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e Long-term Pb isotope data reveal 30-
year pollution trends in brown algae.

o Isotopic shifts show declining anthro- Results
pogenic Pb contamination since 1990.
e Pb concentrations in Fucus spp.
remained stable despite regulatory

actions.

o Stable Pb levels likely reflect increased
bioavailability and sediment influence.
o This study establishes a robust isotopic
baseline for a region with scarce data.
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ARTICLE INFO ABSTRACT

Keywords: Lead (Pb) is a highly toxic pollutant with serious ecological implications. This study investigates 30-year trends
Stable isotopes (1990-2021) in Pb concentrations and isotopic signatures (2°*Pb/2’Pb and 2°®Pb/2%6Pb) in the brown algae
Heavy metal

Fucus spp. from the Northeast Atlantic Ocean (n = 446). Pb concentrations showed only modest, non-significant
21.9 % decline. In contrast, isotopic data revealed a clear shift from anthropogenic to natural sources. Bayesian
Pollution mixing models (MixSIAR) supported this trend, indicating an increase in natural contributions, rising from 4.7 %
Biomonitoring in 1990 to 61.5% in 2021, mirroring reductions in coal combustion (from 48.4 % to 6.3 %) and petrol-related
Seaweed sources (from 46.9 % to 32.2%). This divergence between concentrations and isotopic trends likely reflects a
substantial increase in sediment-derived Pb (189.3 % in 2021 compared to 13-49 % during 1990-2007), as well
as enhanced bioavailability driven by environmental changes such as ocean acidification. Elevated Pb levels were
found in inner estuarine zones dominated by Fucus ceranoides, but no latitudinal pattern or isotopic differences
among species were observed. Overall, the findings highlight the complex dynamics of Pb in coastal ecosystems
and the limitations of relying solely on concentration data to assess pollution trends. Isotope analyses have
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proven essential for source attribution, revealing a progressive shift toward natural Pb sources and supporting
the effectiveness of regulatory measures such as the global phase-out of leaded gasoline. However, the study
underscores that increased Pb bioavailability, driven by acidification and other global environmental changes,
may offset the benefits of reduced emissions. Finally, this work provides a valuable isotopic baseline for a region
where such data remain scarce, supporting future environmental monitoring and source-tracing efforts.

1. Introduction

Lead is one of the most toxic elements, with no known metabolic
function in organisms and adverse effects even at trace levels [1,2].
While the natural weathering of Earth’s crust can contribute to envi-
ronmental Pb levels [3], its widespread prevalence in the environment
today is largely a consequence of anthropogenic activities, including
mining, industrial processes, and the historical use of leaded gasoline [4,
5]. Emissions peaked in the 20th century but declined after the
phase-out of leaded gasoline from the 1990s onwards [6]. However,
certain sources persist, such as cement production, battery
manufacturing, ceramics, mining, and residual Pb in fuels [7-9].

Coastal ecosystems are particularly vulnerable to Pb pollution as
they act as sinks for terrestrial sources of contamination due to their
proximity to land-based inputs [10-12]. In these environments, Pb can
be found in sediment particles, dissolved in the water, or concentrated
by the biota, including intertidal seaweeds of the genus Fucus. These
foundational species are vital in North Atlantic coastal ecosystems as
habitat engineers and primary producers in dynamic intertidal zones
[13,14]. However, their ability to accumulate Pb and other potentially
toxic elements [15-17] raises ecological concerns.

Beyond their environmental impact, the capacity of brown algae to
bioconcentrate contaminants also enables their use as biomonitors of
coastal pollution. This characteristic has led to their widespread appli-
cation in monitoring pollutants such as Pb. Traditional assessments of Pb
pollution that rely on measuring total Pb concentrations, while infor-
mative, do not identify pollution sources. In contrast, the Pb isotopic
ratios 2°°Pb/2%7Pb and 2°®pb’2%6pb, act as unique chemical signatures
[18], enabling the identification and tracking of contamination sources
[19-22]. Unlike for other elements (e.g. N, C, Hg, etc.) [23], metabolic
and biogeochemical processes display no isotopic discrimination for Pb,
so these dynamics do not affect Pb isotopic ratios. Therefore, analyzing
the isotopic signature of Pb accumulated on seaweeds can provide
valuable information on marine pollution sources, informing on
contamination pathways and ecological impacts. However, research on
marine organisms, particularly seaweeds, remains scarce [24-26].
Moreover, because environmental fractionation does not occur for Pb,
the use of a temporal series of samples can provide information on the
evolution of pollution sources over time, helping us understand the
effectiveness of environmental regulations. However, to date only a few
studies have evaluated temporal trends of Pb isotopic ratios in marine
biota, all with a limited sample size [27-31], highlighting the need to
better understand how contamination sources and environmental re-
sponses evolve over time in marine environments.

This study addresses the scarcity of temporal data in marine organ-
isms by making use of a high-resolution, multi-decadal dataset with
broad spatial coverage and a robust number of samples. Specifically, we
analyzed samples from the Galician Environmental Specimens Bank,
which contains over three decades of coastal monitoring data. The
dataset comprises 446 samples of Fucus ceranoides, F. spiralis, and
F. vesiculosus collected between 1989 and 2021 from 173 stations along
the NW Spanish coast. This region represents a microcosm of broader
environmental challenges in the Northern Hemisphere, characterized by
a densely populated coastline, intense industrial activity, high maritime
traffic, and strict environmental regulations like other European nations.
By analyzing total Pb concentrations and isotopic compositions, this
study aims to: (1) assess temporal trends in Pb pollution; (2) identify the
origin of Pb contamination impacting Fucus spp. and their ecosystem

over the past 30 years; and (3) evaluate spatial and species-specific
patterns in Pb accumulation and isotopic ratios. The hypothesis to be
tested is that Pb concentrations and isotopic ratios in Fucus spp. have
remained stable over time, with no significant spatial, or species-specific
variation.

