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First observations of seasonal
bottom water deoxygenation off
the Gironde estuary (Bay of
Biscay, North East Atlantic)
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Although not systematically considered as oxygen minimum zones, River-

dominated Ocean Margins are sensitive to oxygen depletions. For example, the

continental shelf off the Gironde, which flows into the Bay of Biscay, had not yet

been studied from this perspective although recent simulations suggested that

this area should already have experienced deoxygenations in recent decades.

To fill this gap, profiles of temperature, salinity and dissolved oxygen were

performed in the water column of the continental shelf off the Gironde during

seven cruises distributed over the different seasons between 2016 and 2021.

Turbidity, chlorophyll-a and pH were also measured during some of these

cruises. In winter, the water column was slightly stratified due to high river

flows. Then, a seasonal thermal stratification was present from spring to

autumn. Similarly, dissolved oxygen showed a seasonal dynamic with: a well-

oxygenated water column in winter, an oxygen oversaturation in the first 20

meters during the spring bloom, and then a progressive oxygen depletion in

bottom waters until reaching an oxygen saturation minimum down to 45% in

autumn. These deoxygenations are explained by the seasonal stratification that

isolates the bottom waters from spring to autumn, and are likely enhanced by

the advection of deoxygenated waters from the north of the Bay of Biscay and

the settling of the organic matter produced in surface waters. A better

understanding of these processes in the context of global warming

undoubtedly requires better documentation of dissolved oxygen variability

through the implementation of a long-term and continuous in situmonitoring.

KEYWORDS

deoxygenation, continental shelf, seasonal evolution, stratification, Bay of Biscay,
dissolved oxygen
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1 Introduction

Worldwide the number of oceanic areas affected by hypoxia,

as well as the frequency and the spatial and temporal extents of

this phenomenon, are increasing (Breitburg et al., 2018; Oschlies

et al., 2018; Wakelin et al., 2020). This trend is more pronounced

in coastal regions (Gilbert et al., 2010; Breitburg et al., 2018) and

constitutes a rising threat for ecosystems. Indeed, many impacts

(e.g. migrations, local extinctions, population and individual size

decrease) up to food web perturbations have been observed

(Breitburg et al., 2018; Levin, 2018; Fennel and Testa, 2019;

Roman et al., 2019). Despite these potential effects on

ecosystems supporting fisheries, the consequences of climate

changes on dissolved oxygen (DO) in the coastal ocean are still

poorly documented (Wakelin et al., 2020).
Frontiers in Marine Science 02
Although not systematically considered as Oxygen

Minimum Zones, River-dominated Ocean Margins (RiOMar)

are vulnerable to DO depletions due to riverine nutrient inputs.

Indeed, they can promote excess phytoplankton production

inducing a DO consumption for their degradation (Diaz and

Rosenberg, 2008; Cai et al., 2011; Testa and Kemp, 2011;

Breitburg et al., 2018; Wang et al., 2021). A recent simulation

suggested that several areas of the North-West European

continental shelves, including the Bay of Biscay, a wide inlet of

the North Atlantic Ocean, would be vulnerable to deoxygenation

(Ciavatta et al., 2016). The shelf off the Loire and Gironde, the

main rivers flowing into the Bay of Biscay (Figure 1A), is

estimated to experience relatively frequent deoxygenations

over recent decades. Moreover, an ecological model applied to

the French Atlantic shelf also simulated hypoxia south from the
A

B

C

FIGURE 1

(A) The Bay of Biscay with the locations of mud patches (gray areas) and of the two main rivers, (B) map of the WGMP showing the locations of
sampling stations (red squares) and the areas of satellite data extractions (rectangles). (C) Hydrological context: Gironde flows, Sea Surface
Temperatures and monthly averages of surface Chl-a concentrations in the distal and proximal areas from the 01/01/2016 to the 12/31/2021.
Gray lines indicate sampling periods.
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Gironde but the authors themselves considered this result “too

severe and unrealistic” (Ménesguen et al., 2019). In fact, the only

reported anoxia episode along the French shelf of the Bay of

Biscay has been registered in July 1982 in its northernmost

sector, off the smaller and eutrophicated Vilaine river

(Figure 1A, Rossignol-Strick, 1985). Following this event, a

high frequency monitoring of the Vilaine Bay revealed

recurrent deoxygenations and even hypoxia in bottom waters

(Retho et al., 2020; Ratmaya et al., 2022). The lack of such in situ

data in the southern sector of the Bay of Biscay precludes

confirming the occurrence of deoxygenation suggested by

the models.

