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Editor: Lingxin Chen In the current scenario of global change, heavy metal pollution is of major concern because of its associated toxic
effects and the persistence of these pollutants in the environment. This study is the first to evaluate the changes in
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Cr, Cu, Fe, Hg, Mn, Pb and Zn of around 60-84% (ca. 2% annual) in brown algae tissues. The decreases were
consistent across the different families considered (Dictyotaceae, Fucaceae, Laminariaceae, Sargassaceae and
Others), and began between 1970 and 1990. In addition, strong relationships between these trends and pH, SST
and heat content were detected. Although the observed metal declines could be partially explained by these
strong correlations, or by adaptions in the algae, other evidences suggest an actual reduction in metal concen-
trations in oceans because of the implementation of environmental policies. In any case, this study shows a
reduction in metal concentrations in brown algae over the last 50 years, which is important in itself, as brown
algae form the basis of many marine food webs and are therefore potential distributors of pollutants.
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J.R. Aboal et al.
1. Introduction

Metals and metalloids have been discharged in large amounts into
the marine environment as a result of human activities (e.g. agriculture,
aquaculture, mining, industry, urban spills, etc.) and without adequate
environmental control (Halpern et al., 2008; Islam and Tanaka, 2004; Lu
et al., 2018; UNEP, 2004) since the Bronze Age (Davis Jr. et al., 2000),
but especially since the industrial revolution. In addition, new sources
such as ‘electronic waste’ have emerged (UNEP/GPA, 2006).

Chronic exposure to metals represents a real threat to marine or-
ganisms because of their high toxicity at sub-individual level and their
persistence and biomagnification capacity (Tlili and Mouneyrac, 2021).
Thus, the presence of high or even low concentrations for some metals
(e.g. Cd, Pb and Hg) has ecological consequences for the structure and
functioning of the entire ecosystem, seriously jeopardizing its integrity
and undermining its ecological resilience (Halpern et al., 2008).

The potential risks associated with metallic pollution have been of
particular concern for the sound management of coastal zones world-
wide. States and organizations worldwide have been implementing a
wide range of policies and measures for several years, trying to minimise
the damage caused by metal pollution in the marine environment (Grip,
2016). However, the mitigating effects of the policies have been ques-
tioned (IPCC, 2021).

Besides metal pollution itself, other drivers of global change, inter-
acting synergistically, can affect the bioavailability and bio-
accumulation of metals by organisms, leading to a very complex
scenario in the oceans. However, little attention has been paid to the
impacts of these anthropogenic drivers on the oceans, and especially on
the coastal environments (Duarte, 2014). The oceans are the largest
reservoir in the world and have acted as sinks for around 40% of the
anthropogenic CO, emitted in the past centuries (i.e. more than 118 +
19 Pg), modifying the carbon dioxide-carbonate equilibrium in water
and leading to ocean acidification (Broecker and Clark, 2001; Caldeira
and Wickett, 2003; Sabine et al., 2004). Thus, ocean time-series obser-
vations indicate changes in the CO, system and the decrease in pH over
years (Bates et al., 2014), and further acidification is expected in the
coming years (Guinotte and Fabry, 2008; IPCC, 2021; Miller et al.,
2009). Strong evidence indicates that ocean acidification increases the
solubility and mobility of metals and affects their speciation in seawater
(Gledhill et al., 2015; Hoffmann et al., 2012; Millero et al., 2009).
However, acidification is not the only driver of global change that in-
teracts with these pollutants: increasing water temperature, salinity and
organic matter complexation can also modify the accumulation of
metals by marine organisms. Based on the available data and the
simulation scenario, it has been established that all of these drivers
potentially contribute to increasing stress, making organisms more
sensitive to even small perturbations caused by chemical stressors (Tlili
and Mouneyrac, 2021).

Macroalgae are the dominant species in coastal areas worldwide and
maintain the structure and integrity of these ecosystems (Smith et al.,
2021). As primary producers at the base of the food webs, macroalgae
are responsible for important ecosystem services such as habitat, food
and shelter for a diverse community of associated organisms (Tait and
Schiel, 2011; Taylor and Cole, 1994). However, macroalgae are nega-
tively affected by metal pollution (Alestra and Schiel, 2015; Miao et al.,
2013) and they can also potentially transfer contaminants to organisms
that consume them, through biomagnification in marine food webs (Lee
and Wang, 2001). Particularly, brown macroalgae (class Phaeophyceae)
have been widely used in research studies to monitor metal pollution (e.
g. Bonanno and Orlando-Bonaca, 2018; Garcia-Seoane et al., 2018),
because their high sorption capacity (Davis et al., 2003) and their ability
to integrate high levels of pollutants from the environment (Phillips,
1990; Rainbow, 1995).

Globally, the Northeast Pacific is the area with the highest regional
species richness of brown macroalgae of the order Laminariales, Tilop-
teridales and Desmanrestiales with hotspots of diversity also in the
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Western Pacific, the Atlantic regions from Greenland to Terranova, and
along the Atlantic coast of Europe (Fragkopoulou et al., 2022). While for
the order Fucales, the South Pacific is the richest area with hotspots in
the Indian Ocean, in the northwest and southeast Pacific, in the North
Atlantic, the southeast Mediterranean and the Black Sea. In contrast,
higher latitudes such as the Arctic or the Baltic Sea, are areas with low
species richness in general. Nonetheless, a study by Barrientos et al.
(2020) in the Atlantic Ocean (northwest of the Iberian Peninsula) shows
a decline in the number of intertidal red and brown seaweed species
since 2014. Although these authors suggest that new data should be
collected in the future to confirm this decreasing trend, they believe that
water warming due to climate change may be affecting the distribution
of seaweed at a regional scale. This conclusion was also reached by
Pineiro-Corbeira et al. (2018) who, through laboratory experiments
with different macroalgae, found that water temperature is a driver of
changes in abundance. Moreover, the increasing water temperature is
also modifying the distribution of macroalgae, mainly in
cooler-temperate waters (Kersting, 2016). Despite their worldwide dis-
tribution and ecological importance, unfortunately, few studies have
reported temporal trends in metal concentrations in brown algae and
have generally measured only short-term, regionally circumscribed se-
ries. Nonetheless, some authors have observed a surprising decrease in
metal concentrations in brown macroalgae, under these limitations (4-7
years in a small region of the North Atlantic Ocean coast), since the
beginning of the 21st century (Garcia-Seoane et al., 2021; Viana et al.,
2010).

The objective of this study was to determine whether the decrease in
metal concentrations in brown algae is restricted to the aforementioned
small region during the past two decades or whether it has occurred in
other areas of the world at different times. Here, we present the most
extensive assessment of metal concentrations in brown macroalgae
sampled across the globe carried out to date (>15,700 data — sampling
sites/years — from the period 1933-2020), to be used as a proxy for
global long-term changes in marine metal pollution. This consistent
database enables the reconstruction of detailed long-term trends (multi-
decadal time series) in Cd, Co, Cr, Cu, Fe, Hg, Mn, Pb and Zn concen-
trations in algae from observational records. Due to the scarcity of
studies on the temporal trends in metal contamination in coastal eco-
systems on a global scale (Lu et al., 2018), we report an important basis
for global assessment of the effectiveness of environmental measures to
reduce marine metal pollution. The study findings will serve to promote
new governmental initiatives and environmental goals.

2. Material and methods
2.1. Literature search

Articles published worldwide concerning the metal contents of ma-
rine brown algae species (Class Phaeophyceae, Phylum Ochrophyta)
were initially selected using the “Documents search” tool in the Elsevier
abstract and citation database of peer-reviewed articles from scientific
journals (SCOPUS; https://www.scopus.com/). Search syntax yielded
articles published in English in the last 68 years (1952-2020) that met
some of the following criteria in “article title, abstract and/or key-
words™: i) containing at least one element and/or its chemical symbol
(cadmium, chromium, cobalt, copper, iron, lead, manganese, mercury, zinc);
and ii) including some terms related to the nature of the elements (metal,
heavy metal), to pollution monitoring (bioaccumulation, accumulation,
biomonitoring, monitoring, pollution, contamination), and to algae (algae,
brown algae, macroalgae, macroalgal, seaweed). The search result (9006
articles) was manually screened by reading the titles and abstracts, and
161 articles were finally selected. Additional publications were searched
in the Google Scholar database (http://www.scholar.google.com/) by
using the keywords “metal, monitoring, pollution, brown algae”. Finally,
reference lists of the selected articles were also checked. After discarding
several studies that did not meet the desired criteria, e.g. they did not
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report the concentrations of the elements or the exact location of the
sampling sites (either indicating the coordinates, place names or loca-
tions on a map or in the text), a total of 368 articles were finally accessed
through the search platform, library exchange or by requests to the
authors, and included in the database. Data published in annual reports,
thesis and others were not considered.

2.2. Data collection

The information of interest for building the database, including
“Year of sampling”, “Species”, “Locations (geographical coordinates)”,
“Element concentrations” and “Anthropogenic pressure of the sampling
stations”, was recorded in a data set, which is accessible in a Supple-
mentary file. Some guidelines, described below, were considered for

screening the information included in the articles.

