<3%), their potential effect on Prochlorococcus population

would be minimal. Likewise, the protist Labyrinthulomycetes,

who plays an important role in mineralization of marine

plankton detritus (Raghukumar, 2002), was found associated

with our dust-treated microcosms (<1%).
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Total heterotrophic bacteria cell abundances showed minor

changes upon dust addition despite the high variability in bacterial

community structure. The Alteromonadaceae family, which

comprises a widespread marine bacteria (López-Pérez and

Rodriguez-Valera, 2014), benefited the most from the addition of

dust in all our experiments albeit especially under oligotrophic

conditions. In particular, the presence of the Alteromonas genus in

our dust-treated microcosms was significant, with increases ranging

from 6 to 20% of relative abundance at the end of the experiments.

Ecologically, Alteromonas are typical r strategists that bloom under

conditions of sudden increase in the availability of resources (Allers

et al., 2007; López-Pérez and Rodriguez-Valera, 2014) hence the

likely release of organic matter (and phosphate) from our dust pulse

may have triggered its growth. This reproduces previous

observations in which Alteromonadaceae abundance increased

induced by additions of organic matter through aerosol inputs

under oligotrophic and nutrient-sufficient seawater conditions

(Dinasquet et al., 2021; Maki et al., 2021). This fast responding

strategy upon dust inputs had been also observed on the Vibrio

genus (Westrich et al., 2018), in contrast to our results as Vibrio

increased regardless of the dust treatment (~10% and ~4% in

control and dust-treated microcosms, respectively). Denitrifying

bacteria such as Hyphomonas were also distinguished at the end of

our dust microcosms and especially in the oligotrophic experiment.

Another aspect that could have promoted some of these

copiotrophic taxa was the release of organic matter by

phytoplankton. Previous literature indeed suggests that at least

the family of marine Rhodobacteraceae was associated with

blooms of diatoms (Grossart et al., 2005), which would explain its

presence in our oligotrophic and more notably in

eutrophic experiments.

Alpha diversity of the investigated microbial communities was

primarily determined by the unique initial characteristics of each

experiment (intrinsic local productivity and nutrient availability).

Initially, seawater samples exhibited a hump-shaped relationship

between productivity and species richness. However, the

underlying mechanisms of this widely accepted relationship

remain unclear (Mittelbach et al., 2001; Horner-Devine et al.,

2003). Earlier studies proposed that increasing productivity may

amplify the importance of competition and predation on

microbial community composition (Bohannan and Lenski,

2000; Vallina et al., 2014). The strongest competitors were

favored at low levels of productivity, while those more resistant

to predation thrived at higher productivity levels. Eukaryotic

diversity estimates in natural surface seawaters were lower as

eutrophic conditions increased, which was explained by the

relative increase of sequences related to diatoms. The diversity

of prokaryotes was similar albeit highest under natural eutrophic

conditions as observed when comparing coastal against open sea

diversity. Dust addition in our experiments showed little effect on

the above-mentioned alpha diversity patterns and displayed the

most significant variations between the oligotrophic experiment

versus the most eutrophic one. Despite the trophic gradient was
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one of the main factors sustaining microbial alpha diversity across

the Mauritanian-Senegalese region, intense dust deposition

exerted a significant influence on the diversity of eukaryotes on

a local scale.
Conclusions

This study provides a detailed description of the complex

response of marine microbial communities to intense dust

deposition along a trophic gradient in the coastal transition

zone of the subtropical northeast Atlantic. We show that certain

groups of organisms thrived better than others in response to

dust addition according to their nutrient requirements. Our

dust-treated microcosms were typically characterized by Raphid-

pennate diatoms, and by copiotrophic bacteria like Hyphomonas

(alphaproteobacteria) and Alteromonas (gammaproteobacteria).

However, smaller phytoplankton cells showed larger responses

to dust addition as initial nutrient concentrations declined.

Picoeukaryote cellular abundance increased, followed by a

subsequent peak in Synechococcus cell abundance along with a

decrease in Prochlorococcus. The dissimilarities between

picocyanobacteria populations were related to the N and P co-

limitation identified in the region of study. Likewise, intense dust

deposition emerges as a key determinant of microbial diversity

only when the singularity of the environment (i.e., nutrient

bioavailability and productivity conditions) is considered. Dust

treatments increased microbial alpha diversity under low

nutrient concentrations, as well as promoted bacterial

production over primary production. These findings suggest

that increasing dust deposition events and weakening of the

Mauritanian-Senegalese upwelling system under climate change

may result in greater stimulation of bacterial metabolism rather

than enhancing primary production, leading to a more

heterotrophic system and reducing its potential to function as

an atmospheric carbon sink.
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C., Marrasé, C., et al. (2010). Effects of a dust deposition event on coastal marine
microbial abundance and activity, bacterial community structure and ecosystem
function. J. Plankton Res. 32, 381–396. doi: 10.1093/plankt/fbp137

Li, Q., Edwards, K. F., Schvarcz, C. R., and Steward, G. F. (2022). Broad
phylogenetic and functional diversity among mixotrophic consumers of
prochlorococcus. ISME J. 16, 1557–1569. doi: 10.1038/s41396-022-01204-z
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Massana, R., Castresana, J., Balagué, V., Guillou, L., Romari, K., Groisillier, A.,
et al. (2004). Phylogenetic and ecological analysis of novel marine stramenopiles.
Appl. Environ. Microbiol. 70, 3528–3534. doi: 10.1128/AEM.70.6.3528-3534.2004

Massana, R., Terrado, R., Forn, I., Lovejoy, C., and Pedrós-Alió, C. (2006).
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