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A B S T R A C T   

We report here on the development and application of a submersible, compact, low power consumption, inte
grated multichannel trace metal sensing probe (TracMetal). This probe is unique in that it allows high-resolution, 
simultaneous in-situ measurements of the potentially bioavailable (so-called dynamic) fraction of Hg(II), As(III), 
Cd(II), Pb(II), Cu(II), Zn(II). The TracMetal incorporates nanostructured Au-plated and Hg-plated gel-integrated 
microelectrode arrays. In addition to be selective to the fraction of metal potentially bioavailable, they offer 
protection against fouling and ill-controlled convective interferences. Sensitivities in the low pM for Hg(II) and 
sub-nM for the other target trace metals is achieved with precision ≤ 12%. The TracMetal is capable of 
autonomous operation during deployment, with routines for repetitive measurements (1-2 h− 1), data storage and 
management, data computer visualization, and wireless data transfer. The system was successfully applied in the 
Arcachon Bay, to study the temporal variation of the dynamic fraction of the trace metals targeted. The in situ 
autonomous TracMetal measurements were combined with in situ measurements of the master bio- 
physicochemical parameters and sample collection for complementary measurements of the dissolved metal 
concentrations, organic matter concentrations and proxy for biological activities. The integration of all data 
revealed that various biotic and abiotic processes control the temporal variation of the dynamic fractions of the 
target metals (Medyn). The difference in the percentage of the dynamic forms of the metals studied and the short- 
term processes influencing their variation highlight the TracMetal potentiality as metal bioavailability- 
assessment sentinel to achieve comprehensive environmental monitoring of dynamic aquatic systems.   

1. Introduction 

Trace metals in aquatic ecosystems are highly reactive and their 
dynamics play critical roles in the functioning of ecosystems. Metal and 
metalloids such as mercury, lead and arsenic may be highly toxic even at 
low concentrations, whereas other trace metals such as iron, copper, 
zinc, cadmium, manganese, cobalt, molybdenum are essential micro
nutrients, especially for algal communities. Within an optimal concen
tration range, they mediate vital biochemical reactions including carbon 
fixation, nitrification/denitrification, remineralization of organic matter 

(Anderson et al., 2014; Morel et al., 2003; Sunda, 2012). Below or above 
this optimal range, detrimental effects occur owing to deficiency or 
excess. Each algal species shows an optimal development at a specific 
trace metal concentration (Ho et al., 2003; Twining and Baines, 2013). 
The concentration and speciation of metals in aquatic ecosystems affects 
the growth and turnover rate of phytoplankton and modulates phyto
plankton species composition (Anderson et al., 2014; Baeyens et al., 
2018; Morel et al., 2003; Sunda, 2012), therefore affecting the produc
tivity of entire food webs and the rate of particulate carbon export to the 
deep ocean. Bioaccumulation of trace metal species contributes to 
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harmful algal blooms and the production of powerful toxins that those 
induce (Maldonato et al., 2002). 

Assessing the impact of metals on aquatic ecosystems and ultimately 
human health is challenging for several reasons. Most dissolved metals 
are present at sub-nanomolar concentrations in surface freshwater, 
coastal areas and open ocean (Bruland et al., 2013; Gaillardet et al., 
2003). Monitoring subtle variations of bioactive metals therefore re
quires highly sensitive analyzers. Trace metals are distributed in a va
riety of redox states and chemical species (speciation) which proportion 
depend on the physical, chemical and biological conditions of the me
dium (Baeyens et al., 2011; Tercier-Waeber et al., 2012). Only some 
metal species are bioavailable (Tercier-Waeber et al., 2012; Zhao et al., 
2016). Because geochemical processes in aquatic systems are highly 
dynamic, the metal fraction available for bio-uptake may vary at hourly 
time scales (Grand et al., 2019; Luoma and Rainbow, 2011; Tercier-
Waeber et al, 2009, 2012). Experimental evidence also suggests that 
enhanced inputs of metals may influence phytoplankton diversity and 
growth on an hourly to weekly time scale (e.g. Grand et al., 2019; 
Twining and Baines, 2013; and references therein). Monitoring dynamic 
metal cycling at such short time scales is incompatible with discrete 
sampling approaches. It requires rapid and adaptive in situ observations 
to characterize episodic events and assess their impact (Anderson et al., 
2014; Grand et al., 2019; Tercier-Waeber et al., 2012). Furthermore, 
measurements of potentially bioavailable metal species is of primary 
concern to conduct realistic risk assessments (Durán and Beiras, 2013; 
Illuminati et al., 2019; Väänänen et al., 2018). This has been recognized 
by international environmental administration bodies (EU, US-EPA, 
Canada, China), stating the need to incorporate metal 
bioavailability-assessment tools into environmental regulation for 
ecotoxicology-related environmental quality standards (EQS) and 
guidelines (EQG) to protect aquatic life and human health (ANZECC, 
2000; Merrington et al., 2016; Väänänen et al., 2018). 

