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tmospheric aerosols affect Cu-
binding organic ligands in the oligotrophic coastal
sea surface microlayer?†
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It is still unclear how the chemical speciation of Cu in surface seawater is impacted by aerosols from various

sources deposited on the sea surface, which is surprising, considering the environmental importance of Cu.

Therefore, we used voltammetry to investigate Cu complexing capacity (CuCC) in the sea surface

microlayer (SML) and in the underlying water (ULW) of the oligotrophic middle Adriatic Sea during

February–July 2019. The focus was on the impacts of specific atmospheric processes such as open-fire

biomass burning (BB), pollination season and Saharan dust intrusion. The presence of ligand class L2
(19.9–392.0, average 63.8, median 43.1) nM; log K2 (8.3–10.2, average 9.6, median 9.6) was observed in

all samples, while ligand class L1 (40.5–76.1, average 53.6, median 48.9) nM; log K1 (10.3–11.1, average

10.6, median 10.5) was found in only 25% of SML samples. Throughout the period, the SML was enriched

with organic ligands by a factor of up to 9.1 compared to the ULW, mainly due to the high sensitivity of

the SML to specific atmospheric depositions. In addition, measurements with corresponding specific

model aerosols were conducted to analyse their impacts on CuCC. Pollen directly affected CuCC in the

SML by increasing the concentration of allochthonous ligands such as proteins. The deposition of BB

aerosols rich in nutrients and trace metals stimulated the biological production of organic ligands,

showing an indirect effect on CuCC delayed by up to two weeks. Finally, Saharan dust had a negligible

impact on CuCC. This study illustrates the susceptibility of oligotrophic coastal area to the effects of

pollen and open-fire BB aerosols in altering the Cu-binding organic ligands in the SML.
Environmental signicance

It is still unclear how aerosols of pollen, biomass burning (BB) or Saharan dust affect the chemical speciation of Cu(II) in the sea surface microlayer (SML). The
interaction of Cu(II) with organic ligands is very important because it controls bioavailable Cu(II) concentration, balancing its benecial nutritive and harmful
toxic effects for marine microorganisms. Aer deposition on the SML, pollen directly affected the Cu-binding ligand pool by increasing the concentration of
allochthonous ligands such as proteins, open-re BB aerosols rich in inorganic nutrients showed an indirect effect by stimulating the biological production of
autochthonous organic ligands, while Saharan dust intrusion showed a negligible effect on Cu-binding ligands. The atmospheric input of pollen and BB
aerosols affects Cu speciation in oligotrophic coastal seas.
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1. Introduction

The atmosphere represents one of themost important transport
pathways of various natural and anthropogenic aerosols from
the continents to the oceans.1 Through atmospheric deposition,
aerosols, a complex mixture of organic and inorganic
compounds, directly affect marine biochemical processes such
as primary and secondary production, and indirectly inuence
the atmospheric carbon dioxide budget and the global climate.
Aerosols can supply seawater with macronutrients (N, P, Si),
trace metals,2–4 and a wide range of organic compounds.5 Some
tracemetals are micronutrients and essential for phytoplankton
growth (e.g. Fe, Cu, Mn, Zn, Co, .), while some others can
Environ. Sci.: Processes Impacts, 2024, 26, 119–135 | 119
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induce toxic effects (e.g. Hg, Pb, Cd). The biological availability
of trace metals entering seawater via atmospheric deposition is
regulated by their chemical speciation, interactions (with
organic matter, interfaces, biota),6 chemical transformations,
solubility,2,7,8 leaching9 and uptake kinetics.10 Atmospheric
deposition is one of the most important sources of water-
soluble organic carbon in seawater,11,12 which serves as
a carbon source for heterotrophic bacteria and thus plays a role
in the biogeochemical carbon cycle.13 Due to the ubiquitous
global function of phytoplankton, which is responsible for the
sequestration of about half of atmospheric carbon dioxide
through photosynthesis, the utilization of supplied external
inorganic nutrients14 and resilience to pressures from externally
supplied anthropogenic organic pollutants15,16 appear to be very
important for its growth and reproduction. In general, the
response of phytoplankton and heterotrophic bacteria to
atmospheric deposition depends on the trophic status of the
marine environment. Oligotrophic marine areas, where primary
production is limited in terms of available nutrients, are
particularly sensitive to atmosphere-water interactions, espe-
cially to the fertilizing potential of aerosols.5,17,18

The rst direct contact of atmospheric aerosols with seawater
occurs within the sea surfacemicrolayer (SML), the largest natural
boundary layer placed within the uppermost 1 mm of the sea
surface that connects the atmosphere and the ocean. Due to the
direct solar radiation exposure, the SML is a specic biogeo-
chemical environment with a broad spectrum of aquatic micro-
organisms (neuston) the metabolic activity of which determines
the production, degradation and modication of organic matter
within the SML.19 The SML is a specic region of the water column
dominated by different types of organic substances, which can be
produced in situ within the SML,20 transported from subsurface
waters21 or originate from the atmospheric and terrestrial
input.22,23 The surface-active organicmatter readily accumulates at
the air–water interface, causing a decrease in surface tension24

and inuencing the ux of energy and gasses.
Copper is one of the most studied and monitored trace

metals in seawater due to its nutritive as well as, depending on
the concentration, harmful effect to certain phytoplankton
species.1,25 Atmospheric deposition to seawater represents one
of the exogenous sources of Cu,4,26 inuencing biochemical
processes in seawater.1,27 The chemical speciation of Cu in
seawater is mainly controlled by interactions with dissolved
organic ligands via complex formation.28 Different organic
molecules could serve as Cu-binding organic ligands in
seawater. Field studies29 supported by laboratory bioassay
experiments with phytoplankton cultures30,31 and macroalgal
species32 point that autochthonous ligands of biological origin,
generally belonging to the L1 ligand group, bind Cu in surface
seawater. The exudation of organic ligands to form inert Cu
complexes in seawater may be one of the strategic ways for
phytoplankton to reduce the concentration of bioavailable (free/
hydrated) Cu2+ to very low levels (0.001–10 pM).30 On the other
hand, L2 ligands are usually found in the deep waters, where
they originate from passive production associated with grazing,
decay of organic matter and bacterial transformations.29 In
addition, allochthonous ligands such as terrestrial humic
120 | Environ. Sci.: Processes Impacts, 2024, 26, 119–135
substances appear as relatively strong Cu-binding ligands in
coastal and estuarine waters.33

In this study, we investigated the inuence of atmospheric
deposition on the organic Cu complexing capacity (CuCC)
parameters (concentration of organic ligand classes, Li, and their
apparent stability constants, Ki) of the surface layers (SML and
underlying water, ULW from ∼1 m depth) at the central Adriatic
coast. The objective was to answer the following questions: (i)
how do the CuCC parameters change in the upper surface layers
of the coastal waters from winter to summer, and (ii) to what
extent were Cu-binding ligands affected by specic atmospheric
depositions related to registered atmospheric events such as
open-res of local vegetation, pollination period and Saharan
dust intrusion. To address the possible extent and nature of the
inuence of each specic event typical for the entire Mediterra-
nean coastal area on the CuCC parameters in the SML, we
additionally analysed water leachate of lter-collected aerosols of
(i) simulated biomass burning (BB) and (ii) Saharan dust, as well
as (iii) model solutions of different pollen from anemophilous
plants characteristic for the middle Adriatic coast. Based on the
redox processes of organic molecules in the eld samples and in
specic leachate solutions detected by electrochemical methods
on the working electrode, we identied protein-like material and
reduced sulphur species (RSS) as organic ligands that specically
bind Cu in the SML. In addition, we discussed the environmental
role of atmospheric deposition in the interactions between Cu
and organic matter as well as in the biogeochemical processes of
organic matter and Cu ions in the SML of oligotrophic coastal
marine areas relevant for the Adriatic Sea and the entire Medi-
terranean region.
2. Materials and methods
2.1. Sampling area and environmental conditions

Seawater samples were collected between February 6th and July
10th, 2019 at Jadrija (J) and Martinska (M) stations in the
Šibenik archipelago's coastal zone at the eastern part of the
middle Adriatic Sea (Croatia, Fig. 1). This marine area is char-
acterized by oligotrophic conditions with poor biological
production,34 with low inuence from the karstic Krka River
runoff, and with Šibenik town (population 34 000) having low
industrial activity.

