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Metal complexation, FT-IR
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abundance in the marine
surface microlayer of
coastal areas in the
Eastern Mediterranean

Sotirios Karavoltsos1*, Aikaterini Sakellari 1*, Marta Plavšić2,
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Barely any data exist on metal speciation in the marine surface microlayer (SML), a

rather complex environment, the study of which contributes to enhancement of

knowledge on metal speciation and its effect to the ocean. Metal speciation is

significant since life requires a wide variety of tracemetals that are essential for the

growth of the organisms. Ligand concentrations (L) of copper (Cu), zinc (Zn), and

cadmium (Cd) were studied by anodic stripping voltammetry (ASV) in the SML of

coastal areas within the Aegean Sea in the Eastern Mediterranean. Complexing

capacities in the SML in decreasing order ranged for Cu from29 to 201 nM (median

101 nM), for Zn 24–149 nM (45 nM), and for Cd 1.0–1.5 nM (1.4 nM). Average

enrichment factors (EFs) of SML samples compared to subsurface ones (SSW)were

calculated equal to 0.9 ± 0.8, 1.2 ± 0.5, and 1.7 ± 1.6 for LZn, LCu, and LCd,

respectively. In five out of the six total paired samples of SML and SSW, lower

concentrations of LZn weremeasured in the SML, which is not the case for LCu and

LCd. Due to elevated dissolved Zn concentrations in the SML, its complexation is

incomplete, contrary to those of Cu and Cd, which are fully complexed. These

trace metals are essential nutrients for biological functions, hence any differences

on their concentration and chemical speciation may directly influence the

distribution of phytoplankton species in the upper water column and neuston.

EFs of SML relatively to subsurfacewater ranged in average between 1.2 and 2.4 for

total organic carbon (TOC), chlorophyll a (Chla), and plankton, being generally >2

for most of the amino acids detected, demonstrating a relative enrichment of the

SML in organicmatter. A significant correlation was found between Cu ligands and
frontiersin.org01

https://www.frontiersin.org/articles/10.3389/fmars.2022.932446/full
https://www.frontiersin.org/articles/10.3389/fmars.2022.932446/full
https://www.frontiersin.org/articles/10.3389/fmars.2022.932446/full
https://www.frontiersin.org/articles/10.3389/fmars.2022.932446/full
https://www.frontiersin.org/articles/10.3389/fmars.2022.932446/full
https://www.frontiersin.org/articles/10.3389/fmars.2022.932446/full
https://www.frontiersin.org/journals/marine-science
https://www.frontiersin.org
http://crossmark.crossref.org/dialog/?doi=10.3389/fmars.2022.932446&domain=pdf&date_stamp=2022-09-02
mailto:skarav@chem.uoa.gr
mailto:esakel@chem.uoa.gr
https://doi.org/10.3389/fmars.2022.932446
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/marine-science#editorial-board
https://www.frontiersin.org/marine-science#editorial-board
https://doi.org/10.3389/fmars.2022.932446
https://www.frontiersin.org/journals/marine-science


Karavoltsos et al. 10.3389/fmars.2022.932446

Frontiers in Marine Science
dinoflagellates <20 mm, confirming older findings supporting that marine dinoflagellates of

Gymnodinium genera produce Cu ligands. New insights are provided in the study and the

importance of investigating bio-essential metal ions (Cu, Zn, Cd) and their organic

complexes in the SML is pointed. Data on Zn and Cd complexing capacities in the SML

are the first published so far.
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Introduction

Dissolved metals [e.g., copper (Cu), iron (Fe), zinc (Zn),

cadmium (Cd), lead (Pb), cobalt (Co)] are known to bind with

available organic ligands in the ocean (Wells et al., 1998;

Gledhill and Buck, 2012; Kim et al., 2015a; Noble et al., 2017;

Zitoun et al., 2021). Their bioavailability and toxicity depend on

their speciation (van den Berg and Donat, 1992; Wells et al.,

1998; Santos-Echeandıá et al., 2008), with their ionic and other

labile forms (mainly inorganic complexes) being the most toxic

for phytoplankton (Gachter and Mares, 1979), invertebrates

(Andrew et al., 1977; Lorenzo et al., 2005), and fish (Davies

et al., 1976), while their complexed ones (mainly with organic

ligands) are noticeably less toxic. Several studies demonstrated

the importance of metal–organic complexation in seawater,

potentially affecting the metabolic processes of organisms such

as phytoplankton and the marine biogeochemical cycles (Morel,

2008; Vraspir and Butler, 2009; Gledhill and Buck, 2012). The

chemical nature of metal–ligand complexes and their wide size

spectrum alter their kinetic inertness and potentially affect their

bioavailability. As a bioactive element, Cu is complexed by

dissolved organic ligands. Weaker organic ligands play a

significant role in the reduction of Cu toxicity against

phytoplankton growth, whereas other metals such as Fe tend

to react with stronger ligands (Hirose, 2007). Similarly, at high

concentrations, Zn could be toxic to phytoplankton and bacteria,

but Zn concentrations in the surface seawater could be a limiting

factor for phytoplankton growth (Sunda and Huntsman, 1998).

In most surface waters, Zn is strongly bound with organic

ligands, which results in reducing the fraction of free zinc ion

(Zn2+), which in low levels is necessary for the growth of some

phytoplankton species (Sunda and Huntsman, 1995). Cd is also

highly complexed by organic ligands in surface waters in

comparison to the deep waters (Bruland, 1989), and organic

ligands may play a role in attaining the benefits and hindering

the toxic effects of the presence of this metal. Both Zn and Cd

display a nutrient-like distribution profile in the ocean (Bruland,

1989; Bruland, 1992; Lee et al., 1995). Valuable pertinent

information is obtained through the measurement of the
02
complexing capacity of metal ions (L), denoting the capacity

of water to reduce the toxic effects of metals through the

formation of organic complexes (Hart, 1981), while some

exceptions to this classical consideration show enhanced metal

bioavailability in the presence of metal complexes (Zhao et al.,

2016). Kim et al. (2016) concluded that the nature and

concentration of ligands change over time and space and that

our ability to quantify the effects of ligands on trace metal

availability will be enhanced further by the development and

validation of electrochemical techniques such as anodic

stripping voltammetry (ASV) that provide an overall

quantification of the bioavailability of the metals of interest.

The specific method, which is well-established for more than 40

years, does however have some limitations due to several

assumptions regarding, e.g., ligand classes’ definition.

Nevertheless, it is one of the analytical methods where no

pretreatment of the samples is needed (e.g., for the removal of

the high-salt matrix).

Speciation of the metal ions is affected by biologically

produced organic ligands. Organic molecules could form

complexes with metal ions due to the presence of different

functional groups (e.g., -COOH, -OH, and -NH2). In recent

years, there has been remarkable progress toward the

identification of feedback effects between metal ion speciation

and the structure of planktonic microorganism communities.

More than 40 iron-binding siderophore compounds from

marine bacteria have been characterized (Vraspir and Butler,

2009), and some of them occur in ocean surface waters

(Gledhill et al., 2004; Bundy et al., 2018). Porphyrins, the

iron-binding molecules, are suggested to be released into

seawater by cell lysis, passive excretion, or during

zooplankton feeding (Witter et al., 2000; Vong et al., 2007).

Humic substances of low molecular weight and thiols are Cu-

binding compounds probably produced by picoplankton and

coccolithophorids (Gordon et al., 1996; Laglera and van den

Berg, 2003). Recently, Gledhill et al. (2022) working on iron

chelates confirmed that binding site distributions in marine

dissolved organic matter are heterogeneous and similar to

those of humic substances.
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Although the bulk of essential trace metals reaching the

ocean through the atmosphere enter the surface waters through

the surface microlayer (SML), little is known about the

enrichment and interactions of these trace metals with

organics in the SML (Cunliffe et al., 2013). The SML, a thin

film-like layer, with approximately 50-mm thickness (Liss and

Duce, 1997), is an extreme environment at the water–

atmosphere interface characterized by high irradiation and

temperature variability, where a high amount of organic

material is concentrated (Wurl et al., 2017). It has been

demonstrated that the sea surface is generally enriched in

various elements and substances due to adsorption of

surface-active substances (SASs) accumulated by gas bubbles

arising from the subsurface layers (SSW) (Kuznetsova and Lee,

2002) and Langmuir circulations (Hardy, 1982). Among the

various organics such as proteins, polysaccharides, and lipids

that are present in the SML (Gas ̌parović et al., 2007), it has

been shown that lipids in particular play a substantial role in

the formation of marine surface films (Brinis et al., 2004). It has

been hypothesized that particle aggregation may be enhanced

in the SML due to coagulation of the concentrated dissolved

organic matter (Wurl et al., 2011). Various microorganisms

utilize this organic matter directly, resulting in planktonic

communities in the upper 5 cm of the water column that

differ significantly from those in the SSW both in composition

and abundance (Hardy, 1997). In addition, the intense UV

(ultraviolet) irradiation in the surface waters, causes the quick

photodecomposition of the produced fresh organic material.