On-chip Gel Integrated Microelectrodes (GIME) incorporated in a 
submersible device are, among a few other analytical techniques 
recently reviewed (Grand et al., 2019), promising trace metal 
bioavailability-based sensing tools for in situ applications. The on-chip 
GIME consists of an array of microdisk electrodes with radii <10 μm 
(so-called ultra-microelectrodes) that are electrochemically plated with 
an appropriate sensing element and covered by a hydrogel membrane 
(Belmont-Hébert et al., 1998; Buffle and Tercier-Waeber, 2005). When a 
GIME is interrogated by square wave anodic stripping voltammetry 
(SWASV), the signal recorded at natural pH is selectively due to the 
so-called dynamic metal species (Buffle and Tercier-Waeber, 2005; Sigg 
et al., 2006). This metal fraction includes the free metal ions and the 
sufficiently labile (complexes of high dissociation rate) and mobile (high 
diffusion rate) inorganic and organic complexes/species of a few 
nanometers in size (Buffle and Tercier-Waeber, 2005; van Leeuwen 
et al., 2005). This fraction is of great importance, as it represents the 
maximum concentration of dissolved metals that are bioaccessible from 
solution. Indeed, if diffusional mass transport of the metal in the external 
medium is the rate limiting step, rather than the uptake through the 
biological membrane, the labile and mobile metal complexes are ex
pected to contribute to the metal bioavailability (Buffle et al., 2009; 
Tercier-Waeber et al., 2012; Zhao et al., 2016). The other key features of 
the GIME are related to the characteristics of the hydrogel membrane 
(high purity LGL agarose gel) (Belmont-Hébert et al., 1998; Tercier and 
Buffle, 1996; Tercier-Waeber et al., 2021; Touilloux et al., 2015). 
Namely, it is inert toward metal cations, neutral oxyanions, negatively 
charged inorganic metal complexes and oxyanions. It acts as a dialysis 
membrane excluding the diffusion of inorganic, organic and biological 
fouling materials toward the sensor surface. It displays anti-convective 
properties ensuring that mass transport toward the sensor surface is 
controlled by pure diffusion. These characteristics are essential to obtain 
a sensor that is reliable and robust enough to be integrated in a sub
mersible probe and applied for in situ long-term monitoring. 

The first on-chip GIME were developed in the nineties and consisted 

of single or 100 interconnected Iridium (Ir)-based microdisk arrays that 
were plated with mercury (Hg) and integrated in a gel (Belmont-Hébert 
et al., 1998). Excellent functionality of these Hg-GIME for in situ envi
ronmental analysis of the dynamic fraction of Cu(II), Pb(II), Cd(II), Zn 
(II) at sub-nanomolar concentrations has been demonstrated later on by 
their incorporation in a submersible device, the Voltammetric In situ 
Profiling system (VIP) developed by Tercier-Waeber et al. (2002) and 
marketed by Idronaut® (Milan, Italy). This VIP was successfully applied 
in various terrestrial and marine aquatic systems (e.g. Illuminati et al., 
2019; Tercier-Waeber et al., 2002, 2008, 2009; and references therein) 
and its accuracy for high resolution in situ monitoring was demonstrated 
in a European laboratory inter-comparison exercise (Braungardt et al., 
2009). So far, solid-state Hg–Au sensors incorporated in various 
deployable platforms for in situ measurements of Mn(II), Fe(II) are the 
only other autonomous submersible systems that have been systemati
cally characterized, optimized, validate and applied for trace metal 
analysis in various environmental studies, (e.g. Tercier-Waeber and 
Taillefert, 2008; and references therein). Few other systems were re
ported, however these probes were not sensitive enough for the deter
mination of trace metals in non-polluted waters, and none of them can 
be used for continuous measurements over a period of time superior to 
one day (e.g. Buffle and Tercier-Waeber, 2000; and references therein). 
More recently, newly designed GIME based on 190 to 500 inter
connected Ir-based microdisk arrays that were either electrochemically 
plated with Hg (Hg-GIME) or with gold nanoparticles or filaments 
(AuNP-GIME, AuNF-GIME) have been developed. The objectives were to 
improve the Hg-GIME sensitivity (Fighera et al., 2016) and provide 
GIME sensors for the detection of other hazardous metals. Very recent 
work has shown that the AuNP-GIME and AuNF-GIME allow quantifying 
inorganic As(III) and Hg(II) at environmental levels with no or minimal 
sample pre-treatment (Tercier-Waeber et al., 2020, 2021). 

We present here the development and the application of an advanced 
autonomous electrochemical sensing probe, the TracMetal. The Trac
Metal is a compact, low power consumption, submersible integrated 
multichannel trace metal sensing probe. The TracMetal allows for the 
autonomous, real-time, in situ and simultaneous measurements of the 
dynamic (potentially bioavailable) fraction of Hg(II), As(III), Cd(II), Pb 
(II), Cu(II), Zn(II). It is based on the newly designed 190-interconnected 
Hg-GIME and AuNF-GIME (Fighera et al., 2016; Tercier-Waeber et al., 
2020, 2021). The GIMEs are incorporated in a three-channel flow-
through cell, which is integrated into the TracMetal electronic housing 
and connected to a multi-channel peristaltic pump. The TracMetal was 
applied to high-resolution monitoring of the temporal variability of the 
bioavailable fractions of the six target hazardous metals in the Arcachon 
Bay, representative of the southwest European Atlantic Coast hosting 
major coastal protected areas and economic activities (seafood pro
duction areas). In parallel, master variables were monitored in situ, and 
water samples were collected for complementary analyses of total dis
solved metal concentrations, water composition and proxies for primary 
production. The integrated data were used to identify and assess the 
main abiotic and biotic processes that control the temporal concentra
tions and cycling of the potentially bioavailable (dynamic) fractions of 
the targeted metals, and to assess their sources in the Arcachon Bay. 