Environmental conditions on the days of sampling are listed
in Table 1. Sampling was mostly conducted in sunny and calm
weather (wind speed ranged from 0.6 to 4.2 m s−1), with no or
little precipitation on the day of sampling (<7.6 mm), ensuring
stability of the SML and no depletion of organic matter. Salinity
in the SML and ULW samples at Jadrija station ranged between
29.3 and 38.5 psu, while at Martinska station, located in the
Krka River estuary, it was between 5.5 psu in the SML and 22.6
psu in the ULW. Water temperature ranged between 6.2 °C in
winter and 26.3 °C in summer for both stations.
2.2. Meteorological situation and specic events

The area is under the inuence of Mediterranean climate with
temperate, wet winters and warm to hot, dry summers, with
This journal is © The Royal Society of Chemistry 2024
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Fig. 1 Jadrija and Martinska stations in the coastal zone of Šibenik archipelago in the middle Adriatic Sea. The map was created using open
source QGIS (http://qgis.osgeo.org).
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high to very high re risk. According to Köppen's classication,
the researched area belongs to the Csa climate, with the
immediate hinterland characterised by the Cfa climate.35 The
temporal variations of the average daily meteorological
parameters such as wind speed, air temperature, precipitation,
and relative humidity (Fig. 2A) were measured at the Martinska
marine station.4,20 Briey, the air temperature showed a clear
seasonal pattern with a cold winter and a warm summer, with
strong N to N/NE bora winds in winter and southerly winds in
spring/summer. Most precipitation occurred in April and May,
while relative humidity ranged from 24 to 89% (Fig. 2A).

Three types of specic atmospheric events were registered
during our sampling campaign: open-re biomass burnings
(BB), Saharan dust intrusion and pollination season (Fig. 2B).
According to the air-mass backward trajectories, the period of
Saharan dust intrusion was identied on April 21st–25th, 2019
(Fig. S1†). Three intense open-re BB events in winter (February
16th–21st) and spring (March 31st–April 2nd, June 6th–15th)
This journal is © The Royal Society of Chemistry 2024
were based on air-mass backward trajectory analysis and
archival data from the Šibenik County Fire Department (http://
www.vatrogastvo-sibenik-knin.hr/). The latter data usually
contain information on the type of operation, the duration of
the re, the area attacked, and the type of vegetation affected.
The sampling campaign coincided with the main pollination
period of the trees and the highest airborne pollen
concentrations in March and April (https://
www.plivazdravlje.hr/alergije/kalendar/21/Sibenik.html). Local
wind speed, air temperature, precipitation, and/or relative
humidity appeared to be directly responsible for the
occurrence and permanence of extreme pollen events
characterised by high airborne pollen concentrations over
a period of time in the Mediterranean area.36–38
2.3. Seawater sample collection and treatment

The SML samples (microlayer thickness d = 20 ± 3 mm) were
collected using an in-house constructed rotating drum sampler
Environ. Sci.: Processes Impacts, 2024, 26, 119–135 | 121
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Table 1 Environmental conditions at the days of sampling during the middle Adriatic Sea campaign in 2019

Date Sample station Weather condition Wind speed m s−1 Wind direction
Precipitation
mm

SML ULW

S/psu T/°C S/psu T/°C

06.02 J Sunny 0.9 NW 0 38.06 12.82 36.20 13.20
20.02 J Sunny 3.8 SW 0.2 29.30 12.40 36.20 13.25
05.03 J Sunny 0.6 N/NW 0.3 37.94 12.62 38.15 12.88
20.03 J Sunny 4.2 NE 0 38.38 13.59 38.38 13.58
01.04 J Sunny 0.8 NE 0 37.79 14.38 37.96 14.41
16.04 J Sunny 0.9 SE 0 36.48 14.67 36.94 14.74
29.04 J Cloudy 2.6 N 0 37.92 16.22 37.92 16.23
15.05 J Sunny 3.8 N/NE 0 38.42 16.12 38.45 16.08
29.05 J Sunny 3.8 S 7.6 36.88 19.23 37.14 18.55
12.06 J Sunny 3.7 S 0 31.31 22.93 33.88 23.01
27.06 J Sunny 1.6 NE 0 36.89 23.88 37.22 23.46
10.07 J Sunny 3.7 S/SW 5.9 34.79 25.41 34.75 25.41
06.02 M Sunny 0.9 NW 0 5.53 9.44 6.23 6.20
01.04 M Sunny 2.8 NE/SE 0 14.88 13.22 22.60 14.38
29.05 M Sunny 2.5 S 7.6 9.12 19.96 11.16 19.79
10.07 M Sunny 2.8 S 5.9 21.25 26.16 22.53 26.29

Fig. 2 (A) Daily average meteorological parameters recorded at
Martinska marine station and (B) airborne pollen concentrations
(yellow) with marked open-fire BBs (orange) and Saharan dust (grey)
events identified during the sampling campaign in the middle Adriatic
coastal area. (For interpretation of the references to colour in this
figure legend, the reader is referred to the Web version of this article.)

122 | Environ. Sci.: Processes Impacts, 2024, 26, 119–135
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made of polymethyl methacrylate (PMMA, plexiglas) driven by
a battery-powered geared electric motor (Fig. S2†) and stripped
via a PTFE wiper into pre-cleaned (nitric acid, p.a.) PE bottles.
The drum dimensions are as follows: length = 49.8 cm, diam-
eter = 39.6 cm, with a rotation speed of 8 rpm. The sampler is
constructed in a way that the drum is placed a few cm below the
water level to ensure that the whole surface of the drum crosses
through the interface upon rotation. The ULW was collected
directly from the rubber boat from a depth of about 1 m, also in
PE bottles. All bottles were sealed in zip-lock plastic bags and
immediately frozen until analysed. Prior to analysis, samples
were thawed and ltered through pre-cleaned (180 mL MQ
water + 180 mL UV-irradiated seawater) cellulose acetate (CA)
capsule lters (0.45 mm pore size, Minisart, Sartorius, Göttin-
gen, Germany) mounted on a syringe. Freezing/thawing could
lead to the release of organic molecules from the cells, which in
turn could alter the amount of Cu-binding ligands, probably by
increasing their concentration in the dissolved fraction. If so,
the ligand concentrations determined in this study might have
been overestimated to a small extent. However, their trend over
the studied period will most probably have remained the same
because all samples were treated in the same way. Additionally,
our results are highly comparable to the CuCC determined in
the SML in the eastern Mediterranean, as discussed in Section
3.2.1, and they also t well with the other results obtained
during the 2019 BiREADI campaign.4,20,39 Seawater salinity and
temperature were measured using a SeaBird 25 CTD proler.
2.4. Specic aerosol sampling and analysis: simulated BB
and Saharan dust