The differentiation of both the biology and the composition of

organic matter between the SML and the subsurface water

layers is likely to affect both qualitatively and quantitatively the

metal ligands present.

The present study aims to determine the complexation

capacit ies for Cu, Zn, and Cd ions employing an

electrochemical technique [differential pulse anodic stripping

voltammetry (DPASV)] combined with attenuated total

reflectance Fourier transform infrared (ATR-FTIR)

spectroscopy and gas chromatography/mass spectrometry

(GC/MS) data on the chemical composition of organic ligands

present in marine surface coastal samples. No data on Zn and Cd

complexing capacities in SML have been published so far in the

literature. On the contrary, there are available data for the

speciation of Cu (Chen et al., 2006; Gasp̌arović et al., 2007;

Plavsǐć et al., 2007; Karavoltsos et al., 2015), which maintains a

unique biological role, since even though it is essential for

growth, it can be toxic at low concentrations (Posacka et al.,

2019). Abundance and composition of plankton communities

(ranging from picoplankton to mesozooplankton) were also

studied, since they constitute the source of a significant

amount of autochthonous organic matter. In coastal areas, the

contribution of other sources of organic matter (i.e.,

allochthonous) is quite possible.
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Materials and methods

Study area

Two coastal sites were studied within the Aegean Sea

(Greece, Eastern Mediterranean), namely, Loutropyrgos in the

gulf of Elefsis and Pahi of Megara situated outside the gulf, at its

western entrance (Figure 1). Differing in terms of their

topographical features (depth, occurrence of estuaries) and

anthropogenic pressures, the two sites represent different

microenvironments. Loutropyrgos site (15–20-m depth) is

located close (approximately at a 3-km distance) to the

industrial zone (the largest in Greece) of Elefsis Gulf, a

relatively shallow embayment (maximum depth 33 m),

characterized by a particularly slow water recirculation,

enhancing pollution problems observed in the inner part of

the gulf (Prifti et al., 2022). The bay is in contact with Saronicos

Gulf through two narrow channels at its eastern and western

parts. At the northeastern coastal part of Elefsis Gulf, a

significant number of industrial activities occur, including

among others shipyards, oil refineries, and cement and

metallurgical industries (Scoullos, 1986). Pahi sampling station

(30–50-m depth) is in direct contact with the open waters of

Saronicos Gulf, located within the wider area of the Liquefied

Natural Gas (LNG) terminal of Greece, installed on the small

island Revithousa.

According to the results obtained from the 6-year

monitoring of dissolved metal concentrations in coastal and

transitional waters of Greece (Tzempelikou et al., 2021), the

background upper limits (BAC) mainly of Cu, followed by Zn

and Cd, were exceeded within the Gulf of Elefsis. Despite the

great anthropogenic pressures and pollution occurring, the

western part of the gulf is particularly productive, as reflected

in the higher chlorophyll a (Chla) levels measured at the area of

Loutropyrgos in comparison to Pahi of the Megara site

(Karavoltsos et al., 2015).
Sampling

Representative sampling of SML remains challenging, since a

routine collection of the uppermost molecular layer at the air–

water interface, remaining unaffected by the subsurface layers, is

not feasible (Engel et al., 2017). Under this perspective, both the

sampling method applied and ambient conditions prevailing

(wind speed close to the sea surface and sea surface state) are

significant in characterizing the formation level of SML. In the

present work, all samples were obtained under calm weather

conditions (wind speed <6 m s-1; flat sea surface). During three

sampling campaigns performed in February, May, and September

2018, single samples were collected from the SML and subsurface

water at 20-cm (SSW0.2) and 2-m (SSW2) depth. The glass plate of
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Harvey and Burzell type (Harvey and Burzell, 1972) was used for

the collection of the upper ~50 mm of SML, whereas SSW was

manually collected in 2-L containers immersed at 20-cm depth

and with a Nansen bottle from 2-m depth below the sea surface.

Containers used for sample collection were thoroughly cleaned

with detergent, rinsed with ultrapure water of 18.2 MW cm

(Millipore, Bedford, MA, USA), filled with 10% nitric acid supra

pure for several days, and subsequently rinsed with ultrapure

water and seawater sample before sampling. Prior to its use, the

glass plate was acid cleaned and rigorously rinsed with Milli-Q

water, while sample collection started after the first five dips of the

plate into seawater, for conditioning purposes. The potential

contamination of sampling using the glass plate sampler was

checked by rinsing the glass plate with ultrapure water, and the

sample signal-to-blank ratio was generally higher than 5:1 for all

metals. Sampling was carried out with the use of a small tender

boat, equipped with an electric engine and remaining stationary

during the sampling process. Samples were transported within a

4-h time frame refrigerated to the laboratory, where they were

filtrated through 0.4-mm Whatman Nuclepore filters. For FTIR

spectra, GF/F filters were used. Subsamples for total dissolved

metal analysis following filtration were acidified with HNO3 supra

pure. The determination of TOC and SAS was completed within

24 h from sample collection, of L within 48 h, while of the other

parameters in the next days. Physicochemical parameters

(seawater temperature, pH, salinity) were measured in situ with
Frontiers in Marine Science 04
a YSI 63 pH/conductivity meter (YSI, Brannan Lane, OH, USA),

equipped with an electrode frequently calibrated. Solar irradiation

and air temperature were recorded with a DO9721 (probe

LP9021) quantum photo-radiometer (Delta Ohm, Padova, Italy)

and wind speed with a Testo 425 anemometer (Testo Inc., Sparta,

NJ, USA). Seawater temperature, pH, and salinity were measured

both at the upper 5 and 20 cm of the water column and at 2-m

depth at each sampling station (Table 1).
Electrochemical analysis, metal
concentration determination

Total dissolved Cu, Zn, and Cd concentrations were

determined using the slightly modified rapid solvent extraction

technique described by Danielsson et al. (1982). The procedure was

carried out inside a clean room for minimizing the risk of metal

contamination. Briefly, metal complexation in the seawater samples

(200mL) was performed by the addition of a combined complexing

reagent of ammonium pyrrolidine dithiocarbamate and

diethylammonium diethyldithiocarbamate (APDC/DDDC) at pH

4.5 ± 0.5. Carbamate-complexed metals were isolated by

chloroform extraction and subsequently decomposed through

acid addition (2 mL). Trace metal determination in the

preconcentrated samples was performed by inductively coupled

plasma mass spectrometry (ICP-MS) using a Thermo Scientific
FIGURE 1

Coastal sampling sites (Schlitzer, Reiner, Ocean Data View, odv.awi.de, 2021).
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ICAP Qc instrument (Waltham, MA, USA). Measurements were

carried out in a single collision cell mode, with kinetic energy

discrimination (KED) using pure helium (He). The limits of

detection (LOD) of trace metals in sea water (nM) were equal to

0.003 for Cd, 0.1 for Cu, and 0.2 for Zn. The accuracy of the liquid

extraction method applied was evaluated by the use of the certified

reference material (CRM) “NASS-6, Seawater reference material for

trace metals” (NRC-CNRC) (Table S1, Supplemental Material).

The electrochemical method of DPASV was used for

complexing capacity determinations (Plavs ̌ić et al., 1982).

