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Abstract

Aerosol deposition plays an important role in climate and biogeochemical cycles by
supplying nutrients to the open ocean, in turn stimulating ocean productivity and carbon
sequestration. Aerosol particles also contain elements such as copper (Cu) that are essential
in trace amounts for phytoplankton physiology but which can be toxic at high
concentrations. While the toxicity of Cu associated with aerosols has been demonstrated in
bioassay experiments, extrapolation of these laboratory results to natural conditions is not
straightforward. This study provides observational evidence of the negative effect of
aerosols containing high Cu concentrations on marine phytoplankton over a vast region of
the Western Mediterranean Sea. Direct aerosol measurements were combined with satellite
observations, resulting in the detection of significant declines in phytoplankton biomass
after atmospheric aerosol events characterized by high Cu concentrations. The declines
were more evident during summer, when nanoflagellates predominate in the phytoplankton
population and stratification and oligotrophic conditions prevail in the study region.
Together with previous findings concerning atmospheric Cu deposition, these results
demonstrate that the toxicity of Cu-rich aerosols can involve large areas of the world’s
oceans. Moreover, they highlight the present vulnerability of oceanic ecosystems to Cu-rich
aerosols of anthropogenic origins. Since anthropogenic emissions are increasing, large-
scale negative effects on marine ecosystems can be anticipated.
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Biological productivity in most of the world’s oceans is limited by the availability of light
and nutrients. In the euphotic zone at the ocean surface, phytoplankton growth is thus
controlled by the supply of nutrients. Processes governing upwelling and vertical mixing in
the ocean can enhance vertical fluxes of nutrient-rich deep water into the euphotic zone.
Nutrients may also be of continental origin, fertilizing the ocean through riverine,
groundwater, or atmospheric pathways. For example, nitrogen (N) aerosol deposition fluxes
in the North Atlantic subtropical were shown to enhance phytoplankton growth and
biological production (1, 2). In ocean areas where biological production is mainly inhibited
by iron (Fe) deficiency (3), the atmospheric deposition of Fe plays a central role in
increasing plankton productivity (4, 5). In addition to N and Fe, a recent study has
demonstrated that aerosol deposition also contributes other bioavailable metals such as
cobalt, manganese and nickel (6).

Aerosol particles consist of natural and anthropogenic components that can exert important
effects when deposited in the sea. Although the partial dissolution of the deposited particles
increases the input of certain elements required for phytoplankton growth, an excess of
these elements can be harmful to the extent that they negatively impact ecosystem health
(7, 8). For example, Cu is highly toxic even at relatively low concentrations (9) and its
toxic effects can be exerted following its release from aerosol particles. In fact, bioassay
experiments have demonstrated that the addition of aerosols containing high copper
concentrations to ocean water samples can have detrimental effects on phytoplankton
communities (10). Nonetheless, the bulk oceanic response to Cu aerosol deposition has
only been assessed based on a coupled atmosphere—ocean model (10). This lack of direct
evidence is in itself a cause for major concern because human activities have increased the
amount of atmospheric aerosols and specifically those carrying Cu and other metals (11,
12). The major input of anthropogenic Cu in the atmosphere is the metal industry, but
fugitive emissions from urban agglomerations (e.g., due to the abrasion products of brake
pads in vehicles) contribute significantly as well (13).

Results and Discussion

The Western Mediterranean Sea (Fig. 1) receives some of the highest fluxes of atmospheric
aerosols from natural and anthropogenic sources (14, 15). The Sahara desert in Africa is the
major source of natural aerosols to the Mediterranean and the main external source of
nutrients for the sea’s surface waters during summer (14). Conversely, anthropogenic
aerosol components are predominantly transported from Europe (16). Representative data
regarding regional aerosols in the Western Mediterranean Sea (17), obtained from
Montseny station (northwestern Mediterranean; Fig. 1), show episodic pulse-like events of
aerosol components (see supplementary information (SI) Fig. S5) as result of the
contrasting atmospheric inputs from natural and anthropogenic origins.

To evaluate the toxic effect of Cu on marine phytoplankton, we focused on Cu aerosol
pulses, herein defined as Cu events in which the Cu concentration is higher than the mean
concentration plus the standard deviation. Merged satellite chlorophyll (Chl) data were used
as an indicator of total phytoplankton biomass (18). Daily Chl variations (AChl) were



calculated during Cu pulses, as the toxic response of phytoplankton to Cu was previously
shown to be evident already on the first day of a Cu event (9, 10, 19). As seen in Fig. 1,
median phytoplankton declines were observed for 57% of the sea grid points in the Western
Mediterranean Sea. The main cluster of declining grid points was located near Montseny
station, in the track established by the northerly winds (Tramontane). The predominance of
these winds during Cu pulses favors the transport of aerosols from Europe, suggesting that
anthropogenic Cu aerosols are of major relevance in the dynamics of open-ocean
phytoplankton in the Western Mediterranean (Fig. 1).

