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Abstract

Atmospheric deposition can provide nutrients and potential toxicants to marine ecosystem,
hence affecting ocean net primary productivity (NPP). Nonetheless, the interactive effects of mixed aerosol
components on phytoplankton have rarely been reported. Here we explored the combined effects of iron
(Fe) and copper (Cu) on NPP over the East China Sea. In aerosol addition mesocosm experiments,
phytoplankton growth was suppressed under high aerosol Cu but was increased when high Cu was
accompanied by high Fe in aerosols. A time series of soluble aerosol Fe and Cu deposition was obtained and
compared to regional chlorophyll a (Chl a) abundances from Moderate Resolution Imaging
Spectroradiometer/Aqua. Strong positive correlations were observed between the dry ﬂux ratios of soluble
Fe/Cu and Chl a abundances in the large offshore area, whereas these variables were uncoupled in coastal
regions where riverine input and upwelling dominated the biogeochemistry. Current work provides insight
into the complex linkage between atmospheric deposition and marine productivity.

1. Introduction
Atmospheric aerosols supply nutrients and other substances to the ocean and may inﬂuence net primary
productivity (NPP, supported by external source of nutrients such as atmospheric deposition) and carbon
uptake [Duce et al., 2008; Jickells et al., 2005], hence affecting the atmospheric CO2 and climate [Mahowald,
2011]. Recent studies show that the increase in nitrogen (N) availability in the western North Paciﬁc is most
likely due to deposition of atmospheric N pollutants, and this input may enhance primary production of the
region [Kim and Jeong, 2011; Kim et al., 2014]. However, phytoplankton responses to atmospheric deposition
can be complicated in areas with high loads of mixed natural and anthropogenic aerosols, such as the East
China Sea (ECS).
The ECS is one of the most productive area of the world’s ocean and currently a net sink of anthropogenic
CO2 [Chen et al., 2004]. The Changjiang river, the third longest in the world, discharges 9 × 1011 m3/yr [Liu
et al., 2007] water into the ECS and contributes a large amount of nutrients and carbon (as dissolved and particulate organic matter). Additional processes that affect the concentration of nutrients and trace elements in
the ECS include transport from the Kuroshio Current [Liu et al., 2007], local upwelling, and atmospheric
deposition [Hsu et al., 2009]. Human activities have increased the amount of atmospheric aerosols in the last
few decades [Rauch and Pacyna, 2009]. Speciﬁcally, in East Asia, large quantities of aerosols are generated
due to rapid industrialization, urbanization, and increases in trafﬁc ﬂow [Parrish and Zhu, 2009; Kurokawa
et al., 2013]. In the offshore open water portion of the ECS, atmospheric deposition of terrigenous materials
is the major source of trace elements to the surface ocean [Hsu et al., 2009; Lin et al., 2015].

©2017. American Geophysical Union.
All Rights Reserved.

WANG ET AL.