2. Material and methods
2.1. Survey area

The study was conducted in the northwest of Spain (Galicia region).
This region boasts a 1498 km coastline along the Atlantic Ocean and the
Bay of Biscay (approximately 25 % of the Iberian Peninsula), charac-
terized by unique coastal inlets known as rias, formed by the submer-
gence of river valleys due to land subsidence (see Fig. 1). Galicia’s
oceanic climate is mild, with abundant precipitation [32]. In addition,
the geological diversity of the region includes mainly granite, but also
schists, slates, basic and ultrabasic rocks, limestone, and quartzites, each
with variable Pb content [33].

In the last decades, Galicia’s coastline has supported major industries
such as automotive manufacturing, shipbuilding, energy production,
wood industry, ferrous and non-ferrous metallurgy, and dense human
populations [34]. As in most European countries, Spain banned leaded
gasoline in 2001 [6].

2.2. Sample collection

Sampling campaigns were conducted during low tide in July of
1989-1990 (hereafter referred to as 1990), 2001, 2003, 2005, 2007, and
2021. A total of 173 sites were sampled leading to the collection of 446
samples of the brown algae Fucus ceranoides, F. vesiculosus, and F. spiralis
(Fig. 1). At each site, a composite sample (n = 30 thalli), was obtained to
account for intra-site variability along a 50-meter transect in a zigzag
pattern. The algae were cleaned on-site with seawater, in order to
remove sediment particles and epiphytes, according to the most recent
recommendations [35], and transported to the laboratory in a cooler.
Detailed protocols for sampling, washing, and processing can be con-
sulted in the Supporting Information [35].

With few exceptions, samples collected in 1990 were also taken from
the same sites in 2021. Similarly, samples gathered in 2001 were
collected again at the same sites in 2003, 2005, 2007, and 2021. Sam-
pling sites were distributed along the entire coastline of the study area,
covering open sea zones, estuaries, areas impacted by anthropogenic
activities (e.g., industries, urban developments), and regions without
known pollution sources. The selection included both protected areas,
such as national parks and sites within the Natura 2000 network, and
historically impacted areas, such as the ria O Burgo (ria d in Fig. 1), once
considered the most contaminated estuary in Europe. This comprehen-
sive site selection allows for an accurate representation of the overall
regional pattern of coastal pollution.

Fucus ceranoides is restricted to brackish inner rias, while F. spiralis
and F. vesiculosus are found in more exposed, ocean-influenced areas,
where they often coexist and hybridize [36]. Although F. vesiculosus is
generally distinguished by air bladders, these structures are not always
present, which complicates field identification. Recent studies have
further introduced taxonomic uncertainty by dividing F. spiralis into
F. spiralis and F. macroguiryi [37]. To address these taxonomic un-
certainties and identification challenges, F. spiralis and F. vesiculosus
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Fig. 1. Map of the study area. Panels A-C display an overview of the region, with B and C showing the sampling sites (sites). Panels d-1 and m-r present detailed
maps of sites that are densely clustered and difficult to distinguish in B and C, respectively. Different colors represent the species sampled (F. ceranoides and
F. vesiculosus-F. spiralis) while distinct symbols indicate the sampling periods: 1990-2021, 2001-2021, and 2001-2007, or those sampled exclusively in 1990 or
2021. To reduce clutter, incomplete samplings from 2001, 2003, 2005, and 2007 are grouped under the 2001-2007 symbol.
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Table 1

Isotopic signatures of reference materials from this study and compiled from the literature. Reported values correspond to 2°°Pb,/2°”Pb and 2°8Pb,/2°°Pb ratios. Sources
selected for the MixSIAR model (coal, unleaded petrol and diesel, leaded petrol, and rock) are indicated with "(MixSIAR)" in parentheses. Pb concentrations of the
sediments analyzed in this study are provided in Table S2.