This works marks the first time ever that an autonomous electro
chemical sensing probe enables to make high accuracy measurements of 
the dynamic fraction of inorganic As(III) and Hg(II) in situ with no or 
minimum perturbation of the media. It also provides the first data on the 
concentrations of the dynamic fraction of a range of hazardous trace 
metals in the Arcachon Bay and their hourly temporal variations 
reflecting realistic exposure of aquatic organisms. 

2. Experimental section 

2.1. GIME sensor description and preparation 

The chips containing an array of 10x19 interconnected Ir-based 
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microdisks of 2.5 μm radius were fabricated on silicon wafer by 
photolithography as reported previously (Fighera et al., 2016; Ter
cier-Waeber et al., 2020, 2021) and shown in Supporting Information 
(Fig. S1). The devices were electrochemically plated with appropriate 
renewable sensing layers and covered with a 150 μm thick agarose gel 
layer (high purity LGL agarose, Biofinex®-Switzerland). The sensing 
element for direct detection of the dynamic fraction of inorganic As(III) 
and Hg(II) (respectively denominated As(III)dyn, Hg(II)dyn) consisted of 
gold nanofilaments (AuNF-GIME), while Hg hemispheres (Hg-GIME) 
were used for direct and simultaneous detection of Cu(II)dyn, Cd(II)dyn, 
Pb(II)dyn, Zn(II)dyn (Fig. S1). A micro counter-electrode (μCE), of 0.85 
mm × 0.55 mm in size, was added to each chip (Fig. S1; Fighera et al., 
2016; Tercier-Waeber et al., 2020, 2021). The analytical protocols and 
conditions used for the preparation of the 190-Hg-GIME and 190-AuNF-
GIME and, if required, the renewal of their sensing layers were as pre
viously reported by Belmont-Hébert et al. (1998) and Tercier-Waeber 
et al. (2020), respectively. They are summarized in Supporting infor
mation (SI). 

2.2. TracMetal probe description 

The TracMetal is comprised of a three integrated-channel flow- 
through voltammetric cell, an electronic housing and an external peri
staltic pump (Fig. 1). Each channel of the flow-through cell incorporates 
a GIME and a micro-counter electrode on a single chip as well as a mini 
in-house reference electrode (Fig. 1A). This cell is coupled to the Trac
Metal electronic housing using dedicated electrical connectors and 
mechanical devices. The external double-head peristaltic pump, with up 
to three channels on each head, serves to collect and renew the samples 
in the individual channels of the flow-through cell prior to the start of a 
new measurement at the programmed time. This is achieved by running 
the pump for 2 min (Table S3) at a flow-rate of 4 mL/s that enables to 
renew 10 times the 0.8 mL volume of the individual channels. It also 

enables in-line sample dilution by 20% with 0.1 M NaCl, 0.2 M borate 
buffer, setting the final concentration of borate buffer at 0.02 M and the 
sample pH at 7.6, for As(III)dyn detection (Penezić et al., 2020). 

The electronic housing incorporates three potentiostats and pre- 
amplifiers for simultaneous measurements with the three GIME- 
TracMetal channels. It also hosts dedicated hardware/software mod
ules as well as communication interfaces for automatic data storage, 
pressure and temperature sensor connections and measurements; wired 
and wireless bi-directional control of the TracMetal and data transfer, 
including diagnose and failure reports (see SI). The borate buffer solu
tion for As(III)dyn measurements was stored in a chirurgical bag. Two in- 
line oxygen removal systems (Tercier-Waeber and Buffle, 2000) were 
connected to the inlet of the AuNF-GIMEs cell channels for oxygen 
removal prior to As(III)dyn and Hg(II)dyn detection. In situ detection of Cu 
(II)dyn, Cd(II)dyn, Pb(II)dyn, Zn(II)dyn in marine waters was performed in 
the presence of oxygen (Tercier et al., 1998). The power supply of the 
TracMetal and communication between the system and a laptop com
puter is via a single armored coaxial cable. The external power required 
is 12 VDC (9–15 V) and the power consumption is 1.2 W during sam
pling and measuring step and 0.012 W in sleeping mode between 
measurements, i.e. much lower compared to the typically 300 W of the 
commercial benchtop potentiostats (e.g. Ainla et al., 2018). During field 
trials, the system can be powered with an external widely available 12 
VDC - 40 to 50 Ah battery, in addition to an internal rechargeable NiMH 
12 VDC-8 Ah battery pack. Each measurement typically consumes 1.5 kJ 
and 3 kJ when using an electrochemical preconcentration time of 
respectively 10 and 30 min. Considering one measurement per hour, the 
external battery provides autonomy of respectively 50 and 25 days, 
while the internal rechargeable battery pack enables autonomous, 
continuous field deployment for respectively 8 and 4 days. 

The developed firmware and Windows user-friendly management 
software enables, through menus and mnemonic commands, to set up 
the TracMetal operating parameters and functions such as fluidic and 

Fig. 1. (A) Scheme of the main components of the TracMetal voltammetric probe. (B) 1, the TracMetal voltammetric probe incorporated into a protective titanium 
cage together with: 2, the multi-channel double-head submersible pump; 3, submersible on-line oxygen removal system (Tercier-Waeber and Buffle, 2000); 4, 
chirurgical bag containing the buffer solution for As(III)dyn detection; 5, acid-cleaned Teflon sampling tube used to collect water samples for ancillary measurements. 
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electrochemical parameters, three-channel independent or simulta
neous measurements, smart data processing, and diagnostic and main
tenance operations of the probe components (for detail see SI, section 
S1.3). 