Metal complexing capacity is the concentration of metal ions

added to the seawater sample prior to their measurement as

“free” metal ions (including hydrated metal ions and inorganic

complexes, being labile for the applied electrochemical method

and experimental conditions). The “inert complex” in terms of

the DPASV method applied refers to the complex not

dissociating under the chosen measurement timescale (stirring

rate applied during the accumulation time). The quantity of the

electro-inactivated metal is a measure of the amount of ligands

(L) in the sample (Plavsǐć et al., 1982). The stirring rate during

accumulation time in ASV defines the “detection window” of the

ASV method. Davison (1978) pointed out that in ASV due to the

possible kinetic effect, the “effective diffusion layer thickness” d
(the thickness of the layer formed in the vicinity of the electrode
Frontiers in Marine Science 05
surface), determined by the applied stirring rate, is the critical

parameter. The thinner this layer is (at higher stirring rate), the

smaller the number of complexes that will dissociate during

deposition time.

Metal complexing capacity could be regarded as “metal ions

buffering capacity.” The strength of the organic complexes

formed could be compared by their calculated apparent

stability constant (Kapp). The method of standard additions

was implemented to the sample at its natural pH and to a

sample aliquot acidified and UV irradiated. In order to minimize

the effects onto the walls of the cell used for the measurements,

the cell was rinsed in triplicate with approximately 10 mL of

sample. After rinsing, 25 mL of the seawater sample was added

to the cell. The equilibration time after each addition of metal

was 15 min, which was proven to be adequate for the

equilibration of metal ions studied, i.e., the peak height did not

change after this period of time (Plavsǐć et al., 1982; Muller and

Kester, 1991). The voltametric conditions were 300 s N2 gas

purge, 180 s deposition time for Cu, 200 s for Zn, and 120 s for

Cd at -0.6 V deposition potential for Cu, -1.2 V for Zn, and -0.85

V for Cd. The apparent complexing capacity and the

corresponding apparent stability constant were calculated by

applying the linear transformation plot, assuming 1:1 metal-to-

ligand complexes (Ružicı,́ 1982; van den Berg, 1982). The slope
TABLE 1 Sampling dates, environmental and physicochemical conditions.

Sample Date Sampling
time
(h)

Weather
conditions

Solar
irradiation
(W m-2)

Tair

(°C)
Wind
Speed
(m s-1)

Tsea

(°C)
pH Salinity

(‰)

Loutropyrgos SMLa 13.02.18 7:45 – 9:15 Sunny with light
fog

24,000 14.5 1.3 13.8 7.85 38.2

Loutropyrgos
SSW0.2

13.7 7.84 38.3

Pahi SML 10:45 – 12:00 Sunny, partly
cloudy

38,500 13.6 1.2 13.9 7.82 38.2

Pahi SSW0.2 13.8 7.83 38.2

Loutropyrgos SMLa 16.05.18 7:30 – 8:50 Sunny, partly
cloudy

28,000 19.5 0.9 16.8 7.98 38.3

Loutropyrgos
SSW0.2

16.7 7.99 38.1

Loutropyrgos SSW2 16.1 7.97 38.1

Pahi SML 10:00 – 12:30 Sunny, partly
cloudy

45,000 22.0 0.5 17.0 7.96 38.6

Pahi SSW0.2 16.8 8.00 38.5

Pahi SSW2 16.6 7.99 38.4

Loutropyrgos SMLa 05.09.18 9:00 – 10:30 Sunny 41,500 29.3 5.2 23.6 8.08 38.5

Loutropyrgos
SSW0.2

23.6 8.09 38.5

Loutropyrgos SSW2 23.2 8.06 38.3

Pahi SML 13:00 – 14:30 Sunny 75,000 33.6 3.5 23.4 8.10 38.4

Pahi SSW0.2 23.5 8.14 38.4

Pahi SSW2 23.2 8.15 38.2
fron
aMeasurements of seawater temperature, pH and salinity were made in the upper 5 cm of the water column.
SML, surface microlayer; SSW0.2, subsurface water at 0.2-m depth; SSW2, subsurface water at 2-m depth.
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of this line determines the value of apparent complexing capacity

(L) (slope = 1/L), and the intercept on the y-axis determines the

value of apparent stability constant (Kapp) (intercept = 1/KappL).

SASs were determined by phase-selective alternating current

voltammetry (PSACV) (Ćosović et al., 1985). Surfactant activity

was expressed in terms of surfactant equivalents of the non-ionic

surface-active compound Triton-X100 (MW ~600) in mg L-1.

Electrochemical measurements were carried out using an

Autolab III (Eco-Chemie, Netherlands) voltammetric

instrument connected to a three-electrode cell (VA 663,

Metrohm stand, Switzerland) with a static mercury drop

electrode (SMDE) as the working electrode. The reference

electrode was an Ag/AgCl (3 M KCl). A carbon rod electrode

served as the auxiliary electrode. The methodology of

electrochemical measurements applied is described in detail in

Table S2.
Total organic carbon, transparent
exopolymer particles, chlorophyll a
determination

Total organic carbon (TOC) was determined by the method

of high-temperature catalytic oxidation employing a TOC-

5000A Shimadzu analyzer (Shimadzu Scientific Instruments,

Columbia, MD, USA). The precision was estimated as the

standard deviation (SD) between injections, and it was less

than 2% of the mean. Concentrations of transparent

exopolymer particles (TEPs) were measured according to the

colorimetric method of Passow and Alldredge (1995).

For Chla analysis, seawater samples (800 mL were passed

through a Whatman GF/F filter (~0.7-mm pore size) and

extracted overnight (16 h) in 10 mL of 90% acetone solution

in the dark (Holm-Hansen et al., 1965). Chla concentration was

determined fluorometrically using a Turner 00-AU-

10 fluorometer.
Fourier transform infrared spectroscopy

The FTIR spectra of the GF/F filters were recorded by a

Spectrum Two FTIR spectrometer equipped with a Diamond

ATR compartment (Perkin Elmer, USA) using the provided

Spectrum 10 spectroscopy software. For each sample, 32 scans of

the infrared region between 4,000 and 400 cm-1 at a resolution of

4 cm-1 were recorded in triplicate and averaged. The recorded

spectra were then ATR-corrected with a refractive index of 1.5,

smoothed by the Savitzky–Golay algorithm (total window of

nine smoothing points and a zero-order polynomial), linearly

baseline corrected and normalized by the mean using The

Unscrambler 10.5 software (Camo, Norway).
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Free amino acid, fatty acid, and sterol
analysis

Following recording of suspended-matter FTIR spectra,

filters were analyzed for free amino acids (FAAs), while

samples from the survey of May were divided into two equal

parts, one for FAA measurement and the other for fatty acid and

sterol determination. The extraction of FAAs was performed

according to Elmore et al. (2005) with minor modifications.

For fatty acid and sterol analysis, half filters were extracted,

subject to derivatization with BSTFA [N,O-Bis(trimethylsilyl)

trifluoroacetamide] and analyzed by GC/MS (Agilent 6890N/

5973). The methodology applied is described in detail in

Table S2 (Supplemental Material).
Biological parameter analysis

Heterotrophic bacteria (HBA) and dinoflagellates (Dino)

<20-mm counts were performed in 5–30-mL samples, fixed

with borax-buffered formalin (final concentration 2%

formaldehyde), filtered on black polycarbonate filters with

0.2- and 0.8-mm pore size (bacteria and Dino, respectively)

and stained with DAPI (4′,6-diamidino-2-phenylindole)

(Porter and Feig, 1980) using an epifluorescence microscope

and UV–Blue excitation. For diatoms, Dino >20 mm and ciliate

analysis, samples were fixed with Lugol’s solution (acid for

ciliates and Dino) and stored at 4°C until counting. For the

analysis , 25–50-mL samples were left for 24 h for

sedimentation and were then examined using an Olympus

IX70 inverted microscope, equipped for phase contrast and

image analysis, at 200× magnification. Cells were counted,

distinguished into size classes and major taxonomic groups,

and identified down to genus or species level where possible.

Zooplankton samples were filtered through a 45-mm net, fixed

with 4% buffered formalin, and analyzed using a stereoscope

and image analysis PRO.
Statistical analysis

The t-test and Pearson correlations were carried out using

the IBM SPSS software, version 28.0. A value of p < 0.05 (95%

confidence level) was considered to indicate a significant

difference (t-test, Pearson correlation). Principal component

analysis (PCA) was performed on both the FTIR spectroscopic

data and the amino acid profiles of the filters in order to detect a

potential interrelation between the examined filters and their

recorded ATR-FTIR spectra or their determined amino acid

profiles. The analysis was performed by R-studio 1.0.136/R3.3.3

loaded with the “ade4” and “adegraphics” packages.
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Results

In all samplings, the wind speed was <6 m s-1, ensuring a

well-organized SML. Water temperature and pH demonstrated

typical seasonal variations. Surface water temperature is

significantly affected by seasonal air temperature, as the bay is

characterized by shallow depths with limited water renewal.

