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Total and dissolved concentrations of inorganic mercury (IHg) and methylmercury (MeHg) in water (Adour
Estuary) were determined during three sampling campaigns and related to biogeochemical variables (nutrients,
organic matter). Factors (sampling time, sample type) were included in analysis of covariance with effect sep-
aration. The urban estuary suffered historically from anthropogenic sources, however, decreased emissions have
reduced Hg concentrations. Total IHg (0.51-3.42 ng L™!) and MeHg (25-81 pg L.™1) concentrations are additively
described by suspended particulate matter and particulate organic carbon. Higher total concentrations, carried

by organic-rich particles, were found near specific discharge points (0.79-8.02 ng L™ and 34-235 pg L ™! for IHg
and MeHg, respectively). The associated high dissolved MeHg concentrations could not be explained only by
biogeochemical variables. Better efficiency of the models is found for total than for dissolved concentrations.
Models should be checked with other contaminants or with estuaries, suffering from downstream contamination.

1. Introduction

The estuarine concentrations of mercury species have been studied
more often in sediment and biological samples and less often in water, in
spite of the importance of water compartment for the transport of con-
taminants (Navarro et al., 2012; Stoichev et al., 2018). The reasons are
possibly related with difficulties in sample storage and analytical de-
terminations of low levels of Hg species in water samples. The total
concentrations of contaminants in estuarine waters depend on upstream
river concentrations, lateral input and mixing between river and ocean
water but also on in situ processes, such as sedimentation/resuspension
phenomena. Total concentrations of Hg species are better predictor for
their transport while dissolved concentrations, especially those of
methylmercury, should represent more bioavailable forms. Riverine
export is a very important source of both inorganic mercury (IHg) and
methylmercury (MeHg) to coastal ocean, and, due to very high pro-
ductivity, is able to affect MeHg concentrations in coastal species
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contributing to majority of human MeHg exposure (Liu et al., 2021).
Furthermore, upon transition from rivers to coastal zone, sedimentation
of fine and organic rich particles stimulates bacterial reduction of
oceanic sulfate that may increase the net methylation of IHg (Azaroff
et al., 2019; Stoichev et al., 2019). Mercury speciation studies in water
from estuaries (Leermakers et al., 2001; Balcom et al., 2008; Wang et al.,
2009; Bratkic et al., 2013; Gosnell et al., 2016), bays and lagoons
(Horvat et al., 1999; Bloom et al., 2004; Stoichev et al., 2016) is focused
mainly on contaminated zones worldwide.

The Adour Estuary (SW France) is medium size dynamic mesotidal
estuary. Its urban/industrial downstream part is deteriorated due to
numerous anthropogenic impacts (SDAGE-PDM, 2014; Cavalheiro et al.,
2017). Both surface sediments (Stoichev et al., 2004) and water (Stoi-
chev et al., 2006) from the Adour estuary were found to be moderately
contaminated with Hg species with numerous sources situated in the
downstream urban area. The concentrations of Hg species in local
wastewaters in Adour Estuary (Point, 2004) varied two to five orders of
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magnitude (dissolved and particulate, respectively), which should be
investigated, especially in light of possible bioaccumulation. Higher
anthropogenic impact on European eels in Adour estuary occurred
downstream compared to upstream sites (Arleny et al., 2007). However,
unlike other coastal systems (Aly et al., 2013; Stoichev et al., 2018), the
Adour estuary hydrodynamics efficiently exports pollutants (Sharif
et al., 2014; Stoichev et al., 2004; Azaroff et al., 2019) that would make
it able to recover rapidly if pollution would stop. Largest water quality
improvement occurs in regions, experiencing recent control on Hg
emission (Driscoll et al., 2013) and, therefore, Adour Estuary (France)
would be a possible example of coastal system in rapid recovery.

Multiple regression (MR) was used to separate biogeochemical pro-
cesses of addition and removal of contaminants in water during estua-
rine mixing for case of single and strong upstream contamination source
(Stoichev et al., 2016). However, in Adour Estuary, there are down-
stream contamination sources, complicating the separation of biogeo-
chemical variables. As a strategy, categorical variables (factors) were
included, taking into account sample type and sampling time. Water
from different upstream and estuarine locations in Adour Estuary, as
well as from urban tributaries, was collected during three sampling
campaigns. The development of generalized additive models (GAM)
allowed finding the combinations of factors and important continuous
variables involved in IHg and MeHg variations. However, GAM consume
degrees of freedom, lack simple analytical representation and were used
here only as preliminary insight on the variables to be included in
analysis of covariance (ANCOVA) models to study the variability of IHg
and MeHg in different type of water samples and their eventual sources
in the downstream part. The resulting simple spatial/temporal equations
would depict the THg and MeHg concentrations as additive functions of
specific biogeochemical variables. Such approach, using both categori-
cal and continuous variables, was already applied to model estuarine
biogeochemistry of organic contaminants (Stoichev et al., 2021).
Additionally, marked difference in land use between Adour and Nive (a
downstream tributary) will allow some estimation on its possible effect
on IHg and MeHg concentrations. The concentrations from this study
and measured up to 20 years ago in estuarine (Stoichev et al., 2006;
Sharif et al., 2014) and upstream water (Point, 2004) of Adour will be
compared and discussed in light of decreased emissions.

