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Session on “Atmospheric nu-
trient deposition and micro-
bial community responses,
and predictions for the future
in the North Pacific Ocean”

PICES 2020 annual meeting
29 October 2020, online

On 29 October 2020, a SOLAS session was con-
vened at the North Pacific Marine Science Organ-
ization (PICES) 2020 annual meeting in a virtual
format. The title of the session was “Atmospheric
nutrient deposition and microbial community re-
sponses, and predictions for the future in the
North Pacific Ocean”. Atmospheric deposition is
an important nutrient source for marine ecosys-
tems, with consequences for local, regional, and
global biogeochemical cycles, as well as the cli-
mate system. This session focused on natural and
anthropogenic atmospheric nutrient inputs to the
North Pacific Ocean. Microbial communities re-
spond to changing atmospheric inputs, which may
result in significant effects on the marine carbon
and nitrogen budgets, as well as on atmospheric
carbon dioxide uptake. Key questions addressed
in the session were: How do biogeochemical and
ecological processes interact in response to natu-
ral and anthropogenic material inputs from the at-
mosphere across coastal and open ocean re-
gions? How do global warming, ocean acidifica-
tion, and other anthropogenic stressors synergis-
tically alter the uptake of atmospheric nutrients
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and metals by marine biota in different oceanic re-
gions? What is the prognosis for the future?

There were seven live presentations, five rec-
orded oral presentations, and fifteen electronic
poster presentations during the session. An active
discussion took place about the understanding of
atmospheric iron (Fe) and nutrient deposition to
the ocean and its influence on ocean biogeochem-
istry in the Pacific Ocean. A wide range of results
were reported, such as atmospheric-ocean mate-
rial cycles, atmospheric nutrient supply, atmos-
pheric aerosol Fe from coal combustion and its
deposition to China adjacent seas, phytoplankton
community response to trace metals deposition,
controlling physical and chemical mechanism for
biological production, dynamics of organic ligands
in the Pacific water which is the key to trace metals
dynamics, and air pollution and future forecasting
for nitrate (NOs3) deposition to Pacific ocean.
Among them, the subject of aeolian Fe and nitro-
gen (N) deposition, and the importance of anthro-
pogenic aerosols and their solubility and impacts
on the ecosystem was thoroughly discussed.
However, it is worth pointing out that these
presentations were limited to discussing the im-
pacts on the waters near Asia adjacent sea, and a
remaining issue was to quantitatively estimate the
impacts on a wider area of the Pacific Ocean in
the future.

The future directions of the SOLAS Theme 3, At-
mospheric deposition and ocean biogeochemistry
Implementation Plan will be extracted from this
session. The following issues should be further in-
vestigated in order to clarify the impacts of the at-
mosphere-derived nutrient supplies on biological
production in a wider area of the Pacific Ocean.

- To estimate the impacts of atmospheric Fe sup-
ply on oceanic phytoplankton growth, quantita-
tively, and the contribution of anthropogenic
aerosol Fe will be the key issue. It is clear that
more work is needed to reveal the anthropo-
genic aerosol Fe transport scale, frequency,
deposition area, residence time in surface water

and dissolution rate, and the fraction of bioavail-
able Fe under natural conditions.

- There are still important gaps in quantitative un-
derstanding along with a coherent explanation
of the biological response in the High Nutrient
Low Chlorophyll (HNLC) waters and the sub-
tropical Low Nutrient Low Chlorophyll (LNLC)
waters in the North Pacific. It was frequently
suggested that this must be achieved by inte-
grating both, the knowledge of atmospheric Fe
supplies and the oceanic Fe supplies. Modelling
studies, which incorporate atmospheric nutri-
ents (NOsz and Fe) deposition processes with
accurate oceanic nutrient dynamics, and its val-
idation by observational data, should be con-
structed for understanding real biological pro-
duction and forecasting the future changes in
the North Pacific Ocean.

In order to discuss these remaining issues, many
participants agreed that we should organise a fol-
low-up SOLAS session at the 2021 PICES annual
meeting.
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Clarissa Baldo studied geology at the Roma IIl University, Rome,
Italy, and completed a master’s degree in Air Pollution Management
and Control at the University of Birmingham, UK. She started her
PhD in 2017 under the supervision of Prof. Zongbo Shi at the Uni-
versity of Birmingham. Her PhD research aims to understand the
sources and processes of iron aerosol and its impacts on the bioge-
ochemistry of the Earth system.

