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A B S T R A C T

To manage trace metal pollution it is critical to determine how much temporal trends can be attributed to local
or large-scale sources. We tracked changes in metal content in the seagrass Posidonia oceanica, along the NW
Mediterranean from 2003 to 2010. While Cu, Cd and Ni showed a large inter-site variation, likely due to local
factors, Fe, Mn and Pb showed little local variation and synchronous interannual variability across sites, most
likely due to large-scale sources. Zn showed equal importance of local and large-scale sources of variation.
Temporal trends of Ni, Zn, Cd, Cu remained almost stable. In contrast, Fe, Mn and Pb slightly increased in the last
decade. These trends suggest that metals like Cu, Cd, Ni can be effectively managed at local scale. Whereas,
elements like Fe, Mn and Pb have an important large-scale component that needs to be managed across the
frontiers of national jurisdictions.

1. Introduction

Trace metals are naturally present in the environment at very low
concentrations. However, centuries of intensive land use and in-
dustrialisation (agriculture, mining and industrial production) has re-
leased significant amounts of these elements from their reservoirs,
making them increasingly ubiquitous, abundant and available for living
organisms, dispersing through soils, the atmosphere and the hydro-
sphere (Callender, 2003; Sheppard, 1993). While some are essential
micronutrients, critical to support plant metabolism (e.g. Fe, Mn, Co,
Ni, Cu and Zn, Babula et al., 2008), others are highly toxic (e.g. Cd and
Pb) or can become toxic at high concentrations (e.g. Cu and Zn). In
addition, trace metals generally persist in the environment and tend to
concentrate in organisms, becoming harmful for plants, animals and
ecosystems, and can represent a serious threat to human health
(Deboudt et al., 2004; Ikem and Egiebor, 2005; Islam et al., 2007;
Stankovic and Jovic, 2012; Wang et al., 2013). There have been a host
of studies examining the consequences of trace metal contamination on
the environment, and there is a growing call for metal contamination to
be properly monitored and controlled (Callender, 2003; Sheppard,

1993; Stankovic and Jovic, 2012). The ability to manage these con-
taminants is predicated on our ability to identify where they originate
so they can be effectively controlled at the source itself (Chon et al.,
2010). The principal difficulty with this is that metals disperse widely
through the atmosphere and hydrosphere, with little respect for man-
agement units, such as countries or continents (Connan et al., 2013;
Olid et al., 2010). To address this, many studies have focused on un-
derstanding dispersion patterns of trace metals in order to track them
back to their sources (Ansari et al., 2004; Callender, 2003; Sañudo
Wilhelmy et al., 1996; Sheppard, 1993). While these approaches are
encouraging, the inherent variability associated with trace metal dif-
fusion makes it very complex to model them accurately. In addition,
these models are often impractical to employ within standard man-
agement programmes. The primary challenge for ecosystem managers
is to identify the spatial scale of contamination (local, regional or even
global) and to track changes through time. This will help design ade-
quate interventions at the appropriate scales and evaluate their effec-
tiveness.

These problems are particularly acute in marine coastal environ-
ments situated at the very end of watersheds. They are the downstream
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recipients of trace metal pollution through rivers, streams and city
runoff (Migon, 2005; Oursel et al., 2013; Tiefenthaler et al., 2008). To
curb their harmful effects, there have been huge investments in redu-
cing metal concentration, especially in industrial wastewater (Chon
et al., 2010). Evaluating the effectiveness of these management actions
is complicated by the fact that metal can accumulate either in the water
column or in sediments and their sources can be either locally or
globally driven. Moreover, it is not easy to predict their dispersion
patterns, since they are often controlled by the interaction of processes
occurring at different spatial scales. Local sources of pollution include
industrial sewage, harbours, polluted streams, storm-water drains and
hydrothermal vents, among others (Nicolau et al., 2012; Sañudo
Wilhelmy et al., 1996; Tovar-Sánchez et al., 2010; Vizzini et al., 2013).
In addition, trace metals can travel long distances through the atmo-
sphere and major rivers until they are finally deposited hundreds of
kilometres away from their sources (Bruland et al., 2013). Once in the
sea, metals accumulate in sediments that normally can act as a sink;
when perturbed, however, sediments can become a significant source of
historically accumulated metals. Interpreting metal contamination re-
sults are therefore complex, since it is difficult to separate recent con-
tamination events from decades-old metal accumulation (Eggleton and
Thomas, 2004; Roussiez et al., 2006). A given water body may ad-
ditionally be contaminated with trace metals from both local and large-
scale sources, and their concentrations will depend on how these con-
taminants behave in response to transport vectors operating at several
different, potentially interacting scales.

The Mediterranean coastlines are among the most densely popu-
lated and developed in the world, with several large metropolises and
industries concentrating along its shores. This highly transformed
landscape is a rich source of contaminant trace metals which eventually
find their way into the surrounding waters (Bethoux et al., 1990; Pastor
et al., 1994; Turley, 1999). In the NW Mediterranean Sea, atmospheric
and riverine sources (in that order) have been identified as the most
important vectors of trace metal inputs from both natural and anthro-
pogenic origins (Elbaz-Poulichet et al., 2001; Tovar-Sánchez et al.,
2010). Differentiating between local and global sources for a given
pollutant has major implications for how it is managed. While the in-
puts and distribution of persistent pollutants can be quite effectively
controlled at local levels, a significant proportion of contaminants
travel across the frontiers of national jurisdictions or state federations
(e.g. between EU and non-EU countries). To effectively manage these
remote pollution inputs requires much more trans-boundary interven-
tions.

Bioindicators are widely used to detect variations in coastal eco-
system health (Ballesteros et al., 2007; Borja et al., 2003; Martínez-
Crego et al., 2010). The millenary seagrass, Posidonia oceanica makes a
particularly good bioindicator: is a widely distributed endemic species
that has been demonstrated to be a very efficient and integrative tool
both, in assessing changes in ecosystem conditions (Lopez y Royo et al.,
2011; Pergent-Martini et al., 2005; Roca et al., 2015; Romero et al.,
2016), as well as in tracking trace metal pollution in coastal areas (Di
Leo et al., 2013; Llagostera et al., 2011; Martínez-Crego et al., 2008;
Pergent-Martini, 1998; Richir et al., 2013; Roca et al., 2014). Posidonia
oceanica tracks trace metals even better than discrete water chemical
analysis (Niemi and McDonald, 2004) and is as good an indicator as
filter feeders (Lafabrie et al., 2007). Several parts of the plants have
been used to trace metal pollution, including leaves (Di Leo et al., 2013;
Pergent-Martini, 1998; Richir et al., 2013), rhizomes (Martínez-Crego
et al., 2008; Richir et al., 2013) and roots (Pergent-Martini, 1998).