2. Methods
2.1. Study area

The Adour River (South-West France, Gulf of Biscay) is 310 km long
and has 6189 km? drainage area (Stoichev et al., 2006). Different soils
have developed near Adour River: Luvisol, Cambisol, Podzol, Albeluvi-
sol, but also calcaric soils (Calcisol, rendzic Leptosol and calcaric Flu-
visol) (ESBN, 2005). Important tributary in the estuarine area of Adour
is Nive with 850 km? drainage area (Fabre, 1998) and more homoge-
neous soil types — Cambisol and acid-organic Umbrisol (ESBN, 2005).
The main difference between Adour and Nive is related to land use. The
Nive usually drains forested areas, small size farming and small urban
zones. Industry, intense agriculture and bigger urban centers (Pau,
Tarbes, Mont-de-Marsan, Dax, Lourdes) are situated along the Adour
River watershed, inducing more important contamination with nitrates,
pesticides and organic compounds of Adour compared to Nive (SDAGE-
PDM, 2014). The average river discharge of Adour is about 350 m® s™?
and it is the third largest freshwater inflow to Bay of Biscay (Borja et al.,
2019) while for Nive it is 25 mis! (Point et al., 2003).

The Adour Estuary has narrow estuarine channel (about 500 m
width, down to 200 m at the mouth) with almost no intertidal area,
resulting in a short residence time (hours to days) of water and particles
(Point et al., 2007). Tidal amplitude is between 2 and 5 m with influence
observed up to 70 km upstream. Significant urban and industrial ac-
tivities are located on the estuarine shores including sewage treatment,
wood industry, waste incineration, electronics, metallurgy, harbor and
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aquaculture. Despite the importance of the upstream sources, non-
negligible downstream fluxes compared to upstream (IHg: 4 %, MeHg:
9 %) are transported at low river discharge from wastewaters (Point,
2004).

2.2. Sampling

Bulk water samples (up to 30 cm depth) were collected at decreasing
tide within the tidal limit of the estuary on three occasions: May 2017
(representing flood period), September 2017 (dry conditions) and
January 2018 (low temperatures) and kept in cool box until laboratory.
The tide coefficients were between 78 (May) and 109 (Jan). The up-
stream samples (1, 2, 3, 4, Fig. 1) are considered as upstream references,
representative of the Hg species delivery from rivers. The downstream
estuarine samples (A, B, C, D), collected with a ship from the middle of
the main channel, are situated in the urban area. Samples with high
anthropogenic impact are collected in the estuary near outlets of water
treatment plants (WTPs) “St Frédéric” (6) and “Pont de 1’Aveugle” (8).
Samples from urban tributaries before entering the estuary were Arit-
xague (7) and “Moulin d’Esbouc” (9, influenced by WTP “St Bernard”).
Some biogeochemical characteristics (pH, O,, water temperature (T),
conductivity) were measured on site with multiparametric probe
HANNA Instrumentsc® HI-9829 or calculated afterward (salinity (Sal)).

2.3. Experimental

2.3.1. Cleaning procedures for Hg speciation

All materials were cleaned using ultra-trace protocol (Bravo et al.,
2018). Water (1 L) was collected in polypropylene and stored in Teflon®
bottles. All bottles and vials for sampling and analysis were first cleaned
using detergents (RBS™) and rinsed thoroughly. It is then successively
decontaminated in two baths of 10 % (v/v) nitric acid (HNO3) and a bath
of 10 % (v/v) hydrochloric acid (HCl) with rinsing steps (deionized
water) between each bath. In each bath, the material undergoes a son-
ication step for a minimum of 2 h. Similar procedure was applied for
decontamination of plastic caps but in 1 % acids for shorter time (15 min
each bath). After rinsing with deionized water, all material was dried
under a laminar flow hood and stored in plastic bags until use on site.

2.3.2. Sample pre-treatment for Hg speciation

One part of the sample was transferred into 250 mL Teflon® bottle
then acidified with acetic acid (0.5-1 % depending on the particle load)
for the analysis of Hg species. These samples correspond to the analysis
of the total unfiltered fraction. The samples for determination of dis-
solved fraction (marked with subscript D) were filtered under vacuum
(0.45 pm PVDF filters, Durapore). The filtrates were transferred and
acidified similarly to total fraction with 0.5 % acetic acid. Samples are
stored in the dark at 4 °C until extraction and analysis.

2.3.3. Chemical analysis

Mercury species concentrations were measured by capillary gas
chromatography coupled to ICP-MS (GC Trace Ultra, XSerie II ICP-MS
Thermo Scientific) after spiking with enriched 4stable isotopes of
1991Hg and 2°'MeHg for species-specific isotope dilution analysis (Nav-
arro et al., 2012; Bouchet et al., 2013; Sharif et al., 2014; Azad et al.,
2019). Isotope tracer’s solutions were prepared for each analytical ses-
sion and their concentration was regularly determined by reverse
isotope dilution. The Hg species were derivatized with sodium tetra-
propylborate at pH 3.9 and extracted into 2,2,4-trimethylpentane. It
should be noted that the filter-passing fraction contains both dissolved
and most colloidal Hg species but will be referred to here as “dissolved”
fraction for wording simplicity.

Quality assurance and quality control (QA/QC) was based on labo-
ratory and field blanks, replicate analysis (Cavalheiro et al., 2016) and
on repeated participations in international inter-laboratory comparisons
(e.g. GEOTRACES inter-calibration cruises for Hg species in seawater).
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Fig. 1. Map of Adour estuary with sampling points. Sampling points separated according to type: upstream (1, 2, 3, 4), estuary (A, B, C, D), STP (6), Urban/STP (7, 8,
9), and place: Adour (1, 2, A, B, C, D), Trib/Adour (6, 8), Trib (7, 9), Nive (3, 4). The inset is map of France with Adour Estuary highlighted.