The PM10 aerosols (particulate matter with an aerodynamic
diameter da < 10 mm) produced by the combustion of dry oak
rewood as a simulation of a BB emission were collected on pre-
combusted quartz ber lters (d = 140 mm, Whatman) using
a high-volume aerosol sampler (ow rate 32 m3 h−1, Kalman
System Co., Hungary). The rewood logs were burnt in a Servant
This journal is © The Royal Society of Chemistry 2024
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S114 cast iron stove with a heating capacity of 5 kW. The stove
was connected to a stack about 8 m high with an internal
diameter of 120 mm. At the end of the stack a small amount of
the ue gas was introduced into a dilution unit in which the
sampling head of the high-volume aerosol sampler was placed.
The lter sections containing 8.07 mg, 12.20 mg and 9.34 mg of
aerosols collected in different phases of combustion were
leached separately in UV-irradiated seawater by ultrasonic
agitation for 20 min and subsequent storage at +4 °C for 24 h.
The obtained solutions were ltered through a pre-cleaned 0.45
mm CA lter (Sartorius) and immediately analysed for organic
components (CuCC, RSS, and protein-like material).

The PM10 aerosols of Saharan dust were collected on the
Adriatic coast during a dust yield in June 2021 (Fig. S1†) on pre-
combusted (450 °C for 4 h) quartz ber lters (d = 47 mm, Pall
Life Sciences, Port Washington, New York) using an automatic
sequential low-volume reference sampler PNS 18T-DM-3.1
(according to EN 12341:2014, Comde-Derenda, Stahnsdorf,
Germany). The sampler was operated at a volume airow rate of
2.3 m3 h−1. A lter section containing 0.23 mg of the collected
dust was leached in UV-irradiated seawater (ultrasonic agitation
for 20 min and subsequent storage at +4 °C for 24 h) and the
leachate was then ltered in the same way as the BB leachates,
followed by the analyses of organic components (CuCC, RSS,
and protein-like material). The water-soluble organic carbon of
the corresponding unexposed lters (blanks) was subtracted
from the one of exposed lters.

2.5. Sampling and analysis of tree pollen

Pollen was collected during the pollination season from the taxa
Cupressus sempervirens L. and Juniperus communis L. (both from
the family Cupressaceae), and Pinus nigra J. F. Arnold (family
Pinaceae) in the Botanical Garden (Faculty of Science, Univer-
sity of Zagreb, Croatia). The selected species were chosen
because the dominance of cypress and pine pollen had been
conrmed for the middle Adriatic coastal area and the imme-
diate hinterland.37 The mature anthers were collected directly
from the plants in a paper bag and dried at room temperature.
Pollen powder was separated from the anthers, weighed, and
dissolved in UV-irradiated seawater to a concentration of
80 mg L−1 each to reach dissolved organic carbon (DOC) of
6.387, 7.351 and 7.117 mg C L−1 in order to reect the DOC
values measured in the SML samples on April 1st, 2019
(6.762 mg C L−1 at J and 7.250 mg C L−1 at M station), when
airborne pollen concentration in Šibenik area was very high
(>1500 day−1 m−3) and coincided with the BB event (Fig. 2B).
The solution was ltered through a pre-cleaned 0.45 mm CA
lter (Sartorius) and immediately analysed for organic matter
components (CuCC, RSS, and protein-like material).

2.6. Instrumentation and reagents

The electrochemical instrumentation consisted of a mAUTOLAB
potentiostat type II (EcoChemie, The Netherlands), a 663VA
Stand three-electrode system (Metrohm, Herisau, Switzerland),
and an Interface for Mercury Electrode (IME) module. A PC
equipped with GPES 4.9 soware was used for the automatic
This journal is © The Royal Society of Chemistry 2024
measurements and data acquisition. A static mercury drop
electrode (SMDE) with a surface area of 0.52 mm2 served as the
working electrode. Commercially available Ag/AgCl (3 M KCl)
was used as the reference electrode and a glassy carbon rod as
the counter electrode. Dissolved oxygen was removed from the
samples by introducing nitrogen for 15 min before analysis. The
deoxygenation and accumulation steps were accompanied by
stirring at 3000 rpm with a Teon stirrer. All measurements
were performed at room temperature (23 ± 1 °C).

Stock solutions of Cu2+ were prepared by dilution of stan-
dard solution (Cu(NO3)2 in 0.5 M HNO3, traceable to SRM from
NIST, 1000 mg L−1 Cu2+ Certipur®, Merck-Millipore). Triton-X-
100 (T-X-100), bovine serum albumin (BSA, lyophilised), and
glutathione (GSH) were purchased from Sigma-Aldrich, Stein-
heim, Germany. Nitric acid of analytical purity (pro analysis,
p.a.) and high purity (suprapur, s.p.) was bought from Fisher
Scientic, UK. Deionised ultrapure Milli-Q water (18.2 MU cm
resistivity) (Millipore, Burlington MA, USA) was used to prepare
the diluted solutions and to rinse the cell and electrode system.
The UV-irradiated seawater, free of organic matter, was
prepared from the Adriatic seawater stored in the dark at +4 °C
for at least 3 months. Filtered seawater (0.7 mm glass ber lter,
GF/F, Whatman) was irradiated for 24 h with a homebuilt UV
system (250 W high-pressure mercury vapour lamp) to decom-
pose natural organic matter.
2.7. Determination of CuCC parameters

Up to 99.6% of total dissolved Cu2+ (dCu; including organic Cu2+

complexes, inorganic Cu2+ complexes and free/hydrated Cu2+)
in seawater is in the form of organic complexes.29 Their
concentrations and apparent stability constants are determined
by mathematical modelling aer complexometric titration.40

Organic ligands with different Cu binding strengths contribute
to CuCC, and according to a “discrete model” they are grouped
based on similar affinities of Cu-binding functional groups.
Therefore, the CuCC does not usually provide information
about the structure of the ligands or complexes, but the
concentrations of the individual groups (classes) of organic
ligands (Li) and their corresponding conditional stability
constants (Ki) are the main parameters describing the CuCC.
The obtained K-s are only valid under the physicochemical
conditions (temperature, salinity) of the analysed samples
(Table 1).

Two aliquots of each of the ltered seawater sample, the UV-
irradiated seawater-leached dust, the UV-irradiated seawater-
leached BB aerosols, and the UV-irradiated seawater solution
of model pollen were prepared for CuCC study. The concen-
tration of total dCu was determined by differential pulse anodic
stripping voltammetry (DPASV) in one aliquot and com-
plexometric titration was done in the other. Before determina-
tion of total dCu, nitric acid (68% w/w HNO3, s.p., Merck) was
added to the rst ltrate aliquot to achieve a pH < 2, aer which
the samples were exposed to UV irradiation for 24 h to
decompose organic ligands. The samples were then titrated
with an increased concentration of Cu(NO3)2 standard solution
and the peak current was measured. The DPASV measurement
Environ. Sci.: Processes Impacts, 2024, 26, 119–135 | 123
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conditions were: accumulation potential, Ea −0.85 V, accumu-
lation time, ta 300 s, step potential, Es 1.95 mV, amplitude,
a 19.95 mV, modulation time, tmod 0.04 s, and interval time, tint
0.1 s. The total dCu concentration in the samples was calculated
using the standard additionmethod. The accuracy of the DPASV
method was veried using the Open Ocean Seawater Reference
Material for Trace Metals (NASS-6), of the National Research
Council of Canada, with a certied Cu value of 0.248 ± 0.025 mg
L−1. The measured total dCu concentration was within 5% of
the certied value.