2.2.1. Year of sampling

Most of the studies indicated the year when the samples were
collected, but when omitted, the year of publication of the article was
recorded. In some studies, several sampling surveys were carried out
over the years but only a single mean value of the concentrations was
reported. In this case, if the same sampling frequency was used over the
years (i.e. sampling the same number of days/months in each year), a
year in the middle of the time series was taken as the reference year (the
latter in two-year sampling campaigns). In the same situation, but with a
different sampling frequency, the year most frequently sampled was
selected. In the studies with independent monthly values, the annual
mean value was recorded.

2.2.2. Species

Scientific names of the species reported in the studies were checked
against the taxonomic information included in the global algal database
AlgaeBase (AlgaeBase, 2021; http://www.algaebase.org/), and the
taxonomically accepted names were recorded. Information about sci-
entific names of the species used in the literature consulted and scientific
names currently accepted taxonomically is given in detail in a Supple-
mentary file.

2.2.3. Geographical location

Most of the studies detailed the exact location of the sampling sites,
either indicating the coordinates, the name of the sites or including a
map. The geographical information programme Google Earth Pro (7.3.2
version) was used to map the points. The coordinate system used was
Geographical Coordinates WGS84 (World Geodetic System 84). When
sampling locations were indicated by the names of the locations (neither
coordinates nor a map were shown), toponyms were searched in Google
Earth Pro. When the studies provided sampling locations on land, the
closest intertidal zone where brown algae could be found was recorded.
When several locations were sampled in the same area but only a single
mean concentration was given for all of them, the assigned location
corresponded to a mean value of all the point coordinates. If the
midpoint was located on land, the closest intertidal location was chosen.
Exceptionally, in two of the articles reviewed (Carral et al., 1995; Viana
et al., 2010), regional studies covering more than 100 sampling points
were carried out in each case, but only regional global results were re-
ported. Information on sampling points was therefore requested directly
from the authors.

2.2.4. Element concentrations

In order to enable comparability between data within and between
sampling sites, the basis on which the elemental concentrations are
expressed must be stated. The choice of the basis was intended to satisfy
several considerations: scientific validity, uniformity in groups of con-
taminants and minimum loss of data. As most of the studies expressed
the elemental concentrations in pg g, this unit was chosen to present
the results in the database. In some cases (e.g. those using nmol g™1), the
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original data were converted to the reference unit when possible. Only
those concentrations expressed on a dry weight basis (DW) were
considered. Data was extracted from figures using the WebPlotDigitizer
web tool (Version 4.3, https://automeris.io/WebPlotDigitizer/). For
concentrations expressed as a range (minimum value-maximum value),
the mean value was used. For concentrations indicated as being below
the limit of quantification of the analytical technique used (LOQ), the
value given was replaced by 0.5 LOQ (Real et al., 2011). When con-
centrations for the same element were obtained by different analytical
methods, a single mean value was recorded. In studies reporting dis-
aggregated concentration values of different sections of the algae
thallus, the mean value for all sections was recorded. The bulk data
analysis includes the global available data and the statistical analysis
confirmed their validity.

2.2.5. Anthropogenic pressure on the sampling sites

In order to prevent erroneous conclusions regarding overall trends in
algal contamination, the different sampling sites were classified as
belonging to areas affected by anthropogenic pressure (a priori polluted)
and areas not affected by anthropogenic pressure (presumed to be free of
contamination) on the basis of statements made by the authors or the
presence of obvious nearby pollution sources such as urban settlements
or power plants.

2.3. Data treatment and statistical analysis

Classification of areas affected and not affected by anthropogenic
pressure is subject to some subjectivity, as there are no standardized
criteria available for this purpose. The Mann—Whitney—Wilcoxon test
was used to assess whether the classification was meaningful by
comparing the concentrations of the main hazardous metals (i.e. Cd, Co,
Cr, Cu, Fe, Hg, Mn, Pb and Zn) in algae collected in areas affected by
anthropogenic pressure and those in algae collected in areas not affected
by anthropogenic pressure. Significant differences were obtained for
most of the elements in the different families of algae (i.e. Dictyotaceae,
Fucaceae, Laminariaceae, Sargassaceae and Others), and generalized
additive models (GAMs) were then used to analyse the temporal evo-
lution of the ratio between sampling areas with anthropogenic pressure
and the total number of sampled areas. Association between records of
algae families and the different oceans was assessed with a chi-square
test. To study global trends in algal pollution, GAMs of the logarithmic
concentrations of these metals in the different families over the years
were also used. The difference between the highest concentration value
predicted by the model (excluding the last predicted point and those
initial periods of ten years with less than five records) and the value at
the last predicted point divided by the former was calculated, providing
percentages of variation in metal concentrations for these periods that
were considered significant if the 95% confidence intervals of the two
points did not overlap. In addition, these values were divided by the
number of years of these periods obtaining the percentage of annual
variation.

As the trend of climate change related variables can affect the metal
speciation, availability and mobility, metal concentrations in brown
algae predicted by GAMs over the periods studied were obtained to
allow comparison of the time series of each metal with the observed
trends for different hydrographic variables over the entire water column
(annual values), i.e.: global surface ocean pH (1985-2020), global
average sea surface temperature (SST) anomalies (1993-2020), global
heat content (1970-2017), and global vertical mean salinity anomalies
(PSS) (1970-2017). Hydrographic data are available online from the
Copernicus Marine Environment Monitoring Service (CMEMS, https://
marine.copernicus.eu/) for pH and SST anomalies, and from the Na-
tional Oceanic and Atmospheric Administration, National Centers for
Environmental Information (NOAA, https://marine.copernicus.eu/) for
heat and PSS. Non-parametric Spearman’s rank correlation coefficients
(p) were also calculated in order to determine the relationship between
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elemental concentrations predicted by GAMs and hydrographic data.

Finally, a non-metric multidimensional scaling (nMDS) ordination
was conducted to explore groupings between the most represented
families of brown algae (Dictyotaceae, Fucaceae, Laminariaceae and
Sargassaceae) based on the patterns of similarity in metal concentra-
tions. Because of the existence of missing values for the elements
included in our data set in a significant number of records, the nMDS was
performed maximizing the number of data for the elements more
consistently measured across these families, based on the Bray-Curtis
dissimilarity matrix constructed from non-transformed metal concen-
trations for Cd, Cu, Fe, Pb and Zn (n = 1013 records, 5065 individual
data). The significance of dissimilarity in metal concentrations between
the different assemblage clusters was assessed with ANOSIM statistics.
Statistical analysis was carried out using R Software, version 3.6.2 (R
Development Core Team, 2008). The “mgev” (Wood, 2017) and the
“vegan” (Oksanen et al., 2020) packages were used to derive the GAMs
and compute the nMDS, respectively; “ggplot2” (Wickham, 2009)
package was used to plot them. The “PerformanceAnalytics” (Peterson
and Carl, 2018) package was used to calculate Spearman’s correlations.
ArcGIS 10.8 software was used to plot the maps.

3. Results
3.1. Distribution of algae families

Association between various families of brown algae and different
oceans is shown in Fig. 1. The Dictyotaceae family is significantly linked
to the Indian Ocean, the Mediterranean Sea and the South Atlantic
Ocean (Fig. 1A), whereas the Fucaceae family is significantly linked to
the North Atlantic Ocean (Fig. 1B); Laminariaceae family is significantly
linked to the Pacific Ocean and the Antarctic Ocean (Fig. 1C) and the
Sargassaceae family to the Indian Ocean, the Mediterranean Sea and the
North Pacific Ocean (Fig. 1D). The other families are mainly associated
with the Pacific Ocean, the Antarctic Ocean and the Arctic Ocean
(Others in Fig. 1E). The previous associations will be considered in the
following analysis, and the trends identified for the different families
will be restricted to the afore-mentioned oceans.

3.2. Global trends in metal concentrations

The obtained GAMs for concentrations over time for the different
metals and algae families are shown in Figs. 2-5 and Figs. S1-S5. In
general, despite some oscillations over time, the concentrations of all
metals tended to decrease, although these declines were not always
linear or significant in all families. Thus, considering all the families
together, significant decreases in concentrations of Pb (84%), Zn (79%),
Cd (77%) and Cu (72%) have occurred since the 1970 s (Figs. 2-4,
Fig. S2, Table S1), while decreases in concentrations of Mn (75%) and
Hg (65%) occurred since the 1980 s (Figs. S1 and S4; Table S1), and in
those of Cr (66%), Fe (64%) and Co (60%) since the 1990 s (Fig. 5;
Figs. S3 and S5, Table S1). This represents an annual global decrease
between 1.4% (in Cu) and 2.6% (in Fe). The order obtained by ranking
the metals according to the overall percentage decrease did not corre-
spond to the order based on the annual rates of decrease, as the lag in the
period of decrease differs for the various elements considered.

The ratio between sampled areas affected by anthropogenic activities
and the total area sampled was very variable and was not consistent with
the decrease in metal concentrations (Fig. S6).