2.3. Study area and in situ monitoring site 

The Arcachon Bay is a meso-tidal lagoon in southwest France, ~100 
km to the south of the Gironde Estuary mouth. It represents an important 
breeding ecosystem for regional seafood production, especially oysters. 
On 15–16 May 2017, the TracMetal, coupled to a Idronaut® OS316 
multiparameter probe, was deployed at 2.5 m depth from the R/V 
Planula IV (TGIR FOF) at the Comprian site (44◦40.823′N, 1◦05.902′W; 
SI, Fig. S2). The Comprian site is located in a main current channel of the 
bay, receiving inputs from the Leyre River, run-off from urbanized areas 
surrounding the lagoon (~90,000 inhabitants), and seawater from the 
Atlantic Ocean. 

2.4. In situ measurements of the dynamic metal fractions and master 
variables 

In situ SWASV monitoring of the dynamic (potentially bioavailable) 
fraction of the six trace metals (Medyn) were performed using one Hg- 
GIME (TracMetal channel 1) and two AuNF-GIME (TracMetal channels 
2 and 3). Hourly autonomous measurements of the Medyn were per
formed simultaneously on the three TracMetal individual channels 
during a 24 h cycle. This was achieved using the optimized measurement 
protocols and analytical conditions for sample collection and the sub
tractive SWASV trace metal detection reported in SI (section S1.3 and 
Table S3). Under these SWASV conditions, Cu(II) and Cl− interferences 
are well controlled (Tercier-Waeber et al., 2020, 2021), and the elec
trochemical Hg(II) preconcentration performed in underpotential 
deposition (UPD) condition prevents change in the AuNF substrate due 
to the formation of Hg–Au amalgam (Tercier-Waeber et al., 2021). The 
detection limits and precision are suitable for in situ detection and 
quantification of all the metals in coastal zones and area influenced by 
anthropogenic and freshwater inputs (see SI, Table S5). Each measuring 
channel was calibrated in the field laboratory prior and after the field 
deployment using synthetic suprapure electrolytes spiked with 
increasing concentrations of metals as described in SI (section S1.5). 
Change in sensitivities were <8% for all metals reflecting the reliability 
of the GIME sensors and the absence of biofouling. Metal concentrations 
were determined from the SWASV metal peak current intensities cor
rected for temperature changes (SI, section S1.5) using the average 
calibration slopes. Vertical error bars in the graphs represent the average 
%RSD (8% for Cu(II), Cd(II), Pb(II); 11% for As(III); 12% for Hg(II) and 
Zn(II)) determined from on-board triplicate measurements in a freshly 
collected sample before (low-tide) and after (high-tide) the 24 h mea
surement cycle, i.e.: the estimated errors one may expect from the 
Hg-GIME and AuNF-GIME SWASV measurements. 

The master bio-physicochemical variables (temperature, pH, dis
solved O2, salinity, turbidity, chlorophyll a (chla) were recorded in situ 
at 15 min time intervals with the Idronaut® Ocean Seven 316Plus 
(OS316) multiparameter probe coupled to the TracMetal. 

2.5. Sample collection and laboratory ancillary measurements 

Hourly sampling was performed in parallel to the TracMetal in situ 
measurements for complementary measurements of total dissolved 
metal concentrations (Mediss), dissolved and particulate organic carbon 
(DOC, POC, POC% i.e. POC/suspended particulate matter:SPM), and 
phaeopigments (Phaeo). Samples were immediately filtered on-site 
through 0.2 μm filters. Filtrates were placed into acid-washed bottles 
(previously rinsed with filtrate aliquots), acidified when necessary, and 
stored at 4 ◦C in the dark pending analysis. Details on analytical pro
cedures and techniques used for sample collection, handling and 

analysis used are reported in SI, section S1.6. Analytical quality of the 
different methods applied for measurement of the metal dissolved con
centrations was checked by analysis of Certified Reference Materials 
(CRMs; SI, section S1.6 and Table S4). 