Salinity slightly increased in surface layers (Table 1).
Differences between surface microlayer
and subsurface waters

Suspended particulate matter
Suspended particulate matter (SPM) varied from 21.0 to 72.2

mg L-1 in SML and from 15.2 to 47.5 mg L-1 in subsurface layers

(Table 2), being comparable to a previous work in the same area

(Karavoltsos et al., 2015). In all sample pairs examined, the SML

was found enriched in the SPM, with the enrichment factor (EF)

of SPM (mean ± SD, 1.9 ± 1.0) significantly exceeding unity (t-

test, p = 0.043), indicating enrichment, whereas in subsurface

water layers at 20-cm and 2-m depth (SSW0.2, SSW2,

respectively), SPM concentrations exhibited only small

variations. The SML is typically enriched in suspended

particulate matter, receiving particles that originate either from

the atmosphere or from deeper waters (Cunliffe et al., 2013).
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Metal concentrations and their ligands
Dissolved Zn, Cu, and Cd concentrations varied broadly

(Figure 2; Table S3), exceeding those reported for open

Mediterranean waters (Tovar-Sánchez et al., 2020), being

however typical of coastal areas subject to intense

anthropogenic pressures (Karavoltsos et al., 2021). Dissolved

Zn and Cu concentrations were determined higher in SML

compared to SSW, without any variations between samples

obtained from 20-cm and 2-m depth (mean concentrations for

Zn 23.2 ± 24.0 nM in SML, 9.2 ± 8.3 nM in SSW0.2, 10.2 ± 8.7

nM in SSW2; for Cu 18.8 ± 11.1 nM, 7.4 ± 4.4 nM, 7.4 ± 5.2 nM,

respectively) (Figure 2; Table S3). The average enrichment factor

of dissolved Zn in SML (EF = 2.4 ± 1.0), significantly exceeding

unity (p = 0.0027), is slightly lower in comparison to the EF = 3.6

± 3.0 reported for the period 2012–2013 for coastal areas in the

Eastern Mediterranean (Karavoltsos et al., 2021). A relatively

higher EF (9.4 ± 5.6) of dissolved Zn in SML has been previously

calculated for the open waters of the Western Mediterranean

(Tovar-Sánchez et al., 2020). The average EF of dissolved Cu in

SML (2.6 ± 0.8), significantly higher than unity (p = 0.0027), is

comparable to previous estimations (EF = 3.2 ± 2.6) reported for

the same sampling stations (Karavoltsos et al., 2021). In the

longitudinal section of western to eastern parts of the

Mediterranean Sea, it was determined that SML is enriched in

bioactive trace metal ions (i.e., Cd, Co, Cu, and Fe) with their

levels being 8 (for Cd)- to 1,000 (for Fe)-fold higher than those of
TABLE 2 Suspended particulate matter (SPM), chlorophyll a Chla, total organic carbon (TOC), transparent exopolymer particle (TEP), surface-
active substance (SAS) concentrations and their enrichment factors (EFs) in SML.

Sample* SPM
(mg L-1)

EFSPM Chla
(mg L-1)

EFChla TOC
(mg L-1)

EFTOC SAS
(mg L-1 T-X-100)

EFSAS TEP
(mg Xeq L-1)

EFTEP SAS/
TOC

February 2018

Loutr. SML 25.5 1.5 0.48 0.8 2.0 1.4 0.48 3.2 523 1.2 0.24

Loutrop. SSW0.2 17.3 0.58 1.4 0.15 451 0.11

Pahi SML 21.0 1.1 0.32 6.4 2.4 1.5 0.54 3.4 830 2.5 0.22

Pahi SSW0.2 19.8 0.05 1.6 0.16 326 0.10

May 2018

Loutrop. SML 56.7 1.2 0.32 0.8 1.5 1.2 0.42 10.5 892 1.5 0.28

Loutrop. SSW0.2 47.5 0.40 1.3 0.04 605 0.03

Loutrop. SSW2 46.2 0.38 1.4 0.02 641 0.01

Pahi SML 55.4 1.4 0.21 3.5 2.0 1.2 0.35 5.8 788 2.5 0.18

Pahi SSW0.2 39.7 0.06 1.7 0.06 310 0.04

Pahi SSW2 38.8 0.06 1.5 0.06 274 0.04

September 2018

Loutrop. SML 72.2 3.7 0.25 0.8 1.7 0.9 0.20 1.1 578 1.7 0.12

Loutrop. SSW0.2 19.7 0.32 1.8 0.18 347 0.10

Loutrop. SSW2 19.3 0.34 1.6 0.14 421 0.09

Pahi SML 34.9 2.3 0.06 0.8 1.9 1.1 0.12 1.3 607 1.1 0.06

Pahi SSW0.2 15.2 0.08 1.7 0.09 552 0.05

Pahi SSW2 18.3 0.08 1.7 0.11 510 0.06
frontiers
*SML, surface microlayer; SSW0.2, subsurface water at 0.2-m depth; SSW2, subsurface water at 2-m depth.
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FIGURE 2

Metal-binding ligands (LCd, LCu, LZn), dissolved metal concentrations (CCd, CCu, CZn), and their enrichment factors (EFs) in surface microlayer
(SML) and sub-surface (SSW0.2, SSW2) marine coastal waters of Loutropyrgos (L) and Pahi of Megara (P) sampling sites.
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dissolved metal pools in the underlying water column (Tovar-

Sánchez et al., 2014).

The average Zn-complexing capacity (LZn) gradually

increased with depth (mean concentrations 60 ± 47 nM in

SML, 70 ± 14 nM in SSW0.2, 104 ± 28 nM in SSW2) (Figure 2;

Table S3). In most of the sample pairs examined (excluding

Loutropyrgos in winter), LZn concentrations in SML were lower

than those in SSW. On the contrary, LCu concentrations

gradually decreased with depth (114 ± 64 nM, 93 ± 39 nM, 77

± 40 nM, respectively); the enrichment factor of Cu ligands in

the SML (mean EF = 1.3 ± 0.5) did not statistically significantly

exceed unity (p = 0.120).

Homogeneity characterizes average dissolved Cd

concentrations, both among different depths (0.125 ± 0.042

nM, 0.094 ± 0.017 nM, and 0.102 ± 0.012 nM in SML, SSW0.2,

and SSW2, respectively), as well as among different sampling

sites and seasons (Figure 2; Table S3). These findings reflected on

the enrichment factor in SML (mean EF = 1.4 ± 0.5), not

significantly differing from unity (p = 0.070). Similar levels of

average Cd complexing capacity (LCd) were obtained at the

various sampling depths examined (1.3 ± 0.2 nM, 1.3 ± 0.8

nM, and 1.9 ± 0.8 nM in SML, SSW0.2, and SSW2, respectively).

No literature data concerning LCd and LZn in the SML are so

far available.

The relative stability of metal complexes can be compared on

the basis of their apparent stability constants (logKapp). The

determined logKapp values fall in the ranges 7.4–8.5 (Cu), 7.4–8.8

(Zn), and 8.7–9.9 (Cd). No difference of logKapp values was

identified between SML and SSW samples, indicating the

presence of metal ligands of similar nature among the different

surface water layers (Table S3).

Chlorophyll a, total organic carbon, surface-
active substances, transparent
exopolymer particles

A Chla SML enrichment was recorded only in two out of six

sample pairs (Table 2), whereas the average EF in SML (2.2 ±

2.3) was not statistically significantly higher than unity (p =

0.13). These results confirm previous findings within the same

area, including also the absence of significant enrichment of

SML in Chla (Karavoltsos et al., 2015).

