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ARTICLE INFO ABSTRACT

Keywords: Mercury contamination is a global environmental problem. This pollutant is highly toxic and persistent which

DOEWher makes it extremely susceptible to biomagnify, i.e. increase its concentrations as it moves up the food chain,

;’Od Clhams reaching levels that threaten wildlife and, ultimately, ecosystems’ function and structure. Mercury monitoring is
usse

thus crucial to determine its potential to damage the environment. In this study, we assessed the temporal trends
of the concentrations of Hg in two coastal animal species closely connected by a predator-prey interaction, and
evaluated its potential transfer between trophic levels using the 51N signatures of the two species. For this, we
performed a multi-year survey of the concentrations of total Hg and the values of 5'°N in the mussel Mytilus
galloprovincialis (prey) and the dogwhelk Nucella lapillus (predator) sampled along ~1500 km of the North
Atlantic coast of Spain over a 30-year period (five surveys between 1990 and 2021). Concentrations of Hg
decreased significantly between the first and the last survey in the two species studied. Except for the 1990
survey, the concentrations of Hg in mussels were amongst the lowest registered in the literature for the North
East Atlantic Ocean (NEAO) and the Mediterranean Sea (MS) between 1985 and 2020. Nonetheless, we detected
Hg biomagnification in almost all surveys. Worryingly, trophic magnification factors obtained here for total Hg
were high and comparable to the found in the literature for methylmercury, the most toxic and readily bio-
magnified form of this element. The 5!°N values were useful to detect Hg biomagnification under normal cir-
cumstances. However, we found that nitrogen pollution of coastal waters differentially affected the §!°N
signatures of mussels and dogwhelks limiting the use of this parameter for this purpose. We conclude that Hg
biomagnification could constitute an important environmental hazard even when found at very low concen-
trations in the lower trophic levels. Also, we warn that use of 5'°N in biomagnification studies when there is some
underlying nitrogen pollution problem might lead to misleading conclusions.

Nitrogen isotope ratio
Marine pollution

1. Introduction Mercury is foremost emitted to the atmosphere in elemental form that is

highly volatile and has an atmospheric lifetime of about one year,

Mercury is one of the most toxic elements on Earth having important
effects at neural, hormonal, and reproductive levels within individuals
(Boening, 2000; Fernandes Azevedo et al., 2012; Tan et al., 2009) with
potential demographic consequences at the population level (Goutte
et al., 2014). This element occurs naturally and can be released to the
environment through volcanic eruptions, rock weathering, and evapo-
ration from the ocean (Boening, 2000). Human activities like coal
combustion and mining, however, have mobilized mercury from the
lithosphere deposits and increased its concentrations in the atmosphere
by 450% above natural levels (UN Environment Programme, 2019).

making it remarkably susceptible to long-range atmospheric transport
(Fitzgerald and Lamborg, 2003). Eventually, Hg released into the at-
mosphere will be deposited directly into the oceans or onto land from
where it can be washed into water bodies. This Hg can be re-emitted to
the atmosphere and deposited again (Selin et al., 2008). Deposited Hg on
oceans and land will take about 2000 years to return to more stable
terrestrial and ocean reservoirs (Selin et al., 2008; Sunderland and
Mason, 2007).Thus, anthropogenic Hg emissions can negatively impact
the environment for hundreds to thousands of years from their first
release (UN Environment Programme, 2019).
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It is undeniable that mercury contamination is a serious and global
environmental problem. Inger Andersen, the United Nations Deputy
Secretary General and Executive Director of the United Nations Envi-
ronment Program, has recently defined it as “one of the greatest challenges
to the environment and human health” (UNEP, 2019). The magnitude of
this problem is such that, partly driven by the Minamata Convention on
Hg (the first globally legally binding instrument establishing the mea-
sures to be undertaken to protect human health and the environment
from Hg and its compounds; (UNEP, 2013)), organizations like the
United Nations (UN), the U.S. Environmental Protection Agency (EPA),
and the European Union (EU) have developed coordinated programs to
specifically protect the environment from the negative impacts of Hg
released into the air, water, and soil (UN Environment Program Global
Mercury Partnership -https://www.unep.org/globalmercurypartnersh
ip/-, EPA Mercury -https://www.epa.gov/mercury-, and EU Global
Mercury Observation System -https://www.gmos.eu/). These programs
highlight the necessity to develop long-term spatiotemporal observa-
tions of Hg in the environment to better predict its impact as well as to
evaluate the effectiveness of the protective measures undertaken.