In this study, we attempt to identify signals of local and large-scale
sources of metal (Fe, Zn, Mn, Ni, Cu, Pb and Cd) pollution for a large
coastal stretch of the NW Mediterranean (10 locations across the
Catalan coast, ca. 700 km) using the seagrass Posidonia oceanica, over a
period of seven years (2003−2010). We analysed the first centimetre
of P. oceanica rhizomes (corresponding to approximately one year) as
an integrative measure of trace elements in the surrounding

environment over the last year (Richir et al., 2013; Romero et al.,
2007). We distinguished large-scale from local contaminant sources by
analysing the variance in trace metal content levels between sites and
years. Our central assumption is that large-scale and local trends should
show distinct signatures in observed patterns of variation. Metals ori-
ginating from large-scale trends will likely vary synchronically across
sites, showing a temporal variability clearly higher than spatial varia-
bility. In contrast, metals derived largely from local sources will likely
show highly site-specific temporal variability – in other words, a large
part of the total variability will be due to differences between sites and
to the interaction between sites and time. We explored these signals of
large-scale and local variation using ANOVAs to partition spatial and
temporal variability (and their interactions) for each metal that we
monitored. In addition we used multivariate analyses to explore groups
of behaviours in trace metal content from seagrass rhizomes and site
specific trends of increase or decrease in contaminant values across this
coastal stretch over the last decade.

2. Results

2.1. Co-variation in trace metal content

The Principal Component Analysis showed two groups of elements
with significant covariation, the first included Fe, Mn and Pb, and the
second Ni and Zn. The first group was associated with Principal
Component 1 (PC1, 37% of the total variance explained) and the second
with PC2 (29%). Cu was associated with PC3, while variability in Cd
was almost evenly distributed between the three principal components
(Fig. 2 and PCA weights in Table S2).

2.2. Variability patterns

All trace metals analysed showed statistically significant temporal
(between years) and spatial (between site) variation, as well as a sig-
nificant interaction between sites and years (Table 1). Cd, Ni and Cu
showed a strong signal of inter-site variability, with the factor Site
explaining 70, 49 and 59% of total variance respectively, and< 10% of
variation explained by the factor Year (Table 1, Figs. 3, 4b, d, f). Cd
showed the highest concentrations in sites D and E on the central coast,
and Cu showed two peaks at sites B and C. The highest concentrations
of Ni were found in site A. Concentrations of Zn were particularly
prevalent at sites B and I, and while they appeared to derive from local
sources, the factor Site accounted for considerably less of the variability
(25%), and there was an important interaction between Site and Year,
(Table 1, Figs. 3, 4h). The remaining trace metals showed a strong
component of inter-annual variation associated with large-scale pro-
cesses. In Fe and Mn the inter-annual variation represented 34 and 39%
of total variance, respectively, (Fig. 3 and Table 1), varying synchro-
nously between sites (Fig. 5a, c). Variability in the concentrations of Pb
was fairly well distributed between sites, years as well as their inter-
action. Pb displayed a temporal trend similar to those observed for Fe
and Mn (Table 1, Figs. 3, 5e).

2.3. Decadal tendency in trace metals in the Catalan coast

Fe, Mn and Pb concentrations showed an overall increase across the
coast from 2003 to 2010, although this increase could not be detected
in all sites (Table 2). In contrast, Zn, Cu, Cd and Ni concentrations did
not show any clear temporal trend, although they decreased at some
sites (Table 2).

3. Discussion

Concentrations of trace metals found in P. oceanica rhizomes along
the Catalan coast, ranged between moderate to acute compared to le-
vels recorded in less industrialized areas (Richir et al., 2013). For
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instance, trace metal concentrations in our study are higher than those
levels observed in Sicily (Bonanno and Di Martino, 2017) and in the
industrialized area of Taranto (Di Leo et al., 2013). Monitoring trace
metals that accumulate in seagrass rhizomes is a powerful integrative
means to track change in pollution levels and to link them to local or
large-scale sources. We found signals of both local and large-scale
variation for all the trace metals we monitored in the rhizomes of the
seagrass Posidonia oceanica. Elements clustered in two groups, each
showing a distinct behaviour. While the variability in Cu, Cd and Ni
content was mostly locally driven (> 65% of variability explained by
the factors “Site” and “Site ×Year”), the variability in Fe, Mn and Pb
was mostly temporally driven (i.e. between-years). Zn showed an in-
termediate behaviour, with equal contributions of spatial and temporal
variability. In addition, Fe, Mn, and Pb showed considerable spatial
synchrony through time, indicating that they likely derive from a
common, large-scale process. In contrast, the local variation observed in
Cu, Cd and Ni was not spatially synchronised; each metal peaked at a
different site. This indicates that they originate from local sources
(catchment dynamics, sewage, resuspension, boating activity…) that
vary for each element. The concentrations of many trace metals

remained stable through time (Ni, Zn, Cd, Cu) or decreased marginally
at a few sites, which already showed some of the lowest values. In
contrast Fe, Mn and Pb showed a slight increase over the last decade,
mostly driven by an increase in 2010.

3.1. Site variation: detecting local contamination

The high between-sites variability we recorded in Cd, Ni, Cu and, to
a lesser extent, Zn concentrations along the Catalan coast, suggests that
these elements were derived from local sources. Although we cannot
unambiguously identify what these sources are, there is compelling
evidence linking local peaks of these elements with potential sources
mainly through sewage or contact with harbours. For instance, the
leaching of antifouling paints used on the hulls of boats and ships can
often result in high levels of Cu in surrounding waters (Claisse and
Alzieu, 1993). We recorded locally high concentrations of Cu in sites B
and C, both of which were close (< 1 km) to heavily used harbours and
marinas with a large number of recreational fishing and commercial
moorings (Fig. 1 and Supplementary images). The vessels that used
these harbours were, most likely, the source of the Cu we recorded at
these sites. Zn was also likely influenced by marina activities, at least at
one of the sites that showed the highest values (B), since Zn is widely
used as an anticorrosive in iron alloys and antifouling paints (Marcus
et al., 1988; Sørensen et al., 2009). Cd is a characteristic contaminant of
the dyeing industry, combustion of urban wastes, ceramic varnishes and
traffic wastes among other sources (Agarwal, 2009; Chon et al., 2010).
In our study, this metal peaks in the areas north of the Barcelona pro-
vince (F, E and D), which is characterised by a high industrial activity
(particularly F) that pour sewage waters to coastal streams. A second
area with high Cd values was observed in the southern part of the study
region (I and J), very close to the industrial zone of Tarragona city. Ni
peaks are often related to oil refineries, heavy fuel combustion emis-
sions, and metallic and chemical industries (Chon et al., 2010; Pirrone
et al., 1999). Surprisingly, in our study the station that had the highest
concentrations of Ni, consistent in time, (A) is located within a Marine
Protected Area, whose coast has low population densities and with no
industrial activity within tens of km around it (ACA, 2005).

3.2. Spatial synchrony: signals of large-scale variation

Large-scale processes appeared to play a major role in influencing
the variability of Fe, Mn and Pb whose concentrations varied syn-
chronously across the coast. While we cannot unambiguously identify
the origin of those large-scale variations our results suggest two po-
tential origins: remote global contamination and large-scale environ-
mental factors that modify bioavailability. Fe and Mn are characteristic
components of Saharan dust, which is transported aerially to the
Northern Mediterranean shores by North African advections. These
advections are the main vectors of Fe and Mn into the NW
Mediterranean sea, and are greater than riverine inputs (Guerzoni and
Molinaroli, 2005; Guieu et al., 1997; Migon, 2005). In fact, previous
studies using seagrass as bioindicators in the Mediterranean, also
identified Saharian dust as a potential origin of observed global trends
(Tovar-Sánchez et al., 2010). Although Pb is rare in Saharan dust, it also
co-occurred with Fe and Mn in our observations (i.e. Pb interannual and
spatial variation patterns were almost identical to those of Fe and Mn).
Although we cannot claim this with any certainty, these trends can be
linked to the widespread use of leaded fuel across north Africa at the
time of the study (UNEP, 2008). It is more than probable that atmo-
spheric Pb pollution could also be transported together with Fe and Mn,
as has been observed in earlier studies (Guieu et al., 2010; Heimbürger
et al., 2010). While these distant sources are the most likely explanation
for these synchronous trends, we cannot discount the possibility of co-
occurring large-scale environmental phenomena. For instance, the
seagrass P. oceanica has been known to respond synchronically to large-
scale phenomena that modify light and nutrient availability (Alcoverro

Table 1
ANOVA results and percentage of variance explained by factors site, year, and their in-
teraction for trace metals analysed in Posidonia oceanica rhizomes. DF: degrees of
freedom, MS: mean squared error, σ2 = sample variance, P = probability of error of
rejecting the null hypothesis.

