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Abstract: Marinas are semi-enclosed environments characterised by reduced hydrodynamic energy,
high sedimentation rates, and reduced oxygen levels. The ongoing development of activities and
infrastructure construction are leading to deterioration in the quality of coastal aquatic environments,
creating environmental risks. Trace metal elements (TMEs) and organotins are significant contami-
nants, prompting this study to evaluate the added value of spatiotemporal monitoring compared
to one-time sediment assessments. Two Mediterranean harbours, Port Camargue (PC) and Port
Carnon (C), differing in morphology and size, were monitored for a year with regular water sampling,
focusing on TMEs and organotins. Sediment contamination, notably in the technical zone, revealed
concentrations of Cu (309 and 1210 mg kg~ for C and PC, respectively), Zn (242 and 425 mg kg~! for
C and PC, respectively), and tributyltin (TBT) (198 and 4678 ug (Sn) kg{1 for C and PC, respectively)
surpassing the effect range medium (ERM), while other marina stations generally stayed below this
threshold. Spatiotemporal water monitoring highlighted concentrations above environmental quality
standards (EQS) at all stations of the larger marina. This exceedance was systematic for Cu and Zn
in all samples, ranging respectively between 2.54 and 37.56 ug (Sn) L~! and 0.63 and 33.48 ug (Sn)
L~1. A notable temporal dynamic for TBT and Cu was also observed. Conversely, the open marina,
connected to the open sea, rarely exhibited concentrations above EQS in water, despite sediment
concentrations occasionally exceeding ERM values. This underscores that risk assessment in these
ecosystems cannot rely solely on sediment characterisation.

Keywords: contamination; harbours; sediments; sea water; trace metal; organotins; Mediterranean Sea

1. Introduction

The Mediterranean coastal zone represents an important socio-economic and ecolog-
ical area subject to strong pressures [1,2]. With over 40% of the Mediterranean coastline
urbanised, coastal waters are subject to considerable human pressure [3]. Marinas are semi-
enclosed environments characterised by reduced hydrodynamic energy, high sedimentation
rates, and reduced oxygen levels [4]. These environments lead to high population densities.
The ongoing development of activities and the construction of infrastructures are leading
to a deterioration in the quality of coastal aquatic environments, creating environmental
risks. These port activities have an impact on both the quality and availability of natural
resources [5]. These pressures include shipping activity (vessel density), port activity
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(port operations), dredging activity, and external activities (land uses, including urban,
industrial, agricultural discharges, etc.) that can have an impact on water and sediment
quality, leading to the alteration of the seabed or loss of habitat. One of the main types of
contamination of particular concern is the input of trace metal elements (TMEs) [6,7]. More
specifically, trace metals in the seas come from both natural processes (atmospheric inputs
and wind processes) and anthropogenic activities [8]. Trace metals tend to accumulate in
sediment, resulting in higher concentrations compared to the water column. This is due to
the properties of trace metal ions that govern processes like adsorption, hydrolysis, and
co-precipitation [9,10].

In addition to TMESs, organotins are also major contaminants in marine harbours [11,12].
Organotins have been widely used for decades in industrial activities such as oil refining and
the manufacture of antifouling chemicals [13,14]. Tributyltin (TBT), a compound of butyltin
(BuT), was developed in the 1950s as the most effective commercially available antifouling
system for decades [15]. TBT is known to have serious ecotoxicological impacts like imposex
(females developing male sex organs such as a penis and vas deferens) in the gastropod Nucella
lapillus or severe calcification defects in the oyster Crassostrea gigas, resulting in a population
decline [16-18]. Even at very low concentrations (a few ng(Sn) L~!), TBT is toxic to marine
biota, so the International Maritime Organization banned TBT in boat antifouling paints in
2008. Unfortunately, in spite of the ban, TBT and butyltins continue to be used in continental
settings (for agriculture, catalysts, and heat stabilisers in PVC) and are dispersed into coastal
marine waters through sewage sludge [19,20]. TBT persists at high concentrations in marine
harbours, reaching up to 8000 ng Sn g~ ! in sediment, 179 ng Sn g ! in biota (mussels), or 70 ng
Sn L~! in seawater [21-23]. Since its ban, TBT has been replaced by copper (Cu) in antifouling
paints, leading to an increase in its use in industrial activities or as a biocide, resulting in the
accumulation of Cu in sediments and surface waters [24,25]. The US Environmental Protection
Agency (US EPA) has identified Cu as one of the greatest environmental concerns in ship
discharges [26], with multiple potential negative impacts on marine organisms. For example,
a wide range of pollutants are bioaccumulated by phytoplankton species, including Cu and
butyltins, which are then transferred to higher trophic levels, with dramatic effects on many
organisms [27,28].