The continental shelf off the Gironde is subjected to strong

hydrodynamics, and is thus mainly composed of sands and

gravels but also of several mud patches (Lesueur et al., 2002).

Among them, the West Gironde Mud Patch (WGMP) is a well-

defined sedimentary area located about 25 km off the Gironde

and comprised between 30 and 75 m depth (Figure 1B). The

WGMP is of particular interest due to its economic importance

for common sole (Solea solea) and Norway lobster (Nephrops

norvegicus) fishing but also for its biological activity (Lamarque

et al., 2021) and its capability to store carbon (Dubosq et al.,

2021). Its sedimentary functioning is studied since the 1990’s

and its benthic ecological structuration was recently defined

(Lesueur et al., 1991; Lesueur et al., 2002; Dubosq et al., 2021;

Lamarque et al., 2021; Fontanier et al., 2022). However, there

was still no information on DO in the WGMP water column.

The present study aims to fill this gap by presenting the first

measurements of DO and ancillary data (temperature, salinity,

chlorophyll-a, turbidity, pH) in the water column along a cross-

shelf transect covering the WGMP. This gives a first insight of

the DO dynamics in this RiOMar, from seasonal to inter-annual

scales, and its controlling factors.
2 Materials and methods

2.1 Field measurements

Seven cruises were performed from 2016 to 2021 on the R/V

“Côtes de la Manche” to investigate the biogeochemical and

ecological functioning of the benthic ecosystem of the WGMP

(Deflandre, 2016; Deflandre et al., 2021). Even if these cruises

were mainly dedicated to sediments, depth profiles of DO,

temperature and salinity were performed in the water column

at each sampling station (Figure 1B; Supplementary Table 1).

Following the observation of unexpected low bottom DO

concentrations during the first cruise, the strategy was

completed from 2018 by a day per cruise (except in July 2019)

dedicated to the achievement of cross-shelf transects from

station 0 to W or 12 (Figure 1B).

Additional parameters were measured more occasionally:

pH (October 2021), chlorophyll-a (October 2016, August 2017,
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January and April 2018, July 2019) and turbidity (January and

April 2018, July 2019, October 2021). Depth profiles were

acquired using inter-calibrated sensors: a CTD SeaBird SBE-

19plus, autonomous sensors (STPS, SDOT, STBD, NKE

Instrumentation) and a WiMo Plus multiparameter probe

(NKE Instrumentation, October 2021). Profile resolutions

varied from two to five measurements by meter depending on

the response time of each sensor. Turbidity sensors were inter-

calibrated using formazin, allowing to provide turbidity data in

Formazin Nephelometric Units (FNU). Water density was

calculated from temperature, salinity and depth using

the seawater state equation (Pond and Pickard, 2007). The

significance of the correlations between salinity above

the halocline at each site and daily river flows and between

DO concentrations and pH was assessed using a Spearman’s

rank correlation coefficient (software SigmaPlot 14).
2.2 Satellite and gironde flows data

The NASA Aqua/MODIS data (4 km resolution, NASA

Ocean Color, https://oceancolor.gsfc.nasa.gov/) were used to

replace in situ measurements in the annual cycles of sea

surface temperatures (SST) and biological production. SST and

surface chlorophyll-a (Chl-a) concentrations were extracted for

the proximal (longitudinal and latitudinal limits: 1°28.80’W to 1°

37.50’W; 45°47.50’N to 45°40.00’N) and distal (1°42.50’W to 1°

50.00’W; 45°42.50’N to 45°35.00’N) areas of the WGMP from

the 01/01/2016 to the 12/31/2021 (Figure 1B). Each area

consisted in 25 pixels whose values were averaged. For the

entire period, 2189 pictures were available for SST and 2192

for surface Chl-a concentrations. However, some of them

contained no or very little data due to cloud cover. Only

pictures with at least 11 pixels per area were retained to

calculate mean values. Outliers, with no data in the three

previous or following days to confirm the value, were

excluded. Monthly-averages of surface Chl-a concentrations

were calculated to reduce the day-to-day variability and better

identify trends.

