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Atmospheric aerosol deposition is an important source of nutrients
and trace metals to the open ocean that can enhance ocean
productivity and carbon sequestration and thus influence atmo-
spheric carbon dioxide concentrations and climate. Using aerosol
samples from different back trajectories in incubation experiments
with natural communities, we demonstrate that the response of
phytoplankton growth to aerosol additions depends on specific
components in aerosols and differs across phytoplankton species.
Aerosol additions enhanced growth by releasing nitrogen and
phosphorus, but not all aerosols stimulated growth. Toxic effects
were observed with some aerosols, where the toxicity affected
picoeukaryotes and Synechococcus but not Prochlorococcus. We
suggest that the toxicity could be due to high copper concentra-
tions in these aerosols and support this by laboratory copper
toxicity tests preformed with Synechococcus cultures. However, it
is possible that other elements present in the aerosols or unknown
synergistic effects between these elements could have also con-
tributed to the toxic effect. Anthropogenic emissions are increas-
ing atmospheric copper deposition sharply, and based on coupled
atmosphere-ocean calculations, we show that this deposition can
potentially alter patterns of marine primary production and com-
munity structure in high aerosol, low chlorophyll areas, particularly
in the Bay of Bengal and downwind of South and East Asia.

Laboratory experiments, field observations, and numerical
simulations all link atmospheric deposition events to in-
creases in ocean chlorophyll concentrations and phytoplankton
biomass (1-3), suggesting that atmospheric deposition of nutri-
ents and trace metals can stimulate phytoplankton growth.
Indeed, enrichment experiments with iron (a required nutrient
scarce in seawater and enriched in dust) show that in high-
nutrient low-chlorophyll areas (representing 20-40% of the
ocean), iron addition can increase primary production, export
production, and carbon sequestration (4-7). In areas where
phosphorus and nitrogen concentrations are low, aerosol dep-
osition can supply both iron and phosphate, nutrients that
stimulate nitrogen fixation (8-9). It has been suggested that
increases in dust deposition during glacial periods have been
responsible for lowering atmospheric carbon dioxide concentra-
tions thus impacting climate (10-12).

Aerosol particles consist of many natural and anthropogenic
components, including mineral dust, soot, organic molecules, sea
salt crystals, spores, bacteria, and other microscopic particles (13),
and can supply many elements and compounds to seawater (14—16).
Little research has been done to elucidate what specific compo-
nent(s) in aerosols affect phytoplankton at the level of community
or individual species or how certain taxa within the community
respond to distinct aerosol deposition events and to aerosols of
different composition.

Results and Discussion

To assess the short-term response of phytoplankton communi-
ties to aerosol deposition, we performed bioassay experiments
on northern Red Sea surface seawater (17) using locally col-
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lected dry deposition aerosol samples that represent the bulk of
the deposition in this arid area [see detailed methods in sup-
porting information (SI) Text]. We found that the phytoplankton
were under colimitation of nitrogen (N) and phosphorus (P),
because N (combined nitrate and ammonium) and P (phos-
phate) additions on their own did not increase the amount of
chlorophyll a (Chl a), whereas there were significant increases in
Chl a relative to untreated controls when N and P were added
together (P < 0.001). Iron (Fe) concentrations are elevated in
these surface waters (18, 19), thus the effect of Fe was not
considered. Additions of 6 mg of locally collected aerosols (dry
deposition collected on a filter by using a high-volume total-
suspended-particle sampler) from the most prevalent (Euro-
pean) air mass source in this area, based on air mass back
trajectories (19) along with N and P resulted in increases similar
to those with combined N and P but without aerosol (Fig. 1).
Treatments with European aerosols without inorganic N and P
or with single-nutrient amendment resulted in doubling of Chl a
relative to the control (significant increase P = 0.04, Fig. 1). The
amount of aerosol added in these incubations (6 mg in 8 L)
corresponds to the expected dust input (mg L' of surface
seawater) from cumulative deposition (mg m~?) over 2 weeks
and a mixed layer of 10-20 m (typical dust storms in this region
last days to weeks). The response of the phytoplankton to aerosol
additions indicates that aerosols were able to supply bioavailable
N and P (although at concentrations less than those supplied in
the nutrient additions we used) and reverse nutrient limitation
of the phytoplankton community (Fig. 1). The N/P ratio in the
aerosols was very high (on average N/P = 170) compared with the
Redfield ratio typically required by marine phytoplankton (N/P =
16), emphasizing the importance and potential impact of atmo-
spheric deposition as a nitrogen source to the ocean (3, 12, 20).
We also compared aerosols of African (Sahara Desert) tra-
jectory to the more common European aerosol (Fig. 1). We use
the same amount of aerosol as for the European aerosol
additions that stimulated growth (6 mg in 8 L). The concentra-
tions of soluble nutrients and trace metals added from these
aerosols to the bioassay incubations were determined by mea-
suring the total amount (micrograms or micromoles) of each
component released to seawater from the aerosol filters after
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Fig. 1. The response of phytoplankton from the Gulf of Agaba to major-
nutrients and aerosol addition monitored over 5 days in bioassay experiments.
A 1-way ANOVA indicated that mean Chl a levels differed significantly across
treatments, F(6, 17) = 15.4, P< 0.001. Shown are Chl a concentrations relative
to control (no additions), combined nitrogen and phosphorus (N, P) addition,
European aerosol together with N and P additions (Eup., N, P), European
aerosol additions alone (Eup.) or with N addition (Eup., N), singular amend-
ment with only nitrogen (N), and addition of African aerosol (Sahara). Addi-
tion of European aerosol combined with phosphate was similar to that of the
aerosol with N addition, whereas addition of P alone yielded results similar to
the control or addition of N alone. Note that only the addition of African
aerosols resulted in lower Chl a compared with the control (in all 3 replicate
incubations). Error bars show standard error of the mean of 3 replicate
samples.