Iron fertilization via dust transport and deposition stimulates phytoplankton growth in high nutrient low
chlorophyll (HNLC) areas of the ocean [Moore et al., 2004; Jickells et al., 2005] and supports nitrogen ﬁxation
in oligotrophic seas because diazotrophs have high-Fe requirements [Falkowski, 1997]. Atmospheric Fe input
has a strong impact on ocean productivity, with higher deposition values in the North Paciﬁc, supporting
>50% of the sinking biogenic Fe export in the Northern Hemisphere [Krishnamurthy et al., 2010]. Aerosols
have also been suggested to support phytoplankton and bacterial activity in low-nutrient, low-chlorophyll
regions of the ocean [Moore et al., 2004; Chien et al., 2016]. Wang et al. [2015a] investigated the inﬂuence
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of atmospheric deposition (including N, phosphorus (P), and Fe) on primary productivity of the global ocean
using the NEMO-PISCES model and found that anthropogenic N deposition from aerosols dominates the
fertilizing effect on global ocean productivity. In their model Fe solubility is prescribed as an individual
constant for each source and the available measurements for soluble Fe are about 3 orders of magnitude
less than those of N and P, suggesting that large uncertainty may exist in the estimate of fertilization effect
of aerosol Fe.
Aerosol deposition can also have toxic effects on marine phytoplankton, due to high concentrations of Cu or
synergistic effects between various aerosol components [Paytan et al., 2009; Jordi et al., 2012]. It has been
pointed out that the toxic effects of anthropogenic heavy metals such as Cu may disturb the stimulation
of NPP by Fe [Wang et al., 2015a]. Accordingly, many on-deck incubation studies with dust addition showed
rather different responses of chlorophyll a (Chl a) and productivity from those caused by direct addition of
“pure” Fe(II) [Coale et al., 1996; Meskhidze et al., 2005]. Most previous studies [e.g., Jordi et al., 2012; Kim
et al., 2014; Moore et al., 2004; Paytan et al., 2009] investigated the effect of individual aerosol component
on ocean productivity, but the synergistic/antagonistic effects between two or more aerosol-derived elements have rarely been reported. Here we report results from mesocosm experiments and a comprehensive
analysis on the relationships between dry deposition ﬂuxes of soluble aerosol Fe and Cu and Moderate
Resolution Imaging Spectroradiometer (MODIS)/Aqua Chl a concentrations in the ECS.

2. Materials and Methods
2.1. Aerosol Collection and Analysis
Aerosol samples were collected at Huaniao Island in the Zhoushan Archipelago (30.86°N, 122.67°E; Figure 1a),
which is located in the northwestern ECS. This site was chosen because of its negligible local emissions and is
thought to be representative of the regional aerosols transported to the ECS. Total suspended particulate
(TSP) and size-segregated aerosol samples were collected using a high-volume sampler (1130 L min1;
Thermo Scientiﬁc) and a nine-stage cascade impactor (28.3 L min1, Model FA-3, Anderson Company),
respectively. The size-segregated samples are only used to obtain the size distribution of soluble Fe and
Cu and estimate their dry deposition velocities [Guo et al., 2014]. Aerosols were collected on acid-cleaned
Whatman® 41 cellulose ﬁlters. Collection times were 24 h for TSP and 72 h for the cascade impactor samples.
Aerosol mass of each TSP sample was obtained by weighing the ﬁlter before and after aerosol collection. In
total, 131 TSP and 22 size-segregated aerosol samples were collected during spring and winter of 2011 and
the whole year of 2012. Sample numbers and blanks in each sampling period are listed in Table S1 in the
supporting information.
One fourth cascade and 1/32 TSP samples were cut, respectively. The ﬁlter cuts and blank ﬁlters were
extracted ultrasonically in 20 mL Milli-Q water (18.25 MΩ cm1) for 40 min. The extract was ﬁltered immediately through a cellulose acetate membrane (pore size of 0.45 μm) and separated into two portions. One portion was analyzed for ions (oxalate) using ion chromatography (ICS3000, DIONEX). Another portion was
acidiﬁed instantly with ultrapure HNO3 (Guaranteed Reagent HNO3 puriﬁed by a subboiling distillation) to
the ﬁnal concentration of 0.3 M. The concentrations of soluble elements were determined by Inductively
Coupled Plasma Optical Emission Spectroscopy (SPECTRO, Germany). Detailed analytical procedures are provided in Zhu et al. [2013] and Guo et al. [2014]. The detection limits (DLs) for the soluble fractions of Fe and Cu
in the size-segregated samples are both 0.01 nmol m3, and in the TSP samples DLs are 0.009 and
0.006 nmol m3, respectively. Organic carbon (OC) data for the same sampling periods are obtained from
Wang et al. [2015b] by DRI Model 2001 thermal/optical Carbon Analyzer.
The soluble Fe and Cu concentrations determined using Milli-Q water in this study are expected to be higher
than those dissolved in seawater. Sholkovitz et al. [2012] indicated that the fractional solubility of aerosol Fe is
affected by various leaching solutions (pH 4.2–4.7 buffer solutions, pH 5.5 Milli-Q water and pH ~8 seawater)
and leaching procedures (batch, ﬂow through, and semicontinuous leaching methods). The Fe solubility
could be ninefold higher in pure water than in seawater in a batch leaching [Chen et al., 2006], but such difference became insigniﬁcant when using ﬂow through and semicontinuous leaching methods [Buck et al.,
2010; Aguilar-Islas et al., 2010]. Although seawater leaches may provide the closest analog for the dissolution
of dry aerosol in the surface ocean, pure water is a consistent and reproducible leaching solution facilitating
comparison between studies, and also, its pH of 5.5 mimics the wet deposition [Buck et al., 2010].