206pp, /207p}, 208pp, /206py, Reference
Coal La Jagua (Columbia) 1.219 2.077 Farmer et al., 1999 [53]
(MixSIAR) Study area (As Pontes) 1.130 2.017 Diaz-Somoano et al., 2007 [54]
Study area (Meirama) 1.183 2.019 Diaz-Somoano et al., 2007 [54]
Median European Coal 1.185 2.079 Diaz-Somoano et al., 2009 [55]
Indonesia 1.184 2.093 Diaz-Somoano et al., 2009 [55]
Powder River Basin (US) 1.224 2.032 Whang et al., 2019 [56]
Tarragona (Spain) 1.185 2.075 Plasencia et al., 2025 [57,58]
Mean 1.187 2.056 -
sd 0.031 0.032 -
Unleaded Petrol Gasoline Study Area 1.160 2.104 This study
(MixSIAR) Diesel Study Area 1.166 2.095 This study
France 1.131 2.128 Cloquet et al., 2006 [57]
Gasoline Greenland 1.160 2.060 Astray et al., 2024 [19]
Gasoline Norway 1.148 2.124 Chrastny et al., 2018 [9]
Diesel Norway 1.153 2.129 Chrastny et al., 2018 [9]
Diesel Tarragona (Spain) 1.132 2.134 Plasencia et al., 2025 [58]
Gasoline Tarragona (Spain) 1.161 2.104 Plasencia et al., 2025 [58]
Mean 1.151 2.110
sd 0.013 0.025
Leaded Petrol Gasoline France 1.083 - Véron et al., 1999 [59]
(MixSIAR) Gasoline France 1.084 Monna et al., 1997 [60]
Gasoline Switzerland 1.113 2.144 Chiaradia & Cupelin, 2000 [61]
Gasoline Czech Republic 1.040 2.221 Novak et al., 2003 [62]
Mean 1.086 2.182
sd 0.029 0.038
Rocks (Study area, MixSIAR) calc-alkaline granite Viveiro 1.228 1.990 This study
calc-alkaline granite 1.211 2.030 This study
O Pindo
two-micas alkaline granite Vilarseco 1.305 1.865 This study
Peridotite (Dunite) Ortigueira 1.219 2.076 This study
Pizarra Viveiro 1.209 2.070 This study
Schist Ordes 1.243 2.022 This study
Mean 1.236 2.009
sd 0.036 0.077
Sediments S1, 1990 1.227 2.036 This study
(Study area) S2, 1990 1.170 2.094 This study
S3, 2007 1.181 2.095 This study
S4, 2001 1.170 2.090 This study
S5, 2005 1.168 2.093 This study
$6, 2007 1.194 2.072 This study
S7, 2001 1.165 2.098 This study
S8, 2005 1.167 2.093 This study
S9, 2003 1.175 2.089 This study
$10, 1990 1.167 2.097 This study
S11, 1990 1.169 2.101 This study
$12, 2021 1.189 2.074 This study
S$13, 2021 1.175 2.092 This study
S14, 2021 1.188 2.070 This study
S15, 2021 1.181 2.098 This study
S16, 2021 1.170 2.095 This study
S$17, 2021 1.166 2.102 This study
$18, 2021 1.175 2.089 This study
$19, 2021 1.171 2.097 This study
$20, 2021 1.175 2.091 This study
Upper continental crust 1.205 2.06 Kylander et al., 2005 [63]
Ores Study Area 1.146 2.125 Tornos & Arias, 1993 [64]
Study Area 1.144 2.127 Tornos et al., 1996 [65]
Study Area 1.147 2.123 Arias, 1989 [66]
North Portugal 1.169 2.097 Neiva et al., 2008 [67]
Study area 1.165 2.103 Millos et al., 2014 [68]
Ceramic industry Arcade (Study area) 1.189 2.073 This study
Waste incineration Switzerland 1.151 2.108 Hansmann & Koppel., 2000 [69]
France 1.154 2.107 Carignan et al., 2005 [70]
Tarragona (Spain) 1.162 2.101 Plasencia et al., 2025 [58]
France 1.149 - Monna et al., 1997 [60]
E-waste Meéxico 1.190 2.053 Rio-Salas et al., 2025 [71]
East Antartica 1.150 2.117 Townsend et al., 2009 [72]
Shantou (China) 1.152 2.109 Jiang et al., 2019 [73]
Aerosols Prepollution (Study area) 1.255 - Kylander et al., 2005 [74]
Sahara dust 1.209 2.062 Schleicher et al., 2020 [75]
Spain aerosol 1.109 2.149 Bollhofer & Rosman, 2001 [76]
Morocco and Senegal 1.159 2.104 Zhang et al., 2024 [77]

(continued on next page)
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206pp,/207pp 208pp, /206pp Reference

Seawater NE Atlantic Ocean 1.1815 2.059 Véron et al., 1994 [78]

NE Atlantic Ocean 1.173 2.082 Pinedo-Gonzalez et al., 2018 [79]

NE Atlantic Ocean 1.184 2. 069 Zurbrick et al., 2018 [80]
Mussel France 1.167 2.0887 Couture et al., 2010%°

France ~1.170 ~2.095 Barreira et al., 2025 [31]
Seaweed Fucus spp., Greenland 1.138 2.120 Sgndergaard et al., 20107

Iridaea cordata, East Antartica 1.086 2.170 Runcie et al., 2009 [25]

were combined for analysis in this study, so we refer to them as
F. vesiculosus — F. spiralis, while F. ceranoides was examined separately.

2.3. Sample preparation and analysis

The apical parts of each thallus corresponding to the three apical
dichotomies and representing the last growth period [35] were selected.
Samples with reproductive structures, apparent damage, or epiphytes
were excluded. Selected thalli were dried in a forced-air oven at 40°C
until constant weight and then homogenized using a tangential mixer
mill with zirconium oxide grinding vessels (Retsch MM400). Homoge-
nized samples were stored in hermetically sealed glass containers, at
room temperature, protected from light in the Galician Environmental
Specimen Bank [38] until chemical analysis.

Before analysis, 0.3 g of the samples were re-dried at 100°C and
digested with 69 % (w/w) HNOj3 in a Milestone Ultrawave. Pb isotopic
compositions were determined using a Thermo Scientific™ iCAP™ Q
ICP-MS (Inductively Coupled Plasma Mass Spectrometer) at the Czech
University of Life Sciences, Prague. Pb concentrations were determined
with an Agilent 7700x ICP-MS at the Research Support Services Unit of
the Universidade de Santiago de Compostela.

2.4. Representative materials

Representative materials were selected to represent potential sources
of Pb contamination and characterize the range of Pb isotopic signatures
in the study area (Table 1). Sediment samples from 1990, 2001, 2003,
2005, 2007 and 2021 were collected concurrently with the algal samples
in their immediate vicinity using a spatula, taking the top 5 mm of the
sediment layer to capture recent deposition. Following collection,
samples were sieved through a 200 nm mesh and dried prior to chemical
analysis. Other representative materials, collected in 2023, included
representative geological materials (calc-alkaline granite, two-mica
alkaline granite, peridotite, slate, and schist), local ceramics with high
Pb content, and gasoline and diesel from a local refinery. Isotopic
compositions and Pb concentrations for the reference materials were
determined following the same protocols applied to the algal samples.

2.5. Quality control

Quality control measures for Pb concentration analysis included
analytical blanks, sample replicates, and certified reference material
(Fucus vesiculosus ERM-CD200) analyzed at a frequency of one per 30
samples. The Percent Relative Difference was 3.7 %, with a recovery
rate of 93.2 %.