Factor % variance DF MS σ2 P

Fe Site 23.3 9 73.75 2.205 < 0.001
Year 33.6 5 191.45 3.677 < 0.001
Interaction 12.0 45 7.59 0.781 < 0.001
Error 31.1 240 3.68

Mn Site 18.8 9 0.09 0.003 < 0.001
Year 38.8 5 0.35 0.007 < 0.001
Interaction 16.2 45 0.01 0.002 < 0.001
Error 26.2 240 0.00

Pb Site 16.8 9 0.27 0.000 < 0.001
Year 19.6 5 0.58 0.000 < 0.001
Interaction 18.7 45 0.06 0.000 < 0.001
Error 44.9 237 0.02

Cd Site 70.3 9 2.41 0.002 < 0.001
Year 6.2 5 0.38 0.000 < 0.001
Interaction 7.8 45 0.05 0.000 < 0.001
Error 15.6 240 0.02

Ni Site 49.5 9 5267.8 4.123 < 0.001
Year 9.8 5 1844.0 0.692 0.001
Interaction 16.9 45 361.5 1.114 < 0.001
Error 23.7 238 96.3

Cu Site 59.7 9 0.33 0.010 < 0.001
Year 7.7 5 0.07 0.001 0.003
Interaction 16.4 45 0.01 0.003 < 0.001
Error 16.3 240 0.00

Zn Site 25.3 9 3630 2.330 < 0.001
Year 12.8 5 3290 1.137 0.005
Interaction 29.1 45 833 2.739 < 0.001
Error 32.8 240 176

Table 2
Temporal trends in trace metal content in rhizomes, inferred from a linear regression over
time. Regional trends (“All sites”) and local trends (individual sites) are shown for each
trace element. “NS” indicates a non-significant linear regression (p > 0.05), “+” sig-
nificant slope (positive), “−” significant slope (negative).

Metal All sites A B C D E F G H I J

Fe + + + NS + + + NS NS + NS
Mn + + + NS + + + NS NS + NS
Pb + + + NS NS NS NS NS NS + NS
Cd NS NS NS − − NS NS NS NS − NS
Ni NS NS NS − NS NS NS − − NS NS
Cu NS NS + NS NS NS NS − − NS NS
Zn NS NS NS − NS NS NS − − − NS
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et al., 1995). In addition, large regional storms that affect the entire
coastline could potentially release accumulated metals from sediments,
making them available for uptake (Calmano et al., 1993; Eggleton and
Thomas, 2004). Both these scenarios could generate region-wide syn-
chronicity in metals levels. However, if sediment resuspension were the
unique driver of this trend, one would expect that the availability
would also have an important site-specific variation depending on the
local availability of the metal. The other trace elements we measured
(Cd, Ni, Cu and Zn) also had a component of large-scale variation that is
characteristic of European atmospheric pollution (Guerzoni et al., 1999;
Guieu et al., 1991; Migon, 2005), which could eventually also be af-
fected by large-scale processes affecting the sediment. However, the
large-scale variability in the concentration of these elements, albeit
significant, is largely overridden by site-level variability.

3.3. Tracking temporal trends in trace metals

Given the considerable efforts made across the region to reduce
contamination, we would expect to record declining levels of toxic
metals in these waters. In contrast though, we observed that

concentrations of some potentially toxic trace metals such as Ni, Zn, Cd
and Cu, although decreasing at a few sites, remained, for the most part,
stable over the monitoring period (2003 to 2010). This despite the
implementation of a major industrial water treatment programme in
the region in 2003 (ACA, 2003) that regulates industrial sewage for
every industrial pollutant and has shown noticeable improvements in
several other water quality parameters since its establishment (Roca
et al., 2015). In addition, there was a significant downturn in industrial
activity (specifically, in activities involving metal production or use)
due to the economic crisis that occurred between 2008 and 2010
(IDESCAT, 2014), that has resulted in a marked reduction in atmo-
spheric trace metal pollution across the region (Cusack et al., 2012).
The fact that these factors did not reflect in large reductions in trace
metals suggests that the potential reductions from these factors have
either been overridden in most sites by other local processes or cannot
be noticed due to a high persistence of trace metals in the coastal en-
vironment.

In contrast, we observed a significant increase in Fe, Mn, and Pb
concentrations from 2007 onwards. This increase is mainly driven by
the two relatively high values observed in 2008 and 2010, co-occurring
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Fig. 1. Map of the study sites across the Catalan coast (NE Spain, Western Mediterranean).
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in the three metals across most of the studied sites (6 out of 10 showed
this significant increase, Table 2). As suggested above, Pb arrival has
been linked to leaded fuel in African and eastern European countries
(Tian and Ruiz-Pino, 1995). This large-scale influence indicates that, if
we want to improve water quality effectively, controlling European

pollution, albeit commendable, is not enough, and that remedial actions
should be taken at larger geographic and political scales. However,
trends in Fe, Mn and Pb do not match neither the decrease in Saharan
dust deposition observed in terrestrial collectors over the same period
(Pey et al., 2013) nor the phasing out of leaded fuel between 2008 and
2010 in many north African countries (UNEP, 2008). This uncoupling
can be attributed to the significant lag that may occur between trace
metals first contaminating a water body and being finally assimilated
within the benthos. This assimilation involves several physical and
biological processes that could delay the integration of contaminants in
the seagrass rhizome trough the sediment compartment (Migon, 2005;
Schlacher-Hoenlinger and Schlacher, 1998).

4. Summary and conclusions

Our results underline the usefulness of seagrasses as indicators of
metal pollution in coastal waters and the importance of maintaining
large-scale, long-term monitoring networks to better understand the
scale and the dynamics affecting the abundance and distribution of
these pollutants. We recorded two distinct patterns of spatio-temporal
variability in metal content: one in which spatial variability was pre-
valent (likely linked to local sources), and another dominated by high
temporal variability with spatial synchrony (likely linked to large-scale
processes). This highlights the need for adopting a dual strategy in
controlling metal contaminants. While it is critical to implement local
measures to control pollution, when the sources are overwhelmingly at
larger scales, governments need to engage with trans-national strategies
to control potentially harmful metals being transported from across
state or continental borders (e.g. Pb from leaded fuels). Understanding
the spatial scale of trace metal dispersion and accumulation in shallow
coastal waters is key to taking management decisions that match that
scale. The possibility of remedial actions lies in the hands of local
managers only if the sources of pollution themselves are local, as ob-
served for Ni, Zn, Cd, Cu. In contrast, local managers may be completely
powerless to reduce contamination when its scale of variation is larger
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and particularly if it originates outside management and political
boundaries. Our results set clear limits on what regional or local
management can hope to achieve with their interventions and identifies
where global policy makers, politicians and governments need to take a
more active role in addressing the pollution of the global commons.