WANG ET AL.

AEROSOL FE AND CU AFFECT PRODUCTIVITY

2547

Geophysical Research Letters

10.1002/2016GL072349

Figure 1. (a) Sites for the mesocosm experiment (Huaniao Island) and surface seawater collection (about 70 km east of Huaniao). (b) The concentrations of
components added to seawater from the different aerosol samples. (c) The Chl a levels in different treatments of the mesocosm experiments at four selected
time points (0 h, 24 h, 48 h, and 72 h). (d) The linear regressions between Chl a and soluble aerosol Fe/Cu (in molar ratios) added after 24 and 48 h incubation. Error
bars represent one standard deviation.

2.2. Mesocosm Experiments
In situ mesocosm experiments were carried out at Huaniao Island (aerosol sampling site) using surface seawater (0–5 m) collected from a sampling site (30.85°N, 123.42°E) approximately 70 km east of the Island with
the depth of the seaﬂoor >50 m (Figure 1a). Although the salinity of the seawater was 29.9 ppt indicating the
inﬂuence of Changjiang dilution water, the initial concentrations of NH4+, NO3, and PO43 (2.8, 2.5, and
0.12 μM, respectively) were low and the signiﬁcant response of phytoplankton to the aerosol addition
was expected.
Seawater samples were preﬁltered with a 50 μm nylon mesh to remove zooplankton and stored in acidcleaned 50 L white Tetraﬂuoroethylene (Nalgene®) carboys covered by double black plastic bags during
transport to Huaniao Island (within 3 h). Approximately 2.2 L seawater was transferred into each 4 L polyethylene cubitainer, and aerosol ﬁlters were cut with 1 mg aerosols on each subsample and added to a ﬁnal concentration of 0.45 mg L1. Four aerosol samples were chosen based on their chemical composition and
corresponding backward trajectories determined from the NOAA Air Resource Lab Hybrid Single-Particle
Lagrangian Integrated Trajectory (HYSPLIT) model [Stein et al., 2015] (http://www.arl.noaa.gov/ready/hysplit4.html). These aerosols were characterized by high aluminum (indicating mineral dust; aerosol 1), high
vanadium, and nickel (indicating ship emission; aerosol 2), relatively “clean day” condition with the lowest
TSP of 61 μg m3 (aerosol 3), and high-crustal tracer and secondary components (indicating combined dust
and anthropogenic pollution; aerosol 4; Table S2). The addition amount was ~50% higher than the calculated
dry ﬂux estimated by assuming all deposition within a 10 m mixed layer depth over a 10 day period [Park and
Chu, 2007]. The detailed calculation process and explanation are provided in the supporting information
(Text S1). Aerosol 4 low represents 1/5 of the dose (0.09 mg L1) of aerosol 4 (Figure 1b).
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The cubitainers were tied to a ﬂoating platform and submerged under surface seawater for 4 days. A neutral
density shade was used to attenuate sunlight by 50% mimicking conditions in the upper 10 m of the euphotic
zone. Temperature and salinity were measured using an YSI EC300 Multi-Parameter Water Quality Sonde
(Yellow spring, OH). In order to minimize the risk of contamination, measurements were taken in triplicate
for each treatment at four selected time points (T0 = 0 h, T1 = 24 h, T2 = 48 h, and T3 = 72 h). A volume of
350 mL seawater was ﬁltered through GF/F ﬁlters under gentle vacuum ﬁltration. Filters were frozen in cryovials at 20°C until processed. The protocol for Chl a analysis followed Method 445.0 (Elizabeth JA and Gray
BC, 1997, EPA).
2.3. Dry Deposition Estimate
The dry deposition ﬂux (F) of the soluble fraction of each aerosol element is estimated by multiplying its concentration in the TSP sample (C) by a size-dependent dry deposition velocity (V; Table S3). The V is determined
individually for each element by multiplying the average mass percentage of the element for each stage of
the size-segregated samples (Ri) by the deposition velocity calculated for the corresponding size bin (Vi) and
then adding them together (equations (1) and (2)):
F ¼ CV