Inorganic Hg that reaches aquatic systems can be biomethylated by
microorganisms to form methylmercury, the main form in which this
element is accumulated in both humans and wildlife (D’Itri, 1991). Once
incorporated into organisms’ tissues directly from the water or through
food consumption, this organic form binds strongly to sulfhydryl groups
in proteins, resulting in low rates of excretion (Bernhard and Andreae,
1984). Thus, Hg biomagnification is one of the most concerning issues
related to Hg contamination. Biomagnification is defined as the pro-
gressive buildup of pollutants in organisms through the food web
(Zweig, 1973). Accordingly, the concentrations of pollutants in organ-
isms of higher trophic levels will be higher than those in their diet.
Biomagnification is thus a special case of pollutant bioaccumulation
process in which the main exposure route is the organism’s diet (Con-
nell, 1989; Gray, 2002). Mercury biomagnification in marine food webs
has been reported before (Kidd et al., 2011), with the most classical and
tragic example being the deaths of the Minamata population as a result
of Hg poisoning from the consumption of contaminated fish and shellfish
(D’Itri, 1991). Detecting and quantifying biomagnification processes in
natural ecosystems is thus crucial to assess how the presence of Hg in
aquatic environments might translate into local to global exposure risk.

Pollutant biomagnification processes can be identified through the
estimation of the trophic magnification factor (TMF) as the slope of the
regression between the concentrations of the pollutant on each member
of the trophic chain/web against its trophic level. A significant and
positive TMF would be indicative of biomagnification whereas a sig-
nificant but negative TMF would point to biodilution. The use of stable
nitrogen isotope ratio (5!°N = ®N:!*N) to investigate pollutant bio-
magnification processes has been proposed as a more quantitative
approach than traditional methods like food composition analyses.
(Broman et al., 1992; Chouvelon et al., 2018; Foster et al., 2012; Hong
et al., 2013; Kehrig et al., 2013; Lavoie et al., 2013). The reliability of
this method, however, depends upon the quality of the §!°N signature as
a good food web descriptor (Cabana and Rasmussen, 1994). It is well
known that nitrogen contamination processes can alter the 5'°N signa-
tures of organisms (Heaton, 1986; McClelland and Valiela, 1998). Under
such circumstances, the §!°N signature could not be a reliable tool for
TMF estimation. Yet, to the best of our knowledge, no single study has
addressed this issue so far.

Considering all of the above, we present here a dataset of the con-
centrations of total Hg (that includes both organic — methylmercury —
and inorganic forms of this element) and the 5!°N values in two common
dwellers of the intertidal rocky shore of the Northeast Atlantic Ocean
closely connected by a predator-prey interaction: the Mediterranean
mussel Mytilus galloprovincialis (prey) and the Atlantic dogwhelk Nucella
lapillus (predator). These species were collected along ~1500 km of the
North Atlantic coast of Spain during five surveys spanning 30 years
between 1990 and 2021. This study this aimed at (i) investigating the
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temporal trends of the concentrations of Hg in these two animal species;
(ii) evaluating its potential transfer between trophic levels as well as
potential changes in trophic transfer over time; and (iii) assessing the
utility of 8'°N to identify and monitor Hg biomagnification patterns.

2. Material and methods
2.1. Sample collection and processing

We collected samples of two coastal animal species belonging to two
different trophic levels and using different feeding strategies: the bivalve
mollusc Mytilus galloprovincialis (Lamarck, 1819), a filter-feeder (Deu-
dero et al., 2009); and the gastropod mollusc Nucella lapillus (Linnaeus,
1758), a predator (Crothers, 1985) that preferentially feeds on mussels
(Hughes and Drewett, 1985). Samples were collected in summer during
four extensive (1990, 2001, 2003 and 2021) and one intensive (2017)
sampling surveys at 89 different sampling sites (SS) spread across the
Galician coast (NW Spain; Fig. 1). In 1990, the survey included a total of
58 SS with M. galloprovincialis collected at 49 SS and N. lapillus at 16 SS
(7 SS in common). In 2001, we sampled 24 SS with M. galloprovincialis
collected at 22 SS and N. lapillus at 12 SS (10 SS in common). In 2003, we
sampled 37 SS with M. galloprovincialis collected at 37 SS and N. lapillus
at 25 SS (25 SS in common). In 2017, we intensified the sampling in two
rias (tidal inlets) that were most seriously affected by Hg contamination
(Prego and Cobelo-Garcia, 2003): i) the Ria de Ferrol (Zone E in Fig. 1);
and ii) the Ria de Pontevedra (second southernmost ria in Zone D,
Fig. 1). Both rias are affected by different pollution sources, such as
highly populated urbanized zones, industrial facilities (i.e. shipyards
and steel works in Ferrol and a chlor-alkali in Pontevedra) and busy
commercial ports. Therefore, in this survey we sampled a total of 8 SS,
with M. galloprovincialis collected in all 8 SS and N. lapillus in 6 SS (6 SS
in common). Finally, in 2021 we conducted the last extensive survey
which included 32 SS, with M. galloprovincialis collected in all 32 SS and
N. lapillus in 23 SS (23 SS in common). All sites sampled per survey and
species are shown in Table S1.