The utilisation of sediments for evaluating the environmental state of aquatic ecosys-
tems has gained popularity, primarily because they offer a historical record and the capa-
bility to integrate environmental events over time [29]. In this vein, to assess the level of
contamination in harbour systems, trace metals and organotins are generally measured
in sediments, with a spatial approach designed to characterise the state of contamination
according to port activities [21,30,31]. Several researchers have suggested evaluating the
water quality through an analysis of phytoplankton communities and their interactions
with physicochemical parameters. This approach aims to offer insights into the impact of
human activities, particularly those related to port operations, on coastal ecosystems [32].

However, the dynamics of TMEs and organotins in the water column are rarely
measured in harbour areas, the focus being on sediments due to their integrative nature [33].
The European Water Framework Directive defines environmental quality standards (EQS)
based on the level of contamination in the water column for certain TMEs and TBT. The
aquatic environment can be affected by chemical pollution both in the short- and long-term,
and therefore both acute and chronic effects data should be used as the basis for establishing
the EQS. In order to ensure that the aquatic environment and human health are adequately
protected, EQS expressed as an annual average value should be established at a level
providing protection against long-term exposure, and maximum allowable concentrations
should be established to protect against short-term exposure. Therefore, the aim of this
study was to assess the added value of spatiotemporal monitoring of TMEs and organotin
compounds for understanding seawater quality trends compared to one-off sedimentary
assessments. For that purpose, two marinas located in the Mediterranean Sea with different
morphologies and structures were monitored over one year with regular water sampling,
with particular attention given to TMEs and organotins.
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2. Materials and Methods
2.1. Study Areas

The Gulf of Aigues-Mortes (GAM) is located in the French Mediterranean region along
the Languedoc coast (Figure 1). The particularity of the Languedoc coast lies in the lidos
situated between vast lagoons with high heritage and ornithological values, salt marshes
suitable for the reproduction of most limicoline birds, and rich fish-filled coastal waters.
This coastline is one of the richest in Europe for these species [34]. The GAM is located
in a Natura 2000 area, under the Gulf of Lion entity. The Natura 2000 network is at the
heart of the European Union’s nature conservation policy to halt the erosion of biodiversity.
The network aims to ensure the long-term survival of particularly endangered species
and habitats with high conservation value in Europe. Tourist traffic and intense leisure
activities, in particular motorised boating, generate considerable nuisance and are a major
cause of fragility in the Natura 2000 areas identified. The GAM includes eight marinas, two
of which were studied in this project: the Port Carnon (Carnon city) and Port Camargue
(Grau-du-Roi city).
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Figure 1. Map of the sampling sites in the two harbours of the Gulf of Aigues Mortes, France
(A): Port Carnon (B) and Port Camargue (C). (free Geographic Information System (GIS) QGIS 3.12
https:/ /www.qgis.org/fr/site/forusers/index.html#download accessed on 23 January 2024).

2.1.1. Port Carnon

Port Carnon (hereafter referred as C) is in the GAM, at the gateway to Little Camargue,
in the heart of a lively year-round seaside resort. Located at a latitude of 43°32/32.09"" N
and a longitude of 3°58'29.94" E, on the shores of the Mediterranean, it is bordered by a
channel (Rhone to Sete channel) and a pond (Etang de 1'Or). It has 850 moorings afloat.
Annual parking in “storage on land” on 3 levels for motorboats, and a dinghy park for light
sailing, are also available. The onshore storage is designed to accommodate motorboats up
to 5.90 m. The careening area is located on Carnon West (Station C7, Figure 1B). For large
sail boats like catamarans, places on the outer harbour are dedicated to them (Station C4,
Figure 1B).

2.1.2. Port Camargue

Port Camargue (hereafter referred as PC) is a district of the municipality of Grau-
du-Roi in the GAM. It is located at 43°31'20.83" N longitude and 4°7'50.3" E latitude,
between the point Espiguette and the port of Grau-du-Roi in the east of the Gulf of Lion. It
is one of the biggest marinas in Europe, and has a capacity of 5000 moorings, including
2761 in public harbours and 2239 in marinas [19], Figure 1C. PC has a technical platform
comprising three areas covering 4.5 hectares, including three careening areas, two quays
(station PC5, Figure 1C) and one quay (station PC4, Figure 1C).