The second ltrate aliquot (at natural pH) was also titrated
with Cu2+ standard solution. A period of 15 min was allowed
aer each Cu2+ addition for its distribution to reach equilib-
rium. The DPASV was applied under the following conditions:
Ea −0.60 V, ta 120 s, Es 4.05 mV, a 25.02 mV, tmod 0.05 s, and tint
0.61 s. The obtained titration curves (peak current vs. (dCu +
added Cu)) weremathematically transformed into the Ružić-van
den Berg, Langmuir/Gerringa and Scatchard complexation
models embedded in the ProMCC soware41 in order to calcu-
late the CuCC parameters: Li and corresponding log Ki of the
complexes. A linear shape of the Scatchard plot indicated the
presence of 1 class of ligands, while a convex shape suggested
the presence of 2 classes of ligands.40

2.8. Determination of protein-like ligands

Constant current chronopotentiometric stripping (CPS) was
used for the detection of protein-like material in the dissolved
seawater fraction. The CPS analysis is based on the detection of
“peak H” at highly negative potentials around −1.85 V (vs. Ag/
AgCl reference electrode).42,43 Peak H appears in a slightly
alkaline solution such as seawater due to the hydrogen evolu-
tion reaction catalysed only by the adsorbed protein-like mate-
rial.44 CPS was performed under the following conditions: Ea
−0.6 V, ta 60 s, 120 s or 180 s, stripping current Istr = −3 mA, −4
mA, −5 mA (seawater samples, simulated BB and dust leachate),
−15 mA (model pollen solution) and maximum measurement
time 3 s. In contrast to previous CPS quantications of protein-
like material in seawater samples using a calibration plot con-
structed with the concentration range of a standard protein,42,43

here we used the BSA standard addition method for the rst
time. In this way, peak H was successfully detected by adjusting
ta and Istr for each sample, which would not have been possible
using a preconstructed calibration plot, because of the unex-
pectedly high amounts of protein-like material in SML samples.
The protein-like material is expressed in the equivalent
concentration of BSA, a common protein standard used inmany
analytical protocols, including the analysis of dissolved proteins
and commassie-stained protein particles (CSP) in seawater.

2.9. Determination of reduced sulphur species (RSS)

The electrochemical determination of RSS is based on the
reaction of sulydryl groups with the mercury working elec-
trode forming Hg-SR, followed by its cathodic stripping reduc-
tion and the appearance of a peak around −0.6 V.45 Square wave
voltammetry (SWV) was applied to detect dissolved RSS under
the following conditions: Ea −0.2 V, ta 180 s, Es 4.05 mV,
124 | Environ. Sci.: Processes Impacts, 2024, 26, 119–135
a 25.05mV and f 50 Hz. Reduced glutathione (GSH) was used for
calibration, with a detection limit of 5.3 nM. GSH is found in
oxic seawater layers at the surface at nM concentrations,45,46

whichmakes it a goodmodel for the quantication of RSS in the
SML and ULW samples.
2.10. Surface-active substances (SAS) determination

SAS were quantied in the dissolved seawater fraction using
alternating current (AC) voltammetry with an out of phase mode
(phase angle 90°), Ea −0.6 V, ta 30 s, f 77 Hz, a 10 mV, and Es
40 mV. The method detects the decrease in capacitive current
due to the adsorption of SAS at the electrode–electrolyte inter-
face and the perturbation of the double layer capacitance.47 The
non-ionic surfactant T-X-100 was used as a model calibration
compound for SAS with a detection limit of 0.02mg L−1. T-X-100
is commonly used for the quantication of SAS in marine SML
and ULW samples.24,48–50
2.11. Dissolved organic carbon (DOC) measurement

For the analysis of DOC and water-soluble organic carbon,
samples were ltered using pre-combusted (450 °C for 4 h) glass
ber lters (GF/F 0.7 mm Whatman, Maidestone, UK) in an all-
glass ltering system (Millipore, Burlington MA, USA). Filtrates
for the analysis were collected in duplicates in 20mL glass tubes
precleaned with chromium-sulfuric acid, rinsed with Milli-Q
water, and pre-combusted at 450 °C for 4 h. Samples were
preserved with HgCl2 (nal concentration 10mg L−1) and stored
in the dark at 4 °C until analysis. Measurements were per-
formed using a TOC-VCPH analyser (Shimadzu) with platinum
silica catalyst and nondispersive infrared (NDIR) detector for
CO2 measurements. The concentration of organic carbon was
calculated as an average of 2 replicate samples. The average of
the instrument and the Milli-Q blank sample corresponded to
0.03 mg L−1 (n = 33) with high reproducibility (1.6%).
2.12. Data analysis and interpretation

The analysis of backward trajectories of air masses was per-
formed using the NOAA Hybrid Single-Particle Lagrangian
Integrated Trajectory (HYSPLIT) transport model,51,52 with
Global Data Assimilation System (GDAS; 1°, global, 2006 –

present). The back trajectories were calculated for 72 h time
intervals with a 24 h frequency (Fig. S1†). The plots represent
a trajectory ensemble of 3 individual backward trajectories,
terminating at the sampling point at 5 m above ground level.

All graphs were created in OriginPro 9.0. The strength and
direction of linear correlation was expressed by the Pearson
correlation coefficient (r), with a statistical signicance level p <
0.05.

The enrichment factors (EF), indicating a degree to which
the SML is enriched in a specic analyte (X) relative to the ULW,
were calculated as the ratio of concentration of X in the SML
and ULW:

EF(X) = [X]SML/[X]ULW (1)
This journal is © The Royal Society of Chemistry 2024
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EF > 1 indicates the enrichment in the SML due to accu-
mulation of material at the air–sea interface transported either
from the water column or deposited from the atmosphere,
while EF < 1 indicates the depletion of a certain analyte in the
SML compared to the ULW.
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3. Results
3.1. Overcoming organic surfactants' interference on Cu
redox processes on the electrode

SAS usually account for a signicant fraction of the natural
organic matter pool in a seawater column,53 with the SML rep-
resenting a top layer, which is especially dominated by SAS.24 In
the middle Adriatic's SML and ULW samples, surface-active
electro(in)active organic substances (SAS) were present in the
range 0.028–68.4 and 0.005–3.6 eq. mg T-X-100 L−1, respectively
(Tables 2 and 3). Using DPASV, we examined complexometric
titrations of Cu in two selected samples whose DOC and SAS
concentrations were higher than the average DOC and SAS
values found in the SML (0.798 mg C L−1; eq. 0.179 mg T-X-100
L−1) and in the ULW (0.878 mg C L−1; eq. 0.106 mg T-X-100 L−1).
The selected samples were: the SML sample collected on April
16th (1.16 mg C L−1, eq. 0.196 mg T-X-100 L−1) and the ULW
sample on April 1st (0.971 mg C L−1, eq. 0.398 mg T-X-100 L−1).
Three very high DOC and SAS values determined for the SML at
both stations in April (Table 2) were excluded from the calcu-
lated average DOC and SAS values. SAS interferences were
signicant during DPASV measurements in both samples,
which resulted in a lower sensitivity of the technique. To over-
come this, we considered the application of a desorption step
applied aer the accumulation54 and the addition of competing
hydrophobic surfactant such as T-X-100.33 SAS normally desorb
from the electrode surface at potentials more negative than
−1.3 V.24 We applied desorption potential, Ed −1.4 V for 1 s
(Fig. S3A†), which provided higher Cu reoxidation peak and this
step was therefore used in all ASV measurements. Moreover,
according to the dependence of the Cu peak intensity on the
range of T-X-100 concentrations (0.2–10 mg L−1, Fig. S3B†),
1 mg L−1 of T-X-100 was added to all our samples prior to ASV
measurement, ensuring much higher sensitivity. An adsorbed
layer of T-X-100 does not affect the electrochemical processes of
Cu, but increases the peak of Cu reoxidation.33,55 The pseudo-
polarograms observed in UV-irradiated seawater and in the
selected SML and ULW samples showed substantial differences
when recorded with and without the addition of T-X-100
(Fig. S3C†). At the Ea = −0.6 V, which was chosen for the
selective detection of labile Cu species, the peak current was
higher for all three electrolytes, showing the benet of T-X-100
addition.
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3.2. CuCC in the surface seawater of the middle Adriatic Sea