3. Results and discussion 

3.1. Bio-physicochemical master variables and their temporal trends 

The diel variations of the bio-physicochemical master variables, i.e. 
salinity, temperature: T, pH, dissolved oxygen saturation: O2%, turbidity 
and chlorophyll a (chla), were recorded in situ with the OS316 multi
parameter probe. Furthermore, DOC, POC% and Phaeo were determined 
in the laboratory in collected samples. All data are reported in Fig. 2A–F. 
Temporal variation in salinity (Fig. 2A), ranging from 28.5 to 33.5, re
flected typical semi-diurnal tide conditions of the site. Well-defined 
semi-diurnal cycles were also observed for T, pH, and DOC, reflecting 
a clear tide-dependence of these parameters. The variation in T 
(18.2–21.9 ◦C) and DOC (1.2–2 mg/L) were counter-cyclical to the diel 
variation in salinity (Fig. 2A, E). The maximum DOC concentrations 
occurred at low tide, suggesting allochthonous terrestrial DOC input (e. 
g. fulvic and humic acids) by the River Leyre and other freshwater ef
fluents. The pH ranged from 7.85 and 8.03 with a semi-diurnal variation 
in phase with that of salinity (Fig. 2C). The temporal variation in dis
solved oxygen saturation (88–105%; Fig. 2C) reflected tidal variations 
but also plankton photosynthetic/respiration activity as shown by the 
day/night contrast at low-tide. Maximum O2 values match the 
maximum global insulation, while minimum O2 coincides with 
maximum chla during the night, see Fig. 2C and D. The turbidity data, 
expressed in nephelometric turbidity units (NTU), showed a tide- 
dependent trend with minimum value (2.3–2.7 NTU) at high tide and 
a higher value (9.5–10.5 NTU) at low tide (Fig. 2B). Interestingly, 
turbidity peaked at the beginning of flow-tide and at the end of the ebb- 
tide (2–3 h before and after low-tide; Fig. 2B). This suggests tidal sedi
ment or fluid-mud resuspension, in line with low freshwater discharge 
and spring tide conditions that prevailed during the field monitoring, i.e. 
ideal conditions for sediment erosion and resuspension due to intensi
fied variations in the boundary shear stress (Aguilar-Islas and Bruland, 
2006; Jay and Dungan Smith, 1990). 

Chla, Phaeo, and POC% were analyzed for assessing phytoplankton 
biomass activities, status and influence on dynamic metal species (Abril 
et al., 2002; Axler and Owen, 1994). Chla ranged from 0.3 to 3 μg/L 
reflecting significant phytoplankton biomass and activities (Fig. 2D). 
Maximum values for Chla and Phaeo, non-photosynthetic pigments 
representative of algal chlorophyll pigments degradation, were 
observed at low tide. This and the moderate positive correlation be
tween DOC and Chla (r = 0.57; P < 0.01) as well as DOC and Phaeo (r =
0.53, P < 0.01) suggests the presence of biogenic material from fresh
water allochthonous living and degraded phytoplankton cells, e.g. 
organic exudates, algae degradation material (Lancelot and Muylaert, 
2011). The POC% ranging from 2 to 7.15% (Fig. 2F), also implies sig
nificant algal contribution to total POC% (Abril et al., 2002). The highest 
POC% coincided with highest Chla, Phaeo, and turbidity values, sug
gesting a possible benthic algal-POC contribution after sediment resus
pension (visualized by the turbidity peaks mentioned above). 

3.2. Dynamic and total dissolved metal concentrations and their temporal 
variation 

Observed temporal variations of Medyn and Mediss, with the exception 
of Zn, are shown in (Fig. 2G–K). The results of Zn were not considered as 
Zn(II)dyn was mostly below the detection limit and contamination 
problems were suspected for the Zn(II)diss results. The observed tem
poral variations of Medyn and Mediss have revealed clear element-specific 
differences in the temporal trends as well as in the relative amplitude of 
the temporal variations: 
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Lead. Pb(II)dyn ranged from 0.04 to 0.07 nM with significant hourly 
variations of up to 85% of Pb(II)dyn min (SI, Table S6), showing a trend 
counter-cyclical to salinity (Fig. 2A,G). Variations in Pb(II)diss 
(0.04–0.14 nM) were even more pronounced but without a clear tem
poral trend. Rather unlikely ratios Pb(II)dyn to Pb(II)diss > 120% (with 
considerable RSD values for the dissolved fraction) were obtained for 
samples collected at relatively high turbidity (>9 NTU), whereas Pb 
(II)dyn represented 40–80% of Pb(II)diss in samples collected at a 
turbidity < 7 NTU (SI, Table S6). This observation may suggest that for 
the most turbid samples, a significant proportion of Pb(II)diss might 
adsorb on the large amount of SPM retained at the membrane surface 
and is therefore lost during the sample filtration step. This hypothesis is 
supported by the known high affinity of Pb for inorganic particles and 
colloids (Dong et al., 2007; Tercier-Waeber et al., 2009). 

Copper. The observed temporal variation in Cu(II)dyn ranged from 
0.22 to 0.48 nM during the first tidal cycle and from 0.36 to 1.09 nM 
during the second one (Fig. 2K), suggesting a slightly increasing trend 

throughout the measurement period. Cu(II)diss varied from 6.55 to 9.30 
nM and was slightly lower at high tide (Fig. 2K). The Cu(II)dyn contri
bution to Cu(II)diss was equivalent to 4–15% (4–6% during the first tidal 
cycle; 5–15% during the second one; SI, Table S6), and the temporal 
variations observed during the 24 h measurement period represented up 
to 263% and 42% of the respective minimum values of Cu(II)dyn and Cu 
(II)diss (SI, Table S6). 

Cadmium. Cd(II)dyn (0.026–0.085 nM) showed significant temporal 
variations (227% of minimum Cd(II)dyn; SI, Table S6) with increasing 
values from the late afternoon on May 15th until May 16th early 
morning, and decreasing values onwards 10 a.m. on May 16th (Fig. 2I). 
Cd(II)diss ranged from 0.11 to 0.17 nM and revealed a temporal trend 
highly different than Cd(II)dyn (Fig. 2I). Minimum Cd(II)diss occurred at 
high tide and its maximum near low tide. Cd(II)dyn represented 22–57% 
of total Cd(II)diss and, as for Cu, the amplitude of temporal variations 
was very different, i.e. up to 227% for Cd(II)dyn; up to 42% for Cd(II)diss 
(SI, Table S6). 