5. Materials and methods

5.1. Study site and anthropogenic pressures

The study was conducted across an approximately 700 km stretch of
the Catalan coast (NW Mediterranean) in NE Spain (Fig. 1). The coastal
belt is densely populated with approximately 4.5 million people living
in coastal municipalities, and is subject to high seasonal tourism pres-
sure, with> 20 million tourists visiting the region per year (Gencat,
2012). Human pressures are unevenly distributed across the region; the
central provinces of Barcelona and Tarragona have a dense con-
centration of large harbours, metropolises and industrial development.
Additionally, a few commercial and many recreational harbours and
marinas are distributed all along the coastline (ACA, 2005). Specifi-
cally, two of our sampling sites (B and C) are situated very close to the
fishing and recreational harbours of Roses and Palamós. Other

anthropogenic pressures such as agricultural land use are common
outside metropolitan areas. Climatically, the region is semi-arid, and
most streams that reach the coast, have modest discharges (typi-
cally< 20 m−3 s−1) and many of them are temporal watercourses.
The one exception is the River Ebro that joins the sea at the south-
ernmost end of the Catalan coastline, with very little influence on the
study area.

5.2. Sampling design and data acquisition

The dataset used in this study was obtained from a monitoring
programme from 2003 to 2010 that employed the seagrass Posidonia
oceanica as a “biological quality element” to assess the ecological status
of coastal waters within the Water Framework Directive. From the
overall database, we selected sites that had been continuously mon-
itored for the longest period to reliably detect temporal trends. These
sites were evenly distributed across the coastal stretch (10 sites: A to J,
Fig. 1). Sampling was conducted on SCUBA in late summer, once a year
from 2003 to 2010, except 2004 and 2009. At each site 5 replicates of
pooled rhizome material from 5 shoots were collected along a 50 m
transect (35 shoots collected per site in total). Once in the laboratory,
shoot rhizomes were separated, cleaned, and dried at 60 °C for two

Fig. 4. Box-whisker plots showing temporal var-
iation (left panel, a, c, e and g, all sites pooled)
and spatial variation (right panel, b, d, f and h, all
years pooled) of Cd, Ni, Cu and Zn in Posidonia
oceanica rhizomes across the Catalan coast for the
monitoring period (2003–2010).
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days. The first 1 cm of each rhizome was cut and ground to a fine
powder after having pooled together rhizomes from 5 shoots. We
analysed metal concentration only in the first centimetre of newly-
grown P. oceanica rhizomes because this portion corresponds to ap-
proximately the growth during the last year and contains trace metals
accumulated during this period (Marbà and Duarte, 1998). Our data are
thus an integrative measure of trace elements in the surrounding en-
vironment over the year previous to the sampling time (Richir et al.,
2013; Romero et al., 2007). The concentration of seven trace metals in
seagrass rhizomes was analysed using optic Inductively Coupled Plasma
(ICP) (for Fe, Zn y Mn) and mass ICP (for Ni, Cu, Pb and Cd) after acid
digestion (3 ml of HNO3 65% + 2 ml H2O2 33%) of 0.05 g dry weight
(DW) in Teflon containers for 16 h at 90 °C (modified from Romero
et al., 2007). The analytical procedure was verified using standard re-
ference material (Ulva lactuca, CRM 279). The processing and analysis
of samples was carried out at Centre d'Estudis Avançats de Blanes
(CEAB-CSIC) and at the scientific and technical services of the Uni-
versity of Barcelona (SCT-UB).

5.3. Data analysis

We examined different sources of variability for each trace metal

using two-way ANOVAs with Year and Site as fixed factors. We em-
ployed a type (III) sums of squares using the car package (Fox and
Weisberg, 2011) due to the presence of strong interactions. We calcu-
lated the percentage variance contributed by Site, Year and their in-
teractions, dividing the variance of each factor by the total variance
explained by the model and the error. Variance among sites was con-
sidered to be associated with local variability and variance between
years was considered to be the result of large-scale (global patterns)
variability (Alcoverro et al., 1995). We assume that high between-site
variability is a signal of prevalent local sources of contamination while
highly synchronous inter-annual variability signals predominant large-
scale sources of contamination. This allowed us to grossly describe the
temporal and spatial patterns of variability of trace metals, by com-
paring their relative contributions to total variability. Before analysis,
we tested for assumptions of normality (Shapiro-Wilks test) and
homogeneity of variances (Levene's test). Normality and homogeneity
of variances was not achieved for all trace metals, even after transfor-
mation. To deal with heterogeneity of variances we examined the
possibility of applying weights to our models using the gls function of
nlme package (Pinheiro et al., 2017). However, due to the inability to
effectively calculate type (III) sums of squares using gls models, and
given that we worked with a large enough sample size (N = 240) we

Fig. 5. Box-whisker plots showing temporal var-
iation (left panel, a, c and e, all sites pooled) and
spatial variation (right panel, b, d and f, all years
pooled) of Fe, Mn and Pb in Posidonia oceanica
rhizomes across the Catalan coast for the mon-
itoring period (2003–2010).
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assumed that the ANOVA F statistic is robust even when these as-
sumption were violated (Underwood, 1981). We set the significance
level to p < 0.01 to minimize the risk of type I errors. We used Prin-
cipal Component Analysis to explore temporal and spatial correlations
among trace metals using the PCA function of the FactoMineR package
(Lê et al., 2008), and linear regressions to analyse temporal trends in
trace metal. All statistics were performed in the statistical programme,
R (R core team, 2012).

Acknowledgements

We thank Rohan Arthur for his invaluable comments and sugges-
tions and especially for his contribution to improve the use of the
language of this manuscript. We are very grateful to Adriana Vergés,
Santi Escartin, Simone Mariani, Mian Vich and all the researchers and
technicians involved in the long-term monitoring for their work in the
field and laboratory, Toni Padró from the scientific and technical ser-
vices of the University of Barcelona (SCT-UB) and Jordi Pagès for in-
teresting discussions and support with data analysis. This study was
performed with the financial support of the Agència Catalana de l'Aigua
CV04000002 (Departament de Medi Ambient i Habitatge, Generalitat
de Catalunya), which strongly encouraged our work, and the Spanish
Ministry of Science and Innovation (CTM2013-48027-C3-3-R (sub-
programa MAR) and CTM2013-48027-C3-1-R). Agència de Gestió
d'Ajuts Universitaris i de Recerca of Generalitat de Catalunya supported
G.R. (Scholarship FI-DGR 2012).

Appendix A. Supplementary data

Supplementary data to this article can be found online at http://dx.
doi.org/10.1016/j.marpolbul.2017.09.021.

References

ACA, 2003. Programa de sanejament d'aigües residuals industrials (PSARI). Agència
Catalana l'Aigua, General, Catalunya.

ACA, 2005. Anàlisi de pressions, impactes sobre l'estat de les masses d'aigua superficials
costaneres. Caracter. masses d'aigua i anàlisi del risc d'incompliment dels Object. la
DMA a Catalunya. Agència Catalana l'Aigua, General, Catalunya, pp. 390–472.