3.3. Climate change drivers related to global metal trends

Spearman’s rank correlation coefficients between metal concentra-
tions in brown algae predicted by GAMs and pH, SST, heat content and
salinity are shown in Table 1 and Fig. 6. A strong significant positive
correlation was observed between all elements and pH since 1985.
Fig. 6A shows that after normalising the metal concentration values
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predicted by the GAMs and pH values, when plotted against time, the
resulting shape for pH is extremely similar to that of Cd, Co, Cu, Mn and
Pb (p ca. 1.00), while the trend for Fe and Cr is slightly concave (with
lower p values, 0.91 and 0.94, respectively), and that of Zn and Hg is
convex (with the lowest p values, 0.77 and 0.83, respectively) with
respect to pH. In turn, since 1993, significant negative correlations were
observed with SST, with most metals clearly following the same
decreasing trend (p between —0.91 and —0.94), although without
reacting to small variations of SST over time. However, correlation
adjustment for Zn and Hg (p = —0.49 and —0.62, respectively) is again
weaker because of the convex trend (Table 1, Fig. 6B). Regarding heat
content, despite increasing the time window (1970-2017), the results
obtained were similar to those for SST, showing a negative relationship
with a good fit for most metals (p between —0.90 and —0.99), weaker for
Fe, Hg, Zn and Cr (p between —0.31 and —0.89) (Table 1, Fig. 6D).
However, salinity displayed a less clear pattern over time and, thus, the
relationship between salinity and metal concentrations obtained were
weaker. In addition, this relationship showed variable results, with some
metals being positively (i.e. Pb, Cd, and Zn, p between 0.33 and 0.52)
and others being negatively (Fe and Cr, p between —0.52 and —0.40)
correlated with salinity since 1970, while Cu, Hg, Co and Mn showed no
significant correlation (Table 1, Fig. 6C). These results suggest that
ocean acidification and increasing seawater temperatures could be
decreasing the bioconcentrated metals in brown algae tissues.

3.4. Trends in metal concentrations by algae family

Considering each individual algae family separately, no consistent
pattern was observed when comparing the extent of decrease in element
concentrations between families (see Figs. 2-5, Figs. S1-S5, Table S1). In
the Dictyotaceae family there has been a significant decrease in con-
centrations of all metals considered (from 75% in Cu to 88% in Fe),
except for Hg; since the early 2000 s, except for Cr and Mn, for which
they began in the late 1970 s—early 1980 s (annual declines between
2.0% in Mn and 5.7% in Co). The Fucaceae family has also experienced
significant decreases in concentrations of the metals considered, except
Mn; however, these decreases began in the 1970-1990 s, ranging from
45% (Fe) to 91% (Co) (annual decreases ranging from 1.3% in Zn to
3.6% in Cr). In the Laminariaceae family, significant decreases were
observed in concentrations of Fe, Zn, Cu and Pb, since 1947, and in Co
and Cd, since the 1980 s and 2000 s, respectively. The decreases in
concentrations range from 75% for Fe to 96% for Cu (with annual de-
creases ranging from 1.0% for Zn to 4.5% for Cd). In the Sargassaceae
family, significant decreases were only observed for Fe (78%), Mn (79%)
and Zn (46%) (annual decreases ranging from 1.7% for Mn to 4.6% for
Fe). In the other families (Others), significant decreases were only
observed in Mn concentrations (80%) (annual decrease of 1.6%).

Fig. S7 shows the result of the non-metric multidimensional scaling
(nMDS) based on the concentrations of Cd, Cu, Fe, Pb and Zn found in
the algae from the families Dictyotaceae, Fucaceae, Laminariaceae and
Sargassaceae. Although no clear separation between clusters was
observed due to the overlapping of the groups, the existence of higher
concentrations of these metals in Laminariaceae, but especially in
Fucaceae, could be observed. However, the ANOSIM results (Global R
statistic = 0.151, p > 0.05) indicated that the metal composition was not
significantly different among families.

4. Discussion
4.1. Global trends in metal concentrations

Long-term time series data revealed a significant global decrease
(ranging from 60% to 84%) in the concentration of all metals considered
since the early 1970 s, with annual rates of decline around 2%. How-
ever, these declines were not always linear and, in some cases, after an
initial sharp decrease, a stabilisation or “damping” effect (Jepson et al.,
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Fig. 1. Distribution of records in the seas and oceans for the different families of brown algae. Left: Kernel density maps of the sampling sites (sites / 0.01 geographic
degree) where algae belonging to the following families were collected: A) Dictyotaceae (n, 532), B) Fucaceae (n, 1431), C) Laminariaceae (n, 154), D) Sargassaceae
(n, 1118), and E) Others (Adenocystaceae, n = 7; Agaraceae, n = 4, Alariaceae, n = 46; Ascoseiraceae, n = 6; Bachelotiaceae, n = 2; Chordaceae, n = 15; Chor-
dariaceae, n = 7; Cladostephaceae, n = 2; Desmarestiaceae, n = 36; Durvillaeaceae, n = 3; Ectocarpaceae, n = 8; Halosiphonaceae, n = 3; Hormosiraceae, n = 7;
Ishigeaceae, n = 3; Lessoniaceae, n = 32; Neoralfsiaceae, n = 1; Phyllariaceae, n = 1; Ralfsiaceae, n = 1; Scytosiphonaceae, n = 106; Seirococcaceae, n = 2; and
Stypocaulaceae, n = 19). Right: Pie charts for each family (see above), representing the number of sampling sites in each ocean/sea (An.O.: Antarctic Ocean; A.O.:
Arctic Ocean; N.At.O.: North Atlantic Ocean; S.At.O.: South Atlantic Ocean; I.0.: Indian Ocean; M.S.: Mediterranean Sea; N.P.O.: North Pacific Ocean; and S.P.O.:
South Pacific Ocean) and the y2 value of the null hypothesis of an independent distribution of the families in the different oceans and their significance (p > 0.01: ns;
p < 0.01: **; and p < 0.001: ***) obtained in each case. A negative sign before the y2 value indicates a negative association, and no sign indicates a positive as-
sociation. ns: not significant.
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Fig. 2. Temporal changes in log Pb concentrations. Worldwide temporal changes in log Pb concentrations (ug g' DW) in samples of different families or group of
families of brown algae (for Others; see Fig. 1 for more details), and those corresponding to all of the families together. The map inside each graph corresponds to the
main area of distribution of each family in the compiled data set (see Fig. 1 for more details). The area coloured in dark blue on the map inside each graph cor-
responds to the main area of distribution of each family in the compiled data set. The solid black line represents the GAM fit, and the grey area represents the limits of
the confidence intervals at 95%. Green dots indicate algae samples collected in areas without any anthropogenic pressure; purple dots indicate areas subjected to
anthropogenic pressure. The red lines indicate the period of decline considered to calculate the percentage decline in concentrations, also shown in the figure with a
downward arrow.
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Fig. 3. Temporal changes in log Cd concentrations. Worldwide temporal changes in log Cd concentrations (ug g DW) in samples of different families or group of
families of brown algae (for Others; see Fig. 1 for more details), and those corresponding to all of the families together. The map inside each graph corresponds to the
main area of distribution of each family in the compiled data set (see Fig. 1 for more details). The area coloured in dark blue on the map inside each graph cor-
responds to the main area of distribution of each family in the compiled data set. The solid black line represents the GAM fit, and the grey area represents the limits of
the confidence intervals at 95%. Green dots indicate algae samples collected in areas without any anthropogenic pressure; purple dots indicate areas subjected to
anthropogenic pressure. The red lines indicate the period of decline considered to calculate the percentage decline in concentrations, also shown in the figure with a

downward arrow.
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Fig. 4. Temporal changes in log Cu concentrations. Worldwide temporal changes in log Cu concentrations (ug g DW) in samples of different families or group of
families of brown algae (for Others; see Fig. 1 for more details), and those corresponding to all of the families together. The map inside each graph corresponds to the
main area of distribution of each family in the compiled data set (see Fig. 1 for more details). The area coloured in dark blue on the map inside each graph cor-
responds to the main area of distribution of each family in the compiled data set. The solid black line represents the GAM fit, and the grey area represents the limits of
the confidence intervals at 95%. Green dots indicate algae samples collected in areas without any anthropogenic pressure; purple dots indicate areas subjected to
anthropogenic pressure. The red lines indicate the period of decline considered to calculate the percentage decline in concentrations, also shown in the figure with a
downward arrow.
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Fig. 5. Temporal changes in log Fe concentrations. Worldwide temporal changes in log Fe concentrations (ug g DW) in samples of different families or group of
families of brown algae (for Others; see Fig. 1 for more details), and those corresponding to all of the families together. The map inside each graph corresponds to the
main area of distribution of each family in the compiled data set (see Fig. 1 for more details). The area coloured in dark blue on the map inside each graph cor-
responds to the main area of distribution of each family in the compiled data set. The solid black line represents the GAM fit, and the grey area represents the limits of
the confidence intervals at 95%. Green dots indicate algae samples collected in areas without any anthropogenic pressure; purple dots indicate areas subjected to
anthropogenic pressure. The red lines indicate the period of decline considered to calculate the percentage decline in concentrations, also shown in the figure with a

downward arrow.
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Table 1

Non-parametric Spearman’s rank correlations between metal concentrations in
brown algae predicted by GAMs over the periods studied and four hydrographic
variables. pH: global annual surface ocean pH (yr!) relative to the period
1985-2020. SST: global annual average sea surface temperature anomalies (°C.
yr’l) relative to the period 1993-2020. Heat: global annual heat content (Joules)
relative to the period 1970-2017. Salinity: global annual vertical mean salinity
anomaly (PSS) relative to the period 1970-2017. The values of the Spearman’s
correlation coefficient (p) along with the significance level are shown:
(p < 0.001, “***”); (p < 0.01, “**”); (p < 0.05, “*).