Atmospheric aerosol iron from coal combustion

Baldo, C. Y, Ito, A. 2, Shi, Z.1,

1 University of Birmingham, Birmingham, UK

2Yokohama Institute for Earth Sciences, JAMSTEC, Yokohama, Japan

* cxb637@student.bham.ac.uk

Atmospheric iron (Fe) deposition alters biogeo-
chemical cycles in the global ocean, possibly af-
fecting the marine carbon budget and conse-
guently the climate (e.g. Jickells et al., 2005).
Modelling studies suggest that atmospheric depo-
sition of soluble (and, thus potentially available)
Fe has doubled since the preindustrial era due to
air pollution (e.g. Ito and Shi, 2016). In particular,
the uptake of acidic gases during long-range
transport is a key factor enhancing the Fe solubil-
ity in specific aerosol sources (e.g. Lietal., 2017).
Mineral dust accounts for around 95% of the total
Fe emissions (e.g. Ito et al., 2018), but the solubil-
ity of Fe in mineral dust is generally below 0.5%
(e.g. Shi et al., 2011). The Fe solubility in anthro-
pogenic aerosol sources, including for example
solid fuel combustion, biomass burning and liquid
fuel combustion, is significantly different (up to
around two orders of magnitude) depending on
the sources (e.g. Oakes et al., 2012).

Here, we investigated the Fe dissolution kinetic of
anthropogenic aerosol sources (e.g. coal fly ash)
in acidic aqueous solutions, which simulate chem-
ical processes in the atmosphere. Coal fly ash

samples were collected from the electrostatic pre-
cipitator of three coal-fired power stations at differ-
ent locations: United Kingdom, Poland, and
China. Samples were aerosolised to separate the
fractions of the Particulate Matter with a diameter
of 10 microns or less (PMig). The PMyo fractions
were then exposed to sulphuric acid (H>SO.) so-
lutions at low pH of 1, 2 or 3, in presence of oxalic
acid (H.C,04) and/or ammonium sulphate
((NH4)2SO0.) to simulate aerosol conditions. The
pH of the leaching media was calculated using the
Extended Aerosol Inorganics Model (E-AIM) 111 for
agueous solutions, considering the buffer capacity
of carbonates in the samples. A mineral dust sam-
ple from Libya was used for comparison.

Fe dissolution kinetic primarily depends on the pH
of the leaching media. As the pH decreases, the
enhanced protonation favours Fe dissolution
(Cornell and Schwertmann, 2003). Also, oxalate
forms bidentate complex with Fe on the particle
surface enhancing dissolution (Chen et al., 2012).
Our results indicate that increasing the salt con-
centration in solution, the Fe dissolution process
is controlled by the concentration of protons, as
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Figure 1: Fe dissolution kinetics of coal fly ash samples from UK (Aberthaw ash), Poland (Krakow ash), and China
(Shandong ash), and of Saharan dust (Libya dust) in oxalic acid (H2SOa4) solutions at pH 2 with 0.01 M sulphuric

acid (H2C204) and 1 M ammonium sulphate ((NH4)2SO4).

the activity of protons and ligands in solution is su-
pressed at high ionic strength. Our coal fly ash
samples exhibited different dissolution behaviours
depending on their physicochemical properties
(Figure 1). A key factor may be the Fe speciation,
which varied significantly in different types of coal
fly ash. Overall, coal fly ash showed higher amor-
phous Fe and magnetite content compared to the
Saharan dust. The next step is to develop an Fe
release scheme for coal fly ash to be applied in
global atmospheric chemistry modelling to esti-
mate the atmospheric concentration and deposi-
tion flux of soluble Fe.
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Haoyu Jin obtained a bachelor’s degree in Environmental Science
in 2016. He then conducted master studies in 2017 and started
pursuing a doctoral degree in Environmental Science in Ocean
University of China, Qingdao, China in 2019. As a PhD candidate,
Haoyu is currently investigating the impact of atmospheric deposi-
tion on marine primary production.

Atmospheric deposition promotes the utilisation of dissolved organic
phosphorus by phytoplankton in China coastal seas

Jin, H.¥, Zhang, C.%, Gao, H.?!
1 Ocean University of China, Qingdao, China

*1174799018@qqg.com

Phosphorus (P) is indispensable for phytoplank- be utilised through DOP hydrolases, predomi-
ton growth and plays a crucial role in ocean pri- nantly the alkaline phosphatase (AP). Atmos-
mary production. However, the concentration of pheric deposition, an imperative source of nutri-
dissolved inorganic phosphorus (DIP), the pre- ents and various trace metals to the ocean, can
ferred P nutrient for phytoplankton, is often at low  stimulate DOP utilisation to alleviate the P limita-
degree (Moore et al., 2013). In the case of DIP de-  tion. However, such an adaptive mechanism is
ficiency, dissolved organic phosphorus (DOP) can  generally observed in oligotrophic regions, while
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Figure 2: Dissolved organic phosphorus (DOP) utilisation by phytoplankton and its response to atmospheric deposition.
N: nitrogen, P: phosphorus, Fe: iron, Zn: zinc, DIP: dissolved inorganic phosphorus, DOP: dissolved organic phosphorus,
DIN: dissolved inorganic nitrogen, AP: alkaline phosphatase, ATP: adenosine triphosphate.
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Figure 3: Utilisation of dissolved inorganic phosphorus (DIP) and dissolved organic phosphorus (DOP) during microcosm
experiments in the Yellow Sea (Y1, Y2, Y3), the Bohai Sea (B1), and the East China Sea (E1). ADIP is the consumption
of DIP during incubation, ADOP (=ADIN/16-ADIP) is the estimated DOP consumption based on a nitrogen (N): phos-
phate (P) uptake ratio of 16:1 by phytoplankton (Browning et al., 2017).

poorly understood in other P limited regions with
higher trophic states (Mahaffey et al., 2014). In re-
cent years, atmospheric deposition with high ni-
trogen (N):P ratio has input loads of dissolved in-
organic nitrogen (DIN) to China coastal seas, and
leads to increasing P limitation there (Sharples et
al., 2017).