2.2. Sediment and Seawater Sampling Campaigns and Sample Pre-Treatment
2.2.1. Description of Sampling Campaigns

Samples were collected at seven stations in Port Carnon (C1 to C7) and six stations at
Port Camargue (PC1 to PC6) (Figure 1, Table 1).
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Table 1. Description of sampling sites and dates of water sampling campaigns in Port Carnon and Port Camargue harbours.
Location of Sampling Date of Water Sampling Campaigns

Sampling Stations  Stations g, 51 Oct21  Nov-21  Dec2l  Jan-22 Feb.22  Mar22  Apr-22  May-22  Jun-22 Jul.-22 Aug-22  Sept.-22

Reference: Port c1 X X X X X X X X XX XX XX XX X
entrance
Channel entrance C2 X X X X X X X X XX XX XX XX X
PORT Harbo;‘frﬁzaﬁer s c3 X X X X X X X X XX XX XX XX X
CARNON Eastern Basin C4 X X X X X X X X XX XX XX XX X
Contact Channel C5 X X X X X X X X XX XX XX XX X
(lagoon to sea)
Western Basin Cé6 X X X X X X X X XX XX XX XX X
Western Basin c7 X X X X X X X X XX XX XX XX X
(Dock)
Reference: Outside PC1 X X X X X X X X XX XX XX XX X
the Port
Harb"gfrﬁ‘:ea“er s PC2 X X X X X X X X XX XX XX XX X
PM%I};TG%/*E' Fuel station PC3 X X X X X X X X XX XX XX XX X
Technical station PC4 X X X X X X X X XX XX XX XX X
(Dock)

Te"hlgggldi;amn PC5 X X X X X X X X XX XX XX XX X
Marina Area PC6 X X X X X X X X XX XX XX XX X

X: Sampling once a month. XX: Sampling twice a month.
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Spatial sediment sampling campaigns were conducted in both ports, with surface
sediments collected in triplicate at stations C1 to C7 on 15 September 2021, in Port Carnon,
and at stations PC1 to PC6 on 14 May 2018, for Port Camargue.

For the water column, spatiotemporal sampling campaigns were carried out over one
year for each port. Sixteen water sampling campaigns occurred in both harbours from
September 2021 to September 2022, covering the seven stations in Port Carnon (C1 to C7)
and the six stations in Port Camargue (PC1 to PC6) (Figure 1). The samples were taken
monthly from September to April, and then bi-weekly from May to August, aligning with
the period marked by heightened internal port activities such as boat maintenance, dry
docking, nautical events, and increased tourist traffic (Table 1).

2.2.2. Surface Sediment Sampling and Characterisation

Surface sediment samples were collected with a Van Veen grab (stainless steel) with a
penetration of 30 cm and a collected volume of around 75 L.

For many environmental concerns and in response to regulatory programmes, guide-
lines or recommendations were established both at the national and international levels.
They include determinations of sediment contaminants in the context of extraction of
dredged materials, cleanup of industrial and municipal sites, ecological or human risk, fish
tissue contamination, classification of problem sites, and beneficial use impairment [35].
Guidelines were developed by the US National Oceanic and Atmospheric Administration
(NOAA) [36]. The potential toxicity of port sediment was evaluated based on the concentra-
tions of trace metal elements and organotin, using sediment quality guidelines established
by Long et al. [36] and Thompson and Wasserman [37]. Different levels were defined, in-
cluding the effects range-low (ERL), which denotes the concentration below which adverse
effects are rare, and the effects range-median (ERM), representing the concentration above
which effects are expected to occur frequently.

Granulometry distribution of the sediments was measured with a Beckman Coulter®
particle size analyser (LS 13 320) using the principle of diffraction and scattering of a laser
beam striking a particle. The interactions between light (laser) and matter help to estimate
the granulometric proportions.

2.2.3. Water Sampling

Surface water samples were filtered on site through 0.22 um acetate cellulose filters
and acidified with ultrapure nitric acid (Merck Chimie SAS, Fontenay sous Bois, France) in
the field.

At each sampling site, physico-chemical parameters of water (temperature, pH, dis-
solved oxygen concentration, salinity, turbidity) were systematically measured within the
first metre with multiparameter portable probes (HACH® (Hq40d) LDO101, pHC301, and
CDC40101s).