The entire set of paired samples examined highlighted an

enrichment of SML in TOC, SAS, and TEP (with the exception

of TOC at Loutropyrgos site during September) (Table 2). The

average EFs calculated decreased in the order SAS (4.2 ± 3.5),

TEP (1.8 ± 0.6), and TOC (1.2 ± 0.2). According to the t-test

applied, the mean EF was significantly greater than unity in the

cases of SAS, TEP, and TOC (p = 0.038, p = 0.010, p = 0.028,

respectively), denoting a statistically significant SML

enrichment. In subsurface water layers (up to 2-m depth),

TOC, SAS, and TEP concentrations appear uniform,

presenting only small variations.
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Amino acids, fatty acids, sterols
Eighteen amino acids were detected and quantified,

namely, alanine, glycine, valine, leucine, isoleucine,

threonine, serine, proline, asparagine, aspartic acid, glutamic

acid, phenylalanine, glutamine, ornithine, lysine, histidine,

tyrosine, and tryptophan. Among those, glutamic acid was

the predominant one, in agreement with previous studies

(Kuznetsova et al., 2004; Yang et al., 2009; Chen et al., 2013),

followed by glutamine, lysine, ornithine, tryptophan, and

tyrosine, with the majority previously reported in literature

(Kuznetsova et al., 2004; Yang et al., 2009; Chen et al., 2013;

How et al., 2014). Concentrations of FAAs ranged from 6.3 ±

1.8 to 31.0 ± 1.6 mg L-1 in SML samples, with glutamic acid,

glutamine, lysine, ornithine, tryptophan, and tyrosine being

the predominant ones, 2.4 ± 0.3 to 16.8 ± 1.6 mg L-1 in SSW0.2

samples, with glutamine, glutamic acid, lysine, ornithine,

tryptophan, and tyrosine being the most abundant, and 2.7 ±

0.5 to 11.8 ± 0.6 mg L-1 in SSW2 samples, with glutamic acid,

lysine, tryptophan, ornithine, tyrosine, and glutamine

prevailing (Table S4; Supplemental Material).

Nine fatty acids, seven saturated and two unsaturated, were

identified in Elefsis Gulf samples, with their total concentrations

ranging from 16.4 to 78.2 mg L-1 (Table S5). SML was found

enriched in total fatty acids compared to SSW at both

Loutropyrgos (50.2 ± 2.0 mg L-1 in SML; 21.2 ± 6.8 to 23.7 ±

4.3 mg L-1 in SSW) and Pahi of Megara stations (77.7 ± 0.8 mg L-1

in SML; 27.4 ± 9.0 to 33.7 ± 0.6mg L-1 in SSW).

Total sterols ranged from 1.6 to 60.7 mg L-1. The SML was

enriched in individual and total sterols compared to SSW at both

Loutropyrgos (4.5 ± 0.1 mg L-1 in SML; 1.9 ± 0.01 to 2.3 ± 0.1 mg
L-1 in SSW) and Pahi of Megara stations (59.1 ± 2.3 mg L-1 in

SML; 1.6 ± 0.01 to 2.2 ± 0.1 mg L-1 in SSW) (Table S6).

Cholesterol (cholest-5-en-3beta-ol) and brassicasterol [(24/3)-

24-methylcholesta-5,22E-dien-3/3-ol], which serve as ideal

biomarkers of heterotrophic and autotrophic carbon pools,

respectively, due to their abundance and environmental

stability (Cavagna et al., 2013), were present in all samples

examined (Table S6). Cholesterol is included among the

predominant zooplankton sterols (Mühlebach et al., 1999),

while brassicasterol, a phytosterol present in numerous algal

classes (Volkman, 1986; Volkman, 2003), not biosynthesized by

zooplankton, is commonly used as an indicator of marine algae,

diatoms in particular (Cavagna et al., 2013). Serving as a tracer of

sewage pollution due to its source specificity and environmental

stability (Peng et al., 2005; Frena et al., 2016), coprostanol was

not detected in any of the samples measured (Table S6). Known

as markers of algae, Dino, diatoms, bacteria, and vascular plants

input to surface waters (Volkman et al., 1998; Peng et al., 2005),

sitosterol, stigmasterol, and campesterol were present in all

examined samples. Cholesterol and sitosterol predominated in

SML, while cholesterol and brassicasterol predominated in

SSW layers.
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Biological parameter abundance
Table 3 shows data for the abundance of bacterioplankton,

diatoms, Dino <20 mm, Dino >20 mm, ciliates, and zooplankton

at the two sampling sites examined. The abundance of all

biological parameters was generally higher in SML compared

to SSW, with average enrichment factors ranging from 1.5 to 2.4.

However, no statistically significant SML enrichment (EF greater

than unity) was obtained for HBA (EF = 1.5 ± 0.7, p = 0.061),

ciliates (2.4 ± 3.0, 0.157), diatoms (2.0 ± 1.5, 0.078), Dino <20

mm (1.5 ± 0.8, 0.104), and Dino >20 mm (1.5 ± 0.5, 0.117) due to

their broad abundance.
Differences among seasons and sites

The seasonal variation of dissolved Zn, characterized by

higher concentrations in summer and lower ones in winter, is in

accordance with previous findings for the same area (Sakellari,

2006). Within the gulf of Elefsis, where Loutropyrgos site is

located, a thermocline prevails in the water column during the

summer period. Its breakdown upon lowering of surface water

temperature leads to water column mixing and water

homogenization. During the thermocline formation,

accumulation of Zn on the sea surface due to atmospheric

deposition is reflected by increased Zn concentrations in

surface waters, albeit the enrichment of deeper water layers,
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attributed to a potential Zn flux at the sediment–water interface,

calculated at Loutropyrgos equal to 0.8 mmol m-2 d-1 (Sakellari

et al., 2011). Similarly, in Vigo Ria (NW Iberian Peninsula)

characterized by a significant anthropogenic influence due to

intense population presence and industry settled on its margins,

benthic fluxes of dissolved trace metals were significant for most

of the examined metals [Zn, Cu, nickel (Ni), vanadium (V)]

(Santos-Echeandia et al., 2009). Dissolved Cd follows a uniform

spatial and temporal distribution, confirming earlier

measurements at the same area (Scoullos et al., 2006). Between

the two areas studied, higher concentrations were found for

dissolved Zn (up to 8-fold) and Cu (up to 5-fold) at

Loutropyrgos site compared with the corresponding obtained

for Pahi of Megara station, located outside the Elefsis Gulf, in

direct contact with the open sea. In Elefsis Bay, characterized by

intense industrial activity, dissolved Cu concentration is

considered elevated, exceeding the background assessment

concentration (BAC) for coastal marine waters in Greece

(Tzempelikou et al., 2021). An increase in Zn ions complexing

capacity with depth was observed during spring and summer at

both sampling stations. During spring, in all depths (including

SML), significantly lower LCu concentrations were determined at

Pahi of Megara site in comparison to Loutropyrgos site (even

5-fold).

Seasonally, higher Chla levels were measured in February,

when the characteristic annual phytoplankton bloom is observed
TABLE 3 Biological parameter abundance (cells L-1, except for bacteria expressed as ×106 HBA mL-1 and zooplankton expressed as ind. m-3) and
their enrichment factors (EFs) in the marine surface microlayer.

Sample* HBA EFHBA Cilia. EFCilia Diatoms EFDiatoms Dino <20 mm EFDino<20mm Dino >20 mm EFDino>20mm Zooplank. EFZoopl.

February 2018

LSML 3.30 1.9 1,360 1.7 175,605 0.7 4,674 1.5 6,240 1.4 - -

LSSW0.2 1.75 800 241,058 3,109 4,440 -

PSML 1.16 1.0 480 2.4 81,562 4.6 5,258 1.4 840 2.8 - -

PSSW0.2 1.20 200 17,840 3,834 300 -

May 2018

LSML 1.65 1.1 440 0.2 102,418 2.8 6,846 0.7 8,480 1.0 381 -

LSSW0.2 1.50 2,520 36,328 9,858 8,960 -

LSSW2 1.27 660 209,288 10,061 3,080 -

PSML 0.62 0.8 220 1.0 174,197 1.7 3,834 1.4 2,480 2.1 1,043 -

PSSW0.2 0.73 220 104,226 2,738 1,180 -

PSSW2 1.25 260 13,760 1,917 980 -

September 2018

LSML 2.45 1.7 1,240 0.5 109,635 1.0 8,505 3.1 3,760 1.0 1,249 10.5

LSSW0.2 1.46 2,680 105,728 2,738 3,600 118

LSSW2 1.27 1,600 102,032 2,465 3,500 -

PSML 2.87 2.6 6,220 8.2 332,467 1.2 9,311 0.9 3,120 0.5 696 1.6

PSSW0.2 1.09 760 288,230 9,858 5,880 433

PSSW2 0.98 440 315,613 5,203 3,640 -
frontie
*L, Loutropyrgos station; P, Pahi of Megara station; SML, surface microlayer; SSW0.2, subsurface water at 0.2-m depth; SSW2, subsurface water at 2-m depth; HBA, heterotrophic bacteria;
Dino, dinoflagellates; ind., individuals.
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by the end of winter. Among the areas studied, Loutropyrgos,

within the gulf of Elefsis, is the most productive. In terms of

seasonal variations, winter SML samples presented the highest

amino acid concentrations followed by summer and spring ones.