Fig. 2. Diel cycles of: A to D: master bio-physicochemical parameters; E–F: dissolved and particulate organic matters; G to K: Medyn and Mediss. Grey surface rep
resents nighttime (solar radiation = 0). (See also ref (Tercier-Waeber et al., 2021). for data reported in B, E, J). 
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Arsenite and arsenic. The presence of As(III) in oxic natural waters is 
thought to stem from As(V) phytoplankton uptake, due to the chemical 
similarity of As(V) with o-phosphate, and subsequent biotransformation 
and excretion of As(III) (Cervantes et al., 1994; Rahman et al., 2014). As 
(III)dyn and As(III)diss temporal concentration ranges (1.9–3.1 nM and 
2–3.0 nM respectively; Fig. 2H) and trends (variation up to 57% and 
50%; As(III)dyn/As(III)diss ratios of 90–110%) were similar (see SI, 
Table S6). These results suggest that As(III) in the Arcachon Bay is 
mainly present in the dynamic form, and therefore potentially available 
for biota. Similar findings were made recently in the Gironde Estuary 
and the Elbe Estuary (Penezić et al., 2020; Tercier-Waeber et al., 2020). 
As(III)dyn (and As(III)diss) temporal variation was tide-dependent, with a 
concentration minimum at high tide and a maximum around low tide. 
The temporal variation of As(tot)diss, ranging from 8.9 to 10.7 nM, also 
reflected tidal dependence but with an opposite trend compared to As 
(III), i.e. maximum concentration occurred at high tide and minimum at 
low tide. These results suggest a source of As(III) mainly of terrestrial 
origin, while that of As(V) (i.e. As(tot)-As(III)) is mainly marine. As 
(III)dyn contributed 17–30% to As(tot)diss (SI, Table 6), i.e. roughly 3-fold 
more than in the Gironde Estuary during summer (5–10%; Penezić et al., 
2020). This contribution is also higher than calculations predicting that 
15–20% of dissolved As(V) can be reduced by phytoplankton during 
spring and summer blooms on the continental shelf (Cervantes et al., 
1994; Rahman et al., 2014). This suggests that reduction of As(V) by 
phytoplankton in the water column might not be the only source of As 
(III). This is discussed in section 3.3. 

Mercury. As observed for As(III) fractions, Hg(II)dyn and Hg(II)diss 
concentrations (3.4–12.5 pM and 4.1–14.1 pM respectively; Fig. 2J) and 
variation trends (Hg(II)dyn/Hg(II)diss ratios 98 ± 25%; SI, Table S6) were 
similar when accounting for analytical errors. The recorded concentra
tion levels were comparable to Hg(II)diss concentration ranges moni
tored with laboratory techniques in May 2006 (Bouchet et al., 2013). 
The temporal trend of the Hg(II) fractions were counter-cyclical to 
salinity (Fig. 2J). This suggests terrestrial sources of Hg(II) mainly in 
dynamic forms that are potentially available for bio-uptake. 

3.3. Sources and biotic/abiotic processes controlling the temporal 
variation of the metal bioavailable fractions 

The temporal variation of the Mediss fractions (Fig. 2H–K) showed 
clearly tide-dependent cycles, reflecting conservative behavior, except 
for Pb (Fig. 2G), probably due to analytical artifacts during filtration (see 
section 3.1). In contrast, the temporal trends of Medyn were different, 
and generally more complex, than those of the total dissolved fractions 
except for Hg (Fig. 2G–K). These findings suggest that other processes, in 
addition to fresh- and seawater mixing, influence the temporal pro
portions and concentrations of the dynamic fraction of the metals 
studied. 

Pearson’s correlation coefficients r between Medyn and master 
physicochemical parameters, organic contents and productivity proxies 
(turbidity, O2%, DOC, POC%, Chla, and Phaeo) were evaluated (Table 1) 
in order to assess abiotic and/or biotic processes controlling Medyn 

temporal variations and identify Medyn sources at monitored site. The 
parameters T and pH, reflecting mainly the mixing of the terrestrial and 
marine water bodies, were not considered. As dilution by mixing also 
influences the other parameters to some extent, the significant level (P- 
value) was fixed at 0.01, instead of the conventional 0.05, to interpret 
the correlation in terms of causation. 

Lead. No significant correlation was observed between Pb(II)dyn and 
the master parameters considered. These results, coupled to the counter- 
cyclical trend with respect to salinity, suggest mainly fluvial origin of Pb 
(II)dyn at the monitored site and a conservative behaviour in the moni
tored salinity range, because the temporal variations of Pb(II)dyn are 
mainly due to the mixing of the two water bodies. 