adding the filter to the incubation vessel. Fig. 2 shows the
elements and compounds released from aerosols that were
significantly different between the European and African aero-
sols. Although the African aerosol released more soluble nitrate,
ammonium, and phosphate than aerosols from European origin
(Fig. 2), we nevertheless observed sharp declines in Chl g in all
treatments (3 replicates) receiving African aerosols. We con-
cluded that the lack of growth after African aerosol addition may
have been a result of toxic effects of one or more of the trace
metals added to solution from the aerosol. Because of the high
concentrations of copper (Cu) added from the African aerosols
compared with the European aerosols (Fig. 2) and the well-
documented negative effects of Cu on phytoplankton (21), we
tested whether Cu caused the observed toxicity in our bioassay
samples. Our results support this hypothesis (see below); how-
ever, the possibility that other elements present in the aerosols
or unknown synergistic effects between these elements could
have also contributed to the toxic effect cannot be ruled out.
To determine the threshold Cu toxicity level and compare it
to that calculated from our bioassays, we preformed serial Cu
addition (Cu standard prepared from high-purity metal Cu
dissolved in 2% nitric acid—1,000 mg/L; Sigma-Aldrich) exper-
iments in the laboratory using Synechococcus WHS8102 (see SI
Text). It is important to note that we measured total Cu in all of
our experiments (Fig. 2, Fig. S1) and used total Cu in the model
results (Fig. 4 C and D and Fig. S2), yet toxicity does not depend
on the total Cu added but rather on free (noncomplexed) Cu
concentrations (22). However, in the open ocean, free Cu levels
are controlled primarily by Cu-binding organic ligands released
by organisms (22, 23). Accordingly, to account for variable levels
of organic ligands in solution (and thus the free non-ligand-
bound Cu), we report (Fig. S1 and Fig. 4 C and D) total Cu
concentrations normalized to Chl a (a proxy for biomass and
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Fig. 2. Nutrient and trace metal contribution from aerosols of different
origin. Enrichment of trace element and nutrient concentrations from the
addition of African (Sahara Desert) aerosols (black bars) and European aero-
sols (white bars) collected locally at the Gulf of Agaba. These amounts (mi-
crograms or micromoles) were released to the incubation bottles from the
addition of 6 mg of African aerosols (AD), or 6 mg of European aerosols (ED).
Note that each incubation received a distinct aerosol filter collected simulta-
neously (triplicate treatments were not homogenized), resulting in some
variability between triplicates. The top of the wide bar for each component
represent the replicate with the lowest measured concentration, and the top
of the thin line represents the highest concentration measured (e.g., the full
range is represented not errors). Concentrations were measured as described
in ref. 19. We use the lower value of Cu in the African dust (top of the broad
black bar) for calculating the threshold concentration that corresponds to the
chlorophyll levels in the Gulf. The lowest Cu concentration in the African
aerosols is ~3 times higher than the highest in the European aerosols. The
amount of Cu added from the aerosol resulted in a 2-fold increase compared
with the ambient Cu concentrations in Gulf of Agaba surface water (which are
similar to Atlantic surface water concentrations).