During winter, glutamic acid predominated, followed by

glutamine, lysine, ornithine, tryptophan, and tyrosine, while in

summer samples, the most abundant amino acids were

glutamine, glutamic acid, lysine, ornithine, tryptophan, and

tyrosine. In both cases, samples obtained from Loutropyrgos

site contained higher amounts of amino acids compared to those

from Pahi of Megara site. During spring, several amino acids

were either present at very low concentrations or even non-

detectable, with glutamic acid, proline, and alanine

predominating and their highest concentrations being

measured at Pahi of Megara site.

FTIR spectra revealed an intense variability of both

absorption intensity (quantitat ive differences) and

characteristic peak positions (qualitative differences) among

the different sampling sites and sampling periods. Absorption

peaks were observed at 3,350, 2,980, 2,890, 1,640, 1,425, 1,045,

and 870 cm-1 (Figure 3A). The former peak is related to organic

O-H and N-H group vibrations, while the peaks at 2,980 and

2,890 cm-1 were related to the asymmetric CH3 and CH2

stretching, respectively (Socrates, 2001). According to

Tremblay and Alaoui (2011), these regions are more intense in

particulate organic carbon (POM)-rich particles, while for peaks

at higher wavenumbers (e.g., 2,980 cm-1), the particles appear

more aliphatic. The peak at 1,645 cm-1 corresponds to C=O

stretching vibration attributed to amide I region, while the peak

at 1,425 cm-1 is correlated to the deformation vibrations of

aliphatic groups (Socrates, 2001; Tremblay and Alaoui, 2011).

Finally, the peaks at 1,045 and 870 cm-1 are attributed to C-O

stretching vibrations of carbohydrates and to C-H deformation

vibration of pyranose compounds (Socrates, 2001). However, a

peak shifting and new characteristic peaks were observed among

the different sampling periods and sites (Figure 3). For water

samples collected during winter (Figure 3B), the recorded

spectra revealed a high aliphatic character of POM of samples

collected from Loutropyrgos site, with peaks of very high

intensity at 2,980, 2,904, and 1,420 cm-1, while Pahi of Megara

samples had a higher intensity at the carbohydrate region. This

could be related with the higher sugar content of Pahi surface

waters (Tremblay and Alaoui, 2011). However, Pahi of Megara

samples collected during spring revealed a much higher aliphatic

nature of POM particles, with strong peaks at 2,930, 2,860, and

1,432 cm-1, presenting also a higher N content (~3,360 cm-1)

compared to the rest of the samples collected in different periods

of the year. The lower SML carbohydrate content (1,052 cm-1)

was measured in spring samples, while the highest carbohydrate

content was recorded during summer at both sampling

sites (Figure 3D).

The highest bacterial abundance was found in SML of

Loutropyrgos station during winter and the lowest in Pahi
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SML during summer (Table 3). The highest ciliate abundance

was observed in Pahi SML during summer, whereas the lowest

was observed in Pahi SSW during winter (6,220 cells L-1 and

200 cells L-1, respectively). At Pahi station, the SML was

enriched in diatoms compared to underlying and deeper

waters. Diatom abundance peaked in Pahi SML during

summer (332,467 cells L-1). At both stations, Dino <20 mm
and Dino >20 mm abundance were higher in SML compared to

SSW during winter.
Discussion

Prevalence of ligands

Metal binding ligand concentrations decreased in the order

Cu > Zn > Cd, while dissolved metal concentrations decreased in

the order Zn > Cu > Cd. The same decreasing orders of Zn, Cu,

and Cd ligands and dissolved metal concentrations were

reported by Wells et al. (1998) in Narragansett Bay, in one of

the limited studies simultaneously examining the speciation of

the specific metals. Wells et al. (1998) also pointed out that

despite the high degree of metal complexation, total ligand

concentrations did not vary in accordance with dissolved

metal concentrations.

Seasonal variations of LZn revealed a depletion of Zn ligands

in SML compared to subsurface waters. This depletion relates

with either the formation of a gelatinous layer within the SML

through aggregation of organic molecules and the subsequent

removal of Zn organic ligands in suspended matter or/and the

rapid transformation of fresh organic material due to bacterial

activity. At Narragansett Bay, Muller and Kester (1991)

measured Zn complexing capacity ranging from 46 to 104 nM,

whereas in open sea waters, particularly low LZn values are

usually determined (Kim et al., 2015b). In near surface waters of

subarctic North Pacific and Bering Sea, dissolved Zn speciation

was dominated by the complexation to strong organic ligands,

the concentrations of which ranged from 1.1 to 3.6 nM, with

logKapp values varying from 9.3 to 11 (Jakuba et al., 2012).

Copper ligand enrichment factor in the SML (mean EF = 1.3 ±

0.5) was not significantly greater than unity (p = 0.120). Gasp̌arović

et al. (2007) reported a Cu complexing capacity of SML in the

subarctic Norwegian fjords region varying from 230 to 1,790 nM,

with an average enrichment factor of 2.5, while Plavsǐć et al. (2007)

reported LCu values from 280 to 940 nM in the NWMediterranean

region, with an EF of 1.2, similarly to our previous work in coastal

areas of the Eastern Mediterranean (EF = 1.2; Karavoltsos et al.,

2015). Analytical methodologies with an identical “detection

window” were applied in all aforementioned studies. In Jiaozhou

Bay (a natural inlet of the Yellow Sea in China), the average EF of

LCu in SML was recorded at 1.56 (Chen et al., 2006). Homogeneous

spatial and temporal concentrations of Cd ligands were obtained in

accordance to the findings of Wells et al. (1998), who demonstrated
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that the Cd binding ligand concentration in Narragansett Bay

remained essentially constant.
Characterization of organics, importance
of phytoplankton

Ratios of surface-active substances/total
organic carbon and transparent exopolymer
particles vs. chlorophyll a

Valuable information on the characteristics of organic

matter present in seawater is obtained by the normalization of

surfactant activity (concentration of SAS) in terms of TOC

concentration (SAS/TOC) measured in the same samples

(Ćosović and Vojvodić, 1998; Gasp̌arović et al., 2007). Higher

SAS/TOC ratios indicate a greater contribution of hydrophobic

substances to the organic matter pool, such as nonionic

surfactants and lipids, while a lower SAS/TOC ratio indicates

the presence and contribution of organic matter of a more

hydrophilic type such as fulvic/humic acids, amino acids, and

polysaccharides (Plavsǐć et al., 2007). All of the normalized

surfactant activity values calculated in this study fall in the

range 0.06–0.28 for SML, 0.03–0.11 for SSW0.2, and 0.01–0.09
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for SSW2 samples (Table 2). SAS/TOC ratios obtained for SML

and corresponding SSW samples denote an enrichment in

hydrophilic compounds such as polysaccharides, with several

SML samples differentiating, by demonstrating relatively higher

SAS/TOC ratios (in particular during winter and spring)

(Figure 4). Although different SAS types contribute to the

surfactant activity of both SML and SSW, similar SAS/TOC

ratios were obtained for SSW samples at 0.2- and 2.0-m depth,

indicating a similar SAS type.

TEP and Chla concentrations are significantly correlated

during the exponential growth phase of phytoplankton batch

cultures (Passow, 2002). The empirical equation TEP = a (Chl-

a)b is considered as the best fit between TEP and Chla. The

exponent b represents the slope of linear regression under TEP

and Chla log transformation. Values of b are generally <1,

supporting the hypothesis that TEP formation is a function of

the phytoplankton growth rate rather than the standing stock

(Passow, 2002, and references therein). A b value equal to 0.18

was calculated herewith, with a low linear correlation factor (r2 =

0.20; n = 16). These findings comply with the consideration that

the relation between TEP and Chla is specific for each individual

bloom, but no overall relationship between TEP and Chla can be

derived, since many other processes also interfere (Passow, 2002,
A B

DC

FIGURE 3

ATR-FTIR spectra of (A) all SML water samples collected from both sites, and their comparison according to the sampling period, i.e., during (B)
winter, (C) spring and (D) summer.
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and references therein). In a previous study for coastal SML

samples originating from the same area, a b value equal to 0.12

(r2 = 0.01; n = 27) was calculated (Karavoltsos et al., 2015).