We also analyzed the bulk response of phytoplankton biomass in the Western
Mediterranean Sea to each Cu pulse. The AChl during each Cu pulse was averaged over a
3.5° x 3.5° box area adjacent to Montseny station (Fig. 1) to reduce the effect on
phytoplankton of other processes with shorter spatial scales. Aerosol transport and
deposition during major pulses in the Mediterranean usually have spatial scales larger than
that of the selected box area (16). We note that large-scale processes such as storms can
also influence phytoplankton dynamics. However, there is no significant relationship
between Cu aerosol pulses and wind speed (see SI text and Fig. S1). Fig. 2 presents the
relationship between each Cu pulse and the corresponding AChl value in the box area. This
observed relationship yields a linear correlation coefficient of r = —0.637 (p = 0.001),
confirming the negative effect of aerosols with high Cu concentrations on marine
phytoplankton.

However, it was not clear that the toxic effect of Cu on phytoplankton is linear. To analyze
this effect, we used a simple equation describing phytoplankton population dynamics, in
which the growth of these microorganisms is balanced by losses due to mortality or
grazing:

dpP

= = uP—mP [1]

dr HP
where P denotes the phytoplankton population density, ¢ is time, and x4 and m are the
specific growth and loss rates of the phytoplankton, respectively. It was assumed that the
phytoplankton population over a vast area of the ocean is in equilibrium at ¢ = 0, prior to the
addition of Cu through aerosol deposition, such that u(z = 0) = 4o =~ m and P(t = 0) = P,.

The availability of Cu in the ocean depends on the fractional solubility of the aerosol Cu
deposited in the surface waters, which in turn strongly varies according to the source-
dependent composition of the aerosol particles (20). The fractional solubility of Cu for
African aerosols ranges from 1 to 7%, while anthropogenic aerosols have higher values of
10-100% (20). Although Cu pulses in this region are of both African and European origin,
most of them are anthropogenically (local, regional, European, or Atlantic) derived (Fig. 2).
African aerosol events in the Western Mediterranean Sea are often associated with clouds
in the lower atmosphere, which negatively affect the quality of our satellite Chl data. The
effects of the five Cu pulses from Africa in which good-quality Chl data were available did
not differ from the effects of Cu aerosols originating from other sources (Fig. 2). However,
taking into account the different solubility, the Cu concentration in the sea for African
aerosols would be much lower than that for anthropogenic aerosols. Furthermore, the
observed AChl for these African aerosols could be caused by an artifact due to residual dust
in the atmosphere (see SI text). We thus used the aerosol Cu concentration as a proxy of the
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Cu concentration in the sea and the calculations were performed twice, including and
excluding the African aerosols.

In addition, speciation of the Cu added to the water column is important because only
certain forms of Cu (mostly free Cu ions) are biologically available (21). Therefore, the
negative effect on phytoplankton does not depend on the total Cu concentration but rather
on the concentrations of the biologically available forms (7, 22). The latter are controlled
primarily by Cu-binding organic ligands, which include phytoplankton cell exudates and
dissolved organic matter (22, 23). Consequently, the speciation of Cu is not
straightforward. In the ocean, correlations between ligands and primary productivity have
been reported (24), although the ligands become Cu-saturated when the toxic effects of Cu
appear (25, 26). Accordingly, we assumed that biologically available forms of Cu are
linearly related to the total Cu concentration when Cu becomes toxic, after surpassing a
given Cu threshold.

Phytoplankton regulates the uptake rate of nutrient metals to maintain their intracellular
concentrations at the levels needed for growth and metabolism. As phytoplankton grow,
their metal uptake increases to maintain cellular metal concentrations. The metal uptake
rate (V) is related to the external metal concentration ([M]) by the saturation kinetics
equation (22):

Ky[M]

=V inax m [2]

where V. i1s the maximum rate and K, is the half-saturation constant. However,
phytoplankton cells do not limit their uptake of metals to those used as nutrients but also
accumulate non-nutritive and even toxic metals, such as Cu. In this case, increasing cellular
concentrations of toxic Cu progressively inhibit algal photosynthesis by altering electron
transport and by inactivating a fraction of the PSII reaction centers (27-29). In other words,
Cu does not generally cause mortality but instead reduces the phytoplankton growth rate.
Accordingly, the effect of toxic Cu can be modeled by decreasing the specific growth rate
as metal uptake increases as a function of the added Cu concentration ([Cu]) when the latter
becomes higher than the Cu threshold ([Cu]jim):

Ky ([Cu] —[Culy, )
Ky ([C“] —[Culy, )+ 1

[3]

where o relates metal uptake to the decrease in growth rate. After the addition of Cu, the
phytoplankton population is thus described by:

Ky ([Cu] —[Cul, ) /
Ky ([Cu] —[Culy, )+ 1

,Ll([Cu]) = U, [1 -o j for [Cu]2[Cu]y,

P(t)=F, exp[— om
[4]

Assuming a linear relation between phytoplankton and Chl, the AChl during Cu pulses is:

AChlzexp(—am K, ([Cul-[Culy,) ]_
K, ([Cu]-[Cul,, )+1

[5]



Regression analysis identified the close agreement between Eq. 5 and the data displayed in
Fig. 2 (r* = 0.701 for calculation with African aerosols and r* = 0.810 without African
aerosols, p < 0.001 in both cases), indicating the toxic effect of Cu aerosols on
phytoplankton. The obtained values (Table S1) show that the negative effect of Cu on the
phytoplankton growth rate is notable at metal concentrations above [Culjim = 5.23 ng m™,
corresponding to a dry deposition flux of 9.04 pg Cum™d™.

However, this value has to be considered as an approximate threshold because the
sensitivity to Cu toxicity varies among phytoplankton species (28). For example, diatoms
are usually more tolerant than dinoflagellates to elevated Cu concentrations (19, 30, 31). In
the Western Mediterranean Sea, cyanobacteria, picoeukaryotes, diatoms, and flagellates
belonging to different algal groups often coexist, although their relative abundances are
marked by strong seasonal variations in that diatoms predominate in winter and
nanoflagellates in spring and summer (32). Our results suggest that Chl is less vulnerable to
Cu pulses during winter, in agreement with the dominance of diatoms during this period
and their Cu tolerance. Nevertheless, other factors can also explain this lack of sensitivity in
winter: the mixing depth is deeper in winter and the deposited Cu mixes with a greater
volume of water; or phytoplankton growth is limited by light availability and Cu thus plays
a smaller role.

In fact, the response to Cu is not the main cause of Chl variability in the Mediterranean Sea.
Chl mirrors the seasonal physical forcing displaying a typical temperate cycle in which
there is an increase in winter and very low values during summer. Other oceanographic
processes that drive significant variability in the phytoplankton biomass are vertical mixing
associated with strong atmospheric forcing, deep convection, and mesoscale frontal activity
such as filaments and eddies (33-35). This variability when aerosol data were available is
clearly higher than the variability caused by Cu pulses above [Cul;im (Fig. 3). Nevertheless,
the distribution of AChl shifts substantially towards negative values when only Cu pulses
are considered. The difference in the median variability caused by these Cu pulses with
respect to the other processes is significant (p = 0.002 for calculation with African aerosols
and p = 0.003 without African aerosols). Additional tests on the consistency and robustness
of our results are given in the SI text.

Conclusion

Anthropogenic emissions of Cu into the atmosphere have sharply increased over the past
century and are currently ~10 times higher than natural emissions (11). This increase can
partly explain the global decline in phytoplankton over the past 100 years (18). In fact,
large oceanic areas may be similarly vulnerable to Cu, since Cu concentrations in the form
of aerosol depositions that are roughly the same or even higher than those determined in the
Western Mediterranean Sea may occur throughout the subtropical Atlantic Ocean, the
northern Indian Ocean, the west Pacific Ocean, and other marine waters in the proximity of
highly industrialized regions such as North America and East Asia (10), suggesting the
relevance of our findings at a global scale.

Our results provide evidence of the negative effect of Cu aerosols of anthropogenic origins
on marine phytoplankton over a vast area of the Western Mediterranean Sea, based on the



available data (aerosol Cu concentration and satellite Chl). However, the processes and
interactions between atmospheric Cu chemistry and phytoplankton dynamics are highly
complex. At this stage, we point to anthropogenic aerosols as a new threat to marine
phytoplankton, in contrast to multiple examples of ocean fertilization via aerosol inputs (1,
5). Nevertheless, additional studies on Cu deposition, solubility and speciation, and the
effects of Cu on phytoplankton at the species level are required to fully understand the
magnitude of this threat. Moreover, it is unlikely that the negative impact of aerosols is
limited to marine phytoplankton; rather, toxicity is likely to also encompass other processes
in the marine ecosystem and in biogeochemical cycles.