The Gironde fluvial discharge corresponds to the sum of

those of its two main tributaries, the Garonne and Dordogne

rivers, whose measuring gauging stations are at Tonneins and

Lamonzie Saint Martin, respectively. Data were extracted from

the data portal hydro.eaufrance.fr.
3 Results

3.1 Gironde flow and satellite data

For the period 2016 to 2021, the daily Gironde flow ranged

from 117 (August 2019) to 7900 m3 s-1 (February 2021) with a

mean of 762 m3 s-1 (Figure 1C). It is slightly higher than the
frontiersin.org

https://oceancolor.gsfc.nasa.gov/
https://doi.org/10.3389/fmars.2022.1006453
https://www.frontiersin.org/journals/marine-science
https://www.frontiersin.org


Dubosq et al. 10.3389/fmars.2022.1006453
average over the period 2008 – 2021 (745 m3 s-1 ,

hydro.eaufrance.fr). The lowest flows were recorded in summer

and the highest in winter and spring. The intensity and duration

of the high flow period presented a large inter-annual variability.

For example, daily flows were above mean from January to June

2018, whereas it only happened for a few weeks in 2019. SST also

showed a well-defined seasonal cycle (Figure 1C) with warmer

waters in summer (>20°C) and colder in winter (<11°C). The

inter-annual variability of SST was mainly reflected in a

variation of the period during which extreme values were

reached. For example, the lowest temperature was measured at

the end of February in 2018 but in mid-January in 2021.

Surface Chl-a concentrations are an indicator of the net primary

production. Monthly averages varied from 0.6 to 5.6 µg L-1 with

higher values in the proximal than in the distal area (Figure 1C;

Supplementary Table 2). They were at their highest in late winter and

spring, and then decreased to a minimum in summer. A slight

increase occurred in autumn. Interestingly, longer and more intense

blooms periods were observed during the years with longer high flow

periods (i.e., 2016, 2018 and 2020, Figure 1C).

Satellite data allowed defining the hydrological context of

each cruise. The winter cruise took place during a high flow and

cold period. Not surprisingly, the summer cruises correspond to

the warmest and driest (the lowest river flows) period. River

flows and temperatures showed the highest variability in spring

and autumn. However, the two autumnal cruises presented

rather similar characteristics: a surface temperature around 16-

17°C, a slight increase in flows rate with autumnal rains, and a

moderate net primary production in surface waters. On the

contrary, the two spring cruises had contrasting hydrological

contexts: Gironde flows were still high in April 2018, combined

with relatively high Chl-a levels, whereas they were below the

mean in April 2021.
3.2 Temperature and salinity

Based on temperature and salinity profiles, the water column

can be divided into two layers (Figure 2; Supplementary

Figure 1). Whatever the season, bottom water salinities were

quite constant with values between 34.8 and 35.4. The same

pattern was observed for temperatures in the central and distal

areas with values from 11.5 to 12.5°C, excepted for the cruise of

August 2017 during which bottom waters were slightly warmer

(between 12.8 and 13.5°C). In contrast, surface temperatures and

salinities varied seasonally, partly due to freshwater inputs from

the Gironde as previously described by Puillat et al. (2004).

In winter 2018, surface waters were colder and fresher (mean

salinity between 30 and 32) than bottom waters (Supplementary

Figure 1) due to the Gironde plume spread, inducing a haline

stratification. After the period of the highest flows, usually
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observed in winter (Figure 1C), flows decreased and the

associated haline stratification weakened until to become

negligible, as observed on salinity profiles in August 2017 and

October 2016 where the salinity difference between surface and

bottom waters was less than 0.5 (Supplementary Figure 1). The

intensity of the spring haline stratification varied depending on

years due to the variability of river flows. Indeed, the difference

in flows rates resulted in lower surface salinities and a more

pronounced haline stratification in April 2018 compared to

April 2021 (Figure 2).