The procedural blanks exhibited Pb concentrations ranging between
0.035 and 0.138 ug L™}, with a limit of quantification (LOQ) of
0.73 pg L™, corresponding to approximately 0.12 ug g~ ! in the solid
samples. This LOQ was exceeded in all samples except one. For isotopic
ratios, each sample was analyzed in 10 replicate scans, with an inte-
gration time of 60 ms per isotope (2°°Pb, 2°7Pb, and 2°®Pb). Lead con-
centrations in solution ranged between 0.2-2pg L™ . The relative
standard deviation (RSD) for isotope ratios was below 0.2 % for indi-
vidual sample runs; otherwise, the instrument was recalibrated before
proceeding. The replicates showed Percent Relative Difference of 0.42 %
for 206/207ph and 0.50 % for 2°%Pb/2%Pb. Importantly, these replicate

values correspond to the same sample analyzed across different
analytical sessions (i.e., on different days). NIST SRM 981 was analyzed
as an isotopic standard every two samples, with each sample corrected
using the most recent standard measurement (sample-standard brack-
eting approach). Raw isotope ratios were corrected using empirically
derived normalization factors (1.0933 for 2°°Pb/2%Pb and 2.168 for
208pt, /206ph) that account for the instrument’s mass bias characteristics.
The measured ratios of NIST SRM 981 showed excellent agreement with
reference values, with median deviations of + 0.28 % for 2°°Pb/2%7pb
(median measured: 1.0964 vs reference: 1.0933) and —0.64 % for
208pt, /206y (median measured: 2.1542 vs reference: 2.168). The high
recovery rates (100.28 % and 99.36 %, respectively) and low median
relative standard deviations (RSD < 0.33 % for both ratios) demonstrate
both the accuracy and precision of our measurements [39].

Isotopic ratios were verified against NIST SRM 1573a (tomato
leaves), NIST SRM 1515 (apple leaves), and IAEA-336 (epiphytic
lichen). Measured values closely matched reported values (Table S1)
[40-42].

Finally, to evaluate whether matrix components could limit the ac-
curacy of isotopic measurements, we conducted additional tests using
standard anion exchange chromatography on three thalli and three
sediment samples. An aliquot of each sample was evaporated to dryness
and re-dissolved in 0.5 M HNOs - 0.2 M HBr. The separation was carried
out using a column containing 2 mL of AG1-X8 resin (100-200 mesh),
which was first cleaned with demineralized water and equilibrated with
0.5 M HNOg3 - 0.2 M HBr. The sample was then loaded onto the column,
and the matrix components were eluted. Lead was collected using
0.45 M HNOj3 - 0.03 M HBr, evaporated to dryness, re-dissolved in 2 %
HNOg3, and subsequently analyzed by ICP-MS. The isotopic ratios ob-
tained from the purified samples were then compared to those from the
same samples analyzed without prior separation. Differences were
minimal: 0.1 % for 2°°Pb/2%Pb and —0.01 % for 2°®Pb/2°°Pb. These
results indicate that matrix effects were negligible under our analytical
conditions, and incomplete purification did not significantly affect the
accuracy of isotopic measurements. Therefore, full separation was not
applied systematically to all samples.

2.6. Data analysis

All statistical analyses were performed in R v4.4.1 [43] using the car,
ggstatsplot, ggplot2, and MixSIAR packages [44-47]. Descriptive sta-
tistics and Shapiro-Wilk test were used to assess normality of Pb con-
centrations and isotopic ratios (?%pb,/207ph and 2°8pPb/2%Pb). Due to
significant deviations from normality, non-parametric methods were
applied throughout. Differences in Pb and isotopic ratios between spe-
cies and sampling years (n = 446) were tested using Kruskal-Wallis and
Dunn’s post hoc tests. Later, the dataset was restricted to only those sites
that were resampled in different campaigns: the Wilcoxon signed-rank
test compared concentrations in sites sampled in 1990 and 2021, and
Friedman and Durbin-Conover post-hoc tests compared sites sampled in
2001 and revisited in 2003, 2005, 2007 and 2021. For years with
co-occurring species at a given site, comparisons were made between
each species across time. Pb/Fe ratios were also evaluated using the
same approach. Spearman’s rank correlations were used to examine
relationships between Pb and Fe concentrations in algae, isotopic ratios
in algae vs. sediments (206Pb/207Pb and 208Pb/2°6Pb), and between
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206pp,/207ph and the inverse of Pb concentrations.

Spatial patterns were visualized using QGIS 3.36.3 [48], and Pb
concentrations and isotopic ratio changes for each site across the study
period were determined by comparing the earliest with the most recent
available data points.

To estimate the proportional contributions of different Pb sources, a
Bayesian isotopic mixing model was run using MixSIAR [47]. Source
categories included Petrol (combined leaded/unleaded petrol and
diesel), Coal, and Natural rock background. The initially disaggregated
fuel sources exhibited strong posterior correlations in MixSIAR outputs
(pairwise source correlation < —0.9), which indicated poor isotopic
discrimination, justifying their aggregation into a single "Petrol-related
sources" category. Different rock types representative of the study area’s
lithology (e.g., slates, schists, granites) were grouped into a single
“natural source” end-member, as their Pb isotopic signatures showed
substantial overlap. Sources such as e-waste or municipal waste incin-
eration were excluded due to highly variable isotopic signatures and the
lack of region-specific data. Coal isotope data from Colombia, Indonesia,
and the U.S. were included to reflect the shift of the study area power
plants toward imported coal in the early 2000s, ensuring realistic rep-
resentation of the sources. Samples from 2001 to 2007 were grouped
into a single temporal category after verifying consistent source con-
tributions. The model was run with 3 chains of 300 000 iterations
(burn-in = 150 000; thinning = 100) and showed excellent convergence
(Gelman-Rubin < 1.05 for all parameters). Source signatures are
detailed in Table 1.

To assess changes in Pb speciation over time, we used thermody-
namic modeling with Visual MINTEQ [49] under representative
seawater conditions for the study region. Regional acidification has been
estimated at -0.0012 pH units per year, with surface seawater pH
decreasing from approximately 8.10 to 8.06 between 1990 and 2021
[50]. Based on available data, we used a median Pb%** concentration of
0.65 pg/L [51,52], and representative seawater temperatures of
15.36 °C for 1990 and 15.80 °C for 2021. We therefore modelled two
scenarios: one representing baseline conditions (pH 8.10, 15.36 °C) and
another representing 2021 conditions (pH 8.06, 15.80 °C). These sim-
ulations allowed us to estimate potential changes in Pb** speciation
associated with ocean acidification and warming.