All SS were located more than 300 m from waste pipes, ports and
industrial installations, and more than 150 m from the mouths of pri-
mary or secondary effluents. The sampling was always conducted at low
tide in the intertidal zone following a zigzag path between points on the
coastline separated by a linear distance of 50 m. At each SS, we collected
at least 25 specimens of M. galloprovincialis (shell length > 6 cm) and 30
specimens of N. lapillus (shell length > 2 cm). All the specimens were
washed in situ with seawater and combined to form a composite sample
of each species per site before being transported in cool boxes (ca. 4 °C)
to the laboratory.

In the laboratory, all the specimens were purged for 48 to 72 h in
continuously flowing, aerated and filtered (active carbon) seawater. The
samples were then stored frozen at —30 °C. Prior to sample preparation/
processing, the material was thawed at room temperature. Then, we
separated each specimen’s meat from its shell with the aid of high-
density polythene dissection tools. These samples were homogenized
(Waring Blender 34BL99), dried in a forced air oven at 40 °C, and again
homogenized in a mill (Retsch MM400 Ultra Centrifugal Mill). After
processing, all samples were stored at room temperature in darkness
until they were analyzed.

2.2. Chemical analysis

We determined the concentrations of Hg in an elemental analyzer
(DMA 80 Milestone). During the analysis, we included samples of two
certified reference material (TORT-1, lobster hepatopancreas; and ERM-
CE278k, Mussel) and analytical blanks for quality control. Also, all
samples were analyzed in duplicate. The recovery rate of the reference
material was highly satisfactory (106 and 90% respectively), while the
overall error for the analysis of duplicate samples was very low (3%).
The limit of quantification, calculated from the values obtained from the
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Fig. 1. Map showing the location of the study region in the NW of Spain (A), the rias where the sampling was carried out within the study region (B), and a detailed
view of the sampling sites located in the northern (C, E, F, G) and western (D) rias.

analytical blanks (as Meanpjanks + 10*StdDevVpjanks), was 0.4 ng g ~ 1

To determine 8'°N values, we weighed aliquots of 3.00 + 0.1 mg of
each sample in tin capsules (Elemental Microanalysis). The analytical
determinations were conducted by the Research Support Services at the
University of A Coruna (Spain), using an element analyzer (Fla-
shEA1112, ThermoFinnigan) coupled to an isotope ratio mass spec-
trometer (DeltaV Advantage, Thermo Scientific) via an interface unit
(ConfloIV). The accuracy of the procedure was determined by analysis of
acetanilide as a calibration standard. Calibration of the reference gas
(N3) for atmospheric 15N was carried out with IAEA-N-1 ((NH4)2S04),
IAEA-N-2 ((NH4)2SO4) and IAEA-NO-3 (KNO3) as standards. The iso-
topic ratio (15N /14N) in the samples was determined by comparison
with a standard (atmospheric Ny). The relative abundance of 15N in the
sample (615N) was calculated using the formula 515N (%0) = [(Rsample/
Retandard) — 1] x 1000, where R is the '>N/!*N ratio. The overall error
calculated for the replicate samples was very low (3%).

The concentrations of Hg and values of 5'°N of all the collected
samples (per survey and species) are shown in Table S1.

2.3. Statistical analysis

In the first place, we assessed the amount of intraspecific variation at
the site level in the concentrations of Hg and the 8'°N values in mussels
and dogwhelk. For this, we estimated the coefficient of variation (ratio
of the standard deviation to the mean) in three biological replicates of
each of the species consisting of 10 individuals per replicate, in each of
18 SS (for dogwhelks) and 8 SS (mussels) from the 1990 and 2017
surveys.

All statistical analyses were conducted using R v4.2.1 (R Core Team,
2022) implemented under RStudio v1.2.5042 (RStudio Team, 2020). All
p-values < 0.05 were considered significant. For all the models, we
evaluated the normality and homoscedasticity (homogeneity of vari-
ances) of the residuals using the Shapiro and Levene tests respectively,
as well as by visually inspecting the plots of the residuals. When these
assumptions were not met, we applied transformations to the dependent
variables or used alternative, non-parametric tests.

First, using the “full dataset” (n = 89 SS in total; 85 SS with 148 data
points across surveys for mussels, and 45 SS with 82 data points for
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dogwhelks), we tested for significant differences among surveys in the
mean concentrations of Hg and 5'°N values separately for each species.
For Hg in both species and 8'°N in dogwhelks, we run a one-way ANOVA
(analysis of variance) using the function aov from the base R package
“stats”. For 8'°N in mussels, we run the non-parametric equivalent to
one-way ANOVA, i.e. Kruskal-Wallis test, with the function kruskal.test
from the package “stats”. When the main ANOVA and Kruskal-Wallis
tests resulted significant, we performed all possible pairwise compari-
sons between surveys using the functions pairwise.t.test and dunn.test
(package “dunn.test”) respectively, with the Hochberg’s GT2 method,
designed to address unequal sample sizes. Using the “common dataset”,
that only included sites where both species were collected together each
survey (n = 41 SS in total with 77 data points), we implemented similar
analyses to test if the ratio between the concentrations of Hg in dog-
whelks and in mussels (one-way ANOVA), and the difference between
515N values in dogwhelks and in mussels (Kruskal-Wallis test) differed
significantly among surveys. Lastly, in order to confirm that the differ-
ences observed between surveys reflected reliable temporal trends
rather than spatial trends, we performed paired t-tests using only the
subset of data points that were common to each pair of surveys.