Along with the decrease in river flows and associated haline

stratification, the warming of surface waters in spring induced

the establishment of a thermocline, the timing of which is

variable. For example, temperatures decreased with depth from

15°C to 11.6°C in April 2018 while they were rather constant

along the depth profile in April 2021 (about 12.5°C, Figure 2).

The thermal stratification was particularly marked in August

2017 with a temperature decrease from 21°C to 13.5°C

(Supplementary Figure 1). During the two autumnal cruises, a

thermocline was still present but shallower in 2016 than in 2021.

The thermocline depth was highly variable from cruise to cruise,

from about 15 m (April 2018) to 30 m (October 2021) in the

central WGMP (i.e., station 3, Figure 2). Temperature and

salinity as well as the seasonal variability of the thermal

stratification are consistent with previous hydrological studies

at the scale of the Bay of Biscay continental shelf (Vincent and

Kurc, 1969; Koutsikopoulos and Le Cann, 1996; Puillat

et al., 2004).
3.3 Dissolved oxygen, pH, Chl-a
and turbidity

Dissolved oxygen concentrations in the water column were

highly contrasted between cruises and seasons with values ranging

from 121 to 414 µM. In January 2018, the whole water column

was well-oxygenated (Figure 3; Supplementary Figure 1) due to

water mixing related to winter storminess. However, in spite of

this apparent homogeneity, a minimum of 90% DO saturation

was observed in proximal bottom waters. From spring to autumn,

the first 20 to 30 meters were also well-oxygenated (Figure 2), and

even oversaturated in April 2018 up to 147%. This was related to a

spring bloom as highlighted by satellite-derived data and depth

profiles of Chl-a concentrations (Figures 1C, 2). On the contrary,

bottom waters were DO under-saturated over the whole WGMP.

These depletions were relatively weak in April 2018 and 2021 with

DO saturations always above 70% but more intense in October

2016, July 2019, and October 2021 with minimum saturations of

45, 53 and 59%, respectively (Figure 3). These depletions were

more pronounced in the proximal area.
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Turbidity varied from negligible values to 90 FNU, highlighting

the presence of a benthic nepheloid layer (Figure 2; Supplementary

Figure 1). This layer was more marked in the proximal area and

varied seasonally with higher turbidity in January and April 2018

(values up to 90 and 26 FNU, respectively) than in July 2019 (< 2

FNU) and October 2021 (< 11 FNU). These results are consistent
Frontiers in Marine Science 05
with a previous study of the distribution of suspended sediments on

the Bay of Biscay continental shelf (Castaing et al., 1999).

The pH profiles measured in October 2021 showed rather

constant values around 8.3 in the first 20 meters, followed by a

decrease in depth below 8.15, slightly more pronounced in the

proximal area (Figure 2).
FIGURE 2

Transects (10 sites, from station 0 to 4) of density, temperature, salinity, dissolved oxygen (DO) concentrations and saturations, turbidity, Chl-a
(April 2018) and pH (October 2021) in the water column of the West Gironde Mud Patch against longitude at three different periods (i.e., April
2018 and 2021 and October 2021). Profiles were interpolated with the software Ocean Data View. Gray dots represent the measurements
points.
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4 Discussion

4.1 Structuring of the water column from
seasonal to inter-annual scales

Both salinity and temperature control the water column

stratification. However, they are considered separately because

their respective contributions to stratification are difficult to define

with density alone. As bottom water temperatures and salinities

were quite constant regardless of season, surface values were used

to infer the intensities of thermal and haline stratifications. The

steady level of bottom temperatures is consistent with previous

studies that identified a water mass characterized by a constant

temperature of around 12°C, “the Cold Pool”, extending from

Brittany to the mouth of the Gironde (Vincent and Kurc, 1969;

Koutsikopoulos and Le Cann, 1996; Puillat et al., 2004). In fact,

this value is of the order of magnitude of the bottom temperatures

measured in the central and distal WGMP. Considering that the

bottom temperatures of the central area (i.e., station 3) varied

between 11.6 and 12.5°C (except in August 2017), we defined

12.5°C as the surface temperature threshold above which thermal

stratification occurs. SST records and temperature profiles support

a classical annual pattern with the gradual establishment of a

thermocline, the precise timing of which is variable (Figures 1C, 2,

3). After its establishment, the thermal stratification intensifies

until reaching a maximum in summer, and then progressively

decreases in autumn although it is still present (Figures 1C, 3).