Agarwal, S.K., 2009. Heavy metal pollution. In: Heavy Metal Pollution. APH Publishing,
New delhi.

Alcoverro, T., Duarte, C.M., Romero, J., 1995. Annual growth dynamics of Posidonia
oceanica: contribution of large-scale versus local factors to seasonality. Mar. Ecol.
Prog. Ser. 120, 203–210.

Ansari, T.M., Marr, I.L., Tariq, N., 2004. Heavy metals in marine pollution perspective–a
mini review. J. Appl. Sci. http://dx.doi.org/10.3923/jas.2004.1.20.

Babula, P., Adam, V., Opatrilova, R., Zehnalek, J., Havel, L., Kizek, R., 2008. Uncommon
heavy metals, metalloids and their plant toxicity: a review. Environ. Chem. Lett. 6,
189–213. http://dx.doi.org/10.1007/s10311-008-0159-9.

Ballesteros, E., Torras, X., Pinedo, S., García, M., Mangialajo, L., de Torres, M., 2007. A
new methodology based on littoral community cartography dominated by macro-
algae for the implementation of the European water framework directive. Mar.
Pollut. Bull. 55, 172–180. http://dx.doi.org/10.1016/j.marpolbul.2006.08.038.

Bethoux, J.P., Courau, P., Nicolas, E., Ruiz-Pino, D., 1990. Trace metal pollution in the
Mediterranean Sea. Oceanol. Acta 13, 481–488.

Bonanno, G., Di Martino, V., 2017. Trace element compartmentation in the seagrass
Posidonia oceanica and biomonitoring applications. Mar. Pollut. Bull. 116, 196–203.
http://dx.doi.org/10.1016/j.marpolbul.2016.12.081.

Borja, A., Muxika, I., Franco, J., 2003. The application of a marine biotic index to dif-
ferent impact sources affecting soft-bottom benthic communities along European
coasts. Mar. Pollut. Bull. 46, 835–845. http://dx.doi.org/10.1016/S0025-326X(03)
00090-0.

Bruland, K.W., Middag, R., Lohan, M.C., 2013. Controls of trace metals in seawater. In:
Treatise on Geochemistry, Second Edition. pp. 19–51. http://dx.doi.org/10.1016/
B978-0-08-095975-7.00602-1.

Callender, E., 2003. Heavy metals in the environment — historical trends. In: Treatise on
Geochemistry, pp. 67–105.

Calmano, W., Hong, J., Forstner, U., 1993. Binding and mobilization of heavy metals in
contaminated sediments affected by pH and redox potential. In: Water Science and
Technology, pp. 223–235. http://dx.doi.org/10.15480/882.450.

Chon, H.-S., Ohandja, D.-G., Voulvoulis, N., 2010. Implementation of E.U. Water frame-
work directive: source assessment of metallic substances at catchment levels. J.
Environ. Monit. 12, 36–47. http://dx.doi.org/10.1039/b907851g.

Claisse, D., Alzieu, C., 1993. Copper contamination as a result of antifouling paint reg-
ulations? Mar. Pollut. Bull. 26, 395–397. http://dx.doi.org/10.1016/0025-326X(93)

90188-P.
Connan, O., Maro, D., Hébert, D., Roupsard, P., Goujon, R., Letellier, B., Le Cavelier, S.,

2013. Wet and dry deposition of particles associated metals (Cd, Pb, Zn, Ni, Hg) in a
rural wetland site, Marais Vernier, France. Atmos. Environ. 67, 394–403. http://dx.
doi.org/10.1016/j.atmosenv.2012.11.029.

Cusack, M., Alastuey, A., Pérez, N., Pey, J., Querol, X., 2012. Trends of particulate matter
(PM 2.5) and chemical composition at a regional background site in the western
Mediterranean over the last nine years (2002−2010). Atmos. Chem. Phys. 12,
8341–8357. http://dx.doi.org/10.5194/acp-12-8341-2012.

Deboudt, K., Flament, P., Bertho, M.-L., 2004. Cd, Cu, Pb and Zn concentrations in at-
mospheric wet deposition at a coastal station in Western Europe. Water Air Soil
Pollut. 151, 335–359. http://dx.doi.org/10.1023/B:WATE.0000009906.55895.30.

Di Leo, A., Annicchiarico, C., Cardellicchio, N., Spada, L., Giandomenico, S., 2013. Trace
metal distributions in Posidonia oceanica and sediments from Taranto Gulf (Ionian
sea, southern Italy). Mediterr. Mar. Sci. 14, 204–213. http://dx.doi.org/10.12681/
mms.316.

Eggleton, J., Thomas, K.V., 2004. A review of factors affecting the release and bioavail-
ability of contaminants during sediment disturbance events. Environ. Int. 30,
973–980. http://dx.doi.org/10.1016/j.envint.2004.03.001.

Elbaz-Poulichet, F., Guieu, C., Morley, N.H., 2001. A reassessment of trace metal budgets
in the Western Mediterranean Sea. Mar. Pollut. Bull. 42, 623–627. http://dx.doi.org/
10.1016/S0025-326X(01)00065-0.

Fox, J., Weisberg, S., 2011. An R Companion to Applied Regression.
Gencat, 2012. Generalitat de Catalunya. Catalunya turística en xifres, Estudis de Turisme

de Catalunya.
Guerzoni, S., Molinaroli, E., 2005. Input of various chemicals transported by Saharan dust

and depositing at the sea surface in the Mediterranean Sea. In: The Mediterranean
Sea. Springer Berlin, Heidelberg, pp. 237–268. http://dx.doi.org/10.1007/b107149.

Guerzoni, S., Chester, R., Dulac, F., Herut, B., Loÿe-Pilot, M.D., Measures, C., Migon, C.,
Molinaroli, E., Moulin, C., Rossini, P., Saydam, C., Soudine, A., Ziveri, P., 1999. The
role of atmospheric deposition in the biogeochemistry of the Mediterranean Sea.
Prog. Oceanogr. 44, 147–190. http://dx.doi.org/10.1016/S0079-6611(99)00024-5.

Guieu, C., Martin, J.M., Thomas, A.J., Elbaz-Poulichet, F., 1991. Atmospheric versus river
inputs of metals to the Gulf of lions. Mar. Pollut. Bull. 22, 176–183. http://dx.doi.
org/10.1016/0025-326X(91)90467-7.

Guieu, C., Chester, R., Nimmo, M., Nicolas, E., Keyset, S., Guerzoni, S., 1997. Atmospheric
input of dissolved and particulate metals to the northwestern Mediterranean. Deep
Sea Res. Part II Top. Stud. Oceanogr. 44, 655–674. http://dx.doi.org/10.1016/
S0967-0645(97)88508-6.

Guieu, C., Loÿe-Pilot, M.D., Benyahya, L., Dufour, A., 2010. Spatial variability of atmo-
spheric fluxes of metals (Al, Fe, Cd, Zn and Pb) and phosphorus over the whole
Mediterranean from a one-year monitoring experiment: biogeochemical implications.
Mar. Chem. 120, 164–178. http://dx.doi.org/10.1016/j.marchem.2009.02.004.