Copper. Cu(II)dyn was negatively correlated to DOC, but also to POC 
% and Chla. This confirms the strong influence of organic materials on 
Cu binding and bioavailability as revealed by laboratory experiments 
and international speciation studies in fresh and marine (estuaries, 
coastal area) aquatic ecosystems (Dong et al., 2007; Illuminati et al., 
2019; Louis et al., 2009; Tercier-Waeber et al, 2009, 2012). Since 
phytoplankton biomass contributed to the DOC and POC% pool (see 
section 3.1), it is plausible to assume a role of biogenic organic ligands in 
Cu binding (i.e. sorption on cell walls, Cu-binding exudates) and 
therefore on Cu(II)dyn temporal variation in the studied area. Cu 
adsorption on cell walls would explain the low Cu(II)dyn concentrations 
coinciding with the highest POC% values during the first tidal cycle 
(5pm to 4am; May 15–16), and the increase in Cu(II)dyn coinciding with 
POC%, Chla and DOC decrease (4am–~11am, May 16th). A 2-fold 
decrease in Cu(II)dyn and increase in Cu(II)diss, coinciding with an in
crease in phytoplankton biomass (POC%) and production (Chla), were 
observed on May 16th (10am–17pm; Fig. 2D, F, K). Phytoplankton 
exudation of Cu-binding extracellular polymeric substances (EPS) could 
explain these observations. In fact, as previously observed in freshwater 
streams (Tercier-Waeber et al., 2009), the free ligand sites on released 
EPS may outcompete the weak ligands of the dynamic Cu complexes, 
and thus decrease the proportion of this latter species. 

Cadmium. Cd(II)dyn increased from early night to early morning and 
decreased during the day (Fig. 2I), being negatively correlated to O2, a 
proxy for photosynthesis/respiration activities of living organisms, and 
to POC% standing for the presence of biomass (Table 1). These obser
vations suggest reversible Cd sorption processes on living organisms due 
to pH changes at their surface induced by photosynthesis/respiration as 
reported in previous laboratory and field studies (Beck et al., 2009; 
Buffle and Tercier-Waeber, 2005; Tercier-Waeber et al., 2009). Namely, 
microsensor profiles of pH measured immediately above the benthic 
biofilm (0–1 mm) in a freshwater stream revealed that pH at the surface 
of active biomass may be up to 0.5 units lower during respiration (CO2 
release) and up to 1.5 units higher during photosynthesis (CO2 uptake) 
compared to the pH ~8 of the water column (Beck et al., 2009), giving a 
total range of pH of 7.5–9.5. In Fig. 2C, respiration is associated to the O2 
decrease from midnight to 6am May 16th while photosynthesis in
creases O2 from noon to 4pm on May 16th. Sorption studies on natural 
sorbent phases showed that change in pH of 7.5–9 may significantly 
influence Cd(II)dyn (and evidently Cd speciation) (Beck et al., 2009; 

Table 1 
Pearson’s correlation coefficients (r) between the temporal variation of the dynamic metal fraction concentrations and selected bio-physicochemical master variables 
or dissolved and particulate organic matter and Chla concentrations at the Comprian site. Statistical significance level was set at 0.01 (p < 0.01).   

Pb(II)dyn Cd(II)dyn Cu(II)dyn As(III)dyn Hg(II)dyn 

Salinity − 0.40; P < 0.01 − 0.18; P > 0.01 0.37; P < 0.01 − 0.58; P < 0.01 − 0.56; P < 0.01 
Turbidity 0.22; P > 0.01 0.18; P > 0.01 − 0.11; P > 0.01 0.64; P < 0.01 0.67; P < 0.01 
O2% − 0.03; P > 0.01 − 0.60; P < 0.01 − 0.18; P > 0.01 − 0.23; P > 0.01 − 0.02; P > 0.01 
DOC 0.46; P > 0.01 − 0.33; P > 0.01 − 0.80; P < 0.01 0.08; P > 0.01 0.65; P < 0.01 
POC% 0.28; P > 0.01 − 0.54; P < 0.01 − 0.56; P < 0.01 0.04; P > 0.01 0.24; P > 0.01 
Chla 0.04; P > 0.01 − 0.19; P > 0.01 − 0.54; P < 0.01 0.67; P < 0.01 0.12; P > 0.01 

Interpretation correlation coefficient: 0.6 ≤|r|≤ 0.8 - strong; 0.4 ≤|r|< 0.6 - moderate; 0.2 ≤|r|< 0.4 - weak; 0.0 ≤|r|< 0.2 - very weak (www.slideshare.net/phannithr 
upp/guideline-for-interpreting-correlation-coefficient). 
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Tercier-Waeber et al., 2009). In contrast, a pH of <6.5 and < 5 would be 
needed to affect Pb and Cu adsorption, respectively (Buffle and 
Tercier-Waeber, 2005). The parallel variations in Cd(II)dyn and Cd(II)diss 
during respiration (ΔCddyn = +0.035 nM and ΔCd(II)diss = +0.036 nM 
from midnight to 6am May 16th) and photosynthesis (ΔCd(II)dyn =

− 0.030 nM and ΔCd(II)diss = − 0.033 nM from noon to 4 p.m. May 16th) 
further support reversible Cd sorption on phytoplankton induced by 
photosynthesis and respiration. 

Arsenite. As(III)dyn was positively correlated to Chla, supporting As 
(III)dyn excretion by phytoplankton in oxic waters, and to turbidity, 
consistent with the upstream freshwater effluents as a source of active 
phytoplankton (Fig. 2D). Significant increases of As(III)dyn coincided 
with turbidity peaks at the beginning of flow-tide and at the end of the 
ebb-tide, especially during the second semi-diurnal cycle. The turbidity 
peak was attributed to tidal mudflats resuspension (see section 3.1), 
which suggests a benthic As(III) remobilization. This is consistent with 
the ability of some sediment-dwelling bacteria to reduce As(V) to As(III) 
(Oremland et al., 2000; Plewniak et al., 2013), which is less particle 
reactive and, thus, more mobile than As(V) (Ahmann et al., 1997; 
Masson et al., 2007). Benthic contribution is also consistent with the 
observed As(III)dyn contribution of up to 34% relative to As(tot)diss. Note 
that benthic remobilization might also influence the Cddyn temporal 
trends (Fig. 2I). 