Second, we looked for unusually high concentrations of Hg and
values of 8'°N in the full dataset by estimating the values of the outliers
as the sum between the third quartile (Q3) and 1.5-times the inter-
quartile range (IQR) for each element and species. Similarly, we also
looked for unusually low values as the first quartile (Q1) minus 1.5-
times the interquartile range (Q1 - 1.5*IQR).

Third, we used the “common dataset” to study the relationship be-
tween the concentrations of Hg and the values of §'°N in N. lapillus and
in M. galloprovincialis. For this, we run two separate ANCOVAs with the
concentrations of Hg and the §'°N in N. lapillus as response variables, the
concentrations of Hg and the 8'°N in M. galloprovincialis as predictors,
and Year (treated as factor with 5 levels) as a covariate in both models.
We tested for the significance of the interaction between the predictor
and the covariate to evaluate whether the relationship between the
concentration of Hg and 5'°N in mussels and in dogwhelks changed over
time. In order to check whether the addition of the interaction term
improved the fit of the model, we used the function anova (package
“stats”) to compare the model with and without the interaction. Also,
using both the full and the common datasets, we estimated the co-
efficients of dispersion (the ratio between the median absolute devia-
tion, i.e. the median of the absolute difference between each value and
the median, to the median) of the concentrations of Hg and 5!°N values
in mussels and dogwhelk for each survey. We used this approach
because it is less sensitive to extremely high/low values than the ratio of
the mean to the standard deviation.

Fourth, we estimated the trophic magnification factor (TMF) as the
slope (b) of the linear regression between the stable nitrogen isotope
ratio (6!°N) and the log;o value of the concentration of Hg in both
species, (log1oHg = a + b 51°N), to assess Hg biomagnification between
trophic levels (Chouvelon et al., 2018; Hong et al., 2013; Kehrig et al.,
2013; Lavoie et al., 2010). Additionally, we used ANOVA to evaluate
whether the TMF varied among years by testing for the significance of
the interaction between 8'°N and Year. Since the interaction was sig-
nificant, we run individual simple linear regression models to separately
estimate the TMF for each survey. Finally, following the arguments by
(Isaacs, 1973), who stated that more enclosed sites would be more likely
to show pollutant biomagnification than open sea sites due to their
differences in the variety of prey available to the predators, we did the
same analyses but separately on the sampling sites that were located in
the inner parts of the rias (inner sites) and on the sites located in the
outermost part of the rias (outer sites).

3. Results

The coefficients of variation calculated from three biological repli-
cates collected per species in a number of SS to estimate the intraspecific
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and within-site variability of our data were low both for Hg (mean
values of 8 and 17% for mussels and dogwhelks respectively) and
especially for 5!°N (mean values of 2 and 3% for mussels and dogwhelks
respectively). This low within-site variability supports that, overall, our
data provide a good representation of the actual concentrations of Hg
and the 5'°N values in each species within each site.

Mean concentrations of Hg differed significantly among surveys in
both species (F = 33.4 and p < 0.001 in mussels; F = 18.3 and p < 0.001
in dogwhelks; Table 1). Although these concentrations showed a 3.4-
and a 7.8-fold decline in mussels and dogwhelks respectively between
the first (1990) and the last (2021) survey, this decrease was not gradual
(Fig. 2A, Table S2, Table S3). Both species showed a strong decrease
between 1990 and 2001. Then, mean Hg concentrations in mussels
remain rather constant between 2001 and 2017 and declined again
significantly in 2021 compared to 2001 and 2017. Mean concentrations
in dogwhelks followed a similar pattern except for the fact that the
lowest mean concentrations found in 2021 only differed significantly
from those in 2017. Mean 5'°N values, on the other hand, remained
constant throughout the study period in dogwhelks (F = 1.99 and p =
0.105; Table 1) and decreased significantly in mussels (Chi sq. = 58.7
and p < 0.001; Table 1). This decrease was essentially due to a decline in
5'°N between the first and the second survey (1990 to 2001); after 2001,
mean 8'°N values in mussels remained unchanged (Fig. 2C, Table S3).