2.3. Chemical Analyses
2.3.1. TME Analysis

Surface sediments were first freeze-dried in a Crios —50 °C bench-top apparatus
(CRYOTEC®, Saint-Gély-du-Fesc, France) and then ground in a vibratory shredder (MM
400 Retsch®, Eragny, France) equipped with a zirconium oxide grinding bowl (25 mL) with
a grinding ball (zirconium oxide—J 10 mm). Sediment samples were digested using a
mixture of HF/HNO3 Suprapur® acids (Merck Chimie SAS, Fontenay sous Bois, France).
Digestion was carried out in a microwave oven (Ultrawave, Milestone®, Sorisole, Italy) [29].
After evaporation, TME concentrations were measured using Inductively coupled plasma
mass spectrometry quadrupole (ICP-MS-Q), iCAP-Q (Thermo FisherScientific®, Illkirch,
France) equipped with high matrix interface.

Water samples were diluted with nitric acid (HNOj3 20% v/v) in a clean room. The
quantification of TMEs was carried out by inductively-coupled plasma mass spectrom-
etry (ICP-MS) (iCAP-Q, Thermo FisherScientific®, Illkirch, France). TME analyses were
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carried out using the AETE-ISO platform (OSU-OREME—Observatory for the Sciences of
the Universe-Observatoire de recherche méditerranéen de I'environnement, Montpellier,
France), which houses a clean room for sample pre-treatment and preparation for ICP-MS
analysis with controlled pressure, temperature, and humidity. This clean room satisfies all
standard requirements [38].

2.3.2. Butyltin Measurements

As previously described in Briant et al. [30], sediments were gently extracted us-
ing glacial acetic acid under agitation for one night. The speciation analysis of organ-
otin compounds (monobutyltin (MBT), dibutyltin (DBT), and tributyltin (TBT)) in acidic
sediment extracts and water samples was performed by coupling a gas chromatograph
(Focus TRACE 1300 GC Thermo Fisher Scientific®, Tllkirch-Graffenstaden, France) to
an inductively-coupled plasma mass spectrometer (ICP-MS X Series II-Thermo Fisher
Scientific®).

The samples were derivatised (ethylation) and preconcentrated with solid-phase
microextraction (SPME). For the butyltin species, the limit of detection was on the order of
0.012 ng(Sn) L~! [21]. The accuracy and the precision of the methods were validated using
two certified reference materials: CASS-6 Nearshore Seawater Certified Reference Material
for Trace Metals and other Constituents and PACS-3 Marine Sediment Certified Reference
Material for total and extractable metal content and organotin (National Research Council
Canada). No reference material is available to validate speciation analyses of organotins in
aqueous samples.

Numerous research investigations have employed the butyltin degradation index (BDI)
as a proxy to assess the environmental fate and breakdown of TBT [19]. This index, defined as
BDI = (IMBT] + [DBT])/[TBT], was used to interpret the data acquired in this study.

2.4. Statistical Analysis

Differences in the chemical environment between stations were estimated by principal
component analysis (PCA) with R studio scripts (version R4.2.2). Two-way analysis of
variance (ANOVA) was performed to test the null hypothesis that there was no significant
difference between sites. A posteriori paired multiple comparisons were then performed
using the Tukey honestly significant difference test (HSD). ANOVA tests and Tukey’s HSD
tests were carried out with the level of significance set at p < 0.05.

3. Results and Discussion
3.1. Sediments
3.1.1. General Characteristics of Sediments

The granulometry distribution of sediments (Table S1) in the two ports showed that the
predominant fraction in surface sediment was fine sand, silt, and clay fractions (grain size
< 250 pm) for Port Carnon (C) harbour and fine silt and clay fraction (grain size < 63 um)
for Port Camargue (PC) harbour. The Al contents varied between 4.2% and 5.5%, but the
highest levels (5.3-5.5%) were measured in C harbour (Table S1). The Fe contents ranged
from 1.6% to 3.2% with the highest values measured in C harbour (Table S1). As measured
for Fe and Al, terrigenous elements (Cs, Li, and Rb) were significantly (p < 0.05) greatest in
C harbour. Both harbours exhibited distinct sediment characteristics, suggesting differences
in hydrodynamic regimes and connections with their respective watersheds [39,40]. The
dominance of fine fractions in C harbour might favour contaminant accumulation in the
sediment [31,32], bearing in mind that sediment contamination is also controlled by the
supply of contaminants from the water column.