Finally, the thermocline inversion in winter indicates its complete

disappearance. A significant correlation (p<0.01) between the

mean salinity above the halocline and Gironde daily flows

indicates that the flows control the establishment of the haline
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stratification. An annual pattern of the water column

structuration over the shelf off the Gironde can therefore be

inferred. First, a haline stratification is well established in

winter. It then decreases due to decreasing flows while a

thermal stratification is gradually established in spring. It

intensifies until summer, and decreases in autumn until its

complete removal. During the period of the thermocline

disappearance, flows rates increase and a haline stratification is

established again. However, this stratification varies due to

contrasted flows: it was almost absent in October 2016 and

slightly higher in 2021 (Figure 1C; Supplementary Figure 1).
4.2 Probable causes of deoxygenations

Dissolved oxygen measurements highlighted substantial

deoxygenation of the bottom waters of the WGMP, down to a

DO saturation of 45%, in July 2019, October 2016 and 2021. This

was very surprising for such an environment subjected to strong

hydrodynamics that control its sedimentological and ecological

structuration (Lesueur et al., 2002; Dubosq et al., 2021;

Lamarque et al., 2021). These DO depletions are related to the

establishment of a thermal stratification from spring to autumn

(Figure 3). The isolation of bottom waters from the atmosphere

limits DO renewal by preventing mixing with well-oxygenated

surface waters. In the isolated waters, DO is consumed by several

processes, i.e., bacterial degradation of organic matter,

respiration of organisms, consumption by sediment, that have

gradually led to the observed depletions. It is interesting to note

that the maximum DO depletion does not coincide with the

maximum intensity of the thermal stratification (Figure 4). In
FIGURE 3

Mean dissolved oxygen (DO) saturation in bottom waters (based on the 5 meters above the bottom) against the mean temperature above the
thermocline for each cruise and stations 1, 2, 3, 8 and 4. When several profiles were available, DO saturations and temperatures of the several
profiles were averaged. The red dash line represents the threshold of 12.5°C above which the thermal stratification occurs.
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fact, deoxygenations are more pronounced when the duration of

the stratification (number of days with SST > 12.5°C) is longer

(Figure 4). The stratification duration, and thus the residence

time of bottom waters, therefore have a major influence on the

intensity of deoxygenation. This is consistent with previous

observations in other RiOMar systems such as the East China

Sea (Wang et al., 2021) and the Gulf of Mexico (Rabouille

et al., 2008).

The bottom deoxygenation is most likely amplified by the

input of organic matter from local primary production. Indeed,

the higher DO depletion in autumn 2016 compared to 2021 may

be due to the higher primary production of surface waters in

2016 (Figure 1C), whose sedimentation induced a higher DO

consumption in the underlying waters for its degradation. The

pH measurements in October 2021 revealed a positive

correlation between pH and DO (r=0.903, p<0.001,

Supplementary Figure 2). This indicates that aerobic

respiration, which consumes oxygen and produces carbon

dioxide, is the main process inducing the observed

deoxygenation. Such a relationship between DO and pH was

commonly observed in other oceanic environments (Cai et al.,

2011; Mucci et al., 2011; Zhai et al., 2019; Steckbauer et al., 2020;

Yang et al., 2021).