Total Hg concentrations ranged, across all surveys, between 28.2 and
854 ng g~ ! in mussels and between 69.7 and 6254 ng g ~ ! in dogwhelks.
We did not find any unusually low (< Q1 - 1.5*IQR) concentrations of
Hg in any of the species. The values of the upper outliers were 385 and
1124 ng g ~ ! of Hg for mussels and dogwhelks respectively. We iden-
tified a similar number of outliers for Hg in both species: eight for
mussels (seven in 1990 and one in 2003) and seven for dogwhelks (six in
1990 and one in 2003), although none of them coincided in the same
collection sites (but they only were collected together in two out of these
fifteen sites). The 5'°N values ranged between 4.99 and 23.7 %o across all
surveys in mussels and between 7.64 and 11.5 %o in dogwhelks. As with
Hg, we did not find any unusually low 5'°N values in any of the species.
The values of the upper outliers were 12.2 and 11.3 %o for mussels and
dogwhelks respectively and, contrary to what we found for Hg, we
identified 24 outliers for 8'°N in mussels (all of them in 1990) and only
one in dogwhelks (in 2003). The concentrations of Hg tended to be less
variable in mussels than in dogwhelks (coefficients of dispersion ranging
between 14 and 38% and 12-42% respectively including both the full
and common datasets) whereas the §'°N values were more variable in
mussels compared to dogwhelks (coefficients of dispersion ranging be-
tween 3 and 28% and 2-7% for mussels and dogwhelks respectively
including both the full and common datasets) (Table S2).

The ratio between the concentrations of Hg in dogwhelks and in
mussels, corresponding to the SS in which both species were collected at
the same time, had a minimum value of 1.5 and a maximum of 16.4
across all surveys whereas the median ratio per survey ranged between
2.3 -in 2001- and 4.5 - in 2017 (Fig. 2B). The overall model testing for
differences across surveys in the mean values of this ratio was margin-
ally significant (F = 2.55; p = 0.047; Table 1); yet, the multiple pairwise
comparisons showed no significant differences between surveys
(Table S3). Finally, the difference between the 5!°N values in N. lapillus
and in M. galloprovincialis ranged between —10.7 and 4.8 across all
surveys whereas the median difference per survey ranged between 0.74
(in 1990) and 1.89 (n 2003; Fig. 2D). The results of the model showed
significant differences among surveys in the mean value of this differ-
ence (Chi sq. = 16.6; p = 0.002). This effect was due to the low values
reported in 1990, driven by the unusually high 8'°N values in mussels in
this survey as compared to all other surveys (Fig. 2C and 2D; Table S3).
All these results were supported by the paired-t-tests despite their lower
number of data points per survey.

We found a significant relationship between the concentrations of Hg
in mussels and dogwhelks as well as between the §!°N values in these
two organisms (Table 2). The interaction between Year and the
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Table 1
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Results of the one-way ANOVA (upper table) and Kruskal-Wallis test (bottom table) carried out to test for significant differences among surveys in the mean con-
centrations of Hg (ng g ~ 1) and the 8'°N (%) values in each of the species studied. M.g.: Mytilus galloprovincialis; N.L: Nucella lapillus; N.L / M.g.: ratio between the
concentration of Hg in N. lapillus and in M. galloprovincialis; N.L - M.g.: difference between the 8'°N values in N. lapillus and in M. galloprovincialis; Df: degrees of
freedom; Sum Sq: sum of squares; Mean Sq: mean squares; F value: F statistic; Pr(>F): p-value; ™: not significant; *: p<0.05; **: p<0.01; ***: p<0.001.

Species Response Predictor Df Sum Sq Mean Sq F value Pr(>F)

Mg Hg Year 4 0.061 0.015 33.36 <2E-16%**
Residuals 143 0.066 0.000

N.L Hg Year 4 0.017 0.004 18.34 1.3E-10%**
Residuals 77 0.018 0.000

35N Year 4 0.011 0.003 1.988 0.105ns

Residuals 77 0.108 0.001

N.L /Mg Ratio Hg Year 4 0.141 0.035 2.552 0.0471*
Residuals 66 0.914 0.014

Species Response Predictor Df K-W Chi-sq p-value

Mg 515N Year 4 58.73 5.4E-12%%*

NL-Mg Diff. 51°N Year 4 16.62 0.0023%*

predictor was not significant in any of the models indicating that the
effect of these two variables in mussels on the values of these variables in
dogwhelk did not vary among years. Indeed, adding the interaction term
did not significantly improve the fit of the models (F = 0.494, p = 0.741
for Hg; F = 2.424, p = 0.058 for 8!°N). In the model without the inter-
action, the variation in the concentrations of Hg in mussels significantly
explained ~60% of the variation in the concentrations of Hg in dog-
whelks whereas that of §!°N only explained 15% (Table 2).

Finally, we found a significant interaction between Year and 5'°N
values in the model used to estimate the TMFs for the dataset including
all sampling sites, the dataset including only the sites from the inner part
of the rias, and the dataset including sites from the outer part of the rias
(Table S4). Therefore, we separately estimated the TMF for each survey
in each dataset (Table S5) obtaining the following values: (i) dataset
including all sampling sites: 1.4, 1.7, 2.7 and 1.4 respectively for the
2001, 2003, 2017 and 2021 surveys (Fig. 2); (ii) dataset including only
the sites in the inner part of the rias: 3.1, 1.6, 2.5, 1.3 respectively for the
1990, 2003, 2017 and 2021 surveys; and (iii) dataset including only the
sites in the outer part of the rias: 1.5, 1.8, 1.5 respectively for the 2001,
2003, and 2021 surveys (Fig. S2). TMFs for the 1990 survey in the full
and outer sites datasets are not presented because the models were not
significant (Table S5).