The repeatability was determined as average from all samples (unfil-
tered and filtered, n = 72) of the relative standard deviations (RSD) for
the triplicate analysis and was 1.5 % for IHg and 3.4 % for MeHg. The
limits of detection (LOD) were calculated using the results from the field
blank samples and were similar for total and for dissolved Hg species.
The limits of detection (LODs) for IHgpss and IHg were calculated as
three times the standard deviation (SD) of the concentrations found in
the blank samples. Since the MeHgp;ss and MeHg were not detected in
the blanks, the LODs in this case were estimated from 3 x SD of the
background noise equivalent concentrations. For both total and dis-
solved species, the LODs were 0.03-0.07 ng L™ ! and 3 pg L ™! for IHg and
MeHg, respectively. The results for IHgpss and IHg were corrected with
the average blank value.

The concentrations of total nitrogen (TN, mg L™ 1) and dissolved
organic carbon (DOC, mg Lfl) were determined in the filter-passing
fraction (through 0.7 pm pre-combusted GF/F filters) by chem-
iluminescence and high temperature catalytic oxidation method,
respectively, using a Shimadzu TOC-L CSH/CSN analyzer (Lee and Kim,
2018; Garcia-Martin et al., 2021). Nutrient concentrations (M) (phos-
phates (POy), nitrates (NO3), nitrites (NO3), ammonia (NHy4) and sili-
cates (SiO4)) were determined in the dissolved fraction (0.45 pm AC
filters) by colorimetric procedures using a Shimadzu UV-1800 spectro-
photometer (Koroleff, 1969; Mullin and Riley, 1955; Murphy and Riley,
1962; Strickland and Parsons, 1972). The concentrations of suspended
particulate matter (SPM, mg L™!), chlorophyll a (Chl, pg L™1), and
phaeopigments (Pha, pg L) were determined in particulate fraction as
previously described (Abril et al., 2002; Aminot and Kérouel, 2004;
Lorenzen, 1967; Savoye et al., 2012). Particulate organic carbon (POC,
% on particle weight basis or POCy, mg L™}, on sample volume basis)
was measured after removal of carbonates by infrared spectroscopy via
high temperature combustion on a Shimadzu TOC-L/SSM-5000A
analyzer (Azaroff et al., 2019). §13C and 815N of particulate organic
forms were measured using an elemental analyzer (Flash 2000, Ther-
moFisher Scientific) coupled with an isotope ratio mass spectrometer
(IRMS, Isoprime, GV Instruments) (Savoye et al., 2003, 2012).

2.4. Statistical analysis

2.4.1. Preprocessing

The database is included in Supplementary materials (xIsx file).
Dissolved and total concentrations of [Hg, MeHg as well as the per-
centage of MeHg relative to total Hg (%MeHg) were dependent variables
(Y;). Biogeochemical characteristics were used as continuous explana-
tory variables (X;j). Active chlorophyll (actChl), ratio between Chl and
POC (Rcni/poc) and partition coefficient of organic carbon (Koc) were
also used as X;:

ActChl = [Chl)/([Chl] + [Pha)) (€3]
Rewypoc = [Chi] /(10[SPM][POC] ) (2)
Koc = 10*[POC]/[DOC] 3)

Other explanatory variables were categorical (factors). Factor “type”
has four levels: effluents from Sewage Treatment Plant (STP), urban
tributaries (Urban/STP), upstream and estuarine waters. In order to
study the effect of Nive on the dependent variables, factor “place” was
also included in the models. It has also four levels: “Adour”, “Nive”,
“Trib” (samples from urban tributaries before entering the estuary) and
“Trib/Adour” (samples near the outlet of urban tributaries with possible
effect of the Adour estuarine water). Third factor in the models was
“time” with levels May, September and January.

Continuous explanatory variables (average, geometric mean, range)
are shown in Tables SI-1, SI-2 and SI-3 from Supplementary materials for
different levels of factors “time”, “type” and “place”, respectively. Levels
for place “Trib” and “Trib/Adour” are combined into one level “Trib_-
Trib/Adour” (Table SI-3), representing all urban stream samples. There
is additional column regarding Adour upstream samples in order to
compare with Nive. Significant difference (p < 0.10) for variables at
different factor levels is studied with Wilcoxon rank sum test.

Local background levels (LBLs, Table SI-1) were calculated using
“estuary” and “upstream” data as 90th percentiles contained within
average + 3o intervals (where o is the standard deviation), or as
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averages from data contained within average + 4o intervals, for 3¢ and
40 methods, respectively (Gredilla et al., 2015). Ranges between 4c and

Yr =ao(...) +s(Xr,)

Xi : p}‘[7 SaL T7 13()47 I\I()g7 l\]()z7 Si();;7 D()C7 Chl7 Pha7 SPM, P()C7 613C7 SISN, RCh]/POCy ACtChl, KOC

Yr =ao(...) + s(Saly) + s(XT_;)

X : pH,PO4,NOj3,NO,, SiO4, DOC, Chl, Pha, SPM, POC, 813C, 515N, Rcni/poc, ActChl, Koe

Yr =ay(...) + s(SPM7) + s(Xr,)
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2.4.3. Generalized additive models

Generalized additive models (GAM) were developed as a function of

(6)

@)

(®

X; : PO;,NO3, NO,, SiO;, DOC, Chl, Pha, SPM, POC, §13C, 815N, Reyy/poc; ActChl, Koc

3o values are considered as LBL. The proportions (P) of samples with X;
equal to LBL, higher than LBL and lower than LBL are also presented
(Tables SI-2, SI-3) with the respective binomial errors.

Statistical data treatment was carried out using R software (R Core
Team, 2017). The dependent variables (Y;) were represented as func-
tions of q explanatory variables X;. As required for linear models, both Y;
and X; were normalized using graphical visualization of density function
and Box-Cox transformations to give transformed variables Yr and Xr;:

Yr =inY Y :I1Hg,MeHg, IHg,, MeHg,, %MeHg (4a)
Yr=VY Y :%MeHg, (4b)
Xr = InX X :NO,,Si0,, DOC, Chl, Pha, Koc (5a)
Xr =vX X:Reupoc (5b)
X, = 1/\/)? X : Sal, 0,, POy, NO3, NH,, (50)
X; =1/X X:TN,POC (5d)
X; =X X :pH,T,SPM, ActChl, 813C, 815N (5e)

High correlations for transformed explanatory variables X; (p <
107%) were observed between Oy and T, TN and NOs, NH4 and NO,.
Therefore, to avoid collinearity, part of X; (O, NH4, TN) were not
considered.