Heimbürger, L.-E., Migon, C., Dufour, A., Chiffoleau, J.-F., Cossa, D., 2010. Trace metal
concentrations in the North-western Mediterranean atmospheric aerosol between
1986 and 2008: seasonal patterns and decadal trends. Sci. Total Environ. 408,
2629–2638. http://dx.doi.org/10.1016/j.scitotenv.2010.02.042.

IDESCAT, 2014. Statistical Annals 2014 [WWW Document]. Inst. d'estadística Catalunya,
General, Catalunya URL. http://www.idescat.cat/.

Ikem, A., Egiebor, N.O., 2005. Assessment of trace elements in canned fishes (mackerel,
tuna, salmon, sardines and herrings) marketed in Georgia and Alabama (United
States of America). J. Food Compos. Anal. 18, 771–787. http://dx.doi.org/10.1016/j.
jfca.2004.11.002.

Islam, E. ul, Yang, X., He, Z., Mahmood, Q., 2007. Assessing potential dietary toxicity of
heavy metals in selected vegetables and food crops. J Zhejiang Univ Sci B 8, 1–13.
http://dx.doi.org/10.1631/jzus.2007.B0001.

Lafabrie, C., Pergent, G., Kantin, R., Pergent-Martini, C., Gonzalez, J.L., 2007. Trace
metals assessment in water, sediment, mussel and seagrass species - validation of the
use of Posidonia oceanica as a metal biomonitor. Chemosphere 68, 2033–2039. http://
dx.doi.org/10.1016/j.chemosphere.2007.02.039.

Lê, S., Josse, J., Husson, F., 2008. FactoMineR: an R package for multivariate analysis. J.
Stat. Softw. 25, 1–18. http://dx.doi.org/10.1016/j.envint.2008.06.007.

Llagostera, I., Pérez, M., Romero, J., 2011. Trace metal content in the seagrass Cymodocea
nodosa: differential accumulation in plant organs. Aquat. Bot. 95, 124–128. http://dx.
doi.org/10.1016/j.aquabot.2011.04.005.

Lopez y Royo, C., Pergent, G., Alcoverro, T., Buia, M.C., Casazza, G., Martínez-Crego, B.,
Pérez, M., Silvestre, F., Romero, J., 2011. The seagrass Posidonia oceanica as indicator
of coastal water quality: experimental intercalibration of classification systems. Ecol.
Indic. 11, 557–563.

Marbà, N., Duarte, C.M., 1998. Rhizome elongation and seagrass clonal growth. Mar.
Ecol. Prog. Ser. 174, 269–280.

Marcus, J.M., Swearingen, G.R., Williams, A.D., Heizer, D.D., 1988. Polynuclear aromatic
hydrocarbon and heavy metal concentrations in sediments at coastal South Carolina
Marinas. Arch. Environ. Contam. Toxicol. 17, 103–113. http://dx.doi.org/10.1007/
BF01055160.

Martínez-Crego, B., Vergés, A., Alcoverro, T., Romero, J., 2008. Selection of multiple
seagrass indicators for environmental biomonitoring. Mar. Ecol. Prog. Ser. 361,
93–109. http://dx.doi.org/10.3354/meps07358.

Martínez-Crego, B., Alcoverro, T., Romero, J., 2010. Biotic indices for assessing the status
of coastal waters: a review of strengths and weaknesses. J. Environ. Monit. 12,
1013–1028. http://dx.doi.org/10.1039/b920937a.

Migon, C., 2005. Trace metals in the Mediterranean Sea. Handb. Environ. Chem. part 5k,
151–176. http://dx.doi.org/10.1007/b107146.

Nicolau, R., Lucas, Y., Merdy, P., Raynaud, M., 2012. Base flow and stormwater net fluxes
of carbon and trace metals to the Mediterranean Sea by an urbanized small river.
Water Res. 46, 6625–6637. http://dx.doi.org/10.1016/j.watres.2012.01.031.

G. Roca et al. Marine Pollution Bulletin xxx (xxxx) xxx–xxx

8

http://dx.doi.org/10.1016/j.marpolbul.2017.09.021
http://dx.doi.org/10.1016/j.marpolbul.2017.09.021
http://refhub.elsevier.com/S0025-326X(17)30755-5/rf0005
http://refhub.elsevier.com/S0025-326X(17)30755-5/rf0005
http://refhub.elsevier.com/S0025-326X(17)30755-5/rf0010
http://refhub.elsevier.com/S0025-326X(17)30755-5/rf0010
http://refhub.elsevier.com/S0025-326X(17)30755-5/rf0010
http://refhub.elsevier.com/S0025-326X(17)30755-5/rf0015
http://refhub.elsevier.com/S0025-326X(17)30755-5/rf0015
http://refhub.elsevier.com/S0025-326X(17)30755-5/rf0020
http://refhub.elsevier.com/S0025-326X(17)30755-5/rf0020
http://refhub.elsevier.com/S0025-326X(17)30755-5/rf0020
http://dx.doi.org/10.3923/jas.2004.1.20
http://dx.doi.org/10.1007/s10311-008-0159-9
http://dx.doi.org/10.1016/j.marpolbul.2006.08.038
http://refhub.elsevier.com/S0025-326X(17)30755-5/rf2010
http://refhub.elsevier.com/S0025-326X(17)30755-5/rf2010
http://dx.doi.org/10.1016/j.marpolbul.2016.12.081
http://dx.doi.org/10.1016/S0025-326X(03)00090-0
http://dx.doi.org/10.1016/S0025-326X(03)00090-0
http://dx.doi.org/10.1016/B978-0-08-095975-7.00602-1
http://dx.doi.org/10.1016/B978-0-08-095975-7.00602-1
http://refhub.elsevier.com/S0025-326X(17)30755-5/rf0060
http://refhub.elsevier.com/S0025-326X(17)30755-5/rf0060
http://dx.doi.org/10.15480/882.450
http://dx.doi.org/10.1039/b907851g
http://dx.doi.org/10.1016/0025-326X(93)90188-P
http://dx.doi.org/10.1016/0025-326X(93)90188-P
http://dx.doi.org/10.1016/j.atmosenv.2012.11.029
http://dx.doi.org/10.1016/j.atmosenv.2012.11.029
http://dx.doi.org/10.5194/acp-12-8341-2012
http://dx.doi.org/10.1023/B:WATE.0000009906.55895.30
http://dx.doi.org/10.12681/mms.316
http://dx.doi.org/10.12681/mms.316
http://dx.doi.org/10.1016/j.envint.2004.03.001
http://dx.doi.org/10.1016/S0025-326X(01)00065-0
http://dx.doi.org/10.1016/S0025-326X(01)00065-0
http://refhub.elsevier.com/S0025-326X(17)30755-5/rf0110
http://refhub.elsevier.com/S0025-326X(17)30755-5/rf0115
http://refhub.elsevier.com/S0025-326X(17)30755-5/rf0115
http://dx.doi.org/10.1007/b107149
http://dx.doi.org/10.1016/S0079-6611(99)00024-5
http://dx.doi.org/10.1016/0025-326X(91)90467-7
http://dx.doi.org/10.1016/0025-326X(91)90467-7
http://dx.doi.org/10.1016/S0967-0645(97)88508-6
http://dx.doi.org/10.1016/S0967-0645(97)88508-6
http://dx.doi.org/10.1016/j.marchem.2009.02.004
http://dx.doi.org/10.1016/j.scitotenv.2010.02.042
http://www.idescat.cat/
http://dx.doi.org/10.1016/j.jfca.2004.11.002
http://dx.doi.org/10.1016/j.jfca.2004.11.002
http://dx.doi.org/10.1631/jzus.2007.B0001
http://dx.doi.org/10.1016/j.chemosphere.2007.02.039
http://dx.doi.org/10.1016/j.chemosphere.2007.02.039
http://dx.doi.org/10.1016/j.envint.2008.06.007
http://dx.doi.org/10.1016/j.aquabot.2011.04.005
http://dx.doi.org/10.1016/j.aquabot.2011.04.005
http://refhub.elsevier.com/S0025-326X(17)30755-5/rf0180
http://refhub.elsevier.com/S0025-326X(17)30755-5/rf0180
http://refhub.elsevier.com/S0025-326X(17)30755-5/rf0180
http://refhub.elsevier.com/S0025-326X(17)30755-5/rf0180
http://refhub.elsevier.com/S0025-326X(17)30755-5/rf0185
http://refhub.elsevier.com/S0025-326X(17)30755-5/rf0185
http://dx.doi.org/10.1007/BF01055160
http://dx.doi.org/10.1007/BF01055160
http://dx.doi.org/10.3354/meps07358
http://dx.doi.org/10.1039/b920937a
http://dx.doi.org/10.1007/b107146
http://dx.doi.org/10.1016/j.watres.2012.01.031