The mathematical transformations of the Cu complexometric
curves obtained for the SML and ULW samples in the ProMCC
soware illustrated the capacity of one (L2) or two classes of
organic ligands (L1, L2) to bind Cu2+. The SML contained ligand
class L2 (28.4 ± 0.7 to 392.0 ± 8.3 nM) in all analysed samples,
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while ligand class L1 (40.5± 14.6 to 76.1± 22.5 nM) was present
in only four SML samples; three of those were from Jadrija
station (March 5th, April 16th, June 27th, Table 2) and one
sample from Martinska station (April 1st, Table 2). In the ULW
samples, only ligands of class L2 were present, in the range 19.9
± 1.0–69.6 ± 2.8 nM (Table 3). For the SML samples, log K1

values were 10.3± 0.4–11.1± 2.8 with an average value of 10.6±
1.3 and log K2 values were 8.3 ± 0.2–10.0 ± 0.1 with an average
value of 9.4± 0.1. The log K2 values for the ULW samples ranged
from 9.5 ± 0.1 to 10.2 ± 0.2 with an average value of 9.8 ± 0.1.

Fig. 3 shows the change in total concentration of ligands and
Cu, with atmospheric events during the sampling period in the
background. Over the entire sampling period from February to
July 2019, higher CuCC was detected in the SML than in the ULW
samples. The EF for Ltot in the SML ranged from 0.9 to 9.1 with
a mean of 2.6 (Fig. 4) and a median of 2.0. The SML was enriched
in Ltot at both stations (EF > 1), with the exception of the Jadrija
station on February 20th (EF = 0.9). Signicant enrichment of
organic ligands (EF > 2) was detected in 31% of the SML samples.
Enrichment factor for DOC ranged from 0.2 to 8.7 with an
average value of 1.8 and a median of 1.0. The samples from April
1st with EF = 9.1 in Jadrija and EF = 4.6 in Martinska stood out
probably due to the highest values of [Ltot] and DOC determined
Fig. 3 Concentrations of Ltot and dCu in the SML and ULW samples for
Jadrija (A) and Martinska (B) station with marked specific atmospheric
events: orange – open-fire BB, yellow – airborne pollen, grey –
Saharan dust.

This journal is © The Royal Society of Chemistry 2024

https://doi.org/10.1039/d3em00415e


Fig. 4 Enrichment factor (EF) for Ltot and dCu concentrations at
Jadrija (J) and Martinska (M) stations in the period February–July 2019.
The black horizontal line indicates EF = 1, specific atmospheric events
are: orange – open-fire BB, yellow – airborne pollen concentration,
grey – Saharan dust.
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in the SML. Sampling on April 1st coincided with episodic
atmospheric pollen input as well as nearby open-re event
(Fig. 2B), indicating that the dissolved organic ligands contained
in the SMLmay be of atmospheric origin. A very high enrichment
of Ltot (EF= 6.0) and dCu (EF= 8.0) in the SML was also detected
on February 6th at the Jadrija station (Fig. 4), but we could not
identify any atmospheric event associated with an intense input
before the start of our campaign.

3.2.1. Cu-binding organic ligands. Since the coastal SML
represents a very specic environment in terms of specic
phytoplankton, photochemical processes inuenced by direct
solar radiation and anthropogenic impacts, the structure of Cu-
binding organic ligands found there could be very specic.
Being focused on the certain atmospheric events and the air–
sea interactions followed during our campaign by comparing
the SML and the corresponding ULW samples, we analysed
protein-like material as allochthonous (atmospheric) Cu-
binding ligands connected to the intensive pollen deposition,
and RSS as both autochthonous (biological) ligands and
allochthonous (atmospheric) ligands in some samples. In
a dissolved fraction of the SML samples from April at both
stations, protein-like material was quantied by the detection of
peak H applying the CPS method (Table 2). The concentration
in Jadrija SML samples was eq. 0.40 ± 0.31 nM BSA on April 1st
and eq. 1.63 ± 0.56 nM BSA on April 16th, while at Martinska
station, the concentration was eq. 2.17 ± 0.30 nM BSA on April
1st. Chronopotentiograms and accompanying BSA standard
additions to the SML sample from April 16th are shown in
Fig. S4.† In addition, CuCC parameters for 1 mg L−1 BSA,
a model protein, in UV-irradiated seawater electrolyte were
determined from the complexometric titration curve data
(Fig. S5†). BSA bound Cu2+ ions at a concentration of 152.0 ±

3.1 nM and formed complexes with log K = 9.29 ± 0.56. This is
comparable to the concentrations of the ligand class L2 and the
This journal is © The Royal Society of Chemistry 2024
log K2 values determined in the SML, justifying BSA as a good
model for protein-like ligands.

RSS concentrations at both stations ranged from eq. 5.9 ±

3.2–76.5 ± 6.5 nM GSH and accounted for 6–30% of the ligands
in the samples. The highest RSS concentrations were found in
the SML of Jadrija (eq. 76.5 ± 6.5 nM GSH) and Martinska (eq.
34.8 ± 2.8 nM GSH) on April 1st, while their concentration was
lower in the corresponding ULW samples, indicating possible
atmospheric impact via deposition of various aerosols such as
pollen and/or BB in the SML. Moreover, RSS were detected in all
SML and ULW samples at Martinska station situated in the
Šibenik Bay (in Krka River estuary; Tables 2 and 3), but at higher
levels than previously reported for the water column in the
upper reach of the Krka River,56 possibly due to atmospheric
impact.

Normalization of Ltot concentrations to the DOC values
provides information on the amount of Cu-binding organic
ligands per unit mass of organic carbon, [Ltot]/DOC (mmol mg−1

C−1).50 The concentrations of Ltot were not found in a constant
ratio in the DOC (Tables 2 and 3). The amount of organic
ligands by mass unit of DOC ranged from 0.04 to 0.20 mmol
mg−1 C−1 with an average value of 0.09 mmol mg−1 C−1 in the
SML samples, while the values for the ULW varied to a lesser
extent, between 0.02–0.08 mmol mg−1 C−1 with an average value
of 0.04 mmol mg−1 C−1. These results indicate a higher number
of Cu-binding organic ligands per organic C mass unit in the
SML, showing that SML is a specic environment where
allochthonous and autochthonous organic ligands accumulate.