Primary production off the Gironde estuary is partly

controlled by nutrients inputs and by winter haline

stratification due to high river flows (Labry et al., 2001). The

inter-annual variability of river flows therefore partly controls
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that of the primary production, resulting in higher surface Chl–a

concentrations in years with longer periods of high flow. The

higher surface Chl-a concentrations in the proximal than distal

WGMP (Figure 1) support this hypothesis, suggesting that

Gironde flows indirectly influence the intensity of

deoxygenation. However, the rivers of the northern Bay of

Biscay, the Loire and the Vilaine, are also likely to influence

the waters off the Gironde, although they are more remote. A

recent study based on tritium signatures of the Loire and the

Gironde rivers suggested a significant input of water from the

Loire off the Gironde in summer and autumn (Oms, 2019). As

recurrent summer hypoxia occur in the lower Loire estuary

(Schmidt et al., 2019) and the Vilaine Bay (Retho et al., 2020;

Ratmaya et al., 2022), the southward spreading of these oxygen-

depleted waters may reinforce the deoxygenation off the

Gironde. In contrast, the Gironde does likely not exacerbate

deoxygenations by supplying deoxygenated waters to the shelf as

seasonal hypoxia is episodic and limited to the upper estuary

(Lanoux et al., 2013; Schmidt et al., 2019).
4.3 Potential futures responses to
global warming

Simulations of the evolution of European continental

shelves until 2100 predict that waters of the Bay of Biscay

will become fresher and warmer due to global warming
FIGURE 4

Relationships of the mean temperature above the thermocline, the duration of the thermal stratification (number of days with SST > 12.5°C) and
the dissolved oxygen saturations of bottom waters in the water column of the continental shelf off the Gironde for each cruise and stations 1, 2,
3, 8 and 4. Dissolved oxygen saturations were average over the 5 meters above the bottom.
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(Wakelin et al., 2020). The salinity decrease is an indirect effect

of climate changes related to a modification of hydrological

cycles and of an increase in river flows (Gröger et al., 2013;

Wakelin et al., 2020). This will result in an increase of the

intensity and duration of the stratification. Simultaneously, the

net primary production is expected to decrease on the Bay of

Biscay continental shelf. These changes will result in an estimate

decrease of bottom water DO concentrations of 10.9 ± 2.8 µM

between the periods 1980 – 2009 and 2070 – 2090 (Wakelin

et al., 2020), mainly related to a decrease of DO solubility

induced by temperature and salinity changes. Variations in

stratification or net primary production only have a significant

effect on annual minimums of DO concentrations. However, this

effect is low compared to that of solubility (-1.3 ± 3.1 against -8.8

± 2.2 µM, respectively).

These results are quite surprising because our data highlights

that the duration of the stratification is one of the main factors

controlling the deoxygenation (Figure 4). Therefore one would

have expected that the increase in the duration of stratification

would reinforce deoxygenation. One explanation could be that

the authors have grouped the impacts of stratification and

primary production under the term “ecosystem effect”. Thus,

although stratification enhanced deoxygenation, it also limits the

supply of recycled nutrients from bottom to surface waters and

thus reduces primary production and the DO consumption for

its degradation (Wakelin et al., 2020). However, the impact of

climate changes on riverine freshwater and nutrient inputs was

not included in the simulation while nutrient loads and primary

production can widely influence deoxygenations (Li et al., 2016).

The relative effects of stratification and river flow on primary

production must therefore be assessed to better estimate their

respective impact on the future deoxygenations. At last, as the

continental shelf off the Gironde is influenced by water

advection from the north of the Bay of Biscay (Oms, 2019), it

is possible that future changes of hypoxia intensities in the lower

Loire estuary and the Vilaine Bay impact the deoxygenation.
4.4 The need to establish a long-term in
situ monitoring of the WGMP

This study highlighted that summer and autumnal

deoxygenation occurs on the continental shelf off the Gironde.

This seems to be mainly related to a thermal stratification from

spring to autumn inducing an isolation of the bottom waters that

are progressively depleted in DO. The intensity of deoxygenation

appears to be influenced by the duration of the stratification, the

intensity of primary production, which is itself partly controlled

by the duration of the high flow period, and by a probable

advection of deoxygenated waters from the north of the Bay of

Biscay. However, these hypotheses need to be reinforced. DO

variability depends on several factors (e.g. consumption by
Frontiers in Marine Science 08
respiration; physical transport; production by photosynthesis;

Fennel and Testa, 2019) and is affected by different temporal

cycles (e.g. daily and tidal, seasonal, decadal climatic cycles;