Niemi, G.J., McDonald, M.E., 2004. Application of ecological indicators. Annu. Rev. Ecol.
Evol. Syst. 35, 89–111. http://dx.doi.org/10.1146/annurev.ecolsys.35.112202.
130132.

Olid, C., Garcia-Orellana, J., Martínez-Cortizas, A., Masqué, P., Peiteado-Varela, E.,
Sanchez-Cabeza, J.-A., 2010. Multiple site study of recent atmospheric metal (Pb, Zn
and Cu) deposition in the NW Iberian Peninsula using peat cores. Sci. Total Environ.
408, 5540–5549. http://dx.doi.org/10.1016/j.scitotenv.2010.07.058.

Oursel, B., Garnier, C., Durrieu, G., Mounier, S., Omanović, D., Lucas, Y., 2013. Dynamics
and fates of trace metals chronically input in a Mediterranean coastal zone impacted
by a large urban area. Mar. Pollut. Bull. 69, 137–149. http://dx.doi.org/10.1016/j.
marpolbul.2013.01.023.

Pastor, A., Hernández, F., Peris, M.A., Beltrán, J., Sancho, J.V., Castillo, M.T., 1994.
Levels of heavy metals in some marine organisms from the western Mediterranean
area (Spain). Mar. Pollut. Bull. 28, 50–53. http://dx.doi.org/10.1016/0025-326X(94)
90186-4.

Pergent-Martini, C., 1998. Posidonia oceanica: a biological indicator of past and present
mercury contamination in the Mediterranean Sea. Mar. Environ. Res. 45, 101–111.
http://dx.doi.org/10.1016/S0141-1136(97)00023-8.

Pergent-Martini, C., Leoni, V., Pasqualini, V., Ardizzone, G.D., Balestri, E., Bedini, R.,
Belluscio, A., Belsher, T., Borg, J., Boudouresque, C.F., Boumaza, S., Bouquegneau,
J.M., Buia, M.C., Calvo, S., Cebrian, J., Charbonnel, E., Cinelli, F., Cossu, A., Di
Maida, G., Dural, B., Francour, P., Gobert, S., Lepoint, G., Meinesz, A., Molenaar, H.,
Mansour, H.M., Panayotidis, P., Peirano, A., Pergent, G., Piazzi, L., Pirrotta, M.,
Relini, G., Romero, J., Sanchez-Lizaso, J.L., Semroud, R., Shembri, P., Shili, A.,
Tomasello, A., Velimirov, B., 2005. Descriptors of Posidonia oceanica meadows: use
and application. Ecol. Indic. 5, 213–230. http://dx.doi.org/10.1016/j.ecolind.2005.
02.004.

Pey, J., Querol, X., Alastuey, A., Forastiere, F., Stafoggia, M., 2013. African dust outbreaks
over the Mediterranean Basin during 2001–2011: PM10 concentrations, phenomen-
ology and trends, and its relation with synoptic and mesoscale meteorology. Atmos.
Chem. Phys. 13, 1395–1410. http://dx.doi.org/10.5194/acp-13-1395-2013.

Pinheiro, J., Bates, D., DebRoy, S., Sarkar, D., Team, T.R.C., 2017. nlme: Linear and
Nonlinear Mixed Effects Models. (R Packag. version).

Pirrone, N., Costa, P., Pacyna, J.M., 1999. Past, current and projected atmospheric
emissions of trace elements in the Mediterranean region. Water Sci. Technol. 39, 1–7.
http://dx.doi.org/10.1016/S0273-1223(99)00311-X.

R coreteam, 2012. A Language and Environment for Statistical Computing. R Found. Stat.
Comput..

Richir, J., Luy, N., Lepoint, G., Rozet, E., Alvera Azcarate, A., Gobert, S., 2013.
Experimental in situ exposure of the seagrass Posidonia oceanica (L.) Delile to 15 trace
elements. Aquat. Toxicol. 140–141, 157–173. http://dx.doi.org/10.1016/j.aquatox.
2013.05.018.

Roca, G., Romero, J., Columbu, S., Farina, S., Pagès, J.F., Gera, A., Inglis, G., Alcoverro,
T., 2014. Detecting the impacts of harbour construction on a seagrass habitat and its
subsequent recovery. Ecol. Indic. 45, 9–17. http://dx.doi.org/10.1016/j.ecolind.
2014.03.020.

Roca, G., Alcoverro, T., de Torres, M., Manzanera, M., Martínez-Crego, B., Bennett, S.,
Farina, S., Pérez, M., Romero, J., 2015. Detecting water quality improvement along
the Catalan coast (Spain) using stress-specific biochemical seagrass indicators. Ecol.
Indic. 54, 161–170. http://dx.doi.org/10.1016/j.ecolind.2015.02.031.

Romero, J., Martínez-Crego, B., Alcoverro, T., Pérez, M., 2007. A multivariate index based
on the seagrass Posidonia oceanica (POMI) to assess ecological status of coastal waters
under the water framework directive (WFD). Mar. Pollut. Bull. 55, 196–204. http://
dx.doi.org/10.1016/j.marpolbul.2006.08.032.

Romero, J., Alcoverro, T., Roca, G., Pérez, M., 2016. Bioindicators, monitoring, and
management using Mediterranean seagrasses: what have we learned from the im-
plementation of the EU water framework directive? In: Handbook of Environmental
Chemistry, pp. 161–182. http://dx.doi.org/10.1007/698-2015-437.

Roussiez, V., Ludwig, W., Monaco, A., Probst, J.L., Bouloubassi, I., Buscail, R., Saragoni,
G., 2006. Sources and sinks of sediment-bound contaminants in the Gulf of Lions (NW
Mediterranean Sea): a multi-tracer approach. Cont. Shelf Res. 26, 1843–1857. http://
dx.doi.org/10.1016/j.csr.2006.04.010.