The dependent variables (average, geometric mean, range) and dis-
solved fractions (Fp, %) are shown in Tables SI-4, SI-5 and SI-6 for
different levels of factors “time”, “type” and “place”, respectively. Sig-
nificant difference (p < 0.10) between groups studied with t-test on
transformed dependent variables (Egs. (4a), (4b)) and with Wilcox test
on Fp. Like with Xj, LBLs (Table SI-4) and the proportion of samples with
Y; equal, higher and lower than LBL (Tables SI-5, SI-6) were calculated.

2.4.2. Analysis of variance

The effect of factor levels was determined by ANOVA with time/type
and time/place initially included. Models were simplified by leaving
only significant factors (p < 0.1). Factor levels with similar effects on Y; 1
were combined. Thus, for each Yj, specific levels determined factors
time1, typel, placel. The obtained dependences and adjusted R? (adjR?)
are shown in Table SI-7. The effect of different factors was often additive
and, in case some interaction exists, its mean square is at least an order
of magnitude smaller than the mean squares for additive effects of both
factors (Table SI-7 footnote).

Xir and of parametric terms — factors: “timel”, “typel” or “placel”
(Section 2.4.1). The factors were included in the intercept ag(...) in the
forms: ap(timel), ag(typel), ap(placel), ag(timel, typel) and ag(timel,
placel).

Initially, all X;r enter in GAM as smoothed functions (s). However, if
their estimated degrees of freedom (edf) equal 1, they become para-
metric linear terms. If necessary, the number of factor levels in “timel”,
“typel” and “placel” is additionally decreased (Table SI-8, 117 models).
The slope c¢; (should be near 1) and intercept ¢ (should be near 0) of the
linear dependence between model (Yyop) and experimental (Ygxp)
values and the root mean square deviation of transformed variable
(RMSDy) for sample size n were calculated:

2
Y, i — Y i
RMSD, — \/Z ( EXP.T, MOD,T, ) ©)

n

Only models that showed significant effects (p < 0.1) and with ¢; > 0.25
were considered further and compared using analysis of deviance.

2.4.4. Linear models with continuous explanatory variables

In the linear models (LM), the relationship is expressed by L; or Lo,
the index representing the highest interaction order, described in the
starting model:

q
L, (XT.I X125 XTgs s XT.q) = Z aXr;+ Z(li.jxr,ixm (10)
i=1 i

q
Ly (Xr1, X1, oo Xris oo Xrg) = D @i, an
i=1

The coefficients a; and a;; represent the simple terms for variable X;
and the double interactions, respectively. The specific indexing of the
explanatory variables X; is explained in Tables SI-8, SI-9 and SI-10.
Higher order effects (quadratic and cubic for Sal and SPM; only
quadratic for the rest of the variables) were checked for variables having
significant simple effect. The number of coefficients in the starting
models never exceeds 13 in order to avoid overparametrization (Craw-
ley, 2007). Minimal adequate models were obtained by gradual deletion
of non-significant terms (Stoichev et al., 2019). The stability of co-
efficients is studied by bootstrap with row resampling (online resources,
Minimal Adequate ANCOVA) and equations with unstable coefficients
are eliminated. Only equations with ¢; > 0.5 are included for further
consideration.

One starting approach could be multiple regression (MR) with simple
effects without interactions:
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Continuous Explanatory variables X;: Salinity, SPM, POC, DOC,

Factors: Time, Type, Place

ANOVA

GAM ANCOVA

MR ANCOVA

Fig. 2. Schema of used statistical models concerning factors (Analysis of Variance, ANOVA), continuous explanatory variables (Multiple Regression, MR) or both

(Generalized Additive Models, GAM and Analysis of Covariance, ANCOVA).

Yr = Ly (pHy, Saly, Tr, POy 7,NOs 1, NO, 1, SiO4 7, DOCr, SPMy, POCr, 513Cr 515Ny

All equations with RMSDr, ¢; and ¢ are presented in Table SI-9 (six
models). Significant variables X;r from MR equations were used for
analysis of covariance (ANCOVA) by including factor-dependent in-
tercepts: ag(time), ap(type), ap(place), ap(time, type), ao(time, place).
For each one of the five combinations of factors only simple effects or
higher order effects of significant X; were included but without in-
teractions. Minimal adequate ANCOVA having more than two X; were
deleted.

Another starting approach is based on the same X; as in the gener-
alized additive model (GAM) equations (Table SI-8) to develop
ANCOVA. The factors were also the same but with the original levels of

(12)

have higher order effects of significant X; and interaction terms. After
stepwise simplification, only models with additive effects of X; were
included (Table SI-10, 60 models). Equations with factor “place” were
not considered if separated levels “Trib” or “Trib/Adour” appeared
because they were not important for the dependent variables Y;. Sche-
matic representation of the used models is shown in Fig. 2.