Gilbert et al., 2010). Thus, more severe deoxygenations probably

occur, but only episodically, as observed in the Gironde estuary

(Schmidt et al., 2019). Furthermore, due to the multiple factors

influencing the DO dynamics, it is difficult to predict its long-term

evolution merely based on these first results. To better document

the DO variability on large spatial and temporal scales, satellite

data are a powerful tool (Kim et al., 2017). However as such data

must be validated with in situ measurements (Kim et al., 2020;

Triana and Wahyudi, 2021), an in situ monitoring must first be

performed. The implementation of such a long-term and

continuous monitoring would allow to characterize the duration

and intensity of deoxygenation events and their controlling

factors. These measurements coupled to satellite data would

finally allow improving model outputs to anticipate the system

evolution in response to climate changes and its impacts on

ecosystems and fisheries. Indeed, as the common sole presents a

reduced activity when DO saturations drops below 40% (Van den

Thillart et al., 1994), an exacerbation of deoxygenation could

question the long-term presence of this commercial species,

affecting the local economy.

Considering that deoxygenation is observed throughout the

whole WGMP and that the influence of the Gironde flow

decreases seaward, we recommend monitoring only a single site

close to the mud patch center. The site should be chosen on the

basis of recent bathymetry maps and avoiding known trawling

areas. Because such a dynamic area is challenging to instrument

due to winter storminess, swells and currents, one

recommendation would be to ensure at least a monitoring of

DO, temperature, salinity and pressure in the bottom waters in

order to document the occurrences, durations and intensities of

deoxygenations. However, if possible, it would be ideal to perform

these measurements also in surface waters to better characterize

the temporal variability of the water column. In that case, the

addition of chlorophyll-a, pH and pCO2 sensors would allow to

precise the influence of primary production on deoxygenations

and to document the pH dynamics, closely related to that of DO.
5 Conclusions

This work enables to document for the first time the DO

dynamics and its controlling factors on seasonal to inter-annual

scales in the water column of the continental shelf off the

Gironde. Results validate the occurrence of bottom water

deoxygenations that were suggested by models (Ciavatta et al.,

2016; Wakelin et al., 2020). Although deoxygenation has already

been reported in RiOMars (Rabouille et al., 2008; Cai et al., 2011;

Fennel and Testa, 2019; Wang et al., 2021), this was quite

surprising that a thermal stratification can isolate bottom
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waters and trigger deoxygenation in such an energetic

environment. If the stratification seems to be the main factor

inducing these deoxygenations, they are potentially reinforced

by inputs of organic matter from local production and by the

advection deoxygenated water from the northern Bay of Biscay.

This work enables us to alert about the deoxygenation issues in

this ecosystem of a great economic interest in a context of global

warming, the potential effects of which being still uncertain. A

better understanding of DO dynamics undoubtedly requires the

establishment of a long-term and continuous in situmonitoring.
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et al. (2018). Declining oxygen in the global ocean and coastal waters. Science 359.
doi: 10.1126/science.aam7240

Cai, W.-J., Hu, X., Huang, W.-J., Murrell, M. C., Lehrter, J. C., Lohrenz, S. E.,
et al. (2011). Acidification of subsurface coastal waters enhanced by eutrophication.
Nat. Geosci. 4, 766–770. doi: 10.1038/ngeo1297

Castaing, P., Froidefond, J. M., Lazure, P., Weber, O., Prud’homme, R., and
Jouanneau, J. M. (1999). Relationship between hydrology and seasonal distribution of
suspended sediments on the continental shelf of the bay of Biscay. Deep Sea Res. Part
II: Topical Stud. Oceanogr. 46, 1979–2001. doi: 10.1016/S0967-0645(99)00052-1

Ciavatta, S., Kay, S., Saux-Picart, S., Butenschön, M., and Allen, J. I. (2016).
Decadal reanalysis of biogeochemical indicators and fluxes in the north West
European shelf-sea ecosystem. J. Geophysical Res.: Oceans 121, 1824–1845.
doi: 10.1002/2015JC011496
Deflandre, B. (2016). “JERICOBENT cruises,” in RV Côtes de la manche.
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