Mercury. Hg(II)dyn was positively correlated with DOC mainly 
derived from the upstream effluents (Fig. 2E), consistent with numerous 
studies showing that Hg and dissolved organic matter (DOM) are linked 
mechanistically and thus co-vary in aquatic systems (Lavoie et al., 
2013). Moreover, DOM acts as a vector of Hg in the land-ocean aquatic 
continuum (Cesário et al., 2018). The similar observed Hg(II)dyn and Hg 
(II)diss concentrations (Fig. 2J) suggest that the Hg-DOM complexes 
present at the Comprian site are mainly in the dynamic form; i.e. suffi
ciently labile and mobile to be detected by AuNF-GIME interrogated by 
SWASV and therefore potentially bioavailable. The mobility of the 
Hg-DOM complexes is consistent with recent studies demonstrating that 
DOM in coastal water is dominated (≥75%) by low molecular weight 
(MW ≤ 2 kDa) hydrophilic fulvic-like organic matter (Shimotori et al., 
2016). The size of these predominant DOM, based on their MW, can be 
estimated to be a few nanometers. Therefore, Hg(II) complexes with 
these DOM may diffuse through the gel and contribute to the observed 
dynamic Hg(II) fraction as very recently demonstrated by Tercier-
Waeber et al. (2021). The lability of the Hg-DOM complexes is consistent 
with Hg(II) binding to the DOM weak functional groups (Chiasson-
Gould et al., 2014; Miller et al., 2009). These weak functional groups are 
present in much larger concentrations than the strong sulfhydryl binding 
sites. 

A positive correlation was also observed between Hg(II)dyn and 
turbidity, with a correlation coefficient r similar that between Hg(II)dyn 
and DOC (Table 1). This is consistent with a concomitant supply of Hg 
(II) and DOM by the freshwater upstream effluents of natural and 
anthropogenic origin (Fig. 2B,E,J). Moreover, as observed for As(III)dyn, 
Hg(II)dyn was found to peak together with turbidity at the beginning of 
flow-tide and at the end of the ebb-tide, suggesting that tide-induced 
fluid-mud resuspension might play an important role in the release of 
Hg(II)dyn into the water column, increasing Hg exposure of the Arcachon 
Bay ecosytem. 

3.4. Implications for environmental monitoring and policy 

The TracMetal enables to detect in situ, and therefore with minimal 
analytical artifacts, subtle variations of the potentially bioavailable 
fractions of a range of hazardous trace metals in dynamic aquatic eco
systems. The TracMetal may thus serve as a real-time sentinel system for 
tracing hazardous metal species sources and fate, and for ecotoxico
logical risk assessment. Temporal variation of the potentially bioavail
able metal species can be decoupled from those of the total dissolved 
metal species as measured in filtered samples. The proportion of the 

dynamic species depends on the metal and the surrounding bio- 
physicochemical conditions and may vary from a few % (e.g. Cu) to 
close to 100% (e.g As(III) and Hg(II)). While the total dissolved metal 
concentrations were mainly tide-dependent, different biotic and abiotic 
processes controlled the temporal variation of the dynamic Pb, Cu, Cd, 
As(III) and Hg(II) fractions in the Arcachon Bay. The temporal cycling of 
As(III)dyn, Cu(II)dyn and Cd(II)dyn appear to be controlled by biological 
cycles including, respectively, (i) phytoplankton excretion or lysis; (ii) 
complexation with excreted organic matter and/or (iii) reversible 
adsorption by algal cells, whereas Pb(II)dyn and Hg(II)dyn showed con
servative behavior. Tidal mudflats contributed measurable Hg(II)dyn and 
As(III)dyn (and possibly Cd(II)dyn) of benthic origin to the water column. 

The metal concentrations monitored was compared with Acute 
Water Quality Criteria (WQC) trigger values derived in an attempt to 
protect a pre-determined percentage of living species (ANZECC, 2000). 
Cu(II)diss (ranging from 9.3 to 6.5 nM) and As(V)diss (determined by 
subtraction of As(III)diss to As(tot)diss and ranging from 6.6 to 9.6 nM) 
were respectively highest and similar to the WQC to protect 99% of the 
biota (i.e. 4.7 nM and 10 nM for Cu(II) and As(V), respectively). This 
reflects that these two metals have a potential for causing adverse im
pacts that should be verified and tailored to local communities, taking 
into account not only their total concentrations but also the concentra
tion of their dynamic fraction. This also indicates that addition of these 
two metals in the revised EU Priority Substances Daughter Directive 
should be evaluated. 

International environmental administration bodies recently stated 
the need to quantify the potentially bioavailable fraction of hazardous 
trace metals instead of just their total dissolved concentrations. This will 
support the establishment of environmental quality standards (EQS) and 
guidelines (EQG) based on realistic risk assessment to protect aquatic 
life and resources, and ultimately human health. The original findings of 
this work support the need of this paradigm shift. 
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