3.1.2. Trace Metals and Organotins in the Sediments

TME concentration in sediment strongly varied between the two harbours and within
each harbour (Table 2). The most contaminated sites were observed near the technical
zones (PC4-PC5 and C7) while the reference sites (PC1 and C1), as a general rule, exhibited
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the lowest TME concentrations. In the technical zones of PC harbour, Ni concentrations
were above the ERM levels, while Cu was above these thresholds in both technical zones.
The occurrence of high concentrations of Cu in the technical zones can be explained by the
use of antifouling paints with Cu used as biocide in replacement of the banned TBT [41].
Cu metal concentration was significantly (p < 0.05) higher in PC harbour, although the
sediment granulometry observed in C harbour might favour metal accumulation (see
above). These differences might be explained by the activity in both harbours, with
five times more mooring capacity in PC harbour relative to C harbour. Ebeid et al. [40]
also observed strong Cu contamination in Egyptian harbours, with concentrations above
1000 mg kg !, similar to those measured in PC harbour in the technical zone. The copper
concentrations measured in the two studied ports are higher than those measured in the
marina at Monastir. This marina, which is home to 400 international pleasure craft and
is characterised by medium-grade sand, has copper concentrations ranging from 34.10 to
63.8 ng/kg [42]. Interestingly, organotin concentrations exhibited the same patterns (Table 2)
as those observed for Cu, with organotin concentrations (ITBT, DBT, and MBT) in the
technical zones (PC4-PC5) of PC being up to 20 times more than those measured in C (C7).
It is worth noting that all stations exhibited the presence of organotins, even at the reference
stations (C1 and PC1). This is a clear indication of the strong anthropogenic pressure exerted
on these ecosystems, bearing in mind that butyltins are only of anthropogenic origin. The
concentrations of TBT measured in the present study are on the same order of magnitude
of those recently observed in Mediterranean harbours after the TBT ban in 2008 [43], while
strong accumulation up to 18,000 ng g~ ! were measured in the Barcelona harbour in the
years 1995-2000 [19]. The strong contamination of Ni observed in PC harbour, especially
at stations PC3 and PC6, confirms the high anthropic pressure exerted in this ecosystem.
Indeed, while Ni in aquatic sediments occurs naturally, as suggested by Bibi et al. [44]
high contamination in marine ecosystems can be attributed to anthropogenic sources and
domestic wastes. Strong accumulation of Ni has also been observed in other Mediterranean
harbours with concentrations up to 200 ppm, similar to those observed in PC harbour [4].

Table 2. Concentrations of trace metal elements and butyltins in the sediments of Port Carnon (C)
and Port Camargue (PC) (n = 3). Concentrations above ERM are in bold format.

PORT CARNON PORT CAMARGUE
C1 C2 C3 C4 C5 Ceé Cc7 PC1 PC2 PC3 PC4 PC5 PCeé
Trace elements ERL ! ERM 2
As 16 122 134 16 119 126 141 120 119 120 156 154 8.4 8.2 70
Cd 0.1 0.2 0.4 0.4 0.3 04 0.4 0.1 0.1 0.1 0.2 0.2 0.1 1.2 9.6
Cr 32.2 51 775 886 671 751 848 617 535 539 664 522 39.2 81 370
Cu mg kg*1 4.2 462 737 169 1115 111.7 309 82.7 267 942 1210 713 292 34 270
Ni 18 225 333 378 29 339 364 1.3 133 396 0.3 2.9 133 20.9 51.6
Pb 132 287 485 57 432 483 554 248 203 202 813 586 27.9 46.7 218
Zn 432 799 126 199 1276 144 242 106 762 89.2 425 270 174 150 410
Organotin compounds
TBT 0.6 3 9 19 1 15 198 5 4 13 4678 2803 29
DBT ug (Sn) 0.9 3 5 9 0 7 69 6 6 21 1532 1519 38
MBT l<g‘1 5.3 29 17 15 7 13 35 20 17 54 568 856 95
Tbutyltins 6.8 35 31 43 8 35 302 31 27 88 6778 5178 163
BDI 10.3 12 2.3 1.2 5.1 14 0.5 5.7 53 5.6 0.4 0.8 45

1 ERL: effects range-low; 2 ERM: effects range-median); BDI: BioDegradration Index = ((MBT] + [DBT])/[TBT].

A BDI value exceeding 1 suggests ongoing processes of TBT transformation by de-
butylation with a potential gradual decrease in TBT concentration with time. In contrast, a
BDI below 1 suggests either low kinetics of degradation leading to the persistence of TBT
relative to its degradation products or a possible supply of TBT in the systems through its
use as an antifouling paint despite its ban in 2008 [45]. Interestingly, the BDI of both techni-
cal zones was lower than 1, suggesting a slow gradual degradation of the accumulated TBT
and a possible supply of TBT antifouling paint during careening operations. In contrast,
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at the other stations BDI, was always greater than 1, suggesting a gradual decrease in the
accumulated TBT through MBT and DBT (Table 2).