Sañudo Wilhelmy, S.A., Rivera Duarte, I., Flegal, A.R., 1996. Distribution of colloidal
trace metals in the San Francisco Bay estuary. Geochim. Cosmochim. Acta 60,
4933–4944. http://dx.doi.org/10.1016/S0016-7037(96)00284-0.

Schlacher-Hoenlinger, M.A., Schlacher, T.A., 1998. Accumulation, contamination, and
seasonal variability of trace metals in the coastal zone - patterns in a seagrass
meadow from the Mediterranean. Mar. Biol. 131, 401–410. http://dx.doi.org/10.
1007/s002270050333.

Sheppard, M.I., 1993. Heavy metals in the environment. J. Environ. Qual. 22, 213. http://
dx.doi.org/10.2134/jeq1993.00472425002200010029x.

Sørensen, P.A., Kiil, S., Dam-Johansen, K., Weinell, C.E., 2009. Anticorrosive coatings: a
review. J. Coat. Technol. Res. 6, 135–176. http://dx.doi.org/10.1007/s11998-008-
9144-2.

Stankovic, S., Jovic, M., 2012. Health risks of heavy metals in the Mediterranean mussels
as seafood. Environ. Chem. Lett. http://dx.doi.org/10.1007/s10311-011-0343-1.

Tian, R.C., Ruiz-Pino, D., 1995. Simulation and prediction of anthropogenic lead per-
turbation in the Mediterranean Sea. Sci. Total Environ. 164, 135–150. http://dx.doi.
org/10.1016/0048-9697(95)04455-A.

Tiefenthaler, L.L., Stein, E.D., Schiff, K.C., 2008. Watershed and land use-based sources of
trace metals in urban storm water. Environ. Toxicol. Chem. 27, 277–287. http://dx.
doi.org/10.1897/07-126R.1.

Tovar-Sánchez, A., Serón, J., Marbà, N., Arrieta, J.M., Duarte, C.M., 2010. Long-term
records of trace metal content of western Mediterranean seagrass (Posidonia oceanica)
meadows: natural and anthropogenic contributions. J. Geophys. Res. 115. http://dx.
doi.org/10.1029/2009jg001076.

Turley, C.M., 1999. The changing Mediterranean Sea - a sensitive ecosystem? Prog.
Oceanogr. 44, 387–400. http://dx.doi.org/10.1016/S0079-6611(99)00033-6.

Underwood, A.J., 1981. Techniques of analysis of variance in experimental marine
biology and ecology. Ocean. Mar. Biol. Annu. Rev. 19, 513–605.

UNEP, 2008. Global Strategy for Phase-out of Leaded Gasoline of the Partnership for
Clean Fuels and Vehicles Clearing-H.

Vizzini, S., Di Leonardo, R., Costa, V., Tramati, C.D., Luzzu, F., Mazzola, A., 2013. Trace
element bias in the use of CO2 vents as analogues for low pH environments: im-
plications for contamination levels in acidified oceans. Estuar. Coast. Shelf Sci. 134,
19–30. http://dx.doi.org/10.1016/j.ecss.2013.09.015.

Wang, S.-L., Xu, X.-R., Sun, Y.-X., Liu, J.-L., Li, H.-B., 2013. Heavy metal pollution in
coastal areas of South China: a review. Mar. Pollut. Bull. 76, 7–15. http://dx.doi.org/
10.1016/j.marpolbul.2013.08.025.

G. Roca et al. Marine Pollution Bulletin xxx (xxxx) xxx–xxx

9

http://dx.doi.org/10.1146/annurev.ecolsys.35.112202.130132
http://dx.doi.org/10.1146/annurev.ecolsys.35.112202.130132
http://dx.doi.org/10.1016/j.scitotenv.2010.07.058
http://dx.doi.org/10.1016/j.marpolbul.2013.01.023
http://dx.doi.org/10.1016/j.marpolbul.2013.01.023
http://dx.doi.org/10.1016/0025-326X(94)90186-4
http://dx.doi.org/10.1016/0025-326X(94)90186-4
http://dx.doi.org/10.1016/S0141-1136(97)00023-8
http://dx.doi.org/10.1016/j.ecolind.2005.02.004
http://dx.doi.org/10.1016/j.ecolind.2005.02.004
http://dx.doi.org/10.5194/acp-13-1395-2013
http://refhub.elsevier.com/S0025-326X(17)30755-5/rf0250
http://refhub.elsevier.com/S0025-326X(17)30755-5/rf0250
http://dx.doi.org/10.1016/S0273-1223(99)00311-X
http://refhub.elsevier.com/S0025-326X(17)30755-5/rf0260
http://refhub.elsevier.com/S0025-326X(17)30755-5/rf0260
http://dx.doi.org/10.1016/j.aquatox.2013.05.018
http://dx.doi.org/10.1016/j.aquatox.2013.05.018
http://dx.doi.org/10.1016/j.ecolind.2014.03.020
http://dx.doi.org/10.1016/j.ecolind.2014.03.020
http://dx.doi.org/10.1016/j.ecolind.2015.02.031
http://dx.doi.org/10.1016/j.marpolbul.2006.08.032
http://dx.doi.org/10.1016/j.marpolbul.2006.08.032
http://dx.doi.org/10.1007/698-2015-437
http://dx.doi.org/10.1016/j.csr.2006.04.010
http://dx.doi.org/10.1016/j.csr.2006.04.010
http://dx.doi.org/10.1016/S0016-7037(96)00284-0
http://dx.doi.org/10.1007/s002270050333
http://dx.doi.org/10.1007/s002270050333
http://dx.doi.org/10.2134/jeq1993.00472425002200010029x
http://dx.doi.org/10.2134/jeq1993.00472425002200010029x
http://dx.doi.org/10.1007/s11998-008-9144-2
http://dx.doi.org/10.1007/s11998-008-9144-2
http://dx.doi.org/10.1007/s10311-011-0343-1
http://dx.doi.org/10.1016/0048-9697(95)04455-A
http://dx.doi.org/10.1016/0048-9697(95)04455-A
http://dx.doi.org/10.1897/07-126R.1
http://dx.doi.org/10.1897/07-126R.1
http://dx.doi.org/10.1029/2009jg001076
http://dx.doi.org/10.1029/2009jg001076
http://dx.doi.org/10.1016/S0079-6611(99)00033-6
http://refhub.elsevier.com/S0025-326X(17)30755-5/rf0340
http://refhub.elsevier.com/S0025-326X(17)30755-5/rf0340
http://refhub.elsevier.com/S0025-326X(17)30755-5/rf0345
http://refhub.elsevier.com/S0025-326X(17)30755-5/rf0345
http://dx.doi.org/10.1016/j.ecss.2013.09.015
http://dx.doi.org/10.1016/j.marpolbul.2013.08.025
http://dx.doi.org/10.1016/j.marpolbul.2013.08.025

	Using seagrasses to identify local and large-scale trends of metals in the Mediterranean Sea
	Introduction
	Results
	Co-variation in trace metal content
	Variability patterns
	Decadal tendency in trace metals in the Catalan coast

	Discussion
	Site variation: detecting local contamination
	Spatial synchrony: signals of large-scale variation
	Tracking temporal trends in trace metals

	Summary and conclusions
	Materials and methods
	Study site and anthropogenic pressures
	Sampling design and data acquisition
	Data analysis

	Acknowledgements
	Supplementary data
	References