(1)

V ¼ ∑ðRi V i Þ

(2)

In this study, we used Williams’ model to predict particle deposition velocities for particles with aerodynamic
diameters ranging between 0.05 and 100 μm, which covers the entire size range of particles collected by the
nine-stage cascade impactor. The main formulas used in the model and a detailed derivation can be obtained
from Qi et al. [2005].
2.4. Remote Sensing Analysis
The studied area of the ECS (26.9–32.9°N and 122.5–126.5°E) was divided into six zones with a size of 2° × 2°
each for our remote sensing analysis (Figure 2a). The size was selected based on the satellite data spatial resolution and 50 m water depth line of the ECS. Smaller or larger areas will result in increased uncertainty of Chl a
result due to less available data points and large Chl a variation range, respectively. In addition, using larger
areas would hardly distinguish the coastal and open areas of ECS. Zones 1–3 (Z1, Z2, and Z3) are in the coastal
area and have a water depth of less than 80 m while zones 4–6 (Z4, Z5, and Z6) are further offshore with
depths greater than 100 m. The coastal water near the Changjiang estuary is highly turbid due to large
amounts of suspended solids carried by riverine discharge and upwelling within the Zhoushan archipelago,
which signiﬁcantly affects zones Z1 and Z3 (Figure 2a). Relatively shallow depths (resuspension of sediments)
and the Taiwan Warm Current show important impacts on zones Z2 and Z5, respectively (Figure 2b) [Liu et al.,
2007]. For Z4 and Z6, atmospheric deposition is the major external source of nutrients and trace elements to
surface water [Lin et al., 2015].
We use the satellite data of MODIS/Aqua Standard Level 3 Binned Chl a as an indicator of primary productivity
as well as standard ,mapped image photosynthetically available radiation (PAR) and sea surface temperature
(SST) (http://oceancolor.gsfc.nasa.gov). Data of Chl a, PAR and SST are extracted using SeaDAS 7.1 on a daily
basis and at 4 km × 4 km (a pixel) for the period of March 2011 to January 2013. The Chl a, PAR and SST values
of each zone are averaged across 2304 pixels (48 × 48 pixels) contained in the zone. We have eliminated Chl a
concentrations greater than 20 mg m3 (only one data point) and the dates with less than 10 valid data pixels, which may be associated with large uncertainties. Although an empirical algorithm has been used for
estimating Chl a from the ocean color data for the ECS [Ahn and Shanmugam, 2006], MODIS/Aqua Chl a products are suggested to be better than those estimated by the local empirical algorithm [Tan et al., 2011].
2.5. Automatic Linear Modeling
Automatic linear modeling in Statistical Product and Service Solutions (IBM® SPSS) was used to obtain a single
model of the relationship between input predictor variables and response variables. It automatically transforms independent variables and uses outlier trimming and conducts model ensemble to improve predictions (all these features are not available in traditional regression analysis). It also provides both the
stepwise and the all-possible subset methods (the latter is not available in regression) which are guided by
multiple optimality statistics such as Akaike Information Criterion Corrected (AICC), adjusted R square, and
overﬁt prevention criterion. (Regression has only signiﬁcance test prone to Type I/II errors.) In this study,
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Figure 2. (a) The monthly averaged level of Aerosol Optical Depth (AOD) at 550 nm during our sampling period (from March 2011 to January 2013) over East Asia.
(b) Bottom topography and the current system (black arrows) in the East China Sea. KC stands for the Kuroshio Current, CC stands for the Coastal Current, and TWC
stands for the Taiwan Warm Current. (c) Dry deposition ﬂuxes (left axis) of soluble Fe (gray bars; upward) and Cu (gray bars; downward) and the corresponding Chl a
concentrations in the six zones (right axis) during the entire period. The colored columns indicate Fe and Cu deposition ﬂuxes on speciﬁc dates, and the corresponding variations of Chl a are discussed in the text. Error bars represent 1 standard deviation. (d) The linear regression between Chl a (log10 scaling) and dry ﬂux
ratios of soluble Fe/Cu in each zone.
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the Chl a concentration of each zone was a target and aerosol soluble components, including NH4+, NO3, As,
Cd, Co, Cr, Cu, Fe, Mn, P, Pb, V, Ni, and Zn, were predictors. During the Automatic Linear Modeling (ALM)
operation the following options were selected: automatically prepare data, 95% conﬁdence level, and forward stepwise model with maximum four steps. Criterion uses Akaike Information Criterion Corrected
(AICC), which deals with the trade-off between the goodness of ﬁt of the model and the complexity of
the model.