The strong sediment contamination of the technical zones in PC harbour was con-
firmed by the PCA clustering (Figure 2). The first two axes explained more than 85% of
the variance observed. Three distinct clusters can be distinguished. The first one along
axis 1 grouped stations of C harbour (C3 to C7) with Ni and terrigenous TMEs (Al Fe, Rb,
and Cs) as positive structuring factors as well as very fine particles (2 um and 63 um). The
second cluster grouped stations in PC harbour, except those in the technical zone, together
with C1 and C2 of Port Carnon harbour. This cluster was negatively structured by As, Pb,
Cd, and Cr. Lastly, the third cluster included the two stations of the technical zone in PC
harbour, with TBT, DBT, MBT, and Cu as positive structuring factors.
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Figure 2. PCA with TMEs, organotins, and terrigenous elements in the sediments of Port Carnon (C)
and Port Camargue (PC). Granulometry data were used as additional explaining variables.

3.2. General Quality Features of the Water Column
3.2.1. Physico-Chemical Parameters

The 16 sampling campaigns took place over one year, spanning from September 2021
to September 2022. Trends for pH, temperature in °C, salinity, and dissolved oxygen are
summarised in Figure S1. Temperatures varied from 7.5 °C to 29.4 °C in PC harbour and
from 6.2 °C to 28.2 °C in C harbour. No significant variations for T°C and pH between
both harbours were observed. In contrast, for salinity and dissolved oxygen, PC harbour
exhibited significantly (p < 0.05) higher values for both parameters, with values ranging
from 27.8 psu to 41.6 psu and from 66.8% to 143% for salinity and oxygen, respectively. For
C harbour, station C6 exhibited the most important temporal variations, while the reference
station at the main entrance (C1) showed a lower variability. For PC harbour, the reference
station also showed lower variability than stations located farther inland from the marina.

PCA performed with the environmental variables showed a clear separation of both
harbours (Figure 3). The two first axes explained more than 65% of the variance observed.
Two clusters can be identified: the first includes all the stations of PC harbour with oxygen
as the positive structuring factor, and to a lesser extent, salinity. The second cluster contains
the stations of C harbour, except for reference station C1 that is located in between the
two clusters, with dissolved oxygen as a negative structuring factor. This clustering
with environmental variables agrees with what can be observed with terrigenous TMEs
measured in the sediment (see above), suggesting differences in the hydrodynamic regimes
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of the two harbours. Through its connection with the surrounding lagoons, C harbour
exhibits greater environmental variation and higher terrigenous TME supplies.
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Figure 3. PCA with environmental variables measured in the water column of Port Carnon (C) and
Port Camargue (PC).

3.2.2. Temporal and Spatial Distribution of Contaminants in the Water Column

The temporal dispersion of TME concentrations as a function of the spatial distribution
is presented in Figures 4 and 5 for Cu, Ni, and Zn and in Figure S2 for the other TMEs
(As, Cd, Cr and Pb). As observed for sediment, significantly (p < 0.05) higher dissolved
concentrations for Cu and Zn were observed in PC harbour relative to C harbour. Within
each harbour, the technical zone showed the highest concentrations of Cu and Zn, with
values up to 37.6 ug L~! and 33.5 pg L~! in PC harbour, respectively.

The technical stations also exhibited the highest temporal variations (Figure 5) for Cu
and Zn relative to the reference stations (C1 or PC1). Concentrations peaked during May
2022 for C harbour, at 15 pg L=! and 6.2 ug L~! for Cu and Zn, respectively, compared to
2.1 ug L' and 1.9 pg L~! observed two weeks before for Cu and Zn, indicating a very
dynamic system. In PC harbour, the dynamics were less pronounced, with concentrations
that did not fluctuate strongly with time, except during October 2021 where a concomitant
peak was detected for both TMEs with concentrations representing up to 2 to 3 times the
average concentration observed during the one-year survey.