Hydrographic variables

Elements pH SST Heat Salinity
cd 1.00 * ** 0.94 * ** -0.97 * ** 0.33 % **
Co 0.99 * ** 0.94 * ** -0.90 * ** -0.02

Cr 0.94 * ** 0.94 * ** -0.53 * ** -0.40 * **
Cu 1.00 * ** 0.94 * -0.99 * ** 0.26

Fe 0.91 * ** 0.91 -0.31 * -0.52 * **
Hg 0.83 * ** 0.62 * * -0.89 * ** 0.24

Mn 0.99 . * 0.06

Pb 0.97 .94 * g 0.40 * **
Zn 0.77 * ** 0.49 * -0.83 * ** 0.52 * **

Journal of Hazardous Materials 445 (2023) 130511

2016; Jepson and Law, 2016) has been identified from 1990 onwards (e.
g. Hg, Zn). These variations were independent for each family, and it
was not possible to identify any common pattern by ordering the ele-
ments according to the percentage decrease in concentration. This lack
of a common pattern may be attributed to the narrow ranges of vari-
ability in the concentrations observed (e.g. in Dyctiotaceae, the decrease
in the concentration of 7 elements, except for Cu and Hg, ranged be-
tween 82% and 88%).

Accordingly, other studies using brown algae showed the same
trends. Kozhenkova et al. (2021) reported decreasing trends in metal
concentrations in Sargassum miyabei and S. pallidum in the Sea of Japan.
Likewise, significant decreases in Fucus vesiculosus (Fucaceae) on the NW
Iberian coast, between 2001 and 2007, specifically for Al, Cd, Co, Fe, Hg,
Ni and Zn (annual decrease from 5% to 10%) were detected (Viana et al.,
2010); and even greater annual decreases (between 10% and 20%) were
observed for Co, Fe, Hg, Ni and Zn between 2015 and 2019 (Garcia--
Seoane et al., 2021). Thus, the findings of the present study are consis-
tent with these previous observations, despite the different nature of the
approaches compared, i.e. large spatial-temporal scale with low reso-
lution and non-standardized methodologies (present study) versus small
spatial-temporal scale with high resolution using standard methods

Normalized values of metal concentrations
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Fig. 6. Metal concentration values obtained in the GAM adjustments and subsequently normalised, and water variable data according to the periods of years
available for these variables: A) pH: annual global surface ocean pH (yr') from 1985 to 2020; B) SST: global annual average sea surface temperature anomalies (°C yr~
1) from 1993 to 2020; C) Salinity: annual global vertical mean salinity anomaly from 1970 to 2017; D) Heat: global annual heat content (Joules) from 1970 to 2017.
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(regional studies).

However, in other organisms and in abiotic components of the
oceans the results obtained were not homogeneous. Thus, significant
decreasing trends in metal concentrations have been detected in bi-
valves and fish in the European Economic Area (EEA, 2003), in offshore
sediments in the Cantabrian Sea (Garmendia et al., 2019), the China Sea
(Yang et al., 2021), the North Sea (except for Zn, Le et al., 2021), and in
coastal waters of South Africa (Wepener and Degger, 2012). In contrast,
Dong et al. (2021) found that, globally, the levels of metals in sediments
have not changed significantly over time, and those of Cd and Hg have
even increased. Increases in metal concentrations have also been re-
ported in mussel tissues in the North Sea (Mubiana, 2005), in marine
sediments of the Aegean Sea (Sert, 2018) and in coral reefs in the China
Sea and the Persian Gulf (Chen et al., 2010; Jafarabadi et al., 2017; Song
et al., 2014). Finally, other studies found different direction trends
depending on the metals and locations studied, as in the case of offshore
sediments in the Persian Gulf (Nicolaus et al., 2022) or the franciscana
dolphins in South America (Garcia-Garin, 2021). Although these results
differ from those obtained in the present study, the different environ-
mental compartments studied (i.e. sediment, animals, etc.) and the
reduced spatial scale of most of them make these results compatible with
the global downward trend and the high variability observed in our
study.

4.2. Trends in metal concentrations by algae family and region

Regarding the different algae families, the detailed evaluation of the
trends revealed some differences between groups, with the highest
annual rates of decrease reached in the Dyctiotaceae family (from over
3-6%), almost doubling the rates in other families for elements such as
Co, Cu, Pb and Zn. These differences may be explained by different
reasons; firstly, the different bioconcentration capacity among species
and/or genera. For example, the genus Padina (which accounts for
>70% of our database records for the family Dyctiotaceae), includes
some of the species with the highest capacity to concentrate metals
(Jalali et al., 2002; Sheng et al., 2005) and may be somewhat more
sensitive to major changes in environmental metals than other brown
species. However, the nMDS performed in this study testing the different
uptake capacities of the families considered (see Supplementary Fig. 7)
was not significant. Secondly, since the families considered are
restricted to certain oceans and seas, the different decreasing trends
between families may reflect different changes in metal concentrations
in the marine environment depending on where they are located.

4.3. Underlying causes of the observed trends

Previous sections showed a decrease in metal concentrations in
brown algae consistent with findings in the existing literature. This
decline can be explained by different causes such as a decrease in the
ions bioavailability, adaptive mechanisms of the algae that diminish
their ability to bioconcentrate metals, or a global reduction in metal
concentrations in oceans.

4.3.1. Climate change drivers

Climate change invokes the increase of surface seawater tempera-
ture, salinity, heat content and ocean acidification, which rules the
metals speciation and mobility. In this sense, strong significant corre-
lations between pH and metals considered were found in this study
(Fig. 6A, Table 1). Decreasing pH causes changes in the hydrogen, car-
bonate, and hydroxide ion concentrations in seawater, which affects: i)
the adsorption of the ions by the protonation of chemical active sites of
the algae cell walls, decreasing the number of available sites for the
metals (Gonzalez and Pokrovsky, 2014; Yee and Fein, 2001), and could
explain the relationship between pH and the adsorption and uptake of
metals found in brown algae (Haug, 1961; Lu et al., 2009); ii) the
speciation of metals in solution (Gonzalez-Davila et al., 1995; Gonzdlez
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and Pokrovsky, 2014; Gledhill et al., 2015; Miller et al., 2014; Millero
et al., 2009; Stockdale et al., 2016), increasing the free, bioavailable
species of metals whose speciation is related to the above-mentioned
ions; iii) complexation with organic matter as previously exposed in i)
(Calace and Petronio, 2004; Cheng et al., 2020); iv) the sediment-water
exchange of metals mainly reducing the metal sorption of metals to
sediments (Lopez et al., 2010); and v) the organism’s metabolism and
functioning that may modify the uptake of metals (e.g. changes in
membrane permeability), although to our knowledge these changes are
not properly studied in brown algae (Roleda and Hurd, 2012). While the
first pH effect would reduce the levels of metals in the algae, the second,
the third and the fourth would increase them, and the fifth is difficult to
predict. Hence, the final effect of ocean acidification in metal concen-
trations in brown algae over time remains uncertain and will depend on
the algae species and the metals considered, the pollution source and the
geological composition of the sediments. Therefore, although the results
suggest a strong relationship between pH and algae metal concentra-
tions (Table 1, Fig. 6A), there is not enough information to state which
fraction of the obtained decrease in metal concentration can be attrib-
uted to the observed decrease in pH (which in fact was limited, ca. 0.002
units.yr?, during the studied period). Other variables showing collin-
earity with pH, not considered here, could be also responsible for the
decrease in metal concentrations in the algae.

Likewise, SST anomalies and heat content resulted significantly
correlated with metal concentrations trends (Table 1, Figs. 6B and 6D).
Temperature affects metal-algae interactions by changes in their meta-
bolism and in the bioavailability of metals. Thus, increasing tempera-
tures impact the particle residence in the euphotic zone and the redox
chemistry of metals by implication of photooxidation (Breitbarth et al.,
2010). However, robust studies and predictions are not yet available on
this regard (Hoffmann et al., 2012).

Finally, vertical mean salinity anomalies displayed different corre-
lations with algae metal concentrations, some of them being not sig-
nificant (Table 1, Fig. 6C). Salinity can reduce the bioavailability of
metals as they strongly bind to salts, a phenomenon known as “salting
out effect” (Noyes et al., 2009). However, the salinity pattern over time
was not clear and it is difficult to extract preliminary conclusions
regarding this variable.