After preliminary evaluation of the dependences of Hg species con-
centrations from factors and biogeochemical variables, additional
models for the MeHg, MeHgp and IHgp were also developed from
starting expressions:

In[MeHg] = ay(type) + L,(IHg,, POCy) + (IHgr) + (POCy)’ (13a)

“time”, “type” and “place” (Fig. 1). All starting equations with two X;
pH sal PO, (M) NO; (uM) NO, (1M) Fig. 3. Box-Whisker plot of biogeochemical variables
85 20 60 1 4 500 15 £ in surface water from Adour Estuary separated ac-
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In[MeHgy)| = ao(type) + Lo (IHgp 7, Xr) + (IHgp 1)’ + (Xri)* + (Xr.)’
(13b)

In[IHgp) = ao(type) + Ly (IHg,, POCy) + (IHg,)* + (POCy)? (13c)

The variables X; are Sal or SPM for Eq. (13b). The same criteria for
model simplification and selection as previously described were used
(Supplementary materials, minimal adequate ANCOVA). The values of
RMSDt for ANCOVA models (Table SI-10), selected for further consid-
eration, are marked in bold.

3. Results

3.1. Factor-separated biogeochemical variables and concentrations of Hg
species

Between-time differences of biogeochemical variables (Table SI-1)
show that samples in May are characterized with higher DOC, low SPM,
lower nutrient content and §13C, having particulate organic matter rich
in Chl due to phytoplankton development compared to Sept and Jan.
Samples in Jan have more NOs and less Chl, 615N and ActChl. Selected
biogeochemical variables, grouped according to factor “type” (Table SI-
2), demonstrating significant between-type differences, are shown in
Fig. 3. The Adour Estuary is loading a low content of organic-rich sus-
pended particles. Compared to upstream samples, estuarine ones have
higher DOC and lower POC concentrations. Both Urban/STP and STP
samples have more nutrients (NO,, NH4) and organic matter (DOC,
POC) compared to upstream and estuarine samples. Therefore, impor-
tant local downstream sources were observed, but they are rapidly
diluted in the estuarine water. Samples from type “STP” (compared to
Urban/STP) are particularly rich in all nutrients (except SiO4), SPM and
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POC. Additionally, the organic matter in STP is more particle-associated
and with low Rchi/poc. Water from STP may have suffered slight oxygen
depletion and is rich in CO5 (lower pH) from partly oxidized organic
matter. For most of the variables within Urban/STP (7, 8, 9, Fig. 1)
between-site differences were not observed. However, POC was higher
in site 7 (8.88 + 1.08 %) compared to sites 8 and 9 combined (6.45 +
0.56 %). Concentrations (uM) of NO3 and NO, were higher in site 8
(NO3: 228.5 + 161.3; NOy: 3.58 + 0.36) compared to sites 7 and 9
combined (NO3: 92.1 + 27.8; NOy: 2.72 + 0.45). The effect of land use
was studied by comparison between upstream water from Adour (agri-
culture area) and Nive (pristine area) Rivers, showing that Nive has less
nutrients (NO3, NOg, PO4) and its organic matter is more particle-
associated (Table SI-3).

Between-time differences for Hg species concentrations (Table SI-4,
Fig. 4) showed the lowest concentrations of IHg and IHgp in May,
probably due to lower SPM concentrations and higher in Sept, especially
for Urban/STP stations. Although not significant, the highest concen-
trations of MeHg and MeHgp were observed in Sept. Significant varia-
tions of %MeHg and %MeHgy, (particularly high in May) were noticed.
Higher average dissolved fraction Fp for IHg was observed in Jan (43 %)
compared to May (30 %) and Sept (23 %), while, for MeHg, F, was very
stable over time (between 66 and 73 %).

Between-type differences (Fig. 4, Table SI-5) showed that “STP” have
higher total IHg concentrations, all above the background levels,
compared to the rest of the samples, while IHgp concentrations do not
fluctuate as much across type levels. Both MeHg and MeHgp showed
significantly higher concentrations, all above the background levels, in
STP compared to the rest of the sample type. Samples from STP have
smaller average Fp, of MeHg (46 %) compared to the rest of sample types
(68-73 %). Within Urban/STP no significant differences between sam-
ples were observed except for MeHgp, with lower concentration in site 8
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Fig. 4. Concentrations of IHg (a) total; (b) dissolved and of MeHg (c) total; (d) dissolved in surface water from Adour estuary. Samples (Fig. 1) grouped into upstream
(Adour: 1, 2; Nive: 3, 4), estuary (A, B, C, D), Urban/STP (7, 8, 9) and STP (6) categories.
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(26 + 4 pg L) compared to sites 7 and 9 combined (41 + 11 pg L™1).
No significant difference was observed for total and dissolved IHg be-
tween upstream samples from Adour and Nive Rivers (Fig. 4). On the
contrary, lower total MeHg and similar MeHgp concentrations were
observed in Adour compared to Nive (Fig. 4, Table SI-6), which led to
significant difference in average Fp for MeHg (81 % and 65 % in Adour
and Nive Rivers, respectively).

The dependence between concentrations of Hg species and some
biogeochemical variables for each sampling campaign (Fig. SI-1) shows
that IHg is mainly carried by SPM while particulate organic matter and
IHg determines the concentrations of MeHg. Salinity has no clear effect
on Hg species concentrations in water from Adour Estuary.

3.2. Minimal adequate models to depict Hg species concentrations

The development of generalized additive models (GAM) allowed
finding the combinations of factors and important transformed explan-
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atory variables (X; r) to explain dependent variables (Y;). However, GAM
consume more degrees of freedom, lack simple analytical representation
and here were used only as preliminary insight on the variables to be
included in some starting ANCOVA models. Simple analytical expres-
sions for Y; were selected from Supplementary materials (minimal
adequate ANCOVA). Egs. (14)-(16) concern IHg and MeHg total
concentrations:

InlIHg] = ao (timeseps) s 5P ) + lant|[SPM] = larz] /[POC]  (14)
InfMeHg) = ao (tpewspustnc-) ) + lan|[SPM] ~[arz| /[POC] (as)
In[MeHg] = ao (1ypeypunssin) ) — aia| /[POC] + ass|inlIHe] (16)
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Fig. 5. Model values for total concentrations of (a, b) IHg (Eq. (14), ade2 = 0.836), (c, d) MeHg (Eq. (15), ade2 = 0.798), (e, f) percentage of MeHg relative to total
Hg (%MeHg) (Eq. (17), ade2 = 0.756) in water (Adour Estuary) as a function of (a, c, e) changing SPM concentration at fixed POC and (b, d, f) changing POC
concentration at fixed SPM. Fixed values for POC and SPM determined as group-based averages according to factor levels in the minimal adequate models. The slope
c; for the dependence between model values and experimental values (a, b) 0.894 + 0.067, (c, d) 0.809 + 0.073 and (e, f) 0.694 + 0.060.
In[IHgG] = ao(timesepr(1); tyPeupstream(—)) + |a11|[SPM] — |a;2|/[POC].
In[MeHg] = ao(typeurban/stp—y) + |a11|[SPM] — |a12|/[POC].

In[%MeHg] = ag(timegep(—); tyPesrpurban/ste (—)) — |@11|[SPM] — |a12|/[POC] + |ay2, 12|/[POCI2.
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In[9eMeHg) = ay (timesa(-) tPestpumanssie ) ) — lan|[SPM] = lan| /POC] + |aizsa| /IPOCT? a7

models for Y; in dissolved phase describe range ratios of an order of
magnitude. However, the quality characteristics of models for dissolved
concentrations are worse than those for total concentrations when only
biogeochemical variables are used (Eq. (18)). For the same reason, no
equations were selected for IHgp.

In all equations, Y; are functions of at least one factor. The total and
dissolved concentrations of MeHg depend only on type and the con-
centrations of IHg — both on type and time. In all minimal adequate

The slope c; of the dependence between model and experimental
values (Egs. (14)—(16)) is between 0.81 and 0.89, except for %MeHg (Eq.
(17), 0.69). The standard error of c; is in the range 6.2-9.0 % and ade2
is between 0.756 and 0.836. These models describe behavior of Y; with
range ratio of at least an order of magnitude.

For dissolved species, only models for MeHgp, (Egs. (18), (19)) match
the selection criteria:

In[MeHgp)] = ao (typesrp “) ) +as| / VSal — |as, | / Sal+las| T (18) models, the interactions between continuous explanatory variables were
checked, but the effects were always additive. The most important
biogeochemical variables, affecting total concentrations of IHg, MeHg

In[MeHg,)] = ao (rypesrp ) ) — lan|[SPM] + |6111,11 |[SPM]2 - |6111.,11.1|HSPM]3 + |aro|In[IHg )] (19)

and %MeHg were SPM and POC (Egs. (14), (15), (17)) which are sta-
tistically separated in Fig. 5. Such additive effects are separated by
leaving one of the variables to vary while the others are fixed. Fixed

The slope c; is 0.67 with standard error 11.3 % (Eq. (18)) and 0.87
with standard error 7.1 % (Eq. (19)). As with the bulk samples, the
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Fig. 6. Model values for concentrations of MeHg (a, b) total (Eq. (16), ade2 = 0.831) and (c, d) dissolved (Eq. (19), ade2 = 0.709) in water (Adour estuary) as a
function of (a) changing IHg total concentration at fixed POC; (b) changing POC at fixed IHg total concentration; (c) changing IHg dissolved concentration at fixed
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minimal adequate models. The slopes c; for the dependence between model values and experimental values are (a, b) 0.806 + 0.050, (c, d) 0.872 + 0.062.
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Table 1

Marine Pollution Bulletin 186 (2023) 114400

Historical comparison of total mercury and methylmercury concentrations (geometric mean and range) in water from Adour Estuary. Data for previous studies filtered
to salinity found here (0.1-16.9). Estimates of anthropogenic mercury emissions to the air (E) in France during the sampling years also presented.

Campaign Salinity Hgror (ng L7Y)° MeHg (pg L™1)° Emissions (E) (tons Hg year™1)" References

Febr 1998 (n = 5) 3.7 (0.3-11.6) 28.1 (9.64-211.6) 536 (<762-2086) 14.12 Stoichev et al., 2006

July 1998 (n = 6) 3.4 (0.2-15.9) 21.7 (10.25-72.89) 381 (<762) 14.12

Sept 1999 (n = 18) 4.3 (0.2-17) 24.1(11.0-111.1) 690 (228-1285) 12.83

Febr 2001 (n = 9) 0.23 (0.1-4.9) 6.1 (<0.54-194.8) 37 (<20-1189) 10.88

April 2007 0.42 (0.2-0.9) 2.03 (1.52-2.70) 77 (48-124) 5.05 (4.78-5.34) Sharif et al., 2014
May 2010 (n = 2)

May 2017 (n = 4) 1.1 (0.1-16.9) 0.95 (0.60-1.49) 32 (25-40) 3.26 This study

Sept 2017 (n = 4) 0.69 (0.1-10.8) 2.54 (1.74-3.38) 43 (34-52) 3.26

Jan 2018 (n = 4) 0.27 (0.1-0.9) 2.12 (1.75-2.46) 57 (51-63) 3.09

Deposited mercury in France (2019) is derived from emissions from France (43.9 %) and from neighboring countries with similar environmental policies (46.1 %),
similar emission trends as in France (https://www.emep.int/) and should be proportional to E. There is no effect of salinity on Hgror geometric mean concentrations.

In[Hgror] = (—0.342 £ 0.302) + (0.247 + 0.031)E.
AdjR? = 0.897,n = 8.