To investigate the impact of atmospheric deposi-
tion on DOP utilisation in eutrophic coastal seas,
seven on-board microcosm  experiments
amended with atmospheric aerosols and nutri-
ents were implemented in China coastal seas dur-
ing the spring and summer of 2018 and 2019.

The results showed that atmospheric deposition
can promote DOP utilisation by enhancing the AP
activity (APA) in the coastal seas, and therefore

promote the phytoplankton growth under N, P,
and N+P limited conditions. However, the promo-
tion mechanism in the coastal seas is dissimilar
from that of the open ocean. In the open ocean,
atmospheric deposition promotes DOP utilisation
by phytoplankton mainly through the input of obli-
gate enzyme cofactors such as Fe and zinc (Zn)
(Mahaffey et al., 2014; Browning et al., 2017).
However, in the coastal seas, it is the large
amount of N from atmospheric deposition that
plays a key role in promoting DOP utilisation. The
N provided by atmospheric aerosols raised the
N:P ratio in the coastal seawaters, leading to se-
rious P limitation, thus facilitating DOP utilisation
(Figure 2). In this study, the APA surged when the
DIP concentrations were below 0.015 uM in the
Yellow Sea. The booming APA was also found in
the Bohai Sea when the DIP concentrations were
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below 0.004 uM in spring and 0.026 uM in sum-
mer, respectively. Under the impact of atmos-
pheric deposition, the DOP consumption in-
creased significantly and even became a main P
nutrient (Figure 3). In summary, promoting DOP
utilisation is a prominent mechanism for atmos-
pheric deposition to alleviate P limitation and of
great significance for primary production in the
coastal seas.
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of China, Qingdao, China, since 2018 and investigates the influ-
ence of atmospheric deposition on phytoplankton community struc-

Impacts of atmospheric deposition on phytoplankton community structure

in the Yellow Sea

Wang, Q. **, Gao, H. !, Zhang, C. %, Jin, H. !
1 Ocean University of China, Qingdao, China
* Wangqin2631@stu.ouc.edu.cn

Atmospheric deposition is an important source of
nutrients for the upper ocean. The annual nitrogen
(N) input by atmospheric deposition accounts for
about half of the land source, and the iron (Fe)
brought by atmospheric deposition is the main
source to meet the growth requirement of phyto-
plankton in the euphotic zone of the ocean (Jick-
ells et al., 2005; Duce, 2008). Atmospheric depo-
sition can stimulate phytoplankton growth by alle-
viating nutrient restrictions in seawater (Paytan et
al., 2007; Duce, 2008). The deposition of atmos-
pheric subsidence can lead to excess N in many
sea areas of the world, so that the nutrient limita-
tion for phytoplankton growth has a tendency from
N to phosphorus (P) (Kim et al., 2014; Wu et
al.,2018). In addition to the shifts of dominant spe-
cies, the expansion of the N/P ratio in seawater
can also change the phytoplankton size structure
(Zhang et al., 2019), but the mechanism is still
poorly understood.

In order to explore the competition between differ-
ent species using different schemes with (system)
and without (subsystem) micro-sized (20-200 um)
cells under the condition of anthropogenic aerosol

(AA) additions, we collected the surface and sub-
surface seawater of the Yellow Sea to conduct a
series of onboard incubation experiments.
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Figure 4: The way that atmospheric deposition influences
phytoplankton size structure. N: nitrogen, Fe: iron, DIP: dis-
solved inorganic phosphorus, DOP: dissolved organic phos-
phorus, AP: alkaline phosphatase




We found that the micro-sized cells were not only
working as nutrient competitors for small cells. In
P-deficient environment, micro-sized cells pro-
moted the growth of small cells by utilising dis-
solved organic phosphorus (DOP), thereby in-
creasing the total biomass (Figure 4). Under the
influence of atmospheric deposition, the struc-
ture of the community shifts to large size (Zhang
et al., 2019).

In low nutrient seawaters, the micro-sized cells
of AA treatment groups had an advantage in
growth over those of the control groups. The high
and stable N concentrations as well as the de-
pleted P concentrations in the AA treatment
groups indicated that P had become a primary
limiting nutrient in the incubated seawaters. The
alkaline phosphatase activity (APA), which can
reflect the DOP utilisation of phytoplankton, was
at least 1.6 times higher in the system than those
in the subsystem, indicating the micro-sized cells
played an important role in utilising DOP. There-
fore, the increase of bioavailable P brought by
micro-sized cells might cause higher Chlorophyll
a concentrations of the nano- and pico-sized
cells in the system.
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