4.3.2. Algae adaptive responses to metal pollution

Another possible factor influencing the decreasing pattern of metal
concentrations in algae could be the continued exposure to high metal
concentrations in the environment. Thus, Garcia-Seoane et al. (2020)
have demonstrated that some F. vesiculosus populations exposed to
long-term pollution show limited heavy metal uptake because of the
adaptive response to metallic toxicity. This response includes the
reduction of (Garcia-Seoane et al., 2020): i) their growing speed which
limits the concentration dilution by growth; ii) specific leaf area of algae
causing the diminishing of the adsorption surface related to the algae
mass; iii) alginate concentrations, which are the main compounds
involved in algae bioconcentration capacity; and iv) the number or ac-
tivity of cell membrane cation transporters. Moreover, exudation of
organic compounds that complex metals decrease their concentration in
brown algae (Andrade et al., 2006; Davis et al., 2003). Finally, it must be
taken into account that changes in response to polluted-induced stress
can operate in algae living in highly polluted sites, so it is unclear
whether this fact could be important enough throughout the entire globe
to explain the global decreases detected.

4.3.3. Environmental policies affecting metal concentrations

The observed decrease in metal concentrations in brown algae may
reflect a decrease in marine metal pollution as a result of the environ-
mental policies implemented to date. Indeed, the beginning of the
decrease coincides with the first measures adopted in the Stockholm
Convention (1972) (UN, 1972) and the International Convention for the
Prevention of Pollution From Ships (1973) (IMO, 1973). Since then, a
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wide range of policies has been established, particularly since the
1990-2000 s, by the major global marine-related organizations and
conventions within the United Nations system, coordinating intergov-
ernmental responses against metal pollution, via environmental pro-
grammes and actions. Implemented measures include those taken by the
UN Conference on Environment and Development (UNCED), the UN
Convention on Law of the Sea (UNCLOS), the Intergovernmental
Oceanographic Commission of UNESCO (IOC), the International Mari-
time Organization (IMO) and the United Nations Environment Pro-
gramme (UNEP) (UN, 2013, 1992, 1982). Moreover, other regional
marine-related organizations collaborate, especially in developed
countries: the European Environment Agency (EEA), the U.S. Environ-
mental Protection Agency (US-EPA) or the China State Environmental
Protection Administration (SEPA).

Metal-specific measures implemented have been mostly developed
for Cd and Pb (e.g. Battery Directive and Directive 2006/66/EC of the
EU) and for Hg (e.g. Mercury Export Ban act -US EPA, 2008, EU Regu-
lation 2017/852 and Minamata Convention on Mercury, 2013). In
addition, the closure of most of the non-ferrous refining and smelting
industries and coal-fired electricity generation plants together with the
decrease in coal consumption and the implementation of effective waste
treatment in developed countries have been produced. As a result, a 34%
reduction in the release of trace metals to water from Europe’s industries
in the period 2010-2016 has been reported (EEA, 2018). Likewise,
Canada has registered a decrease of Pb by 89% (907 t) between 1990
and 2020 and, in China, emissions of metals in waste water decreased
28% between 2016 and 2019. Moreover, the MSC-E Technical Report
1/2015 reported a total reduction of 78% in Pb, 53% in Cd and 23% in
Hg between 1990 and 2012 for the EMEP region (Europe, Caucasus and
Central Asia). Thus, it seems that the results obtained in this study can be
explained to a large extent by the real reduction of metal pollution
observed in the marine environment in developed countries. However,
at the global scale, this reduction does not seem to be as clear, and there
are even indications of an increase in pollution (e.g. Emissions Database
for Global Atmospheric Research reported a significant global increase
in Hg air emissions between 1970 and 2012). Since the vast majority of
the data recorded in this study were collected in developed countries, an
increase in the sampling effort in both developing and underdeveloped
countries is essential.

5. Final remarks

The meta-analysis conducted showed robust decreases in metal
concentrations (45-96%) for all the brown algae families considered,
distributed throughout the World’s oceans. Thus, the high variability
obtained did not prevent the detection of consistent temporal changes.
This variability is not only explained by differences in metal concen-
trations in the environment or by changing physico-chemical parame-
ters such as pH, but also by the use of non-standardised methodologies
within the collected studies (i.e. different algal species with varying
size/age, different sampling times, different analytical techniques, lower
analytical quality and lower number of samples in previous studies,
etc.). The trends were quite synchronous and post-date global marine
environmental protection actions, which could be the main cause of
these temporal patterns, although decreasing pH and increasing SST and
heat content could also explain them partially. Therefore, this study
found, for the first time, a decline in the bioconcentrated metal levels of
brown macroalgae for the last 40-50 years, and with it, a potential
decline of metal concentrations in world’s intertidal habitats. However,
most of the records were located in North Atlantic Ocean, with other
oceans such as the Arctic Ocean or the South Atlantic Ocean poorly
represented (18 and 88 records respectively). Thus, conclusions drawn
here must be applied primarily to the North Atlantic Ocean and moni-
toring efforts in other oceans should be increased. This data can be used
as a starting point for future emission scenarios and to inform man-
agement decisions.
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coinciding with the implementation of environmental policies. This in-
formation is essential to work on future legal regulations and provides
some hope about the evolution of metal pollution in the oceans, severely
threatened by global change.

Appendix A. Supporting information

Supplementary data associated with this article can be found in the
online version at doi:10.1016/j.jhazmat.2022.130511.

References

Alestra, T., Schiel, D.R., 2015. Impacts of local and global stressors in intertidal habitats:
Influence of altered nutrient, sediment and temperature levels on the early life
history of three habitat-forming macroalgae. J. Exp. Mar. Bio. Ecol. 468, 29-36.
https://doi.org/10.1016/j.jembe.2015.03.017.

Andrade, S., Medina, M.H., Moffett, J.W., Correa, J.A., 2006. Cadmium—copper
antagonism in seaweeds inhabiting coastal areas affected by copper mine waste
disposals. Environ. Sci. Technol. 40 (14), 4382-4387. https://doi.org/10.1021/
ES060278C.

Barrientos, S., Barreiro, R., Cremades, J., Pineiro-Corbeira, C., 2020. Setting the basis for
a long-term monitoring network of intertidal seaweed assemblages in northwest
Spain. Mar. Environ. Res. 160, 105039 https://doi.org/10.1016/j.
marenvres.2020.105039.

Bates, N.R., Astor, Y.M., Church, M.J., Currie, K., Dore, J.E., Gonzalez-Davila, M.,
Lorenzoni, L., Muller-Karger, F., Olafsson, J., Santana-Casiano, J.M., 2014. A time-


https://doi.org/10.1016/j.jhazmat.2022.130511
https://doi.org/10.1016/j.jembe.2015.03.017
https://doi.org/10.1021/ES060278C
https://doi.org/10.1021/ES060278C
https://doi.org/10.1016/j.marenvres.2020.105039
https://doi.org/10.1016/j.marenvres.2020.105039

J.R. Aboal et al.

series view of changing surface ocean chemistry due to ocean uptake of
anthropogenic CO, and ocean acidification. Oceanography 27 (1), 126-141. https://
doi.org/10.5670/0oceanog.2014.16.

Bonanno, G., Orlando-Bonaca, M., 2018. Perspectives on using marine species as
bioindicators of plastic pollution. Mar. Pollut. Bull. 137, 209-221. https://doi.org/
10.1016/j.marpolbul.2018.10.018.

Breitbarth, E., Achterberg, E.P., Ardelan, M.V., Baker, A.R., Bucciarelli, E., Chever, F.,
Croot, P.L., Duggen, S., Gledhill, M., Hassellév, M., Hassler, C., Hoffmann, L.J.,
Hunter, K.A., Hutchins, D.A., Ingri, J., Jickells, T., Lohan, M.C., Nielsdéttir, M.C.,
Sarthou, G., Schoemann, V., Trapp, J.M., Turner, D.R., Ye, Y., 2010. Iron
biogeochemistry across marine systems - progress from the past decade.
Biogeosciences 7, 1075-1097. https://doi.org/10.5194/BG-7-1075-2010.

Broecker, W.S., Clark, E., 2001. Glacial-to-holocene redistribution of carbonate ion in the
deep sea. Science 294 (5549), 2152-2155. https://doi.org/10.1126/
science.1064171.

Calace, N., Petronio, B.M., 2004. The role of organic matter on metal toxicity and bio-
availability. Ann. di Chim. 94 (7-8), 487-493. https://doi.org/10.1002/
adic.200490062.

Caldeira, K., Wickett, M.E., 2003. Anthropogenic carbon and ocean pH. Nature 425
(6956), 365. https://doi.org/10.1038/425365a.

Carral, E., Puente, X., Villares, R., Carballeira, A., 1995. Background heavy metal levels
in estuarine sediments and organisms in Galicia (northwest Spain) as determined by
modal analysis. Sci. Total Environ. 172 (2-3), 175-188. https://doi.org/10.1016/
0048-9697(95)04788-3.

Chen, T.R., Yu, K.F., Li, S., Price, G.J., Shi, Q., Wei, G.J., 2010. Heavy metal pollution
recorded in Porites corals from Daya Bay, northern South China Sea. Mar. Environ.
Res. 70 (3-4), 318-326. https://doi.org/10.1016/j.marenvres.2010.06.004.

Cheng, X., Zheng, M., Zhang, G., Li, F., Chen, H., Leng, Y., 2020. The nature of dissolved
organic matter determines the biosorption capacity of Cu by algae. Chemosphere
252, 126465. https://doi.org/10.1016/j.chemosphere.2020.126465.