# Concentrations lower than limit of detection (LOD) replaced by 0.5 * LOD to calculate geometric mean.

b https://www.citepa.org/fr/2021-hg/.

values of dependent variables were determined as group-based averages
according to factor levels in the minimal adequate models. Similarly, the
effects of Sal and T (Eq. (18)) on MeHgp were separated in Fig. SI-2
(Supplementary materials). In Figs. 5 and SI-2, the concentrations of Hg
species are represented as simple functions of frequently measured
biogeochemical variables. Nonetheless, in order to evaluate the effect of
IHg precursors in the net methylation processes, the effects of IHg (and
IHgp) on total and dissolved MeHg concentrations, respectively, were
separated from the effects of other biogeochemical variables X; in Fig. 6.

4. Discussion

4.1. Recovery and long-term changes of Adour Estuary contamination by
Hg compounds

Advanced technologies in WTPs and discontinuing use of Hg-
containing products are expected to improve environmental water
quality in Adour concerning Hg. Previous data on dissolved and par-
ticulate IHg, MeHg concentrations in Adour upstream (SPM 8 mg L™1)
and Nive (SPM 2 mg L.~ 1) Rivers from 2001 to 2002 are available (Point,
2004) and compared with total concentrations in May 2017 (with
similar SPM values, Table SI-6 footnote). Despite slightly higher SPM
values, four to seven times lower concentrations were measured in these
rivers in May 2017 (e.g., in Adour upstream, 0.837 ng L™ and 35 pg L™}
for IHg and MeHg, respectively) compared to 2001-2002 (3.50 ng L™*
and 231 pg L' for IHg and MeHg, respectively). Likewise, concentra-
tions of Hgror (sum of total IHg and MeHg) and MeHg in sample type
“estuary” from this study (Table 1) are compared with previous data
from Adour estuarine surface water with similar salinity range
(0.1-16.9) as presented here (Stoichev et al., 2006; Sharif et al., 2014),
and exhibit an important recovery of the estuary regarding Hg
contamination. Concentrations of Hgrot for the period 1998-2018 were
not related to salinity but to anthropogenic Hg emissions (E) to the
environment such as in the air for France (https://www.citepa.org/fr
/2021-hg/) during respective sampling year (Table 1). The variables E
and Hgrot co-vary with time (In[Hgro1] and E are strongly correlated, p
< 0.0005), both having the greatest reduction during the first decade of
the studied 20-year period. Such high correlation between Hgror and
emissions to the air (E) requires further explanation. Decrease of
anthropogenic Hg emission to the atmosphere has been observed not
only in France but also in all Europe (Driscoll et al., 2013). Therefore,
important trans-border contamination is not expected, meaning changes
of deposited Hg in France should be dependent on changes of E (htt
ps://www.emep.int/). Additionally, the emissions of metals within in-
dustrial effluents in France decreased between 2004 and 2018 (SDES-
OFB et al., 2020), similarly to the other emissions to the environment.
According to European Environment Agency, industrial releases of

metals (including Hg) to water for the 27 member states were reduced
by about 50 % between 2010 and 2017 (https://www.eea.europa.
eu/ims). Therefore, the variations of emitted Hg to the air could be an
indirect measure of changes of Hg, affecting aquatic environment, either
from deposited Hg on soil or via direct point sources. The extrapolation
of Hgror concentrations in Adour estuarine waters (Table 1) to “zero”
anthropogenic Hg emissions lead to a natural background concentration
of 0.71 4 0.21 ng L1, This value is only two to three times lower than
current local background concentration of IHg (Table SI-4) thus, the Hg
contamination in the Adour Estuary is getting closer to the modelled
level for “pristine” aquatic environment. It is an example of a coastal
system in recovery that rapidly responds to changes of anthropogenic Hg
emissions due to its specific hydrodynamics. In contrast, the Aveiro
Lagoon, although also in recovery, would require >300 years to reduce
by 50 % the historical Hg pollution, localized in upstream area of the
lagoon with more limited exchange with the ocean and receiving small
freshwater flow (Pato et al., 2008; Stoichev et al., 2018).

4.2. Depicting IHg and MeHg concentrations in urban estuary by
biogeochemical variables

Such low IHg concentrations would change the behavior of MeHg in
the last 20 years. Previously, MeHg concentrations in Adour Estuary
depended on biogeochemical variables but not on IHg concentrations
(Stoichev et al., 2006). However, the transformed concentrations of
MeHg in the current study are highly correlated with those of IHg in both
dissolved (p < 0.001) and bulk samples (p < 0.0001) indicating that, at
ng L levels of IHg, MeHg depends not only on biogeochemical vari-
ables, such as POC (Fig. SI-1, Table SI-11), but is probably limited by IHg
availability.

Separation of effects of SPM and POC for the total concentrations
showed the transport of IHg and MeHg are similarly governed by mixing
particles with different Hg content (Fig. 5). As observed in Bach Dang
tropical estuary (Navarro et al., 2012), IHg is carried by particulate
matter in Adour Estuary. Subsequently, IHg is involved in the produc-
tion of MeHg as described by Eq. (16), which is equivalent to Eq. (15)
(Fig. 6). Fine organic-rich particles carry preferably MeHg (compared to
IHg) irrespectively of the sampling campaign. Thus, the %MeHg de-
creases with SPM and increases with POC. Similarly, particulate MeHg
in Nalon Estuary is correlated with POC (Pavoni et al., 2021).

In dissolved phase, separation of effect of Sal and T showed that
MeHgp concentrations slightly depend on salinity, showing possible
remobilization at intermediate salinity (Fig. SI-2). The concentrations of
MeHgp increased with T, explaining clearly higher %MeHgp in warm
seasons while no such effect was observed for %MeHg in the bulk phase
(Table SI-4). The effect of SPM on MeHgy, is separated from the influence
of THgp as precursor for MeHgp production (Fig. 6). It demonstrates that,
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at high SPM, lower MeHgp concentrations are expected, probably as a
result from MeHgp sorption on particulate matter.