3. Results and Discussion
3.1. Mesocosm Experiments
The ECS receives high ﬂuxes of atmospheric aerosol deposition from natural and anthropogenic sources [Hsu
et al., 2009; Wang et al., 2016]. To evaluate the effect of aerosols on marine phytoplankton over this region, we
conducted mesocosm experiments by adding aerosols collected locally over Huaniao Island into ambient
seawater. We found that Chl a concentrations increased signiﬁcantly when adding aerosol 4 samples at both
normal (simulating average deposition rates during high dust events) and low deposition (simulating deposition rates 1/5 lower than during dust events, aerosol 4 low). Addition of the other three aerosol samples
resulted in a decrease in Chl a compared to control conditions (no addition) (Figure 1c). By comparing the
amounts of aerosol components added, we found that aerosol 4 low had the lowest soluble Cu, NO3, and
NH4+ addition, but similar amounts of soluble Fe, P, and Mn compared to the aerosols 1, 2, and 3, respectively
(Figure 1b). High concentration of aerosol Cu in the latter three treatments may inhibit phytoplankton
growth, as has been demonstrated by previous studies [Mann et al., 2002; Paytan et al., 2009; Jordi et al.,
2012]. Interestingly, aerosol 4 treatment contained similar amount of soluble Cu as the aerosols 1, 2, and 3
but showed a positive effect on growth, and we propose that the toxicity of aerosol Cu may be alleviated
by relatively higher concentrations of soluble Fe, P, or Mn in aerosol 4 (Figure 1b). In fact, signiﬁcant positive
correlations (R2 = 0.9) were found between Chl a concentrations and soluble aerosol Fe/Cu ratios in the mesocosm experiments (Figure 1d), and phytoplankton growth seemed to be constrained by both aerosol Fe
(nutrient) and Cu (toxicant) and speciﬁcally their concentration ratio. Both soluble Fe (1.8–8.9 nM) and Cu
(0.3–2.3 nM) concentrations derived from the aerosol additions (Figure 1b) were signiﬁcant relative to the
background levels of dissolved Fe (0.3–4.3 nM) and Cu (0.9–8.7 nM) in the ECS surface water [Jiann et al.,
2009; Jiann and Wen, 2012; Abe et al., 2003], implying that the effects of aerosol Fe and Cu could be substantial in the experiments.
3.2. Signiﬁcant Correlations Between Fe/Cu Flux Ratios and Chl a
Over the ECS, atmospheric input of dissolved Fe is ~10–100 times higher than that of the upwelling ﬂux [Hsu
et al., 2009]. Aerosols containing bioavailable Fe have been suggested to be an important factor (among
others) that could trigger phytoplankton blooms in the oligotrophic South China Sea [Wang et al., 2012],
and the high input of atmospheric Fe over the ECS may also play a signiﬁcant role in controlling the primary
productivity. In addition to Fe, which is derived primarily from mineral dust, the ECS is heavily affected by
anthropogenic emissions from East Asia. Such aerosols are enriched with Cu, and the sharp increase in Cu
deposition over the past decades may have altered primary productivity in this region [Paytan et al., 2009].
The concentrations of soluble aerosol Cu in our samples collected over Huaniao Island ranged from 0.08 to
2.03 nmol m3 with an average of 0.53 nmol m3. This concentration is about sixfold higher than the low limit
of aerosol Cu (~0.08 nmol m3) showing negative effect on phytoplankton growth over the western
Mediterranean Sea [Jordi et al., 2012]. In short, the considerably high ﬂuxes of Fe and Cu from the atmosphere
to the ECS may affect the primary productivity, and synergy between Cu and Fe (or other constituents) may
result in complex ecosystem responses.
To investigate the relationship between atmospheric input of Fe and Cu and NPP, we used the ﬁeld measurements of daily aerosol composition over Huaniao Island during spring and winter of 2011 and the whole year
of 2012, in conjunction with MODIS/Aqua standard level 3 binned Chl a, PAR and SST in the same periods
[Wang et al., 2007]. The 8 day NPP data were also estimated from the Vertically Generalized Production
Model (VGPM) at Ocean Productivity site [Behrenfeld and Falkowski, 1997]. A signiﬁcant correlation was found
between the NPP and Chl a with R2 = 0.68 during 1 January 2011 to 31 December 2013 (Figure S1 in the