proportional to organic ligand levels); such normalization also
allows for global extrapolation of our results, because data on
free Cu concentration in surface seawater is sparse. The ob-
served threshold toxicity in our laboratory experiments was
between 0.2 and 2 ug of Cu per microgram of Chl a for this
organism. The toxicity response was rapid, depressing F,/Fp,
measurements (a measure of photosynthetic capacity) within 1 h
and impairing cell growth within 24 h of Cu addition (see SI
Text). These results are consistent with our field observations
(toxicity at 0.4 ug of Cu per ug Chl a apparent within the first
day of incubation) and with published results from the Sargasso
Sea and other culture experiments (24, 25). Similar experiments
with nickel (Ni) or lead (Pb) (which were also higher in the
African aerosols) did not result in similar toxicity responses as
were seen with the field incubations.

Flow cytometry measurements (Fig. 3) show that picoeu-
karyote algae (Fig. 34) and cyanobacterial populations of Syn-
echococcus (Fig. 3B) and Prochlorococcus (Fig. 3C) did not
respond uniformly to aerosol treatments in the Red Sea incu-
bation experiment. Picoeukaryotes showed a large increase in
cell numbers when enriched with 6 mg of European aerosol, or
N and P together. Enrichment with 6 mg of African aerosol
caused a marked decrease in picoeukaryote cell numbers despite
having provided fertilizing levels of N and P (Fig. 2). Synecho-
coccus abundances were likewise greater than in the control in
treatments receiving European aerosol or N and P together. Like
the picoeukaryotes, African dust led to a sharp decline in
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Fig.3. Variableresponse of local phytoplankton taxato nutrientand aerosol

additions. The response of picoeukaryotes (A), Synechoccocus (B), and Pro-
chlorococcus (C) from surface seawater in the Gulf to aerosol additions. Note
that log scales are used in these plots. Error bars denote 90% confidence
intervals. Data for day 5 for Synechococcus is not shown in the figure because
the levels crashed to zero (i.e., all cells were dead) by day 5, and it is not
possible to show a value of zero on the log scale we have used here.

Synechococcus cell number. Prochlorococcus showed no large
changes in cell number with the different treatments, regardless
of the aerosol’s origin. Our results suggest that genetic and
physiological properties of individual taxa within the community
result in markedly divergent responses to aerosol additions. In
contrast to strains from the Atlantic (24), the ecotype of
Prochlorococcus present in the Gulf at the time of our sampling
appears to be less sensitive to metal toxicity, and this could
contribute to the overall ubiquitous global distribution of Pro-
chlorococcus worldwide (26).

Collectively our results indicated that: (i) Aerosol deposition
can contribute substantial amounts of N and P to the ocean and
may enhance phytoplankton growth (Fig. 1); (if) aerosols arriv-
ing to the northern Red Sea along different trajectories differ in
their chemical characteristics (Fig. 2); (iif) aerosols from differ-
ent sources induce considerably different responses of phyto-
plankton biomass including fertilization as well as adverse toxic

Annual Cu deposition

Pre-Industrial

[ [ T ]

0.0020.005 0.01 0.02 005 0.1 02 05 1 2
mg m?y?!

Number of months with toxic Cu Pre-Industrial

effects (Fig. 1); and (iv) different phytoplankton taxa respond
differently to aerosol additions; thus, phytoplankton community
structure may be affected by aerosol additions (Fig. 3).