Methods

Aerosol composition data. Samples of suspended air aerosols were collected over several
24-h periods on quartz micro-fiber filters (Schleicher and Schuell, QF20) using high-
volume samplers (30 m’ h') and DIGITEL PM2.5 cut-off inlets. The study site was
Montseny station, located northwest of the Mediterranean Sea, in Catalonia (Spain) in
forested park land (41°46'N, 02°21'E, Fig. 1). This site was selected because it is
representative of the regional background aerosols in the Western Mediterranean Sea (17).
Total particulate mass concentrations of aerosols finer than 2.5 pm (PM2.5) were
determined by standard gravimetric procedures (36). Concentrations of aluminum (Al), Fe ,
titanium (T1), calcium (Ca), sodium (Na), vanadium (V), nickel (Ni), zinc (Zn), and Cu
were measured using [CP-MS (X Series II, THERMO) and ICP-AES (IRIS Advantage TJA
Solutions, THERMO) following standard procedures (37). The data analyzed herein were
obtained from October 2003 to December 2010, with a median sampling interval of 4 days.
Although the series contains a few data gaps, more than 89% of the 408 analyzed samples
were collected with an interval of < 10 days. The aerosol pulse for each analyzed
component was defined as an event in which the concentration was higher than the mean
concentration plus the standard deviation for each component.

Aerosol dry deposition fluxes. Ambient air concentrations were converted to dry
deposition fluxes by multiplying the ambient air concentration of PM2.5 or of each metal
by the deposition velocity. Deposition velocities vary from 10 cm s™ for particles of 10 um
to 0.2 cm s~ for particles of 0.5 pum (38, 39). We used a constant deposition velocity of 2
cm s, For example, during the Cu pulses the mean PM2.5 mass concentration was 16.67
g m™ and the mean Cu concentration 6.83 ng m™, yielding dry deposition fluxes of 28.81
mg PM2.5m™>d" and 11.80 pg Cum™ d™, respectively.

Aerosol source regions. The different source regions of aerosol Cu pulses were determined
according to a methodology described previously (17). Basically, data from meteorological
maps, back-trajectories modeling, satellite and modeled dust concentration maps and
simulations, and measured metal concentrations (normalized to Al as the crustal reference)
were combined. Five source regions were identified: local, regional, regional with
contributions from northern Europe, advection from the Atlantic Ocean, and African.

Chlorophyll data. Chl concentrations were obtained from the European Space Agency’s
GlobColour project; specifically, remotely sensed level 3 data merged from multiple
satellites (SeaWiFS, MERIS and MODIS-Aqua) and derived using standard case 1 water



algorithms (40). Satellite-retrieved Chl values obtained through these standard algorithms
are, in the case of the Mediterranean Sea, subject to a calibration problem due to
peculiarities in the environmental bio-optical characteristics, such that a bias occurs
compared to in situ observations (41, 42). Nevertheless, we focused our study on daily Chl
variations rather than on absolute values. Detailed information regarding the processing of
Chl data can be found on the GlobColour project web page (http://www.globcolour.info).
Daily Chl variation (AChl) at every pixel was defined as:

Chl(t +1) - Chl(t)
Chl(t)
where ¢ is the day of the Cu pulse. The AChl was averaged over a 3.5° x 3.5° boxed area

adjacent to Montseny (Fig. 1). Only AChl data covering > 50% of the ocean pixels in the
3.5° x 3.5° box were considered as good data.

AChI(t) =100 [5]

Wind data. Daily-averaged surface wind data during the Cu pulses in the Western
Mediterranean Sea were obtained from the ERA-Interim reanalysis produced by the
European Centre for Medium-Range Weather Forecasts (ECMWF) (43).
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Figure 1. Median effect of Cu aerosol pulses on satellite daily chlorophyll variation (AChl)

in the Western Mediterranean Sea. Color scale represents the calculated median AChl (%)

during

Cu aerosol pulses. Arrows are the calculated median surface wind speed (m s™) and

direction during the pulses. The white dot indicates the location of Montseny station. The
rectangle delimited by a back line is the 3.5° x 3.5° box area in which AChl was averaged.
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Figure 2. Observed effect of Cu aerosol pulses on satellite daily chlorophyll variation
(AChl) averaged in the 3.5° x 3.5° box area (see Fig. 1). Dots represent the spatially
averaged AChl (%) for each Cu pulse, the various colors indicate the aerosol sources, and
the open circles are the Cu pulses during winter (December to March). Lines are the
regression of the observed values with (magenta line) and without (black line) African
aerosols to Eq. 5 using a non-linear least squares method.
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Figure 3. Box plots of satellite daily chlorophyll variation (AChl) averaged in the 3.5° x
3.5° box area (see Fig. 1) for the days with Cu pulses greater than [Culim = 5.23 ng m™,
(labeled as ‘CutAfr’ for calculation with African aerosols and ‘Cu-Afr’ without African
aerosols) and for the days when aerosol data were available (excluding Cu pulses, labeled
as ‘Aerosol’). The medians (central lines), inner quartile ranges (boxes), and the 25th and
75th centiles minus and plus 1.5 times the inner quartile range, respectively, (whiskers) are
shown. The significance of the separation of the median values between Cu pulses and non-
pulses is 0.002 for calculation with African aerosols and 0.003 without African aerosols.
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