supporting information). For each of six zones in this study, the signiﬁcant correlations can also be seen
between the NPP and Chl a as for the whole data set (Figure S1). The NPP calculation in the VGPM is
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complex and is affected by many other factors such as physiological variability, day length, PAR, and euphotic
depth. It is found that the photoacclimation-driven changes in chlorophyll have the opposite relationship to
production as nutrient-driven/biomass-driven changes in Chl a [Behrenfeld et al., 2016]. Therefore, the record
of surface Chl a may overrepresent associated changes in mixed layer productivity [Behrenfeld et al., 2016].
Even though Chl a concentration does not have a simple linear relationship with the NPP, Chl a and the rate
of carbon ﬁxation by phytoplankton both covary in response to environmental drivers [Krishnamurthy et al.,
2010]. We note that the NPP data can be acquired only at relatively low resolution (8 day); thus, Chl a is used
as an indicator of NPP in this study.
During the entire period, the average Chl a concentrations in the six zones in spring ranged between 1 and
4 mg m3; approximately onefold to threefold higher than those in winter (Figure 2c). The Chl a concentrations in winter are limited due to lack of MODIS/Aqua retrieval products. Peak Chl a concentrations that correspond to phytoplankton blooms occur under conditions of relatively high PAR (average 44 W m2) and SST
(average 19°C) (Figure S2), which generally appear in spring for most zones with the exception of Z1 and Z3
(in both spring and summer). The relatively high ﬂuxes of soluble aerosol Fe were also observed in spring
(e.g., 2 and 23 April 2011 and 6 and 22 April 2012; Figure 2c, green bars) consistent with the East Asian winter
monsoon and the most frequent Asian dust storm events. High-irradiance and increased Fe deposition in
spring probably satisﬁed the light and Fe demand for phytoplankton growth [Sunda and Huntsman, 1997;
Moore et al., 2006]. In contrast, the Chl a concentrations were found to be less than 1.2 mg m3 on 25 July,
13 August, and 22–27 October 2012 for Z4 and Z6, when the soluble Cu ﬂuxes were relatively high
(Figure 2c, red bars). The rapid response (within 24 h) of phytoplankton to input of aerosol elements has been
demonstrated in our mesocosm experiments (Figure 1d) and also by previous studies; rapid changes in Chl a
concentrations have been observed in response to the change of trace elements, as well as diel cycles of
photosynthesis and light intensity [Singh et al., 2008; Pinedo-Gonzalez et al., 2014]. We also note that the
above relationships are not applicable in Z1 and Z3. High Chl a concentrations (>1.2 mg m3) are found to
be associated with soluble Cu ﬂuxes above average (0.38 μmol m2 d1) in these two zones (e.g., 30 March
2011, 11 April, 31 July, and 4 August 2012; Figure 2c, red bars). This is probably due to the strong effect of
Changjiang input and intense human activities in coastal area, which may have altered seawater chemistry
(e.g., turbidity and organic ligands) and phytoplankton community structure [Paytan et al., 2009]. Extended
periods of exposure to pollutant conditions could have allowed these coastal phytoplankton populations
to adapt to high Cu levels [Mackey et al., 2012; Meng et al., 2016].
We focused our analysis of the correlations between Chl a and atmospheric input of substances in spring
through fall because few Chl a retrievals are available in the winter, and relatively low PAR and SST can limit
phytoplankton growth during this time. Signiﬁcant positive relationships (p <0.05) were found between Chl a
and soluble aerosol Fe in the open ECS (Z2, Z4, Z5, and Z6) with correlation coefﬁcients ranging between 0.4
and 0.7 (Figure S3). These results agree well with a recent study showing positive correlations (r = 0.32–0.57)
between dust ﬂuxes and Chl a concentrations in depths >50 m in the China Seas, but no correlation between
the two variables in shallower <50 m China Seas [Tan et al., 2013]. Sufﬁcient Fe supply carried by dust events
may be the reason for observed algal blooms in the ECS [Tan et al., 2011]; Fe can stimulate the phytoplankton
growth by accelerating photosynthesis, respiration, and nutrient uptake within cells [Shaked et al., 2005].