To investigate the global implications of atmospheric Cu
deposition, we estimated preindustrial and contemporary aero-
sol Cu deposition fields by using available observations and a
3-dimensional atmospheric tracer transport model (Fig. 44) (see
SI Text). This calculation is based on an extensive dataset for Cu
concentrations in aerosols (not just our data), global aerosol
distributions, and aerosol deposition rates. We note that the
model results represent a minimum Cu deposition value because
they take into account only dry deposition. This is a first attempt
to estimate global Cu deposition, and thus our deposition fluxes
must be considered tentative. However, the estimated dust
concentrations as well as the fraction of Cu from combustion
match available atmospheric observations across a wide range of
environments and concentration values. Consistent with our Red
Sea observations, most of the estimated Cu deposition comes
from desert dust (65%), but anthropogenic sources of Cu
account for ~30%. Because much of the anthropogenic Cu is
emitted by combustion (also see Fig. S3 and Table S1), especially
in industrial processes, we estimate a large increase in Cu
deposition to oceans far from desert regions in the current era
relative to the preindustrial (Fig. 4B). Using this Cu deposition
model, we identify regions with potential high (toxic) Cu levels
relative to chlorophyll by comparing the monthly modeled
atmospheric Cu deposition fields with monthly climatological
satellite-derived surface chlorophyll fields from the SeaWiFS
(Sea-viewing Wide Field-of-view Sensor) satellite ocean-color
instrument (27). The calculation results do not depend directly
in any way on the amount of aerosol used in our incubation
experiments but, rather, takes into account atmospheric aerosol
loads, aerosol Cu data, aerosol Cu solubility, and the toxicity
threshold for Cu (identified in this study and consistent with
previous data reported by others). We use aerosol Cu solubility
of 40% [this is typical for aerosols from many locations and lower
than the average Cu solubility for the aerosols we collected (28)],
estimate surface ocean Cu concentrations by using a seasonally
varying mixed layer depth, and assume a range of published Cu
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Fig.4. Globalspatial patterns of copper deposition and potential toxicity impacts on phytoplankton. (Upper) Annual preindustrial aerosol Cu deposition fields
(Left) and modern to preindustrial annual Cu deposition ratios (Right) throughout the world oceans. (Lower) Regions with potential high (toxic) Cu levels relative
to chlorophyllidentified by the number of months with Cu/Chl above the toxicity threshold during preindustrial (Left) and modern (Right) times. Red circles show
the areas of increased toxicity in the modern ocean compared with the preindustrial case.
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or other metal removal time scales ranging from 1 to 5 years
(29-31). Under preindustrial conditions, potential Cu toxicity
effects are concentrated in the northern hemisphere downwind
of natural dust sources in low-chlorophyll subtropics in the
Atlantic, Mediterranean and Indian Ocean basins (Fig. 4C; using
an intermediate time scale of 3 years). Anthropogenic emissions
expand the potential toxicity zones into the Bay of Bengal and
small areas in the west Pacific downwind of Asian industrial
regions (Fig. 4D). We note that if natural phytoplankton com-
munities in the world’s ocean are more sensitive to Cu toxicity
than the Gulf of Aqaba populations, our model results may
underestimate the actual area that may be impacted by Cu
toxicity.

Conclusions

The unique response of different phytoplankton to aerosols of
different origin and chemical composition and our model results
collectively illustrate the variable and globally significant impacts
of aerosols on marine phytoplankton. Specifically, we report
here a negative effect of aerosols in the open ocean in contrast
to multiple examples of negative effects on land. Many climate
models, however, assume that aerosol deposition is equivalent to
Fe and/or P enrichment, which, in turn, uniformly stimulates
phytoplankton growth across all taxonomic groups. Our work
demonstrated that this is an incorrect oversimplification of the
effects of aerosols, and more detailed and specific aerosol
composition should be considered, as is done here. Moreover,
the selective response of different taxa to aerosol additions
demonstrates that aerosol deposition results in changes in phy-
toplankton community composition. On a local scale, these
phytoplankton community shifts may affect grazing by higher
trophic levels, thereby potentially impacting marine fisheries in
coastal communities. Such changes may also directly affect the
amount of export production, because species-dependent cell
size, density, and aggregation potentially affect sinking rates.
Predicted changes in dust deposition globally, from the present
to the end of the century, range from a 300% increase (32) to a
60% decrease (33, 34). The complex mutual interactions be-
tween phytoplankton, atmospheric chemistry, and climate are
important in view of predicted changes in aerosols deposition
rates and distribution and the possible increase in future an-
thropogenic copper emissions. Accordingly, to predict the im-
pacts of expected future changes in aerosol deposition, global
climate change models should incorporate the variable effects of
aerosol on the marine ecosystem (including negative toxic
effects) and the complex interactions between aerosols and
marine phytoplankton of different taxa (2, 35).