4. Discussion

In this study, we performed a multi-year survey of the concentrations
of Hg in two animal species from different trophic levels sampled along
~1500 km of the Northeast Atlantic coastline over a 30-year time span.
We investigated the temporal trends of the concentrations of Hg on the
coast and evaluated its potential transfer between trophic levels. Addi-
tionally, we assessed the utility of 8'°N to identify and monitor Hg
biomagnification patterns. First, we showed that Hg pollution decreased
significantly within the study region between 1990 and 2021 (with the
most drastic decline happening between 1990 and 2001). This temporal
pattern was observed regardless of the trophic level of the organism
investigated and despite that one of the latest surveys (2017) only
included samples from the two-most contaminated rias in the region.
Second, we found evidence of Hg biomagnification in this trophic system
that was sustained over time despite the temporal decrease in Hg
contamination. This was demonstrated by: (i) the consistently higher
concentrations of Hg in the predator (N. lapillus) compared to the prey
(M. galloprovincialis) along with the temporal and spatial stability of the
ratio between the concentrations of Hg in the predator and in the prey;
(ii) the high amount of variance in the concentrations of Hg in the
predator explained by its concentrations in the prey; and, (iii) the fact
that the significant TMFs were all greater than one.

Overall, the concentrations of Hg in M. galloprovincialis found in this
study were low. Following the Mussel Watch program criteria for bi-
valves including mussels of the genus Mytilus (Kimbrough et al., 2008),

66% of our data points would be classified as having low levels of Hg
(0-170 ng g ~ 1), 25% as having medium levels (170-350 ng g ~ 1), and
only 9% as having high levels (350-1280 ng g ~ 1). Most of the data
points within the medium or high levels belonged to the 1990 survey (37
out of 50, i.e. 74%) which showed the highest concentrations of Hg in
both study species. Also, our data lay in the lower end of the range of
concentrations reported for M. galloprovincialis in a literature review that
included studies from nine regions spread across the North East Atlantic
Ocean (NEAO) and the Mediterranean Sea (MS) between 1985 and 2020
(Fig. S1A,B). Together, all these data points showed no overall increa-
sing/decreasing trend in the concentrations of Hg over time (t = —1.941,
p > 0.05 in a generalized linear model testing for the change in con-
centrations over time; Fig. S1A). However, when split into smaller and
more detailed regional datasets, there were significant temporal trends
as the overall decline observed in our data. This agrees with the findings
of the Mussel Watch program, which showed no significant country-wise
level trends, but significant increases and decreases in the concentra-
tions of Hg in specific regions of the USA coast (Kimbrough et al., 2008;
Melwani et al., 2013). Altogether, these results suggest that, to obtain a
more reliable view of the problem of Hg contamination in coastal sys-
tems, the levels of this element need to be monitored from different
spatiotemporal perspectives.

Here we identified a significant transfer of total Hg between trophic
levels in all surveys (except 1990 in the complete and outer sites data-
sets). The TMFs estimated for 2001, 2003 and 2021 were pretty similar
to each other whereas those estimated for 1990 and 2017 were
comparatively higher. Interestingly, the first corresponded to surveys in
which most data points were classified as having low Hg in mussels
whereas the latter corresponded to the survey with the highest historical
Hg levels (1990) and the one that only included sites from the two-most
polluted rias of the region (2017). Reported TMFs for total Hg in the
literature are comparable to the obtained in this study for 2001, 2003,
and 2021. For example, (Meng et al., 2015) found values of 1.2 in
mollusks, including different species of bivalves and gastropods, (Qu
et al., 2022) reported values of 1.4 and 1.7 for invertebrates and fish
respectively, and (Lavoie et al., 2010) reported a value of 1.4 for a food
web including particulate organic matter, zooplankton, gastropods and
bivalves. Some of the above studies also reported TMFs for methyl-
mercury, the most toxic and efficiently biomagnified fraction of Hg.
These, were higher compared to those of total Hg, and comparable to the
obtained here for 1990 and 2017. Thus, (Meng et al., 2015) reported
values of 1.9, whereas (Qu et al., 2022) reported values of 2.6 and 2.2 for
invertebrates and fish respectively and (Lavoie et al., 2010) reported
values of 1.6. Works reporting the fraction of methylmercury to total Hg
in mussels of the genus Mytilus showed that, for total Hg concentrations
within the range of the found in our study (35-830 ng g ~ 1), methyl-
mercury could account for, at least, almost half of the total concentra-
tions of Hg in mussels (33-98%; (Ipolyi et al., 2004; Jedruch et al.,
2019)); for lower total concentrations (2-30 ng g ~ 1), the percentage of
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methylmercury to total Hg was much lower (12-55%; (Knopf et al.,
2020)). Taken together, these results suggest that total Hg can bio-
magnify even when found at relatively low concentrations (2001, 2003
and 2021 surveys) and that the fraction of methylmercury to total Hg
might increase under higher Hg contamination levels leading to higher
TMFs.