Sediment contributions to Pb concentrations were estimated using Fe
as a geological tracer [81], with Pb and Fe ratios calculated from pub-
lished sediment data for 1990, 2003, 2005, and 2007 [38,82], and
supplemented by nine newly analyzed sediment samples from 2021. For
each sampling site, sediment contributions were determined by pairing
algal Pb concentrations with corresponding sediment data from the
same year and site, using the following equation:

[Pb]seqiment

Pb]qigae
[Fe]sediment (1 )
[Fe]

sediment contribution =

algae

The median sediment contribution was calculated for each year.
Additionally, a Spearman correlation between Fe and Pb concentrations
in algae was performed to further explore the potential sedimentary
origin of Pb in the biota.

3. Results

Detailed Pb and Fe concentrations, isotopic ratios, site coordinates,
and ria classifications for each site and Year of sampling for Fucus spp.
and sediment samples are provided in Table S2.

3.1. Pb concentrations and temporal trends

Pb concentrations in Fucus ranged from 0.079 to 53.181 ug g~ (dry
weight), with a median of 1.1 pg g~ 1. F. ceranoides showed significantly
higher values (1.51 pg g~1) than F. vesiculosus-F. spiralis (0.91 pg g™,
p =4.46 ><10’12), consistent with elevated levels where it
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predominantly occurs (Fig. 1, Fig. S1). No clear spatial gradient was
detected, but localized hotspots, such as Ria do Burgo and Ria de Vigo
(labeled d and r in Fig. S1, respectively), exhibited high concentrations.

Pb levels remained fairly stable over time, with slight recent declines.
Kruskal-Wallis (p = 3.45 x10~% and post-hoc Dunn tests revealed dif-
ferences between 1990-2003 (p =1.56 x 10’3) and 2003-2007
(p =3.78 x 10~3), but no consistent downward trend was detected. Site-
specific analyses using Friedman (p = 0.03), Durbin-Conover, and Wil-
coxon tests (p = 0.24) showed no significant variations among 2001,
2003, 2005, 2007, and 2021, and between 1990 and 2021, though 2021
consistently showed the lowest values (Fig. 2). At the individual site
level, temporal patterns were mixed, with both increases and decreases
and no consistent spatial trend. Median percent change across sites
indicated a moderate decline of —21.87 % (Fig. S2). A similar pattern of
stability was observed among the 50 samples showing the highest Pb
concentrations. Lead and Fe concentrations in algae were strongly
correlated (rho = 0.58, p < 2.2 x1071%), suggesting the influence of the
sediment. Additionally, using Fe as a lithogenic tracer [82], estimated
sediment contributions to algal Pb were 43.5 % (1990), 46.3 % (2003),
49.3 % (2005), 13.0 % (2007), and 189.3 % (2021). The notably high
value in 2021 (> 100 %) indicates a lower Pb concentration than ex-
pected based on sediment composition alone, while the opposite
occurred for the rest of the years, and particularly for 2007. Accordingly,
the Pb/Fe ratio in algae showed significant decreases over time, with
2021 values being notably lower than those of all other years (p < 0.05).
Despite differences in sediment exposure, with Fucus ceranoides being
more exposed than F. vesiculosus-F. spiralis due to its position within the
rias, both groups exhibited similar temporal trends in Pb concentrations
and Pb/Fe ratios. Sediment Pb concentrations were highest in 1990 and
2021, with lower values recorded in the intervening years. However,
due to the limited sample sizes available for the intermediate years
(n = 14 for each of 2001, 2003, 2005, and 2007) and for 2021 (n = 9),
these temporal comparisons should be interpreted with caution. Finally,
simulations incorporating acidification and increased sea surface tem-
perature (SST) over the study period showed a 5.9 % increase in the
concentration of bioavailable Pb?", rising from 1.41 x 10~ mol L™! in
1990 t01.49 x 107 mol L™* in 2021.

3.2. Isotopic ratios and temporal trends

The 2%pb/2%7ph ratios ranged from 1.125 to 1.233 (median =
1.175), and 2°®Pb/2%6Pb from 2.021 to 2.136 (median = 2.088). Samples
from northern rias generally exhibited lower 2°°Pb/?’Pb ratios
compared to those from southern sites, whereas 2°®Pb/2%°Pb were
higher. No clear inner-to-outer rias pattern was observed, and accord-
ingly, no significant differences between species were detected. Samples
from rias known for their higher industrial and anthropogenic influence
(e.g., rias d, e, f, q, and r) exhibited lower 206p}, 207phy and higher
208pt,/296ph ratios compared to others. No consistent inner—outer
gradient or interspecific differences were observed (Figs. S3, S4).

Both ratios shifted significantly over time, with 2°6Pb/2%7pb
increasing and 2°®Pb/2%°Pb decreasing. These trends were consistent
across site-level analyses (Wilcoxon and Friedman tests) and full-dataset
comparisons (Kruskal-Wallis test), with p < < 0.001 for all tests except
Friedman for 2°8Pb,/2%pb (p = 3.7 x1073; Fig. 3). The strongest changes
occurred between 1990 and 2021 (p < < 0.001), though 1990 also
differed from 2001-2007 (except 2007 for 206pp, /207ph).  Years
2001-2007 showed similar 2°°Pb/2%pb ratios, while 2°°Pb/?*’Pb in
2007 was significantly lower than in 2001-2005 (p < 0.005). In 2021,
values differed from 2001-2007, with minor exceptions (2003 in
Friedman tests, and 2001-2003 in Kruskal-Wallis for 2°®Pb/2%5pb). At
the sampling site level, trends were consistent with an overall rise in
206pp,/207ph and decline in 2°Pb/2%Pb, without a clear spatial pattern
(Figs. S5, S6). A similar pattern in isotopic ratios was observed among
the 50 samples showing the highest Pb concentrations.