Methods

Bioassay Incubation Experiments. Incubation experiments with natural phyto-
plankton assemblages took place in the Gulf of Agaba in the northern Red Sea,
an oligo- to mesotrophic marine ecosystem with significant aerosol deposition
rates (17, 19). The nutrient concentrations in these waters during the stratified
season when our experiment was conducted were very low—nitrate ~0.2 uM
and soluble reactive phosphate (SRP) ~0.02 uM. Trace metals in the surface
layer are high compared with open ocean conditions (Cu, 1.7 nM; Fe, 2.1 nM;
Zn, 1.1 nM; Pb, 0.05 nM). However, because all of the treatment started with
the same seawater composition, and we are comparing differences relative to
control, these concentrations are not very important. Incubations were done
in clear (acid and sample washed) polyethylene 10-L cubitainers (Fold-A-
Carrier; Reliance). Screening material was used to attenuate the sunlight
intensity reaching the containers; 50% light attenuation yielded maximum
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2. Jickells TD, et al. (2005) Global iron connections between desert dust, ocean biogeo-
chemistry, and climate. Science 308:67-71.

3. Doney SC, et al. (2007) Impact of anthropogenic atmospheric nitrogen and sulfur
deposition on ocean acidification and the inorganic carbon system. Proc Nat/ Acad Sci
USA 104:14580-14585.
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midday irradiance of ~1,000 umol m~2s~' and was equivalent to the upper
10 m of the euphotic zone of the Gulf during summer months. We used
concentrations of 7 uM N (combined nitrate and ammonium) and 0.6 uM P (as
phosphate) that are representative of the deep-water concentrations in the
Gulf. In each experiment, a similar amendment of N and/or P was used across
all treatments. Where no nutrient additions were made, the nutrients were
just from the seawater (control) or from the aerosol sources dissolving into the
seawater. Concentrations released from aerosols were typically lower than
our additions (inducing less growth) (see Fig. 2). We added ~6 mg of locally
collected aerosol that is equivalent to ~2 weeks of deposition during dust
storms in this area in a mixed layer of 10-20 m. Similar amounts of aerosol
particles (~6 mg) were added to each experiment from the aerosol collection
filters regardless of aerosol source (based on back trajectories). Additions
were made into 8 L of 100-um filtered surface seawater. Incubations were
placed in a pond with surface seawater flowing through under ambient light
and temperature conditions and were over a 5-day period. We monitored the
response of bulk phytoplankton using Chl a concentrations and assessed the
impact on specific phytoplankton taxa using flow cytometry as described in
ref. 17. For more detail see S/ Text.

Toxicity Bioassays. Serial copper (Cu standard prepared from high-purity metal
Cu dissolved in 2% nitric acid—1,000 mg/L; Sigma-Aldrich) addition incuba-
tion experiments were done in the laboratory under controlled trace metal
clean conditions by using Synechococcus WH8102 to determine the threshold
toxicity. Control treatments with 2% nitric acid (no Cu) were included. Cells
were grown (in triplicate) in F/2 medium at 20 umol quanta m~2s~'. We added
0.003-300 ug of total Cu L' (using 10-fold concentration increments) to
log-phase Synechococcus cultures. Measurements of Chl a, ODyso, and Fy/Fr,
were taken before Cu additions and at 1, 25, 68, and 93 h after Cu additions.
Chl a was also measured 48 h and 5 days after Cu additions (see S/ Text). Note
that we observe a threshold response. Once the Cu concentration exceeds the
chelating capacity and the free-Cu concentration is above the toxic level, the
cells die; thus, additional Cu does not result in additional negative response.
Similar experiments with Ni or Pb did not cause toxic effects at concentrations
similar to those seen in the aerosol field bioassays (higher concentrations
and/or longer exposure times were needed). For more detail see S/ Text.

Copper Deposition. Cu-deposition fields are based on Cu concentrations de-
rived from atmospheric aerosol composition datasets and compared with
available observations over land and ocean regions (see S/ Text). Based on
observational relationships between Cu and other elements, we model fossil
fuel, biofuel, biomass burning, dust, and primary biogenic particle contribu-
tions to atmospheric Cu. These estimates suggest that Cu in mineral dust
dominates the global budget of Cu deposited to the oceans (65%) but that
anthropogenic sources of Cu are important away from the desert regions.
Assuming that 90% of biomass burning and 100% of fossil fuel and biofuel
comes from anthropogenic sources, we estimate a large increase in Cu dep-
osition to oceans away from desert regions in the current climate relative to
the preindustrial (S/ Text). Here, we ignore potentially large, but poorly
constrained, changes in desert dust itself in response to humans (31). Al-
though these results are preliminary, they represent the best state of our
knowledge about Cu deposition globally. For more detail see S/ Text.
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