For the organotins, the temporal dispersion of TBT, DBT, and MBT concentrations as
a function of the spatial distribution is presented in Figures 6 and 7. As observed for Cu
and Zn, concentrations of TBT were significantly higher in PC harbour. Nevertheless, in
contrast to what was observed for Cu and Zn, TBT did not show a significant difference
between stations in both harbours. Dissolved concentrations of TBT in the technical zone
were not significantly different from those observed in the other parts of the harbour,
while concentrations measured in the sediment clearly reflected spatial differences between
stations for the organotins, with strong accumulation in technical zones (see Table 2).
Moreover, in both systems, TBT temporal dynamics were strongly marked (Figure 7).
Interestingly, the temporal dynamics observed in the reference station were similar to those
observed in technical zones, suggesting that the dynamics are probably not related to the
harbour marine activity itself but rather to transformation processes that affect TBT fate
within the water column [48,49].
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Figure 5. Temporal monitoring of contaminant concentrations of Cu (a) and (b), Ni (c) and (d), and
Zn (e) and (f) in Port Carnon (C) and Port Camargue (PC) for the reference stations (C1 and PC1)
and technical stations (C7 and PC4). Dotted lines represent the allowable maximum concentration
imposed by the European Water Framework Directive (EWFD) and French regulations [46,47].
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and technical stations (C7 and PC4). Dotted lines represent the allowable maximum concentration
imposed by the European Water Framework Directive (EWFD) and French regulations [46,47].
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DBT dynamics were strongly pronounced in the technical zone of PC harbour where
concentration peaked up to 10 ng L™! in September 2022 (Figure 7). In contrast, for C
harbour, DBT concentration did not exhibit important temporal variations even in the
technical zone; moreover, concentrations were relatively similar irrespective of the station,
with an average value around 0.5 ng L™!. The temporal dynamics of MBT were relatively
comparable to what was observed for TBT in both harbours; however, no significance
difference in TBT contamination between both systems was observed.

Environmental quality standards (EQS) were defined by the European Water Frame-
work Directive (EWFD) in the 2008/105/EC Directive [46] and in the French decree of July
27,2015 [47]. The European Water Framework Directive (EWFD) defines environmental
quality standards (EQS) based on the level of contamination in the water column for certain
TMEs and for TBT. For Cu, Zn, and TBT, the maximum concentration allowed by EWFD is
1.6 ugL71,3.1 ug L1, and 0.61 ng L™, respectively. When the contaminant concentration
is above this threshold, acute toxic effects can be observed [50]. The one-year survey with 16
sampling campaigns allowed the identification of a number of cases where the contaminant
concentration was above the EQS as a function of the sampling stations (Table 3).

Table 3. Percentage of samples where the dissolved contaminant concentration was above the EQS
maximum allowable concentration.

Port Carnon Harbour Port Camargue Harbour
C1 C2 C3 C4 C5 Ceé Cc7 PC1 PC2 PC3 PC4 PC5 PCeé
Cu 18.8 62.5 93.8 100.0 43.8 93.8 93.8 0.0 100 100 100 100 100
Zn 0.0 0.0 37.5 37.5 0.0 31.3 37.5 11.1 61.1 100.0  100.0  100.0 94.4
TBT 0.0 6.3 6.3 6.3 6.3 0.0 6.3 111 16.7 5.6 16.7 222 5.6

Interestingly, concentrations of Cu and Zn were almost always (except for PC1) above
the EQS in PC harbour, in particular, close to the technical zone, but also in the other
stations in the marina. Nevertheless, Cu at the reference station (PC1) was always below
EQS, and only 11% cases above EQS were observed for Zn, suggesting a low impact of
this contaminated environment on the surrounding open sea. For TBT, the situation is less
critical, with most cases (22.2%) observed in the technical zone, while at other stations,
dissolved TBT concentrations were most often below the EQS. For Port Carnon harbour,
the situation within the harbour itself is less critical for Zn and TBT, but Cu contamination
showed recurring excesses even at the reference station. These differences can be explained
by the hydrodynamics regime of both ecosystems. PC harbour is a semi-enclosed system,
while C harbour is strongly connected to its watershed lagoons and to the open sea through
a large canal (Figure 1B).