Organic matter and attenuated total
reflectance fourier transform infrared spectra

A principal component analysis (PCA) was performed on

the recorded ATR-FTIR spectra of the samples analyzed in order

to identify any grouping of the samples on the basis of 1)

sampling depth (SML, SSW), 2) sampling season (summer,

spring, winter), and 3) sampling location (Loutropyrgos, Pahi

of Megara). The projection of first and second principal

components (PC1 and PC2) allowed for a discrimination

(across the PC2 axis) of the recorded spectra of SML samples,

however not of the subsurface ones (Figure 5A). The

interpretation of PC2 loadings (Figure 5B) revealed a positive

correlation of surface water samples (negative loadings) with the

spectral regions at 2,920 (aliphatic asymmetric C-H stretching),

1,660 (asymmetric NO2 stretching in nitro compounds and

organic nitrates, C=C stretching), 1,600 (C=C stretching),

1,509 (N-H stretching of amide II band, aromatic ring

vibration, asymmetric NO2 stretching in nitro compounds and

organic nitrates), 1,415 (CH3/CH2 deformation vibrations), and

1,256 cm-1 (symmetric NO2 stretching in organic nitrates, CH2

wagging vibration, P=O stretching in phosphates) (Socrates,

2001). The projection of first and second principal

components (PC1 vs. PC2, explaining 97% of variance)

allowed for a clear separation (across PC1 axis) of the spectra

in clusters, according to different sampling seasons (Figure 6A).

The observation of the loadings for PC1 (Figure 6B) revealed a

positive correlation of the samples collected during spring and

winter with spectral regions at 3,360 (amines N-H stretching
Frontiers in Marine Science 13
vibrations), 2,924 (aliphatic asymmetric C-H stretching), 2,844

(aliphatic symmetric C-H stretching), 1,639 (alkenes C=C

stretching), 1,504 (N-H stretching of amide II band, aromatic

ring vibration, asymmetric NO2 stretching in nitro compounds

and nitrates), 1,445 (asymmetric C-H deformation), and 621 cm-1

(asymmetric NO2 stretching in nitro compounds and nitrates)

(Socrates, 2001). Samples collected during summer and possessing

a positive correlation (negative loadings) with the spectral regions

at 1,048 (C-O stretching vibration) and 800 cm-1 are assigned to

several vibration/compounds such as N-H wagging in secondary

amides, CH2 rocking, or C-S stretching. In terms of sampling

location, separation of the recorded spectra between the two

sampling stations was not possible, indicating small differences

in the samples’ composition.

Free amino acid, fatty acid, and
sterol distribution

FAAs are of great interest in oceanic and coastal waters,

representing a good nitrogen source for marine microalgae and

bacteria (Tada et al., 1998). A pattern similar to the PCA

performed to FTIR spectra was obtained for amino acids,

dividing the water samples in terms of seasonality across PC2

axis (Figure 7A) and depth across PC1 axis (Figure 7B). The

calculated loadings, i.e., principal amino acids in each group

(Figure 7C), revealed significant correlations between glutamic

acid (Glu) and glutamine (Gln) in SML, among lysine (Lys),

ornithine (Orn), tryptophan (Trp), glutamine (Gln), and

tyrosine (Tyr) in summer and winter, and between proline

(Pro) and glutamic acid (Glu) in spring.

Fatty acids are abundant in most aquatic environments,

deriving from sources including bacteria, microalgae, higher

plants, and marine fauna. Saturated fatty acids (SFAs) such as
FIGURE 4

Correlation of SAS and TOC concentrations obtained in SML (□), SSW0.2 (○), and SSW2 (◊) seawater samples. Lines correspond to different
model substances: no. 1 microbial polysaccharide xanthan, no. 2 protein (Albumin), no. 3 fulvic acid, no. 4 polysaccharide dextran T-500, no. 5
Triton-X-100, and no. 6 oleic acid. SML, surface microlayer; SSW02, subsurface water at 0.2-m depth; SSW2, subsurface water at 2-m.
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palmitic and stearic (16:0 and 18:0, respectively) are ubiquitous.

In Elefsis Gulf samples, SFAs predominated, comprising 78.2%–

94.3% of total fatty acids, followed by monounsaturated fatty

acids (MUFAs) accounting for 1.5%–10.3% and polyunsaturated

fatty acids (PUFAs) accounting for 1.0%–19.9%. The lability and

susceptibility of unsaturated fatty acids to oxidation (Gasp̌arović

et al., 2007) explain both their relatively low percentages within

the Elefsis Gulf, as well as SML depletion observed in the

Western Mediterranean (Saliot et al., 1991) and Norwegian

fjords (Gas ̌parović et al., 2007), whereas simultaneous

predominance of SFAs was also reported. In accordance with

previous findings for the Mediterranean (Goutx and Saliot, 1980;

Saliot et al., 1991), palmitic acid (16:0) prevailed among the fatty

acids determined in the suspended particulate matter of Elefsis

Gulf, followed by stearic (18:0), oleic (18:1), and myristic (14:0)

acids. At both stations, the SML was enriched in fatty acids, with

enrichment factors exceeding 2 for total and the majority of

individual fatty acids.
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Sterols have been used to characterize the origin of

particulate organic matter (Alsalahi et al., 2015). Employing

sterols ratios in tracing the origin of particulate organic matter,

sitosterol/campesterol ratio was applied in the SW

Mediterranean (Dachs et al., 1998) and the mouth of Rhône

River (Galeron et al., 2015). Ratios exceeding 1 indicate

dominance of terrigenous particulate organic matter sources,

whereas ratios lower than 1, organic matter of aquatic origin

(Dachs et al., 1998). In the Gulf of Elefsis, sitosterol/campesterol

ratios ranged between 3 and 12.6, pointing to a terrigenous

origin of organic matter, complying with the semi-enclosed

features of the area.
Sources of metal ligands

Sources of metal ligands comprise substances deriving from

phytoplankton, bacteria, coastal sediments, pore water, and
B

A

FIGURE 5

(A) Principal component analysis of recorded ATR-FTIR spectra and separation on the basis of sampling depth and (B) loadings of PC2 across
which separation is realized.
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more inert humic substances (Kim et al., 2015b, and references

therein). No correlation was observed between Chla and metal

LT, despite previous observations on phytoplankton blooms and

laboratory cultures (Passow, 2002), whereas LCu and TEP

correlated significantly (Pearson r = 0.63, p = 0.08, n = 16).

During a Navicula sp. bloom at Loutropyrgos site (within the

Gulf of Elefsis), Scoullos et al. (2006) reported a significant

increase in TEP concentrations, accompanied by a decrease in

Cu and Cd ligands, indicating a transformation of dissolved

organic ligands (mainly polysaccharides) into colloidal/

particulate matter induced by the TEP formation mechanism.

The observed lack of correlation between metal ligand

concentrations and neither TOC nor Chla, reported as well by

Zitoun et al. (2021), is attributed to the fact that only a small

fraction of the bulk TOC pool, consisting mainly of

exopolysaccharides and humic-like substances, relates to metal

complexing capacity (Ćosović, 2005).