Isotopic ratios of reference materials are shown in Table 1. Rocks had
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Fig. 2. Pb concentrations over time. Overview of Pb concentrations (ug g ' dry weight) temporal trends: (A) Boxplots (logarithmic scale) with statistical sum-
maries, with significance assessed using the Kruskal-Wallis test followed by Dunn’s post-hoc analysis (B) repeated samples from 2001, 2003, 2005, 2007, and 2021
analyzed by Friedman test and Durbin Conover post-hoc analysis, and C) paired samples from 1990 and 2021 analyzed by Wilcoxon paired test. P-values showed only

significant pairwise comparisons (p < 0.05).
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higher 2°°Pb/2%7Pb (1.236 + 0.036) and lower 2°°Pb/2%°Pb (2.009
+ 0.077) than sediments (1.177 + 0.014 and 2.088 + 0.015, respec-
tively). Gasoline and diesel showed similar ratios between them. Ce-
ramics plotted in an intermediate position, without a clearly distinctive
isotopic signature. Sediment and algal samples from the same site were
significantly correlated (tho = 0.49, p = 0.03 for 2°°Pb/2’Pb; rho =
0.64, p = 0.003 for 2°8pb,/2%pp).

3.3. Pb sources

The three-isotope plot (Fig. 4) showed a strong correlation between
206pp,/207ph and 2°8pb/2%pb (rho = —0.84, p < 2.2 x1071%), but no
significant relationship was found between 2°°Pb/2%’Pb and the inverse
of Pb concentrations (rho = 0.11, p = 0.078), indicating that isotopic
variation is independent of total Pb levels. When grouping samples by
whether Pb concentrations increased or decreased between 1990 and
2021, we observed that shifts in 2°°Pb/?°’Pb were slightly greater in
samples where Pb levels declined; however, this difference was not
statistically significant (Wilcoxon test, p = 0.079, Fig. S7). Spatial and
temporal patterns further support these trends: samples from 1990
clustered near European leaded petrol signatures, while those from 2001
to 2007 occupied intermediate positions reflecting mixed contributions
from unleaded petrol, diesel, ceramics, and other anthropogenic Pb
sources reported in the literature (Table 1). By 2021, samples aligned
more closely with natural sources, such as Galician rock formations
(Fig. 4).

MixSIAR results confirmed this temporal shift: in 1990, Pb inputs
were dominated by petrol (46.9 %) and coal (48.4 %), with 4.7 % from
geological sources. By 2001-2007, petrol (38.9 %) and coal (40.1 %)
decreased. In 2021, natural sources dominated (61.5 %), with reduced
petrol (32.2 %) and coal (6.3 %) inputs, pointing to a long-term decline
in anthropogenic Pb sources (Fig. S8).

4. Discussion
4.1. Trends in Pb concentrations

Lead pollution has driven one of the most transformative environ-
mental regulations in history: the global phase-out of leaded gasoline
[83]. This regulatory measure, along with reductions in industrial
emissions and improved waste management [84], has significantly
lowered environmental Pb inputs in recent decades [85]. Consequently,
widespread declines in Pb levels have been reported in seawater [79],
sediments [86], and marine biota [31]. Global meta-analyses on Fucus
spp. indicate sustained reductions since the 1970s, though the rate of
decrease has slowed since the early 2000s [87].

In contrast, our study shows only modest decreases in Pb concen-
trations in Fucus spp. from the Northeast Atlantic Ocean over the past 30
years. Specifically, we observed a 21.9 % median reduction across
sampling stations (Fig. S2), with slight, non-significant downward
trends from 1990 to 2021 (Fig. 2). This is consistent with previous
regional studies reporting no significant changes between 2015 and
2019 in F. vesiculous [88], and even an increased Pb pollution proba-
bility in mosses from 2014 relative to 2000 [89]. In addition, these
limited changes contrast with the pronounced declines observed for
other Potentially Toxic Elements (e.g., Hg, Cd, Cr) in the same sites and
period [90].

Despite the limited temporal decline, the median Pb concentration in
our dataset (1.02 ug g~! dry weight) is notably lower than the world
median for Fucus spp. (2.87 ug g~ ') [87], suggesting limited Pb pollu-
tion impact for these populations. Most samples fall below the EU safety
limit for edible seaweeds (3.0 pg g~1) [91], though 60 samples exceeded
this threshold, identifying areas of concern. The highest Pb concentra-
tions were consistently recorded in the Ria do Burgo and Ria de Vigo
(rias d and r, respectively, in Fig. S1), both of which have a history of
intense industrial activity [92,93]. In these highly impacted sites, Pb
concentrations remain elevated and stable over time.
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Species-specific differences were observed: F. ceranoides, found in
inner estuarine areas, exhibited higher Pb concentrations than
F. vesiculosus—F. spiralis, which dominate more open, marine-influenced
zones [94,95]. However, temporal trends were similar across species,
suggesting that environmental factors rather than intrinsic physiological
differences primarily drive the observed patterns, which is consistent
with studies showing no significant interspecific differences under
similar environmental conditions [81,82].

4.2. Changes in Pb isotopic composition and source apportionment

Over the 30-year study period, isotopic ratios (°°Pb/?’Pb and
208py, /206ph) showed clear temporal shifts from signatures characteristic
of anthropogenic sources, such as regional ores, European leaded and
unleaded gasoline, ceramics, waste incineration, and industrial aerosols,
towards more natural (geogenic) values (Fig. 4, Table 1) [18,93]. These
trends are consistent with previous sediment-based isotopic studies in
the region [93].

MixSIAR source apportionment models reinforce this transition,
showing a marked decline in anthropogenic contributions over time.
Coal-related Pb inputs decreased sharply from 48.4 % in 1990 to 6.3 %
in 2021, in line with the 2020 shutdown or downsizing of the region’s
main coal power plants (As Pontes, 1468.5 MW; and Cerceda-Meirama,
580 MW) [96]. Similarly, petrol-related inputs declined from 46.9 % to
32.2 %, indicating that traffic remains a diffuse, albeit diminished,
source of Pb pollution [9]. Conversely, natural contributions increased
from 4.7 % to 61.5 %.