Besides Fe, other aerosol components may also show signiﬁcant effects on ocean productivity.
Copper has been recognized as a primary toxicant in marine systems at elevated doses. Our mesocosm
experiment demonstrates that high aerosol Cu may decrease Chl a concentration in ECS water. Automatic
linear modeling shows that soluble aerosol Fe (positive effect) and Cu (negative effect) are the most important predictors of Chl a concentrations (p < 0.001) (e.g., in Z4; Figure S4). Notably, Chl a concentrations are
highly correlated with the ratios of soluble aerosol Fe/Cu in Z2, Z4, and Z5 and Z6 (R > 0.75; P < 0.001;
Figure 2d). The lack of signiﬁcant relationships among these parameters in Z1 and Z3 are probably due to
the strong inﬂuence of riverine discharge, shallow depth, and upwelling on the input of nutrients and trace
elements in these zones. Besides, remote sensing standard Chl a product does not properly work for coastal
areas with high turbidity, such as Z1 and Z3.
3.3. Mechanism of Coupled Constraint by Fe and Cu
Although organics in aerosols may detoxify Cu, the combined effect of Fe and Cu may be inﬂuenced more by
the uptake and metabolism mechanisms of these two metals by the phytoplankton community than by
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organic complexation. Soluble Fe concentrations in aerosols are found to be positively correlated with oxalate and organic carbon, suggesting that high amounts of organics may deposit along with high ﬂuxes of
soluble Fe (Figure S5). Copper toxicity alleviation by soluble aerosol Fe may be caused by the complexation
of Cu by a relatively high content of organic ligands, which would largely decrease the concentration of free
Cu2+. Similarly, Fe bioavailability and the associated positive effects may also be impaired by this organic
complexation. High irradiance in springtime not only enhances photosynthesis but also potentially enables
the transfer of Fe (III) to soluble Fe (II) by direct photolysis of Fe(III) chelates or by reaction with photochemically produced superoxide radicals (O2), thus facilitating Fe consumption by growing phytoplankton cells
[Maldonado and Price, 2001; Zepp, 2003; Pinedo-Gonzalez et al., 2014]. Although Cu exhibits high afﬁnity for
low molecular weight organic matter, light can help move Cu from the colloidal pool (complexing with
organic ligands) to the soluble pool via photolysis of colloidal organic matter or photoreduction of Cu (II)
[Pinedo-Gonzalez et al., 2014]. Thus, organics in aerosols may not work effectively when aerosol Fe and Cu
deposit into the surface seawater.
The combined effect of Fe and Cu on Chl a concentration is likely to vary in other oceanic regions with different phytoplankton community structure. Marine phytoplankton have developed physiological mechanisms to regulate Fe acquisition and utilization which depend on Cu [Peers et al., 2005; Maldonado et al.,
2006]. Some eukaryotic microorganisms possess a Cu-dependent Fe transport system with Cu-containing ferroxidase, and they accumulate high amounts of Cu as Fe availability decreases [Peers and Price, 2006; Annett
et al., 2008]. Indeed, Cu uptake by coastal diatoms was found to be minimized under Fe sufﬁcient conditions
[Shaked et al., 2005]. The uptake mechanism of bioavailable Fe is different between prokaryotes and eukaryotes [Boyd and Ellwood, 2010]. Alleviation of Cu toxicity by Fe may depend on which phytoplankton groups
are present in seawater and may in turn result in changes of community structure. Diatoms are usually more
tolerant than dinoﬂagellates to high Cu concentrations [Quigg et al., 2006; Levy et al., 2007], and the toxicity
threshold for larger eukaryotic cell can be orders of magnitude higher than that of cyanobacteria [Brand et al.,
1986]. Even within cyanobacteria different taxa show different resistance to Cu toxicity [Paytan et al., 2009],
which has been proposed to shape the phytoplankton community structure in Sargasso Sea, particularly during the summer-stratiﬁed period [Mann et al., 2002]. It was also reported that high light-adapted ecotypes of
Prochlorococcus are more resistant to Cu toxicity than its low light-adapted ecotype, which lives below the
mixed layer [Mann et al., 2002].