It was not possible to develop equations explaining variations of IHgp
neither by biogeochemical variables nor by including IHg concentration
as explanatory variable (Eq. (13c)). Models describing IHgp, as function
of SPM and non-linear function of IHg were developed (Supplementary
materials equations). The best results were in the form:

[IHgp] = [IHg] — d\[SPM](1 — exp( — d:[IHg] ) ) (20)

The slope c; for the dependence between model and experimental
values of IHgp is 0.733 + 0.114. Thus, Eq. (20) is the only simple model
for IHgp (model values between 0 and [IHg]) that produces relatively
good results. The coefficient d; = 0.131 + 0.018 represents maximum
particulate concentration (g g ') of IHg while dy = 0.631 + 0.197 is
related to how steeply particulate concentration is increasing with
increasing IHg total concentration before reaching saturation plateau.
The non-linear effects (Fig. SI-3a, b) show that high SPM concentrations
strongly limit the release of IHg in the dissolved form. Thus, despite
higher concentration of IHg in STP samples, there is depletion of IHgp
due to much higher SPM concentration. Similar procedure developed for
MeHgp, as function of SPM and total MeHg concentrations demonstrated
linear effects (Fig. SI-3c, d). Although MeHgp, also decreases with SPM,
IHgp is retained on particles in much higher extent. Similarly, sorption
of IHgp on high concentrations of SPM was observed in Aveiro Lagoon
while no such effect was noticed for MeHgp (Stoichev et al., 2016,
2018). Possibly, as in the Seine Estuary, high SPM concentrations
induced flocculation of colloidal and sorption of truly dissolved IHg
(Laurier et al., 2003). Preliminary results have shown that this process
occurs at low salinity and low river discharge in the Adour Estuary and
influences trace metals partitioning (Point, 2004).

Higher total concentrations were found near specific discharge
points (0.79-8.02 ng L™ and 34-235 pg L™!) compared to those in
upstream and estuarine samples (0.51-3.42 ng L' and 25-81 pg L™ for
IHg and MeHg, respectively). However, clear Hg contamination (MeHg,
MeHgp, IHg) was found only at the STP station (concentration higher
than LBL, P, = 100 %, Table SI-5, Fig. 4), where high concentrations of
organic-rich particles and nutrients were observed. The distinction be-
tween STP and the other sample types is even more noticeable for MeHg
than for IHg. High total concentrations of IHg and MeHg in STP could be
explained by more organic matter and SPM (Fig. 5) but they are only two
to three times higher than the background values (Table SI-4) and have
no great impact on estuarine water. Similarly, local wastewaters can be
sources of musks and alkylphenols to Adour Estuary but have limited
effect due to contaminants reactivity and a large dilution of these
anthropogenic tributaries (Cavalheiro et al., 2017). The effect separa-
tion of Sal/T and SPM/IHgy, also shows concentrations of MeHgp in STP
that are higher than expected, despite higher concentrations of SPM
(Figs. 6, SI-2). The removal of IHg in WTPs is higher than that of MeHg
(Stoichev et al., 2009). Therefore, effluent from STP (6, Fig. 1) might be
slight source of MeHg to the Adour Estuary, probably as a result of more
labile organic matter in STP station.

Higher MeHg concentrations with lower Fp were found in Nive than
in Adour upstream (Fig. 4, Table SI-6). Despite much lower flowrate,
Nive River transports about 9 % of MeHg to the estuary during dry pe-
riods (Point, 2004). Sediments from Nive River have less IHg and more
MeHg than from Adour (Stoichev et al., 2004) suggesting higher MeHg
accumulation or net methylation potentials, and explained by specific
organic matter and total sulfur content in sediments. Thus, well defined
maximum of MeHg concentration in Adour/Nive sediments have been
observed at 0.3 % total S and 2.5-3.0 % organic C irrespectively of the
sampling campaigns (Stoichev et al., 2004), while the concentrations of
iHg were maximal at higher concentrations of both total S (0.4-0.7 %)
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and organic C (3.5 %). Lower DOC concentrations and particles richer in
POC in Nive may be involved in higher particulate MeHg concentrations
compared to Adour. Favorable microenvironment for methylation might
occur near organic-rich particles (Ortiz et al., 2015). Alternatively,
complexation of IHg with higher concentration of dissolved organic
matter in Adour River (Table SI-3) would produce less reactive com-
plexes (Stoichev et al., 2002) and decrease the availability for
methylation.

5. Conclusions

The statistical effect separation by analysis of covariance was found
useful to study IHg and MeHg biogeochemistry in estuary with possible
downstream contamination sources. Reduced emissions of Hg rapidly
decreased the contamination of estuarine water with Hg. Low Hg con-
centrations nowadays are modifying the extent of MeHg, becoming
limited by IHg. Thus, both IHg and MeHg total concentrations are
determined by organic-rich particles in a similar way, but the effect of
organic matter is stronger for MeHg. Dissolved/colloidal concentrations,
especially of IHg, decreased at high levels of SPM, possibly by sorption/
flocculation. Total [Hg and MeHg, found near specific discharge points,
are carried by organic-rich particles and have negligible effect on estu-
arine water quality due to significant dilution. However, concentrations
of dissolved MeHg near specific points are higher than predicted values,
obtained by the statistical models, accounting for biogeochemical vari-
ables. The method efficiency is dependent upon availability of enough
biogeochemical explanatory variables, and it is usually better for total
than for dissolved concentrations. It is probable that more than two
continuous variables are simultaneously required to explain dissolved
concentrations. The utility of relating simple biogeochemical variables
with IHg and MeHg concentrations should be checked for other estuaries
affected by downstream contamination with Hg or with other
contaminants.

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.marpolbul.2022.114400.
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