These results suggest the effectiveness of environmental regulations
over recent decades, including the ban on leaded fuel [6], and the
implementation of the Urban Waste Water Treatment Directive [97], the
Water Framework Directive [98], and the Marine Strategy Framework
Directive [99]. These measures have contributed to improved waste-
water treatment and reduced industrial emissions to coastal waters [84,
90]. While major changes in isotopic signatures were expected around
the 1990s-2000s due to the leaded petrol phase-out, continued shifts
over time suggest that multiple regulatory interventions have played a
role.

Median isotopic ratios fall within the range reported for North
Atlantic seawater, mussels, and other seaweeds (Table 1, Fig. S9) while
still showing sufficient variability to differentiate Pb sources. No sig-
nificant isotopic differences were detected between Fucus species or
between inner and outer ria zones, indicating no species-specific frac-
tionation and suggesting spatially homogeneous Pb sources across
habitats.

Spatial isotopic patterns further reflect anthropogenic influence: rias
with long-standing industrial activity and urban population, such as
Pontevedra (paper industry), Vigo (ceramics, automotive), Ferrol
(metallurgy, shipyards), and O Burgo (fertilizers, chemicals) [34],
exhibited lower 2°Pb/297Pb ratios and higher 2°°Pb/2%Pb ratios
(Fig. S3, S4).

Interestingly, except for some heavily industrialized and populated
rias, southern rias tended to exhibit higher 2°°Pb/2%Pb and lower
208p, /206ph ratios than northern ones. This may be partly explained by
regional geology: the southern rias are predominantly composed of
alkaline and calc-alkaline granites, which have naturally higher
206ph,/207ph and lower 2°%Pb/2%6Pb signatures compared to the slates
and peridotites common in the north (Table 1) [33].

Finally, isotopic ratios in algae moderately correlated with those in
sediments (tho = 0.49, p = 0.03 for 2°°Pb/2%7Pb; rho = 0.64, p = 0.003
for 208pb,/2%6pb), likely reflecting differences in integration timescales.
While algae reflect Pb exposure over days to weeks [100], the 5-mm
sediment layers analyzed here reflect contamination over months to
years [101,102]. This highlights the value of algal isotopic signatures for
detecting recent shifts in Pb sources with greater temporal resolution
than sediment analyses.
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4.3. Factors explaining observed trends

As previously discussed, Pb concentrations in Fucus spp. did not show
a significant decline over time, despite a clear shift in isotopic ratios
(2%pp/207ph and 2°8pb/2%%ph) toward more natural signatures. This
decoupling suggests complex environmental dynamics. Notably,
although not statistically significant (p = 0.079, Fig. S7), changes in
206pp, /207ph between 1990 and 2021 tended to be slightly larger in those
sites where Pb concentrations declined, suggesting that reductions in Pb
load may be accompanied by more pronounced source shifts.

On one hand, this pattern may reflect the persistence of Pb inputs
despite regulatory advances. Emerging sources, like batteries, electronic
waste, or other modern materials, have intensified in recent years [103,
104], and long-range atmospheric transport from other regions may also
contribute [105]. However, these sources do not typically exhibit
natural-like isotopic signatures, weakening this hypothesis. Similarly,
the remobilization of legacy Pb from sediments [106] is an unlikely
explanation, as such Pb usually retains anthropogenic isotopic finger-
prints, contrary to the observed natural trend.

Alternatively, environmental Pb levels may indeed have declined,
but this reduction may not be reflected in algae due to increased sedi-
ment contribution in 2021 (189 % compared to 13-49 % between
1990-2007). As sediments often carry high Pb loads, their accumulation
on algal surfaces may elevate measured concentrations, masking a true
decline in dissolved Pb. Previous studies report substantial sediment
contributions to algal Pb ranging from 28-112 % [107-109]. Thus,
although the same sampling washing protocol [110] was followed in
2021, persistent sediment particles were visually detected after rinsing.
This, combined with strong Fe-Pb correlations and the observed decline
in Pb/Fe ratios in algae in 2021 -indicating a real decrease in Pb when
normalized to sediment-associated Fe- support this interpretation.
Variability in sediment adhesion may arise from environmental factors
such as enhanced terrestrial runoff due to storms or heavy rainfall,
reduced water movement that limits natural cleaning of the thallus, or
shifts in salinity and circulation patterns affecting particle deposition.
Sediment contamination remains a well-known limitation in bio-
monitoring, and no method has proven fully effective at removing all
particles without compromising tissue integrity.

In parallel, increased Pb bioavailability under changing environ-
mental conditions may help explain stable concentrations despite lower
inputs. This interpretation is supported by speciation simulations using
Visual MINTEQ, which indicate a 5.9 % increase in free Pb?>" concen-
trations between 1990 and 2021. These results align with other studies
[111,112].

Additionally, factors like intense rainfall [113] and rising tempera-
ture [114] may also promote Pb uptake. Despite differing concentrations
especially elevated in F. ceranoides, no isotopic differences were
observed among species, suggesting that the difference in metal uptake
is driven by bioavailability, not source heterogeneity. Similarly, the
most polluted sites exhibited stable concentrations but isotopic shifts
toward natural values, indicating changes in source contribution rather
than total load. Weak correlations between algal and seawater Pb con-
centrations [115] further support the idea that algae primarily reflect
the bioavailable Pb fraction. However, the lack of high-resolution,
long-term physicochemical data limits a proper evaluation of environ-
mental drivers on Pb bioavailability.

Biological processes may also play a role. Elevated pCO: can induce
oxidative stress and alter metal binding mechanisms [116,117]. Since
Pb is mainly bound to cell walls (Vazquez-Arias et al., submitted),
increased cell wall polysaccharide production under stress [118] could
enhance Pb retention. Genetic or epigenetic adaptations may further
influence Pb accumulation [119].