Davis Jr., R.A., Welty, A.T., Borrego, J., Morales, J.A., Pendon, J.G., Ryan, J.G., 2000.
Rio Tinto estuary (Spain): 5000 years of pollution. Environ. Geol. 39 (10),
1107-1116. https://doi.org/10.1007/s002549900096.

Davis, T.A., Volesky, B., Mucci, A., 2003. A review of the biochemistry of heavy metal
biosorption by brown algae. Water Res 37 (18), 4311-4330. https://doi.org/
10.1016/50043-1354(03)00293-8.

Dong, M., Chen, W., Chen, X., Xing, X., Shao, M., Xiong, X., Luo, Z., 2021. Geochemical
markers of the Anthropocene: Perspectives from temporal trends in pollutants. Sci.
Total Environ. 763, 142987 https://doi.org/10.1016/j.scitotenv.2020.142987.

Duarte, C.M., 2014. Global change and the future ocean: a grand challenge for marine
sciences. Front. Mar. Sci. 0, 63. https://doi.org/10.3389/fmars.2014.00063.

European Environment Agency (EEA). Environmental management (EMAS). (https://
www.eea.europa.eu/about-us/emas) (accessed 11.9.21).

European Environment Agency (EEA), 2003, Topic report No 2/2003. Hazardous
substances in the European marine environment: Trends in metals and persistent
organic pollutants. (https://www.eea.europa.eu/publications/topic_report_2003_2/
).

European Environment Agency (EEA), 2018, Environmental pressures of heavy metal
releases from Europe’s industry.

Fragkopoulou, E., Serrao, E.A., De Clerck, O., Costello, M.J., Aratjo, M.B., Duarte, C.M.,
Krause-Jensen, D., Assis, J., 2022. Global biodiversity patterns of marine forests of
brown macroalgae. Glob. Ecol. Biogeogr. 31 (4), 636-648. https://doi.org/10.1111/
geb.13450.

Garcia-Garin, O., Borrell, A., Vighi, M., Aguilar, A., Valdivia, M., Gonzalez, E.M.,
Drago, M., 2021. Long-term assessment of trace elements in franciscana dolphins
from the Rio de la Plata estuary and adjacent Atlantic waters. Science of The Total
Environment 788 (147797). https://doi.org/10.1016/].scitotenv.2021.147797.

Garcia-Seoane, R., Aboal, J.R., Boquete, M.T., Fernandez, J.A., 2018. Biomonitoring
coastal environments with transplanted macroalgae: A methodological review. Mar.
Pollut. Bull. 135, 988-999. https://doi.org/10.1016/j.marpolbul.2018.08.027.

Garcia-Seoane, R., Aboal, J.R., Boquete, M.T., Fernandez, J.A., 2020. Phenotypic
differences in heavy metal accumulation in populations of the brown macroalgae
Fucus vesiculosus: A transplantation experiment. Ecol. Indic. 111, 105978 https://doi.
org/10.1016/j.ecolind.2019.105978.

Garcia-Seoane, R., Fernandez, J.A., Boquete, M.T., Aboal, J.R., 2021. Analysis of intra-
thallus and temporal variability of trace elements and nitrogen in Fucus vesiculosus:
Sampling protocol optimization for biomonitoring. J. Hazard. Mater. 412, 125268
https://doi.org/10.1016/j.jhazmat.2021.125268.

Garmendia, M., de Vallejuelo, Fdez-Ortiz, Linero, S., Gredilla, O., Arana, A., Soto, G., de
Diego, A, M., 2019. Long term monitoring of metal pollution in sediments as a tool to
investigate the effects of engineering works in estuaries. A case study, the Nerbioi-
Ibaizabal estuary (Bilbao, Basque Country). Mar. Pollut. Bull. 145, 555-563. https://
doi.org/10.1016/J.MARPOLBUL.2019.06.051.

Gledhill, M., Achterberg, E.P., Li, K., Mohamed, K.N., Rijkenberg, M.J.A., 2015. Influence
of ocean acidification on the complexation of iron and copper by organic ligands in
estuarine waters. Mar. Chem. 177, 421-433. https://doi.org/10.1016/j.
marchem.2015.03.016.

Gonzalez, A.G., Pokrovsky, O.S., 2014. Metal adsorption on mosses: Toward a universal
adsorption model. J. Colloid Interface Sci. 415, 169-178. https://doi.org/10.1016/].
jcis.2013.10.028.

Gonzdlez-Davila, M., Santana-Casiano, J.M., Perez-Pena, J., Millero, F.J., 1995. Binding
of Cu(Il) to the Surface and Exudates of the Alga Dunaliella tertiolecta in Seawater.
Environ. Sci. Technol. 29 (2), 289-301. https://doi.org/10.1021/es00002a004.

Grip, K., 2016. International marine environmental governance: A review. Ambio 46 (4),
413-427. https://doi.org/10.1007/s13280-016-0847-9.

13

Journal of Hazardous Materials 445 (2023) 130511

Guinotte, J.M., Fabry, V.J., 2008. Ocean acidification and its potential effects on marine
ecosystems. Ann. N. Y. Acad. Sci. 1134 (1), 320-342. https://doi.org/10.1196/
annals.1439.013.

Halpern, B.S., Walbridge, S., Selkoe, K.A., Kappel, C.V., Micheli, F., D’Agrosa, C.,
Bruno, J.F., Casey, K.S., Ebert, C., Fox, H.E., Fujita, R., Heinemann, D., Lenihan, H.S.,
Madin, E.M.P., Perry, M.T., Selig, E.R., Spalding, M., Steneck, R., Watson, R., 2008.
A global map of human impact on marine ecosystems. Science 319 (5865), 948-952.
https://doi.org/10.1126/science.1149345.

Haug, A., 1961. The affinity of some divalent metals to different types of alginates. Acta
Chem. Scand. 15 (8), 1794-1795.

Hoffmann, L.J., Breitbarth, E., Boyd, P.W., Hunter, K.A., 2012. Influence of ocean
warming and acidification on trace metal biogeochemistry. Mar. Ecol. Prog. Ser.
470, 191-205. https://doi.org/10.3354/meps10082.

Intergovernmental Panel on Climate Change (IPCC), 2021, Climate Change 2021: The
Physical Science Basis. Contribution of Working Group I to the Sixth Assessment
Report of the Intergovernmental Panel on Climate Change. (https://www.ipcc.ch/
report/ar6/wgl/).

International Maritime Organization (IMO). Pollution Prevention. (https://www.imo.
org/en/OurWork/Environment/Pages/Pollution-Prevention.aspx) (accessed
11.9.21).

International Maritime Organization (IMO), 1973, International Convention for the
Prevention of Pollution from Ships (MARPOL).

IOC-UNESCO. Our Work. (https://ioc.unesco.org/index.php/our-work) (accessed
11.9.21).

Islam, M.S., Tanaka, M., 2004. Impacts of pollution on coastal and marine ecosystems
including coastal and marine fisheries and approach for management: A review and
synthesis. Mar. Pollut. Bull. 48 (7-8), 624-649. https://doi.org/10.1016/j.
marpolbul.2003.12.004.

Jafarabadi, A.R., Bakhtiyari, A.R., Toosi, A.S., Jadot, C., 2017. Spatial distribution,
ecological and health risk assessment of heavy metals in marine surface sediments
and coastal seawaters of fringing coral reefs of the Persian Gulf, Iran. Chemosphere
185, 1090-1111. https://doi.org/10.1016/j.chemosphere.2017.07.110.

Jalali, R., Ghafourian, H., Asef, Y., Davarpanah, S., Sepehr, S., 2002. Removal and
recovery of lead using nonliving biomass of marine algae. J. Hazard. Mater. 92 (3),
253-262. https://doi.org/10.1016/50304-3894(02)00021-3.

Jepson, P.D., Law, R.J., 2016. Persistent pollutants, persistent threats. Science 352
(6292), 1388-1389. https://doi.org/10.1126/science.aaf9075.

Jepson, P.D., Deaville, R., Barber, J.L., Aguilar, A., Borrell, A., Murphy, S., Barry, J.,
Brownlow, A., Barnett, J., Berrow, S., Cunningham, A.A., Davison, N.J., ten
Doeschate, M., Esteban, R., Ferreira, M., Foote, A.D., Genov, T., Giménez, J.,
Loveridge, J., Llavona, A., Martin, V., Maxwell, D.L., Papachlimitzou, A., Penrose, R.,
Perkins, M.W., Smith, B., de Stephanis, R., Tregenza, N., Verborgh, P., Fernandez, A.,
Law, R.J., 2016. PCB pollution continues to impact populations of orcas and other
dolphins in European waters. Sci. Rep. 6 (1), 18573. https://doi.org/10.1038/
srepl18573.

Kersting, D.K., 2016, Cambio Climético en el medio marino espanol: impactos,
vulnerabilidad y adaptacién. Oficina de Cambio Climatico, Ministerio de
Agricultura, Alimentacion y Medio Ambiente, Madrid.

Kozhenkova, S.I., Khristoforova, N.K., Chernova, E.N., Kobzar, A.D., 2021. Long-Term
Biomonitoring of Heavy Metal Pollution of Ussuri Bay, Sea of Japan. Russ. J. Mar.
Biol. 47 (4), 256-264. https://doi.org/10.1134/5106307402104009X.