A positive linear correlation was calculated for LCu and Dino

<20 mm (r = 0.53, p = 0.033, n = 16) and for LCd and diatoms

(0.56, 0.025, 16), indicating the release of metal ligands from

specific phytoplanktonic species . The Dino genera

Gymnodinium, Protoperidinium, Tripos, Gyrodinium, Karenia,
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Scrippsiella, Prorocentrum, and Alexandrium represented 83.8%

of total genera in the samples examined. Regarding diatom

genera, the most abundant were Chaetoceros (35.1%) and

Leptocylindrus (15.2%), followed by Cylindrotheca and Pseudo-

nitzschia (approximately 14% each), with the rest of the genera

detected at frequencies lower than 5% (Figure 8). Marine

phytoplankton constitutes a significant source of copper

ligands (Thompson et al., 2014; Nixon et al., 2019), with the

fluctuations of ligand concentrations observed close to the sea

surface being associated with phytoplankton ecology alterations

(Nixon et al., 2021). Emiliania huxleyi coccolithophore produces

a combination of low concentrations of strong Cu ligands with

high concentrations of weak Cu ligands (Leal et al., 1999; Croot

et al., 2000; Echeveste et al., 2018) and Thalassiosira weissflogii

diatom phytochelatins as Cd complexing agents (Lee et al.,

1996). On the contrary, Levy et al. (2007) demonstrated the

absence of any relationship between Cu sensitivity and

phytoplankton taxonomic classes, while Peña et al. (2019)

noted the lack of any significant correlation between Cu ligand

concentrations and diatoms or Dino abundance. The

identification of specific species of phytoplankton, which are

sources of metal ligands, is associated with laboratory
B

A

FIGURE 6

(A) Principal component analysis of recorded ATR-FTIR spectra and separation on the basis of sampling period, (B) loadings of PC1 across which
separation is realized.
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experiments involving cultures of individual phytoplankton

species. In field studies, which are not characterized by the

simplicity of laboratory experiments, a number of factors

(abiotic sources of ligands, rapid transformation of fresh

organic matter, coexistence of many different species of

phytoplankton species, etc.) mask the correlations between

phytoplankton and metal ligand concentrations.

The low Cu ligands concentrations (22 – 29 nM) at all

depths measured during spring at Pahi of Megara site (however
Frontiers in Marine Science 16
not at Loutropyrgos), combined with low amino acid

concentrations in POM, urge the direct investigation in the

field of whether significant phytoplankton species relate with Cu

ligand concentrations. Simultaneously with the decrease in Cu

ligands, low abundance of bacteria, ciliates, and specific genera

of Dino was recorded at Pahi station (Table 3; Figure 8) in

comparison with Loutropyrgos station, where no decrease of Cu

ligands was observed. Among ciliates, low abundance of

Lohmanniellidae and Scuticociliates families was reported in
B

C

A

FIGURE 7

Principal component analysis of free amino acids (FAAs) content and separation on the basis of (A) sampling season, and (B) sampling depth. In
(C) the loadings of PC2 across of which the separation is taking place are presented.
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Pahi, while among Dino low abundance of Gymnodinium genera

(Figure 8). ATR-FTIR spectra during spring at Pahi station

revealed an intense aliphatic nature of POM particles and a

lower carbohydrate content (Figure 3), pointing to the release of

specific Cu ligands by specific Dino and ciliate species. Robinson

and Brown (1991) have measured significant amounts of Cu

ligands during an extended bloom of Gymnodinium sanguineum

Dino and a linear increase of Cu ion complexing capacity as a

function of cell density of G. sanguineum. Croot et al. (2000)

have found that the marine Dino Amphidinium carterae

produces very strong Cu ligands. In indoor experiments, Le

Jeune et al. (2007) showed that the ciliate biomass was

significantly reduced with increasing Cu concentrations,

whereas the heterotrophic bacterioplankton and flagellates

were not directly affected by Cu treatment in terms of biomass

or diversity. Our study confirms the production of Cu ligands by

Dino, more specifically Gymnodinium genera, pointing to their

significance at coastal areas.

The lack of agreement among the highest values of Cu, Zn,

and Cd L concentrations implies the occurrence of metal-specific

ligands. Bruland et al. (1991) supported that single and multiple

ligand classes exist in seawater, being largely metal-specific. Wells

et al. (1998) demonstrated that natural organic ligands

complexing Cu, Zn, Cd, and Pb in Narragansett Bay have

broadly different architectures. On the contrary, studies

employing linear free energy relationship (LFER) techniques for

metal complexation indicated that the strongest ligand reacting

with Cu, Zn, Fe, Th, and others in seawater is chemically similar to

diethylenetrinitrilopenta-acetic acid (DTPA) (Hirose, 2007). In

coastal environments, allochthonous sources of metal ligands

affect both the amount of metal ligands and their specificity.
Toxicity of metals

At Loutropyrgos SML in spring and summer, Zn ligand

concentrations are almost equal to dissolved Zn ones, indicating

an incomplete Zn complexation and a subsequent increase of Zn

labile fraction and its potential toxicity. The ratio of average Cu

ligand concentration to Cu concentration being 6.0 in SML and

12.5 and 10.4 in SSW0.2 and SSW2, respectively, points to total

Cu complexation, even in cases with significant variations

(increases) of its concentration. The ratio of average LCd to

average CCd was calculated as 10.4, 13.8, and 18.6 in SML,

SSW0.2, and SSW2, respectively, demonstrating a strong

regulation of available ligands over Cd complexation.

The European Directive 2013/39/EU (amending Directives

2000/60/EC and 2008/105/EC) sets in the field of water policy

Environmental Quality Standards (EQS) of priority substances

in the dissolved fraction. For “other” surface waters, referring to

coastal and transitional ones, the annual average concentration

(AA) for Cd is set at 17.8 nM, while the maximum allowance
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concentration (MAC) is set at 13.3 nM. Dissolved Cd levels

reported in the present work are lower than the specific limits.

Regarding Cu and Zn, characterized as “specific pollutants,” the

Water Framework Directive does not establish EQS for other

waters, which must be set at the national level. However, on the

basis of the EU Risk Assessment Report (RAR) issued for Zn

(ECI, 2008), an initial Predicted No Effect Concentration

(PNEC) was proposed at 119 nM for Zn in fresh waters

applied also to saline waters, revised afterward to 52 nM for

saline waters (WFD-UKTAG, 2012). The latest is exceeded in

the summer SML sample from Loutropyrgos site. Regarding Cu,

based on the “total risk approach” employing an assessment

factor (AF) and on Cu bioavailability in the presence of natural

organic matter (EC, 2008), a PNEC equal to 40.9 nM for marine

waters was calculated, not exceeded by the Cu values measured

herewith. A toxic effect of dissolved Zn on the SML of the study

area is possible, but not of Cu and Cd, confirming the findings

derived from the speciation study of the specific trace metals.
Conclusions

A depletion of the SML of coastal areas in Zn binding ligands

was demonstrated. The incomplete Zn complexation with organic

matter is expected to provoke a significant percentage of labile Zn

in SML, accompanied by a potential toxic impact, which is

confirmed by comparison with PNEC values for saline waters.

This is not the case for Cu and Cd, since the concentrations of their

available ligands considerably exceed metal levels, fully regulating

their complexation. The importance of applying methods, which

enable the determination of metal ion speciation, is obvious. This is

principal for drawing safe conclusions on metal bioavailability and

toxicity. The simultaneous speciation study of several metal ions

(such as Cu, Cd, and Zn herewith) offers the possibility of

concluding on the ligand types and binding groups available/

present, depending on the metal preference of binding to

certain groups.

ATR-FTIR spectra, analysis of FAAs, fatty acids, and sterols,

as well as calculation of SAS-to-TOC ratios, revealed a

differentiation between SML and subsurface waters, relatively

with the qualitative features of organic matter present.

Apparently, SML organic matter is characterized as less

hydrophilic and depleted of more labile components, subjected

to more intense UV irradiation and bacterial activity. Metal

ligand sources include both phytoplankton-derived substances

and more inert organics produced during the quite rapid

transformation of freshly produced organic material. It was

shown that the dominant ligands in SML could be of

biological origin; however, ligands of terrestrial origin could

also prevail, depending on season and space.

As demonstrated also in other studies, the SML

constitutes a particularly complex “ecosystem,” significantly
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differing from but simultaneously interacting with subsurface

water. Due to both increased trace metal concentrations and

qualitative differentiation of organic matter, the speciation of

trace metals in SML, as in all interfaces, is of particular

interest. Since studies referring to trace metal speciation in
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SML are limited, focusing exclusively on Cu, a considerable

lack of data on bioessential elements, e.g., Fe, Zn, Co, and Cd,

exists. Relevant studies may contribute to a better knowledge

on the biogeochemical cycles of trace elements in

surface waters.
B

C

D

A

FIGURE 8

ATR-FTIR spectra of (A) all SML water samples collected from both sites and their comparison according to the sampling period, i.e., during (B)
winter, (C) spring, and (D) summer.
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