To our knowledge, the electrochemical study of Cu-binding
organic ligands in the SML has only been reported for a few
marine areas. In Table 4, we compared obtainedMiddle Adriatic
CuCC parameters, EF-s, and Ltot/DOC ratios for the SML and
corresponding ULW with those published for the Mediterra-
nean Sea,49,50,57 the Norwegian ords,48 and the Yellow Sea,58

taking into account their specic environment and trophic
conditions. The range of Ltot concentrations found for the SML
in the middle Adriatic Sea is comparable to the values reported
for the oligotrophic E Mediterranean Sea, but is lower than the
Ltot concentrations in the SML in the mesotrophic NW Medi-
terranean Sea, which is considered the second most productive
part of the Mediterranean area due to nutrient supply from the
Rhone and Ebro rivers.59 The biological molecules and products
formed during the rapid transformation of fresh organic matter
are the predominant Cu-binding ligands in the SML of the E
Mediterranean,50,57 while there may be autochthonous as well as
additional sources of ligands such as atmospheric inputs in the
SML of the NW Mediterranean.49 The average values for Ltot
concentrations in the ULW of the Adriatic Sea were up to ve
times lower than those in the E and NW Mediterranean, con-
rming the low autochthonous production of ligands. The
highest Ltot concentrations were determined in the SML in
subarctic Norwegian ords, characterized by local reminerali-
sation of sediments,60 where ULW was identied as the only
source of Cu-binding ligands that eventually reach the SML.48 In
the eutrophic Jiaozhou Bay, where river and sewage discharges
stimulate primary production61 and the inuence of wet atmo-
spheric deposition is negligible,62 higher average Ltot
Environ. Sci.: Processes Impacts, 2024, 26, 119–135 | 127
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Table 4 Comparison of the middle Adriatic Sea CuCC with the values for the SML and ULW of E and NW Mediterranean, subarctic Norwegian
fjords and Jiaozhou Bay (Yellow Sea, North China)

Coastal sea [Ltot]/nM EFLtot log K Ltot/DOC mmol mg−1 C−1

Middle Adriatic Seaa SML 28.4–392 0.9–9.1 8.3–11.1 0.04–0.20
100.2g 9.4g 0.09g

ULW 19.9–69.6 2.6g 9.5–10.2 0.02–0.08
39.3g 9.8g 0.04g

E Mediterraneanb SML 29–201 0.8–2.0 7.5–8.3
114g 8.0g

ULW 22–136 1.2g 7.6–8.5
93g 7.9g

E Mediterraneanc SML 51.5–679.6 0.3–2.5 6.6–7.9 0.03–0.17
229.6g

55.2–346.4 1.2g

ULW 208.5g

NW Mediterraneand SML 280–940 1.2g 0.10–0.29
ULW 100–370 0.10–0.20

Norwegian ordse SML 230–1790 1.3–5.1 6.8–7.8 0.11–0.64
ULW 90–370 2.5g 0.07–0.24

Jiaozhou Bay (Yellow Sea)f SML 385g 1.56g 7.21g

ULW 245g

a This paper. b Karavoltsos et al., 2022.57 c Karavoltsos et al., 2015.50 d Plavšić et al., 2007.49 e Gašparovíc et al., 2007.48 f Chen et al., 2006.58 g Average
values.
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concentrations were identied than in the oligotrophic Adriatic
and E Mediterranean. Stability constants were higher in the
middle Adriatic area, with stronger L1 class ligands (log K1 > 10)
detected for the rst time in certain SML samples under the
inuence of specic atmospheric events. In all the areas
compared, an average EF > 1 was determined for Ltot, suggesting
that SML was enriched with Cu-binding organic ligands
compared to ULW. While in the NW and E Mediterranean the
average EF was 1.2, in the middle Adriatic Sea it was higher, 2.6,
due to signicant atmospheric input of ligands in the SML.
However, this value is comparable to the EF in the ords. The
density of Cu-binding organic ligands per organic C mass unit
was very similar in the Adriatic and Mediterranean Sea, while
values up to three times higher were calculated for the SML and
ULW of the Norwegian ords, suggesting more specic func-
tional groups for Cu binding.
3.3. Impact of specic atmospheric aerosols on surface
seawater

The SML samples from April 1st at Jadrija and Martinska
stations showed the highest Ltot, 392.0 ± 8.3 nM and 276.1 ±

40.8 nM, respectively, followed by Jadrija SML samples with
119.6 ± 18.1 nM (April 16th) and 119.0 ± 4.2 nM (February 6th)
(Fig. 3). While such extremely high ligand concentration was
found in the SML samples at both stations (Table 2), relatively
low values and no major change throughout the seasons was
characteristic of Cu-binding ligands in ULW samples (Table 3),
pointing to the impact of external processes/events from the
atmosphere to the SML.

3.3.1. The biomass burning (BB) events. Within ∼20 km of
the Jadrija and Martinska sampling stations, three intense
open-re BB episodes occurred during February–July 2019
128 | Environ. Sci.: Processes Impacts, 2024, 26, 119–135
campaign,4,16,20 caused by burning of agricultural waste and
pine forests (February 16th–21st, March 31st–April 2nd), and
low vegetation and pine and olive tree forests (June 6th–15th).
The BB event on March 31st–April 2nd coincided with a high
concentration of airborne pollen (Fig. 2B) and a yellow blanket
of deposited pollen particles covering the sea surface at both
stations. The exact contribution of each of the two events to the
Ltot pool in the SML cannot be unambiguously discerned.
However, the other two BB events provided an opportunity to
further analyse the impact of such events on the Cu chemistry/
complexing processes in the SML. The results indicated that
atmospheric deposition of BB aerosols in February and June did
not show direct effect on the SML chemistry, especially con-
cerning direct input of organic ligands from the air, so we could
hypothesize the same for the BB event in April. To clarify the
hypothesis of an indirect effect, we analysed the model leach-
ates of the lter-collected simulated BB aerosols for organic
matter components (Table 5). The aerosol mass of the simu-
lated BB was chosen in a way that the concentrations of leached
water-soluble organic carbon from BB aerosols (7.155 mg C L−1,
7.368 mg C L−1, and 6.326 mg C L−1, respectively) closely
matched the DOC values determined in the SML samples from
April 1st, 2019 (6.762 mg C L−1 at J station and 7.250 mg C L−1

at M station, Table 2). The leached organic material of the
simulated BB aerosols did not show capacity to complex Cu
ions, and no specic ligands such as protein-like material or
RSS were detected (Table 5). This indicates that BB did not bring
these allochthonous ligands into the SML on April 1st.

3.3.2. The pollination period. Very high airborne pollen
concentrations were measured in late March and early April
(>1500 day−1 m−3, Fig. 2B) resulting in a yellow blanket of
pollen particles on the sea surface at both stations on April 1st
This journal is © The Royal Society of Chemistry 2024
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Table 5 Dissolved organic matter components (water-soluble organic carbon (WSOC), L, proteins and reduced sulphur species (RSS)) and dCu
concentrations in model aerosol leachate of simulated BB, Saharan dust (collected in 2021), and pollen solutions

Leachate/solution WSOC mg C L−1 [dCu]/nM [L2]/nM log K2 Proteins eq. nM BSA RSS eq. nM GSH

Simulated BB AH-7 7.155 16.25 � 0.6 0 — 0 0
AH-18 7.368 1.50 � 0.11 0 — 0 0
AH-20 6.326 17.8 � 1.01 0 — 0 0

Pollen Cupressus sempervirens 7.117 13.6 � 1.78 103 � 2.90 9.94 � 0.10 10.6 � 2.0 3.0a