Le, H.M., Bekaert, K., Lagring, R., Ampe, B., Ruttens, A., De Cauwer, K., Hostens, K., De
Witte, B., 2021. 4DEMON: Integrating 40 Years of Data on PCB and Metal
Contamination in Marine Sediments of the Belgian Part of the North Sea. Front. Mar.
Sci. 8, 588. https://doi.org/10.3389/FMARS.2021.681901/BIBTEX.

Lee, W.Y., Wang, W.X., 2001. Metal accumulation in the green macroalga Ulva fasciata:
effects of nitrate, ammonium and phosphate. Sci. Total Environ. 278 (1-3), 11-22.
https://doi.org/10.1016/50048-9697(00)00884-6.

Lépez, LR., Kalman, J., Vale, C., Blasco, J., 2010. Influence of sediment acidification on
the bioaccumulation of metals in Ruditapes philippinarum. Environ. Sci. Pollut. Res.
17 (9), 1519-1528. https://doi.org/10.1007/s11356-010-0338-7.

Ly, Y., Yuan, J., Lu, X, Su, C., Zhang, Y., Wang, C., Cao, X., Li, Q., Su, J., Ittekkot, V.,
Garbutt, R.A., Bush, S., Fletcher, S., Wagey, T., Kachur, A., Sweijd, N., 2018. Major
threats of pollution and climate change to global coastal ecosystems and enhanced
management for sustainability. Environ. Pollut. 239, 670-680. https://doi.org/
10.1016/j.envpol.2018.04.016.

Miao, L., Yan, W., Zhong, L., Xu, W., 2013. Effect of heavy metals (Cu, Pb, and As) on the
ultrastructure of Sargassum pallidum in Daya Bay, China. Environ. Monit. Assess. 186
(1), 87-95. https://doi.org/10.1007/s10661-013-3358-1.

Miller, A.W., Reynolds, A.C., Sobrino, C., Riedel, G.F., 2009. Shellfish face uncertain
future in high CO, world: Influence of acidification on oyster larvae calcification and
growth in estuaries. PLoS One 4 (5), e5661. https://doi.org/10.1371/journal.
pone.0005661.

Miller, L.A., Macdonald, R.W., McLaughlin, F., Mucci, A., Yamamoto-Kawai, M.,
Giesbrecht, K.E., Williams, W.J., 2014. Changes in the marine carbonate system of
the western Arctic: patterns in a rescued data set. Pol. Res 33 (1), 20577. https://doi.
org/10.3402/polar.v33.20577.

Millero, F.J., Woosley, R., Ditrolio, B., Waters, J., 2009. Effect of ocean acidification on
the speciation of metals in seawater. Oceanography 22 (4), 72-85. https://doi.org/
10.5670/0ceanog.2009.98.

Mubiana, V.K., Qadah, D., Meys, J., Blust, R., 2005. Temporal and spatial trends in heavy
metal concentrations in the marine mussel Mytilus edulis from the Western Scheldt
estuary (The Netherlands). Hydrobiologia 540, 169-180. https://doi.org/10.1007/
s10750-004-7134-7.

Nicolaus, E.E.M., Maxwell, D.L., Khamis, A.S., Abdulla, K.H., Harrod, R.P., Devlin, M.J.,
Lyons, B.P., 2022. Spatial and temporal analysis of the risks posed by metal


https://doi.org/10.5670/oceanog.2014.16
https://doi.org/10.5670/oceanog.2014.16
https://doi.org/10.1016/j.marpolbul.2018.10.018
https://doi.org/10.1016/j.marpolbul.2018.10.018
https://doi.org/10.5194/BG-7-1075-2010
https://doi.org/10.1126/science.1064171
https://doi.org/10.1126/science.1064171
https://doi.org/10.1002/adic.200490062
https://doi.org/10.1002/adic.200490062
https://doi.org/10.1038/425365a
https://doi.org/10.1016/0048-9697(95)04788-3
https://doi.org/10.1016/0048-9697(95)04788-3
https://doi.org/10.1016/j.marenvres.2010.06.004
https://doi.org/10.1016/j.chemosphere.2020.126465
https://doi.org/10.1007/s002549900096
https://doi.org/10.1016/S0043-1354(03)00293-8
https://doi.org/10.1016/S0043-1354(03)00293-8
https://doi.org/10.1016/j.scitotenv.2020.142987
https://doi.org/10.3389/fmars.2014.00063
https://doi.org/10.1111/geb.13450
https://doi.org/10.1111/geb.13450
https://doi.org/10.1016/j.scitotenv.2021.147797
https://doi.org/10.1016/j.marpolbul.2018.08.027
https://doi.org/10.1016/j.ecolind.2019.105978
https://doi.org/10.1016/j.ecolind.2019.105978
https://doi.org/10.1016/j.jhazmat.2021.125268
https://doi.org/10.1016/J.MARPOLBUL.2019.06.051
https://doi.org/10.1016/J.MARPOLBUL.2019.06.051
https://doi.org/10.1016/j.marchem.2015.03.016
https://doi.org/10.1016/j.marchem.2015.03.016
https://doi.org/10.1016/j.jcis.2013.10.028
https://doi.org/10.1016/j.jcis.2013.10.028
https://doi.org/10.1021/es00002a004
https://doi.org/10.1007/s13280-016-0847-9
https://doi.org/10.1196/annals.1439.013
https://doi.org/10.1196/annals.1439.013
https://doi.org/10.1126/science.1149345
http://refhub.elsevier.com/S0304-3894(22)02305-6/sbref29
http://refhub.elsevier.com/S0304-3894(22)02305-6/sbref29
https://doi.org/10.3354/meps10082
https://doi.org/10.1016/j.marpolbul.2003.12.004
https://doi.org/10.1016/j.marpolbul.2003.12.004
https://doi.org/10.1016/j.chemosphere.2017.07.110
https://doi.org/10.1016/S0304-3894(02)00021-3
https://doi.org/10.1126/science.aaf9075
https://doi.org/10.1038/srep18573
https://doi.org/10.1038/srep18573
https://doi.org/10.1134/S106307402104009X
https://doi.org/10.3389/FMARS.2021.681901/BIBTEX
https://doi.org/10.1016/S0048-9697(00)00884-6
https://doi.org/10.1007/s11356-010-0338-7
https://doi.org/10.1016/j.envpol.2018.04.016
https://doi.org/10.1016/j.envpol.2018.04.016
https://doi.org/10.1007/s10661-013-3358-1
https://doi.org/10.1371/journal.pone.0005661
https://doi.org/10.1371/journal.pone.0005661
https://doi.org/10.3402/polar.v33.20577
https://doi.org/10.3402/polar.v33.20577
https://doi.org/10.5670/oceanog.2009.98
https://doi.org/10.5670/oceanog.2009.98
https://doi.org/10.1007/s10750-004-7134-7
https://doi.org/10.1007/s10750-004-7134-7

J.R. Aboadl et al.

contamination in coastal and marine sediments of Bahrain. Environ. Monit. Assess.
194, 62. https://doi.org/10.1007/510661-021-09722-7.

Noyes, P.D., McElwee, M.K., Miller, H.D., Clark, B.W., Van Tiem, L.A., Walcott, K.C.,
Erwin, K.N,, Levin, E.D., 2009. The toxicology of climate change: Environmental
contaminants in a warming world. Environ. Int. 35 (6), 971-986. https://doi.org/
10.1016/J.ENVINT.2009.02.006.

Oksanen, J., Blanchet, F.G., Friendly, M., Kindt, R., Legendre, P., McGlinn, D.,
Minchin, P.R., O’hara, R.B., Simpson, G.L., Solymos, P., Stevens, M.H., Szoecs, E.,
Wagner, H., 2020. vegan: Community Ecology Package. R. Package Version 2, 5-7.

https://CRAN.R-project.org/package=vegan/).

Peterson, B.G., Carl, P., 2018, PerformanceAnalytics: Econometric Tools for
Performance. (https://cran.r-project.org/web/packages/PerformanceAnalytics/
index.html).

Phillips, D.J.H., 1990. Use of Macroalgae and Invertebrates as Monitors of Metal Levels
in Estuaries and Coastal Waters. In: Heavy Metals in the Marine Environment. CRC
Press, pp. 81-99.

Pineiro-Corbeira, C., Barreiro, R., Cremades, J., Arenas, F., 2018. Seaweed assemblages
under a climate change scenario: Functional responses to temperature of eight
intertidal seaweeds match recent abundance shifts. Sci. Rep. 8 (1), 1-9. https://doi.
org/10.1038/541598-018-31357-x.

R Development Core Team, 2008, R: A Language and Environment for Statistical
Computing. R Foundation for Statistical Computing, Vienna, Austria. ISBN
3-900051-07-0. (https://www.R-project.org/).

Rainbow, P.S., 1995. Biomonitoring of heavy metal availability in the marine
environment. Mar. Pollut. Bull. 31 (4-12), 183-192. https://doi.org/10.1016/0025-
326X(95)00116-5.

Real, C., Angel Fernandez, J., Aboal, J.R., Carballeira, A., 2011. Substituting missing data
in compositional analysis. Environ. Pollut. 159 (10) https://doi.org/10.1016/j.
envpol.2011.05.006.