The extent to which a pollutant is biomagnified does not only depend
on its physicochemical characteristics but also on biological, ecological
and environmental factors. According to (Reinfelder et al., 1998),

biological factors include ingestion rate (determined by the weight of
the consumer, food availability, growth rate, etc.), pollutant assimila-
tion efficiency (determined by the composition of the food, the con-
centration of the element in the food source, the gut residence time,
etc.), pollutant efflux/elimination through egestion (removal of undi-
gested matter) or excretion (removal of metabolic waste products), and
growth rate (potential dilution effect). Ecological factors include the
structure and complexity of the food web (Cabana et al., 1994) and the
feeding habit (Lavoie et al., 2013), among others. Finally,
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Table 2

Results of the ANOVA test carried out to assess the relationship between the
concentrations of Hg (ng g ~ ') and the 8'°N values in Nucella lapillus (response
variable) and in Mytilus galloprovincialis (predictor), including “Year” of the
sampling survey as a covariate (first two models) or not (last two models). Df:
degrees of freedom; Sum Sq: sum of squares; Mean Sq: mean squares; F value: F
statistic; Pr(>F): p-value; ™: not significant; **: p<0.01; ***: p<0.001; Adj. R%
adjusted R? (%).

Predictor Df SumSq Mean Fvalue Pr(>F) Adj.
Sq R?

[Hg] in M.g. 1 0.014 0.014 91.8 8.9E-14 57.5
Year 4 0.001 0.000 2.44 0.056 ™
[Hg] in M.g.: 4 0.000 0.000 0.493 0.741ns

Year
Residuals 61 0.009 0.000
5'°N in M.g. 1 0.010 0.010 8.87 0.004 ** 22.1
Year 4 0.011 0.003 2.52 0.051 ™
5'°N in M.g.: 4 0.011 0.003 2.42 0.058 ™

Year
Residuals 60 0.068 0.001
[Hg] in M.g. 1 0.014 0.014 94.7 2.6E-14 58.8
Year 4 0.001 0.000 2.52 0.050 ™
Residuals 65 0.009 0.000
5'°N in M.g. 1 0.010 0.010 8.14 0.006 ** 15.2
Year 4 0.011 0.003 2.31 0.067 ™
Residuals 64 0.079 0.001

environmental factors (e.g. pH, salinity or temperature) can influence
both pollutant availability and the biological and ecological processes
mentioned above. In this work, variability in the concentrations of total
Hg in each of the species studied and, consequently, in Hg bio-
magnification patterns is likely driven by all these factors to some extent
but especially by environmental factors. The Galician coast is a highly
complex system consisting of a series of open sea areas interspersed with
more closed estuaries (i.e. rias). The latter are even more complex as
they are subject to both oceanic and continental influences determining
water circulation patterns, sedimentation processes, organic matter and
nutrient contents, as well as physicochemical parameters like tempera-
ture, pH, and salinity (Figueiras et al., 2002; Lorenzo and Taboada,
2005). This environmental complexity predominates in our study with
sampling sites located inside and outside of the rias leading to, poten-
tially, site-specific growth rates and metabolic activity of our study
species, Hg dispersion patterns, activity of microorganisms transforming
inorganic Hg into methylmercury, and characteristics of the sediments
and their capacity to remove Hg from the water column and recirculate
it again. The different pollution levels and sources to which mussels and
dogwhelks were exposed across these sites add yet another layer of
complexity to this system, as the normal functioning of these organisms
could be significantly altered by pollutant exposure.

We argue, on the other hand, that the effect of the ecological factors
on the variability of the concentrations of Hg found in this study is minor
because both the dietary inferences extracted from the results of the
5'°N values in these species and the data extracted from the literature,
point towards a tight predator-prey relationship between dogwhelks and
mussels across space and time. Based on the assumption that high
intraspecific variation in 5!°N values among habitats is indicative of
differences in the relative trophic position occupied by a species in those
habitats (Cabana and Rasmussen, 1994), the low levels of intraspecific
variation of 8'°N in dogwhelk in this study suggest that dogwhelks’
dietary habits are consistent across space and time in the study region
(despite the wide range of habitats studied and the long time span
analyzed). Also, even though the low values of the differences in 5!°N
between dogwhelks and mussels found here (compared to the theoret-
ical 3.4-4 %o difference expected for consecutive trophic levels (Mina-
gawa and Wada, 1984)) would point towards a prevalent omnivorous
diet in dogwhelks, results from a previous study in two coastal sites
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located within the same region found that suspension feeders, including
M. galloprovincialis, could make up to 70% of the prey biomass of
N. lapillus (Bode et al., 2006). Other studies found that dogwhelks tend
to preferentially feed on mussels over barnacles, especially the larger
(shell length > 1.4 cm) individuals (Hughes and Drewett, 1985; Morton,
2010). Thus, even though both barnacles and mussels were present in
many of our study sites, we sampled large dogwhelks (shell length > 2
cm) which, according to this, would mostly feed on mussels. Finally, the
difference in lifespan between mussels (~15-25 years; (Ceccherelli and
Rossi, 1984; Sukhotin et al., 2007) and dogwhelks (between 4 and 6
years; (Crothers, 1985) could also explain some of the variation in their
Hg concentrations and lead to the underestimation of the TMFs.