The water concentrations of TMEs, and more particularly for Ni, Cu, and Zn, observed
in both harbours are in the same range as those observed in similar Mediterranean ecosys-
tems. For instance, Guerra-Garcia et al. [4] reported dissolved concentrations of up to
20 pg L~ and 30 pg L~ for Cu and Zn, respectively, in Spanish harbours. Similarly, Morsy
et al. [51] observed roughly the same level of contamination for theses TEMs. Nevertheless,
the added value of the present study compared to these previous works is the regular
monitoring that allows identifying the temporal dynamics of these contaminants and the
periods with potential acute toxicity, bearing in mind that TME water contamination in
anthropic systems can be subjected to strong temporal variations [52].

For organotins, the literature documenting TBT contamination in water columns
after its ban in 2008 is scarce, especially in Mediterranean ecosystems, with efforts being
concentrated on sediment study. Concha-Grafia et al. [45] reported concentrations of TBT,
DBT, and MBT below 5 ng L~! in Spanish harbours for the three organotins. As observed
in the present study, a strong temporal variation of organotins was detected with higher
concentrations in spring relative to autumn [45]. Furdek et al. [53] reported organotin
contamination on the Croatian Adriatic coast, with concentrations ranging from 1 to
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10.3 ng L~! for TBT. Relatively high variations in BuT concentrations were found between
the different marinas. However, these variations were not related to the marina size (defined
by the number of berths) but rather to the location of the marina (the degree of sheltering
from wind and wave action) and the efficiency of the water exchange [53]. Older studies
(published before 2008) reported much higher concentrations of organotins in the water
column, with concentrations up to 100 ng L~! in a Spanish marina [54] or in the Alexandria
harbours [55].

The PCA performed on dissolved TMEs and organotin concentrations in the water
column (Figure 8) confirmed what was observed with sediment contamination, a clear
separation of both harbours along the second axis confirmed that both systems were
strongly different. Nevertheless, while for sediment contamination, the most contaminated
sites of PC (the technical zones) were clearly separated from the other stations due to the
strong accumulation of organotins (Figure 1). For the water column, this structuration is
less evident, although a gradient of contamination could be observed along the second
axis with DBT, Cu, and Zn as structuring factors. The role of dissolved TME concentration
as structuring factors in anthropic coastal areas is largely documented [56,57], with the
main structuring TMEs being dependent on the nature of the anthropic pressure in the
surrounding watershed. The differences observed between the harbour structure assessed
from sediment contamination and the harbour structure assessed from water contamination
confirm the requirement of combining a one-off contamination sediment assessment with
regular water monitoring in order to (i) better understand the functioning of these complex
coastal environments and (ii) better appreciate the ecotoxicological risk associated with the
contamination observed in harbour systems.
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Figure 8. PCA of the distribution of TMEs, organotins, and terrigenous elements in the water column of
Port Carnon (C) and Port Camargue (PC). Environmental parameters were used as additional variables.

4. Conclusions

The aim of this study was to assess the added value of spatiotemporal monitoring
of TMEs and organotin compounds for understanding seawater quality trends compared
to one-off sediment assessments. For that purpose, two marinas located in the Mediter-
ranean Sea with different morphologies and structures were monitored over one year
with regular water sampling, with particular attention to TMEs and organotins. One-off
sediment contamination assessment, as well as regular water monitoring, clearly showed
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that both harbours exhibited important differences in TMEs and organotin contamination.
The biggest, but also the least open to the sea (Port Camargue), contained the most con-
taminated sediment, notably in the technical zone, revealing concentrations of Cu, Zn, and
TBT surpassing the effects range-median (ERM), while other marina stations generally
stayed below this threshold. Spatiotemporal water monitoring highlighted concentrations
above environmental quality standards (EQS) in all stations of the larger marina, with a
notable temporal dynamic for TBT and Cu. Conversely, the open marina, connected to the
open sea, rarely exhibited concentrations above EQS in water, despite sediment concentra-
tions occasionally exceeding ERM values. This underscores that risk assessment in these
ecosystems cannot rely solely on sediment characterisation, and that regular monitoring of
contaminants allows a complementary assessment.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/jmse12030399 /51, Table S1: Concentrations of major elements
and terrigenous elements in sediments of Port Carnon and Port Camargue for the composition
< 2 mm fraction. Figure S1: Boxplots of physicochemical parameters in Port Carnon (C blue color)
and Port Camargue (PC red color). Figure S2: Box plots of TME concentrations As (a), Cd (b), Cr (c)
and Pb (d) in samples of sea water of Port Carnon (C blue color) and Port Camargue (PC red color).
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