Roleda, M.Y., Hurd, C.L., 2012. Seaweed responses to ocean acidification. Seaweed
Biology Ecological Studies. Springer,, Berlin, Heidelberg. https://doi.org/10.1007/
978-3-642-28451-9_19.

Sabine, C.L., Feely, R.A., Gruber, N., Key, R.M., Lee, K., Bullister, J.L., Wanninkhof, R.,
Wong, C.S., Wallace, D.W.R., Tilbrook, B., Millero, F.J., Peng, T.-H., Kozyr, A.,
Ono, T., Rios, A.F., 2004. The Oceanic Sink for Anthropogenic CO,. Science 305
(5682), 367-371. https://doi.org/10.1126/science.1097403.

Sert, L., 2018. Temporal evolution of lead isotope ratios and metal concentrations in
sediments of the north Aegean Sea, in Turkish coast. JRNC 317, 825-840. https://
doi.org/10.1007/5s10967-018-5947-5.

Sheng, P.X., Tan, L.H., Chen, J.P., Ting, Y.P., 2005. Biosorption Performance of Two
Brown Marine Algae for Removal of Chromium and Cadmium. J. Dispers. Sci.
Technol. 25 (5), 679-686. https://doi.org/10.1081/DIS-200027327.

Smith, J.G., Tomoleoni, J., Staedler, M., Lyon, S., Fujii, J., Tinker, M.T., 2021. Behavioral
responses across a mosaic of ecosystem states restructure a sea otter—urchin trophic
cascade. Proc. Natl. Acad. Sci. 118 (11), €2012493118 https://doi.org/10.1073/
pnas.2012493118.

Song, Y., Yu, K., Zhao, J., Feng, Y., Shi, Q., Zhang, H., Ayoko, G.A., Frost, R.L., 2014. Past
140-year environmental record in the northern South China Sea: evidence from coral
skeletal trace metal variations. Environ. Pollut. 185, 97-106. https://doi.org/
10.1016/j.envpol.2013.10.024.

14

Journal of Hazardous Materials 445 (2023) 130511

Stockdale, A., Tipping, E., Lofts, S., Mortimer, R.J.G., 2016. Effect of Ocean Acidification
on Organic and Inorganic Speciation of Trace Metals. Environ. Sci. Technol. 50 (4),
1906-1913. https://doi.org/10.1021/ACS.EST.5B05624.

Tait, L.W., Schiel, D.R., 2011. Dynamics of productivity in naturally structured
macroalgal assemblages: importance of canopy structure on light-use efficiency.
Mar. Ecol. Prog. Ser. 421, 97-107. https://doi.org/10.3354/meps08909.

Taylor, R.B., Cole, R.G., 1994. Mobile epifauna on subtidal brown seaweeds in
northeastern New Zealand. Mar. Ecol. Prog. Ser. 115, 271-282. https://doi.org/
10.3354/meps115271.

Tlili, S., Mouneyrac, C., 2021. New challenges of marine ecotoxicology in a global change
context. Mar. Pollut. Bull. 166, 112242 https://doi.org/10.1016/j.
marpolbul.2021.112242,

United Nations (UN), 1972, United Nations Conference on the Human Environment.
(https://www.un.org/en/conferences/environment/stockholm1972).

United Nations (UN), 1982, United Nations Convention on the Law of the Sea (UNCLOS).

United Nations (UN), 1992, United Nations Conference on Environment and
Development (UNCED), in: Earth Summit. (https://www.un.org/en/conferences/
environment/rio1992).

United Nations (UN), 2013, Minamata Convention on Mercury.

United Nations Environment Program (UNEP) /Global Programme of Action for the
Protection of the Marine Environment from Land-based Activities (GPA), 2006. The
state of the marine environment: Trends and processes. (https://www.unep.org/
resources/report/state-marine-environment-trends-and-processes).

United Nations Environment Programme (UNEP) . Environmental rights and governance.
(https://www.unep.org/explore-topics/environmental-rights-and-governance)
(accessed 11.9.21).

United Nations Environment Programme (UNEP), 2004, Annual Evaluation Report.
(https://www.unep.org/resources/synthesis-reports/unep-annual-evaluation-
report-2004).

United States Environmental Protection Agency (US EPA), 1972, Report Environmental
Violations. (https://echo.epa.gov/report-environmental-violations#:~:text=Stop-,
Stop,-800-424-8802) (accessed 11.9.21).

Viana, L.G., Aboal, J.R., Fernandez, J.A., Real, C., Villares, R., Carballeira, A., 2010. Use
of macroalgae stored in an Environmental Specimen Bank for application of some
European Framework Directives. Water Res 44 (6), 1713-1724. https://doi.org/
10.1016/j.watres.2009.11.036.

Wepener, V., Degger, N., 2012. Status of marine pollution research in South Africa
(1960-present. Mar. Pollut. Bull. 64 (7), 1508-1512. https://doi.org/10.1016/J.
MARPOLBUL.2012.05.037.

Wickham, H., 2009, ggplot2: Elegant Graphics for Data Analysis. (https://doi.org/
10.1007/978-0-387-98141-3).

Wood, S.N., 2017, Generalized additive models: An introduction with R, second edition.
1-476. Chapman and Hall/CRC. (https://cran.r-project.org/web/packages/mgcv/
index.html).

Yang, L., Ma, X., Luan, Z., Yan, J., 2021. The spatial-temporal evolution of heavy metal
accumulation in the offshore sediments along the Shandong Peninsula over the last
100 years: Anthropogenic and natural impacts. Environ. Pollut. 289, 117894 https://
doi.org/10.1016/J.ENVPOL.2021.117894.

Yee, N., Fein, J., 2001. Cd adsorption onto bacterial surfaces: A universal adsorption
edge. GCA 65 (13), 2037-2042. https://doi.org/10.1016/50016-7037(01)00587-7.


https://doi.org/10.1007/S10661-021-09722-7
https://doi.org/10.1016/J.ENVINT.2009.02.006
https://doi.org/10.1016/J.ENVINT.2009.02.006
https://CRAN.R-project.org/package=vegan/
http://refhub.elsevier.com/S0304-3894(22)02305-6/sbref49
http://refhub.elsevier.com/S0304-3894(22)02305-6/sbref49
http://refhub.elsevier.com/S0304-3894(22)02305-6/sbref49
https://doi.org/10.1038/s41598-018-31357-x
https://doi.org/10.1038/s41598-018-31357-x
https://doi.org/10.1016/0025-326X(95)00116-5
https://doi.org/10.1016/0025-326X(95)00116-5
https://doi.org/10.1016/j.envpol.2011.05.006
https://doi.org/10.1016/j.envpol.2011.05.006
https://doi.org/10.1007/978-3-642-28451-9_19
https://doi.org/10.1007/978-3-642-28451-9_19
https://doi.org/10.1126/science.1097403
https://doi.org/10.1007/s10967-018-5947-5
https://doi.org/10.1007/s10967-018-5947-5
https://doi.org/10.1081/DIS-200027327
https://doi.org/10.1073/pnas.2012493118
https://doi.org/10.1073/pnas.2012493118
https://doi.org/10.1016/j.envpol.2013.10.024
https://doi.org/10.1016/j.envpol.2013.10.024
https://doi.org/10.1021/ACS.EST.5B05624
https://doi.org/10.3354/meps08909
https://doi.org/10.3354/meps115271
https://doi.org/10.3354/meps115271
https://doi.org/10.1016/j.marpolbul.2021.112242
https://doi.org/10.1016/j.marpolbul.2021.112242
https://doi.org/10.1016/j.watres.2009.11.036
https://doi.org/10.1016/j.watres.2009.11.036
https://doi.org/10.1016/J.MARPOLBUL.2012.05.037
https://doi.org/10.1016/J.MARPOLBUL.2012.05.037
https://doi.org/10.1016/J.ENVPOL.2021.117894
https://doi.org/10.1016/J.ENVPOL.2021.117894
https://doi.org/10.1016/S0016-7037(01)00587-7

	Global decrease in heavy metal concentrations in brown algae in the last 90 years
	1 Introduction
	2 Material and methods
	2.1 Literature search
	2.2 Data collection
	2.2.1 Year of sampling
	2.2.2 Species
	2.2.3 Geographical location
	2.2.4 Element concentrations
	2.2.5 Anthropogenic pressure on the sampling sites

	2.3 Data treatment and statistical analysis

	3 Results
	3.1 Distribution of algae families
	3.2 Global trends in metal concentrations
	3.3 Climate change drivers related to global metal trends
	3.4 Trends in metal concentrations by algae family

	4 Discussion
	4.1 Global trends in metal concentrations
	4.2 Trends in metal concentrations by algae family and region
	4.3 Underlying causes of the observed trends
	4.3.1 Climate change drivers
	4.3.2 Algae adaptive responses to metal pollution
	4.3.3 Environmental policies affecting metal concentrations


	5 Final remarks
	Competing Interest Declaration
	CRediT authorship contribution statement
	Declaration of Competing Interest
	Data availability
	Acknowledgements
	Statement of “environmental implication”
	Appendix A Supporting information
	References