It is well known that, in addition to being an indicator of the relative
trophic position of species, 5!°N signatures of organisms can be utilized
to trace anthropogenic nitrogen inputs into coastal areas (McClelland
et al., 1997; Viana et al., 2011; Viana and Bode, 2013). Nitrogen inputs
derived from agriculture are often depleted in '°N compared to seawater
(leading to lower 8'°N values), while inputs from urban sewage,
terrestrial runoff, or fish farm waste are enriched in >N (leading to
increased 5!°N values) (Heaton, 1986; McClelland and Valiela, 1998).
The 5'°N values reported here for M. galloprovincialis in the 1990 survey
included 24 outliers with values ranging between 12.5 — 23.7 %o (me-
dian = 14.7 %o). These values were the highest among the reported for
this species in a literature review that included studies from five regions
spread across the North East Atlantic Ocean (NEAO) and the Mediter-
ranean Sea (MS) between 1998 and 2018 (Fig. S1C,D), which suggests
that the significant enrichment in 5'°N observed in multiple sites during
the 1990 survey was the result of anthropogenic sources in the study
region. This enrichment in 1990 was also observed in macroalgae of the
same region (Viana et al., 2011) but not in dogwhelk. The abnormal
peaks of 5!°N in mussels thus led to the alteration of the relationship
between 8'°N and the log transformed Hg concentrations in mussels and
dogwhelks resulting in the lack of a significant relationship between
these two variables. Consequently, we did not find evidence of Hg bio-
magnification in our system in 1990, except in the inner sites dataset
which did not include outliers. Hence, for the first time to the best of our
knowledge, we showed that anthropogenically-derived nitrogen sources
may differently alter the 8'°N signatures of different marine species.
This has important implications for the use of 3'°N to identify Hg bio-
magnification processes: under natural circumstances, 8'°N could be
used as a reliable tracer of Hg biomagnification; when nitrogen
contamination processes like the observed in the 1990 survey, differ-
entially alter the 8'°N signature of different organisms, however, this
parameter should not be used to infer nor quantify pollutant bio-
magnification unless additional data are gathered to account for the
confounding effect of pollution on 5'°N signatures.

Finally, the difference between mussels and dogwhelks in the
sensitivity of their 5!°N signature to nitrogen contamination could be
due to differences in their feeding mode. As filter feeding species,
mussels’ diet consists mainly of plankton as well as particulate and
dissolved organic matter present in the water. Indeed, (Bode et al.,
2006) estimated that phytoplankton accounted for 40 to 100% of the
diet of suspension feeder species, including M. galloprovincialis, in three
coastal areas of Galicia. Theoretically, the capacity of species to reflect
on their isotopic signature changes in the inputs of nitrogen to their
environment increases in species with faster growth and nutrient uptake
rates (Gartner et al., 2002). Small algae (i.e. microalgae), for example,
showed significantly faster nitrogen uptake rates than macroalgae (Hein
et al., 1995). Even so, some macroalgae can display altered §'°N values
after only seven days of exposure to sewage-derived dissolved inorganic
nitrogen (Gartner et al., 2002). According to this, we would expect
greater and faster changes in 6!°N resulting from nitrogen contamina-
tion in primary producers (phytoplankton and macroalgae), followed by
primary consumers (e.g. mussels) and finally, by secondary consumers
(e.g. predators like the dogwhelks).
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5. Conclusions

In this study, we found a significant decline in the concentrations of
Hg in two common dwellers of the intertidal rocky shore of the North-
east Atlantic Ocean between 1990 and 2021. In addition, using the §'°N
signatures of the two species, we provided robust evidence of Hg bio-
magnification even when this element was found at relatively low
concentrations in the prey. Biomagnification factors were highest,
comparable to the estimated in the literature for methylmercury, for the
survey with the highest historical Hg levels and the one only including
sites from the two-most polluted rias of the region suggesting that the
fraction of methylmercury to total Hg increases under higher Hg
contamination levels leading to increased biomagnification. Finally, we
found that nitrogen contamination may have different effects on the
51°N signatures of the different species. In this case, anthropogenically-
derived nitrogen inputs to the coastal system caused significant shifts in
the 5'°N values of the prey (mussels) but not in its predator (dogwhelks)
making this parameter useless to detect pollutant biomagnification in
natural food chains under these circumstances. In light of these results,
we conclude that despite the overall decrease in Hg emissions to the
environment, Hg contamination and biomagnification might still be an
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important environmental problem in some coastal regions and that the
515N signature is a reliable tracer of Hg biomagnification as long as there
is no interfering nitrogen contamination process.(Fig. 3)
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