4. Conclusion
Atmospheric input is one of the most important mechanisms for Fe input to the ocean and in HNLC areas this
may enhance ocean productivity, while high loading of aerosol Cu resulting from human activities shows signiﬁcant toxicity to the phytoplankton. Iron is required in the biosynthesis of Chl a and in the photosynthetic
reactions and electron transport. The Fe-containing photosynthetic components include photosystem I and
II, the cyt ﬂb6 complex, cytochrome c6, and ferredoxin [Raven et al., 1999]. Iron is also a cofactor in a number of
enzymes: catalase, peroxidase, chelatase, nitrogenase, and nitrate/nitrite reductases [Sunda, 2012, and references therein]. In contrast, high concentrations of Cu may induce proteomic changes [Zou et al., 2015],
reduce cell division rates [Brand et al., 1986], and decrease photosynthetic rates [Matilde et al., 1995], all of
which ultimately limit cell growth [Guo et al., 2012]. Our study demonstrates that under the conditions of
appropriate PAR and SST, primary productivity in the large area of the ECS is constrained by soluble aerosol
Fe/Cu dry deposition ratios. In fact, phytoplankton growth may respond to various components (e.g., NO3
and Ni could be important factors controlling NPP) from the atmospheric deposition in different regions of
the ECS and within different periods; the complicated water masses and chemistry should be considered
in the further study of the relationship between atmospheric deposition and ocean productivity. Higher
Chl a concentrations in spring are likely associated with elevated Fe/Cu deposition ratios due to more frequent Asian dust storm events [Hsu et al., 2009] (Figure 2d). This demonstrates the crucial impact of dust
transport and deposition on this marine ecosystem. Characterizing the interactive effects of aerosol Fe and
Cu is an important step toward understanding the linkages between aerosol deposition and ocean productivity. The ECS is representative of marginal seas which are adjacent to the continents and inﬂuenced substantially by natural and anthropogenic emissions, and the coupled constraint of atmospheric deposition
of Fe and Cu on primary productivity may be applicable in other similar ocean basins.
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