Juniperus communis 6.387 61.9 � 5.9 172 � 2.20 9.90 � 0.02 3.8 � 0.9 3.6a

Pinus nigra 7.351 57.4 � 4.75 211 � 4.04 9.54 � 0.07 4.6 � 1.1 13.52 � 2.85
Dust Saharan dust 0.910 26.8 � 5.55 0 — 0 0

a Values lower than corresponding limit of detection.
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at the time of sampling. This event could be classied as an
extreme pollen event,36 indicating a possible contribution of
pollen's organic material to Cu-binding organic ligand pool in
the SML. The highest concentrations of Ltot (392.0 nM at Jadrija
station and 276.1 nM at Martinska station), and the corre-
sponding very high DOC values (6.762 mg C L−1 and 7.250 mg C
L−1, respectively) were found in the SML samples on April 1st
(Table 2 and Fig. 3). Since an open-re episode that occurred at
the same time in proximity (∼1 km) to the sampling sites
(Fig. 2B) was not relevant for the obtained extreme results (as
evidenced in 3.3.1.), and such a high pollen input was not
registered on any other sampling day, deposited pollen
appeared to be amajor source of the Cu-binding organic ligands
in the SML on April 1st. To conrm that, we determined the
CuCC parameters and protein-like material in solutions of
model pollens characteristic of the middle Adriatic coastal area,
namely Cupressus sempervirens, Juniperus communis, and Pinus
nigra (Table 5). The concentration of water-soluble organic
carbon in the generated model solutions was consistent with
the values of DOC detected in the SML samples from April 1st,
2019 (Table 2). Then, we compared CuCC results with the values
obtained in the SML samples. The model pollen solutions had
a high concentration of ligand class L2 (>100 nM), with log K2 <
10, which were comparable to the L2 and log K2 values deter-
mined for the SML of the middle Adriatic Sea (Table 2), con-
rming pollen as a source of Cu-binding organic ligands. The
protein-like material was detected in all pollen solutions tested,
up to an amount eq. 10.6 ± 2.0 nM BSA, conrming its Cu
complexing properties.

RSS were also detected in the Pinus nigra sample, but not in
the simulated BB samples (Table 5). It is possible that tree
pollen such as Pinus pollen, which accounted for an average of
49.9% of the total pollen concentration in the rst half of April
2019 (Fig. S6†), introduced also some RSS into the SML on April
1st. RSS were previously quantied in the water-soluble fraction
of ne aerosols collected at the middle Adriatic coast, where two
types of non-volatile RSS were conrmed, but were not associ-
ated with any specic atmospheric event.63 In addition, sulphur-
containing oxygenated organic aerosols comprise up to 19% of
the total organic aerosols in this coastal area.64

3.3.3. The Saharan dust intrusion. Following the Saharan
dust event on April 21st–25th, 2019, seawater samples were
taken on April 29th and the EF obtained was 1.1 for DOC,
This journal is © The Royal Society of Chemistry 2024
indicating a negligible inuence of the Saharan dust event on
dissolved organic matter in the SML in the middle Adriatic Sea.
To check this in more details, we prepared a leachate from the
Saharan dust aerosol with a water-soluble organic carbon of
0.910 mg C L−1, which was comparable to the DOC of the SML
sample collected on April 29th, 2019, and analysed it for organic
matter components. No capacity to bind Cu was obtain in the
dust leachate and no specic Cu-binding organic molecules
such as RSS or protein-like material were detected (Table 5). A
delayed effect, as in the case of the open-re BB impact, was also
not evident in the subsequent samplings. This could be due to
our sampling frequency since the next sampling was a few days
aer the intrusion and every 2 weeks thereaer, so the imme-
diate consequences might simply have been missed. As
hypothesised by Penezić et al. (2021),4 the deposited material
might have been removed by physical processes and/or
promptly processed by microorganisms before our sampling
took place. Moreover, the adsorption of organic molecules on
the dust mineral particles during their transport in the atmo-
sphere is not typical; in some cases Saharan dust may supply the
Mediterranean Sea with DOC, but it has also been shown that
high levels of dust could be associated with low values of DOC
in seawater.5 Saharan dust generally supplies the Mediterra-
nean Sea with macronutrients65 as well as major and trace
metals such as V, Cr, Mn, Fe, Ni, Cu, Zn, Cd and Pb66 or Co,4

which inuence phytoplankton production. However, only West
African Saharan dust aerosol has been previously identied as
a direct source of organic complexing ligands for Cu, Pb, Cd, Ni
and Co in seawater.6
4. Discussion
4.1. Biomass burning impacted CuCC in the SML of the
coastal sea

Biomass burning emission represents a dominant source of
various chemical species67 such as different organic aerosols68,69

and inorganic compounds such as nutrients and trace metals.70

Nevertheless, our results indicated that water-soluble organic
molecules from open-re BB in the middle Adriatic did not
directly alter the amount of organic matter components such as
Cu-binding organic ligands in the SML. However, high Ltot
concentrations (Fig. 3) and a corresponding SML enrichment
with EF > 2 (Fig. 4) were determined in subsequent post-re
Environ. Sci.: Processes Impacts, 2024, 26, 119–135 | 129
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samplings (March 5th, April 16th, and June 27th), suggesting
that BB aerosols may have had an indirect and up to two weeks
delayed inuence on Ltot concentrations in the SML. According
to the other results of the Middle Adriatic campaign in 2019,20

open-re BB events in February, April and June were accompa-
nied by wet deposition that caused an extensive input of dis-
solved inorganic nitrogen into the SML and induced
phytoplankton growth which resulted with an up to two-week
delayed increase in concentrations of DOC, as well as in dis-
solved lipids and dissolved carbohydrates, autochthonous
molecules relevant for the binding of Cu ions.71,72

RSS such as sulphides and thiols have been identied as one of
the strongest marine Cu-binding ligands73 that may account for
the majority of Cu-binding organic ligands in the photic seawater
layer.46 Stronger ligands of the L1 class (log K1 > 10), usually bio-
logically produced in the upper photic zone,74were registered only
in the SML samples from March 5th, April 16th, and June 27th at
Jadrija (Table 2). The RSS detected on March 5th, April 16th, and
June 27th in the SML at the Jadrija station (Table 2) overlapped
with the detection of these L1 ligands. Therefore, the detected RSS
could be part of the L1 ligand class, produced by phytoplankton,
possibly purposely as a response to elevated dCu concentrations.30

Indeed, the average dCu concentration was 15.90 nM in the SML
from Jadrija collected on February 6th, March 5th, April 1st and
16th, and June 27th, while in the other SML samples it was
4.44 nM dCu, and this is 3.5 times lower. The EF of dCu was also
the highest (up to 8.0) on the mentioned dates (Fig. 4). Except for
February 6th, those samplings correspond to the post-BB periods
when heavy rain events caused deposition maximums and wet
atmospheric deposition was the most signicant source of
anthropogenic Cu for the SML of the coastal Adriatic Sea.4 The
concentrations of Cu in PM10 samples increased throughout the
intense open-re BB episodes, especially in winter, and to a lesser
extent during spring events, compared to the corresponding
seasonal background levels.4 Such a delayed impact of BB aerosols
is not unusual because residence time of supplied bioactive trace
metals is long enough to allow their chemical and biological uti-
lisation and transformation.75

In the era of global climate change, the Mediterranean
region is predicted to experience more frequent droughts in the
coming decades,76,77 which will favour extreme vegetation
wildres. The Mediterranean Sea has an exceptionally low bio-
logical productivity and is classied as an oligotrophic water
body,78 which makes it a very sensitive system79 that can easily
respond to various extreme environmental changes/processes,
such as episodic heavy nutrient loadings by rivers from the
land and/or by wet precipitation from the atmosphere.17,20
4.2. Airborne pollen impacted CuCC in the SML of the
coastal sea