In addition, natural biological variability could itself explain the
absence of clear temporal trends in some cases, especially when con-
centrations fall within the range of background fluctuation. However, in
sites with historically high Pb pollution, algae consistently reflected the
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contaminated status over time. For instance, samples from the inner
parts of the Ria de Vigo and the Ria do Burgo remained highly enriched
in Pb and showed isotopic signatures characteristic of intense anthro-
pogenic sources. This suggests that while subtle changes may be
obscured by biological noise, algae remain effective qualitative in-
dicators of severe contamination.

Taken together, the results suggest that increased sediment contri-
bution and enhanced bioavailability, both shaped by evolving environ-
mental conditions, are key drivers of the observed stability in algal Pb
concentrations, despite declining anthropogenic inputs. This interpre-
tation is supported by isotopic data and MixSIAR modelling (Fig. S8),
which consistently indicate a growing dominance of natural Pb sources
in recent years, and consistent with emission trends [120] and regula-
tory milestones [90]. Yet the sustained Pb levels in biota remain a cause
for concern, potentially offsetting the benefits achieved through emis-
sion reductions.

4.4. Limitations and future research

This study has several limitations that should be considered when
interpreting the results. A key constraint is the limited availability of Pb
isotopic data for the region. While MixSIAR provides useful insights, the
lack of isotopic signatures for regional industrial sources and the un-
certainty regarding the origin and composition of historically used coal
hinder a complete reconstruction of source contributions. By generating
new baselines across sites, materials, and years, this study begins to fill
those gaps.

Another major limitation is the variable influence of sediment over
time. The high estimated sediment contribution, especially in 2021,
suggests that sediment-bound Pb can significantly elevate total tissue
concentrations, potentially masking trends in dissolved or bioavailable
Pb. This effect is difficult to correct for, as no washing protocol can
remove attached sediment particles entirely without damaging the algal
tissue, further complicating the interpretation of temporal patterns.
Additionally, changes in environmental conditions, such as ocean
acidification, ionic competition, and increased organic matter, may
enhance Pb bioavailability, but the absence of long-term, high-resolu-
tion physicochemical data in the study area limits our capacity to assess
these effects.

Biological variability and the complexities of field sampling intro-
duce uncertainty but also represent a key strength: biomonitors provide
organism-level insight that sediment or water analyses alone cannot
capture. Given the often weak correlations among environmental com-
partments, separate assessments remain essential. Expanding this
approach to other ecologically important species and increasing the
temporal resolution through more frequent sampling would improve the
detection of subtle trends in Pb concentrations and source dynamics.

Finally, the use of quadrupole ICP-MS, rather than more precise
methods like MC-ICP-MS with resin purification, may introduce
analytical bias. To assess the potential impact of matrix effects, six
samples were subjected to anion-exchange purification and compared
with their untreated counterparts, yielding negligible differences. We
acknowledge that this limited comparison may not fully capture all
potential inaccuracies, particularly in samples with low Pb concentra-
tions, and that such uncertainties could influence the input data used in
the MixSIAR model. Nevertheless, our rigorous quality control proced-
ures, including the use of certified reference materials and analytical
replicated, helped minimize this risk.

In light of these limitations, future research should focus on
expanding regional isotopic datasets for key sources, incorporating long-
term physicochemical monitoring to better understand the drivers of Pb
bioavailability, and applying isotopic tools to a broader range of
ecologically relevant species. These efforts will enhance the resolution
and interpretation of metal pollution trends in coastal ecosystems and
strengthen the role of biomonitors in environmental assessment.
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5. Conclusions

This study provides one of the most comprehensive long-term data-
sets to date on Pb concentrations and isotopic signatures in marine or-
ganisms, specifically Fucus spp., from a coastal region where such
information is extremely scarce.

Despite decades of regulatory action, including the global phase-out
of leaded gasoline, our results reveal only modest declines in Pb con-
centrations in Fucus spp. from the Northeast Atlantic over the past 30
years. In contrast, Pb isotopic signatures show a clear and consistent
shift from anthropogenic to more natural sources between 1990 and
2021, as confirmed by MixSIAR modelling.

These findings highlight the limitations of relying solely on con-
centration data and underscore the value of Pb isotopes in disentangling
changes in pollution sources. However, in highly contaminated areas,
Fucus spp. continues to serve as a reliable biomonitor, reflecting elevated
Pb concentrations. By using marine organisms, the study goes beyond
measuring environmental levels, capturing instead the fraction of Pb
that is biologically available and potentially bioaccumulative.

The results also emphasize the importance of long-term monitoring:
shifts in source contributions and environmental processes are only
evident over multi-decadal timescales. By integrating isotopic and bio-
logical data across 30 years, this study captures subtle but meaningful
trends that would remain undetected in short-term assessments.

Overall, our results point to a long-term reduction in anthropogenic
Pb inputs but also expose the complex biogeochemical behavior of Pb in
marine environments, shaped by sediment interaction, redox dynamics,
and ocean chemistry. The new isotopic baseline data presented here fills
a critical gap for the Northeast Atlantic and offers a valuable reference
for future source apportionment and environmental assessments.
Continued monitoring and sustained regulatory action remain necessary
to further reduce Pb pollution and safeguard coastal ecosystems.

Environmental implication

While isotopic data support the effective reduction of anthropogenic
Pb inputs to the Northeast Atlantic, stable concentrations in Fucus spp.
suggest an increasing influence of sediment-derived Pb and bioavail-
ability driven by acidification. This shift highlights critical gaps in
concentration-based monitoring, demanding the integration of isotope
fingerprinting into regulatory frameworks to identify Pb sources, espe-
cially in estuaries, where sediment disturbance and climate change may
maintain elevated Pb uptake by organisms despite declines in anthro-
pogenic Pb sources.
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