Pollen particles are one of the largest bioaerosols with diame-
ters of up to 300 mm and belong to the fraction of coarse aero-
sols (>2 mm).80,81 Pollen is usually produced by direct emission
into the atmosphere and is one of the primary organic bio-
aerosols.82 Atmospheric transport and deposition of pollen is
seasonal and particularly pronounced in spring and summer,
130 | Environ. Sci.: Processes Impacts, 2024, 26, 119–135
when pollen is produced, but less so in autumn and winter.5,37

Pollen of various plants is very rich in organic compounds such
as proteins (up to 61%),83–85 which are water-soluble molecules
comprising amino acid residues that have a high affinity for
binding Cu, thus contributing to CuCC.31 Pollen powder also
consists of lipids, carbohydrates, and carotenoids,85 which are
also known to be Cu complexing ligands.71,72

Our results conrmed the dominant inuence of pollen
organic ligands to the CuCC in the SML on April 1st. In addi-
tion, a statistically signicant strong and positive correlation
was found between airborne pollen concentration and DOC (r=
0.767, p = 0.0036) as well as [Ltot] (r = 0.749, p = 0.0051) for the
SML samples (N = 12), suggesting not only an extreme but
possibly a longer and signicant inuence of pollen organic
material on the trace metal chemistry in the SML. Although
a long-term analysis of the meteorological conditions and high
airborne pollen concentration in the central Adriatic coastal
area revealed a positive correlation between air temperature and
airborne pollen concentration and a negative correlation
between relative humidity/precipitation and airborne pollen
concentration,37 we did not obtain statistically signicant
correlation during our 5 months long campaign. The reason for
this could be the relatively short time in which the eld
campaign was conducted.

Although different pollen types can be transported over long
distances,38,86 based on the amounts of pollen found in the air
and on the sea surface of the study area, we assume that the
coarse-grained pollen found in the SML of the middle Adriatic
originated mostly from cypress and pine trees and were prob-
ably transported from the local terrestrial ecosystems into the
seawater. A similar situation has already been conrmed for the
neighbouring area of the city of Split.37 Low to high pollen
concentrations are generally found in the air of the study area
throughout the year (Fig. 2B), with cypress and pine pollen
being most abundant tree pollen in March and April (Fig. S6,†
https://www.plivazdravlje.hr/alergije/kalendar/21/
Sibenik.html). Furthermore, air masses from rural areas (such
as the middle Adriatic coast) have higher concentrations of
larger biological particles such as pollen grains than air
masses from urban and industrial areas,80 which supports our
assumption of a local origin of the pollen found in the SML.
4.3. Strengthens and weaknesses of research work

In the present study, we have tackled an interdisciplinary and
complex topic of air-seawater interactions through the specic
atmospheric depositions, which affected the Cu-binding
organic ligands in seawater in very different ways. These nd-
ings are the main strength of our work. However, we have also
identied some weaknesses. The relevant weakness is related to
the frequency of seawater sampling and the choice of model
biomass for the simulation of BB. Sampling every two weeks
could miss relevant atmospheric impacts related to the fast
response of the seawater system to atmospheric deposition. It is
possible that this was one reason why the effect of Saharan dust
was not detected, as discussed in Section 3.3.3. The simulated
BB from dry oak does not exactly match the mixed vegetation
This journal is © The Royal Society of Chemistry 2024
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involved in the open-re events in 2019, and also, the aerosols
of the simulated BB were not exposed to ambient air and
therefore did not undergo secondary ageing processes.
However, since both the real and the simulated BB originate
from vegetation, we can consider that our model experiment
with simulated BB supported the interpretation of the eld
results in a relevant way. We are aware, however, that further
work should be initiated to clarify the different or similar effects
of both primary and secondary aerosols released by the burning
of different biomasses in coastal areas on the chemistry of the
surface seawater layers. These weaknesses will serve as guide-
lines for the improvement of further eldwork design and
research activities within the given topic.

5. Conclusions

During the eld campaign of the BiREADI project in the period
February–July 2019 at Jadrija and Martinska stations situated in
the coastal zone of the middle Adriatic Sea, we studied the
temporal changes in CuCC parameters in the SML and ULW
samples inuenced by the specic effects of airborne pollen,
open-re BB aerosols, and Saharan dust intrusion. While no
atmospheric impacts were evident in the ULW samples, the
SML samples exhibited the highest Cu-binding ligand concen-
trations and their enrichment by a factor of up to 9.1 due to
responses to the specic atmospheric depositions. The open-
re BBs identied in winter and spring of 2019 did not supply
SML with Cu-binding organic ligands, as conrmed by analysis
of leachate from the simulated BB aerosols, which showed no
capacity to complex Cu ions. The open-re BB inputs showed an
indirect effect on CuCC via wet deposition by introducing re-
born dissolved inorganic nutrients and trace metals into the
SML via wet deposition. Consequently, fertilised primary
production was accompanied by the production of various Cu-
binding organic ligands, which was reected in increased
CuCC up to two weeks aer the intrusion. The higher dCu
concentrations introduced by wet depositions of BB aerosols in
the SML were accompanied by the biological production of
specic stronger L1 organic ligands such as RSS. Ligand class L2,
typically thought to be the major Cu-buffering substance, was
quantied in all SML and ULW samples. An extreme pollen
input was recorded during the sampling on April 1st at both
stations, accompanied by a direct increase of allochthonous Cu-
binding ligands in the SML (Fig. 3). Thus, the organic molecules
of pollen, especially the protein-like ones, proved to be very
good complexing agents for Cu ions, as conrmed by analysis of
leachates of model pollen (Table 5). With respect to pollen and
BBs, Saharan dust intrusion in spring showed no obvious
effects on the Cu-binding organic ligands in the SML sample
taken four days aer its intrusion (Fig. 3 and 4). The analysis of
the selected leachate of the Saharan dust aerosols agrees with
this observation (Table 5). However, further studies should
focus on the analysis of wet and dry deposition samples asso-
ciated with specic atmospheric events to assess their exact
contribution to Cu-binding capacity in seawater.

This work represents a rst electrochemical study of terres-
trial sources such as pollination and BB as very important
This journal is © The Royal Society of Chemistry 2024
external forces that could signicantly alter, directly and indi-
rectly, the chemical speciation of Cu ions in the SML of the
Adriatic Sea and all other oligotrophic coastal areas of the
Mediterranean Sea. The study of extreme events and the eval-
uation of their impact on the biogeochemical processes in
seawater is very important for future monitoring of Cu chemical
speciation in coastal marine areas, as atmospheric pressure is
expected to intensify in the future. Moreover, studies on Cu
speciation in seawater are also important considering future
predictions of an environment overloaded with elevated Cu
concentrations of anthropogenic origin and the (in)ability of
marine systems to cope with it, as the global demand for Cu has
almost doubled between 2000 and 2020.87
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D. Omanović, A. Engel and S. Frka, Variabilities of
biochemical properties of the sea surface microlayer:
Insights to the atmospheric deposition impacts, Sci. Total
Environ., 2022, 838, 156440.

21 Y. Chen, G. P. Yang, Q. Y. Xia and G. W.Wu, Enrichment and
characterization of dissolved organic matter in the surface
microlayer and subsurface water of the South Yellow Sea,
Mar. Chem., 2016, 182, 1–13.

22 C. X. Ji, G. P. Yang, Y. Chen and P. Y. Zhang, Distribution,
degradation and bioavailability of dissolved organic matter
in the East China Sea, Biogeochemistry, 2019, 142, 189–207.
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How do open coastal re episodes’ impact sea surface
microlayer neuston communities?, Sci. Total Environ.,
2023, 861, 160593.
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